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Abstract 

The efficient anaerobic degradation of long chain fatty acids (LCFA) holds the key to 

unlocking the energy potential of lipid-rich wastewater in the dairy industry. This 

study aimed to explore sustainable solutions for the treatment of LCFA-containing 

dairy wastewater through psychrophilic anaerobic digestion (PAD) and to optimize 

the management of dissolved air flotation (DAF) waste, a high-lipid byproduct 

generated during dairy production. 

The study first assessed the feasibility of PAD at 15℃ and compared it with 

mesophilic anaerobic treatment. Results demonstrated that psychrophilic treatment 

was viable, achieving high removal rates of soluble COD (>90%) and LCFA (~100%). 

However, long-term treatment required prior biomass acclimation to psychrophilic 

temperatures. Microbial community analysis revealed the significant roles of putative 

syntrophic fatty acid oxidizing bacteria and Methanocorpusculum in anaerobic LCFA 

degradation. Furthermore, fungal-bacterial biofilm was found to play an important role 

in psychrophilic treatment. 

The study then investigated the acclimation of mesophilic biomass to low 

temperatures as an approach to initiate psychrophilic anaerobic reactors. The 

acclimated biomass at 15℃ displayed efficient removal of organic matter (total COD 

removal >75%, soluble COD removal >88%), and LCFA (>99%). Amplicon 

sequencing of the 16S rRNA gene and rRNA revealed a dynamic and adaptive 

microbial community in response to temperature reduction. The predominant 

syntrophic genus identified for LCFA degradation was Smithella, supported by the 

expression of associated enzymes related to β-oxidation of LCFA. Synergistic 

partnerships among Smithella, Methanothrix, and Methanocorpusculum were found 

to underpin efficient LCFA removal and methane production at low temperatures. 

Moreover, upregulation of predicted pathways associated with the biosynthesis of 

unsaturated fatty acids, lipopolysaccharides, and compatible cellular solutes 

confirmed microbial adaptation to cold environments, enhancing membrane fluidity 

and maintaining osmotic balance. 
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Additionally, the study explored novel waste management strategies for DAF waste, 

a high-lipid byproduct separated from dairy wastewater. The investigation assessed 

the effects of food to inoculum (F/I) ratio and ultrasound pre-treatment on the 

anaerobic digestion of DAF waste. Notably, DAF waste showed substantial methane 

production potential, further enhanced by ultrasound pre-treatment. The potential 

methane yield ranged from 436-566 mL CH4/g VSfed. However, increasing the F/I 

ratio led to inhibitions in methane production due to long-chain fatty acid 

accumulation, with high concentrations of oleate significantly inhibiting 

methanogenesis at F/I ratios >1.0 and delaying palmitate degradation. Ultrasound pre-

treatment significantly increased soluble COD in DAF waste by 52-82%, with 

continuous sonication removing 38% of LCFA. Ultimately, implementing ultrasound 

pre-treatment and optimizing the F/I ratio offers alternative waste management 

strategies that mitigate environmental impacts in the dairy industry, harnessing the 

energy potential of DAF waste and leading to more sustainable dairy production 

practices. 

In summary, this comprehensive study sheds light on the feasibility of psychrophilic 

anaerobic digestion of lipid-rich dairy wastewater, highlights the crucial role of 

microbial communities in LCFA degradation and adaptation to low temperatures, and 

proposes innovative approaches for the energy-efficient management of high-lipid 

byproducts in the dairy industry. 
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1.1. General background 

The rapid increase in demand for dairy products has led to substantial growth in the 

dairy industry worldwide (Bhat et al., 2022). In the European Union alone, a total 

amount of 192 million tons of dairy wastewater (DW) was generated annually 

(Stasinakis et al., 2022). The direct discharge of untreated DW poses a serious threat 

to the environment, polluting land and water reservoirs and endangering human and 

ecosystem health  (Finnegan et al., 2018). Additionally, as an essential part of urban 

and industrial activity, wastewater treatment contributes 1-2% of the total greenhouse 

gas (GHG) emission annually (Li et al., 2022). Consequently, the development of an 

efficient, low-carbon wastewater treatment process becomes imperative to mitigate 

the environmental impacts arising from the dairy sector. 

Wastewater treatment encompasses a series of physical, chemical, and biological 

processes. While physical and chemical processes are commonly employed for 

primary or tertiary treatment, biological processes are essential for secondary 

treatment to remove the majority of the organic matter in wastewater. Among the 

biological treatments, anaerobic digestion (AD) has demonstrated success in 

managing diverse waste streams, including agricultural and food production waste, 

municipal sewage, and low to mid-strength industrial wastewater (Brémond et al., 

2021). AD of organic matter is divided into four steps: hydrolysis, acidogenesis, 

acetogenesis, and methanogenesis, which rely on different microbial functional groups. 

Unlike conventional aerobic processes, AD is a cost-efficient process for converting 

organic matter to biogas in the absence of oxygen, which can be further processed and 

utilized as renewable energy. AD offers several advantages, such as higher organic 

loads, reduced reactor volumes, lower sludge generation, and the production of 

renewable energy in the form of biomethane (Brémond et al., 2021). A previous study 

showed that a dairy production facility with a full-scale AD unit can significantly 

reduce the environmental impacts of the processing facility by providing 20% of the 

energy consumption of the factory and reducing total carbon footprint by 13% 

(Stanchev et al., 2020). Thus, AD holds great promise as a biotechnological solution 

for sustainable waste management in the dairy industry. 

The high concentration of lipids (33%-45%) in DW, however, presents a challenge for 

its anaerobic treatment (Ye & Li, 2023). Excess lipids in the wastewater can adhere to 
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the pipe walls and start to accumulate to form blockages. The hydrolytes of lipids – 

long chain fatty acids (LCFA) are inhibitory to microorganisms and can adsorb onto 

the cell surface, hindering the LCFA degradation and methane formation (Holohan et 

al., 2022). Thereby, lipids are usually removed from DW using the dissolved air 

flotation (DAF) process before secondary treatment to prevent the issues mentioned 

above during the following processes (Ahmad et al., 2019). Despite the demerits of 

lipids, it has the highest methane potential (0.99 L CH4/g) compared to carbohydrates 

(0.42 L CH4/g) and proteins (0.63 L CH4/g) (Holohan et al., 2022).  

Therefore, direct anaerobic treatment of lipid-rich DW will simplify the process and 

improve the energy recovery. AD of lipid-rich wastewater has been investigated at 

mesophilic (30-40℃) (Alves et al., 2001; Cavaleiro et al., 2009; Dereli et al., 2014; 

Duarte et al., 2018; Hawkes et al., 1995; Passeggi et al., 2009) and thermophilic 

(>45℃) (Hwu et al., 1997; Poh & Chong, 2014) conditions. However, the discharge 

of DW at typical ambient temperatures (<20℃) (Kolev Slavov, 2017), makes these 

treatments less energy efficient due to the heating requirements. Previously, low 

temperature anaerobic treatment (<20℃) of skimmed DW has been demonstrated at 

lab-scale (Bialek et al., 2013; McAteer et al., 2020), pilot-scale (Paulo et al., 2020) 

and full-scale (Dairy Processing Case Study, NVP energy, Co. Galway, Ireland, 2023). 

Moreover, synthetic DW with LCFA was successfully treated at 20℃ (Singh et al., 

2020; Singh et al., 2019b) showing the potential of implementing low temperature 

anaerobic treatment of lipid-rich DW, which can further reduce the energy 

consumption and carbon footprint of DW treatment. 

Apart from the direct wastewater treatment, the removed DAF waste need to be treated 

before its disposal. Currently, DAF waste is disposed through land spreading (Shi et 

al., 2021), resulting in soil and water pollutions. More importantly, the lipids in DAF 

waste will be degraded into CO2 and CH4 naturally and emit to atmosphere, 

intensifying the GHG emissions. The high concentration of lipid in DAF waste 

prohibits its reutilization though AD. Yet, the application of pre-treatment on lipid-

rich waste showed potential to improve the digestibility of such waste and to enhance 

the methane production from it (Harris & McCabe, 2015). Nevertheless, information 

on AD of DAF waste is scarce, underscoring the importance of acquiring more 

https://www.nvpenergy.com/wp-content/uploads/NVP-Energy-Dairy-Processing-Case-Study.pdf


Chapter 1 

 

4 

 

knowledge in this area to facilitate the reutilization of DAF waste, thereby reducing 

waste and improving energy recovery during dairy production. 

1.2. Thesis scope and objectives 

To this light, the primary objective of this thesis was to investigate sustainable 

solutions for the waste management of lipids-rich dairy wastewater via anaerobic 

digestion. To achieve this, we have proposed two strategies: 1) direct low temperature 

anaerobic treatment of lipids-rich dairy wastewater; 2) biogas production from DAF 

waste separated from dairy wastewater. The specific objectives, which were studied 

through different approaches, were to investigate:  

1. The feasibility of psychrophilic anaerobic treatment (15℃) of LCFA-

containing dairy wastewater, with emphasis on the monitoring of the process 

performance and microbial community dynamics during the process (Chapter 

3). 

2. The feasibility of acclimating mesophilic biomass for psychrophilic anaerobic 

treatment (15℃) for LCFA-containing dairy wastewater and the response of 

microbial community to temperature reductions (Chapter 4). 

3. The viability of anaerobic digestion of DAF waste for biogas production and 

the effects of substrate loading and pre-treatment on anaerobic digestion of 

DAF waste (Chapter 5). 

1.3. Thesis Outline 

This PhD thesis comprises 6 chapters. Chapter 1 presents the general background, the 

objectives and outline of the thesis. Chapter 2 is a comprehensive literature review on 

current waste management strategies of dairy wastewater, summarizing existing 

knowledge in anaerobic digestion of lipids and low temperature anaerobic digestion. 

In Chapter 3, long-term continuous psychrophilic anaerobic treatment of LCFA-

containing dairy wastewater was evaluated at lab-scale and compared with mesophilic 

anaerobic treatment, with the emphasis on the process performance and microbial 

community dynamics. In Chapter 4, the acclimation of mesophilic biomass for high-

rate psychrophilic anaerobic treatment of LCFA-containing dairy wastewater was 

investigated regarding the process performance and microbial community dynamics. 
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In Chapter 5, the anaerobic digestion of DAF waste from real dairy wastewater was 

tested with different substrate loadings (food to inoculum ratio) and the potential of 

ultrasound pre-treatment in intensifying the biogas production of DAF waste was 

investigated. Chapter 6 discussed the main conclusions and findings of this study, the 

recommendations, and perspectives for future research. 
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2.1. Dairy wastewater characteristics 

The dairy industry discharges a large amount of wastewaters, with 0.2-11 L of 

wastewater is generated per unit of dairy products processed (Karadag et al., 2015). 

Dairy wastewater (DW) is generated not only from the production process, but also 

from equipment cleaning, cooling tower and other operational processes (Kolev 

Slavov, 2017). DW contains significant amounts of organic matter in the form of lipids, 

proteins, lactose, and other organic compounds, and is distinguished by high 

biochemical oxygen demand (BOD, 200-60000 mg/L) and chemical oxygen demand 

(COD, 80-102100 mg/L), depending on the type of processing and the scale of the 

factory (Ahmad et al., 2019; Karadag et al., 2015; Kolev Slavov, 2017). Table 2-1 

shows the general characteristics of different types of DW obtained from literature.  

The majority of BOD and COD in DW is represented by rapidly assimilable 

carbohydrates, and slowly degradable proteins (casein/whey) and lipids. It also 

contains nutrients such as nitrogen (total N, 0.06-1.76 g/L) and phosphorus (total P, 0-

0.6 g/L), mainly coming from milk and cleaning agents used during production (Kolev 

Slavov, 2017). The pH of this type of wastewater varies from 3-11, depending on the 

production conditions (Kolev Slavov, 2017). For instance, the wastewater in the 

cheese manufacturing is acidic (pH=4.3-4.6) due to the mineral acid coagulation 

(Venetsaneas et al., 2009), while the pH can be raised by the discharge of alkaline 

cleaning solutions during the equipment cleaning and sterilizations (Stasinakis et al., 

2022). DW is usually discharged at ambient temperatures, depending on the climate,  

with average temperatures ranging from 17-18℃ in winter and 22-25℃ in summer 

(Kolev Slavov, 2017). On the other hand, the wastewater temperature could be lower 

than 12℃ in cold-climate regions (Tiwari et al., 2021). 
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Table 2-1 Characteristics of dairy wastewater from different source. 

Source pH BOD (g/L) COD (g/L) Lipid (g/L) Protein (g/L) Carbohydrate (g/L) References 

Mixed dairy 4.0-11.0 0.2-5.9 0.5-10.4 0.02-1.92 - - (Kolev Slavov, 2017) 

Mixed dairy 5-9.8 0.4-4.9 1.2-9.7 - - - (Finnegan et al., 2018) 

Mixed dairy 4.1 - 92.8 - 11.9 62.9 (Ye & Li, 2023) 

Fluid milk 4.5-5.1 - 14.7-52.8 - 1.3-13.1 5.4-22.1 (Tan et al., 2021) 

Butter 12.1 0.2-2.7 8.9 2.9 - - (Janczukowicz et al., 2008) 

Ice cream 2.1-6.96 2.5 5.2 0.9-5.1 - - (Karadag et al., 2015) 

Cheese  3.38-9.5 0.6-5 1-63.3 0.33-2.6 - - (Venetsaneas et al., 2009) 

Cheese whey 3.92-6.5 27-60 50-102.1 0.9-14 - - (Carvalho et al., 2013) 

-: not available 
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2.2. Current dairy wastewater treatment process 

In order to reduce the environmental impacts for wastewater discharge, the European 

Union has established the best available techniques (BAT) conclusions for the food, 

drink and milk industries wastewater treatment since 2019 (Environment, 2019). The 

BAT conclusions recommended a combination of physio-chemical and biological 

treatments to reduce the risk of the emissions of DW. Fig. 2-1 shows the current dairy 

wastewater treatment process consisting of three main stages of treatment.  

 

Figure 2-1: Flow chart of dairy wastewater treatment process and sludge treatments (adapted 

from Shi et al. (2021)). 

Primary treatment includes sedimentation and physical screening to remove large 

particles or debris, flow and composition balancing to stabilize effluent, pH control, 

and dissolved air flotation (DAF) to remove lipids and colloidal proteins (Stasinakis 

et al., 2022). As secondary treatments, biological anaerobic and aerobic treatments are 

applied to remove organic matter. Aerobic/anoxic treatments can convert the organic 

matter in dairy wastewater to CO2, water, and cellular compounds, as well as remove 

the nitrogen (Nitrification and denitrification process) (Lateef et al., 2013). Among 

various aerobic treatments, activated sludge process, sequence batch reactor, and 

moving bed biofilm reactor showed good results in treating DW (Ahmad et al., 2019). 

Aerobic processes can generate high-quality effluent but incur high energy 

consumption costs. Significant problems encountered during aerobic treatment of DW 
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resulted in less efficient performance, mainly due to the growth of filamentous bacteria 

and rapid acidification caused by high lactose levels and low water buffer capacity 

(Kolev Slavov, 2017). Moreover, aerobic processes are unable to treat lipid-rich DW, 

as the high lipids will lead to sludge flotation and biomass washout, as well as 

inhibition of microorganisms (Ahmad et al., 2019). In contrast, anaerobic processes 

are more suitable for treating high-strength DW because of their better cost-

efficiencies compared to aerobic processes (Karadag et al., 2015). Anaerobic digestion 

(AD) converts organic matter to methane-rich biogas, a renewable energy source, and 

produces less sludge and volatile odorous compounds (McKeown et al., 2012). 

Frequently applied technologies for anaerobic treatment of DW are anaerobic lagoon, 

upflow anaerobic sludge bed (UASB) reactor, expanded granular sludge bed (EGSB) 

reactor, anaerobic membrane bioreactor (AnMBR), and completely stirred tank 

reactors (Bella & Rao, 2021). Tertiary treatments are installed to polish the effluents 

after secondary treatments to remove residual nutrients, such as phosphorous, which 

can be removed via biological phosphorous removal, or chemical removal by using 

aluminium and/or iron salts to facilitate its precipitation (Ahmad et al., 2019).  

While the current DW treatment process is effective to generate high quality effluents, 

improvements can be made to reduce the energy consumption, the cost of the treatment 

and the efficiency of resource recovery from wastewater. Thus, anaerobic treatment 

of DW at ambient/low temperatures can further reduce energy consumption costs in 

heating and maintenance of the wastewater treatment plants, particularly in cold 

climate regions such as Ireland, the UK, and northern European countries. 

In addition, the current waste management scheme does not treat DAF waste before 

its disposal, which can cause soil, water, and air pollutions, as well as GHG emissions 

(Shi et al., 2021). DAF waste contains high concentrations of lipids and proteins, 

which are suitable substrates for biogas generation via AD, but it is currently land 

spread. Previous studies reported that DAF waste has methane potential (510-787 mL 

CH4/g Volatile solids (VS)), but its anaerobic digestion was slowed by the high lipid 

contents (Browne et al., 2013; Skripsts et al., 2022). Therefore, it is necessary to obtain 

more information in AD of DAF waste and develop alternative strategies to facilitate 

the valorisation of DAF waste. 
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2.3. Anaerobic digestion of lipids 

2.3.1 Principles of anaerobic digestion 

AD of organic matter involves four steps: (1) hydrolysis, (2) acidogenesis, (3) 

acetogenesis, (4) methanogenesis, accomplished by different microbial functional 

groups, including hydrolytic bacteria, fermentative bacteria, syntrophic bacteria, 

acetogenic bacteria, and methanogenic archaea (Fig. 2-2). In the initial step known as 

hydrolysis, complex polymeric organic substances are solubilized and deconstructed 

into monomeric or dimeric substrates by hydrolytic microorganisms (Náthia-Neves et 

al., 2018). The products from hydrolysis (organic monomers and dimers) are further 

decomposed into a wide variety of fermentation end-products during the acidogenesis 

step, including volatile fatty acids (VFA), long chain fatty acids (LCFA), peptides, 

amino acids, hydrogen, and carbon dioxide (Fang et al., 2002). The products from 

acidogenesis are then oxidized to acetate, methylated compounds, ammonia, sulfate, 

hydrogen, and carbon dioxide, in a process referred to as acetogenesis (Stams, 1994). 

The final step in anaerobic digestion is methanogenesis. Methanogens are strictly 

anaerobic archaea utilizing the products from acetogenesis, acetate (acetoclastic 

methanogenesis), H2 and CO2 (hydrogenotrophic methanogenesis), and methylated 

compounds (methylotrophic methanogenesis)  to produce methane (Lyu et al., 2018). 
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Figure 2-2: Schematic diagram of four steps of anaerobic digestion (Adapted from (McKeown 

et al., 2012)). 

2.3.2 Metabolism of anaerobic degradation of lipids 

Under anaerobic conditions, lipids are hydrolyzed from their triacylglycerol form to 

free LCFA (unsaturated and saturated) with glycerol (Fig. 2-3). LCFA are degraded 

to acetate, H2, and CO2 via β-oxidation; while glycerol is fermented to VFA and 

ethanol, which is further oxidized to acetate, H2, and CO2. At final stage, CO2, H2, and 

acetate is converted to CH4 and CO2 as the final products (Mackie et al., 1991). 
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Figure 2-3: Metabolism of anaerobic degradation of lipids (adapted from Holohan et al. 

(2022)). 

In detail, the hydrolysis of lipids (lipolysis) is catalyzed by the extracellular enzymes, 

lipases, produced by fermentative bacteria (Mackie et al., 1991),which converts them 

to free LCFA and promote further degradation to shorter chain fatty acids and glycerol 

(Cammarota & Freire, 2006). Lipolysis is a surface-related process as its rate depends 

on the physical state and surface area of substrate (Jensen, 1964). When lipids 

concentration is very high, the hydrophobicity hinders the flux at the interface between 

enzyme and substrates (Ratledge, 1989), and their hydrolysis becomes the rate-

limiting step of AD. In contrast, lipolysis is not necessarily the rate-limiting step, when 

the lipid-water interface area is large due to lipid emulsion or micelles (Keating et al., 

2018).  

The released free LCFA are mainly unsaturated and saturated LCFA, depending on 

the double bonds in their chemical structure. LCFA are degraded via the β-oxidation 

process carried out by syntrophic fatty acid oxidizing bacteria. β-oxidation is the major 

mechanism in degradation of LCFA under anaerobic condition, involving a cyclic 2-

carbon reduction in chain length of a fatty acid. The cycle continues until the formerly 

long chain fatty acids have been reduced to acetyl-CoA or propionyl-CoA (Sousa et 
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al., 2009). Unsaturated LCFA may directly undergo β-oxidation or may need a 

preliminary hydrogenation step before the β-oxidation proceeds (Mackie et al., 1991; 

Sousa et al., 2009). The products of LCFA degradation, CO2, H2 and acetate, are 

further utilized for methane production via methanogenesis (Sousa et al., 2007). The 

obligate relationship between syntrophic fatty acid oxidizing bacteria and 

hydrogenotrophic methanogens is essential for LCFA degradation, as the β-oxidation 

is only energetically feasible when the hydrogen partial pressure is kept low (Stams & 

Plugge, 2009).  

The β-oxidation of LCFA is usually the rate-limiting step during AD of lipids due to 

several negative impacts of LCFA on anaerobic digestion (Holohan et al., 2022). High 

LCFA concentrations can inhibit methanogens, leading to long lag phases preceding 

methane production during the AD of lipid waste (Hanaki et al., 1981). Both 

acetoclastic and hydrogenotrophic methanogenesis were reported to be inhibited by 

LCFA, and acetoclastic methanogenesis was more sensitive to LCFA than 

hydrogenotrophic methanogenesis (Sousa et al., 2013; Zhu et al., 2019). Moreover, 

the inhibiting effects of unsaturated LCFA, containing one or two double bonds, are 

stronger to microbial cells compared saturated LCFA (Lalman & Bagley, 2001), and 

the inhibition increases with the carbon chain length (Galbraith & Miller, 1973). 

Nevertheless, the LCFA inhibition on microbes is not permanent and biomass can 

adapt to LCFA (Alves et al., 2001; Pereira et al., 2004). In fact, this reversible 

inhibition is due to the adsorption of LCFA on biomass, which hinders mass transfer 

between the microbial cell membrane and the medium (Pereira et al., 2005). For 

instance, the accumulated LCFA (mainly palmitate) on biomass surface in a oleate-

fed reactor could be mineralized with prolonged incubation in batch mode and the 

microbial activity was maintained (Pereira et al., 2005). Later, it was found that the 

conversion of oleate to palmitate could be accomplished by facultative anaerobic 

bacteria (i.e. Pseudomonas) without methanogenesis, which explained the unlimited 

oleate conversion to palmitate with inhibited methanogenesis (Cavaleiro et al., 2016; 

Duarte et al., 2018).  



Chapter 2 

 

16 

 

2.3.3 Microbial communities involved in anaerobic digestion of lipids 

The AD of lipids is carried out by the cooperation of different microbial functional 

groups, including hydrolytic bacteria, syntrophic fatty acid oxidizing bacteria, and 

methanogenic archaea, and none of these groups can degrade lipids alone. 

2.3.3.1 Hydrolytic bacteria 

The bacterial community participating in hydrolysis of lipids is poorly understood. 

Earlier studies investigated several obligate anaerobic bacterial species, such as 

Anaerovibrio lipolytica (Henderson, 1971), Butyrivibrio strain S2 (Hazlewood & 

Dawson, 1979), Selenomonas lipolytica (Dighe et al., 1998), as well as some bacteria 

belonging to the genera Clostridium or Propionibacterium (Jarvis & Thiele, 1997). 

The advances in molecular biology tools allowed researchers discovered more putative 

lipolytic bacteria. For instance, the genera Trichococcus and Devosia, and the families 

Caldilineaceae and Bacteroidaceae were reported to be related to lipolytic activity at 

low temperature (Petropoulos et al., 2018), while Desulfvibrio aminophilus, 

Leptospirales, and Synergistaceae were related to oil degradation at mesophilic 

temperature (Nakasaki et al., 2020). More recently, putative lipolytic taxa were 

revealed by metagenomics and metaproteomic, which are mostly from the phyla 

Actinobacteria, Proteobacteria and Bacteroidota, but low number of lipase were 

identified (Bashiri et al., 2022). The diversity of the lipolytic bacterial community is 

still under discovery and more accurate detection techniques for lipolysis activity are 

warranted for further investigations. 

2.3.3.2 Syntrophic fatty acidoxidizing bacteria 

To date, only a few known bacterial species capable of LCFA (carbon atoms >12) 

degradation, the class Clostridia (family Syntrophomonadaceae) or 

Deltaproteobacteria (family Syntrophaceae) (Hatamoto et al., 2007a; Sousa et al., 

2007); and only four species, Syntrophomonas sapovorans, Syntrophomonas curvata, 

Syntrophomonas zehnderi, and Thermosyntropha lipolytica are known to degrade 

unsaturated LCFAs (Sousa et al., 2009). Recently, more putative syntrophic fatty acid 

oxidizing bacteria were reported with the application of next generation sequencing; 

uncultured Synergistaceae, Cloacmionadaceae, Syner-01, Smithella, and uncultured 

Spirochaetaceae were connected to LCFA degradation (Embree et al., 2013; Nakasaki 
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et al., 2020; Shakeri Yekta et al., 2019; Sun et al., 2022). It is likely that many other 

syntrophic fatty acid oxidizing bacteria are undiscovered due to their fastidious 

metabolism (Sousa et al., 2009). 

2.3.3.3 Methanogens 

Methanogenic archaea are essential for AD of lipids because they drive the β-oxidation 

of LCFA by utilizing the products of the reaction (Stams & Plugge, 2009). The two 

main methanogenic pathways, acetoclastic and hydrogenotrophic, contribute to the 

methane formation from lipids. Methanothrix (previously known as Methanosaeta) is 

the most detected acetoclastic methanogenic genus during AD of lipids (Holohan et 

al., 2022). A high abundance of Methanothix was observed in reactors loaded with 

lipid waste (Usman et al., 2020; Ziels et al., 2016). Similarly, Methanothrix was 

dominant during AD of LCFA at low temperatures or with the presence of sulfate (Lv 

et al., 2015; Singh et al., 2019a). However, shifts in the dominant acetoclastic 

methanogen to Methanosarcina were observed, when lipids concentration increased 

in the reactor (Usman et al., 2022). Nevertheless, these findings highlight the 

importance of acetoclastic methanogens during AD of lipids to maintain the low 

acetate concentration and prevent VFA accumulations. Meanwhile, the main 

hydrogenotrophic methanogens observed during AD of lipids belong to the order 

Methanobacteriales and Methanomicrobiales (Holohan et al., 2022), which includes 

a broad spectrum of species. Active hydrogenotrophic methanogens is required for 

efficient degradation of LCFA, due to their obligate syntrophic relationship with 

syntrophic fatty acid oxidizing bacteria (Sousa et al., 2007). Some members of 

hydrogenotrophic methanogenic genus Methanocorpusculum could potentially utilize 

the intermediates (Formate, 2-Propanol, Butanol) from anaerobic LCFA degradation 

to produce methane (Zellner et al., 1989). Hydrogenotrophic methanogens could also 

be coupled with syntrophic acetate oxidizing bacteria (SAOB) to carry out methane 

production when acetoclastic methanogenesis is absent or inhibited (Hattori, 2008; 

Pan et al., 2021). 
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2.3.4 Strategies to improve anaerobic digestion of lipids 

2.3.4.1 Biomass acclimation to long chain fatty acids 

Acclimating biomass to LCFA is important for efficient anaerobic degradation of 

lipids. Previous studies have shown that the methanogenic activity significantly 

increases after the fed-batch start-up (Cavaleiro et al., 2009), indicating the importance 

of acclimation for improved tolerance of methanogens to LCFA. Acetoclastic 

methanogens, such as Methanothrix and Methanosarcina, exhibited enhanced 

tolerance to LCFA after acclimation (Silva et al., 2014; Silva et al., 2016), which 

allows higher loadings of lipid/LCFA in anaerobic reactors without inhibiting 

methanogens. Additionally, microbial community adaptation through enrichment of 

slow-growing syntrophic fatty acid oxidizing bacteria has been shown to enhance 

biomethane recovery from waste lipid co-digestion with municipal sewage (Ziels et 

al., 2016). Pulse feeding of LCFA in anaerobic digesters promoted the abundance of 

Syntrophomonas and Methanothrix, leading to higher conversion of LCFA to methane 

(Ziels et al., 2017) and resulting in different functional profiles (Ziels et al., 2018) 

compared to continuous feeding. These findings suggest that microbial communities 

can gradually acclimate to higher LCFA concentrations after multiple feeding cycles, 

which can be applied to optimize lipids and LCFA degradation and increase methane 

production in AD systems. 

2.3.4.2 Biomass retention in reactor systems 

One of the major challenges in AD of lipid is the retention of biomass in bioreactors, 

as the accumulation of LCFA can lead to sludge flotation, washout and loss of active 

biomass responsible for lipid degradation (Holohan et al., 2022). Improving biomass 

retention can effectively facilitate process performance. Flocculant sludge has been 

recognized as more suitable for treating lipids due to its high relative surface area 

(Pereira et al., 2002), but it is challenging to retain flocculant biomass in the reactor. 

To address this issue, novel reactor technologies were developed. For example, the 

inverted anaerobic sludge bed (IASB) reactor, using the sludge flotation properties to 

retain the sludge in the system, achieved more than 80% COD removal efficiency 

treating a slaughterhouse wastewater at organic loading rates (OLR) from 0.5 to 16 g 

COD/L/d (63% fat content) without excessive LCFA accumulations (Picavet & Alves, 
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2013). Anaerobic membrane bioreactor (AnMBR) also showed promising results in 

treating lipids-rich wastewater, which involves membrane separation to retain the 

biomass. Szabo-Corbacho et al. (2021) studied the performance of AnMBR treating 

synthetic dairy wastewater at different solids retention time (20 and 40 days), 

obtaining 99% COD removal efficiency with OLR 4.7 g COD/L/d. Similarly, Ramos 

et al. (2014) demonstrated successful application of AnMBR in treating lipids-rich 

effluent from a snack factory with acclimated biomass, achieving >90% COD removal 

efficiency with an OLR between 2-17 g COD/L/d without inhibition.  

Another approach to enhance biomass retention is to develop either fixed or granular 

biofilms which are more prone to be retained in the system. Biomass granulation has 

shown success in both aerobic and anaerobic systems, significantly improving process 

performance (Beun et al., 1999; Hulshoff Pol et al., 2004). However, biomass 

granulation is not favored in anaerobic reactors treating lipid, due to the LCFA 

adsorption on microbial cells which can hamper the aggregation process due to 

changes in surface chemistry properties (Pereira et al., 2002). It is difficult to maintain 

granular structure of the biomass during the treatment of lipid-rich wastewater due to 

the LCFA encapsulation on granules (Alves et al., 2003; Singh et al., 2019b). Yet, 

Singh et al. (2020) observed granulation during high-rate treatment of synthetic dairy 

wastewater with LCFA in the reactor by mixing flocculant and granular biomass. A 

strategy to mitigate this issue is the addition of co-substrates such as glucose and 

cysteine, which has been suggested to reduce LCFA inhibition on methanogens and 

promote granulation (Kuang et al., 2002).  

When biomass granulation is not spontaneous, biomass aggregation can be stimulated 

by promoting the formation of fixed biofilms attached to surfaces. This approach has 

been utilized in various biofilm reactor configurations for the treatment of high-

strength wastewaters from the food industry and dairy production (Cayetano et al., 

2022; Karadag et al., 2015). By introducing supporting materials in bioreactors, 

microorganisms can be immobilized on these surfaces, promoting surface contact, 

providing physical support, and enhancing electron transfer capability (Cayetano et al., 

2022). Various support materials have been employed successfully in biofilm reactors. 

For instance, Hawkes et al. (1995) used sand and granulated activated carbon (GAC) 

as support material to treat ice-cream wastewater, obtained 60-70% total COD 
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removal efficiencies. Haridas et al. (2005) employed buoyant polystyrene beads in the 

high-rate reactors treating high-fat dairy effluents, achieving 90% COD removal 

efficiencies without inhibitions. Furthermore, Logan et al. (2022) supplied GAC in 

anaerobic sequential batch reactor for the treatment of lipids-rich dairy wastewater, 

which improved the lipid degradation and methane production by promoting 

electroactive communities potentially involved in direct interspecies electron transfer 

(DIET). Biomass granulation and biofilm formation on support materials have also 

shown success in improving process performance. Facilitating the development of 

LCFA-degrading biofilm in anaerobic reactors will enhance the efficiency of LCFA 

removal. However, more research is needed to understand mechanisms underlying the 

formation of LCFA-degrading biofilm and the specific functions of different 

microorganisms involved in this process. Further investigation will contribute to 

optimizing reactor design and operational conditions to enhance LCFA removal 

efficiency in anaerobic digestion systems. 

2.3.4.3 Pre-treatment of lipid-rich waste 

The form of lipids can vary depending on their source, composition, and 

physiochemical conditions like temperature and pH. Lipids containing a higher 

portion of saturated LCFA tend to solidify and form particulate “fat balls” which are 

difficult to degrade. The low bioavailability of lipids hampers microbial hydrolysis 

and causing slow rate of lipid degradation and methane production (Harris & McCabe, 

2015). To enhance the accessibility of lipids to microorganisms, various pre-treatment 

methods have been tested to improve AD of lipids and methane production. 

I. Microwave 

Microwave is the electromagnetic spectrum with wavelengths from 1 mm to 1 m with 

corresponding frequencies from 0.3 to 300 GHz. Microwave energy is transferred 

directly to materials through molecular interaction with the electromagnetic field, 

which causes rapid alignment of dipoles in a polar solvent, with continuous repetitions 

generating frictions and thereby local heat generation (De La Hoz et al., 2005). 

Microwave was extensively applied in treating sewage sludge, lignocellulosic biomass, 

and dairy manure prior to AD, because it can improve the solubilization of the organic 
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matter and decompose the inhibiting compounds, improving overall digestion 

efficiency (Alqaralleh et al., 2019; Bozkurt & Apul, 2020; Passos et al., 2013).  

However, limited research has been conducted on the microwave pre-treatment of 

lipids-rich waste prior to AD. Saifuddin et al. (2009) investigated the effect of 

microwave pre-treatment on AD of palm oil mill effluent with high lipid content (4 

g/L), observing 53% increase in soluble COD. Srinivasan et al. (2018) treated lipids 

waste from dairy production via microwave with hydrogen peroxide at different 

temperatures, which effectively solubilized the substrates and degraded LCFA to VFA, 

resulting in improved methane production. Yue et al. (2021) found that microwave 

pre-treatment improved the AD of waste cooking oil by solubilizing the lipid and 

alleviating the coating of microorganisms from lipid accumulation. However, Elalami 

et al. (2020) investigated the effects of microwave on olive pumice waste (16% lipid), 

showing that this pre-treatment alone had no significant effect on fatty acids 

accessibility and solubility. The combination of alkaline and microwave pretreatments 

was more effective in solubilizing lipids (Elalami et al., 2020). These findings suggest 

that the efficiency of microwave pre-treatment in enhancing anaerobic digestion may 

depend on the specific characteristics of the substrate. 

II. Thermal hydrolysis 

Thermal hydrolysis pre-treatment applies elevated temperatures (150-220℃) under 

high pressure (600-2500 kPa) to promote chemical reactions and solubilize organic 

matter and larger biomolecules. Thermal hydrolysis pre-treatment has been 

extensively studied and commercialized to treat waste sludge (Gagliano et al., 2015), 

while other applications including manure, slaughterhouse waste, lignocelluloses and 

algal biomass are scarce (Carrere et al., 2016). There are only a few investigations into 

thermal pre-treatment of lipid waste. 

Li et al. (2017) examined the impact of thermal pre-treatment on the degradation of 

lipids in kitchen waste, showing that subjecting the waste to 140°C for 50 min led to 

a significant 36% increase in lipids degradation potential. Additionally, the lag phase 

for the degradation of pre-treated lipids was reduced by 82% compared to untreated 

kitchen waste, resulting in improved biogas yield. In terms of optimal temperature, 

Wilson and Novak (2009) determined that the range of 150-170°C increased 

production of VFA. They also observed that polyunsaturated fatty acids were more 
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susceptible to thermal hydrolysis compared to monounsaturated or saturated fatty 

acids. Another study reported a 30% enhancement in biogas production following 

thermal pretreatment. Lipids were decomposed into VFA, such as acetic and propionic 

acids after pre-treatment, facilitated biomethane production by anaerobic 

microorganisms (Yasuda et al., 1985). 

III. Ultrasonication 

Ultrasonication has been successfully applied as advanced oxidation process in water 

treatment (Mahamuni & Adewuyi, 2010) and as a pre-treatment to enhance the 

biodegradability of waste activated sludge (Braguglia et al., 2011; Khanal et al., 2007), 

involving the use of ultrasonic waves to induce cavitation in liquids. Acoustic 

cavitation occurs when the cavitation bubbles implode, generating localized 

temperatures up to 5000°C and pressures up to 2000 atm. The extreme conditions 

generated by ultrasound waves in liquid medium promote physical and chemical 

changes in the matrix favoring the degradation of organics (Ince et al., 2001). The 

degradation effects of ultrasonication can be attributed to sonochemical effects 

(generation of active free radicals), high mechanical forces (generation of turbulence, 

liquid circulation current, and shear stress), and thermal effects (generation of hotspots, 

pyrolytic decomposition) (Tyagi et al., 2014). Sonochemistry can occur at three 

potential sites in ultrasonically irradiated liquids: the cavitation bubble itself, the 

interfacial sheath between the bubble and the surrounding liquid, and the solution bulk 

(Pilli et al., 2011).  

Ultrasound pre-treatment has been sparingly applied to lipid waste. Moison et al. 

(2012) investigated the effects of ultrasonication on spent vegetable oil and found that 

it increased the concentration of the organic carbon in the solution and emulsified the 

lipid. While this resulted in a boost of biogas production rate during the initial 250 h 

incubation, no overall improvements in biogas production was observed in 

comparison to untreated substrates. Erden et al. (2010) applied low frequency 

ultrasonication (20 kHz) to treat meat processing effluent and achieved 24% more 

biogas production and 55% oil removal with specific energy of 120 MJ/kg TS. Peng 

et al. (2014) reported a 280% increase in methane production by combining low 

frequency ultrasonication and citric acid as the pre-treatment for oily wastewater. Yue 

et al. (2021) observed significant improvement in methane yield from waste cooking 
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oil after ultrasound pre-treatment, attributed to effective disintegration and emulsion 

of lipid. However, Li et al. (2013) reported that ultrasonication is ineffective in 

enhancing methane production and instead led to inhibitory effects caused by the 

release of LCFA after ultrasound pre-treatment. Similarly, Saifuddin et al. (2009) 

indicated that ultrasonication pre-treatment of lipid is not energy efficient comparing 

to microwave pre-treatment, suggesting that a combination of the two may be a rapid 

and economical method for lipid pre-treatment. 

2.4. Low temperature anaerobic wastewater treatment 

In recent years, there has been growing interest in developing sustainable and energy-

efficient technologies for wastewater treatment (Hao et al., 2015), among which low 

temperature anaerobic digestion (LTAD) has emerged as a promising one due to its 

low cost in energy consumption. 

Indeed, unlike conventional mesophilic anaerobic treatment that requires significant 

energy inputs to maintain optimal temperatures, LTAD operates at lower temperatures, 

often below 20°C. This reduction in temperature requirements results in lower energy 

demands and associated costs (McKeown et al., 2012). Therefore, LTAD is 

particularly suitable for treating wastewater discharged at ambient temperatures, 

making it a favourable option for cold climate regions. Over the last two decades, 

LTAD has been successfully applied to various types of wastewaters, including 

municipal, brewery, pharmaceutical, and dairy wastewater, from lab-scale to full-scale 

installations (Bialek et al., 2013; Connaughton et al., 2006; Paulo et al., 2020; Siggins 

et al., 2011a; Smith et al., 2013; Trego et al., 2021a).  

2.4.1 Effects of low temperature on microbial activity and kinetics 

Temperature plays a critical role in microbial metabolisms by regulating the activity 

and growth of microorganisms (Nie et al., 2021). In general, reducing temperature 

leads to a decrease in maximum specific growth rate and substrate utilization rate. This 

is attributed to the decreased fluidity of the cell membrane, which reduces the 

efficiency of transport proteins and enzymes, limiting substrate uptake by 

microorganisms and their ability to meet the minimum maintenance requirements of 

metabolism (Nedwell, 1999).  
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Several studies have demonstrated the impact of temperature on hydrolysis rates and 

enzyme activity. Veeken and Hamelers (1999) observed decreasing hydrolysis rate 

with lower temperature, and Regueiro et al. (2014) recorded a decline in hydrolysis 

rate with the operational temperature reduced from 37℃ to 17℃. The activity of 

extracellular hydrolytic enzymes, such as lipase, is also influenced by temperature, 

with lower temperatures leading to decreased activity (Petropoulos et al., 2018). 

Similarly, protein hydrolysis is strongly affected by temperature decrease (Tommaso 

et al., 2003). The relation between hydrolytic microbial activity and temperature can 

be described by the Arrhenius equation (Equation 1), which shows that hydrolytic 

activity increases until an optimum temperature and then rapidly decreases (De 

Maayer et al., 2014). 

k = A*e-Ea/RT  (Eq. 1) 

where k is microbial growth rate/process rate/enzyme activity rate, Ea the activation 

energy (J/mol), R the gas constant (8.314 J/mol·K), and T the absolute temperature 

(K) 

Temperature also influences VFA production during acidogenesis and acetogenesis. 

Increasing operational temperatures within the psychrophilic and mesophilic range 

enhance VFA production, but temperature has little effect on the distribution of VFA 

profiles (Jiang et al., 2013; Lettinga et al., 2000; Maharaj & Elefsiniotis, 2001; Yuan 

et al., 2011). While lowering temperature can promote the VFA production via 

autotrophic homoacetogenesis from H2 and CO2 (Conrad & Wetter, 1990), as the 

Gibbs free energy of homoacetogenesis become more favourable at lower 

temperatures due to the increased gas solubility and faster growth of homoacetogens 

than methanogens (Kotsyurbenko et al., 2001).  

Methanogenic activity has been observed over a wide range of temperatures, from 

Arctic permafrost to hot springs (Chaban et al., 2006). Nevertheless, methanogenic 

activity is strongly influenced by temperature. The effect of low temperature (5-29℃) 

on methanogenic activity in digested sludge was studied, showing that the temperature 

dependence of methanogenic activity follows the Arrhenius-derived models (Kettunen 

& Rintala, 1997). Similar trends were observed in methanogenic communities in soil 

and lake sediments (Glissmann et al., 2004; van Hulzen et al., 1999).  
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2.4.2 Microbial adaptation to cold temperature 

Psychrophilic or psychrotolerant microorganisms developed different strategies to 

thrive in cold environments (Fig. 2-4), including cold-water ecosystems, polar regions, 

and refrigerated food processing environments (Häggblom & Margesin, 2005). 

Psychrophilic microorganisms exhibit genomic characteristics enable them to adapt to 

cold environments, such as a higher G+C content in genomic regions that code for 

informational proteins like tRNA, elongation factors, and RNA polymerases 

(D'Amico et al., 2006). They also possess redundant genomes involved in amino acid 

biosynthesis and chaperones, indicating the importance of translation and post-

translational processing for microbial growth at low temperatures (Piette et al., 2011). 

Cold-adapted microorganisms produce enzymes with higher specific activities at low 

temperatures (Piette et al., 2011). These enzymes display enhanced flexibility, stability, 

and catalytic efficiency. Adaptations include a reduction in arginine and proline 

content, increased asparagine, methionine, and glycine contents, glycine clustering at 

the catalytic site of enzymes to increase local mobility, and increased lysine-to-

arginine ratios that affect hydrogen bonding and salt bridge formation (De Maayer et 

al., 2014). 

Another adaptation strategy of microbial cold adaptation is modifying the cell 

membrane composition, i.e. by increase the proportion of unsaturated fatty acids in 

membrane lipids, which introduce kinks and prevent tight packing, ensuring 

membrane fluidity (D'Amico et al., 2006). They also exhibit changes in lipid class 

composition, reduced size and charge of lipid head groups, and conversion of trans- to 

cis-isomeric fatty acids. Transcriptomic analysis have revealed the upregulation of 

genes involved in membrane biogenesis when exposed to cold temperatures (De 

Maayer et al., 2014). 

Moreover, microorganisms produce cryoprotectants such as antifreeze proteins and 

compatible solutes to prevent ice crystal formation and protect cellular structures. 

These compounds lower the freezing point of cellular fluids, enabling survival in sub-

zero temperatures. Psychrophiles also produce high levels of extracellular polymeric 

substances (EPS), which act as cryoprotectants by lowering the freezing point and ice 

nucleation temperature (De Maayer et al., 2014). EPS also facilitates water and 
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nutrient trapping, surface adhesion, aggregation, biofilm formation, and protection of 

extracellular enzymes against cold denaturation and autolysis (Sheng et al., 2010). 

 

Figure 2-4: Common physiological adaptations in a psychrophilic prokaryote (Reprint from 

De Maayer et al. (2014)). 

2.4.3 Microbial community dynamics in low temperature anaerobic digestion 

Temperature is recognized as one of the major factors shaping microbial communities 

in bioprocesses. Low temperature may have adverse effects on microbial community 

dynamics during anaerobic digestion, in terms of diversity, compositions, and 

functionality, which is linked to process performances (Lin et al., 2016a).  

2.4.3.1 Microbial community diversity and structure 

Reducing temperature from mesophilic to psychrophilic conditions can lead to 

significant shifts in structures of microbial community. Studies by Siggins et al. 

(2011c) (37℃ to 15℃) and Regueiro et al. (2014) (37℃ to 17℃) have shown that 

temperature had more significant impacts on the compositions of archaeal and 

bacterial communities compared to substrate composition and loading. Bialek et al. 

(2012) observed dynamic changes in the microbial community structure during the 

anaerobic treatment of dairy wastewater with reducing temperature from 37℃ to 15℃, 

suggesting that the microbial community was functional redundant to main the system 

stability. This finding is further supported by Paulo et al. (2020), highlighting that 
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microbial community redundancy and resilience underpinned the process performance 

when environmental disturbances occurred. Moreover, temperature reduction has a 

notable impact on microbial community diversity. McAteer et al. (2020) observed 

significant decrease in the evenness of the active microbial community during 

anaerobic treatment of dairy wastewater after the reactor operational temperature 

dropped from 37℃ to 15℃, indicating that the process relied on a few, dominant 

microbial groups and could be more vulnerable to perturbations under low 

temperatures. Similar results were obtained from a full-scale study under ambient 

temperature (2-18℃), showed that the microbial community was adaptable and 

resilient under low temperatures (Trego et al., 2021a).  

2.4.3.2 Microbial trophic groups  

I. Fermenting bacteria 

Regueiro et al. (2014) observed that the relative abundance of Bacteroidetes increased 

in detriment of Firmicutes during gradual temperature decrease from 37℃ to 17℃. 

The presence of the two phyla was closely related to hydrolytic-acidogenic activity 

during anaerobic digestion. Similarly, Watanabe et al. (2017) found that the relative 

abundance of Firmicutes decreased while Proteobacteria increased during sewage 

wastewater treatment in AnMBR operating from 25℃ to 10℃, resulting in faster 

membrane fouling at low temperatures. Further investigation suggested that 

carbohydrate-protein fermenting bacteria were highly abundant following the 

temperature reduction (Ji et al., 2021). For instance, Lactococcus was enriched and 

considered to be the key genus for sugar and protein degradation during low 

temperature anaerobic treatment (15℃) of dairy wastewater (McAteer et al., 2020), 

and Trichococcus was found to be highly abundant during low temperature treatment 

(12℃) of sewage wastewater (Keating et al., 2016).  

II. Syntrophic bacteria  

The reduced organic compounds produced by fermentative microorganisms are 

further utilized by obligate proton-utilizing bacteria and syntrophic bacteria (Stams et 

al., 2012). However, at low temperatures, the Gibbs free energy of syntrophic 

degradation of fatty acids increases, indicating that syntrophic bacteria could be 

sensitive to low temperatures (Kotsyurbenko, 2005). The low activity of syntrophic 
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degradation will lead to the accumulation of VFA, which decreases the pH and inhibit 

the overall anaerobic digestion process (Lettinga et al., 2000). Therefore, it is essential 

to enrich active syntrophic bacteria at low temperatures to maintain the balanced 

functioning of the entire microbial community. The study of syntrophic bacteria at low 

temperatures is challenging due to their fastidious metabolism, which makes it 

difficult to isolate and culture them (Sousa et al., 2009). Nonetheless, it has been 

confirmed that psychroactive syntrophic bacteria can be enriched in mixed culture and 

played an important role in converting propionate to CH4 during long-term operation 

at low temperatures (McKeown et al., 2009b).  

III. Methanogenic archaea 

Acetate is one of the major intermediates during anaerobic digestion, which is usually 

utilized by acetoclastic methanogens in the absence of electron acceptors other than 

carbon dioxide. Theoretically, acetoclastic methanogenesis contributes >67% of total 

CH4 production in a balanced community (Kotsyurbenko, 2005). At low temperatures 

(<20℃), active acetoclastic methanogens are important for interspecific transfer of 

acetate during the degradation of fatty acids in the ecosystem (Singh et al., 2019a). 

The primary limiting factor of acetoclastic methanogenic activity at low temperature 

is the slow growth rate of methanogens. Methanothrix is a commonly observed 

acetoclastic methanogen observed in cold ecosystems, including soil, permafrost, 

sediments, and low temperature anaerobic reactors (Carr et al., 2018; Fey & Conrad, 

2003; McKeown et al., 2009a; Metje & Frenzel, 2007), suggesting that it is able to 

adapt in cold environments. 

Hydrogen is the other important product in methanogenic microbial communities, 

which can be utilized by hydrogenotrophic methanogens and homoacetogens. At low 

temperatures, homoacetogenesis may stimulate acetate production, thereby enhancing 

acetoclastic methanogenesis (Conrad & Wetter, 1990). In a balanced anaerobic 

community deficient of hydrogen, hydrogenotrophic methanogens may outcompete 

with homoacetogens for this substrate due to a higher affinity for H2 (Kotsyurbenko, 

2005). In addition, reducing temperature leads to higher solubility of H2 and CO2 in 

liquid, potentially favouring hydrogenotrophic methanogenesis (Lettinga et al., 2001). 

The theoretical contribution of total CH4 from hydrogenotrophic methanogenesis is no 

more than 33% in a balanced community (Conrad, 2020), but observations have shown 
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higher contributions, suggesting that trophic relation of hydrogen utilization in 

methanogenic microbial communities is complex. Psychrophilic/psychroactive 

hydrogenotrophic methanogens were found in low temperature anaerobic reactors. For 

instance, Parshina et al. (2014) isolated a psychrotolerant hydrogenotrophic 

methanogen, Methanosprillum stamsii, from a anaerobic EGSB reactor operated at 3-

8℃. McKeown et al. (2009a) observed that Methanocorpusculum was likely to be 

psychrotolerant hydrogenotrophic methanogen in a psychrophilic anaerobic reactor.  

Methylotrophic methanogens are abundant in anaerobic halophilic environments 

(sediments and hydrothermal vents), coastal environments, high salt and/or sulfate 

conditions (Bueno de Mesquita et al., 2023). Their growth is significantly influenced 

by the concentration of methyl-compounds in the system (Conrad, 2020; 

Kotsyurbenko, 2005). Dominance of methyl-reducing methanogens, 

Methanomassiliicoccus luminyensi was observed during anaerobic digestion of 

municipal wastewater at 8.5℃, but their relative abundance decreased after 

temperature dropped to 2.5℃ (Sukma Safitri et al., 2022). However, the effects of 

reducing temperature on methylotrophic methanogens is not clear yet. 

The effects of reducing temperatures on the dominance of methanogenic pathways are 

still not fully understood. In lake sediments and rice paddy soil, the contribution of 

hydrogenotrophic methanogenesis decreases with decreasing temperature, attributed 

to elevated homoacetogenic activity, and reduced syntrophic activity (Fey & Conrad, 

2000; Glissmann et al., 2004; Schulz & Conrad, 1996). However, in engineered 

systems like anaerobic reactors (UASB and EGSB system), studies have observed a 

shift from acetoclastic to hydrogenotrophic methanogenesis with higher relative 

abundance of hydrogenotrophic methanogens at lower operational temperatures (5-

15℃) (Bialek et al., 2012; Enright et al., 2007; McAteer et al., 2020; McKeown et al., 

2009a; Siggins et al., 2011b). Nevertheless, this trend was not observed in AnMBR 

systems where acetoclastic methanogens remained dominant. (Ji et al., 2021; Smith et 

al., 2013). This discrepancy could be explained by low growth rate of acetoclastic 

methanogens which are vulnerable in UASB type of reactors due to the hydraulic 

stress, while the AnMBR can retain active acetoclastic methanogens by membrane 

separation. Sukma Safitri et al. (2022) observed decreasing relative abundance of 

methyl-reducing methanogens with increasing OLR at 5.5℃, which was replaced by 
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acetoclastic methanogens. The coexistence of different trophic methanogenic archaea 

indicates that the regulation of the pathway of methanogenesis mainly regulated by 

substrate flux control rather than the functional methanogenic populations.  

2.4.4 Low temperature anaerobic treatment of lipid-rich wastewater treatment 

Anaerobic treatment of lipid-rich wastewater has been mostly investigated under 

mesophilic (30-40℃) and thermophilic conditions (>45℃) but not extensively at 

psychrophilic conditions (<20℃). It is challenging to degrade lipids under 

psychrophilic conditions due to the drop of lipolytic activity in the biomass and 

increased rigidity of the lipids structure (Petropoulos et al., 2018). Furthermore, 

reduced β-oxidation activities intensify the negative impacts of LCFA accumulation 

on microorganisms. Still, synthetic dairy wastewater supplemented with LCFA was 

successfully treated in high-rate AD systems at 20℃ (Singh et al., 2020; Singh et al., 

2019b). Acetoclastic methanogens (Methanothrix) and bacterial classes Bacteroidia, 

Clostridia and Synergistia were recognized to be essential for the anaerobic digestion 

of LCFA at low temperature (Singh et al., 2023). Nonetheless, the continuous high-

rate treatment of LCFA under psychrophilic conditions (<20℃) has never been 

demonstrated and our knowledge of microbial ecology in this field is limited. 

Therefore, the low temperature anaerobic treatment of lipid-rich wastewater should be 

studied and the comparison of lipid and LCFA conversion to methane across 

temperature ranges, together with the identity of the active microbial community, 

would prove valuable. Understanding the limitation of the microorganisms and the 

response of microbial community to environmental changes at psychrophilic 

conditions will benefit the process optimization in psychrophilic AD of dairy 

wastewater and encourage the expansion of the technology in treating other waste 

effluents. 

2.4.5 Strategies to improve low temperature anaerobic wastewater treatment 

2.4.5.1 Biomass adaptation to low temperature 

One of the primary challenges for LTAD is biomass adaptation to low temperatures, 

as the adaptation process is usually very long (McKeown et al., 2009b). Acclimating 

mesophilic biomass to low temperature is an alternative strategy to quickly start-up 

LTAD reactors. In fact, the majority of LTAD studies used mesophilic biomass as 
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inoculum (Akindolire et al., 2022). Previous studies demonstrated that mesophilic 

granular sludge can successfully acclimate to low temperatures and the development 

of psychrotolerant microbial consortia underpinned the stable process performances 

(Gunnigle et al., 2015a; Keating et al., 2018; McKeown et al., 2009b). However, little 

is known about the response of AD microbiome to low temperatures during the 

acclimation, despite the microbial consortia is adaptive to various environmental 

conditions due to the redundant metabolic functional profiles.  

Another strategy is using psychrophilic/psychrotolerant biomass from cold 

ecosystems to accelerate the adapting process and maintain sufficient microbial 

activity at low temperatures. A pioneer study inoculated anaerobic reactors with lake 

sediments to treat synthetic brewery wastewater at 15℃, achieved over 80% COD 

removal efficiency after 80 days operation (Xing et al., 2010). Petropoulos et al. (2017) 

investigated the capacity of cold-adapted biomass (from Arctic soil and Alpine Lake 

sediments) treating domestic wastewater and suggested that it can be used for 

developing microbial communities for low temperature anaerobic wastewater 

treatment. Later, the author inoculated the adapted biomass in UASB and AnMBR 

reactors to treat domestic wastewater continuously at low temperature (15℃) and low 

HRT (0.3-3.5 h), which achieved over 80% COD removal efficiency (Petropoulos et 

al., 2019). However, the low biomass density limits the application of cold-adapted 

biomass for full-scale application, which requires a high amount of active biomass to 

maintain the process performances. 

2.4.5.2 Reactor configuration 

To improve the system stability and process performance of LTAD, different reactor 

configurations have been tested, including EGSB, EGSB +anaerobic filter, inverted 

fluidized bed (IFB), and AnMBR, obtaining efficient process performances. 

EGSB combined the characteristics of both UASB and fluidized bed reactor, which 

retains granular biomass while improving the substrate-biomass contact by continuous 

recirculation. This reactor design has been successfully applied in LTAD of low to 

mid strength wastewater, but the granular form of the biomass may be vulnerable to 

high velocity and formation of layer of acidifying sludge which may lead to sludge 

bulking and initiate sludge flotation (Rebac et al., 1999). To address this issue, a hybrid 

system that incorporates EGSB and anaerobic filter was developed, which improved 
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the efficiency of solid-liquid separation and biomass retention in the system. This 

design was successfully applied for full-scale treatment of domestic wastewater 

(Trego et al., 2021a) and pilot scale treatment of dairy wastewater (Paulo et al., 2020).  

In addition to granular biomass-based systems, IFB and AnMBR system using 

suspended biomass have reported encouraging results in LTAD applications. Bialek 

et al. (2012) compared IFB and EGSB for LTAD of dilute dairy wastewater at 15℃, 

showing that protein hydrolysis was promoted in IFB system at low temperature by 

supporting a more dynamic and more diverse microbial community. AnMBR system 

has emerged as a promising design for anaerobic wastewater treatment due to its high 

efficiency in organic removal and biomass retention. Non-fat dairy wastewater was 

treated in AnMBR at 15-20℃ achieving 73% soluble COD removal efficiency 

(Buntner et al., 2013). This type of system has been successfully applied in low 

temperature sewage/domestic wastewater treatment. Psychrophilic anaerobic 

treatment (3-15℃) of domestic wastewater using AnMBR achieved >95% COD 

removal at temperature as low as 6℃, but fell to 86% at 3℃, which was supported by 

the biofilm development in the reactor (Smith et al., 2015). Similar results were 

obtained by Seib et al. (2016) and Watanabe et al. (2017) but reducing operating 

temperature resulted in production of soluble microbial products (SMP) and EPS 

causing membrane fouling. Moreover, Smith et al. (2015) pointed out that dissolved 

methane oversaturation in the liquid phase due to reducing temperature limited the 

methane yield and process performance, which needs to be addressed properly when 

designing the appropriate system. 

2.5. Summary and perspectives 

DW contains abundant organic matter which can be converted into biogas via AD. 

However, the current waste management for DW does not utilize the lipid fraction in 

DW. To improve the energy recovery from DW treatment, it is important to valorise 

the lipids in DW in cost-effective methods. LTAD is an attractive technology for direct 

DW treatment to simply the process and improve the energy recovery. In addition, for 

the existing wastewater treatment facilities, finding solutions for valorisation of DAF 

waste to biogas would effectively reduce the environmental impacts and GHG 

emissions during dairy production processes.  
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2.5.1 Microbiology  

Successful AD requires the harmony of complex anaerobic microbial communities. 

The possibility to develop specialized microbial communities for lipid/LCFA 

conversion to methane will be beneficial for the treatment of lipid-rich wastewater. 

Thus, advancing the knowledge about microbial identification, function, and 

interactions will further improve the AD of lipids and methane production efficiency.  

Moreover, understanding microbial limitations at low temperatures is vital for 

optimizing LTAD. Although, in practice, the LTAD of wastewater is unlikely to be 

operated at very low temperatures to stimulate all the adaptation mechanisms, by 

identifying these limitations, tailored strategies can be developed to further improve 

the system performances and stability of LTAD.  

It is also important to recognize that variations in temperature adaptation among 

microorganisms can significantly disrupt their trophic relationships and influence the 

overall functioning of the community. Understanding the impact of low temperatures 

on specific trophic chains, identifying the microbial groups most affected by low 

temperatures, and determining the key players in the community are essential elements 

to comprehend the process dynamics at low temperatures. 

2.5.2 Engineering 

Biomass acclimation to LCFA and low temperature is crucial for stable and continuous 

operation of LTAD of lipid-rich DW. Using adapted inoculum or quickly develop 

adaptive inoculum will greatly benefit the process performance. However, very few 

information is available regards to these, it is necessary to develop practical strategies 

to accelerate the start-up of LTAD and maintain the stability of the system. Another 

challenge in LTAD of lipid-rich DW is to retain active biomass in the bioreactors. This 

can be improved by applying novel reactor configurations and/or stimulate biofilms 

formation in the system.  

In addition, the utilization of pre-treatments to enhance the methane potential of 

substrates is a promising approach. There is a lack of research specifically focused on 

lipid-rich waste. Further investigation is necessary to comprehensively understand the 

impacts of pre-treatments on lipid-rich waste, which would greatly contribute to the 
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development of technologies aimed at maximizing the potential of lipid-rich waste for 

methane production, with less energy consumption and environmental impacts. 
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Abstract 

Facilitating the anaerobic degradation of long chain fatty acids (LCFA) is the key to 

unlock the energy potential of lipid-rich wastewater. In this study, the feasibility of 

psychrophilic anaerobic treatment of LCFA-containing dairy wastewater was assessed 

and compared to mesophilic anaerobic treatment. The results showed that 

psychrophilic treatment at 15 ℃ was feasible for LCFA-containing dairy wastewater, 

with high removal rates of soluble COD (>90%) and LCFA (~100%). However, 

efficient long-term treatment required prior acclimation of the biomass to 

psychrophilic temperatures. The microbial community analysis revealed that putative 

syntrophic fatty acid oxidizing bacteria and Methanocorpusculum played a crucial role 

in LCFA degradation during both mesophilic and psychrophilic treatments. 

Additionally, a fungal-bacterial biofilm was found to be important during the 

psychrophilic treatment. Overall, these findings demonstrate the potential of 

psychrophilic anaerobic treatment for industrial wastewaters and highlight the 

importance of understanding the microbial communities involved in the process. 

Keywords: Lipid; Wastewater treatment; Core microbiome; Biofilm; Fungi 
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3.1. Introduction 

Anaerobic digestion (AD) plays an important role in achieving a carbon-neutral 

society and the current trend in biogas production is moving towards a model where 

organic waste, agricultural by-products as well as industrial wastes are used as 

feedstocks (Brémond et al., 2021). Dairy industry generates high amount of 

wastewater during the production globally (8-11 million tons per year), containing a 

high concentration of organic matter, including protein, lipids, and carbohydrates, 

making it a suitable feedstock for AD (Ye & Li, 2023). However, the energy 

requirements of mesophilic (30-40℃) AD (MAD) process are less attractive for 

industrial wastewater discharged at ambient temperature (< 20℃), as the high energy 

demand of heating the AD plant increases the cost of wastewater treatment and biogas 

production (Smith et al., 2014). Therefore, psychrophilic anaerobic digestion (PAD) 

is a more attractive technology for industrial wastewater treatment, as this process 

operates at a lower temperature (< 20°C), offering low energy demand for heating and 

maintenance during operation and subsequently, reduce the cost of the treatment 

process (McKeown et al., 2012). Laboratory-scale and pilot-scale research over the 

past decade has demonstrated the feasibility of PAD treating skimmed (no lipids) dairy 

wastewater (Bialek et al., 2013; McAteer et al., 2020; Paulo et al., 2020).  

However, challenges persist for anaerobic treatment of dairy wastewater due to its 

complex composition, including the presence of dairy lipids. Lipids account up to 45% 

of the total chemical oxygen demand (COD) in dairy wastewater (Singh et al., 2019b). 

The methane potential of lipids (0.99 L/g) is higher than protein (0.63 L/g) and 

carbohydrates (0.42 L/g), which could effectively increase the energy yield (Holohan 

et al., 2022). Despite this, most dairy wastewater treatment process removes the lipids 

through dissolved air flotation process as the presence of lipids causes operational 

issues and the disposal of the lipids results in extra cost and greenhouse gas emissions 

(Ye & Li, 2023).  Therefore, direct lipid-rich dairy wastewater treatment is required 

to simplify the process and improve energy efficiency, but AD of lipids is complex.  

Lipids are hydrolysed into LCFA and glycerol, and LCFA is further degraded to 

acetate and hydrogen via β-oxidations by syntrophic fatty acid oxidizing bacteria 

(Holohan et al., 2022). The LCFA degradation is considered rate-limiting for AD of 

lipids, due to the negative impacts on anaerobic microbes. First, high level of LCFA 
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can inhibit methanogenesis, subsequently cease the degradation process. Second, 

LCFA adsorb to microbial cell surfaces, impede membrane transport, and limit other 

membrane functions, leading to biomass flotation and washout (Holohan et al., 2022). 

Therefore, facilitating LCFA degradation is the key to improve the AD of lipids. 

Efforts have been made to improve anaerobic LCFA degradation at mesophilic 

temperatures, including using flocculant biomass and acclimate the biomass with 

batch feeding regime (Cavaleiro et al., 2009; Pereira et al., 2002). Effective biomass 

retention through biofilm formation or other engineering solutions can also improve 

LCFA degradation (Holohan et al., 2022).  

Nevertheless, knowledge in PAD of lipid-rich wastewater is limited. Lipase activity 

was assessed at temperature ranged at 4-37℃ in domestical wastewater, which the 

lipase activity dropped at temperatures <15℃ and stop at 4℃ (Petropoulos et al., 

2018). Very recently, the knowledge of the methanation from LCFA at low 

temperatures (10℃ and 20℃) were investigated (Singh et al., 2019a) and successful 

high-rate anaerobic treatment of LCFA-containing dairy wastewater at 20℃ achieved 

with 44%-51% methane yield (Singh et al., 2019b). Yet, continuous anaerobic 

treatment of LCFA-containing wastewater at temperatures < 20℃ has not been studied 

and warrants further investigation. Information on microbial ecology during the AD 

of LCFA will support the implementation of AD in treating lipid-rich wastewater. 

Furthermore, understanding the dynamics of the microbial community at 

psychrophilic conditions will facilitate more efficient PAD of lipid-rich wastewater. 

This study aimed to assess the feasibility of anaerobic treatment of LCFA-containing 

dairy wastewater at 15℃, and compare the reactor performance, microbial community, 

and biofilm formation with the anaerobic treatment of LCFA-containing dairy 

wastewater at 37℃. To this end, two laboratory-scale bioreactors were operated at 37℃ 

and 15℃ for a 618-days trial. 

3.2. Materials and Methods 

3.2.1 Reactor configuration, set-up, and operation 

Two glass laboratory-scale upflow sludge bed reactor with anaerobic filter 

(UASB+AF) reactors (4.2 L working volume) were operated at 37℃ (R37) and 15℃ 

(R15), respectively (Fig.3-1). The reactors were seeded with 20 g volatile solids 
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(VS)/L of a mixture of two anaerobic sludges: a granular sludge obtained from 

anaerobic reactor (NVP Energy, Ireland) treating skimmed dairy wastewater at 

ambient temperature (8-25℃); a flocculant sludge treating lipid-containing dairy 

wastewater at 30℃ (Dairygold, Ireland). The sludges were mixed in a 1:1 ratio (by 

VS) and blended for 1 min to break the granular structure of the biomass. The reactors 

were supplied with 3.0 g COD/L synthetic dairy wastewater (SDW), composed by 

mixture of skimmed milk powder (Arrabawn, Ireland, lipid<0.5%) and sodium oleate 

(Merck, USA, as targeted compound for LCFA). The SDW consisted of skimmed milk 

powder only during start-up and gradually replaced by sodium oleate (up to 20% of 

the total COD of SDW) during the rest of trial. The SDW was supplemented with 

vitamins and trace metals described elsewhere (Stams et al., 1993) and pH was 

buffered using 2.0 g/L NaHCO3 (VWR International, USA) ranged at 7.0-7.5.  

During the 618-day trial period of the two reactors, which included a 105-day 

suspension due to the COVID-19 pandemic. Both R37 and R15 were stopped and 

maintained at ambient temperature during the suspension. The hydraulic retention 

time (HRT) and influent oleate concentration were strategically changed based on 

reactor performances (Table 2-1). In R37, HRT was reduced from 72h to 24h during 

P1-P3 and from 36 to 18 h during P7-P9 to evaluate the reactor performance with 

increasing organic loading rates (OLR). While the influent oleate concentration was 

increased from 300 to 600 mg COD/L with HRT at 48h to assess the impacts of LCFA 

on the system during P4-P6. In R15, the HRT was increased from 72 to 168h during 

P1-P2 to acclimate the biomass to psychrophilic conditions due to biomass washout. 

During P3-P5, the influent oleate concentration was increased from 300 to 600 mg 

COD/L with HRT at 120 h to assess the impacts of increasing load of LCFA on the 

system. Lastly, during P6-P9, the HRT was reduced from 106 to 72 h to investigate 

the stability of R15 under elevating OLR. 
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Figure 3-1: Schematic diagram of reactor design and lab-scale reactor set-up. 

3.2.2 Analytical methods 

Reactor effluent and biogas were collected and analysed every 2-3 days per week. The 

effluent COD was determined by using the COD testing kit (Reagecon, Ireland) 

according to the manufacturer’s protocol. The methane content of the biogas was 

analyzed as described by Nzeteu et al. (2018) using gas chromatography (Varian, 

USA). Methane yield was expressed as the ratio (%) between the methane-COD 

produced and the COD removed. Volatile fatty acids (VFAs) in reactor effluents were 

prepared and determined as described by Nzeteu et al. (2018) by gas chromatography 

(Varian, USA) equipped with a BP21 capillary column (SGE Analytical Science, 

Australia) and a flame ionization detector. LCFA content in effluent was extracted and 

measured by gas chromatography (Varian, USA) equipped with a TRB-WAX 

capillary column (Teknokroma Analitica, Spain) and a flame ionization detector 

following the protocol of Neves et al. (2009). 

3.2.3 Specific methanogenic activity test 

Specific methanogenic activity (SMA) tests were performed using biomass samples 

from the two seed sludge and the biomass collected at the end of the reactor trial. These 

tests were carried out at 37℃ and 15℃ as described by Colleran et al. (1992).  
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3.2.4 Microscopy 

Scanning electron microscopy (SEM) was used to visualize the structure of the biofilm 

formed in the two reactors. Biofilm samples were collected from the glass column of 

the reactor at the end of the trial.  These samples were prepared according to the 

protocol described by Keating et al. (2016) and examined under the scanning electron 

microscope (Hitachi, Japan). To investigate the internal structure of the biofilm, fixed 

samples were freeze fractured, mounted, and examined as the method mentioned 

above. 

Lactophenol cotton blue staining was applied to examine the fungal hyphae in the 

biofilm. The fresh sample was collected from the glass column of the reactor and 

prepared according to the protocol described by Dusengemungu et al. (2022). Then 

the slide was then examined under a light microscope (OPTIKA, Italy). 

3.2.5 Sample collection, DNA extraction and library preparation 

Sludge samples were periodically collected from the sludge bed throughout the trial. 

At the end of the trial, samples from the biofilm on the reactor walls and pumice filters 

were also collected. Collected samples were centrifuged at 8000 g for 5 mins to 

remove excess media and the pellets were flash frozen in liquid nitrogen and stored at 

-80℃. For each sampling point, DNA was extracted in triplicate according to the 

protocol described by Thorn et al. (2019). DNA concentration was determined using 

a Qubit 4 fluorometer and a NanoDrop 2000 spectrophotometers (Thermo Fisher 

Scientific, USA). DNA quality was evaluated using 1% (w/v) agarose gel containing 

1 x SYBR® safe (Thermo Fisher Scientific, USA). DNA was amplified targeting the 

V4 region of 16S rRNA using primers 515f and 806r. The library was prepared 

following the protocol described by Paulo et al. (2020). The purified products were 

mixed in equimolar amounts to create the library pool and sent for sequencing on the 

Illumina NovaSeq 6000 platform (Eurofins Genomic, Germany).  

3.2.6 Bioinformatics analysis 

The sequencing data were analysed using NG-Tax, a validated pipeline for 16S rRNA 

gene analysis, under default parameters (Ramiro-Garcia et al., 2018). The database 

used for taxa assignment was SILVA 138.1 (Quast et al., 2013). Core microbiome 

analysis was performed by using three frequency thresholds suggested by Dueholm et 
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al. (2022): > 0.1% relative abundance in 80% (strict core), 50% (general core), and 

20% (loose core) of all the samples during the experiment. The sequences reported 

have been deposited in the European Nucleotide Archive (ENA) database, accession 

number [PRJEB60026]. 

3.3. Results and Discussion 

3.3.1 Reactor performance  

Table 3-1 presents the applied operational parameters and the overall reactor 

performances during each phase of the process. During the start-up phase (P0), both 

R37 and R15 achieved good performance in terms of average soluble COD (sCOD) 

removal (98 ± 1% vs 91 ± 4%) and methane production (1.2 ± 0.4 L/d vs 1.0 ± 0.4 L/d) 

(Table 3-1), suggesting the microbial community was capable to degrade skimmed 

dairy wastewater at 15℃. This result agrees with previous studies in the PAD of 

skimmed dairy wastewater (Bialek et al., 2013; McAteer et al., 2020). The higher COD 

removal and methane production in R37 than in R15 indicate a higher microbial 

activity of the biomass at 37℃ than at 15℃, which was reflected by higher SMA of 

the inoculum at 37℃ (p<0.01) (Fig. 3-2). 

During P1, the performance of R37 was not affected by supplying LCFA, with high 

sCOD removal and stable methane production rate (Table 3-1). By contrast, the 

performance of R15 reduced immediately after the addition of LCFA in SDW during 

P1: the average sCOD removal and methane production rate decreased 20% and 50% 

comparing to P0, respectively (Table 3-1). The average VFAs concentration in the 

effluent was 878 ± 155 mg COD/L, mainly composed by acetate and propionate. 

LCFA was detected in the effluent (Table 3-1) and LCFA started to accumulate in the 

reactor causing sludge flotation and washout (Appendix A, Fig. S3-2). These 

observations suggest that the microbial community was not acclimated to 

psychrophilic temperatures to degrade LCFA at 15℃ but was well-functioning at 37℃. 

The elevated effluent VFA concentration and decreased methane production also 

indicate that methanogenesis was inhibited by the accumulation of LCFA in R15. 

Similar phenomenon was reported at 20℃, increasing the LCFA loading rate (from 

0.7 to 0.9 g COD/L/d) reduced the methane yield (from 42% to 20%) and caused 
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granular sludge flotation and wash out (Singh et al., 2019b), suggesting it is more 

challenging to degrade LCFA at lower temperatures. 

The performance of R37 was not influenced by 3 months lockdown. Good 

performance (sCOD removal > 95%, methane yield > 65%) was maintained during 

the rest of trial (Table 3-1). From P4 to P6, methane yield increased from 68 to 75% 

with increased oleate concentration in SDW (Table 1). Further reduction of HRT in 

R37 during P7 to P9, methane production rate increased proportionally to applied OLR 

(2-4 g COD/L/d), with high sCOD and stable methane production (Table 3-1). These 

results indicate the microbial consortia improved its LCFA degradation capacity with 

increasing LCFA loading rate at 37℃. Additionally, SMA of the biomass sampled in 

R37 at the end of the trial was higher than the SMA of inoculum at 37℃ (p<0.01) (Fig. 

3-2), implying improved methanogenic activity in R37. This result agrees with the 

observation from previous study that the methanogenic activity and tolerance of the 

methanogens to LCFA was enhanced after increasing the LCFA loading rate in 

continuous reactors at 37℃ (Cavaleiro et al., 2009), which is essential for long-term 

treatment of lipid-rich wastewaters.  

Due to the inhibition of LCFA and loss of biomass in R15, an extra-long HRT (168 h) 

was applied during P2 to acclimate the residual biomass. At the end of P2, the sCOD 

removal efficiency increased to 86%, and LCFA was no longer detected in effluent 

(Table 3-1). While the low methane yield (25%) during P2 suggests poor 

methanogenic activity due to the biomass washout. During P3 improvements in the 

sCOD removal (92 ± 2%) and methane yield (44 ± 6%) were recorded, implying 

recovery of microbial activity and biomass acclimation to psychrophilic temperatures. 

From P4 to P5, the increase of oleate concentration in SDW did not affect the sCOD 

removal and methane production in R15. Lower VFA concentration (100-120 mg 

COD/L) and higher methane yield (47-50%) were achieved during this period 

compared to P3, suggesting a better conversion of VFA to methane in the reactor. 

From P6 to P9, the reduction of HRT from 106 h to 72 h increased methane production 

rates proportionally, with negligible VFA and no LCFA detected in the effluent (Table 

3-1). These results indicate that the microbial community effectively degraded LCFA 

at 15℃ after the acclimation to psychrophilic temperatures. Moreover, the formation 

of the attached biofilm improved the biomass retention in R15 (Section 3.3.5), which 
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was crucial for the system stability as psychrotolerant microbial consortia (Section 

3.3.3) requires more time to grow and settle in the reactor.  

This trial showed that anaerobic treatment of LCFA-containing dairy wastewater at 

15℃ is feasible only after the biomass acclimated to psychrophilic conditions. 

Compared to mesophilic treatment, the methane yield of PAD was lower, possibly due 

to the production of EPS and low biomass growth rate at low temperatures. Besides, 

methane has higher solubility in the effluent at low temperature, which could 

contribute to lower methane yield from PAD system. Moreover, using psychrotolerant 

inoculum or acclimating biomass to degrade LCFA at psychrophilic temperatures in 

sequenced-batch before continuous operation is recommended to ensure effective 

LCFA removal to prevent biomass washout. Facilitating LCFA degrading biofilm and 

prolong the biomass retention in PAD system would be beneficial to the process 

performance. It is worthy to note that this study does not consider the hydrolysis of 

lipids, which can be a bottleneck for implementing PAD in real wastewater, future 

study should test the real lipid-rich dairy wastewater before upscaling for industry 

applications. 
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Table 3-1 Summary of the operating parameters and reactor performances in R37 and R15 during the anaerobic treatment of synthetic dairy wastewater with 

LCFA during different phases. 

R37 P0 P1 P2* P3 P4 P5 P6 P7 P8 P9 

Days 0-47 48-122 123-308 309-364 365-401 402-455 456-499 500-537 538-562 563-618 

Hydraulic retention time (h) 72 72 48 24 48 48 48 36 24 18 

Organic loading rate (g 

COD/L/d) 
1 1 1.5 3 1.5 1.5 1.5 2 3 4 

Influent LCFA (mg COD/L) 0 300 300 300 300 450 600 600 600 600 

sCOD removal (%) 98 ± 1 96 ± 2 95 ± 2 95 ± 3 98 ± 1 98 ± 1 97 ± 1 97 ± 1 97 ± 1 95 ± 3 

Methane production rate (L/d) 1.22 ± 0.4 0.9 ± 0.3 1.5 ± 0.3 3.2 ± 0.9 1.5 ± 0.2 1.5 ± 0.4 1.7 ± 0.2 1.83 ± 0.2 2.8 ± 0.3 3.8 ± 0.4 

Methane yield (%) - 60 ± 21 68 ± 13 65 ± 17 68 ± 10 66 ± 9 75 ± 10 69 ± 5 67 ± 8 68 ± 10 

Effluent VFA (mg COD/L) n.d. n.d. - 106 ± 89 112 ± 46 n.d. n.d. n.d. 65 ± 21 74 ± 30 

Effluent LCFA (mg COD/L) - n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

n.d.: not detected. -: not available. * Reactor stopped from day 152-263. 

R15 P0 P1 P2* P3 P4 P5 P6 P7 P8 P9 

Days 0-47 48-122 123-322 323-401 402-455 456-513 514-538 539-562 563-581 582-618 

Hydraulic retention time (h) 72 72 168 120 120 120 106 96 84 72 

Organic loading rate (g 

COD/L/d) 
1 1 0.45 0.6 0.6 0.6 0.7 0.75 0.86 1 

Influent LCFA (mg COD/L) 0 300 300 300 450 600 600 600 600 600 

sCOD removal (%) 91 ± 4 71 ± 13 86 ± 5 92 ± 2 95 ± 2 96 ± 3 95 ± 2 96 ± 1 93 ± 3 94 ± 3 

Methane production rate (L/d) 1.0 ± 0.4 0.5 ± 0.3 0.2 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.8 ± 0.1 

Methane yield (%) - 41 ± 20 25 ± 12 44 ± 6 50 ± 9 47 ± 3 47 ± 7 47 ± 3 52 ± 10 56 ± 9 

Effluent VFA (mg COD/L) n.d. 878 ± 155 - 258 ± 92 103 ± 21 122 ± 38 76 ± 5 82 ± 13 n.d. n.d. 

Effluent LCFA (mg COD/L) - 93 ± 22 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
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Figure 3-2: Average SMA (n=3) of reactor biomass from the inoculum (GS: granular sludge, FS: flocculant sludge), and samples taken from the reactor on day 

618, performed at (A) 37℃ and (B) 15℃ against methanogenic substrates: H2/CO2 and acetate.
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3.3.2 Microbial community diversity 

To explore the dynamics of the microbial community structure in R37 and R15, the 

alpha diversity indices including Chao1 (richness), Shannon (evenness), and Faith PD 

(phylogenetic diversity) were assessed.  

In R37, the decrease of OLR during P4 and HRT reduction during P7 to P9 resulted 

in significant reductions in Shannon (p <0.05) and Faith PD (p <0.01) of the microbial 

community (Fig. 3-3A). Carballa et al. (2015) asserted that microbial community with 

higher evenness and diversity produce more methane. Despite this, the performance 

of R37 was not affected (Table 3-1). This result implies that the microbial community 

possessed a robust functional redundancy under mesophilic conditions regarding the 

OLR/HRT changes. Similar trends were observed in a pilot study disturbed by HRT 

or pH change (Paulo et al., 2020), and a full-scale AD plant disturbed by temperature 

or influent COD concentration (Trego et al., 2021a). However, the decline of Faith PD 

in R15 after P1 (Fig. 3-3B) was accompanied with system malfunction and biomass 

washout induced by LCFA accumulation (Appendix A, Fig. S3-2), suggesting low 

degree of functional redundancy regarding to perturbations under psychrophilic 

conditions. Functional redundancy is often linked to the system stability against 

environmental perturbations (Carballa et al., 2015). The different response of the 

microbial community in R37 and R15 regarding the environmental perturbations 

showed that the microbial community was more vulnerable to environmental 

perturbations under psychrophilic conditions, which could be due to less active 

members to perform the metabolic function at lower temperatures. This also aligns 

with the idea that the microbial community may appear as highly redundant, but the 

performance of metabolic function generally depends on environmental conditions as 

well as on the presence and activity of other community members (Louca et al., 2018). 

Therefore, the acquisition of transcriptome information from the active microbial 

community using the RNA-based method would unravel the key members during the 

anaerobic degradation of the LCFA, subsequently, improve the stability of the process. 

During P2 to P5, the Faith PD of the microbial community in R15 increased (Fig. 3-

3B) as the organic removal and methane production improved (Table 3-1). Previous 

study showed that Faith PD was positively correlated with the modularity of microbial 

network, which is linked to the niche differentiation in microbial community (Wu et 

al., 2016). Functional redundancy in microbial community can be promoted by niche 
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differentiations (Louca et al., 2018). Thus, the increase in Faith PD in R15 indicated 

that the functional redundancy of the microbial community improved in R15. Indeed, 

the reactor performance was stable when HRT reduced during P6-P9 in R15 (Table 3-

1) as well as the Faith PD of the microbial community was stable. The improvement 

in functional redundancy of R15 could be attributed to the long-term acclimation 

process, highlighting that the biomass acclimation to psychrophilic conditions is a 

crucial step for stability of PAD system. 

Beta diversity using Bray-Curtis distances metric methods (Fig. 3-3C) revealed 

significant differences between the microbial community of inoculum, R37 and R15, 

suggesting that operational temperature had significant impacts on the microbial 

community. This is in line with other studies in which the importance of the 

temperature for shaping the community in AD has been demonstrated (McAteer et al., 

2020; Trego et al., 2021b). 
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Figure 3-3: Microbial community diversity based on variances in the 16s rRNA genes (mean of technical replicates, n=3), throughout the reactor trial. Chao1, 

Shannon, and Faith PD of (A) R37 and (B) R15; (C) Principal Coordinate Analysis (PCoA). 
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3.3.3 Microbial community compositions 

Heatmap analysis of the top 40 taxa in R37 and R15 (accounted 60-98% relative 

abundances of total community) throughout the trial showed some evident changes of 

the microbial community compositions at different temperatures from the inoculum 

community (Fig. 3-4).  

The archaeal community in the inoculum was mainly composed by Methanolinea 

(hydrogenotrophic) and Methanosaeta (acetoclastic), with a relative abundance of 8% 

and 5%, respectively. Notably, Methanolinea was replaced by Methanocorpusculum 

after P3 and P1, in R37 and R15, respectively (Fig. 3-4). The increase in relative 

abundance of hydrogenotrophic methanogens (mainly Methanocorpusculum) with 

increasing LCFA loading rate in both reactors indicates that the syntrophic LCFA 

degradation in both reactors was related to the activity of hydrogenotrophic 

methanogenesis, as hydrogenotrophic archaea utilize the H2 produced by syntrophic 

bacteria during the β-oxidation of LCFA to maintain hydrogen concentration at low 

levels (Sousa et al., 2007). At the end of trial (P9), Methanocorpusculum was the 

prevalent methanogens in both R37 (18%) and R15 (21%), which could be related to 

its metabolic features. Methanocorpusculum can utilize not only H2/CO2, but also 

formate, 2-propanol/CO2 and butanol/CO2 to produce methane (Zellner et al., 1989). 

This suggests that Methanocorpusculum might be able to directly use metabolites from 

LCFA degradation without the need for further conversion by the syntrophic bacteria. 

Moreover, Methanocorpusculum is also reported as psychrotolerant methanogen 

(Simankova et al., 2003) and it was found emerging in previous PAD trials (Bialek et 

al., 2013; McKeown et al., 2009a; Yang et al., 2019), indicating its adaptability to 

different temperatures. 

Methanosaeta (also known as Methanothrix) was the dominant acetoclastic 

methanogen in both reactors throughout the trial. This result is consistent with other 

studies in which the importance of Methanosaeta for methane production from LCFA 

has been demonstrated under mesophilic and psychrophilic conditions (Singh et al., 

2019a; Ziels et al., 2017). Furthermore, high relative abundance of Methanosaeta was 

detected in the biofilm samples from both reactors (Fig. 3-4, P9B). Particularly, the 

relative abundance of Methanosaeta in biofilm from R37 was 23%, which agrees with 

the observation of filamentous biofilm morphology under the SEM (Fig. 3-6). This 
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result again demonstrates the importance of Methanosaeta in biofilm formation in AD 

(McKeown et al., 2009a). 

The bacterial community of the inoculum was represented mainly by six phyla, 

including Chloroflexi (15%), Thermotoga (12%), Synergistota (12%), Bacteroidota 

(11%) Fermentibacterota (9%) and Desulfobacterota (4%), in which the class 

Anaerolineae, Mesotoga, Synergistaceae, the family Bacteroidetes_vadinHA17, 

Fermentibacteraceae and Syntrophorhabus was the most abundant taxa of each 

phylum (Fig. 3-4). The bacterial community developed in R37 and R15 was 

distinguished from the inoculum, which was correlated to the result of beta diversity 

analysis (Fig. 3-3). 

The top 5 taxa in the R37 bacterial community at the end of the trial based on the 

average relative abundance of P9 and P9B were Exilispira (9%), Streptococcus (7%), 

Lentimicrobium (6%), Macellibacteroides (5%), and Anaeromusa-Anaeroarcus 

(4.5%). Exilispira, belonged to the cluster II Spirochaetes, was detected in P4 in R37 

and its relative abundance increased from 0.8% to 6% with increasing LCFA loading 

rate. Some members of this group were reported to be putative syntrophic acetate 

oxidizing bacteria (SAOB) coupled with hydrogenotrophic methanogens (Lee et al., 

2015). A similar trend was observed in that the relative abundance of Exilispira 

increased (0.8-11%) along with the increasing relative abundance of 

Methanocorpusculum (4%-27%) in R37 during P4-P9 (Fig. 3-4). This result suggests 

that putative syntrophic acetate oxidation coupled with hydrogenotrophic 

methanogenesis played an important role in methanation from LCFA, by oxidising 

acetate produced from LCFA degradation coupling with Methanocorpusculum. 

Streptococcus and Macellibacteroides, representing Firmicutes and Bacteroidota, 

were lactic bacteria in mesophilic AD (Baek et al., 2016; Gensollen et al., 2022). A 

meta-analysis across 1140 case studies revealed that the relative abundance of 

Firmicutes and Bacteroidota is significantly positive related to the methane yield 

during AD (Ma et al., 2021). Thus, the abundant presence of the two phyla members 

in R37 throughout the trial can be linked to the good reactor performances.   

In R15, the top five bacterial taxa at the end of the trial based on the average relative 

abundance of P9 and P9B were Trichococcus (9%), uncultured Rikenellaceae (6%), 

uncultured Synergistaceae (4%), Lentimicrobium (3%), Acetobacteroides (3%). 

Trichococcus was described as a psychrotolerant bacteria converting carbohydrates to 
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lactate, acetate, formate and ethanol (Keating et al., 2016). Besides, other 

psychrotolerant taxa were also found in R15, such as Proteocatella, a psychrotolerant 

protein degrading bacterium (Pikuta et al., 2009), was enriched and likely to be the 

dominant taxa utilizing protein substrates in R15 (Fig. 3-4). Uncultured Rikenellaceae 

and Acetobacteroides are from the family Rikenellaceae. The members of this family 

are defined as carbohydrate-fermenting, hydrogen producing bacteria. The enrichment 

of these bacteria and the Methanocorpusculum suggests that syntrophic 

hydrogenotrophic methanogenesis could be the major methanogenesis pathway in R15. 

Similar results were reported in the microbial community of a bovine manure digester 

operated at 13℃ which dominated by Rikenellaceae and Methanocorpusculum after 

200 days (Lendormi et al., 2022). The emergence of psychrotolerant taxa is essential 

for effective organic matter degradation at 15℃, but the development of 

psychrotolerant populations requires sufficient time. Therefore, utilization of cold-

adapted inoculum from natural environments could be alternative solutions. Attempts 

by using lake sediment as inoculum for high-rate anaerobic treatment of sewage were 

shown to be successful, though a long-term enriching process was required to obtain 

enough biomass for bioreactor operation (Petropoulos et al., 2017). 
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Figure 3-4: Heatmap analysis based on the relative abundance of the top 40 taxa in R37 (red) 

and R15 (blue) throughout the trial, according to the 16S rRNA gene (mean of technical 

replicates, n=3), where other refers to anything that is not in the top-40. Inoc: Inoculum, B: 

biofilm, F: filter. 
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3.3.4 Core microbiome 

Core microbiome approach was used to investigate core microbial function groups in 

both reactors. The shared strict core taxa between the two reactors were identified, 

which are considered ecologically and functionally important for the process. A total 

number of 15 and 21 taxa were identified as strict core for R37 and R15, respectively, 

in which 9 taxa were shared by both reactors (Fig.3-5).  

Majority of the shared strict core taxa were syntrophic bacteria related to fatty acids 

oxidation (Fig. 4B), in which uncultured Synergistaceae, Cloacimonadaceae, Syner-

01, and uncultured Spirochaetaceae were reported to be involved in LCFA 

degradation (Nakasaki et al., 2020; Shakeri Yekta et al., 2019; Sun et al., 2022). There 

are only few known species capable of LCFA degradation, such as the genera 

Syntrophomonas; Syntrophus, and Thermosyntropha (Sousa et al., 2009). Only 

Syntrophus (0.3%) and Syntrophomonadaceae (0.7%) were detected in the inoculum 

community (Fig. 3-4). Meanwhile, several putative LCFA degrading bacteria 

mentioned above presented in the inoculum community, such as Cloacimonadales 

(0.5%), Syner-01 (3%), uncultured Synergistaceae (0.5%), Smithella (0.7%) and 

uncultured Spirochaetaceae (0.3%). At the conclusion of the trial (P9), 

Cloacimonadaceae (3%), Syntrophomonas (2%), and Smithella (2%) had high relative 

abundances in R37, while uncultured Synergistaceae (4%), uncultured 

Spirochaetaceae (2%) and Smithella (2%) had high relative abundances in R15 (Fig. 

3-4).  

The prevalence of these syntrophic fatty acid oxidizing bacteria in the core 

microbiome of MAD and PAD reactors indicated their important roles in AD of LCFA. 

This could be due to the limited function of this trophic group in AD microbiome 

(Vanwonterghem et al., 2014). Unlike fermentative bacteria, which is more functional 

redundant, syntrophic bacteria could be susceptible to environmental changes, which 

may explain the failure in degrading LCFA at 15℃ initially. The presence of the 

putative syntrophic LCFA degrading bacteria eventually improved the LCFA 

degradation at 15℃. Thus, enriching syntrophic fatty acid oxidizing bacteria 

population at psychrophilic temperatures would facilitate more efficient LCFA 

degradation in the system. Future advancements should use genome-centric tools to 

improve the understanding of the microbes and metabolic pathways involved in AD 

of LCFA.  
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Figure 3-5: Core microbiome analysis of the microbiome according to variances in the 16S rRNA gene (mean of technical replicates, n=3): A. Core community 

members: general core at prevalence > 0.5; strict core at prevalence >0.8 in R37 and R15; B. Strict core microbiome (at prevalence > 0.8) shared by R37 and 

R15, and exclusively in R37 or R15. 
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3.3.5 Biofilm morphology  

In both reactors, besides the microbial aggregates developed over time in the form of 

flocs, part of the biomass aggregated in the form of biofilms attached to the glass wall 

of the reactor. The presence of attached biofilm in both reactors suggests that this type 

of microbial aggregation could be more advantageous than granulation during AD of 

LCFA, possibly due to the larger surface area and filamentous morphology, which can 

adsorb more LCFA and increase the mass transfer between microbe and bulk media. 

Supplements of supporting materials to promote biofilm formation could potentially 

improve the process performance. 

A thick biofilm was observed in R37 under SEM, which was composed of filamentous 

and cocci chains shape microbes (Fig. 3-6A). These microbes could be Streptococcus 

and Methanosaeta (Gagliano et al., 2020), of which the relative abundance was 7% 

and 19%, respectively, in the biofilm samples at the end of the digestion process (Fig. 

3-4, R37, P9B). Interestingly, the biofilm developed in R15 had abundant 

microtubular structures (Fig. 3-6B), and these microtubes were confirmed to be fungal 

hyphae by lactophenol cotton blue staining under light microscope (Fig. 3-6C) From 

the SEM image, it was evident that microbes grew and formed biofilm on the fungi 

hyphae. 

To the best of knowledge, this is the first report of fungal-bacterial biofilm in anaerobic 

digester. Fungi-bacteria biofilm has been reported in other environments such as soil, 

plants, and humans (Lohse et al., 2018). The presences of fungi could improve the 

biomass growth and retention in R15, because fungi hyphae can not only provide the 

habitat and the nutritional source for bacteria, but also create anoxic zone for obligate 

anaerobic bacteria to grow and enhance the electron transfer among bacteria (Xiong 

et al., 2022). Indeed, the reactor performances and the microbial community were 

stable after the attached biofilm appeared in R15. Anaerobic fungi were found to 

stimulate methane production by cross feeding hydrogenotrophic methanogens with 

H2 and CO2, converted from carbohydrates by fungal hydrogenosomes (Peng et al., 

2021). Therefore, it is possible that the presence of fungi in R15 contributed to the 

prevalence of hydrogenotrophic methanogens in such biofilm (Methanocorpusculum, 

Figure 3, R15, P9B). Moreover, anaerobic fungi can produce proteolytic enzymes and 

hydrogenate unsaturated LCFA (Hess et al., 2020), which could be important for 

protein hydrolysis and LCFA degradation in R15. These findings suggest that fungi 
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could play an important role in PAD, but further studies are needed to better 

understand the function of fungi during AD and the formation of the anaerobic fungal-

bacterial biofilm. 

 

Figure 3-6: Scanning electron microscopy image of the biofilm sample from (a) R37 and (b) 

R15, and (c) light microscopy image of fungal hyphae from R15 with lactophenol blue staining. 
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3.4. Conclusions 

Long-term continuous PAD of LCFA-containing wastewater was feasible with 

acclimated biomass and showed potential for treating real lipid-rich wastewater to 

reduce the energy cost for wastewater treatment. The successful treatment of the 

LCFA-containing wastewater was underpinned by adaptable AD microbiome, with 

putative syntrophic fatty acid oxidizing bacteria and Methanocorpusculum identified 

as the keystone of the anaerobic degradation of LCFA. The discovery of fungal-

bacterial biofilm during PAD suggests that such symbiosis could play an important 

role in facilitating AD in treating complex waste streams under variable conditions. 

This study expands our understanding of the AD microbiome to develop low-cost 

wastewater treatment technologies. 
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Abstract 

Acclimation of mesophilic biomass to low temperatures is a viable approach for 

initiating psychrophilic anaerobic reactors. However, limited information is available 

regarding the microbial community dynamics during the acclimation process. To 

investigate microbial responses to temperature reductions, duplicate lab-scale 

anaerobic digestion (AD) reactors were operated for 166 days, with the temperature 

being reduced from 37℃ to 15℃, using long chain fatty acid (LCFA)-containing dairy 

wastewater as the feedstock. The acclimated biomass at 15℃ exhibited efficient 

removal of organic matter (total COD removal >75%, soluble COD removal >88%) 

and LCFA (>99%). 16S amplicon sequencing of the rRNA gene and rRNA revealed 

a dynamic and adaptive microbial community in response to temperature decreases. 

While the diversity of the microbiome was significantly reduced following the 

temperature decrease, the microbial community displayed robust functional 

redundancy, primarily provided by carbohydrate-protein fermenting bacteria. 

Smithella was identified as the predominant syntrophic genus involved in the 

degradation of LCFA, as evidenced by the increase in the relative abundance of 

predicted enzymes related to β-oxidation. Synergistic partnerships among Smithella, 

Methanothrix, and Methanocorpusculum were found to underpin the removal of 

LCFA and methane production in the system. Furthermore, significant increase in the 

relative abundance of predicted pathways associated with the biosynthesis of 

unsaturated fatty acids, lipopolysaccharides and compatible cellular solutes suggested 

microbial adaptation to cold environments by enhancing membrane fluidity and 

maintaining osmotic balance. These findings contribute to the understanding of the 

mechanisms underlying efficient LCFA removal and methane production at low 

temperatures, with potential implications for optimizing the performance of 

psychrophilic AD. 

Keywords: Psychrophilic anaerobic digestion, Lipid-rich wastewater, Functional 

profiles, Cold adaptation, Dairy wastewater 
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4.1. Introduction 

Greenhouse gas (GHG) emissions are intensifying climate change across the world. 

To limit the temperature increases within the 2-degree threshold, many countries have 

agreed to reduce their GHG emissions by over 50% by 2030 (Bistline et al., 2022; EC, 

2018). Wastewater treatment contributes 1-2% of total GHG emissions in the world 

(Li et al., 2022). Psychrophilic anaerobic digestion (PAD) has emerged as a promising 

technology for the treatment of various types of wastewater at low temperatures 

(<20℃), offering low energy demand for heating and maintenance during operation 

and resulting in less carbon footprint comparing to conventional mesophilic setups 

(McKeown et al., 2012).  

However, it is challenging to treat lipid-rich wastewater at low temperatures, due to 

the negative effects of long chain fatty acids (LCFA), hydrolytes of lipids, on 

anaerobic microorganisms: 1) high concentration of LCFA can inhibit to microbial 

activity; 2) LCFA can adsorb on to microbial cell surfaces, impede membrane 

transport, and limit other membrane functions, leading to biomass flotation and 

washout (Holohan et al., 2022). Moreover, the low operating temperature of PAD 

could have impact on 1) solubility of lipids/LCFA, thus reducing their bioavailability; 

2) microbial activity; 3) the solid state of LCFA (Singh et al., 2019a), making PAD of 

lipid-rich wastewater more challenging. 

Previous study suggested that successful continuous PAD of LCFA requires cold-

acclimated biomass to ensure efficient process performance and system stability (Liu 

et al., 2023). Cold-adapted biomass from natural reservoir could be a solution to 

quickly set up PAD, but a long-term enrichment is required to obtain sufficient 

biomass for bioreactor operations (Petropoulos et al., 2017). Alternatively, 

acclimating mesophilic biomass to low temperatures is a practical approach for the 

start-up PAD reactors, as demonstrated by previous studies (Keating et al., 2018; 

McAteer et al., 2020). However, the current limitation is a lack of understanding of 

the microbial communities underpinning the process (Akindolire et al., 2022) to 

develop microbial management for process control. 

Temperature is one of the most important factors shaping the AD microbiome, 

affecting the activity and metabolism of microorganisms (Lin et al., 2016a). Lowering 

temperature from 37℃ to 15℃ reduced the evenness of the microbial community and 
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led to significant shifts in microbial community structures (McAteer et al., 2020). Ji et 

al. (2021) observed significant shifts in dominant fermentative bacteria from 25℃ to 

15℃ during anaerobic treatment of municipal wastewater. Syntrophic bacteria could 

be sensitive to low temperature, as the Gibbs free energy of syntrophic degradation 

increases as temperature decrease (Kotsyurbenko, 2005). However, very little 

information is available regarding the response of syntrophic bacteria to temperature 

changes due to their fastidious metabolism (Sousa et al., 2009). Additionally, 

increasing contributions from hydrogenotrophic methanogens for methane formation 

as the temperature decreased to 15℃ or lower has been observed (Bialek et al., 2012; 

Gunnigle et al., 2015b; McAteer et al., 2020). Acetoclastic methanogens are critical 

for PAD as well (Conrad, 2020), especially for LCFA degradation at low temperatures 

(Singh et al., 2019a). Gunnigle et al. (2015a) investigated the functional response of 

mesophilic community to psychrophilic temperatures using metaproteomics, and 

showed that the mesophilic biomass were understress at low temperature, as indicated 

by increasing expression of chaprone. Yet, to decipher the microbial community at 

low temperature in PAD, it is necessary to integrate molecular tools such as 16s rRNA 

sequencing and metagenomics, to identify novel taxa, genes and potential metabolic 

pathways. 

Therefore, the aim of this study was to assess the feasibility of acclimating mesophilic 

biomass for high-rate psychrophilic anaerobic treatment of LCFA-containing 

wastewater, and to study the response of the microbiome during the acclimation 

process. Duplicate anaerobic reactors treating synthetic LCFA-containing dairy 

wastewater and inoculated with mesophilic biomass were operated for 166 days, 

during which time the temperature was decreased from 37℃ to 15℃. Reactor 

performance was monitored to assess the treatment efficiency under psychrophilic 

conditions (15℃) against mesophilic conditions (37℃). Amplicon sequencing of 16S 

rRNA gene and rRNA was used to understand the diversity, composition, and potential 

functional profiles of the microbial community during the process. 

4.2. Materials and methods 

4.2.1 Reactor configuration, set-up, and operation 

Two 4.2 L glass laboratory scale upflow anaerobic sludge bed reactor with anaerobic 

filter (UASB-AF) (R1 and R2), were inoculated with 20 g volatile solids (VS)/L 
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biomass obtained from a previous lab-scale reactor treating synthetic dairy wastewater 

(SDW) with LCFA at 37°C for over 600 days (Liu et al., 2023). The reactors were fed 

with SDW, composed of skimmed milk powder (2.0 g COD/L) and sodium oleate (1.0 

g COD/L) at a total concentration of 3.0 g COD/L. Vitamins and trace metals were 

also added (Stams et al., 1993). The pH of the SDW was buffered using 2.0 g/L 

NaHCO3.  

Reactors R1 and R2 were operated for a total of 166 days which was divided into four 

phases (Table 4-1): P0 (0-21 days), P1 (22-68 days), P2 (69-114 days), and P3 (115-

166 days). During the P0 and P1, the reactors were operated at 37°C with the hydraulic 

retention time (HRT) gradually decreasing from 72 h to 24 h. Subsequently, the 

temperature of the two reactors was reduced from 37°C to 25°C on day 69 and from 

25°C to 15°C on day 115. Throughout P1-P3, the HRT and upflow velocity of the 

reactors were consistently maintained at 24 h and 1 m/h, respectively. 

4.2.2 Analytical methods 

Effluent and biogas samples were collected and analysed every 2-3 days. Total COD 

(tCOD) and soluble COD (sCOD) within the effluents were determined using COD 

testing kits (Reagecon, Ireland) following the manufacturer's instructions. Volatile 

suspended solids (VSS) of the effluent were examined once per week according to 

standard methods (APHA, 1995). Biogas produced from the reactors was collected in 

gas bags (Merck, USA) and the volume of produced biogas was measured by liquid 

displacement method (Strömberg et al., 2014). Methane content in the biogas was 

analysed using gas chromatography (Varian, USA) as described by Nzeteu et al. 

(2018). Methane yield was expressed as the ratio (%) between the methane-COD 

produced and the COD removed. Volatile fatty acids (VFA) in the reactor effluents 

were determined using gas chromatography (Varian, USA) equipped with a BP21 

capillary column (SGE Analytical Science, Australia) and a flame ionization detector, 

following the method described by Nzeteu et al. (2018). The analysis of LCFA in the 

reactor effluents was carried out as described by Neves et al. (2009), using gas 

chromatography (Varian, USA) equipped with a TRB-WAX capillary column 

(Teknokroma, Spain) and a flame ionization detector. 
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4.2.3 Sample collection, nucleic acids extraction and library preparation 

Sludge samples were collected from both R1 and R2. Samples collected 72 h after the 

temperature reduction (day 71 (25t) and day 118 (15t)) corresponded to microbial 

community at transient state (t). Samples collected at the end of each phase (day 68 

(37s), day 114 (25s), and day 166 (15s)) corresponded to microbial community at 

stable state (s). Collected samples were centrifuged at 8000 g for 5 min to remove 

excess medium and the pellets were flash frozen in liquid nitrogen and stored at -80℃ 

prior to extractions. In total, 11 samples were collected including inoculum in this trial. 

For each sample, DNA and RNA were co-extracted in triplicates (n=3) according to 

the protocol described by Thorn et al. (2019). DNA and RNA concentrations were 

determined using a Qubit 4 Fluorometer and a NanoDrop 2000 Spectrophotometers 

(Thermo Fisher Scientific, USA). DNA and RNA quality was evaluated by using 1% 

(w/v) agarose gel containing 1 x SYBR® safe (Thermo Fisher Scientific, USA). The 

extracted DNA and RNA were stored at -80℃. 

cDNA synthesis from the extracted RNA was performed according to the protocol 

described by McAteer et al. (2020) in three steps: 1) RNA was treated with Turbo-

DNA free kit (Thermo Fisher Scientific, USA) to remove contaminating DNA; 2) PCR 

using universal bacterial and archaeal primers (515f and 806r, Caporaso et al. (2011)) 

confirmed the samples to be DNA-free; 3) cDNA synthesis was performed using the 

Superscript IV Reverse Transcriptase kit (Thermo Fisher Scientific, USA), following 

the manufacturers protocols. Successful cDNA synthesis was confirmed by PCR with 

the same primer pair used previously, and cDNA was stored at -80℃. 

DNA and cDNA were amplified by targeting the V4 region of the 16S rRNA using 

the primers 515f and 806r (Caporaso et al., 2011). The library was prepared following 

the protocol described by Paulo et al. (2020). The purified products were mixed in 

equimolar amounts to create the library pool and sent for sequencing on Illumina 

NovaSeq 6000 platform (Eurofins Genomic, Germany). Raw sequencing data have 

been deposited in European Nucleotide Archive, accession number [PRJEB60027]. 

4.2.4 Bioinformatics analysis 

The sequencing data were analyzed using NG-Tax, a validated pipeline for 16S rRNA 

gene analysis, with default parameters (Ramiro-Garcia et al., 2018). For each sample, 

most abundant sequences (>0.1%) were selected as ASV collecting 14756892 reads 
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for all samples. To correct for sequencing errors, the remaining reads were clustered 

against those ASVs allowing one mismatch reaching a total of 9751563 reads. The 

reference database used for taxa assignment was SILVA 138.1 (Quast et al., 2013).  

Microbial functional profiles were predicted using PICRUSt2 (Douglas et al., 2020) 

with references to KEGG database (Kanehisa et al., 2012). Differential analysis was 

performed on the relative abundance of taxa and microbial functional profiles using 

the MaAsLin2 tool (Mallick et al., 2021). Linear discriminant analysis effect size 

(LEfSe) (Segata et al., 2011) was applied to determine the significant taxa contributing 

the differences between the microbial communities at different temperatures and at 

different period (transient and stable) in each phase. PERMANOVA was used to 

identify the statistical differences in beta diversity between each sampling point.
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Table 4-1 Summary of the operation parameters and average reactor performance during each phase of the trial. 

Phase Reactor P0 P1 P2 P3 

Reactor operation (d) 

R1 & R2 

0-21 22-69 70-114 115-166 

Temperature (℃) 37 37 25 15 

HRT (h) 72-24 24 24 24 

pH R1 7.39 ± 0.04 7.63 ± 0.40 7.88 ± 0.42 7.63 ± 0.43 

R2 7.35 ± 0.01 7.49 ±0.10 7.68 ± 0.38 7.53 ± 0.46 

tCOD removal % R1 84 ± 5 88 ± 3 75 ± 17 75 ±7 

R2 88 ±3 86 ±3 71 ±11 74 ± 6 

sCOD removal % R1 95 ± 3 97 ± 1 94 ± 4 89 ± 3 

R2 97 ± 2 97 ± 2 92 ± 2 88 ± 5 

CH4 production rate  

(L d-1) 

R1 2.73 ± 0.91 2.14 ±0.17 1.98 ± 0.67 1.79 ± 0.22 

R2 2.56 ± 1.02 2.05 ± 0.26 1.86 ± 0.66 1.72 ± 0.26 

Methane Yield %  

(mL CH4/g CODremoved) 

R1 64 ± 22 48 ± 4 45 ± 14 40 ± 11 

R2 59 ± 24 46 ± 6 43 ± 15 41 ± 6 

Total VFA (mg COD L-1) R1 n.a. n.d. 44 ± 44 157 ± 93 

R2 n.a. n.d. 74 ± 39 203 ± 147 

Total LCFA  

(mg COD L-1) 

R1 n.d. n.d. n.d. n.d. 

R2 n.d. n.d. n.d. n.d. 

Effluent VSS (g L-1) R1 n.a. 0.51 ± 0.25 0.32 ± 0.15 0.35 ± 0.07 

R2 n.a. 0.77 ± 0.52 0.72 ± 0.55 0.37 ± 0.07 

n.a.: not available; n.d.: not detected. 
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4.3. Results and discussion 

4.3.1  Effect of temperature reduction on reactor performance  

The duplicate reactors, R1 and R2, consistently demonstrated high performance during 

phases P1 to P3, exhibiting similar results (Table 4-1, Fig. 4-1). The tCOD removal 

efficiency of both reactors remained above 75%, while the sCOD removal efficiency 

rarely fell below 85%. Average methane production rate ranged from 1.8-2.1 L/d, with 

an average methane yield (based on removed COD) of 40-48% throughout P1-P3 

(Table 4-1). No LCFA was detected in the reactor effluents during the experiment. 

Temporary fluctuations in reactor performance were observed following temperature 

reductions. Upon lowering the temperature from 37℃ to 25℃, the average tCOD 

removal in both reactors decreased to 71%-75%. The increase in tCOD in the effluents 

could be attributed to biomass decay and washout after the temperature reduction. 

Additionally, a low level of VFA (~100 mg COD L-1) was detected at the beginning 

of P2 (Fig. 4-1). Further temperature reduction from 25℃ to 15℃ resulted in a decline 

in sCOD removal (Fig. 4-1) and daily methane production (Table 4-1). The average 

VFA concentration in reactor effluents at 15℃ increased to 154-207 mg COD L-1 

(Table 4-1, Fig. 4-1), indicating reduced acetogenic and methanogenic activity due to 

the temperature reductions. Following these perturbations, both reactors stabilized 

their performance and maintained system stability for the rest of each phase (Fig. 4-

1), indicating successful acclimation of the microbial community to lower 

temperatures. Overall, these results demonstrate the feasibility of acclimating 

mesophilic biomass to lower temperatures for the treatment of LCFA containing 

wastewater at 15℃, achieving higher efficiency compared to previous trials conducted 

at 15℃ with lower organic loading rates (1 g COD L-1 d-1) (Liu et al., 2023) and at 

20℃ for SDW with LCFA (sCOD removal at 84-91%) (Singh et al., 2019b). These 

findings open up opportunities to treat lipid-rich wastewater at psychrophilic 

temperatures, but future research should test with real wastewater produced from dairy 

process facilities to identify the potential limitations and issues in real-world scenarios 

(Paulo et al., 2020). 
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Figure 4-1: Reactor process performance data for R1 and R2, over the 4 phases, showing the 

total COD, soluble COD and total VFA concentrations (equivalent to COD) in the effluent. 
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4.3.2 Effects of temperature reduction on microbiome diversity 

In order to evaluate the changes in microbiome diversity induced by temperature 

reduction, alpha diversity (Chao1, Shannon, and Faith PD) and beta diversity of total 

and active microbial communities after DNA and cDNA were examined (Trego et al., 

2022), as shown in Fig. 4-2. 

The temperature reduction exerted significant effects on the alpha diversity of the 

microbial community. Decreasing the temperature from 37℃ to 15℃ led to a 

significant decrease in Shannon (evenness) and Faith PD (microbial function) of the 

active communities (cDNA) (p < 0.05). However, the Chao1 (richness) of the total 

and active community remained unchanged (Fig. 4-2). This finding suggests that the 

temperature reduction did not eliminate any microbial groups but rather reduced the 

activity of certain microorganisms, leading to the dominance of specific microbial 

species within the active communities. The reduction in evenness and microbial 

functions in active community was reflected by lower methane production observed 

at 15°C compared to 37°C in this trial, which was demonstrated by previous study that 

a positive relationship between microbial community alpha diversity and daily 

methane production (Lin et al., 2016b). Moreover, the decrease in microbial 

community diversity can also indicate a loss of functional redundancy in response to 

the temperature perturbations (Carballa et al., 2015). Thus, the microbial community 

in the reactors may become more vulnerable to other operational changes, such as 

organic loading rate, pH, and ammonia, at lower temperatures.  

Beta diversity analysis revealed significant differences in both total and active 

community structures among each phase (Fig. 4-2). PERMANOVA analysis 

confirmed that each phase was significantly distinct from the others based on DNA (p 

< 0.001) and cDNA (p < 0.001). Furthermore, the community structures between 

transient states (25t and 15t, Fig. 4-2) and stable states (37s, 25s, and 15s, Fig. 4-2) 

were significantly different at both DNA and cDNA levels (p < 0.001). In contrast, 

Lin et al. (2016b) observed that samples at the same temperature clustered together 

regardless of the digestion period (peak and stable period). This discrepancy may be 

attributed to differences in sampling times during each phase, as samples were 

collected at transient and stable states at each temperature stage in this trial. These 

results indicate that temperature reduction had immediate impacts on microbial 
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community structures and influenced the development of the microbial community 

until it is stabilized. 
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Figure 4-2: Average microbial diversity of biomass samples (mean of biological (R1 and R2) and technical replicates, n=6) according to variances in the 16S 

rRNA gene, from the stable community (s) and transient community (t) during each phase of the reactor trial. Alpha diversity: box plots of Chao1 (richness), 

Shannon (evenness), and Faith PD (phylogenetic diversity) of both DNA and cDNA. Beta diversity: Principal coordinate analysis (PCoA) Plot with Bray-Curtis 

distances on ASV level on DNA (A) and cDNA (B).
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4.3.3 Effects of temperature reduction on microbial functional groups 

The heatmap analysis of the top 40 taxa revealed that temperature reductions induced 

significant changes in microbial community compositions and metabolic activities 

within microbial communities in both reactors (Fig. 4-3). For clarity, we refer to 

"relative abundance" and "relative activity" for DNA and cDNA, respectively. Linear 

discriminant analysis (LDA) Effect Size (LEfSe) identified the critical taxa at each 

sampling point, explaining the differences among the microbial community under 

different conditions (Fig. 4-4). 

4.3.3.1 Fermentative bacteria  

Throughout the experiment, the fermentative bacteria were mainly represented by the 

phyla Firmicutes and Bacteroidota, which are widespread in anaerobic digesters and 

their abundances are correlated with the process performance (Ma et al., 2021). As the 

temperature reduced from 37℃ to 15℃, Firmicutes showed less adaptability to low 

temperature, since their relative abundance decreased from 26% to 14%, while the 

relative abundance of Bacteroidota remained stable (24-26%) (Fig. S4-2), suggesting 

that Firmicutes were less resistant to low temperature than Bacteroidota. Chen et al. 

(2016) found that the ratio of relative abundance of Firmicutes and Bacteroidota (F/B) 

was negatively correlated with VFA concentraion with increasing organic load in 

anaerobic reactors. Similar trends were observed in this trial, as the VFA 

concentrations in the effluent increased as the temperature reduced in both reactors 

(Fig. 4-1) and the ratio of F/B decreased from 1.08 to 0.54. This result indicates that 

the populations of Firmicutes and Bacteroidota were responsive to process 

performance, which can be used to indicate system stability following perturbations. 

Further development of more rapid and cost-effective assays for monitoring the ratio 

of F/B would be a useful system stability indicating tool in industrial application. 

Different members from Bacteroidota and Firmicutes were abundant at different 

temperatures. At 37℃, Streptococcus, Lentimicrobium, and Enterobacteriaceae were 

the dominant carbohydrate-protein fermenting bacteria with high relative activity (37s, 

Fig. 4-3). As temperature was decreased from 37℃ to 25℃, the dominant taxa in this 

trophic group were replaced by the members of Rikenellaceae (25s, Fig. 4-3). While 

the genera Acetobacteroides, Anaeromusa-Anaeroarcus, and Blvii28_wastewater-

sludge_group presented high relative abundances and activity, when temperature was 
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further reduced to 15℃ (15s, Fig. 4-3). These changes in microbial community 

compositions and activity under the same niche in AD showed robust functional 

redundancy of the fermentative bacteria community, which increases the system 

adaptability to changing conditions, minimizes the risk of process failure, and 

improves the overall performance and efficiency of AD.  

Several fermentative bacteria were found to be critical during the transient state of the 

community, as revealed by LEfSe analysis (Fig. 4-4). For instance, Rikenellaaceae 

and Enterobacteriaceae were the critical bacteria at the transient state as the 

temperature was decreased to 25℃ (25t, Fig. 4-4). While Acetobacteroides and 

Lactococcus were critical as the temperature was further reduced to 15℃ (15t, Fig. 4-

4). These critical fermentative bacteria were highly active during the transient state 

(25t and 15t, Fig. 4-3), while the COD and VFA in the reactor effluent increased as 

the temperature decreased (Fig. 4-1). The temporary increase in relative activity of 

these carbohydrate-protein fermenting bacteria during transient state could be due to 

two factors. First, the biomass decay and extracellular polymetric substances (EPS) 

production induced by temperature reduction (Watanabe et al., 2017), released 

abundant carbohydrates and proteins in a short period of time, which favours the quick 

growth of carbohydrate-protein fermenting bacteria. Second, the accumulation of the 

substrates, proteins and carbohydrates, due to the sudden decline of microbial activity, 

which favour the growth of carbohydrate-protein fermenting bacteria. For example, 

McAteer et al. (2020) observed significant increases in Lactococcus as the reactor 

temperature reduced from 37℃ to 15℃ and its active presence was associated with 

protein degradation at low temperature. These observations suggest that these critical 

fermentative bacteria played an important role in maintaining system stability 

following perturbations. 

4.3.3.2 Syntrophic bacteria  

Syntrophic bacteria are sensitive to environmental changes during anaerobic digestion 

due to their fastidious metabolism and low growth rate (Sousa et al., 2009). The 

presence of active syntrophic bacteria is essential for conversion of fatty acids to 

methanogenic precursors. Compared to fermentative bacteria, syntrophic bacteria 

were less diverse in the reactors, likely due to their specific metabolic functions 

(Werner et al., 2011). Exilispira (2%-4%), Syntrophomonas (2%-5%), and uncultured 

Synergistaceae (0.6%-5%) were at high relative abundance, but their relative activity 
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was low (< 1.0%), while Smithella (0.8%-3%) and Geobacter (1%-1.6%) were at low 

relative abundance but at high relative activity (2%-19%) during the experiment (Fig. 

4-3).  

Smithella was potentially the most active syntrophic bacteria during the trial and its 

relative activity increased to 19% at 15℃ (15s, Fig. 4-3). The LEfSe analysis also 

confirmed its critical role at 15℃ (15s, Fig. 4-4). Members of Smithella genus are 

capable of degrading propionate (de Bok et al., 2001), alkane hydrocarbons (Embree 

et al., 2013) as well as LCFA (Sun et al., 2022). The increased relative activity of 

Smithella with reduced temperature implies their important role not only in propionate 

degradation which has been identified as the rate-limiting step during PAD (Rebac et 

al., 1999), but also in LCFA degradation under psychrophilic conditions. It also shows 

that Smithella could be psychrotolerant, which is reported in other PAD studies as well 

(McAteer et al., 2020; McKeown et al., 2009a).  

The relative activity of other syntrophic bacteria, such as Syntrophomonas, Geobacter 

and Exilispira, was apparently not influenced by temperature decreases (cDNA, Fig. 

4-3), showing some degree of resilience of this trophic group (Werner et al., 2011) 

regarding to temperature changes. Syntrophomonas was the only known syntrophic 

LCFA degrading bacteria detected in this trial. Many species of Syntrophomonas can 

directly utilize unsaturated LCFA such as oleate (Sousa et al., 2009), while other 

syntrophic bacteria can only degrade saturated LCFA; such bacteria may rely on the 

metabolites from oleate degradation by Syntrophomonas. This may explain the 

persistent activity of Syntrophomonas during the trial. Alternatively, Geobacter can 

degrade acetate by interspecies electron transfer (IET) coupled with methanogens. The 

presence of Geobacter in the reactors could enhance acetate degradation and methane 

production in the system, preventing acetate accumulation during temperature 

reductions. Moreover, Geobacteraceae are important for LCFA degradation at 

mesophilic (Cavaleiro et al., 2020; Hatamoto et al., 2007b) and low temperatures 

(Singh et al., 2019a), due to their potential for LCFA degradation as indicated by 

presence of long-chain fatty acyl-CoA dehydrogenase (fadE) expressing gene 

(Aklujkar et al., 2010). Exilispira, belonged to the phylum Spirochaetota, could 

potentially perform syntrophic acetate oxidation (SAO) coupled with 

hydrogenotrophic methanogens (Lee et al., 2015). Moreover, a recent study showed 

that member of this phylum possesses the function of LCFA degradation (Sun et al., 
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2022) indicating this microbial group may play an important role in LCFA degradation 

(He et al., 2021; Liu et al., 2023; Wu et al., 2022). 

The degradation of LCFA during the temperature reduction in this trial was 

underpinned by active syntrophic bacteria, assembled by both known and putative 

LCFA degrading bacteria. Future studies should use genome-centric and 

transcriptomic/proteomic methods to identify novel LCFA degrading bacteria and 

metabolic pathways, which will be valuable for improving anaerobic digestion of 

lipids.  

4.3.3.3 Methanogens 

The presence of active methanogens in AD microbiome is essential for methane 

production and, more importantly, the degradation of organic matter, as methanogens 

act as the terminal electron acceptor (Lyu et al., 2018). The methanogenic community 

in the reactors was dominated by Methanocorpusculum (hydrogenotrophic) and 

Methanothrix (acetoclastic, previously known as Methanosaeta) (Fig. 4-3). Upon the 

temperature decreased from 37℃ to 15℃, the relative abundance of these two 

methanogens exhibited significant increases (22% to 38%), as well as the relative 

activity (29% to 44%) (Fig. 4-3). These increases show resistance and resilience of the 

methanogenic community following the perturbations. The active methanogenic 

community established at low temperatures ensured efficient LCFA degradation and 

methane production via acetoclastic and hydrogenotrophic methanogenesis. 

The relative abundance and relative activity of Methanothrix were significantly 

increased from 5% to 16% (p < 0.001) and 9% to 26% (p < 0.001), respectively, when 

temperature was decreased from 37℃ to 15℃ (37s and 15s Fig. 4-3), showing an 

increased contribution of acetoclastic methanogenesis to the methane production 

along time. The predominance of Methanothrix at low temperatures could be due to 

the increasing acetate produced by syntrophic bacteria (e.g., Smithella). The β-

oxidation of fatty acids produces acetate, which can be utilized by acetoclastic 

methanogens. The relative activity of Methanothrix and Smithella were highly 

correlated (p < 0.05). Previous study reported that the cooccurrence of Smithella and 

Methanothrix was crucial for hexadecane and fatty acids degradation (Embree et al., 

2013). Indeed, the efficiency of this syntrophy is evident through the low VFA 

concentrations throughout the process (Fig. 4-1). These findings underscore the 
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pronounced role of acetoclastic methanogenesis during the LCFA degradation under 

psychrophilic conditions (Singh et al., 2019a). Other studies also observed high 

abundance of Methanothrix in not only psychrophilic anaerobic reactors (Bialek et al., 

2012; Smith et al., 2013; Watanabe et al., 2017), but also in permanently cold 

environments (Aguilar-Munoz et al., 2022; Carr et al., 2018). These findings suggest 

that Methanothrix played a prominent role in methane formation under psychrophilic 

conditions. 

Methanocorpusculum was the predominant hydrogenotrophic methanogen during the 

experiment, with relative abundance and relative activity at 14%-19% and 14-16%, 

respectively (Fig. 4-3). Hydrogenotrophic methanogenesis is required for efficient 

LCFA removal, as hydrogenotrophic methanogens scavenger H2 produced by 

syntrophic bacteria during β-oxidation of LCFA to maintain hydrogen concentration 

low (Sousa et al., 2009). Methanocorpusculum was previously detected as the 

dominant methanogen during the anaerobic treatment of LCFA (Liu et al., 2023),  

likely due to the versatile metabolisms in utilizing metabolites (formate, 2-propanol, 

butanol) from LCFA degradation besides H2/CO2 (Zellner et al., 1989). In addition, 

Methanocorpusculum has been detected in many psychrophilic anaerobic reactors 

(Bialek et al., 2013; McKeown et al., 2009a; Yang et al., 2019), indicating its ability 

to adapt to lower temperatures. 

Overall, microbial functional groups at each trophic level in the system responded 

differently to the temperature reductions in this study, while a stable microbial 

community emerged overtime which maintained stable process performance. This 

robust community was able to adapt to low temperatures quickly, underpinned by its 

functional redundancy, resistance, and resilience. Moreover, the microbial population 

dynamics during the transitional periods during the temperature reductions provide 

valuable information to manage the anaerobic reactors with better microbial-based 

strategies. 
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Figure 4-3: Heatmap analysis of the average relative abundance (DNA) and relative activity 

(cDNA) of top 40 taxa in the biomass samples (mean of biological and technical replicates, 

n=6), where others refer to the taxa were not in top 40. s: Stable state; t: Transient state.
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Figure 4-4: Taxonomy presentation of critical taxa (highlighted by shade and small circles) of the microbial community at each sampling point according to 

LEfSe. The critical taxa presented in the cladogram obtained LDA score > 3, highlighting their significant contributions to the microbial community at different 

conditions. “a-z” represents genus level (g); “A-Q” represents order level (o); “R-Z” and “1-2” represents family level (f).
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4.3.4 Syntrophic partnerships between Smithella and methanogens strengthened 

LCFA degradation  

The PICRUSt2 analysis revealed temperature-dependent changes in predicted 

enzymes associated with β-oxidation of LCFA and methanogenesis, as indicated by 

KEGG maps 00071 and 00068 (Fig. 4-5A). The relative abundance of enzymes 

involved in β-oxidation (EC 6.2.1.3, EC 2.3.1.9, EC 1.3.8.1, EC 1.3.8.7, EC 1.1.1.35, 

EC 1.3.1.34; see Table S4-1 for the details of enzyme functions) and enoyl-CoA 

hydratase (EC 4.2.1.17) was high at 15℃, indicating enhanced LCFA degradation at 

lower temperatures. The relative abundance of coenzyme-B sulfoethylthiotransferase 

(EC 2.8.4.1) was prevalent, which advised active methanogenesis at 15°C. The high 

relative abundance of tetrahydromethanopterin S-methyltransferase (EC 2.1.1.86) 

suggests that the formation of methane from CO2 in methanogenic archaea was highly 

active. The increasing relative abundance of acetyl-CoA synthetase (EC 6.2.1.1) 

indicated an elevation in acetoclastic methanogenic activity with decreasing 

temperatures. 

Taxa contribution analysis using PICRUSt2 assigned the aforementioned enzymes to 

specific taxa, highlighting their role in LCFA degradation and methane production 

(Fig. 4-5B). Smithella was predominantly associated with fatty acid β-oxidation 

enzymes, indicating its importance in LCFA degradation. Coenzyme-B 

sulfoethylthiotransferase (EC 2.8.4.1) was linked to Methanocorpusculum and 

Methanothrix, suggesting their involvement in methanogenesis. Methanocorpusculum 

was particularly responsible for tetrahydromethanopterin S-methyltransferase (EC 

2.8.1.16) activity, suggesting its role in methane formation via CO2 reduction. Acetyl-

coA synthetase (EC 6.2.1.1) was assigned to Methanothrix (Jetten et al., 1989), while 

notable levels were also mapped to Methanocorpusculum, potentially due to its carbon 

assimilation requirements from acetate or yeast extract (Zellner et al., 1987). 

Based on the predicted function profiles and taxa contributions, it can be postulated 

that the LCFA degradation and methane production in the system involved bacterial 

members of the genus Smithella establishing syntrophic partnerships with the 

acetoclastic Methanothrix and the hydrogenotrophic Methanocorpusculum, as 

depicted in Fig. 4-6. Smithella is known as a propionate oxidizing bacteria with a 

dismutation of propionate to acetate and butyrate, followed by the syntrophic β-
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oxidation of butyrate to acetate, which has so far been a pathway unique to S. 

propionica (de Bok et al., 2001). Meanwhile, LCFA can be degraded by Smithella 

both via syntrophic LCFA β-oxidation and butyrate-oxidation (Sun et al., 2022). 

Acetate and H2 produced from fatty acids degradation can be directly utilized by 

Methanothrix and Methanocorpusculum via acetoclastic and hydrogenotrophic 

methanogenesis, respectively. Moreover, Smithella can potentially transfer electrons 

to Methanothrix directly for methane formation via CO2-reduction pathway (Embree 

et al., 2013). We hypothesise that this syntrophic partnership between Smithella, 

Methanocorpusculum and Methanothrix was likely to be the major pathway for 

converting fatty acids to methane in the reactors, which underpinned efficient LCFA 

removal and methane formation at low temperatures. A functional analysis, perhaps 

using defined co-cultures, would be a useful next step to test this hypothesis. 
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Figure 4-5: Potential microbial functional profiles predicted by PICRUSt2 in LCFA 

degradation and methanogenesis based on cDNA. A. Relative abundance of the 

predicted enzymes involved in LCFA degradation (KEGG map 00,071) and 

methanogenesis (KEGG map 00,680) at each temperature phase in transient (t) and 

stable (s) period. B. Taxa contributions to LCFAs degradation and methanogenesis 

indicated by affiliated enzymes.
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Figure 4-6: Schematic presentation of hypothesized syntrophic partnership between Smithella, Methanothrix and Methanocorpusculum during the LCFA 

degradation in this study. Active pathways were presented as solid line. Potential pathways were presented as dash lines. Identified enzymes involved in β-

oxidations and methanogenesis were presented beside the pathways. 
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4.3.5 Evidence of microbial adaptation to cold environments 

Upon temperature reduction from 37℃ to 15℃, significant increases in the relative 

abundance of predicted metabolic pathways related to membrane modifications and 

compatible solutes synthesis were observed (Fig. 4-7). 

In response to low temperature, bacteria undergo stress-induced membrane 

modifications by synthesizing different fatty acids and lipopolysaccharide (LPS) 

moieties, serving as a protective barrier against environmental stress (De Maayer et 

al., 2014). For instance, increase cis-vaccenate production in E.coli has been observed 

as an adaptation to cold temperatures, enabling adjustment of membrane phospholipid 

phase transition (Ivancic et al., 2009), as this unsaturated phospholipid results in a 

lower melting temperature, increasing the fluidity of the membrane. Similarly, fatty 

acid salvage and gondoate biosynthesis contribute to fatty acid elongation and 

unsaturated LCFA production in bacteria, respectively (Yao & Rock, 2017). LPS, a 

type of glycolipid found on the outer cell membrane, forms a protective barrier against 

environmental stress (Bertani & Ruiz, 2018), which has been observed to be correlated 

with microbial cold adaptation (Barria et al., 2013).  

Additionally, exposure to cold environments could also lead to formation of 

cytoplasmic ice crystals, resulting in cellular damage and osmotic imbalance. The 

increased relative abundance of ectoine biosynthesis (Fig. 4-7), suggesting microbes 

may accumulate ectoine, a compatible osmotic solute often observed in halophilic 

microorganisms (Roberts, 2005), to reduce the cytoplasmic freezing point to prevent 

cellular freezing, desiccation, and hyper-osmolality (Kuhlmann et al., 2011). While 

the increase in the relative abundance of GDP-mannose synthesis (Fig. 4-7) was likely 

related to the promotion of correct folding, solubility, stability and intracellular sorting 

of proteins to maintain the normal cell functions (Beerens et al., 2021).  

Understanding the microbial response to low temperatures and the adaptive 

mechanisms employed by microorganisms can inform the development of strategies 

to enhance the efficiency and stability of low temperature anaerobic digestion 

processes. This knowledge can guide the selection of microbial consortia or the 

implementation of pre-treatments that enhance the ability of microorganisms to adapt 

and thrive at low temperatures (Petropoulos et al., 2017). Additionally, the 

identification of specific metabolic pathways involved in cold responses opens up 
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avenues for targeted interventions, such as supplementation with essential precursors 

or optimization of substrate composition to support the synthesis of required 

molecules (Cybulski et al., 2002). 

 

Figure 4-7: Relative abundance of metabolic pathways related to microbial adaptation to cold 

stress at each sampling point. The prediction of metabolic pathways was based on 16S rRNA 

and statistical significance was tested via One-way ANOVA. ** (p < 0.001), *** (p<0.0001). 
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4.4. Conclusions 

This study investigated the response of the microbial community to temperature 

reduction during anaerobic digestion of LCFA-containing wastewater by monitoring 

the microbial community dynamics. Mesophilic biomass successfully acclimated to 

15℃, showed efficient COD removal (tCOD>75%, sCOD>85%) and methane 

production treating LCFA-containing wastewater, underpinned by adaptive 

microbiome. Our results indicated that the microbial community showed functional 

redundancy, resistance, and resilience regarding temperature reductions, reflected by 

different trophic levels. Carbohydrate-protein fermenting bacteria maintained system 

stability following the perturbations. Putative syntrophic LCFA degrading bacteria 

Smithella was likely to be the key player during the LCFA degradation at low 

temperature, synergistically partnered with Methanocorpusculum and Methanothrix. 

Moreover, the increases in relative abundance of the predicted pathways involved in 

increasing membrane fluidity and compatible osmolytes confirmed microbial 

adaptation to low temperature. Overall, these findings emphasize the potential for 

harnessing microbial communities in optimizing psychrophilic anaerobic digestion 

processes and further highlight the importance of understanding microbial dynamics 

for better reactor operation. 
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Abstract 

Dissolved air flotation (DAF) waste, a byproduct with high lipid content separated 

from dairy wastewater, is an uncommon substrate for anaerobic digestion (AD). This 

study investigated the effects of food to inoculum (F/I) ratio and ultrasound pre-

treatment on the anaerobic digestion of DAF waste from the dairy industry via 

biodegradation tests. Results showed that DAF waste has significant methane 

production potential, which can be further improved through ultrasound pre-treatment. 

The potential methane yield ranged from 436-566 mL CH4/g VSfed. Increasing the F/I 

ratio inhibited methane production due to long chain fatty acid accumulation, as high 

concentrations of oleate inhibited methanogenesis at F/I ratios >1.0 and delayed 

palmitate degradation. Ultrasound pre-treatment with pulse and continuous operations 

increased soluble chemical oxygen demand in DAF waste by 82% and 52%, 

respectively. Moreover, continuous sonication removed 38% of LCFA which is 

attributed to the pyrolysis effect generated by the implosion of cavitation bubbles. The 

methane potential of DAF waste increased by 36% after sonication at F/I ratio 3.0. 

However, the lag time of methane production was prolonged after sonication due to 

the fast release of LCFA to the bulk solution. By implementing ultrasound pre-

treatment and optimizing the F/I ratio, the energy potential of DAF waste can be 

harnessed, leading to more sustainable practices in dairy production. 

Keywords: Anaerobic digestion; Biochemical methane potential; Lipid; Long chain 

fatty acid; Waste management; Dairy wastewater  
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5.1. Introduction 

Every year, between 4 to11 million tons of dairy wastewater worldwide are produced, 

which is a serious challenge for environment (Ahmad et al., 2019). Meanwhile, the 

necessity to reduce greenhouse gas (GHG) emissions and carbon footprint of the 

economy to achieve net zero emissions is driving the need for innovative solutions for 

sustainable and efficient waste management. Anaerobic digestion (AD) is a promising 

technology to implement the carbon-neutral society, as it can convert the organic 

matter into biogas as renewable energy, through various groups of anaerobic bacteria 

and methanogenic archaea (Brémond et al., 2021). Furthermore, power input, sludge 

productions, and air pollution are drastically reduced compared to aerobic treatment 

(McKeown et al., 2012).  

Dairy wastewater contains large amounts of organic matter, such as carbohydrate, 

proteins, and lipids, which are suitable substrates for AD (Karadag et al., 2015). 

However, the anaerobic treatment of dairy wastewater with a high lipids content can 

be problematic (Ye & Li, 2023). The lipids in dairy wastewater can adhere to pipe 

walls and accumulate to form blockages (Harris & McCabe, 2015). Moreover, the 

hydrolytes of lipids, long chain fatty acids (LCFA), are inhibiting to microorganisms 

and may adhere to the microbial outer layer and block the mass-transfer between the 

microorganisms and the medium, inhibiting different steps of the AD (Pereira et al., 

2005). Therefore, lipids are usually removed from dairy wastewater through the 

dissolved air flotation (DAF) process before the wastewater reaches anaerobic/aerobic 

treatment. Most of the DAF waste is disposed by land spreading, which causes soil 

and water pollution and greenhouse gas (GHG) emissions (Shi et al., 2021). Thus, it 

is necessary to develop technologies treating DAF waste to minimize the waste and 

carbon footprint from dairy production processes.  

While lipids have been considered to have negative impacts on AD process, the 

addition of considerable volume of lipids with other substates can significantly 

increase biogas production due to its high energy potential (Salama et al., 2019). The 

biochemical methane potential (BMP) of DAF waste reported from previous studies 

was highly variable (Table 5-1), due to the characteristics of the substrates and the 

operational conditions of the experiments. One of the substantial factors impacting the 

methane production of waste is the food to inoculum (F/I) ratio (Braguglia et al., 

2018). For instance, Skripsts et al. (2022) showed that increase F/I ratio from 0.05 to 
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0.17 resulted in reduced methane potential of DAF waste from 691 mL CH4/VSfed to 

510 mL CH4/VSfed. A high loading of lipid in the anaerobic digester may lead to the 

accumulation of LCFA and inhibition on biogas production (Holohan et al., 2022). 

Therefore, determining a suitable substrate loading range for DAF waste would be 

helpful to maximize the efficiency of AD of DAF waste in terms of biogas production 

and system stability.  

Pre-treatment of lipid-rich waste was recommended to improve its digestibility, the 

reaction kinetics, and biogas yield (Harris & McCabe, 2015). Several pre-treatment 

methods were used to treat lipid-rich waste, including mechanical (high pressure 

homogenization), thermal hydrolysis, chemical (ozonation, acid/alkaline addition), 

and biological (enzymes) methods (Harris & McCabe, 2015). Among these 

technologies, ultrasound pre-treatment can effectively disintegrate the big particles 

and solubilize the organic matter or emulsify the substrates within water (Tyagi et al., 

2014). Ultrasound creates cavitation by bubble formation in the liquid phase. The 

cavitation bubbles collapse produces local heating and pressure at liquid/gas interface 

as well as OH radicals generation if the liquid is water (Pilli et al., 2011). Hydrophobic 

compounds such as lipids can accumulate at the interface between liquid and bubble 

and may undergo oxidation reactions (Mahamuni & Adewuyi, 2010). Attempts of 

using ultrasound as pre-treatment on lipid-rich waste have shown promising results, 

such as increased soluble organic matter and reduced particle size was achieved after 

the treatment, but improvement in methane production varied (Adulkar & Rathod, 

2014; Erden et al., 2010; Li et al., 2013; Luste et al., 2009; Saifuddin et al., 2009; Yue 

et al., 2021). For example, ultrasound pre-treatment on the meat processing effluent 

(oil, 340 mg/L) improved methane production by 24% compared to untreated substrate 

(Erden et al., 2010). By contrast, a prolonged lag time and no improvements in 

methane production was observed after the ultrasound pre-treatment of DAF waste 

and grease trapped sludge from meat processing wastewater (Luste et al., 2009). A 

similar effect was observed after ultrasound pre-treatment on kitchen waste and lipid 

waste (Li et al., 2013). The authors pointed out that ultrasound pre-treatment can 

improve the digestibility of the lipid waste but may result in fast accumulation of 

LCFA in the system inhibiting microbial community.  

Ultrasound pre-treatment of lipids showed some merits and demerits on AD (Salama 

et al., 2019), but very little information is available on biogas production from dairy 
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DAF waste and the effects of ultrasound pre-treatment on AD of dairy DAF waste. 

Besides, most of the studies mentioned above did not monitor LCFA degradation, the 

key factor influencing AD of lipid waste (Holohan et al., 2022). A more 

comprehensive sampling effort and characterization are hence necessary to determine 

the types of fatty acids and their fate during AD, in order to improve our understanding 

of the process and to develop suitable technologies to treat lipid-rich waste, such as 

DAF waste through AD. Therefore, the objective of this study is to evaluate the 

influence of F/I ratio on AD of dairy DAF waste; to assess the effects of ultrasound 

pre-treatment on dairy DAF waste and on its anaerobic digestion.  

Table 5-1 Summary of biochemical methane potential (BMP) of DAF waste from different 

sources 

DAF sources 

BMP 

(mL 

CH4/g 

VS) 

Volatile 

solids 

(g VS/g 

wet wt.) 

Food: 

Inoculum 

ratio 

Inoculum Ref. 

Dairy 

wastewater 

436-

566 
38 0.5-3.0 

Granular 

sludge 
This study 

Dairy 

wastewater 

510-

691 
7.8 0.05-0.17 

Anaerobic 

digestate 

(Skripsts et 

al., 2022) 

Dairy 

wastewater 
787 6.8 0.5 

Anaerobic 

digestate 

(Browne et 

al., 2013) 

Dairy 

wastewater 
19-51 23.5 0.57-2.27 

Granular 

sludge 

(Logan et al., 

2021) 

Slaughterhouse 340 3.5 1 
Digested 

sludge 

(Luste et al., 

2009) 

Slaughterhouse 759 14 0.33 
Anaerobic 

sludge 

(Harris et al., 

2017) 

Slaughterhouse 832 35 0.5 
Anaerobic 

sludge 

(Astals et al., 

2014) 

Slaughterhouse 49 82 0.5 
Anaerobic 

sludge 

(Ware & 

Power, 2016) 

5.2. Material and Methods 

5.2.1 Dairy DAF waste collection and characterization  

The dairy DAF wastes were collected from a dairy wastewater treatment plant 

(Kilconnell, Co. Galway, Ireland). DAF wastes were stored at 4℃ after collection and 
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used within 1 month to prevent degradation during the storage. Table 5-2 presents the 

characteristics of the DAF wastes used in this study.  

5.2.2 Ultrasound pre-treatment conditions 

Ultrasound treatment was performed with a laboratory-scale ultrasonic homogenizer 

(Bandelin Sonopuls HD4100, Germany) with a TS416 probe (Bandelin, Germany). 

The operating frequency was 20 kHz, with 300 W power input. 300 mL DAF waste 

was filled in a conical flask on ice to prevent evaporation during sonication. The 

ultrasound probe was submerged into the sample to a depth of 1.5 cm. (Fig. 5-1). The 

temperature of the samples was monitored during treatment via a digital thermometer 

with stainless steel probe ranging between -50℃ and 300℃ (Fisher Scientific, USA). 

Two operation conditions were tested: 1) pulse mode, 50% duty cycle (10 s on/10 s 

off) for 30 min; 2) continuous mode, nonstop for 15 min. The energy input was 30 

kJ/g TS under both operating modes. Liquid samples were collected every 10 min 

(pulse mode) or 5 min (continuous mode) for further analysis. The degree of 

disintegration of DAF waste after ultrasound pre-treatment was calculated as the ratio 

between soluble chemical oxygen demand (sCOD) increase due to sonication and total 

COD (tCOD) before pre-treatment (Braguglia et al., 2011). 

5.2.3 Biochemical methane potential test  

The biochemical methane potential (BMP) test was designed according to the standard 

protocol described by Holliger et al. (2016). BMP tests were carried out in 250 mL 

serum bottles with 150 mL working volume in triplicate buffered with 10 g/L 

NaHCO3, shaking at 100 rpm at 37℃. Anaerobic granular sludge collected from a 

full-scale anaerobic reactor treating dairy wastewater was used as inoculum 

(Kilconnell, Co. Galway, Ireland). All bottles were flushed with N2/CO2 (80%/20%) 

in the headspace with final pressure at 1.0 atm. Biogas was collected by attaching a 1 

L gas bag (Merck, USA) and measured by the liquid displacement method every 2-3 

days. The methane content in the collected biogas was analysed by gas 

chromatography. All gas data were converted to dry gas under standard conditions to 

eliminate the influence of water vapor content (Strömberg et al., 2014).  

To study the effects of F/I ratios on AD of dairy DAF waste, four different F/I ratios, 

0.5, 1.0, 2.0, and 3.0, were tested based on the ratio of volatile solids (VS) of supplied 

substrate and inoculum (Fig. 5-1). To monitor the liquid content during digestion 
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process, triplicate bottles were taken down to analyse the digestates at each sampling 

point. During the BMP test, digestate samples were taken on day 0, day 3, day 7, day 

10, day 22, and day 41. 

To evaluate the impact of ultrasound pre-treatment on AD of DAF waste with low and 

high F/I ratios, pre-treated and untreated DAF waste were fed with F/I ratio at 0.5 and 

3.0, respectively (Fig. 5-1). Similar to previous batch, digestate samples from low F/I 

(0.5) group were taken on day 0, day 3, day 7, day 12, day 19, day 25 and day 35; 

samples from high F/I (3.0) group were taken on day 0, day 5, day10, day 14, day 19, 

day 25 and day 35.  

 

Figure 5-1: Schematic diagram of the experimental design described in this study. The number 

represents the F/I ratio applied in each group; “C” represents untreated; “P” represents pre-

treated. 
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Table 5-2 Characteristics of DAF waste used in this study. 

Sample Pre-treatment pH tCOD (g/L) sCOD (g/L) TS (g/L) VS (g/L) 
fLCFA 

(g COD/L) 

VFA 

(g COD/L) 

Temperature 

(℃) 

DAF a - 6.74 88.4±1.1 4.6±0.2 44.8±0.2 38.0±0.2 25.1±0.9 3.7±0.1 n.a. 

DAF b - 6.67 58.9±0.8 2.4±0.2 33.7±0.2 26.3±0.2 30.2±0.5 2.0±0.1 6.3±1.2 

DAF b  Continuous US 6.90 39.3±3.2 3.7±0.3 29.5±0.6 22.4±0.5 18.5±2.6 2.5±0.1 45.6±3.9 

DAF b  Pulse US 6.91 59.8±2.9 4.4±0.3 30.5±0.2 23.5±0.2 28.4±0.4 1.5±0.1 32.1±2.3 

DAF c - 6.61 56.7±1.3 1.5±0.1 35.8±0.1 26.0±0.1 31.6±2.1 2.2±0.1 4.2±2.5 

DAF c  Continuous US 6.88 52.2±1.7 3.5±0.2 30.5±0.2 21.7±0.1 25.3±1.3 2.1±0.2 48.7±4.6 

a DAF used for BMP with different F/I ratio. 

b DAF used for ultrasound pre-treatment test. 

c DAF used for BMP with pre-treatment. 

n.a.: not available. 

US: Ultrasound 
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5.2.4 Analytical methods 

The pH was measured by a JENWAY pH meter (Cole Parmer, UK). Total solids (TS) 

and VS of the samples were determined according to the standard methods (APHA, 

1995). The tCOD and the sCOD (centrifuged 18k g for 10 min) of DAF waste and 

liquid samples from BMP tests were determined using the COD testing kit (Reagecon, 

Ireland) according to the manufacturer’s protocol. The methane content of the biogas 

was analysed as described by Nzeteu et al. (2018) using gas chromatography (Varian, 

USA).  

Volatile fatty acids (VFA) in liquid samples were determined as described by Nzeteu 

et al. (2018) by gas chromatography (Varian, USA) equipped with a BP21 capillary 

column (SGE Analytical Science, Australia) and a flame ionization detector. Prior to 

GC analysis, the samples were prepared by adding orthophosphoric acid to a final 

concentration of 5% and centrifuging at 18k g for 10 min and the supernatants were 

filtered through a 0.22 µm cellulose syringe filter.  

Free LCFA (fLCFA) and total LCFA (tLCFA, free and glycerol bonded LCFA) in 

DAF waste and liquid samples from BMP tests were analysed. Regarding fLCFA, 

esterification of fLCFA was performed with HCl/1-propanol (25%:75%, v/v) at 100℃ 

for 3.5 h. Then propyl-esters were extracted by dichloromethane following the 

protocol of Neves et al. (2009). For tLCFA, 2 mL samples were lyophilised, then 

digested with a mixture of H2SO4/methanol (15%:85%, v/v) at 100℃ for 3.5 h to 

promote the hydrolysis of glycerol bonded LCFA and fatty acids methylation. Then 

the methyl-esters were extracted by chloroform following the protocol of Castro et al. 

(2016). The extracts were measured by gas chromatography (Varian, USA) equipped 

with a TRB-WAX capillary column (Teknokroma Analitica, Spain) and a flame 

ionization detector followed the method described by Duarte et al. (2021). 

5.2.5 Kinetic study 

Average data on methane production of methane from the BMP tests were used in the 

kinetic model fitting. Nonlinear kinetic model fitting was performed by using modified 

Gompertz model as shown below (Zwietering et al., 1990): 

ὓὸ ὓȢÅØÐ ÅØÐ
ή ȢὩ

ὓ
 ‗ ὸ ρ  
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Where M(t) is the cumulative methane yield with respect to time t (days), M0 is the 

maximum methane yield, qmax is the maximum methane production rate, λ is lag phase 

(days) and e is a Euler’s function equal to 2.7183. Kinetic model fitting was performed 

in SPSS 25 software (IBM Corp., Ireland). 

5.2.6 Statistical analysis 

BMP tests and ultrasound treatments were performed in triplicates and all the values 

are reported as averages with standard deviation. Significant analysis was performed 

to evaluate the differences between each condition. The confidential level was set at 

10% due to the heterogeneity of the substrates. Significant analysis was performed in 

SPSS 25 software (IBM Corp., Ireland). 

5.3. Results and discussion 

5.3.1 Effects of food/inoculum ratio on AD of DAF waste 

The BMP test with different F/I ratios was conducted to evaluate the effects of 

substrate loading concentration on AD of DAF waste. The cumulative methane yield 

and the profile of digestates with different F/I ratios are presented in Fig. 5-2. The 

maximum methane yield (M0), maximum methane production rate (qmax), and lag time 

(λ) of the anaerobic digestion process predicted via the modified Gompertz model 

fitting are presented in Table 5-3. High determination coefficients (R2, 0.975-0.980) 

and high M0 to observed methane yield ratios (93-111%) for all runs demonstrated 

that experimental data could be well simulated using this model.  

5.3.1.1 Methane yield and kinetics 

The observed methane yield based on the VS of the fed substrate at F/I ratio 0.5, 1.0, 

2.0, and 3.0 after 41 days was 436 ± 106 mL CH4/g VSfed, 452 ± 34 mL CH4/g VSfed, 

449 ± 5 mL CH4/g VSfed, and 491 ± 37 mL CH4/g VSfed, respectively (Fig. 5-2A, Table 

5-3) and there were no significant differences in BMP between the 4 conditions (p > 

0.1). These results demonstrated that the tested DAF waste has high methane potential, 

probably due to its high lipid content (~90% of tCOD). In contract to earlier findings 

(Li et al., 2018; Logan et al., 2021; Skripsts et al., 2022) (Table 5-1), these results 

suggest that increased F/I ratios (0.5-3.0) did not reduce the methane potential, and 

imply that the inoculum microbial community was able to degrade DAF waste to reach 

the maximum methane potential, despite elevated loading of lipid. Such 
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inconsistencies may be attributed to differences in methodologies, such as test duration 

and F/I range, as well as substrate characteristics such as lipid content. Nevertheless, 

the lag time of the anaerobic digestion process increased significantly as the F/I ratio 

was increased from 0.5 to 3.0, from 3.6 days to about 8 days (Table 5-3), suggesting 

inhibition of methanogenesis at early stage of the digestion, likely due to the high lipid 

load with respect to the inoculum. High concentrations of LCFA would in fact damage 

bacterial cell membrane and inhibit methanogenesis (Sousa et al., 2013), slowing 

extracellular enzymatic activity (Cirne et al., 2006) and mass transfer between 

microbial cells and the medium (Pereira et al., 2005). Interestingly, increasing the F/I 

ratio from 1.0 to 3.0 did not further prolong the lag time, but lead to decline in the 

maximum methane production rate (Table 3). This finding suggests that methanogenic 

activity was influenced by high concentrations of LCFA and the inhibition of LCFA 

is likely to be related to the LCFA profile during the digestion process. 
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Figure 5-2: BMP of DAF waste with different F/I ratios: A. Cumulative methane yield based 

on fed substrate volatile solids; B. Analytical profiles of liquid samples during the test: tCOD, 

sCOD, tLCFA, fLCFA, VFA and methane. All measured parameters are converted to 

equivalent COD.   
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5.3.1.2 LCFA degradation profile 

Fig. 5-2B provides an overview of temporal dynamics of tCOD, sCOD, fLCFA, 

tLCFA and VFA under each applied condition. The results indicate that high removal 

of COD (88-91%) was achieved only after 40 days of digestion for all tests, with 

majority of the COD conversion into methane occurring after the first 10 days (for F/I 

> 1.0). The final methane yield, based on the equivalent COD of produced methane 

with respect to the removed COD, was found to be 70% when the substrate load was 

low (F/I 0.5), whereas this yield decreased to 56-62% for F/I ratio greater than 1.0, 

indicating lower conversion rates due to the high lipid load (Table 5-3). 

The initial composition of the liquid fraction in the batch bottles showed that the tCOD 

was mostly composed by lipid (represented by tLCFA, 90%), of which about 25% was 

fLCFA (Fig. 5-2B). During the first 7 days of digestion, the average fLCFA/tLCFA 

ratio increased from 28 ± 5% to 66 ± 6% regardless of the applied F/I ratio. This result 

indicates that lipid hydrolysis occurred within the tested F/I range, even at F/I ratio 

3.0. Lipid hydrolysis is a surface-related process, and its rate may vary depending on 

the physio-chemical characteristics of the substrates (Holohan et al., 2022). Moreover, 

the presence of the LCFA may reduce the surface required to activate lipases, limiting 

the AD of lipid (Sanders, 2001). However, the increasing lipid concentration did not 

hinder the hydrolysis of lipid in this study. This is likely due to the lipid-water large 

interface of DAF waste resulting from emulsification of lipid with the milk and 

polymers used in the process, so that the hydrolysis of lipid is no longer the rate 

limiting step of the AD of DAF waste. 

Notably, LCFA accumulation was observed with F/I ratio 2.0 and 3.0 until day 10, 

whereas LCFA was consumed with F/I ratio 0.5 and 1.0 (Fig. 5-2B). The most 

abundant accumulated LCFA were palmitate and oleate (Fig. 5-3). During the first 10 

days, oleate was converted to palmitate, but the activation of palmitate degradation 

seems to be related to the oleate concentration (Fig. 5-3). Palmitate degradation started 

after day 7 with F/I ratios of 0.5 and 1.0, while the oleate concentration was 74 mg/L 

and 180 mg/L, respectively. In contrast, the oleate concentration on day 7 was 324 

mg/L with F/I ratios 2.0, and 574 mg/L with F/I ratios 3.0. While palmitate reached its 

peak point and/or continued to accumulate until day 10 (Fig. 5-3). Methane was not 

produced until palmitate started to degrade, and no VFA accumulation was observed 

(Fig. 5-2B). These observations indicate that something other than VFA accumulation 
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was inhibiting methanogenesis, and the VFA production through β-oxidation of LCFA 

was probably inhibited. The β-oxidation of palmitate requires active methanogenesis 

to keep the reaction energetically feasible but the conversion of oleate to palmitate can 

occur without methanogenesis (Duarte et al., 2018), which could explain the 

continuous oleate degradation but delayed palmitate degradation. High oleate 

concentrations may initially inhibit methanogenic activities, as unsaturated LCFA is 

more toxic to methanogens than saturated ones (Sousa et al., 2013), which is 

unfavourable for the mineralization of palmitate. Palmitate degradation starts quickly 

until the inhibition of oleate on methanogens is lifted (Fig. 5-3). This is consistent with 

previous studies, which showed that lower levels of oleate and higher palmitate were 

beneficial for methane production (Duarte et al., 2018; Pereira et al., 2005; Silva et al., 

2016; Sousa et al., 2013). 
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Figure 5-3: The profiles of free oleate and palmitate degradation at the different F/I ratios 

applied during the first 10 days of anaerobic digestion of untreated DAF waste. 

5.3.2 Effects of ultrasound pre-treatment on DAF waste 

Both continuous and pulse ultrasound were applied to pre-treat the DAF waste, to 

evaluate the effects of ultrasound pre-treatment on DAF waste. Table 5-2 provides the 

physio-chemical characteristics of the DAF waste before and after the ultrasound pre-

treatment. Fig. 5-4 shows the fLCFA and VFA concentrations in DAF waste during 

the pre-treatment. 

5.3.2.1 Solubilization of organic matter 

The effects of ultrasound pre-treatment on DAF waste can be observed through the 

changes in sCOD, TS, and VS (Table 5-2). Both ultrasound treatments increased 

sCOD in DAF waste, but the pulsed treatment was more effective with respect to the 

continuous treatment (+82% in sCOD for pulsed versus +52% for continuous). The 

disintegrating degree (∆sCOD/tCOD) of pulse and continuous treatment was 4.0 and 

3.0, respectively. Additionally, ultrasound pre-treatment resulted in a reduction of 
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9.4% and 12.4% in TS, 10.7% and 14.7% in VS, pulse and continuous treatment, 

respectively. Ultrasound pre-treatment can reorganize the biomass solids, turn the 

solids into dissolved phases, as well as reduce TS and VS, which in turn reduce the 

challenges associated with anaerobic digestion and biomass utilization, and simplify 

the biomass dispersion process (Palmowski et al., 2006; Rokhina et al., 2009). After 

pulse ultrasound treatment, the VFA concentration was not significantly affected (Fig. 

5-4), and the slight increase in sCOD could be attributed to the solubilization of 

organic macromolecules. In contrast, VFA concentration in DAF waste increased after 

5 min of continuous ultrasound treatment, then decreased after 10 min (Fig. 5-4). The 

continuous shock waves probably promoted a rapid release of entrapped short chain 

fatty acids from the DAF waste (Joshi & Gogate, 2019). The loss of VFA may be due 

to the increasing temperature of DAF waste during the sonication. The average 

temperature of DAF increased in fact up to 46℃ after 15 min of continuous sonication 

despite the cooling bath (Table 5-2). 

5.3.2.2 LCFA removal 

A significant reduction (p < 0.01) of 33% and 38% in tCOD and fLCFA was observed 

after 15 min of continuous ultrasound treatment. On the contrary, pulse ultrasound 

treatment only resulted in a reduction of 6% and 11% in tCOD and fLCFA, using the 

same sonication energy. Oleate and palmitate were the most abundant LCFA in 

untreated DAF waste at about 4.0 g/L, followed by stearate and myristate at 1.5 g/L 

and 1.0 g/L. After 15 min of continuous treatment, oleate and palmitate were 

significantly reduced (Fig. 4). The mechanism of LCFA removal by ultrasound could 

be: 1) the oxidation reaction with the free radicals (OH) generated by the implosion of 

cavitation bubbles (Shaw & Lee, 2009); 2) pyrolysis reaction happening in the hot 

region between the liquid and cavitation bubbles (Henglein, 1995). With low 

frequency ultrasound (20-40 kHz), the degradation of organic molecules is likely to 

be proceeded mainly through pyrolysis reaction because the generation of free radicals 

is relatively low with low frequency sonication compared to high frequency sonication 

(Henglein, 1995). Continuous sonication achieved higher efficiency of LCFA removal 

than pulse sonication with the same acoustic energy supplied. This difference could be 

attributed to the stronger implosion of cavitation bubbles with continuous sonication 

compared to pulse sonication. This difference was also reflected by the temperature of 

samples after sonication. Continuous sonication resulted in higher sample temperature 
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than pulse sonication (45.6℃ vs 32.1℃, Table 5-2), indicating more intensive heat 

release due to the continuous sonication. With pulse sonication, the growth of 

cavitation bubbles requires sufficient pulse length and cycles to achieve chemical 

active state. Otherwise, the formed cavitation bubbles will disappear during pulse 

interval (Henglein, 1995). It is likely the operational parameter of pulse sonication in 

this study was not enough to activate the cavitation bubbles to degrade LCFA 

molecules.  

These results show that ultrasound pre-treatment effectively solubilized the organic 

matter (+52% to 82% in sCOD) and continuous sonication removed 33% of fLCFA 

in DAF waste at low specific energy input (30 kJ/g TS). Previous study observed 56% 

oil removal and 15% COD removal in meat processing wastewater, but only at 

extremely high energy input (120 kJ/g TS) (Erden et al., 2010). Similarly, lipids in 

olive pomace were highly reduced after ultrasound pre-treatment with low energy 

input (12 kJ/g TS) (Elalami et al., 2020). These effects could potentially improve the 

anaerobic digestibility of DAF waste by increasing the substrate availability and 

decreasing the recalcitrant/inhibiting compounds, such as LCFA.  
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Figure 5-4: The profile of fLCFA and VFA species generated during the pulse and continuous 

ultrasound pre-treatment of DAF waste. 
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Table 5-3 Results of modified Gompertz model fittings of the BMP tests. 

BMP batch F/I ratio 
Pre-

treatment 

BMP 

(mL CH4/g 

VSfed) 

Specific 

methane 

yield a (%) 

M0 

(mL CH4/ g 

VSfed) 

qmax 

(mg CH4/ g 

VSfed/d) 

λ (d) R
2
 

1 

0.5 - 436 ± 106 70 407 27.3 3.6 0.980 

1.0 - 452 ± 34 56 440 41.7 7.8 0.957 

2.0 - 449 ± 5 58 453 33.7 7.4 0.974 

3.0 - 491 ± 37 62 547 22.6 7.7 0.976 

2 

0.5 - 566 ± 39 66 555 60.3 3.8 0.948 

0.5 US 566 ± 46 66 557 70.9 3.9 0.971 

3.0 - 551 ± 24 76 568 69.0 7.7 0.967 

3.0** US 749 ± 35 90 750 82.2 8.6 0.979 

a Specific methane yield based on the removed COD.  

** significant level (p <0.05)  

US: Ultrasound 
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5.3.3 Effects of continuous ultrasound pre-treatment on AD of DAF waste  

To evaluate the impacts of continuous ultrasound pre-treatment on AD of DAF waste, 

BMP tests were conducted by feeding with the untreated and treated DAF waste at 

low substrate loading (F/I ratio 0.5) and high substrate loading (F/I ratio 3.0). Table 5-

2 presents the characteristics of untreated and treated DAF waste (DAFc). After 

ultrasound pre-treatment, the sCOD doubled while the fLCFA and VS was reduced by 

20% and 22%, respectively.  

5.3.3.1 Methane production and kinetics 

The methane yield based on the VS of substrate from untreated DAF waste was 566 ± 

39 mL CH4/ g VSfed at low F/I (0.5C) and 551 ± 24 mL CH4/g VSfed at high F/I (3.0C), 

confirming the results of previous test (Section 5.3.1.1). For the pre-treated DAF 

waste, the methane yield was 566 ± 46 mL CH4/ g VSfed at low F/I (0.5P) but increased 

up to 749 ± 35 mL CH4/ g VSfed at high F/I (3.0P) (Fig. 5-5, Table 5-3). After 

ultrasound pre-treatment, a significant increase in methane yield based on the VS of 

substrate (+36%) and specific methane yields based on removed COD (+14%) was 

obtained with F/I ratio 3.0 (Table 5-3). It is important to note that the methane 

production trend during the first 15 days was statistically the same between untreated 

(3.0C) and pre-treated (3.0P) samples, and afterwards the production of pre-treated 

sample (3.0P) continued to increase while the untreated sample (3.0C) reached the 

plateau value (Fig. 5-5A). These results suggest that ultrasound pre-treatment 

unlocked the energy potential of DAF waste.  No significant improvements in methane 

yield were observed with F/I ratio 0.5 when comparing untreated (0.5C) and pre-

treated (0.5P) samples (Fig. 5-5A, Table 5-3). Considering the kinetics, ultrasound 

pre-treatment increased the maximum methane production rate (qmax) by 18% and 19% 

with F/I ratio 0.5 and 3.0, respectively (Table 5-3). This could be attributed to the 

solubilization of the organic content and promotion of emulsification of the lipid by 

ultrasonic cavitation, which promotes better contact with lipid degrading 

microorganisms (Yue et al., 2021). Similarly, methane yield and methane production 

rate of AD of lipid waste increased 12%-43% after ultrasound pre-treatment (Yue et 

al., 2021), indicating that the ultrasound can be a promising pre-treatment to improve 

the AD of lipid-rich wastes.  
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Figure 5-5: BMP of untreated and pretreated DAF waste with low (0.5) and high (3.0) F/I 

ratios: A. Cumulative methane yield based on fed substrate volatile solids; B. Analytical 

profiles of liquid samples during the test: tCOD, sCOD, tLCFA, fLCFA, VFA and methane. 

All measured parameters are converted to equivalent COD. 
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5.3.3.2 LCFA degradation profile 

At the beginning of the BMP tests, the fLCFA/tLCFA ratio in the batches containing 

pre-treated samples (day 0, 51%-55%) was higher than that of untreated samples (day 

0, 38%-40%) (Fig. 5-5B), likely due to the lipid hydrolysis promoted by ultrasound 

pre-treatment. Luste et al. (2011) observed similar effects and highlighted that 

ultrasound pre-treatment enhanced lipid hydrolysis in DAF sludge and grease trap 

waste. Though ultrasound pre-treatment did not significantly change the profile of the 

LCFA degradation during the digestion at F/I ratio 0.5 and 3.0, palmitate degradation 

in pre-treated samples proceeded faster than that in untreated samples at F/I ratio 3.0 

(Fig. 5-6). On day 19, 87% and 81% of palmitate was degraded in untreated and pre-

treated samples, respectively, at F/I ratio 3.0 compared to the palmitate in the samples 

on day 0. This observation is also correlated to the higher specific methane yield with 

pre-treated samples than untreated samples (90% vs 76%) at F/I ratio 3.0 (Table 5-3). 

This improvement could be due to the change of the state of lipid aggregates after 

ultrasound pre-treatment. Indeed, after ultrasound pre-treatment the DAF waste turned 

to a homogeneous milky solution from a particulate liquid (Fig. 5-7). Consequently, 

during the experiment, the treated samples were well mixed with the biomass, while 

the untreated sample formed a separated layer with lots of white particles and floating 

biomass (Fig. 5-7). The white particles were probably accumulated LCFA, which due 

to its low solubility could be difficult for the microorganisms to utilize. These results 

demonstrated that ultrasound pre-treatment potentially accelerated the lipid 

degradation via improving the contact between LCFA and microorganisms, thereby 

proving that sonication of feedstocks can be a solution to improve the anaerobic 

degradation of lipid waste. 

However, to translate lab scale results to a real-scale scenario, it must be pointed out 

that the efficiency of lab-scale and full-scale ultrasound equipment can be quite 

different so that the effects for a particular specific energy input might strongly depend 

on the employed ultrasound type (Pérez-Elvira et al., 2010).  For instance, Nickel and 

Neis (2007) observed that a full-scale ultrasound system had more than twice the 

disintegration efficiency than a lab-scale batch system, despite the same energy inputs 

provided by the same ultrasonic probe. Further research exploring the transferability 

of lab-scale tests to continuous systems such as full-scale digesters treating DAF waste 

is required. 
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Figure 5-6: The profiles of free oleate and palmitate degradation at the different F/I ratio with 

pretreated and untreated DAF waste applied during the first 19 days of anaerobic digestion of 

untreated DAF waste. 

 

Figure 5-7: The characteristic of pre-treated (left) and untreated (right) DAF waste during 

digestion. 
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5.3.4 Environmental implications of the study 

Our study has demonstrated that the biological methane potential of dairy DAF waste 

is impressively high, largely due to its lipid content, rendering it an ideal candidate for 

biogas production through AD. This discovery presents a promising alternative waste 

management solution for the dairy industry, which can further reduce the 

environmental impacts caused by the production process. However, potential issues 

arise when the lipid load remains consistent, leading to a prolonged lag-phase between 

loading and achieving a greater methane production rate, ultimately limiting the AD 

of DAF waste. This emphasizes the pressing need for innovative strategies to mitigate 

the inhibitory effects of LCFA, specifically the accumulation of palmitic acid. 

In this context, the proposed ultrasound pre-treatment has proven effective in 

removing a significant fraction of the "unwanted" LCFA from the DAF waste. 

Furthermore, the pre-treatment not only increases the bioavailability of the lipid for a 

higher methane yield but also unlocks the potential for greater energy efficiency of the 

process. The integration of the ultrasound pre-treatment would enable the feeding of 

sufficient substrate by increasing organic load and decreasing HRT, resulting in a high 

unit production of methane. This, in turn, makes the digester cheaper and more 

practical. The point of force of the proposed technological solution was the targeted 

reduction of undesired LCFA, and effectively unlocking the high methane potential of 

DAF waste. However, future research is required to optimize the pre-treatment 

conditions to maximize the cost-efficiency of ultrasound pre-treatment. 

5.4. Conclusion 

The results have shown that the tested dairy DAF waste had high BMP, ranging 

between 436 and 568 mL CH4/g VSfed depending on the DAF waste tested. However, 

high F/I (>1.0) inhibited methane production and palmitate degradation due to high 

oleate concentrations. Ultrasound pre-treatment can efficiently solubilize the organic 

matter in DAF wastes. Continuous treatment reduced up to 38% fLCFA in the DAF 

waste, which is likely due to the pyrolysis reactions initiated by the explosion of 

cavitation bubbles. The BMP of the DAF waste at F/I ratio 3.0 increased 36% after 

the continuous ultrasound pre-treatment of DAF waste, attributing to the solubilization 

of organic compounds and change of characteristics of the substrate due to the 

cavitation provided by ultrasound. This study demonstrates that the dairy DAF waste 
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can be an ideal substrate for biogas production via anaerobic digestion, which can be 

further enhanced by ultrasound pre-treatment. 
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Chapter 6: General Discussion, Recommendations and Conclusions 
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Dairy products are integral to human diets, and their surging global demand places 

strain on environmental resilience (Weaver, 2010). This necessitates dairy industries 

to adopt strategies that reduce environmental impact and facilitate the transition to a 

circular economy. Among crucial steps in dairy production, waste management plays 

a key role in mitigating the sector's environmental effects. The drive to lessen waste 

in dairy production hinges on enhancing product performance, reducing 

environmental footprint, and curbing wastewater treatment costs (Finnegan et al., 

2018). Dairy wastewater (DW) is rich in substrates suitable for anaerobic digestion 

(AD). Nonetheless, the challenge lies in efficiently treating high organic loads, 

especially the elevated lipid content (Ye & Li, 2023). Despite the energy-rich nature 

of lipids, current waste management practices lack effective technologies to harness 

their potential. Thus, this study investigated sustainable solutions for managing lipid-

rich DW through AD, with a focus on psychrophilic anaerobic treatment (PAD) and 

AD of dissolved air flotation (DAF) waste. The findings offer insightful contributions 

to the quest of dairy industry for waste reduction, reutilization, and the adoption of 

circular economy principles. 

6.1. Key findings of the study 

In Chapter 3, the feasibility of psychrophilic anaerobic digestion (PAD) of lipid-rich 

DW was explored. The results demonstrated that PAD of long chain fatty acids 

(LCFA)-containing DW is achievable at 15℃ after biomass acclimation to low 

temperature. The presence of putative syntrophic bacteria and the hydrogenotrophic 

archaeon Methanocorpusculum was important for efficient LCFA removal at 

psychrophilic conditions. Additionally, the presence of fungi in the psychrophilic 

anaerobic reactor suggested a symbiotic relationship with bacteria and archaea, 

presenting new avenues for enhancing anaerobic digestion performance. 

In Chapter 4, the response of the microbial community during the acclimation to low 

temperatures was studied. The results showed that mesophilic biomass can quickly 

adapted to 15℃ (in less than 120 days) and maintain high performance in terms of 

LCFA degradation and methane production. Carbohydrate-protein fermenting bacteria 

exhibited significant changes following temperature reductions, which stabilized the 

system after perturbations. Smithella was identified as key player in LCFA 

degradation. The prevalence of Methanocorpusculum and Methanothrix at 15℃ 

highlighted their essential roles in methane formation under psychrophilic conditions. 
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The increased relative abundance of predicted pathways involved in biosynthesis for 

membrane lipids and compatible solutes was likely the acclimating strategies of AD 

microbes for low temperatures.  

In Chapter 5, AD of dissolved air flotation (DAF) waste to harness its potential for 

biogas generation was investigated. The study demonstrated the feasibility of AD for 

biogas production using DAF waste as a substrate. The study also highlighted the 

significance of maintaining a low food to inoculum (F/I) ratio during digestion to avoid 

prolonged lag phases and the inhibitory effects of high oleate concentrations. The 

application of ultrasound pre-treatment proved promising in solubilizing organic 

matter and removing LCFA from DAF waste, enhancing methane production. 

The study has significantly advanced our understanding of efficient anaerobic 

treatment processes for lipid-rich dairy wastewater, shedding light on the feasibility 

and potential of psychrophilic anaerobic treatment, and showcased the potential of 

valorising DAF waste via AD. 

6.2. Discussion of the core findings 

Biomass acclimation to low temperature was identified as a crucial step for the 

psychrophilic anaerobic digestion (PAD) of lipid-rich dairy wastewater. In Chapter 3, 

the start-up biomass adapted to ambient temperature (<20℃) showed limited 

efficiency in degrading LCFA at 15℃ initially but performed well at 37℃. However, 

when the biomass obtained from the mesophilic reactor (R37) in Chapter 3 was used 

as inoculum for the trial in Chapter 4, it rapidly adapted to low temperature and 

maintained its capacity for LCFA removal. This could be due to the fact that, besides 

temperature, the inoculum of Chapter 3 was not yet adapted to the degradation of 

LCFA, underlining that both factors are interdependent when developing an efficient 

LCFA-degrading community. Thus, it is necessary to develop a microbial community 

proficient in LCFA degradation before further acclimating to low temperature. As the 

key players in LCFA degradation, syntrophic LCFA-degrading bacteria and 

methanogens, are known to have slow growth rates due to the low energy gained from 

syntrophic and methanogenic reactions (Hatamoto et al., 2007a; Lyu et al., 2018). At 

low temperatures, the energy gain for microbial growth and substrate affinity 

decreased (Kotsyurbenko, 2005), making it challenging to enrich syntrophic bacteria 

and methanogens at low temperature within a short period, leading to LCFA 
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accumulations in the system. This could explain why the psychrophilic reactor (R15) 

took an extended period to achieve sufficient LCFA removal efficiency (Chapter 3). 

To prevent the LCFA accumulations, it is recommended to use biomass acclimated to 

LCFA to inoculate the PAD systems for lipid-rich wastewater treatment. Moreover, 

the lipids loading to the system during the acclimation should be increased slowly as 

the biomass is more sensitive at low temperatures. Step feeding or pulse feeding 

strategies are recommended to strengthen the tolerance of syntrophic bacteria and 

enhance methanogens to LCFA (Cavaleiro et al., 2009; Ziels et al., 2016). Additionally, 

it was found that the microorganisms acclimated to psychrophilic conditions 

potentially by modifying membrane compositions and producing compatible cellular 

solutes (Chapter 4). Supplementing with essential precursors of these metabolic 

pathways may facilitate the microbial adaptation to cold environments. 

Putative syntrophic bacteria emerged as key players in the degradation of LCFA at 

both mesophilic and psychrophilic temperatures. In particular, taxa such as 

Cloacimonadaceae, Smithella, Synergistaceae, and Spirochaetaceae were 

prominently associated with LCFA degradation (Chapter 3). Among these, Smithella 

became the dominant genus and exhibited high activity at 15℃ (Chapter 4). 

Surprisingly, the genus Syntrophomonas, commonly linked to LCFA β-oxidation in 

previous studies (Usman et al., 2022; Xie et al., 2021; Ziels et al., 2015), showed low 

abundance and activity (Chapter 3 & 4), suggesting its limited contribution in this 

context. Many of these putative syntrophic bacteria possess genes associated with 

LCFA degradation. (Shakeri Yekta et al., 2019; Singh et al., 2022; Sun et al., 2022), 

suggesting that the function of LCFA degradation may exist in many syntrophic 

bacteria.  

Aghasa et al. (2022) suggested that the diversity of syntrophic bacteria in microbial 

communities significantly impacts the efficiency of LCFA degradation.  Therefore, it 

is important to maintain a diverse syntrophic community in the system for efficient 

AD of lipids. The main approaches applied in microbial enrichment in bioreactor are 

bioaugmentation or regular operations. Cavaleiro et al. (2010) bioaugmented a non-

acclimated anaerobic granular sludge with Syntrophomonas zehnderi and improved 

methane production. Similarly, Basak et al. (2021) recovered failed AD reactors by 

supplementing acclimated microbial consortium. Indeed, in our studies, the use of 

biomass acclimated to LCFA prevented LCFA accumulations following the 
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temperature reductions (Chapter 4). On the other hand, the substrate supplied to the 

bioreactor contained abundant proteins and carbohydrates, which can be easily 

degraded to VFA. These VFA can stimulate the growth of syntrophic bacteria in the 

system. Lv et al. (2020) supplied multiple VFA (propionate, butyrate and acetate) to 

UASB reactor showed promising results in enriching syntrophic fatty acid oxidizing 

bacteria. Thus, supplement of co-substrates with lipids may enhance the system 

stability by enriching the syntrophic community. 

Biomass retention is an essential practice for AD of lipids (Chapter 2).  In high-rate 

systems, it is difficult to retain active microorganisms without biomass aggregation 

(granulation or fixed biofilm) and/or physical separations. A surprising finding in this 

study is the discovery of fungal-bacterial biofilm in the PAD reactor (Chapter 3). The 

presence of the fungal hyphae in the bioreactor provided surfaces for the suspended 

cells to attach and promote biofilm formation. This is the first report of fungal-

bacterial biofilm in engineered anaerobic system. Yet, this is not the first time that 

fungi was found in the biofilm formation in wastewater treatment. Beun et al. (1999) 

found that the aerobic granule is initiated by a small fragments of fungi spores, then 

the bacteria start to colonize within the fungal hyphae matrix. This mechanism is 

similar to what was observed under SEM (Chapter 3). This finding contributed to the 

knowledge of anaerobic biofilm formation and shed the light for further application of 

fungal-bacterial mixed culture in facilitating AD processes.  

The fungal-bacterial symbiosis is widely existing in different anoxic environments, 

such as soil, animal gut, and plant roots (rhizosphere), which has been applied to 

improve the efficiency of food processing, bioremediation, and agricultural production 

(Frey-Klett et al., 2011). Previous studies have demonstrated the mixed fungal-

bacterial cultures can degrade polycyclic aromatic hydrocarbons (PAHs) and 

petroleum hydrocarbons (Cerniglia & Sutherland, 2006; Heinonsalo et al., 2000). 

These results highlight that the fungi and bacteria can cooperatively or synergistically 

degrade hydrophobic compounds, and the potential of using fungal-bacterial cultures 

for degrading recalcitrant substances. Indeed, the presence of fungi in the 

psychrophilic reactor improved the overall reactor performances (Chapter 3), 

indicating its potential role in degrading LCFA with the cooperation of bacteria and 

methanogens. This finding provides potential avenues for treating lipid-rich waste. 

Such application will benefit greatly in developing solutions to mitigate environmental 
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pollutions and climate change in various scenarios. However, our understanding of 

fungal-bacterial interactions is still in infancy. Deeper insights of the diversity, 

formation, and metabolic interactions are required to further implement such 

applications in the future. 

The high-rate bioreactors are limited in treating wastes with extremely high 

concentrations of fat. Therefore, it is necessary to control the lipid loading to the 

system by dissolved air flotation process. However, the removed fat – DAF waste was 

not reutilized in the current waste management system (Chapter 2). In this study we 

demonstrated that DAF waste can an ideal substrate for biogas generation with high 

methane potential (Chapter 5). In practice, DAF waste can be co-digested with sewage 

sludge, animal manure and/or household waste to enhance the methane production. 

Still, some problems are still present during the co-digestion of lipids, namely, 

microbial inhibition, digester forming and clogging the pipelines, which is attributed 

to LCFA accumulations (Salama et al., 2019). It is recommended that the substrate 

loading is kept low to avoid inhibitory effects from LCFA accumulation (Chapter 5). 

Alternatively, using ultrasound pre-treatment showed promising results in solubilising 

DAF waste, removing LCFA, and improving its digestibility (Chapter 5), which can 

be applied to improve the AD of lipid waste.  

Overall, the research findings from the thesis underscored the importance of 

sustainable waste management practices in the dairy industry through AD. The 

identification of key microbial players, the potential role of fungi, and the application 

of bioinformatic tools to monitor and optimize microbial communities provide 

valuable insights for improving AD of lipids. Additionally, the successful 

demonstration of AD of DAF waste, along with ultrasound pre-treatment, opens up 

new opportunities for circular economy practices in the dairy sector. 

6.3. Recommendations for future research 

1. To gain a more comprehensive understanding of the functional capacities and 

metabolic pathways in anaerobic systems, the investigation of microbial community 

dynamics can be further expanded to include additional molecular techniques, such as 

DNA-SIP, metagenomics and metatranscriptomics. For example, Gaspari et al. (2023) 

investigated the microbial community response under the impact load of LCFA by 

metagenomic and metatranscriptomic methods, which identified novel β-oxidizing 
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bacteria and showed activation of genes encoding cell motility proteins, including 

flagellar assembly and bacterial chemotaxis. Ziels et al. (2018) used DNA-SIP with 

metagenomic method identified key populations involved in LCFA degradation in 

anaerobic reactors under different feeding frequencies. These state-of-the-art 

techniques offer deeper insights into microbial genetic potential and expression 

profiles, unravelling critical metabolic processes in AD. 

2. As putative syntrophic fatty acid oxidizing bacteria played a crucial role in 

LCFA degradation, further research should focus on exploring their diversity and 

metabolism. Characterizing these bacteria in detail will help unravel their unique 

contributions to LCFA degradation and methane production, ultimately contributing 

to the development of targeted microbial-based strategies to enhance AD efficiency.  

3. The presence of fungi in AD, particularly in the formation of fungal-bacterial 

biofilms, opens up a promising route for future investigation. Guennoc et al. 

(2018)studied the fungal-bacterial biofilm through in-vitro experiment with florescent 

staining microscopy, which demonstrated bacteria use eDNA filaments to build 

biofilms on the hyphae of fungi.  Moreover, understanding the diversity and function 

of fungi in the anaerobic system will shed light on their potential contributions to 

methane production and the degradation of complex compounds, providing novel 

opportunities for optimizing AD processes. For instance, Peng et al. (2021) studied 

the role on anaerobic fungi on the lignocellulose degradation and their interactions 

with methanogens in rumen. Xiong et al. (2022) co-cultured fungi and anaerobic 

bacteria showing that the fungal hyphae promoted the growth of anaerobic bacteria in 

aerobic habitats.  

4. While the study explored the possibility of using ultrasound pre-treatment to 

enhance AD of DAF waste, further efforts are required to optimize the process 

parameters for achieving the best cost-efficiency. Fine-tuning factors such as 

ultrasound intensity, duration, frequency, and substrate characteristics will be crucial 

in maximizing the solubilization of organic matter and LCFA removal.  

5. To advance the technology towards full-scale implementation, it is vital to 

conduct trials using real lipid-rich dairy wastewater to identify potential challenges 

and to allow for the optimization of operational parameters, ensuring the robustness 

and efficiency of the AD process. Paulo et al. (2020) demonstrated anaerobic treatment 

of diary effluents at ambient temperatures was efficient under seasonal fluctuations 

and influent perturbations at pilot-scale, which provided useful information in 
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operational management and microbial community dynamics in real-world scenarios. 

6. Performing a comprehensive multilevel environmental assessment of the 

psychrophilic anaerobic treatment for dairy wastewater will provide a holistic 

understanding of its sustainability and potential environmental impacts. Stanchev et 

al. (2020) applied Material Flow Analysis and Life Cycle Assessment to assess the 

impact of full-scale AD unit on the overall environmental impact of dairy industry, 

which suggested that AD unit can potentially reduce 20% of total energy demand and 

13% carbon footprint of the dairy production facility. This assessment is pivotal in 

promoting wider PAD applications, integrating it into dairy waste management 

schemes, and fostering a more sustainable circular economy. 

6.4. Concluding remarks 

In conclusion, this thesis has provided valuable insights into sustainable waste 

management practices in the dairy industry, offering novel approaches for AD of lipid-

rich dairy wastewater and DAF waste valorisation. The significance of this research 

lies in its potential to reduce environmental impacts and lower waste management 

costs, as well as facilitate the transition to a circular economy within the dairy sector. 

The findings contribute to the broader field of waste-to-energy technologies and pave 

the way for future research to further optimize and implement these sustainable 

solutions in real-world food processing facilities. 
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Appendix A: Supplementary Figures 

 

Figure S3-1. Attached biofilm on the reactor walls in R37 (Left) and R15 (right). 

 

 

 

 

Figure S3-2. Sludge bed in R37 (Left) and R15 (right) at the end of P1. 
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Figure S3-3 COD balance of R37 and R15 during each phase of the experiment (except P0). 

“Unaccounted” includes biomass growth and dissolved methane in effluent. 
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Fig. S4-1. Rarefaction curves of all samples in Chapter 4. 
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Fig. S4-2. Relative abundance of top 20 taxa at phylum level in each sample, according to the 

16S rRNA gene (g) and 16S rRNA (r). I: Inoculum; A-F: replicates; s: stable state; t: transient 

state.  
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Appendix B: Supplementary Tables 

Table S4-1. Enzymes involved in LCFA β-oxidation and methanogenesis. 

Enzymes Descriptions Functions 

1.3.1.34 2,4-dienoyl-CoA reductase 

(NADPH) 
PUFA to MUFA 

1.1.1.35 3-hydroxyacyl-CoA 

dehydrogenase 
Catalyze the third step of β-oxidation 

2.3.1.9 Acetyl-CoA c-

acetyltransferase 
Last step of β-oxidation 

2.3.1.16 Acetyl-CoA c-acyltransferase 
 

5.3.3.8 Dodecenoyl-CoA isomerase Bond shifting 

4.2.1.17 Enoyl-CoA hydratase Hydrates the double bond 

6.2.1.3 Long-chain-fatty-acid-CoA 

ligase 
LCFAs activation 

1.3.8.7 Medium-chain acyl-CoA 

dehydrogenase 
Catalyze 1st step of β-oxidation 

1.3.8.1 butyryl-CoA /Short-chain 

acyl-CoA dehydrogenase 
Catalyze 1st step of β-oxidation of SCFAs 

2.3.1.8 phosphate acetyltransferase Acetate ᵾ Acetyl-CoA 

2.7.2.1 Acetate kinase 
 

6.2.1.1 Acetyl-CoA synthetase Acetate to Acetyl-CoA  

2.3.1.169 Acetyl-CoA 

decarbonylase/synthase 
Acetyl-CoA to 5-

Methyltetrahydromethanopterin 

2.1.1.86 Tetrahydromethanopterin S-

methyltransferase 
5-Methyltetrahydromethanopterin to Methyl 

CoM 

2.8.4.1 Coenzyme-B 

sulfoethylthiotransferase 
Methyl CoM to methane 

PUFA: Polyunsaturated fatty acids; MUFA: Monounsaturated fatty acids 
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