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Abstract 

Fats, oil and grease (FOG) are generated in large amounts by cooking and food processing. 

Anaerobic co-digestion with municipal sewage sludge has proven to be one of best alternatives 

for FOG disposal due to its high potential for biogas production. However, excessive addition of 

long chain fatty acid, the major content of FOG, has been reported to have inhibitory effects on 

the anaerobic digestion process and to cause operational challenges. In this study, high purity 

long chain fatty acids (LCFAs) including linoleic acid, oleic acid, and a mixture of oleic acid and 

stearic acid were added to laboratory completed mixed anaerobic digesters. The performance of 

the digesters in terms of solids destruction, COD degradation, LCFAs accumulation and gas 

production was investigated. After reaching steady state, a large amount of palmitic acid was 

found in the reactors with oleic acid addition and mixture of stearic and oleic acid addition. In 

the meantime, no palmitic acid increase was observed in reactors where linoleic acid was added. 

A better solids and COD reduction and a higher biogas production were observed in reactors 

with higher LCFAs addition. For reactors with the same dosage of LCFAs addition, linoleic acid 

addition resulted in the greatest improvement in digester performance; the mixture of stearic acid 

and oleic acid achieved the least increase in biogas production and solids and COD reduction. A 

high concentration of both palmitic and stearic acid in the reactors with oleic acid addition and 

with 20% mixed acid addition was observed. In contrast, linoleic acid and 30% mixed acid 

addition did not lead to a greater palmitic or stearic acid concentrations. Up to 30% of pure 

linoleic acid, oleic acid and mixed acid addition are able to enhance the performance of
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anaerobic digesters. It is recommended that the dosage of oleic acid be below 30% to avoid 

LCFAs accumulation and to increase reactor stability.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

Acknowledgements 

I would like to convey my gratitude to my advisor, Dr. John T. Novak for providing me this 

opportunity to work with him on anaerobic digestion, the topic I am truly interested in. His 

wisdom and kindness guided me though this one and half years’ research. His open office policy 

creates a free environment for communication.  

 

I would also like to express my appreciation for the help and support I received from my 

committee members, Dr. Gregory D. Boardman and Dr. John C. Little. It was truly an enriching 

experience working with them. I would also like to thank the Department of Civil and 

Environmental Engineering, Virginia Tech for supporting me financially by providing me 

assistantship. 

 

I would like thank Julie Petruska for training me on various lab tests and for keeping me safe. I 

also would like to thank Jody Smiley for kindly helping me with gas chromatograph. She worked 

on weekends to make my tests easier. I would like to thank Betty Wingate and Beth Lucas who 

helped me with the administrative processes and were always there to answer my questions. I 

also would like to thank Jen Miller for advising me to solve operational problem of my reactors. 

 

I would like to thank my friends, Ross Varin who patiently helped me to get started in the lab 

and kindly shared opinions and sludge with me, Abhinav Gupta who encouraged me to seize the 

opportunities, and Wei Liang, Xiaomin Zhao, Min Tang, Amanda Sain, Rick Browne and Yue 

Sun who are always there backing me up. Last but not least, I would like to thank my parents, 

Deming Zhu and Yonghong Li who support me no matter when and where. 



v 
 

Table of contents 
Abstract ........................................................................................................................................... ii 

Acknowledgements ........................................................................................................................ iv 

List of figures ................................................................................................................................. vi 

List of tables .................................................................................................................................. vii 

Chapter 1. Introduction ................................................................................................................... 1 

References ................................................................................................................................... 3 

Chapter 2. Literature review ........................................................................................................... 6 

2.1 Energy Recovery ................................................................................................................... 6 

2.2 Characterization of Fats, Oil and Grease .............................................................................. 6 

2.3 Degradation of Long Chain fatty Acids ................................................................................ 7 

2.4 Inhibition caused by Long Chain Fatty Acids ...................................................................... 9 

2.5 Future Research Direction .................................................................................................. 10 

References ................................................................................................................................. 11 

Chapter 3. Effects of Long Chain Fatty Acids on Completely Mixed Anaerobic Digesters 

Treating Municipal Sewage Sludge .............................................................................................. 15 

3.1 Abstract ............................................................................................................................... 15 

3.2 Introduction ......................................................................................................................... 16 

3.2 Materials and Methods ........................................................................................................ 18 

3.2.1 Anaerobic digesters ...................................................................................................... 18 

3.2.2 Addition of long chain fatty acids ................................................................................ 19 

3.2.3 Sampling and analysis.................................................................................................. 20 

3.3 Results and discussion ........................................................................................................ 21 

3.3.1 Operation of reactors .................................................................................................... 21 

3.3.2 VS and TS reduction .................................................................................................... 21 

3.3.3 Chemical oxygen demand ............................................................................................ 31 

3.3.4 Long chain fatty acids in the effluent .......................................................................... 33 

3.3.5 Gas production ............................................................................................................. 43 

3.4 Conclusions ......................................................................................................................... 45 

Acknowledgements ................................................................................................................... 46 

References ................................................................................................................................. 46 

 



vi 
 

 

List of figures 

 Figure 1. 20% Linoleic Acid Addition VS Daily Measurements ................................................ 22 

 Figure 2. 30% Linoleic Acid Addition VS Daily Measurements ................................................ 23 

 Figure 3. 20% Oleic Acid Addition VS Daily Measurements ..................................................... 23 

 Figure 4. 30% Oleic Acid Addition VS Daily Measurements ..................................................... 24 

 Figure 5. 20% Mixed Acid Addition VS Daily Measurements ................................................... 24 

 Figure 6. 30% Mixed Acids Addition VS Daily Measurements ................................................. 25 

 Figure 7. 20% Linoleic Acid Addition TS Daily Measurements................................................. 25 

 Figure 8. 30% Linoleic Acid Addition TS Daily Measurements................................................. 26 

 Figure 9. 20% Oleic Acid Addition TS Daily Measurements ..................................................... 26 

 Figure 10. 30% Oleic Acid Addition TS Daily Measurements ................................................... 27 

 Figure 11. 20% Mixed Acid Addition TS Daily Measurements ................................................. 27 

 Figure 12. 30% Mixed Acids Addition TS Daily Measurements ................................................ 28 

 Figure 13. Volatile Solids Percent Destruction ............................................................................ 29 

 Figure 14. Total Solids Percent Destruction ................................................................................ 30 

Figure 15. Chemical oxygen demand in effluent and feed ........................................................... 31 

 Figure 16. COD Percent destruction in each reactor ................................................................... 33 

 Figure 17. LCFAs concentration in the effluent .......................................................................... 35 

 Figure 18. Characterization of grease ball ................................................................................... 36 

Figure 19. Concentration of total volatile fatty acids in the reactor with 20% linoleic acid 

addition ......................................................................................................................................... 39 

 Figure 20. Concentration of acetic acid in the reactor with 20% linoleic acid addition .............. 39 

 Figure 21. Concentration of prorionic acid in the reactor with 20% linoleic acid addition ........ 40 

 Figure 22. Concentration of butyric acid in the reactor with 20% linoleic acid addition ............ 40 

 Figure 23. Concentration of valeric acid in the reactor with 20% linoleic acid addition ............ 41 

 Figure 24. Concentration of hexanoic acid in the reactor with 20% linoleic acid addition ......... 41 

Figure 25. Concentration of heptanoic acid in the reactor with 20% linoleic acid addition ......... 42 

 Figure 26. Kinetics of degradation of lipids under anaerobic condition (redrawn) (Lawrence, 

1971) ............................................................................................................................................. 43 



vii 
 

 

List of tables 

Table 1. Set-up of anaerobic digesters .......................................................................................... 18 

Table 2. Dosages of long chain fatty acids addition ..................................................................... 20 

Table 3. COD and VS equivalent of LCFAs ................................................................................ 36 

Table 4. Comparison of COD and VS between experimental reactors and control reactors after 

remaining LCFAs was subtracted. ................................................................................................ 37 

Table 5. Comparison of methane production ................................................................................ 45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

 

Chapter 1. Introduction 

The application of advanced wastewater treatment technologies has resulted in increasing energy 

consumption in wastewater treatment plants during the last decade (Crawford and Sandino, 

2010). Anaerobic digestion is used to produce biogas from which energy can be generated. On 

average, conventional anaerobic digestion is able to produce 20-40% of the total energy 

consumed by a wastewater treatment plant (Crawford and Sandino, 2010).  

Fats, oil and grease (FOG) are a major component of the lipid rich surface layer of wastewater 

generated by cooking and food processing. FOG is trapped and separated from wastewater by 

grease abatement devices because it can accumulate in sewers and pipelines and cause clogging.  

FOG is primarily composed of long chain fatty acids (LCFAs) including palmitic acid (C16:0), 

stearic acid (C18:0), oleic acid (C18:1) and linoleic acid (C18:2) (Suto, et al., 2006; Canakci, 

2007). Under anaerobic conditions, LCFAs can be degraded to methane (CH4) and carbon 

dioxide (CO2). It is unanimously agreed that the degradation pathway of saturated LCFAs 

follows β-oxidation which is shown below (Mahler, 1964).  

CH3(CH2)nCOOH + 2H2O ―→ CH3(CH2)n-2COOH + CH3COOH + 2H2 

However, the initial steps of unsaturated LCFAs degradation are still unclear. Novak and Carlson 

(1970) suggested that unsaturated LCFAs are fully saturated before β-oxidation occurs. In 

contrast, other studies proposed that β-oxidation of unsaturated LCFAs happens before they are 

completely saturated (Roy et al., 1986; Lalman and Bagley, 2000, 2001). In spite of the 

disagreement on the initiation of β-oxidation, both saturated and unsaturated LCFAs will be 

degraded to acetic acid. Eventually, methanogens will convert acetic acid to CH4 and CO2. The 

following equation is the stoichiometry of stearic acid conversion: 

C18H36O2 ―→ 13CH4 + 5CO2 (Novak and Carlson, 1970) 
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Theoretically, 1119mL of methane can be produced if 1 gram of stearic acid was completely 

degraded. Batch tests also showed great methane production potential of FOG, 900-1000mL/g 

volatile solids, as compare to that of municipal sewage sludge, 250-350mL/g volatile solids. 

With such a high methane potential, trapped FOG can be anaerobically co-digested with sewage 

sludge. It is reported that when FOG was co-digested in an anaerobic digester, 60-70% biogas 

production increases were observed in full-scale studies (Bailey, 2007; York et al., 2008). The 

increased biogas production can fulfill over 50% of the energy requirement of wastewater 

treatment plants (Bailey, 2007; York et al., 2008). Additionally, around a 25% reduction of 

biosolids for disposal was also observed as a result of FOG addition (Bailey, 2007). 

However, excessive FOG addition can result in a series of operational problems including lag 

phase occurrence, reduction or cessation of biogas production, and digester washout (Parry et al., 

2008; Luostarian et al., 2009), which is caused by the widely reported inhibitory effects of LCFA 

(Hanaki et al., 1981; Koster and Cramer, 1987; Rinzema et al., 1994; Hwu and Lettinga, 1997; 

Shin et al., 2003; Kim et al., 2004). 

In this study, the effect of free LCFA addition on the performance of the anaerobic digestion 

process were analyzed. In order to achieve a better representation of the real world anaerobic 

digestion process, completely mixed reactors treating municipal sewage sludge were built and 

operated. Solids destruction, COD reduction, biogas production and LCFAs accumulation were 

measured and compared between the reactors with and without LCFAs addition to determine if 

digestion enhancement can be achieved by LCFA addition. A comparison between the reactors 

with LCFAs addition was also conducted to determine the kind and dosage of LCFAs that can 

result in the optimal digester performance and the least inhibition. The pathway of unsaturated 

LCFAs degradation was also analyzed through the LCFAs presence in the reactors. The study 
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should help us gain a better understanding of anaerobic co-digestion of FOG and the potential to  

increase energy recovery from wastewater. 
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Chapter 2. Literature review 

 

2.1 Energy Recovery 
 

In 2009, publically owned wastewater treatment plants in United States consumed approximately 

40 million megawatts of energy, which was estimated to be 1-4% of the total energy production 

country-wide (Crawford and Sandino, 2010). Around 2.8 billion dollars was spent on wastewater 

treatment electricity, as calculated using the average electricity rate of 7.18 cents/kilowatt-hour 

(Crawford and Sandino, 2010). With the application of new wastewater treatment technologies 

such as biological nutrient removal (BNR) and enhanced nutrient removal (ENR), increasing 

amounts of electricity will be consumed by wastewater treatment facilities.  

The anaerobic digestion process has been adopted for volume reduction and stabilization of 

biosolids. The biogas produced enables energy production as heat, electricity and vehicle fuel. 

Most wastewater treatment facilities that use anaerobic digestion flare their excess biogas (EPA, 

2007). However, utilization of biogas from anaerobic digesters can fulfill 20-40% of the total 

energy requirement of the wastewater treatment plants (Crawford and Sandino, 2010).  

2.2 Characterization of Fats, Oil and Grease  
 

Fats, oil and grease (FOG) commonly represent the lipid rich layer generated by cooking and 

food processing, which can be found floating on the surface of wastewater. It is usually illegal to 

release this layer into wastewater collection systems because FOG can accumulate within the 

sewers and discharge pipes and cause clogging. Therefore, grease traps are used to separate the 

FOG from wastewater.  
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Long chain fatty acids (LCFAs) are the major content of trapped FOG. About 37-48% of FOG 

are saturated LCFAs, including 23% palmitic acid (C16:0) and 10-12.5% stearic acid (C18:0); 

51-58% of FOG are unsaturated LCFAs, including 36-42% oleic acid (C18:1) and 12-15% of 

linoleic acid (C18:2) (Suto, et al., 2006; Canakci, 2007). It is reported that 1.9 gallons of 

FOG/person/year are produced in 30 metropolitan areas in United State (Wiltsee, 1998). It is 

estimated that 0.6 billion gallons of FOG are produced each year in the United States with a 

population of 312 million. The trapped FOG can be disposed through land application, 

landfilling, composting, incineration, rendering for industrial soap or lubricants manufacturing, 

or anaerobic co-digestion with sewage sludge. Anaerobic co-digestion may be the best 

alternative because trapped FOG are rich in energy due to their reductive state and abundant 

carbon. Therefore, the potential of biogas production in the sludge will be increased if FOG is 

added to the anaerobic digester feed.  

2.3 Degradation of Long Chain fatty Acids 
 

Under anaerobic conditions, LCFAs, the major component of FOG, can be degraded into 

methane and carbon dioxide, the primary component of biogas. Saturated LCFAs are degraded to 

acetate and hydrogen via the β-oxidation pathway (Mahler, 1964). With little variation, the 

saturated fatty acids are activated by coenzyme A (CoA) and then lead to dehydrogenation, 

hydration, dehydrogenation and cleavage as shown in the equations below. The chain length is 

shortened and acetate is formed.  

CH3(CH2)nCOOH + CoA  

―→ CH3(CH2)nCO-CoA       activation 

―→ CH3(CH2)n-2CH=CHCO-CoA + 2H     dehydrogenation 

―→ CH3(CH2)n-2CHOHCH2CO-CoA - H2O    hydration 
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―→ CH3(CH2)n-2COCH2CO-CoA + 2H     dehydrogenation 

―→ CH3(CH2)n-2CO-CoA + CH3CO-CoA     cleavage 

CH3CO-CoA 

―→ CH3COOH + CoA - H2O  

CH3(CH2)n-2CO-CoA follows the same degradation sequence. 

The general expression of β-oxidation is: 

 CH3(CH2)nCOOH + 2H2O ―→ CH3(CH2)n-2COOH + CH3COOH + 2H2 

The exact model of unsaturated LCFAs degradation is still undetermined. There are two possible 

pathways proposed currently. Novak and Carlson (1970) suggested that the saturation of 

unsaturated LCFAs occurs first. Then fatty acids that have been saturated degrade following 

typical β-oxidation. Whereas, a later study proposed that β-oxidation of unsaturated LCFAs 

happens before saturation (Roy et al., 1986). Lalman and Bagley (2000, 2001) also suggested 

that although linoleic acid (C18:2) might be hydrogenated to oleic acid (C18:1) which is more 

saturated, oleic acid (C18:1) would be β-oxidized directly instead of being saturated to stearic 

acid (C18:0). Studies concurred that palmitic acid (C16:0) is a key intermediate of LCFA 

degradation (Novak and Carlson, 1970; Lalman and Bagley 2000; Lalman and Bagley 2001). 

Further, β-oxidation will convert LCFAs to acetic acid. Eventually, with the help of methanogen, 

acetic acid and hydrogen produced by β-oxidation will be converted into methane and carbon 

dioxide. The stoichiometry of stearic acid conversion is shown below: 

C18H36O2 ―→ 13CH4 + 5CO2 

Batch tests have shown much greater potential of methane production (900-1000ml/g volatile 

solids destructed) in FOG than in municipal wastewater sludge (250-350ml/g volatile solids 

destructed) (Kabouris, 2008, 2009a, 2009b; Parry et al., 2008; Luostarian et al., 2009). In Lab-
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scale studies, a 100-200% increase in biogas production with FOG addition was observed (Suto 

et al., 2006; Kabouris, 2009a), while pilot-scale studies showed an increase of less than 30% 

(Davidsson et al., 2008); full-scale digesters with FOG addition produced 60% more biogas than 

those without FOG. This added methane from FOG might be able to cover over 50% of the total 

wastewater treatment energy use (Bailey, 2007; York et al., 2008). In a full-scale study, it was 

also observed that biosolids disposal was reduced by 25% of the dry weight when FOG was 

added to the digester, which implied that FOG might be able to stimulate the growth of the 

fermenting and methanogenic bacteria. Therefore, solids removal was enhanced (Bailey, 2007).  

2.4 Inhibition caused by Long Chain Fatty Acids 
 

In spite of the enhancement of the digester performance caused by FOG addition, a series of 

operational problems including lag phase occurrence, reduction or cessation of biogas 

production, and digester washout were also observed when FOG was overdosed (Parry et al., 

2008; Luostarian et al., 2009). Those operational issues indicated the inhibitory effects of FOG 

on the anaerobic digestion process. It has been widely reported that LCFAs could be detrimental 

to acetogens and methanogens (Hanaki et al., 1981; Koster and Cramer, 1987; Rinzema et al., 

1994; Hwu and Lettinga, 1997; Shin et al., 2003; Kim et al., 2004). Lag periods caused by 

LCFAs also occurred in acetoclastic methanogenesis and LCFA dedradation during batch tests, 

which indicated the inhibitory effect of LCFAs (Hanaki et al., 1981; Angelidaki et al., 1992). In 

contrast, there was no lag phase observed in hydrogenotrophic methanogenesis. (Hanaki et al., 

1981). Two mechanisms of LCFAs inhibition were proposed.  Some researchers suggested that 

the LCFAs might be toxic to methanogens; therefore, the inhibition was irreversible (Angelidaki 

et al., 1992). Other researchers, however, suggested that the inhibition was due to LCFAs being 

adsorbed onto biomass, thereby hindering the bacteria’s accessibility to the substrate. Thus, 
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methane production can be recovered once the concentration of LCFAs drops below a threshold 

value. However, the fact that methanogenic activity using propionate as substrate did not recover 

implies that besides transportation inhibition, a toxic effect of LCFAs on some methanogens also 

happened (Koster and Cramer, 1987; Pereira et al., 2003). It was unanimously agreed that the 

inhibition was dependent upon the concentration of LCFAs, temperature and the specific surface 

area of sludge (Angelidaki et al., 1992; Rinzema et al., 1994; Hwu et al., 1996; Hwu and 

Lettinga, 1997; Alves et al., 2001b). Koster and Cramer have also shown the synergistic effect of 

LCFAs inhibition. Namely, the combination of two or more LCFAs would result in a lower 

inhibitory threshold concentration than that of any single component. 

Besides the inhibitory effects on acetoclastic methanogens, LCFAs can also act as surfactants 

and cause foaming problems in reactors.  Clogging of pipes, pumps, gas collection and handling 

system caused by LCFAs were also reported (Jaganathan et al., 2006).  

2.5 Future Research Direction 
 

To date, it is agreed that saturated fatty acids are degraded through β-oxidation. However, it is 

still unclear that whether complete saturation or direct β-oxidation of unsaturated LCFAs occurs. 

Further research is needed to determine the preliminary steps of degradation pathway of 

unsaturated fatty acids.  

So far, most of the inhibition studies were conducted with batch tests of upflow anaerobic sludge 

blanket (UASB), Expanded Granular Sludge Bed (EGSB) or fixed bed sludge with addition of 

pure single or combined free acids (Koster and Cramer, 1987; Rinzema et al., 1994; Angelidaki 

et al., 1992; Hwu and Lettinga, 1997; Shin et al., 2003), while some were perform on fixed bed 

digesters (Alves et al., 2001b; Pereira et al., 2003). Continuous stirred-tank reactors (CSTR) are 

the most commonly used anaerobic digesters in municipalities and trapped FOG is composed of 
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more complex mixtures than combined free acids. In order to fill the gap between experimental 

research and practical needs, more lab-scale and pilot scale studies on inhibitory effects of 

trapped FOG need to be done. Research on the inhibition of both free acids and FOG mixture on 

various types of reactors is also worthwhile. 
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Chapter 3. Effects of Long Chain Fatty Acids on Completely Mixed 

Anaerobic Digesters Treating Municipal Sewage Sludge 

 

3.1 Abstract 

Fats, oil and grease (FOG) are generated in large amounts by cooking and food processing. 

Anaerobic co-digestion with municipal sewage sludge has proven to be one of best alternatives 

for FOG disposal due to its high potential for biogas production. However, excessive addition of 

long chain fatty acid, the major content of FOG, has been reported to have inhibitory effects on 

the anaerobic digestion process and to cause operational challenges. In this study, high purity 

long chain fatty acids (LCFAs) including linoleic acid, oleic acid, and a mixture of oleic acid and 

stearic acid were added to laboratory completed mixed anaerobic digesters. The performance of 

the digesters in terms of solids destruction, COD degradation, LCFAs accumulation and gas 

production was investigated After reaching steady state, a large amount of palmitic acid was 

found in the reactors with oleic acid addition and mixture of stearic and oleic acid addition. In 

the mean time, no palmitic acid increase was observed in reactors where linoleic acid was added. 

A better solids and COD reduction and a higher biogas production were observed in reactors 

with higher LCFAs addition. For reactors with the same dosage of LCFAs addition, linoleic acid 

addition resulted in the greatest improvement in digester performance; the mixture of stearic acid 

and oleic acid achieved the least increase in biogas production and solids and COD reduction. A 

high concentration of both palmitic and stearic acid in the reactors with oleic acid addition and 

with 20% mixed acid addition was observed. In contrast, linoleic acid and 30% mixed acid 

addition did not lead to a greater palmitic or stearic acid concentrations. Up to 30% of pure 

linoleic acid, oleic acid and mixed acid addition are able to enhance the performance of 



16 
 

anaerobic digesters. It is recommended that the dosage of oleic acid be lower than 30% to avoid 

LCFAs accumulation and to increase the reactor stability.  

 

Keywords: Anaerobic digestion, Fats, oil and grease, Long chain fatty acids, biogas production, 

Energy Recovery, β-oxidation, Inhibition. 

 

 

 

3.2 Introduction 

The application of advanced wastewater treatment technologies has resulted in increasing energy 

consumption in wastewater treatment plants during the last decade (Crawford and Sandino, 

2010). Anaerobic digestion is used to produce biogas from which energy can be generated. On 

average, conventional anaerobic digestion is able to produce 20-40% of the total energy 

consumed by a wastewater treatment plant (Crawford and Sandino, 2010).  

Fats, oil and grease (FOG) are a major component of the lipid rich surface layer of wastewater 

generated by cooking and food processing. FOG is trapped and separated from wastewater by 

grease abatement devices because it can accumulate in sewers and pipelines and cause clogging.  

FOG is primarily composed of long chain fatty acids (LCFAs) including palmitic acid (C16:0), 

stearic acid (C18:0), oleic acid (C18:1) and linoleic acid (C18:2) (Suto, et al., 2006; Canakci, 

2007). Under anaerobic conditions, LCFAs can be degraded to methane (CH4) and carbon 

dioxide (CO2). It is unanimously agreed that the degradation pathway of saturated LCFAs 

follows β-oxidation which is shown below (Mahler, 1964).  

CH3(CH2)nCOOH + 2H2O ―→ CH3(CH2)n-2COOH + CH3COOH + 2H2 
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However, the initial steps of unsaturated LCFAs degradation are still unclear. Novak and Carlson 

(1970) suggested that unsaturated LCFAs are fully saturated before β-oxidation occurs. In 

contrast, other studies proposed that β-oxidation of unsaturated LCFAs happens before they are 

completely saturated (Roy et al., 1986; Lalman and Bagley, 2000, 2001). In spite of the 

disagreement on the initiation of β-oxidation, both saturated and unsaturated LCFAs will be 

degraded to acetic acid. Eventually, methanogens will convert acetic acid to CH4 and CO2. The 

following equation is the stoichiometry of stearic acid conversion: 

C18H36O2 ―→ 13CH4 + 5CO2 (Novak and Carlson, 1970) 

Theoretically, 1119mL of methane can be produced if 1 gram of stearic acid was completely 

degraded. Batch tests also showed great methane production potential of FOG, 900-1000mL/g 

volatile solids, as compare to that of municipal sewage sludge, 250-350mL/g volatile solids. 

With such a high methane potential, trapped FOG can be anaerobically co-digested with sewage 

sludge. It is reported that when FOG was co-digested in the anaerobic digester, biogas 

production increases of 60-70% were observed in full-scale studies (Bailey, 2007; York et al., 

2008). The increased biogas production can fulfill over 50% of the energy requirement of 

wastewater treatment plants (Bailey, 2007; York et al., 2008).  

However, excessive FOG addition can result in a series of operational problems including lag 

phase occurrence, reduction or cessation of biogas production, and digester washout (Parry et al., 

2008; Luostarian et al., 2009), which were caused by the widely reported inhibitory effects of 

LCFAs (Hanaki et al., 1981; Koster and Cramer, 1987; Rinzema et al., 1994; Hwu and Lettinga, 

1997; Lalman and Bagley, 2002; Shin et al., 2003; Kim et al., 2004). 

In this study, the effects of LCFAs on the performance anaerobic digestion were analyzed. Solids 

destruction, COD reduction, biogas production and LCFAs accumulation were measured and 
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compared between the reactors with and without LCFAs addition. They were also compared 

between the reactors with different types and dosages of LCFAs addition. 

 

3.2 Materials and Methods 

3.2.1 Anaerobic digesters 

 

Lab-scale completely mixed anaerobic digesters were built with a mini brew bucket 

manufactured by Hobby Beverage Equipment Cooperation. Mixing was achieved with a gas 

recirculation pump by recirculating the gas within the digesters. One 25L Tedlar bag was 

attached to each reactor to collect biogas. The setup of the digesters is shown in Table 1. Four 

phases of the experiment were conducted. A total of four control reactors (RC1, RC2, RC3 and RC4) 

with no LCFAs addition and six experimental reactors (R1, R2, R3, R4, R5 and R6) with LCFA 

addition were maintained in a constant temperature room at 37±0.1°C. 

                   Reactors            

Phases 

Experimental reactor Control Reactor 

Phase 1 R1, R6 RC1 

Phase 2 R2 RC2 

Phase 3 R3 RC3 

Phase 4 R4, R5 RC4 

Table 1. Set-up of anaerobic digesters 

 

A 15-day solid retention time (SRT) was chosen for all the reactors to make sure the effluent of 

the reactors met Class B pathogen standards (EPA, 2003). The SRT was determined by both the 

volume of sludge in the digester and the volume of raw sludge fed to the digester and removed 

each day. Therefore, 9.75L of sludge was maintained in each digester and 650mL of raw sludge 

was fed to and disposed from each digester every 24 hours to achieve a 15-day SRT. The feed 
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sludge was a mixture of 70% of primary sludge (PS) and 30% of thickened waste activated 

sludge (TWAS) by volume. Both PS and TWAS were acquired from the Christiansburg 

Wastewater Treatment Plant which was 10 miles away from the lab. The total solids (TS) of the 

feed sludge was maintained at 2.7% by diluting with tap water. 

 

3.2.2 Addition of long chain fatty acids 

 

Linoleic acid with 97% purity manufactured by Alfa Aesar, free oleic acid produced by Fisher 

Chemical, and pure stearic acid produced by MP Biochemical were used throughout the 

research. Both the feed sludge and LCFAs were stored in refrigerators at a constant temperature 

of 6°C. Different dosages of LCFAs were added to each digester in each phase as shown in Table 

2. LCFAs at 20% and 30% by weight were added to the experimental reactors which was similar 

to  the percentage of FOG that was added by Suto et al. (2006). Since stearic acid is solid at 37°C 

and is difficult to dissolve in sludge, it was mixed with oleic acid at a ratio of 1g of stearic acid to 

3g of oleic acid to make sure that the mixture was liquid at 37°C. A shock loading of 20% 

LCFAs was added to the experimental digesters when they reached steady state. In order to 

achieve 30% of LCFAs addition while avoiding inhibition, an additional 5% LCFAs was added 

on the basis of 20% addition. After two days’ addition of 25% LCFAs, the dosage was increased 

to 30%. 

 

                   LCFA            

Reactor 

Stearic acid  

(g/day)/(percent of TS) 

Oleic acid  

(g/day)/(percent of TS) 

Linoleic acid  

(g/day)/(percent ofTS) 

R1 None None 3.510/20.0 

R2 None None 5.265/30.0 

R3 None 3.510/20.0 None 
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R4 None 5.265/30.0 None 

R5 0.878/5.0 2.633/15.0 None 

R6 1.316/7.5 3.949/22.5 None 

Table 2. Dosages of long chain fatty acids addition 

 

3.2.3 Sampling and analysis 

 

When the reactors reached steady state, samples of effluent and feed sludge from both the control 

and experimental reactors were taken three times a week for experimental tests. Steady state of 

the reactors was determined by the stabilities of effluent VS, pH and biogas production. 

TS and VS were tested according to Standard Methods 2540B (Clesceri et al., 1998). Effluent 

disposed from the digesters was sampled and weighed. The samples were dried at 105°C in an 

oven for at least 2 hours and weighed again to obtain the total solids (TS). The dry solids were 

ignited in 550°C oven for 30 minutes to burn off the volatile solids (VS).    

Chemical Oxygen Demand in the feed and effluent sludge was determined according to Standard 

Methods 5220C (Clesceri et al., 1998). The concentration of LCFAs in the reactor effluents was 

tested with the fatty acid methyl ester (FAME) method using gas chromatography. LCFAs were 

extracted from the effluent samples by an extraction solvent composed of hexane and 

chloroform. Once the extraction solvent was completely vaporized, a transesterification solution 

which is primarily methanol was added to convert LCFAs to methyl esters. The extraction 

solvent was used again to extract the methyl esters from the transesterification solution (Lewis et 

al., 2000). A HP 5890 gas chromatograph (GC) using a flame ionization detector was applied to 

measure the concentration of the methyl esters of LCFAs. The GC was equipped with a 

Supelcowax 10 fused silica capillary column (30m length × 0.32mm ID × 1.00µm film 

thickness) operating from 140°C to 260°C for 45 minutes.  
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Tedlar bags were emptied every 24 hours by a constant flow rate pump to measure daily biogas 

production. The percentage of methane and carbon dioxide in biogas was measured with a 

SHIMADZU GC-14A gas chromatograph with thermo conductivity detector (TCD). A column 

packed with Haysep Q media (4m length × 6.35mm ID) was used. Helium was used as the 

carrier gas at an injector temperature of 110°C.  

3.3 Results and discussion 

3.3.1 Operation of reactors 

 

Neither a reduction of biogas production nor decrease of VS destruction was observed in the 

reactors after addition of 20% of LCFAs. There was also no lag phase. It required only 1-2 

weeks for the reactors to reach steady state. However, when an additional 10% of LCFAs was  

added to the reactors, which made the total LCFAs 30%, the pH started dropping and caused a 

reduction of biogas production. Even though sodium bicarbonate was added to the reactor as a 

buffer to bring the pH up to 7, it started dropping again within 7 days when the buffer was 

depleted. This phenomenon lasted for 2-4 weeks until the pH stabilized. This indicates the 

susceptibility of the reactors when 30% of LCFAs are added. Therefore, a longer period of 

operation was required to achieve steady state when feeding 30% LCFA. It took around 1.5-2 

months for the digesters with 30% LCFAs addition to reach steady state. 

3.3.2 VS and TS reduction   

 

The data in figure 1 to figure 6 show the daily measurement of influent and effluent VS. Figure 7 

to figure 12 show the daily measurements of TS. Although LCFAs were added as a percentage of 

TS, the TS tested by Standard Method did not show the calculated increase, which is likely due 

to the vaporization of LCFAs in the 105°C oven. Therefore Instead of plotting with the data 
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directly measured by standard methods, both the influent TS and VS of the feed sludge for the 

experimental reactors were calculated by following equations:  

Experimental VS = Control VS + 0.027× D 

Experimental TS = Control TS + 0.027 × D 

Where, D is the dosage of LCFAs addition which is 20% or 30%. And 0.027 is the TS of the 

diluted feeding sludge. 

 Figure 1. 20% Linoleic Acid Addition VS Daily Measurements 
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 Figure 2. 30% Linoleic Acid Addition VS Daily Measurements 

 Figure 3. 20% Oleic Acid Addition VS Daily Measurements 
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 Figure 4. 30% Oleic Acid Addition VS Daily Measurements 

 Figure 5. 20% Mixed Acid Addition VS Daily Measurements 
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 Figure 6. 30% Mixed Acids Addition VS Daily Measurements 

 

 Figure 7. 20% Linoleic Acid Addition TS Daily Measurements 
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 Figure 8. 30% Linoleic Acid Addition TS Daily Measurements  

 

 Figure 9. 20% Oleic Acid Addition TS Daily Measurements 
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Figure 10. 30% Oleic Acid Addition TS Daily Measurements 

 

 Figure 11. 20% Mixed Acid Addition TS Daily Measurements 
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 Figure 12. 30% Mixed Acids Addition TS Daily Measurements 
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of 4.3% and 5.0% of VS and TS destruction in reactor R5 was observed where a combination of 

5% of stearic acid and 15% of oleic acid were added. For the reactors with 30% of LCFAs 

addition, reactor R2, where 30% of linoleic acid was added, led to 10.9% and 9.7% greater VS 

and TS destruction than the control reactor. Since reactor R4 with 30% oleic addition shared the 

same control reactor with reactor R5, 8.0% and 7.7% more VS and TS destruction was observed 

in reactor R4 than in the control reactor. Reactor R6 where a combined 7.5% of stearic acid and 

22.5% of oleic acid was added shared the same control reactor with reactor R1. In reactor R6, the 

VS destruction was 4.4% higher than that in the control reactor and TS destruction was also 

4.4% higher than that in the control reactor. 

 
Figure 13. Volatile Solids Percent Destruction  
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 Figure 14. Total Solids Percent Destruction  
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3.3.3 Chemical oxygen demand 

The COD in the influent and effluent sludge are shown in figure 15. Increases were observed in 

the measured COD of the feed sludge where LCFAs were added compared to that of the control 

feed sludge. Due to the insolubility of LCFAs in water, the added LCFAs were not  

homogeneously mixed in the feed sludge. The inhomogeneity was exacerbated by the dilution 

process during COD measurement, hence, caused great variation in the measured COD of feed 

sludge with LCFAs addition. Therefore, the CODs of the influent sludge with LCFAs addition 

were calculated by adding the theoretical COD of the LCFAs to the measured COD of control 

sludge.  

 
Figure 15. Chemical oxygen demand in effluent and feed 
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than that in the control reactor; in digester R3 where 20% of oleic acid was added, the COD 

destruction was increased by 9.2%. For reactor R5 where a mixture of 5% of stearic acid and 

15% of oleic acid were added, the digester achieved 3.6% more of COD degradation than for the 

control reactor. Reactor R2 with 30% of linoleic acid addition resulted in 12.1% increase of 

COD degradation increase. An 8% COD destruction increase was observed when oleic was 

added to the digester R4. Only a 6.1% increase of COD destruction was caused by adding the 

mixture of 7.5% of stearic and 22.5% oleic in reactor R6. Linoleic acid addition resulted in the 

greatest increase of COD destruction, while the mixture of stearic acid and oleic acid caused the 

least, which indicates that increased amount of double bonds in the LCFAs could lead to better 

digester performance in terms of COD degradation.  

A higher COD was observed in the effluent of reactors with LCFAs addition compared to that in 

the control effluent. The reactors with 30% of LCFAs addition led to more COD increase than 

that with 20% LCFAs addition. Moreover, for different LCFAs with same chain length, it 

appeared that when same dosages were added to the digester, the one with a fewer number of 

double bond led to a greater COD increase.  
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 Figure 16. COD Percent destruction in each reactor 
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was added was low, a large amount of grease balls was observed in the reactor. The weight of 

the grease balls could not be measured because a large proportion of them were tangled in the 

fibrous substances in the reactor. The characterization of the grease balls is shown in figure 18. 

These insoluble grease balls are primarily composed of palmitic acid which appears to be an 

intermediate of stearic acid and oleic acid degradation. The concentration of stearic acid in the 

reactor with 20% of oleic acid addition is statistically the same with that in the reactor with 30% 

oleic acid addition (P = 0.2197, accepted the H0 = the means equal to each other), which 

indicates that the dosage of oleic acid addition had no influence on the stearic acid 

concentration. However, stoichiometrically speaking, if all oleic acid was saturated to stearic 

acid before β-oxidation, a higher concentration of stearic acid would be expected to be present 

in the reactor when a higher dose of oleic acid was added. Therefore, the stearic acid 

concentration in the reactors suggests that only a small fraction of oleic acid was saturated to 

stearic acid. Yet, a higher concentration of palmitic acid was observed in the reactor with 30%  

oleic acid addition than that in the reactor with 20% of oleic acid addition, which implies that 

the excess part of the palmitic acid in the digester might not be produced from β-oxidation of 

stearic acid but directly from oleic acid. In the reactors with linoleic acid (C18:2) addition, the 

concentration of stearic acid and palmitic were not higher than that in the control reactor, 

which  indicates that neither stearic acid nor palmitic acid was an intermediate of linoleic acid 

degradation, and that the saturation of linoleic acid did not occur before β-oxidation. 

Moreover, a high concentration of oleic acid was observed in the reactor where 20% of linoleic 

was added. This is in agreement with the suggestion that instead of being directly saturated to 

stearic acid, linoleic acid is saturated to oleic acid and β-oxidized (Lalman and Bagley, 2000). 
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However, the fact that the low concentration of oleic acid appeared in the reactor with 30% 

linoleic acid addition might suggest that being β-oxidized directly without saturation is another 

alternative for linoleic acid degradation.  

 

 Figure 17. LCFAs concentration in the effluent  
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 Figure 18. Characterization of grease ball  

 

A mass balance was conducted to determine whether the remaining LCFAs in the digester were 

the main contributor to the increased VS, TS and COD in the effluent of the experimental 

reactors. Table 3 shows the VS and COD equivalent of the remaining LCFAs in each reactor.  

                 LCFAs 
 
Reactors 

COD equivalence 
of remaining 
LCFAs (mg/L) 

COD equivalence 
of added LCFAs 
(mg/L) 

VS equivalence of 
remaining LCFAs 
(mg/g sludge) 

VS equivalence 
of added LCFAs 
(mg/g sludge) 

20% linoleic 640.5 10028.6 0. 2484 5.4 

30% linoleic 191.8 15042.9 0. 1207 8.1 

20% oleic 525.3 10156.6 0. 2605 5.4 

30% oleic 1610.0 15234.9 0. 6321 8.1 

5% stearic 
+15% oleic 

1167.8 10199.2 0. 4773 5.4 

7.5% stearic 
+22.5% oleic 

252.8 15282.2 0. 1339  8.1 

Table 3. COD and VS equivalent of LCFAs 

Table 4 shows the COD and VS in the effluent of experimental reactors after subtracting the 

COD and VS equivalence of the concentration of remaining LCFAs compare to that in the 

0

5

10

15

20

25

30

35

40

45

C14:0 C14:1 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3

C
o

n
ce

n
tr

at
io

n
 (

m
g/

g 
gr

e
as

e
 b

al
l)

 



37 
 

control reactor whose remaining LCFAs concentration was also subtracted. Even after ruling out 

the remaining LCFAs, the COD and the VS in the experimental reactors are still significantly 

higher than that in the respective control reactors. The excessive COD and VS consist of 

biodegradable matter originally from the feed sludge which is shared by both the experimental 

and control reactors. Apart from the reactor with 20% linoleic acid addition where there was no 

loss of original VS or COD degradation, around 10% less of the original VS or 5-20% less of 

original COD was degraded in all reactors. The addition of 20% oleic acid resulted in 5% less 

original COD destruction, while all other experimental reactors resulted in around 20% less 

original COD destruction. The addition of all LCFAs except 20% of linoleic acid resulted in 

similar loss of 10% original VS destruction. 

 

 

                     LCFAs 
 
 
Reactors 

COD after 
subtracting 
remaining 
LCFAs(mg/L) 

Control 
COD 
(mg/L) 

VS after subtracting 
remaining 
LCFAs(g/g) 

Control VS 

20% linoleic 15587.5 15365.1 0.0106 0.0104 

30% linoleic 22721.7 19102.7 0.0142 0.0129 

20% oleic 19364.6 18333.9 0.0118 0.0111 

30% oleic 15763.6 13297.6 0.0101 0.0095 

5% stearic+15% 
oleic 

15942.4 13177.2 0.0103 0.0095 

7.5% 
stearic+22.5% 
oleic 

18533.5 15365.1 0.0126 0.0104 

Table 4. Comparison of COD and VS between experimental reactors and control reactors 

after remaining LCFAs was subtracted. 

 

The decrease of original solids and COD reduction might be caused by the accumulation of 

volatile fatty acid and the production of hydrogen through β-oxidation of the LCFAs. Figure 19 

to figure 25 show the concentration of volatile fatty acids in the reactor with 20% linoleic acid 
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addition. Despite that there was statistically no increase of VS and TS was observed in the 

reactor with LCFA addition compared to the control reactor, an elevated volatile fatty acids 

concentration was observed. The acetic acid in the experimental reactor is significantly higher 

than that in the control reactor, which might be caused by β-oxidation of the addedLCFA. The 

following equation is for the degradation of butyric acid, the last step of β-oxidation. 

CH3CH2CH2COO
-
(aq) + 2H2O(l) = 2CH3COO

-
(aq) + 2H2(g) + H

+
(aq) ΔG

0
’ = 48.3KJ 

(McCarty and Smith, 1986) 

The ΔG
0
’ value of this equation is positive. Therefore, this reaction is thermodynamically 

unfavorable under standard conditions. Butyric acid cannot be degraded unless the concentration 

of acetic acid and the partial pressure of hydrogen are sufficiently low (McCarty and Smith, 

1986). The addition of LCFAs increased the concentration of acetic acid as well as the partial 

pressure of hydrogen in the reactor through β-oxidation, thereby, making the degradation of 

butyric acid less thermodynamically favorable. Additionally, since equilibrium was reached in 

the reactors, the increased concentration of acetic acid and partial pressure of hydrogen, the 

products of β-oxidation, could lead to higher concentration of the reactant, butyric acid, which is 

produced from hexanoic acid degradation. The concentration of reactants of the β-oxidation 

pathway would be increased due to the elevated concentration of intermediate products. 

Therefore, less original solids and COD were degraded. But 20% of linoleic acid addition 

resulted in much less loss of both solids and COD reduction even though the β-oxidation of 

linoleic acid will produce as much hydrogen as oleic acid and stearic acid. Further research is 

needed to determine whether there is other reason that caused the loss in COD and VS removal.  
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Figure 19. Concentration of total volatile fatty acids in the reactor with 20% linoleic acid 
addition 

 Figure 20. Concentration of acetic acid in the reactor with 20% linoleic acid addition 
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 Figure 21. Concentration of prorionic acid in the reactor with 20% linoleic acid addition 

 

 Figure 22. Concentration of butyric acid in the reactor with 20% linoleic acid addition 
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 Figure 23. Concentration of valeric acid in the reactor with 20% linoleic acid addition 

 

 Figure 24. Concentration of hexanoic acid in the reactor with 20% linoleic acid addition 
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Figure 25. Concentration of heptanoic acid in the reactor with 20% linoleic acid addition 
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 Figure 26. Kinetics of degradation of lipids under anaerobic condition (adapted from 
Lawrence, 1971) 

 

In conclusion, in order to achieved greater reactor performance and lower risk of LCFA 

inhibition, a maximum 30% of linoleic acid or 20% of oleic acid is recommended for addition to  

the anaerobic digesters.  

3.3.5 Gas production 

 
An average of 66% increase of biogas production was observed when 20% of linoleic acid was 

added to a laboratory anaerobic digester receiving sewage sludge; while the same amount of 
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22.5% of oleic acid was 62.8%. At same dosage, the addition of linoleic acid which has two 

double bonds contributed to a greater increase of biogas production than that of oleic acid, 

while oleic acid addition resulted in a greater increase of biogas than the mixture of stearic acid 

and oleic acid. Moreover, addition of 30% of linoleic acid led to the highest specific methane 

production among all dosages of LCFAs addition as illustrated in Table 5.  

The theoretical methane production of LCFAs was calculated through following equations 

assuming all LCFAs added to the reactor were completely degraded.  

Linoleic acid: C18H32O2 ―→ 12CH4 + 6CO2 

Oleic acid: C18H34O2 ―→ 12.5CH4 + 5.5CO2 

Stearic acid: C18H36O2 ―→ 13CH4 + 5CO2 

The calculation outcomes are shown in Table 5. Compared to the respective control reactors, 

the increases of actual methane production in the reactors with free linoleic acid and with free 

oleic acid addition were higher than the theoretical methane production of the respective LCFA 

added. Since in the experimental reactors, LCFAs were not completely degraded and the 

original VS and TS destruction were reduced, although it could be advantageous in terms of 

energy recovery, the reason why actual increases of methane production are higher than the 

theoretical increases is still unknown. However, in the reactors with 20% and 30% mixed LCFAs 

addition, the measured methane productions were lower than calculated methane production. 

It is still unclear that whether the lack of double bond or the mixing of different LCFAs caused 

this comparatively low methane production increase when the mixture of stearic acid and oleic 

acid were added to the reactor. 
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Reactor increase in CH4 
production 
(L/d) 

Theoretical 
CH4 production 
(L/d) 

Specific 
experimental CH4 
Production (m3/Kg 
VS) 

Specific Control 
CH4 Production 
(m3/Kg VS) 

20% 
linoleic 

4.26 3.83 0.395 0.328 

30% 
linoleic 

6.29 5.74 0.433 0.300 

20% oleic  4.51 3.96 0.428 0.340 

30% oleic 6.13 5.94 0.420 0.327 

20% 
mixture 

2.71 3.99 0.352 0.327 

30% 
mixture 

4.08 5.98 0.371 0.328 

Table 5. Comparison of methane production 

 
 

3.4 Conclusions 

Pure single and combined free fatty acids were added in lab-scale completely mixed anaerobic 

digesters. After reaching steady state, solids, COD, LCFAs concentration and biogas production 

were measure. The results were compared not only between control reactors and experimental 

reactors but also between the reactors with different types and dosages of LCFAs addition. 

Conclusions follows were drawn:  

1. Although higher solids and COD were observed in the effluent of digesters with LCFAs 

addition as compare to the respective control reactors, greater solids and COD 

reduction was achieved in those reactors.  

2. For the digesters with same dosage of LCFAs addition, better performance was resulted 

from the addition of more unsaturated LCFAs. 

3. The dosage of either linoleic acid or oleic acid addition is recommended to be less than 

30% to avoid lag period and risks of LCFAs inhibition. Although inhibition of LCFAs did 
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not occur in the digesters, large amount of grease balls was observed in the reactor with 

addition of mixture of 7.5% stearic and 22.5% oleic acid. 

4. Despite that a small amount of oleic acid was saturated to stearic acid, most oleic and 

linoleic acid might be β-oxidized before being completely saturated.  

5. Although palmitic acid was an intermediate of oleic acid degradation, it might not be an 

intermediate of linoleic acid. 

6. A significant increase of biogas production was observed. A relatively low methane 

production increase was observed in the reactors with addition of mixture of stearic 

acid and oleic acid.  
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