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Abstract  

The production of volatile fatty acids (VFAs) from waste stream is gaining high attention 

because of their high market value and wide range of applications. In this study, the production 

of VFA from co-fermentation of primary sludge from wastewater treatment plant and food waste 

without pH control was evaluated using a pilot-scale reactor in a semi-continuous mode of 

operation. In addition, the influence of substrate and inoculum on VFA production and 

composition was assessed using a batch fermentation experiment. The pilot-scale reactor was 

operated at a retention time of 7 days and 10 days in phase 1 (126 days) and phase 2 (25 days) 

respectively. A maximum VFA production of (687 mg COD/g VS) was obtained when the pilot-

scale reactor was operated at a retention time of 7 days on day 107. The change in retention time 

from 7 to 10 days led to a higher hydrolysis rate; however, no improvement in VFA production 

was observed. The most abundant VFA produced after the reactor stabilized was caproic acid 

(50 %), followed by acetic acid (23%) and butyric acid (20%). Higher amount ammonium 

nitrogen (1.3 to 14.32 mg/g VS) compared to soluble phosphorus (0.69 to 7 mg/g VS) was 

released during the co-fermentation process. Furthermore, the loss of the VFA due to the 

production of methane was highly reduced because the pH of the reactor adjusted by itself in the 

range of (5 – 5.7). The batch fermentation experiment revealed that VFA production without pH 

control is highly influenced by the type of substrate and inoculum used. While the distribution 

of VFAs, is highly influenced by the inoculum type compared to the substrate used. Finding 

from this study indicates that there is a potential to produce VFA from co-fermentation of 

primary sludge and food waste without pH control.     

 

Keywords: Volatile fatty acid; Co-fermentation; Primary sludge; Food waste  
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Sammanfattning  

Lättflyktiga fettsyror (VFA; eng. Volatile Fatty Acids) är viktiga byggstenar för produktionen 

av en mängd kommersiellt viktiga kemikalier. VFA produceras för närvarande från icke-

förnybara petrokemiska källor, som kan orsaka miljöproblem på grund av utsläpp av 

växthusgaser. VFA kan också produceras som en mellanprodukt vid den anaeroba 

nedbrytningsprocessen. Produktionen av VFA från avfallsströmmar har i nuläget fått stort 

intresse på grund av dess höga marknadsvärde och breda applikationsområde jämfört med 

biogas. Det mesta av forskningen som hittills genomförts har dock baserats på justeringen av pH 

genom tillsatts av HCl eller NaOH. Denna metod har dock mindre storskalig praktisk användning 

på grund av hög konsumtion av kemikalier. I denna studie undersöktes produktionen av VFA 

från samjäsning av primärslam och matavfall utan pH-kontroll med hjälp av en pilotskalereaktor 

i ett semikontinuerligt driftläge. Dessutom mättes den påverkan substrat och inokulum hade på 

produktion och av VFA genom batchjäsningsexperiment. 

Pilotskalereaktorn drevs med uppehållstid på 7 dagar respektive 10 dagar i fas 1 (126 dagar) och 

fas 2 (25 dagar). Maximal VFA produktion (på 687 mg COD/g VS) uppnåddes på dag 107, när 

pilotreaktorn hade en uppehållstid på 7 dagar. Ändringen i uppehållstid från 7 till 10 dagar ledde 

till en högre hydrolystakt; dock observerades ingen förbättring i VFA-produktion. Det vanligast 

förekommande VFA som produceras efter att reaktorn stabiliserades var caproinsyra (50%), följt 

av ättiksyra (23%) och smörsyra (20%). Högre mängd ammoniumkväve (1,3 till 14,32 mg/g VS) 

jämfört med löslig fosfor (0,69 till 7 mg/g VS) erhölls under samjäsningsprocessen. Förlusten 

av VFA på grund av produktion av metan minskade markant eftersom pH i reaktorn justerade 

sig själv i intervallet 5 – 5,7. 

Batchjäsningsexperiment genomfördes i 15 dagar med användning av endast primärslam, endast 

matavfall och en blandning av primärslam och matavfall. Två inokulum med ursprung från en 

anaerob rötkammare och dels från pilotskalereaktorn användes i experimentet. Resultaten visade 

att VFA-produktion utan pH kontroll påverkas betydligt av vilket slags substrat och inokulum 

som används. Sammansättning av VFA påverkas mer av vilket slags inokulum som användes 

jämfört med vilket substrat som används.  

Sammanfattningsvis visar resultatet av denna studie att det finns potential för att producera VFA 

genom samjäsning av primarslam och matavfall utan pH kontroll. 
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1. Introduction  

The objectives of wastewater treatment have evolved throughout the years. Nowadays, much 

attention is given to resource recovery in addition to pollutants removal. Resource recovery has 

the added benefit of both waste stabilization and high value product recovery. The most 

commonly used biological resource recovery method is anaerobic digestion in which biogas with 

high methane content is produced. The generated biogas is mostly used for heat and electricity 

production (Kleerebezem et al., 2015). However, volatile fatty acids (VFAs) an intermediate 

product during the anaerobic digestion process have wide range of uses and high market value 

than biogas (Tampio et al., 2018).  

VFAs are low molecular weight compounds that contains two up to six carbon atoms (Lee et al., 

2014). These acids can be used in the production of bioplastic (Pittmann and Steinmetz, 2017), 

biohydrogen (Slezak et al., 2019), biodiesel (Chang et al., 2018) and as a carbon source for 

biological nutrient removal from wastewater (Liu et al., 2018). The annual market size of VFAs 

was estimated at 13.3 ×106 ton with a price of 8.2 billion dollars (Chang et al., 2018). Currently, 

most of the VFAs are commercially produced using non-renewable petrochemical sources, 

which causes pollution due to greenhouse gas emissions (Atasoy et al., 2018). Alternatively, 

organic rich wastes such as sewage sludge, food waste (FW) and industrial wastes can be used 

to produce VFAs through the anaerobic digestion process (Lee et al., 2014). The production of 

VFA from waste stream fits well with the concept of circular economy, where products at the 

end of their service life are turned into resources, thus closing the loop (Battista et al., 2019).     

Sewage sludge and FW are produced in large quantities which makes them an ideal substrate for 

the production of VFAs. Sewage sludge is a byproduct of wastewater treatment and is mostly 

composed of primary sludge (PS) and waste activated sludge (WAS) (Đurđević et al., 2019). 

The amount of sewage sludge produced globally is increasing due to rapid urbanization. In 

Europe, 11.5 million tones sewage sludge was produced in 2015 and it is estimated to reach 13 

million tons by 2020 (Đurđević et al., 2019). FW is a major component of municipal solid waste 

and annually around 2 billion metric tons of FW is produced globally (Battista et al., 2019). The 

use of these wastes for VFA production also has an environmental benefit, it can reduce methane 

emissions from landfills where these wastes are commonly disposed (Battista et al., 2019).       

Co-fermentation is the simultaneous fermentation two or more substrates at the same time to 

enhance VFA production (Fang et al., 2019). The main advantages of co-fermentation include 

balancing nutrients, diluting potentially inhibitory compounds, reduction of reactor volume and 

promoting synergic effect of microorganisms (Feng et al., 2019; Nghiem et al., 2017; Wu et al. 

2016). Recently, the co-fermentation of sewage sludge and FW is gaining high traction because 

of improvement in VFA yield compared to sole sewage sludge and FW fermentation (Ma et al., 

2017; Wu et al. 2016). However, to date, most of the studies conducted on co-fermentation used 

WAS and FW as a substrate. To the author’s knowledge, there is little research done on co-

fermentation of PS and FW for production of VFAs. Thus, further research is required to fill the 

knowledge gap.                
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2. Aim and objectives  

To attain the practical application of VFAs produced from the anaerobic fermentation process it 

is important to lower the production cost and operational complexity. To date, most of the studies 

conducted on VFA production were based on adjusting the pH by addition of HCl or NaOH. 

This have decreased large scale practical application due to large consumption of chemicals. On 

the other hand, the production of VFA without pH control have lower operational cost and reduce 

the operational complexity. Consequently, the main aim of this study is to investigate the 

potential of VFA production from co-fermentation of PS and FW without pH control.  

The objectives of this research are:    

• To quantify the production and composition of VFAs from co-fermentation of PS and 

FW in a semi continuous mode of operation    

• To investigate the effect of retention time on the production and composition of VFAs  

• To determine the amount of ammonium-nitrogen (NH4
+-N) and soluble phosphorus 

(PO4
3-P) released during the co-fermentation process   

• To monitor the amount of methane in the biogas produced during the co-fermentation 

process 

• To investigate the influence of substrate and inoculum on the production and composition 

of VFA using a batch fermentation experiment   

3. Literature review 

3.1 Anaerobic digestion process  

Anaerobic digestion (AD) is a process in which organic material is degraded without the 

presence of dissolved oxygen and converted into biogas (mainly composed of methane and 

carbon dioxide) (Henze et al., 2011). Anaerobic digestion involves several different species of 

microorganisms that work interactively. The major group of bacteria include fermentative 

bacteria, hydrogen-producing acetogenic bacteria, hydrogen consuming acetogenic bacteria, 

carbon dioxide reducing methanogens, and aceticlastic methanogens (Henze et al., 2011). The 

anaerobic degradation of organic matter proceeds in four successive stages hydrolysis, 

acidogenesis, acetogenesis and methanogenesis (Figure 1).     

 3.1.1 Hydrolysis 

As microorganisms are not capable of assimilating large suspended particles, the first step in the 

anaerobic digestion process is hydrolysis. In hydrolysis, large complex particulate materials are 

broken down into smaller dissolved molecules that can be transported through the cell membrane 

of fermentative bacteria and subsequently metabolized. The hydrolysis is carried out by the 

action of exo-enzymes secreted by hydrolytic fermentative bacteria which are obligates or 
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facultative anaerobes. The released enzymes include protease for hydrolyzing protein to amino 

acids, cellulase for hydrolyzing carbohydrates to monosaccharides and lipase for hydrolyzing 

lipid to long chain fatty acids (LCFA) (Henze et al., 2011).  

Hydrolysis is mostly the rate-limiting step in the anaerobic digestion of complex substrates 

(Henze et al., 2011). The rate of hydrolysis depends on different factors such as size and chemical 

structure of the substrate, pH, enzyme production, adsorption of enzymes on the substrate 

particles and operational temperature of the reactor (Venkiteshwaran et al., 2015).  

 

Figure 1: Anaerobic digestion pathway (Modified from (Henze et al., 2011)) 

3.1.2 Acidogenesis  

The subsequent process after hydrolysis is acidogenesis (also termed fermentation) in which the 

final products of the hydrolysis are diffused into the bacterial cell and anaerobically oxidized 

(fermented) (Henze et al., 2011). The main products of acidogenesis include VFAs (acetate, 

propionate and butyrate), hydrogen, carbon dioxide and smaller amounts of ethanol, lactate and 

ammonia. The products formed depends on the environmental condition, the substrate and the 

types of bacteria involved (Goswami et al., 2016). For example, the fermentation of 

monosaccharides can occur in various pathways producing different products (Table 1).  At 

higher pH (> 5) more VFAs are produced, while at lower pH (< 5) the production of ethanol is 

increased. If there is high organic acid load, lactic acid will be the main product and at lower pH 

(< 4) all  process might stop (Schön, 2009).  
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Table 1. Fermentation of monosaccharide (Adapted from Schön, 2009) 

Product Reaction Conditions 

Acetate C6H12O6+2H2O→2CH3COOH+2CO2+4H2 low H2 

Propionate C6H12O6+2H2→2CH3CH2COOH+2H2O  

Butyrate  C6H12O6→CH3CH2CH2COOH+2CO2+2H2 low H2 

Ethanol C6H12O6→2CH3CH2OH+2CO2 low pH 

Lactate C6H12O6→2CH3CHOHCOOH any H2 

 

However, less energetic acidogenic reactions are strongly affected by hydrogen partial pressure. 

If hydrogen is utilized by methanogens and there is low hydrogen partial pressure, acetate will 

be the main end product. However, if methanogenesis is retarded and there is an accumulation 

of hydrogen, reduced products like butyrate, propionate, ethanol and lactate appears (Henze et 

al., 2011).    

Acidogenesis is the most rapid step in the anaerobic digestion process (Amani et al., 2010). The 

acidogenic bacteria have high growth rate and can survive in extreme conditions such as: low 

pH (4) (Angelidaki et al., 2011).  Acidogenic bacteria are active in the pH range from 4 to 8.5, 

with an optimum at pH 6 (Schön, 2009).            

3.1.3 Acetogenesis  

In the Acetogenesis stage, the VFAs produced other than acetate in the acidogenesis step are 

further converted to acetate, hydrogen gas and carbon dioxide by the action of hydrogen-

producing acetogens (Henze et al., 2011). In addition, acetate is also formed from the reduction 

of CO2 by hydrogen-utilizing acetogens (Angelidaki et al., 2011). The oxidation of the higher 

level VFAs (propionate and butyrate) to acetate will not occur under standard conditions, as the 

ΔG0 is positive and bacteria cannot derive energy for growth (Table 2). The oxidation can only 

be achieved if hydrogen is removed by methanogens or hydrogen scavengers (e.g., sulfate 

reducers) (Henze et al., 2011). This results in the interdependence between hydrogen-utilizing 

acetogens and hydrogen scavenging organisms, which is called syntrophic associations 

(Angelidaki et al., 2011).  

Table 2. Stoichiometry and change of free energy (ΔG0’) for some acetogenic reactions (Adapted from 

Henze et al., 2011) 

Compound Reaction ΔG0 (kJ/mol) 

Butyrate CH3CH2CH2COOH + 2H2O → 2CH3COOH + H+ + 2H2 +48.1 

Propionate CH3CH2COO- + 3H2O → CH3COOH + HCO3
-+ H+ + 3H2 +76.1 

Ethanol  

Lactate 

CH3CH2OH +H2O → CH3COOH + 2H2 + H+ 

CH3CHOHCOOH + 2H2O → CH3COO- + HCO3
-+ H+ + 2H2 

+ 9.6 

- 4.2 
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3.1.4 Methanogenesis  

In the final stage of the anaerobic digestion process, methane is generated by two major routes. 

In the first route the acetate produced in the acidogenesis and acetogenesis stage is converted to 

methane and carbon dioxide by aceticlastic methanogens. The second route involves the use of 

hydrogen as electron donor and carbon dioxide as electron acceptor to produce methane by 

hydrogenotrophic methanogens. However, 70 % of the methane produced in the anerobic 

digestion process is through the first route. Methanogenic bacteria are highly sensitive to pH, 

their activity drops when the pH is outside the range of 5.5 – 8.5 (Schön, 2009).          

3.2 Volatile fatty acids production from anaerobic digestion  

VFAs are water-soluble low molecular weight compounds consisting up to six carbon atoms and 

that can be distilled at atmospheric pressure (Baird et al, 2017). VFAs are sometimes called 

carboxylic acids because they contain carboxylic group (Zacharof and Lovitt, 2013). Currently, 

the commercial production of VFAs is mostly accomplished using non-renewable petrochemical 

process that causes pollution (Lee et al., 2014). This has increased the attention in alternative 

methods such as anerobic digestion to produce VFAs. As mentioned in section 3.1, VFAs can 

be produced as intermediate products during the anaerobic degradation of carbohydrates, protein 

and lipids. VFA production in the anaerobic digestion process can be promoted by adjusting the 

pH below 5.5 or above 8.5 to inhibit methanogens. In addition, the retention time of the reactor 

can be shortened to prevent methanogenesis (Atasoy et al., 2018).       

3.2.1 Properties and uses of VFAs 

The most common VFAs produced in the anerobic digestion process include acetic, propionic, 

butyric and in smaller amounts, Valeric, isovaleric, isobutyric and caproic acids (Sawyer et al., 

2007). Table 3 summarizes the main chemical properties VFAs. VFAs are mostly used in the 

pharmaceutical, cosmetic, textile and food and beverage industries (Zacharof and Lovitt, 2013).  

In addition, they can also be used in different applications such as the production bioplastic, 

biodiesel, hydrogen and as a carbon source for biological nutrient removal from wastewater (Lee 

et al., 2014). A more detailed description of this applications is given in section 3.4.  

  Table 3. Chemical properties of VFAs  (Modified from Zacharof and Lovitt, (2013)) 

VFAs  Formula Chemical structure MW 

(g/mol) 

Density 

(g/cm3) 

Boiling 

point (0C) 

pKa 

Acetic acid  C2H4O2 CH3COOH 60.05 1.049 118 4.79 

Propionic acid  C3H6O2 CH3CH2COOH 74.08 0.993 141 4.87 

Butyric acid  C4H8O2 CH3(CH2)2COOH 88.11 0.964 162 4.82 

Isobutyric acid  C4H8O2 (CH3)2CHCOOH 88.11 0.950 154 4.86 

Valeric acid  C5H10O2 CH3(CH2)3COOH 102.13 0.939 185 4.82 

Isovaleric acid  C5H10O2 (CH3)2CHCH2COOH 102.13 0.926 176 4.78 

Caproic acid  C6H12O2 CH3(CH2)4COOH 116.6 0.927 204 4.88 

Isocaproic acid  C6H12O2 (CH3)2CHCH2CH2COOH 116.6 0.923 200 5.09 
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The global market for VFAs is constantly increasing due to their wide range of applications. 

Furthermore, the commercial price of VFAs is also increasing because of the increase in cost of 

key petroleum-derived raw materials used for their production  (Zacharof and Lovitt, 2013). 

Table 4 shows the market size, prices and uses of the most common VFAs.   

Table 4. VFAs market size, price and applications (Modified from Zacharof and Lovitt, 2013) 

VFAs Market size 

(tonnes/year) 

Price  

 (USD/tonne) 

Market 

growth rate 
per (year) 

Use  

 

 

Acetic acid 

 

3,500,000 

 

400–800 

 

4–5% 

Food additive, Vinegar, Solvent, 

Polymers, Paints, Inks, Coatings  

Textile, pigments, dyes,  

Ester production, agrochemicals    

 

Propionic acid  

 

180,000 

 

1500–1700 

 

14% 

 

Preservative for food, Herbicides 

Flavouring agent, Plasticizers, 

Pharmaceuticals, Solvent 

 

Butyric acid 

 

30,000 

 

2000–2500 

 

4% 

 

Pharmaceuticals, Biofuel,  

Food additive and flavoring,  

Animal feed supplements  

Leather tanning processes  
 

Caproic acid 

 

25,000 

 

2250-2500 

 

3% 

 

Pharmaceuticals, flavors, feed 

additives, antimicrobials, plant 

growth promoters, paint 

additives 

 

The most important VFA commercially is acetic acid, which is mostly produced from 

petrochemical synthesis (Bastidas-Oyanedel and Schmidt, 2019). The most commonly used 

method to produce acetic acid is methanol carbonylation (Le Berre et al., 2014). Acetic acid is 

used as a building block in the production of plastics, adhesives, latex paints, paper coating and 

textile finishes. Other major uses of acetic acid include, as additive in the food industry, as an 

acidity regulator, to enhance aroma in cosmetics and as a deicing agent (Atasoy et al., 2018; 

Bastidas-Oyanedel et al., 2019).           

Propionic acid can be commercially produced by chemical synthesis of petrochemical feedstock 

and biological methods. At present, most of the propionic acid is industrially produced through 

petrochemical process by the oxidation of propane (Ahmadi et al., 2017). Propionic acid is used 

as preservative for food and animal feed to suppress the growth of mold. It is also used in the 

production of pharmaceuticals, pesticides and artificial flavorings (Zacharof and Lovitt, 2013).  

Butyric acid is also mainly produced through petrochemical synthesis by the oxidation of 

butyraldehyde (Dwidar et al., 2012). Butyric acid is used as a precursor in the production of 

biofuels such as biobutanol and ethyl butyrate. It is also used in the production of medicines for 

the treatment of cancer and hemoglobinopathies. Further, butyric acid is used in the manufacture 
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of plastics, antibiotics, beverages and cosmetics (Bastidas-Oyanedel et al., 2019; Dwidar et al., 

2012). 

Caproic (hexanoic) acid is used in the synthesis of pharmaceuticals, flavor additives in the food 

industry, paint additives and biofuels (Cavalcante et al., 2017). In addition, caproic acids can 

also be used as a fungicide (Chen et al., 2017). Currently, the production of caproic acid by chain 

elongation using acetic acid or ethanol is gaining interest because it can be separated with less 

energy input compared to acetic acid and ethanol (Bastidas-Oyanedel et al., 2019).    

3.2.2 Types of wastes for VFA production  

The main types of wastes investigated for VFAs production include sewage sludge, FW, organic 

fraction of municipal solid wastes (OFMSW) and industrial wastes. In addition, co-fermentation 

of different types of wastes has also been assessed to improve VFA production (Lee et al., 2014). 

A variety of wastes used for VFAs production are presented in Table 5.  

Sewage sludge is mostly composed of PS and WAS and have been investigated widely for VFAs 

production (Li et al., 2017; Zhang et al., 2009). PS is separated mechanically in primary clarifiers 

and contains easily biodegradable carbohydrates and fats. PS contains variety of particles that 

are transported with wastewater hence is coarser and more inhomogeneous compared to WAS 

(Falk, 2015). WAS is the sludge that accumulates after biological treatment and it contains 

wasted biomass and inert particles not degraded in the biological process. As Primary sludge 

contains more easily biodegradable organic matter it has better potential for VFAs production 

(Yuan et al., 2010). In addition, the fermentation of WAS can release significance amount of 

ammonium and phosphate (Yuan et al., 2010). These nutrients need to be removed first before 

the fermentation liquid can be used as a carbon source for biological nutrient removal.       

Both PS and WAS contain high amount of COD, however, only small fraction of the COD is 

soluble. This decreases the production of VFAs, as most of the COD can’t be converted to SCOD 

in the hydrolysis step (Lee et al., 2014). To improve the hydrolysis, co-fermentation of PS with 

WAS has been successful (Yuan et al., 2010). Su et al. (2013) found that co-fermentation of PS 

with WAS increased the SCOD and VFA production than fermentation of PS alone.           

FW is the main part of municipal solid waste and has great potential for VFAs production 

because of its high COD content (Lee et al., 2014). The amount of food lost along the food chain 

annually is between 1.3 and 1.6 billion tons. In Europe, the total quantity FW produced in 2012 

was estimated around 90 million tons and it is estimated in 2020 around 120 million tons will be 

generated. The composition of FW is different depending on region, in Europe the FW is 

composed of 40% vegetables and fruit, 33% pasta and bread, 17% of dairy products and 9% of 

meat and fish residues. AD is considered as one of the best management options for recovery of 

resources from FW (Braguglia et al., 2018).  

Currently, co-fermentation of different wastes has been found effective to improve the 

production of VFAs (Feng et. al. 2011; Min et al., 2005; Su et al., 2013; Wu et al., 2016). 

Different combination of substrates has been investigated, the most common are WAS with FW 
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and PS with WAS. Sewage sludge is characterized by low C/N ratio which decreases the 

fermentation efficiency. In order to improve the fermentation efficiency, it is advantageous to 

combine it with substrates that contain easily biodegradable organic matter, such as FW and 

agricultural residues (Fang et al., 2019). In a study conducted by Chen et. al. (2013), co-

fermentation of sewage sludge with FW increased the VFAs production by 5-folds compared to 

the fermentation of sewage sludge separately. Similarly, in another study conducted by Wu et 

al. (2013) co-fermentation of FW and WAS led to higher VFA yield compared to the 

fermentation of FW and WAS alone. The high VFA yield of the co-fermentation system was 

attributed to the enriching of more hydrolysis and acidification bacteria (Wu et al., 2016).        
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Table 5. Types of wastes used for VFAs production 

Waste stream TCOD 

(mg/L) 

Operational conditions VFA production References 

 

PS 

20 631 

52 580 

40 060 

pH 10, RT 5 days, 25 0C, batch mode 

pH 9, RT 10 days, 25 0C, batch mode 

pH uncontrolled, RT 5 days, 37 0C, 

semi-continuous mode 

60 mg COD/g VSS 

7500 mg COD/L 

168 mg COD/g 

VSS 

Wu et al. (2009) 

Li et al. (2017) 

Ucisik and 

Henze. (2008) 

 

WAS 

18 657 

 

13 407 

 

pH 9, RT 5 days, 35 0C, batch mode 

 

pH uncontrolled, RT 8 days, 21 0C, 

batch mode 

298 mg COD/g 

VSS 

58.58 mg COD/g 

VSS 

Zhang et al. 

(2009) 

Chen et al. 

(2007) 

 

 

 

 

FW 

 

 

 

 

39 200 

 

60 000 

 

 

 

314 000 

pH uncontrolled, RT 15 days, room 

temperature, batch mode 

pH uncontrolled, RT 6.67 days, 

37 °C, semi-continuous mode 

pH 6, RT 3.5 days, 35 °C, semi-

continuous mode 

pH uncontrolled, RT 6 days, 37 °C, 

semi-continuous mode 

26 610 mg/L 

 

540 mg VFA/g 

VSadded 

20 120 mg COD/L 

 

33.9 mg COD/g VS 

He et al. (2019) 

 

Wainaina et al. 

(2019) 

Cheah et al. 

(2019) 

Garcia et al. 

(2018) 

Microalgae 

biomass  

Tuna waste 

 

OFMSW 

 

 

89 310 

 

129 000 

pH 11, 35 °C, batch mode 

 

pH 8, RT 32 days, 35 °C, continuous 

mode 

pH 6, RT 3.5 days, 35 °C semi-

continuous mode 

830 mg VFA/g 

SCOD 

 

30 611 mg COD/L 

 

11 530 mg COD/L 

Jankowska et al. 

(2017) 

Bermúdez et al. 

(2017) 

Cheah et al. 

(2019) 

 

Cofermentation  

 

FW + PS  

(1:9) 

(1:3) 

 

FW + WAS    

(5:1) 

FW + WAS 

(88%:12%) 

FW + Sewage 

sludge  

(4 : 1) 

WAS+OFM 

(1:1) 

WAS + Tofu 

residue (TR) 

TR/WAS= 0.64 

WAS+OFMSW 

(70% : 30%) 

 

 

28 000 

 

29 050 

 

FW 104370 

WAS 25100 

 

 

 

 

 

 

 

 

 

pH uncontrolled, RT 3 days, 18 0c, 

semi-continuous mode 

pH uncontrolled, RT 1 days, 18 0c, 

semi-continuous mode 

pH uncontrolled, RT 7 days, 40 0c,  

semi-continuous mode 

pH 9, RT 9 days, 35 0C, batch mode 

 

pH 7, RT 14 days, 37 0C, batch mode 

 

 

pH 10, RT 4 days, 35 0C, batch mode 

 

pH uncontrolled, RT 5 days, 35 0c, 

batch mode 

 

pH 9, RT 6 days, 37 0c, semi-

continuous mode 

 

 

1190 mg/L 

 

3610 mg/L 

 

867.42 mg COD/g-

VS 

25 934 mg COD/L 

 

281.84 mg/g VS 

 

 

275 mg COD/g 

VSS 

240.8 mg COD/g 

VSS 

 

39000 mg COD/L 

 

 

Min et al. (2005) 

 

Min et al. (2005) 

 

Wu et al. (2016) 

 

Chen et al. 

(2013) 

Li et al. (2018) 

 

 

Su et al. (2013) 

 

Huang et al. 

(2019) 

 

Moretto et al. 

(2019) 
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3.3 Factors influencing VFA production 

Operational condition of the anerobic reactor influences the yield and composition of VFAs 

produced. The main and most studied operational parameters include pH, temperature, retention 

time, organic loading rate, substrate and inoculum. The factors affecting VFA production are 

discussed below.         

3.3.1 pH 

pH is an important parameter in the production of VFAs since it significantly influences both the 

hydrolysis and acidogenic processes (Zhou et al., 2018). pH affects microbial growth and 

enzymatic activities. The optimum pH for hydrolysis is between 5 and 7. Furthermore, pH also 

influences the composition of the VFAs produced by selecting the most active microorganisms. 

In the acidogenesis stage, the pH naturally lowers because the production of VFA releases 

protons. The pH can even drop as low as 3.5 (Arslan et al., 2016).           

The optimal pH value for VFAs production depends on the type of substrate used but is in the 

range of 5-11 (Lee et al., 2014). When FW is used as a substrate, an optimum pH value in the 

range of 6-8 was obtained by various researchers (Grzelak et al., 2018, Jiang et al., 2013 and 

Zhang et al., 2005). Grzelak et al. (2018) investigated the effect of pH values from 6 to 8 on the 

production VFAs from kitchen waste. They found the highest production of VFAs (19.5 g/L) at 

pH 7 and 8, for pH 6 and the uncontrolled reactor they only obtained 14.1 g/L and 9.39 g/L VFAs 

respectively (Grzelak et al., 2018).  

In another study conducted by Jiang et al. (2013) the effect of pH on the production of VFAs 

from synthetic food waste (composed of 35% rice, 45% cabbage, 16% pork, and 4% tofu by 

weight) was investigated by operating reactors at pH 5, 6 and 7. The highest hydrolysis rate 

(SCOD) was obtained at pH 6 and 7, and the maximum VFAs production (39.46 g/L) was 

obtained at pH 6. While the concentration of VFAs at pH uncontrolled, 5 and 7 were 3.94, 17.08 

and 37.09 g/L respectively. The VFAs composition was also influenced by the pH, when the pH 

was uncontrolled and 5 acetate was the main product followed by Butyrate and at pH 6 and 7 

Butyrate was the main product followed by acetate (Jiang et al., 2013).  

On the contrary, when sewage sludge is used, the optimum pH value to produce VFAs is in the 

range of 8 - 11 (Fang et al., 2019; Li et al., 2017). The increase in the production of VFAs at 

alkaline condition is linked to the better hydrolysis of carbohydrates and proteins in the sewage 

sludge, resulting in more biodegradable substrate for acidogenic organisms (Fang et al., 2019). 

Li et al. (2017) examined the effects of pH (5-12) on primary sludge hydrolysis and acidification 

in batch experiment. Their result indicates that strong alkaline condition (pH 10 – 12) leads to 

better hydrolysis (high SCOD production), whereas at weak alkaline (8,9) condition acidification 

was favored and more VFA was produced. The Highest amount of VFAs was produced at pH 9 

(Li et al., 2017).      
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3.3.2 Temperature  

Temperature is another important parameter in the production of VFAs, as it affects microbial 

growth, enzymatic activities and hydrolysis rate (Zhou et al., 2018). In most studies conducted 

both on FW and sludge, at higher temperature the hydrolysis rate was improved. However, the 

accumulation of VFAs decreased at high temperatures (Jiang et al., 2013 and Zhuo et al., 2012). 

Zhuo et al. (2012) investigated the effect of temperatures 10, 20, 37 and 55 0C on hydrolysis of 

WAS under alkaline condition. They found that the hydrolysis rate increased with temperature 

from 10 to 55 0C, while the VFA accumulation did not show the same trend. The highest VFA 

accumulation was found at 37 0C and the concentration of enzymes responsible for the formation 

of VFAs were also highest at this temperature (Zhuo et al., 2012).    

Similar observation was reported in another study on food waste by Jiang et al. (2013). Where 

the SCOD concentration increased with temperature from 35 to 550c, however, the VFAs 

concentration at 55 0c (14.90 g/L) was significantly lower than at 350c (41.34 g/l) and 450c (47.89 

g/L) (Jiang et al., 2013).         

3.3.3  Retention time 

Retention time (RT) is the average length of time the substrate and biomass remain in the reactor 

(Strazzera et al., 2018).  The RT should be long enough for the completion hydrolysis and 

fermentation steps. At the same time, a very high RT at pH values 6.5 – 7.5 could favor 

methanogens and the subsequent conversion of VFAs to methane (Strazzera et al., 2018). In 

addition, a high RT requires a bigger volume reactor or decreases the amount of substrate that 

can be managed per day (Strazzera et al., 2018). The optimum RT to produce VFAs depends on 

the substrate used, as complex substrate requires higher RT for hydrolysis. Li et al. (2017) found 

an optimum RT of 10 days for production of VFAs from primary sludge at a controlled pH of 9 

and longer RT lead to higher SCOD yield but also to higher VFA loss (Li et al., 2017).   

Similarly, Lim et al. (2008) investigated the effect of RTs of 4, 8 and 12 days on the acidogenesis 

of FW in a semi-continuous mode operation. The production of VFAs increased with increase 

in RT from 4 to 8 days, however, there was no significance difference between the RT 8 and 12 

days (Lim et al., 2008).        

3.3.4 Organic loading rate 

Organic loading rate (OLR) indicates the amount of substrate that can be fed into the reactor 

daily per unit reactor volume (Strazzera et al., 2018). The OLR depends on both the RT and 

substrate concentration and determines the food to microorganism ratio (Arslan et al., 2016). 

The OLR should be high enough to provide adequate organic matter for VFA production. 

However, a very high OLR could lead to process destabilization (Jankowska et al., 2018). Lim 

et al. (2008) conducted an experiment on the effect of OLR on acidogenesis of FW by operating 

reactors at OLRs of 5, 9 and 13 g/L d. They found out that VFAs concentration increased with 

increasing OLR, however, the operation of the reactor at 13 g/L d was unstable because the 



12 

 

fermentation broth was very viscous. In addition, the yield of the VFAs at 13 g/L d was lower 

than at OLRs of 5 and 9 g/L d (Lim et al., 2008).  

The OLR also significantly influence the composition of the VFAs produced. In a study 

conducted by Yu et al. (2002) on synthetic diary wastewater at mesophilic (37 °C) and 

thermophilic (55 °C) conditions. As the OLR is increased from 4 g COD/L/d to 24 g COD/L/d 

the percentage of acetate decreased while the percentage of propionate increased in both 

mesophilic and thermophilic temperatures (Yu et al., 2002).    

3.3.5 Substrate  

The type of substrate used affects both the amount and composition of the VFAs produced. The 

amount of VFA produced depends on the acidification potential of the substrate. The higher the 

acidification potential of the substrate the better the production of VFAs. The degree of 

acidification of a substrate is determined by readily fermentable organic fraction it contains 

(Atasoy et al., 2018). The composition of the substrate used also influences the VFAs production. 

Substrates can be categorized based on their composition: rich in carbohydrate, protein or lipids 

(Arslan et al., 2016). Dong et al. (2009) conducted a study on OFMSW with various composition 

and found that OFMSW with high carbohydrate content produced more VFA compared to 

protein and lipid rich OFMSW.  

Similarly, Arslan et al. (2012) found high VFA production from potato processing waste (4.9 g 

COD/l) compared with meat (2.0 g COD/l ) and oil (0.1 g COD/l) processing wastes. The low 

VFA production of the oil processing waste was attributed to the poor hydrolysis rates of lipids 

(Arslan et al., 2012). Lipids in FW also have lower biodegradation rate than carbohydrate and 

proteins. LCFAs which is the hydrolysis product lipids also affect the anerobic digestion process 

by adhering to cellular wall and blocking the transport of nutrients (Strazzera et al., 2018).    

 3.3.6 Inoculum  

Inoculum is a key factor which influences the production of VFAs, as the anaerobic degradation 

of organic wastes require a diverse group of microorganisms. Wang et al. (2014) compared 

aerobic activated sludge and anaerobic activated sludge for VFAs production from FW. They 

found out that both the hydrolysis rate and production of VFAs increased when anaerobic 

activate sludge is used (Wang et al., 2014).  

The physical structure of the inoculum also affects the VFA production efficiency. Atasoy et al. 

(2019) compared three different types of inocula (Small size granular sludge, large sized granular 

sludge and anaerobic digested sludge in slurry form) for VFAs production from glucose. They 

found out the highest VFA production from large sized granular sludge (Atasoy et al., 2019). 

The production of VFA can also be improved by inhabiting methanogens in the inoculum. 

Methods such as heat pretreatment and addition of inhibitors have been effective in reducing the 

activities of methanogens (Zhou et al., 2018).   
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3.3.7 Product toxicity   

Elevated concentrations of VFAs in the undissociated form can inhabit fermentative organism 

functions and stops the further production of VFAs. The undissociated VFAs can easily diffuse 

through the cell membrane and dissociate inside the cell. This lowers the pH within the cell and 

the bacteria uses energy consumed to regulate the pH inside the cell instead of using the energy 

for growth. Most of the VFAs exists in the undissociated form at pH below 5. The concentration 

VFAs required to inhabit fermentative organisms depends on the VFA and the organism present 

in fermentation liquid. Inhibitory effect for butyric acid is reported when it reached 4.4 g/L at 

pH 4.8 (Arslan et al., 2016; Zhang, et al., 2009).            

3.4 Applications of waste derived VFA 

VFA derived from acidogenic fermentation of waste can be used in different application such as 

biological nutrient removal from wastewater, biodegradable plastics (Polyhydroxyalkanoates), 

hydrogen, biodiesel and biogas production (Atasoy et al., 2018; Lee et al., 2014). Three of the 

application’s biological nutrient removal from wastewater, biodegradable plastic and biodiesel 

are presented below.         

3.4.1 Biological nutrient removal 

VFAs derived from anerobic digestion of waste can be used as a carbon source for biological 

nitrogen and phosphorus removal from wastewater.  Several studies have shown that waste 

derived VFA resulted in better nutrient removal efficiency than commercial products like 

methanol (Kim et al., 2016; Liu et al., 2018). In a study conducted by Kim et al., (2016), VFA 

produced from FW achieved complete removal of NOX–N in the shortest incubation time of 36 

h, compared with commercial products such as acetate (48 h), OC (78 h), and methanol (90 h). 

The high efficiency of VFA was attributed to the direct utilization of VFAs by denitrifying 

bacteria compared to methanol which have to be converted to VFA before being used for 

denitrification (Kim et al., 2016). In another study, Zhang et al., (2016) compared fermentation 

liquid from FW with glucose and sodium acetate. They found out that the fermentation liquid 

showed the same denitrification result as sodium acetate but much better removal efficiency than 

glucose in terms of total nitrogen removal (Zhang et al., 2016).   

Similarly, Zheng et al. (2010) conducted a study using waste activated sludge alkaline 

fermentation liquid as carbon source for phosphorus and nitrogen removal under anaerobic 

followed by alternating aerobic-anoxic conditions, compared the result with acetic acid. The 

alkaline fermentation liquid led to higher removal efficiency of phosphorus and nitrogen 

compared to acetic acid. The authors concluded that the presence of large amount of propionic 

acid was the reason for high phosphorus removal (Zheng et al., 2010). The high removal 

efficiency of nitrogen was attributed to a better use of endogenous denitrification pathway 

(Zheng et al., 2010). Denitrifying bacteria have preference for low molecular weight VFAs, 

acetate is the first VFA to be consumed followed by propionate and butyrate (Lee et al., 2014).     
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In a study conducted by Liu et al., (2018), the efficiency of VFA produced from full scale 

alkaline fermentation of sewage sludge was compared with acetic acid for the removal of 

nitrogen and phosphorus. The VFA achieved a removal efficiency of 72.39 % for nitrogen and 

89.65 % for phosphorus, which were comparable with acetic acid (Liu et al., 2018).    

3.4.2 Bioplastics (Polyhydroxyalkanoates) 

Polyhydroxyalkanoates (PHA) are biodegradable polyesters that are synthesized and stored by 

microorganisms under nutrient limited condition (Pittmann and Steinmetz, 2017). PHA can be 

used as a raw material to produce biodegradable plastic. PHA have been unable to compete with 

conventional petrochemical-based plastic because of the need to have high quality carbon source 

(Lee et al., 2014). The use of VFA derived from waste as a carbon source lowers the production 

cost of PHA and makes it economically feasible. The PHA production from waste stream 

involves four steps: (1) Production of VFAs by acidogenic fermentation; (2) production of mixed 

microbial culture that have high PHA accumulation potential (3) PHA accumulation in biomass 

under aerobic condition and (4) recovery of the stored PHA from the biomass (Atasoy et al., 

2018).  

When using VFA for the production of PHA, it is important to remove phosphorus and 

ammonium which are released from the waste during the acidogenic fermentation. These 

nutrients favor the growth of microorganisms that compete with PHA producing microorganisms 

for the VFAs (Lee et al., 2014). VFAs derived from acidogenic fermentation of primary sludge 

have been found suitable to produce PHA (Pittmann and Steinmetz, 2017). Pittmann and 

Steinmetz. (2017) theoretically estimated that 19 % and 120 % of biopolymer produced 

worldwide in 2016 can be produced from Germany and European wastewater treatment plants 

respectively.    

3.4.3 Biodiesel  

Biodiesel is a renewable energy that is mostly produced from lipids and is an alternative to fossil 

fuels. Most of the lipids used to produce biodiesel are edible agricultural products such as 

rapeseed oil, palm oil, jatropha, and soybean oil (Chang et al., 2018). The agricultural raw 

products used have increased the production cost of biodiesel. In addition, it also raises the 

ethical dilemma of using edible food for production of fuel (Lee et al., 2014). VFA produced 

from waste stream can be used by oleaginous microorganisms for the synthesis of microbial 

lipid. Oleaginous microbes can store more than 20 % of their cell mass as lipids (Chang et al., 

2018). Furthermore, the microbial lipid has the same fatty acid composition as soybean oil and 

is suitable to produce biodiesel. Microbial lipid synthesized from VFA can significantly lower 

the production cost of biodiesel (Lee et al., 2014). 
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4.  Materials and methods 

4.1 Semi continuous fermentation experiment 

4.1.1 Pilot scale reactor  

Three identical jacketed glass reactors with a working volume of 10 liters were used in the 

acidogenic fermentation experiment. The temperature in the reactors was controlled at the 

mesophilic condition of 35 ± 2 0C by circulating hot water from a water bath to the reactors water 

jacket. The reactor content was continuously mixed at alternating three different speeds (140 

rpm for 5 minutes, 100 rpm for 10 minutes and 34 rpm for 10 minutes) to keep it well mixed and 

in suspension.  

The pH of the reactors was monitored and controlled with a DULCOMETER® Compact pH 

controller from ProMinent. The pH in the first and second reactor was automatically controlled 

at 5 and 10 respectively by addition of 5M solution of HCl and NaOH. The pH controller at 

certain threshold activates a tubing pump (Ecoline, Ismatec) to add the HCl or NaOH solution 

to the reactors. Throughout the entire duration of the experiment the pH was controlled in the 

two reactors. The third reactor was operated without any pH control. This reactor was studied in 

this master’s thesis. 

The volume of biogas generated during the experiment was measured with a RITTER 

MiliGascounter (Bochum, Germany). The percentage of methane and CO2 in the biogas was 

measured with infrared gas sensors from Dynament Limited.  

The operational conditions of the reactor temperature, pH, volume of biogas produced and 

percentage of methane and CO2 in the biogas were constantly automatically recorded with a 

laptop connected to the setup. A schematic of the reactor’s setup is shown in Figure 2.   

 

Figure 2: Pilot scale reactor setup 
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4.1.2 Substrates and inoculum 

In this study, PS and FW were used as a substrate in the acidogenic fermentation experiment. 

The PS was collected from Hammarby Sjöstadsverk, which is a research facility located around 

Henriksdal Waste Wastewater Treatment Plant (HWWTP) in Stockholm. The PS is separated 

after the wastewater underwent screening and grit removal at HWWTP by addition of a 

coagulant. Fresh primary sludge was collected several times prior to the experiment.  

The FW was collected from Syvab wastewater treatment plant, located in south of Stockholm. 

The FW is composed of household food waste and faulty batch from breweries and is then heated 

at 71 0c for 61 minutes at the treatment plant. The FW was collected once and stored in a freezer. 

The FW was thawed prior to the experiment.  

The seeding inoculum was collected from a mesophilic anaerobic digestion tank of HWWTP. 

The anaerobic digestion tank is operated at 37 0C and used for digestion of PS, WAS and FW. 

Fresh inoculum was collected from the digestion chamber prior to use.   

The feed stock was prepared by mixing PS and FW. They were mixed at a ratio of 70 % PS to 

30 % FW by volume, which have shown the best efficiency in our preliminary experiment. The 

main characteristics of the PS, FW, inoculum and feed stock (PS+FW) are shown in Table 6.   

Table 6. Characteristics of PS, FW, inoculum and the feed stock (PS+FW)   

Parameters PS FW Inoculum  PS + FW 

Total solids (TS) (g/L) 23 ± 8 118 ± 10 21.5 45 ± 4.5 

Volatile solids (VS) (g/L) 20 ± 7 106 ± 9 14 40 ± 4 

Total chemical oxygen demand (TCOD) (g/L) 30 ± 5 136 ± 14 24.3 59.3 ± 9 

Soluble chemical oxygen demand (SCOD) (g/L) 0.8 ± 0.2 70 ± 10 1.2 21.6 ± 1 

pH  6.6 ± 0.5 4.2 ± 0.2 7 4.6 ± 0.25 

Total nitrogen (mg/L) 350 ± 42 3900 ± 360  1425 ± 184 

NH4-N (mg/L) 

Total phosphorus (mg/L) 

Soluble phosphorus (mg/L) 

40 ± 4 

103 ± 1 

14 ± 6 

357± 240 

525 ± 30 

330 ± 80 

 123 ± 63 

245 ± 56 

113 ± 19 

TVFA (mg COD/L) 210 ± 78 6040 ± 811 35.65 2340 

 

4.1.3 Experimental procedure   

The operation period of the reactor was divided into two parts in phase 1 (Day 7 – 126) the 

reactor was operated at a retention time of 7 days and in phase 2 (Day 126 – 151) the retention 

time was 10 days. The reactor was first fed with a mixture of 2.3-liter PS, 0.7-liter FW and 7.5-

liter inoculum. The reactor was then run for the first seven days without any withdrawal or 

feeding to acclimatize the microorganisms to the substrate. After the seventh day, part of the 

reactor’s broth was replaced with fresh mixture of PS and FW three times a week. The feeding 

schedule and the content of the feed for phase 1 and phase 2 is shown in Table 7.   
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Samples were taken from the withdrawn broth on each feeding day to continuously analyze the 

levels of total solid (TS), volatile solid (VS), SCOD, total VFAs (TVFA). In addition, TCOD, 

total nitrogen, ammonia-nitrogen (NH4
+-N), total phosphorus, soluble phosphorus (PO4

3-P), total 

suspended solids (TSS) and volatile suspended solids (VSS) levels were intermittently measured.       

  Table 7. Feeding schedule and content of the feed  

 Phase 1 (RT 7 days) Phase 2 (RT 10 days) 

Day Withdrawal (liter) Feed (liter) Withdrawal (liter) Feed (liter) 

  PS FW  PS FW 

Monday 3 2.1 0.9 2 1.4 0.6 

Wednesday 3 2.1 0.9 2 1.4 0.6 

Friday 4 2.8 1.2 3 2.1 0.9 

 

4.2 Batch fermentation experiment  

The batch fermentation test was carried out to investigate the influence of substrate and 

inoculum on the production and distribution of VFAs.     

4.2.1 Experimental setup  

The batch fermentation tests were conducted using Automatic Methane Potential Test System 

(AMPTS) II (Bioprocess control, Sweden AB). The AMPTS II set up includes three units; 

sample incubation unit, CO2-fixing unit and gas volume measuring device (Figure 3). The 

sample incubation unit consists of 15 glass bottles with a total capacity of 500 mL where the 

substrate and inoculum are incubated at a desired temperature. In addition, each reactor is 

equipped with a mixer to mix the content of the reactors at the desired speed. The CO2-fixing 

unit contains 15 bottles filled with 3M NaOH with pH indicator. As the biogas produced in the 

reactors passes through CO2-fixing unit, gasses such as CO2 and H2S are retained by chemical 

interaction with NaOH only allowing CH4 to pass through.   

The gas volume measuring device, contains a wet gas flow measuring device with 15 cells for 

measuring the volume of CH4 that passed through the CO2-fixing unit. The CH4 volume is 

measured based on the principles of liquid displacement and buoyancy. When a defined volume 

of CH4 gas passes through the device a digital pulse is generated that is recorded by an integrated 

embedded data acquisition system.  
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Figure 3: Batch scale reactor setup (photo by Binyam B.) 

4.2.2 Substrates and inoculum  

The same PS and FW that were used in the semi continuous experiment were used as a substrate 

in the batch fermentation experiment. Two types of inocula were used in the batch fermentation 

experiment. The first inoculum (inoculum 1) was collected from mesophilic anaerobic digestion 

tank of HWWTP as in the semi continuous experiment. The second inoculum (inoculum 2) was 

obtained from the pilot scale reactor that was operated without pH control. The main 

characteristics of inoculum 1 and inoculum 2 are shown in Table 8.   

Table 8. Characteristics of inoculum 1 and inoculum 2 

Parameters Inoculum 1 Inoculum 2 

Total solid (TS) (g/L) 14.2 31.3  

Volatile solid (VS) (g/L) 11.1 26.1  

Total chemical oxygen demand (TCOD) (g/L) 20.6 48 

Soluble chemical oxygen demand (SCOD) (g/L) 0.83 17.35 

pH  6.9 5.13 

Total nitrogen (mg/L) 840 1320 

NH4-N (mg/L) 

Total phosphorus (mg/L) 

Soluble phosphorus (mg/L) 

431 

120 

          0.6 

382 

240 

        121 

TVFA (mg COD/L) 48.3 20025 

 

4.2.3 Operational strategy  

Glass bottle reactors with a working volume of 450 ml were used in the batch fermentation 

experiment. To assess the influence of substrate on the production and composition of VFA, the 

glass bottles were inoculated with sole PS, sole FW and mixture of PS and FW. Inoculum 1 was 

used as a seeding inoculum. For investigating the influence of inoculum on the production and 

composition of VFA, another test was conducted using mixture of PS and FW as a substrate and 

inoculum 2 as a seeding inoculum.   
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The amount of inoculum to be added in each reactor was determined to maintain a biomass 

concentration of 7.5 g/L of volatile solid. The volume of PS and FW to be added were calculated 

in order to achieve an initial TCOD concentration of 15 g/L in each reactor. Each test was carried 

out in triplicate in order to gain a statically reliable result.  

After adding the inoculum and substrate, each reactor was closed with a rubber stop and nitrogen 

gas was sparged for 5 minutes in order to ensure anaerobic conditions. All reactors were kept in 

a thermostatic water bath running at a temperature of 35 0C. Further, the content of the reactors 

was mixed at 100 rpm with a rotating shaft. 

In total, there were four set of experiments and each test was conducted for 15 days. 5 ml of 

samples were taken with a syringe on day 2, day 4, day 7, day 10 and day 15 for analysis of pH, 

SCOD and total VFA.                    

4.3 Analytical Methods 

Aliquots of the withdrawn broth samples were first centrifuged at 9700 rpm for 11 minutes prior 

to measuring SCOD, VFAs, NH4-N and PO4
3-P. Then, the supernatant was filtered through 0.45 

µm polypropylene membrane filter before determining the SCOD, NH4-N and PO4
3-P. Before 

measuring the VFAs concentration, the supernatant was filtered through 0.2 µm polyethersulfone 

membrane filter.  

The SCOD concentration was measured using a COD cuvette test (WTW™ 252071, Xylem 

analytics, Germany). The filtered samples were first diluted with distilled water. Afterwards, it 

was added in a pre-prepared cuvette and digested at 148 0C for 2 hours. Finally, the SCOD 

concentration was measured using a spectrophotometer (photoLab 6600 UV-VIS). The same 

procedure was followed for measuring TCOD concentration except the raw sample were used 

(without centrifuging and filtering). The total nitrogen, NH4-N, total phosphorus and soluble 

phosphorus concentrations were also measured using their respective cuvette tests.   

The VFAs concentration was measured using Intuvo 9000 Gas Chromatography (GC) System 

(Figure 4). Filtered samples (0.5 ml) were acidified with 100 µm phosphoric acid to reach a pH 

below 2. Then, the samples were stored below 40c prior to measurement.  

The total and volatile solid measurement were conducted in accordance with standard methods 

(Baird et al, 2017). A measured volume of sample was weighed in aluminum dish and dried to a 

constant weight in an oven set at 105 0C. The dried sample was ignited at 550 0C for 1 hour in a 

muffle furnace. The loss of sample mass during the oven drying represent the total solid, while 

the mass lost upon ignition represent the volatile solid.    
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.  

Figure 4: Intuvo 9000 Gas Chromatography (GC) System (photo by Binyam B.) 

4.4 Calculations  

The conversion factors used to determine the COD equivalent of VFAs were, 1.07 for acetic 

acid, 1.51 for propionic acid, 1.82 for butyric and iso-butyric acids, 2.04 for valeric and iso-

valeric acids and 2.2 for caproic and iso-caproic acids.   

The TVFA concentration was determined by summing all the COD equivalent of individual 

VFAs concentrations.     

TVFA concentration (mg COD/L) = Acetic acid + propionic acid + butyric acid + iso-butyric 

acid + valeric acid + iso-valeric acids + caproic acid + iso-caproic acid 

The VFA yield for the pilot scale reactor was determined by subtracting the influent TVFA 

concentration from the effluent TVFA concentration and dividing by the amount volatile solid 

in the reactor.   

VFA yield (
mg COD

g VS
) =

Effluent TVFA-Influent TVFA 

VS (g/L)
 

For the batch test a slightly modified equation was used to determine the VFA yield, instead of 

the volatile solid in the reactor the volatile solid added into the reactor was used.  

   

VFA yield (
mg COD

gVSadded

) =
Effluent TVFA-Influent TVFA 

VSadded (g/L)
 

The acidification yield shows the efficiency of the acidogenesis stage was determined by 

dividing the TVFA concentration by SCOD level in the reactor.   
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Acidification yield (%)=
TVFA

SCOD
×100 

The net NH4
+-N and PO4

3-P release were determined as:   

Net NH4
+-N release (

mg

g VS
) = 

Effluent NH4
+-N - Influent NH4

+-N

VS (g/L)
 

  

Net PO4
3-P release (

mg

g VS
) = 

Effluent PO4
3-P - Influent PO4

3-P

VS (g/L)
 

 

5. Results and Discussion  

5.1 Pilot scale study  

This section presents the results obtained from running the pilot scale reactor from February 

11/2019 up to July 12/2019 for a total of 151 days. In addition, in each subsection, the results 

are discussed and compared with earlier studies. The operation period of the reactor was divided 

into two parts in Phase 1 (Day 7 – 126) the reactor was operated at a retention time of 7 days and 

in phase 2 (Day 126 – 151) the rector was operated at retention time of 10 days.    

5.1.1 VFA production  

The total amount of volatile fatty acids (TVFA) produced and the variation in the SCOD level 

and pH in the pilot scale reactor are shown in Figure 5. In the first seven days where the pilot 

scale reactor was operated without feeding, the TVFA level decreased by 97 %. This was because 

the fermentative bacteria need time to acclimatize to the substrate and the VFA already present 

was used by the methanogens as the pH was in the optimum range for their activity.   

After the first feeding at day 7 the VFA production started to increase and peaked at a value of 

17805 mg COD/L at day 14. During this period the SCOD also increased by 340 % and the pH 

decreased from 6.86 to 4.65. The increase in the SCOD and TVFA concentration shows that the 

hydrolysis and acidogenesis stages were being performed at higher rate than the methanogenesis. 

The acidic environment in the reactor prevented the methanogens from utilizing the produced 

VFAs. The drastic decrease in the pH can be explained by the accumulation of VFAs. As 

Overloading of anaerobic reactors with VFA leads to a sudden drop in pH which results in high 

concentration of non-dissociated VFAs (Henze et al., 2011).   

After the peak at day 14, the VFA production started to decrease significantly and it reached a 

low value of 2487 mg COD/L at day 32. The pH also decreased to a very low value of 3.74 

during this period. The decrease in the VFA production can be attributed to the decrease in pH 

level as acidogenesis can be inhabited at pH values below 4 (Schön, 2009). In addition, the high 

concentration of undissociated VFAs at low pH have also been linked to inhibitory effect on 
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microbes (Xiao et al., 2016). The undissociated VFAs can easily diffuse through cellular 

membranes and dissociate inside cell affecting cellular growth (Warnecke and Gill, 2005).   

Starting from day 35, the VFA production started to gradually increase and reached a 

concentration of 17 436 mg COD/L at day 84. The pH also gradually increased and reached a 

value of 5.71 during this period. The increase in the VFA production can be attributed to the 

increase in the pH. As it can be seen from Figure 5, there was a clear link between the increase 

in the pH and increase in the VFA production.     

Starting from day 88 to 119 a very high VFA production was observed and the TVFA 

concentrations were higher than the SCOD in these days. Normally, the SCOD values should be 

higher than the TVFA values as the VFAs are part of the SCOD. This difference may have been 

caused by a problem with the COD cuvette test or spectrophotometer used for the measurement 

the SCOD. The Intuvo 9000 Gas Chromatography System used for the measurement of VFA 

concentration was well calibrated and operating properly at the time. The highest TVFA 

concentration observed in this study was during this period and reached a value of 26 599 mg 

COD/L at day 98.  

It was observed that the SCOD level did not significantly increased up to this point and starting 

from day 126 to 151 the retention time of the reactor was increased to 10 days in order to provide 

more time for hydrolysis. The increase in retention time have increased the SCOD level however 

an increase in the VFA production was not observed. This shows that even though there was 

high SCOD level in the reactor, it was not converted to VFA. The highest VFA concentration 

observed during this period was 16 152 mg COD/L.     

To evaluate the effect of retention time on the solubilization (hydrolysis) rate, in addition to 

SCOD the TSS and VSS of the feed (influent) and effluent from the reactor were measured 

before and after the change in retention time. As it can be seen in Table 9, TSS and VSS removals 

were higher when the retention time was increased to 10 days. This indicates that most of the 

substrate was solubilized when the retention time was increased to 10 days.   

Similar observations were reported by other studies, where longer RT time lead to higher 

solubilization rate but VFA production was not significantly improved (Kim et al., 2016; Min et 

al., 2002). Some studies reported that at longer retention times there was higher conversion of 

VFAs to methane by methanogens (Feng et al., 2009). However, in this study the methane level 

in the biogas did not increase when the RT was changed to 10 days (Figure 10).           

Table 9. TSS and VSS removal at different retention times  

Retention time 

(Days) 

Influent 

TSS (g/L) 

Influent 

VSS 

(g/L) 

Effluent 

TSS (g/L) 

Effluent 

VSS 

(g/L) 

TSS removal  

(%) 

VSS removal  

(%) 

7 27.5 25.2 19.5 17.4 29.1 31 

10 29.8 27.9 19.2 17.6 35.7 37 
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Figure 5: Variation of TVFA, SCOD and pH level in the pilot scale reactor 

The TVFA concentration shows fermentation has occurred or not, but not the degree of 

fermentation in the reactor. It is possible to observe high amount of TVFA concentration, but the 

large fraction may come from the already existing VFA in the feed (influent). Moreover, large 

fraction of the organic matter in the feed may not be converted to VFA.  Therefore, the VFA 

yield (mg COD/g VS) was calculated, which is a measure of the success of the acidogenesis 

stage and shows the net increase in TVFA concentration per gram of VS in the reactor. Figure 6 

shows the VFA yield observed in phase 1 and 2. The VFA yield for phase 1 was calculated 

starting from day 74, where more stable production of VFA was observed. The highest VFA 

yield observed in phase 1 was 687 mg COD/g VS at day 107. Whereas, in phase 2 the highest 

yield was 509 mg COD/g VS at day 151.    

The VFA production from this study was compared with earlier studies based on both the TVFA 

concentration and VFA yield obtained. When compared based on TVFA concentration, see 

Table 5 (literature review), the highest TVFA concentration observed from this study was higher 

than the amount reported by Li et al. (2017) in the fermentation of PS and Cheah et al. (2019) in 

the fermentation of FW. Chen et al. (2013) reported a TVFA concentration of 25 934 mg COD/L 

from co-fermentation of WAS and FW, which is similar to the result obtained in this study. 

Although, the authors conducted the study at pH 9 by controlling the pH of the reactor.          

The VFA yield from this study was also higher than observed by Ucisik et al. (2008), in 

fermentation of primary sludge in a semi continuous reactor (270 mg COD/g VS). However, it 

0

1

2

3

4

5

6

7

8

0

5000

10000

15000

20000

25000

30000

0 14 28 42 56 70 84 98 112 126 140 154

p
H

S
C

O
D

 /
 T

V
F

A
 (

m
g
 C

O
D

/L
)

Time (Days)

SCOD (mg/L) TVFA (mg COD/L) pH



24 

 

was lower than the yield observed by Wu et al. (2016), in the co-fermentation of food waste and 

WAS without pH control (867.42 mg COD/g-VS). But, the authors used a higher percentage of 

FW in their study (FW/WAS = 5).   

 

Figure 6: VFA yield of the pilot scale reactor 

5.1.2 VFA composition 

The VFA composition influences the suitability of the fermentation product use as an external 

carbon source for biological nutrient removal. Thus, the distribution of the VFAs produced was 

of a particular interest in this study. Figure 7 shows the VFAs composition in the total amount 

VFA produced for the operation period of the reactor. The most abundant VFAs varied 

throughout the operation period of the reactor. However, acetic, butyric and caproic acids were 

the dominant products at the different times. At day 14 when the pH was 4.6, butyrate (31 %) 

was the most abundant VFA followed by valerate (25%), propionate (22 %) and acetate (17%) 

while other VFAs accounted for only (< 5%). After day 14, when the VFA production and pH 

started to decrease acetic acid began to dominate. For example, at day 42 (pH 4.12) acetic acid 

(87 %) was the most abundant VFA.                   
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From day 49 onwards when the pH was in the range of (5 – 5.7) caproic acid was the most 

dominant VFA. On average 50 % of the VFA produced were composed of caproic acid followed 

by acetic (23%) and butyric acids (20%). The increase in retention time to 10 days did not 

significantly affect the VFA speciation and caproic acid was still the most abundant VFA. 

Generally, in this study at pH values below 4.5 acetic acid was the most abundant VFA while 

caproic acid dominated in the pH range (5 – 5.7). The production of branched chain VFAs (iso-

butyric and iso-caproic) was very limited (< 2%) throughout the operation period of the reactor.     

The VFA product distribution observed in this study might be caused by the characteristics of 

the influent, operating conditions and the pH variation occurred during the study. According to 

Kim et al. (2016), acetate is the dominant product at pH (< 4.5) and longer-chain VFAs 

dominates at pH (> 5). A study conducted by Wainaina et al., (2019), found caproic acid (31 – 

47%) as the dominant metabolite followed by acetic acid (20 – 30%) and butyric acid (14 – 23%) 

in the fermentation of food waste using an immersed membrane bioreactor, which is similar to 

the result obtained in this study.  

The high production of caproic acid in this study could be attributed to the presence of ethanol 

in the FW or the in-situ fermentation carbohydrates that are found in the FW to ethanol. As the 

FW used in this study contains faulty batch from breweries, there is a high likelihood that it 

comprises ethanol. In the production of caproic acid by chain elongation ethanol acts as an 

electron donor and acetic acid is elongated to butyric acid and then butyric acid elongate to 

caproic acid (Cavalcante et al., 2017). As it can be seen from figure 7, after day 49 the acetic 

acid concentration starts to decrease while the butyric and caproic acid concentration started to 

increase. This could be due to chain elongation where the acetic acid is elongated to caproic acid 

via butyric acid.    

 

Figure 7: Composition of the VFA fraction 
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5.1.3 Ammonium-Nitrogen (NH4
+-N) and soluble phosphorus (PO4

3-P) release  

The concentration of NH4
+-N and PO4

3-P in the fermentation liquid should not be high when it’s 

going to be used as an external carbon source for biological nutrient removal. However, during 

the fermentation process ammonia and phosphorus are released to the fermentation liquid. Figure 

8 shows the amount of total nitrogen and NH4
+-N in the reactor at different days. Both the total 

nitrogen and NH4
+-N concentration were observed to increase during the fermentation period. 

The total nitrogen and NH4
+-N concentration increased on average by 22.6 % and 100 % 

respectively compared with the initial concentration in the influent during phase 1 (RT 7 days). 

In phase 2 (RT 10 days), the total nitrogen concentration increased by only 2 % while NH4
+-N 

increased by 188 %. The net NH4
+-N release in phase 1 and phase 2 was in the range of (1.3 to 

7.46 mg/g VS) and (11.1 to 14.32 mg/g VS) respectively (Table 10).     

   

Figure 8: Total Nitrogen and NH4
+-N concentration in the reactor at different days  

The total phosphorus and PO4
3-P concentration in the reactor at different days are shown in 

Figure 9. The total phosphorus concentration on average increased by 10 % in phase 1 while it 

decreased by 15 % in phase 2 compared with the initial concentration in the influent. The PO4
3-

P concentration on average increased by 23 % and 53 % for phase 1 and phase 2 respectively. 

The net PO4
3-P release was in the range of (0.69 to 4.88 mg/g VS) and (4.85 to 7 mg/g VS) for 

phase 1 and 2 respectively (Table 9).   
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Figure 9: Total phosphorus and Soluble phosphorus (PO4
3-P) concentration in the reactor at different 

days  

The result indicates that there was significant release of NH4
+-N compared with PO4

3-P in both 

periods. The net amount of both NH4
+-N and PO4

3-P released increased when the retention time 

was increased to 10 days. This shows that more organic nitrogen and phosphorus were degraded 

when the retention time was increased. As the common cause of NH4
+-N and PO4

3-P release is 

the degradation of organic nitrogen and phosphorus (Ucisik and Henze, 2008). Wu et al. (2016) 

have found NH4
+-N concentration ranging (820–1190 mg/L) from co-ferm\entation of food 

waste with excess sludge without pH control, which is higher than the result obtained in this 

study.    

Table 10. Net Ammonium-nitrogen (NH4
+-N) and soluble phosphorus (PO4

3-P) released 

RT 

(Days) 

Day NH4
+-N release 

(mg NH4
+-N /g VS) 

PO4
3-P release 

(mg PO4
3-P/g VS) 

 

7 

72 1.65 0.69 

77 7.46 4.88 

105 1.3 3.89 

116 7.26 4.7 

 

10 

135 11.1 4.85 

142 14.32 6.36 

149 11.7 7 

 

5.14 Biogas production    

In the production of VFAs, the production of methane is undesirable as VFAs are converted into 

methane by methanogens. Thus, the biogas flow rate and the percentage of methane and CO2 in 

the biogas was measured throughout the operational period of the reactor. However, due to 

operational problem the data from day 58 to day 74 could not be retrieved. Figure 10 shows the 

biogas flow rate and the level of methane and CO2 in the biogas. Biogas production started 
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immediately from day 1 and continued throughout the study period. There was high biogas 

production from day 1 to day 7 and the methane percentage in the biogas was on average around 

20 %. This was expected as the pH of the reactor was at 6.8 at that time which is suitable for 

methanogens.   

From day 11 to day 56, the biogas flow rate was gradually reduced although there were some 

fluctuations. During this period there was no methane production as the pH of the reactor ranged 

3.6 -5 which was not suitable to produce methane. From day 77 to day 126, the biogas flow rate 

increased and there was on average 30 % methane in the biogas produced. The pH of the reactor 

fluctuated from 5 to 5.8 during this period and was low for methane production. The methane 

production can be attributed to the adaption of the methanogens to the low pH as the reactor was 

operated for long time. There was also a clear link between pH increase and high methane 

percentage in the biogas. when the pH was 5.7 on day 84 there was 38 % of methane in the 

biogas and when the pH reduced to 5 on day 107 the methane level decreased to 27 %. 

After increasing the retention time of the reactor to 10 days (from day 126 to day 151), the biogas 

flow rate did not show any significant change. In addition, the methane level did not show any 

reduction even though the pH of the reactor was maintained at 5 during this period. There was 

on average 31 % of methane in biogas during this period.     

The result indicates that pH has significant influence on the production of methane. At lower pH 

the production of methane is significantly reduced. However, even at low pH like 5 the 

production of methane is unavoidable. Some of the produced VFAs will be lost due to the 

production of methane.   
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        Figure 10: Biogas produced during the operation of the pilot scale reactor.                                       

a) Variation of biogas flow rate with pH b) CH4 and CO2 level in the biogas 

  

5.1.5 COD balance  

The COD balance can be used as a control tool to monitor the performance of anaerobic reactors 

since there is no destruction of COD during anaerobic digestion. The COD balance of the reactor 

for different days is presented in Figure 11. Each parameter is presented as a fraction of the 

TCOD of the Feed (PS+FW). The COD equivalence of methane was determined by calculating 

the amount of oxygen required to completely oxidize 1 mole of methane at STP. Based on the 

calculation it was determined that the complete metabolism of 1 kg of COD will produce 0.35 

m3 of methane. As it can be seen in Figure 11, the COD balance shows good agreement between 

the amount of COD fed and the amount measured in the effluent. The COD recovery rate was 

greater than 85 % for all days tested which shows good balance of the process.   

Figure 11 also provide an insight on how the VFA production increased throughout the operation 

period of the reactor. The amount VFA in the feed (PS+FW) was only 11 % of the total COD 

and have steadily increased through the fermentation time reaching up to 38 % on day 121. The 

acidification yield (VFA/SCOD) have also increased through the fermentation time reaching 98 

% on day 121. This shows that most of the SCOD in feed was converted to VFAs. It can also be 

observed that the change in retention time did not improve the VFA production at day 135 the 

acidification yield was 80 %.  
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                      Figure 11: COD balances of the reactor at different days 

5.2 Batch scale study 

In the following section the result and discussion from the batch fermentation test conducted for 

15 days is presented.  

5.2.1 Influence of substrate on VFA production and composition 

VFA production 

The influence of substrate on VFA production and composition was evaluated by batch 

fermentation experiments using sole PS, sole FW and mixture of PS and FW (PS+FW+I1). The 

same type of inoculum was used in the fermentation experiments which was obtained from 

mesophilic anaerobic digestion tanks of HWWTP. The TVFA production, variation in SCOD 

level and pH for each substrate evaluated is shown in Figure 12.  

When PS was used as a substrate, the TVFA concentration decreased by 4 folds from day 0 to 

day 7 (Figure 12 a). Afterwards, the value increased slightly at day 10 and again it slightly 

decreased at day 15. The SCOD level also decreased during the first 7 days and afterwards it 

increased until the end of the fermentation experiment. The pH only showed slight fluctuation 

throughout the fermentation experiment was in the range of (6.8 – 7.2).  

In the FW fermentation experiment, the TVFA concentration sharply increased by 7 folds in the 

first 2 days and remained there until day 4 (Figure 12 b). Afterwards, the TVFA level decreased 

slightly until day 15. The SCOD also showed the same trend as the TVFA, it increased in the 

first four days and afterwards slightly decreased until the end of the experiment. The pH initially 

decreased from 6.6 to 5.2 in the first four days. In the subsequent days the pH did not show any 

variation remained at 5.2 up to day 15. The highest TVFA concentration observed was 9930 mg 

COD/L at day 4. 
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In the co-fermentation experiment using PS and FW, the TVFA concentration increased by 3 

folds in the first 2 days (Figure 12 c). Afterwards, the value decreased significantly until the end 

of the experiment. The SCOD value decreased in the first 2 days and continued with the declining 

trend until day 15. The pH initially decreased from 6.7 to 6.4 in the first 2 days. Afterwards, the 

pH started to slightly increase and reached 7.2 at day 15. The highest TVFA concentration 

observed was 3927 mg COD/L at day 2.  

The TVFA concentration achieved and the time needed to reach this maximum concentration 

varied among the different substrates evaluated. During all tests, when there was an increase in 

VFA production there was a pH drop showing that the accumulation of VFA decreases the pH. 

PS fermentation did not show any increase in VFA production. The reason was during the 

fermentation experiment the pH ranged from 6.8 – 7.2 which is the optimum range for 

methanogenic activity (Henze et al., 2011). The VFA produced were constantly converted to 

methane and as there was no VFA accumulation the pH did not lower significantly to inhabit 

methanogenesis.  

Alternatively, FW fermentation achieved high VFA production in only 2 days of fermentation. 

When the FW fermentation experiment started the pH was at 6.6 which is not the optimum but 

within range for methane production. As most of the VFA produced were not converted to 

methane, the accumulation of VFAs caused the pH to drop to 5.4. At this pH methanogenic 

activity was inhibited and stable VFA production was maintained until the end of the experiment.  

PS and FW co-fermentation did not achieve high VFA production compared to FW. There was 

an increase in TVFA concentration at day 2 but the concentration decreased afterwards because 

of methane production. The accumulation of VFA at day 2 was not high enough to decrease the 

pH significantly and this allowed the methanogens to convert the VFAs to methane in the 

subsequent days.       

Based on the result, substrate plays an important role in the production of VFAs. As it can be 

seen from Figure 14, FW fermentation gave the highest VFA yield with 490 mg COD/ g VSadded. 

The co-fermentation of PS and FW only gave 168 mg COD/ g VSadded and there was no VFA 

yield observed for PS fermentation. The high VFA yield of FW fermentation can be attributed 

to its low pH and the high amount of SCOD it contains. In addition, FW contains easily 

degradable dissolved organic matter that can be easily solubilized by fermentative bacteria than 

PS (Wu et al., 2016).     
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Figure 12: Variation of TVFA, SCOD and pH in batch fermentation test using different substrates: 

a) PS, (b)  FW,  (c)  PS + FW+I1 

 

 

 

5.0

5.5

6.0

6.5

7.0

7.5

8.0

0

2000

4000

6000

8000

10000

0 2 4 6 8 10 12 14 16

p
H

S
C

O
D

 /
 T

V
F

A
 (

m
g
 C

O
D

/L
)

Time (Days)

SCOD (mg/L) TVFA (mg/L) pH

5.0

5.5

6.0

6.5

7.0

7.5

8.0

0

2000

4000

6000

8000

10000

0 2 4 6 8 10 12 14 16

p
H

S
C

O
D

 /
 T

V
F

A
 (

m
g
 C

O
D

/L
)

Time (Days)

SCOD (mg/L) TVFA (mg/L) pH

5.0

5.5

6.0

6.5

7.0

7.5

8.0

0

2000

4000

6000

8000

10000

0 2 4 6 8 10 12 14 16

p
H

S
C

O
D

 /
 T

V
F

A
 (

m
g
 C

O
D

/L
)

Time (Days)

SCOD (mg/L) TVFA (mg/L) pH



33 

 

VFA composition 

The composition of VFAs produced from FW and (PS+FW+I1) fermentation are shown in Figure 

13. In the FW fermentation experiment, mainly acetate, propionate and butyrate appeared at the 

beginning of the fermentation and with increase in fermentation time valerate and caproate 

started to appear. Small percentage of iso-valerate and iso-caproate were also observed and there 

was no production of iso-butyrate. At day 4, when there was high TVFA concentration the 

predominate VFA was propionate (31%), followed by acetate (30%), valerate (15.5%) and 

butyrate (13%).    

In co-fermentation of PS and FW, at day 2 and day 4 propionate was the most abundant VFA. 

As the TVFA concentration started to decrease propionate completely disappeared and valerate 

was the predominate VFA at day 7. At day 10 and 15 all the remaining VFA was composed of 

acetate. At day 2, when there was high VFA production the most abundant VFA was propionate 

(68%), followed by acetate (15%), valerate (7.5%) and butyrate (4.3%).   

The effect of substrate on the composition of VFA was not clear as no VFA yield was observed 

from PS fermentation. However, based on the available result FW fermentation favors the 

production of propionate and acetate. While, the co-fermentation of PS with FW favors the 

production of propionate. According to Ma et al. (2017), protein rich substrates favors the 

production of propionate. The presence of high amount propionate can be attributed to the 

presence of protein on both substrates evaluated. However, a solid conclusion cannot be drawn 

as factors such as pH and operating conditions also influences the composition of VFAs.      
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Figure 13: Percentage of individual VFAs produced from different substrates: (a) FW, (b) PS+FW+I1  

 

Figure 14: VFA yield per gram of volatile solid added 

5.2.2 Influence of inoculum on VFA production and composition 

The influence of inoculum on VFA production and composition was evaluated by running a 

batch fermentation experiment using an inoculum taken from the pilot scale reactor used for the 

production of VFA. The substrate used in the experiment was a mixture of PS with FW 

(PS+FW+I2). Figure 15 shows the TVFA concentration, variation in SCOD and pH for the co-

fermentation experiment. The TVFA concentration initially increased by 2 folds in the first 2 

days. Afterwards, it slightly decreased on day 4 and increased again on day 7. The highest TVFA 

concentration observed was 7576 mg COD/L at day 7. Both the SCOD and pH showed slight 

fluctuation throughout the fermentation period.  
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As shown in Figure 16, the composition of the VFAs produced from (PS+FW+I2) did not show 

much variation throughout the fermentation period. Caproate was the predominate VFA 

throughout the fermentation period ranging between (35 - 41%). While acetate (21 -23%) was 

the second most abundant VFA, followed by butyrate (18 - 23%) and propionate (7 - 9%).   

When the two co-fermentation experiments with Inoculum 1 and 2 are compared, the experiment 

using Inoculum 2 gave a higher TVFA concentration and more stable result. The net VFA yield 

from Inoculum 2 (307 mg COD/g VSadded) was higher than the one observed for Inoculum 1 (168 

mg COD/g VSadded) (Figure 14). The dominant VFA produced from Inoculum 2 experiment was 

caproate while using inoculum 1 propionate predominated.  

Based on the result, the type of inoculum used highly influences both the VFA production and 

composition. There are two possible explanation for the superior performance of inoculum 2 in 

VFA production. 

1. As inoculum 2 was taken from a pilot scale reactor that was operated for production of VFA 

the microbes are more acclimatized to the substrates and for production of VFA. 

2. The number of methanogens in inoculum 1 will be much higher than inoculum 2 as inoculum 

1 was taken from mesophilic anaerobic digestion tank that was used for biogas production.   

The difference in the composition of VFAs produced can also be attributed to the microbes 

present in each inoculum. When inoculum 2 was taken from the pilot scale reactor caproic acid 

was the most abundant VFA produced from that reactor. Thus, the microbes in inoculum 2 are 

more accustomed to producing caproic acid.          

 

Figure 15: Variation of TVFA, SCOD and pH in the co-fermentation of PS with FW using inoculum   

from the pilot scale reactor 
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Figure 16: Percentage of individual VFAs produced from co-fermentation of PS with FW using 

inoculum taken from pilot scale reactor 

 

5.2.3 Methane yield 

The amount of methane produced throughout the batch fermentation experiment was measured. 

Figure 17 shows the accumulated volume of methane for each substrate tested. Methane 

production started immediately in each of the substrate tested. In the first two days the highest 

amount of methane was produced in PS followed by PS+FW+I1 and FW. While the lowest 

amount of methane was produced in PS+FW+I2 (145.7 mL) and after the first two days no 

methane was produced. The methane production in PS gradually reduced after the first two days 

and after 15 days the total accumulated methane volume was 1100 mL. While for PS+FW+I1 the 

methane production increased and after 15 days the total accumulated volume was 1650 mL. For 

FW, only small amount of methane was produced after day 2 and the total accumulated volume 

after 15 days was only 311 mL.   

The amount COD that is converted to methane was a particular interest in this study. Thus, the 

methane flow rate (mg COD/d) was determined from the methane produced daily and is shown 

in Figure 18. In each substrate tested the highest amount of COD was converted to methane in 

the first day compared with the other fermentation days. The total amount COD converted to 

methane for PS and PS+FW+I1 was 3235 mg and 5219 mg respectively. While for FW and 

PS+FW+I2, it was only 1511 mg COD and 416 mg COD respectively.                
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Figure 17: Accumulated volume of methane in the batch fermentation experiment  

 

Figure 18: Methane flow rate in the batch fermentation experiment 

5.3 General discussion 

This thesis aimed to find out the possibility of producing VFAs from co-fermentation of PS and 

FW without pH control. A very promising result, a maximum VFA production of (687 mg 

COD/g VS) was obtained on day 107 when the pilot scale reactor was operated at a retention 

time of 7 days. The pH of the reactor adjusted by itself in the range of (5 – 5.7) to greatly reduce 

the loss of the VFAs produced due to methanogenesis. The VFA speciation varied at different 

times but after the reactor was stabilized the most abundant VFA found was caproic acid (50 %), 

followed by acetic acid (23%) and butyric acid (20%).         

The VFA speciation can have considerable influence on the future large-scale practical 

applications. Low molecular weight VFAs like acetic and propionic acids are preferred for 

biological nutrient removal (Lee et al., 2014). Thus, the high content caproic acid found in the 

fermentation liquid may make it less suitable for application in biological nutrient removal 
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although this must be further verified. However, caproic acid has high market value compared 

to the other VFAs like acetic and propionic acids (Karakashev and Zhang, 2018). Currently, 

chain elongation has become an emerging platform for production of caproic acid (Chen et al., 

2017). Mixed organic waste and ethanol are currently being used for the production of caproic 

acid by chain elongation process (Chen et al., 2017). The high percentage of caproic acid found 

in this study may make it an economically viable option for production of caproic acid because 

there is no need to add exogenous ethanol. 

There was significant release of NH4
+-N compared to PO4

3-P during the co-fermentation process. 

These nutrients are undesirable because they increase the load in the wastewater treatment 

process. If the fermentation liquid is to be applied for biological nutrient removal the NH4
+-N 

has to be removed first. Several methods can be used for removal NH4
+-N, however, the method 

selected must not significantly decrease the VFA level in the fermentation liquid. The recovery 

of NH4
+-N and PO4

3-P for use as a fertilizer is also another option. 

The VFA production is significantly influenced by the substrate and inoculum used. For 

production of VFA without pH control, it is important to use a substrate that has a lower pH level 

like FW. If substrates like PS are used that has a pH around (6-7) without pH control it is not 

possible to get significant VFA yield because of methanogenesis. Co-fermentation of primary 

sludge with food waste is a good alternative in this case. In the production of VFAs without pH 

control the selection inoculum also have high impact on the VFA yield. It was observed that 

using inoculum taken from a reactor which is already producing VFA improves the VFA yield 

than inoculum taken from anaerobic digestor used for biogas production.   

6. Conclusions  

The conclusions from the operation of the pilot scale reactor for the production of VFAs are:     

• The maximum VFA production achieved was 687 mg COD/g VS on day 107, when the 

pilot scale reactor was operated at a retention time of 7 days and the pH was 5.   

• The predominant VFA produced after the pilot scale reactor stabilized was caproic acid 

(50 %), followed by acetic acid (23%) and butyric acid (20%).      

• The production of VFAs was significantly influenced by pH, at pH value below 4.5 the 

acidification performance significantly decreased lowering the amount of VFA 

produced.     

• The change in retention time from 7 to 10 days increased the hydrolysis rate. However, 

an increase in VFA production was not observed. In addition, the composition of the 

VFAs produced was not influenced by the change in RT.   

• Significant amount of NH4
+-N was released compared to PO4

3-P during the co-

fermentation process. The amount of NH4
+-N and PO4

3-P released increased when the 

RT time was changed to 10 days. At RT of 10 days the highest NH4
+-N and PO4

3-P 

released were 14.32 mg/g VS and 7.01 mg/g VS respectively.    
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• The amount of methane in the biogas was significantly reduced, when the pH in the pilot 

scale reactor was below 5.7. This greatly reduced the loss the produced VFAs due to 

methanogenesis. The methanogenesis rate was also not affected by the change of RT.      

The conclusions from the batch test on the influence of substrate and inoculum on the production 

and composition of VFAs are:   

• FW (490 mg COD/VSadded) fermentation gave higher VFA yield compared with co-

fermentation (PS+FW+I1) (168 mg COD/ VSadded). There was no VFA yield observed 

from fermentation of PS because of high methanogenesis.  

• The most abundant VFA produced from both FW and (PS+FW+I1) fermentation was 

propionic acid.   

• The co-fermentation experiment using inoculum 2 (307 mg COD/g VSadded) gave a higher 

VFA yield compared with inoculum 1. The predominate VFA in the experiment using 

inoculum 2 was caproic acid.    

General conclusions: 

• It is possible to produce VFAs from co-fermentation of PS and FW without pH control.   

• The type of substrate used in the production of VFA without pH control has high 

influence on the VFA yield. It is advantageous to use a substrate that has a lower pH and 

easily degradable. 

• The production and composition of VFA without pH control is highly influenced by the 

type inoculum used. Inoculum dominated with high amount acidogenic bacteria and less 

methanogens improves VFA production.                

7.  Further research work 

In order to have a better understanding and enhance the production of VFA from co-fermentation 

of PS and FW without pH control further research works are recommended in the following 

areas:  

• In this thesis, the carbohydrates, protein and lipid levels of the substrates were not 

determined. The determination and monitoring of these parameters with respect to time 

can help to investigate their influence on the VFA production.      

• The pilot scale reactor in this thesis was operated at retention time of 7 and 10 days. At 

lower retention time the methanogenesis rate can be suppressed. Thus, the influence of 

lower retention time on the production of VFA can be investigated.  

• The analysis of ethanol level in the FW, can provide information about the high 

production of caproic acid is linked to chain elongation.  

• Furthermore, the microbial community structure can be analyzed and correlated with 

VFA production as this can help in selecting the best operational parameters for their 

growth.      



40 

 

8. References  

Ahmadi, N., Khosravi-Darani, K. and Mortazavian, A. (2017). An overview of biotechnological 

production of propionic acid: From upstream to downstream processes. Electronic Journal of 

Biotechnology, 28, pp.67-75. 

Amani, T., Nosrati, M. and Sreekrishnan, T. (2010). Anaerobic digestion from the viewpoint of 

microbiological, chemical, and operational aspects — a review. Environmental Reviews, 18(NA), 

pp.255-278. 

Angelidaki, I., Karakashev, D., Batstone, D., Plugge, C. and Stams, A. (2011). Biomethanation and Its 

Potential. Methods in Methane Metabolism, Part A, pp.327-351. 

Arslan, D., Steinbusch, K., Diels, L., De Wever, H., Buisman, C. and Hamelers, H. (2012). Effect of 

hydrogen and carbon dioxide on carboxylic acids patterns in mixed culture fermentation. Bioresource 

Technology, 118, pp.227-234. 

Arslan, D., Steinbusch, K., Diels, L., Hamelers, H., Strik, D., Buisman, C. and De Wever, H. (2016). 

Selective short-chain carboxylates production: A review of control mechanisms to direct mixed culture 

fermentations. Critical Reviews in Environmental Science and Technology, 46(6), pp.592-634. 

Atasoy, M., Owusu-Agyeman, I., Plaza, E. and Cetecioglu, Z. (2018). Bio-based volatile fatty acid 

production and recovery from waste streams: Current status and future challenges. Bioresource 

Technology, 268, pp.773-786. 

Baird, R., Eaton, A. and Rice, E. (2017). Standard Methods for the Examination of Water and 

Wastewater. 23rd ed. Washington, DC: American Public Health Association, pp.5-62 - 5-65. 

Bastidas-Oyanedel JR., Bonk F., Thomsen M.H., Schmidt J.E. (2019). The Future Perspectives of Dark 

Fermentation: Moving from Only Biohydrogen to Biochemicals. In: Bastidas-Oyanedel JR., Schmidt J. 

(eds) Biorefinery. Springer, Cham, pp.375-412. 

Batstone D. J., Keller J., Angelidaki I., Kalyuzhnyi S. V., Pavlostathis S. G., Rozzi A., Sanders W. T. M., 

Siegrist H. and Vavilin V. A. (2002). Anaerobic Digestion Model No.1 (ADM1). IWA Task Group for 

Mathematical Modelling of Anaerobic Digestion Processes, IWA Publishing, London, UK. 

Battista, F., Frison, N., Pavan, P., Cavinato, C., Gottardo, M., Fatone, F., Eusebi, A., Majone, M., Zeppilli, 

M., Valentino, F., Fino, D., Tommasi, T. and Bolzonella, D. (2019). Food wastes and sewage sludge as 

feedstock for an urban biorefinery producing biofuels and added value bio‐products. Journal of Chemical 

Technology & Biotechnology, in press.  

Bermúdez-Penabad, N., Kennes, C. and Veiga, M. (2017). Anaerobic digestion of tuna waste for the 

production of volatile fatty acids. Waste Management, 68, pp.96-102. 

Bhatia, S. and Yang, Y. (2017). Microbial production of volatile fatty acids: current status and future 

perspectives. Reviews in Environmental Science and Bio/Technology, 16(2), pp.327-345. 

Braguglia, C., Gallipoli, A., Gianico, A. and Pagliaccia, P. (2018). Anaerobic bioconversion of food waste 

into energy: A critical review. Bioresource Technology, 248, pp.37-56. 



41 

 

Chang, H., Lee, S., Nielsen, J. and Stephanopoulos, G. (2018). Emerging areas in bioengineering. 

Volume 1. Weinheim: Wiley-VCH Verlag GmbH & Co., pp.191-199. 

Cheah, Y.K., Vidal-Antich, C., Dosta, J. and Mata-Álvarez, J. (2019). Volatile fatty acid production from 

mesophilic acidogenic fermentation of organic fraction of municipal solid waste and food waste under 

acidic and alkaline pH. Environ. Sci. Pollut. Res, pp.1–14. 

Chen, H., Meng, H., Nie, Z. and Zhang, M. (2013). Polyhydroxyalkanoate production from fermented 

volatile fatty acids: Effect of pH and feeding regimes. Bioresource Technology, 128, pp.533-538. 

Chen, Y., Jiang, S., Yuan, H., Zhou, Q. and Gu, G. (2007). Hydrolysis and acidification of waste activated 

sludge at different pHs. Water Research, 41(3), pp.683-689. 

De Groof, V., Coma, M., Arnot, T., Leak, D. and Lanham, A. (2019). Medium Chain Carboxylic Acids 

from Complex Organic Feedstocks by Mixed Culture Fermentation. Molecules, 24(3), p.398. 

Dong, L., Zhenhong, Y., Yongming, S., Xiaoying, K. and Yu, Z. (2009). Hydrogen production 

characteristics of the organic fraction of municipal solid wastes by anaerobic mixed culture 

fermentation. International Journal of Hydrogen Energy, 34(2), pp.812-820. 

Đurđević, D., Blecich, P. and Jurić, Ž. (2019). Energy Recovery from Sewage Sludge: The Case Study 

of Croatia. Energies, 12(10), p.1927. 

Dwidar, M., Park, J., Mitchell, R. and Sang, B. (2012). The Future of Butyric Acid in Industry. The 

Scientific World Journal, 2012, pp.1-10. 

Falk, L. (2015). Evaluation of Biological Hydrolysis Pre-treatment and the Biogas Potential of Sludge 

from Compact Wastewater Treatment. Master Thesis. Lund university. pp.53. Retrieved from 

http://lup.lub.lu.se/student-papers/record/7449223 

Fang, W., Zhang, X., Zhang, P., Wan, J., Guo, H., Ghasimi, D., Morera, X. and Zhang, T. (2019). 

Overview of key operation factors and strategies for improving fermentative volatile fatty acid production 

and product regulation from sewage sludge. Journal of Environmental Sciences, 87, pp.93-111. 

Feng, L., Yan, Y. and Chen, Y. (2011). Co-fermentation of waste activated sludge with food waste for 

short-chain fatty acids production: effect of pH at ambient temperature. Frontiers of Environmental 

Science & Engineering in China, 5(4), pp.623-632. 

Feng, L., Wang, H., Chen, Y. and Wang, Q. (2009). Effect of solids retention time and temperature on 

waste activated sludge hydrolysis and short-chain fatty acids accumulation under alkaline conditions in 

continuous-flow reactors. Bioresource Technology, 100(1), pp.44-49. 

Goswami, R., Chattopadhyay, P., Shome, A., Banerjee, S. N., Chakraborty, A. K., Mathew, A. K., and 

Chaudhury, S. (2016). An overview of physico-chemical mechanisms of biogas production by microbial 

communities: a step towards sustainable waste management. 3 Biotech, 6(1), 72.  

Grzelak, J., Ślęzak, R., Krzystek, L. and Ledakowicz, S. (2018). Effect of pH on the Production of 

Volatile Fatty Acids in Dark Fermentation Process of Organic Waste. Ecological Chemistry and 

Engineering S, 25(2), pp.295-306. 



42 

 

Henze, M., van Loosdrecht, M., Ekama, G. and Brdjanovic, D. (2011). Biological wastewater treatment 

Principles, Modelling and Design. London: IWA Publishing, pp.415-451. 

He, X., Yin, J., Liu, J., Chen, T. and Shen, D. (2019). Characteristics of acidogenic fermentation for 

volatile fatty acid production from food waste at high concentrations of NaCl. Bioresource Technology, 

271, pp.244-250. 

Garcia N.H, Strazzera G., Frison N., Bolzonella D., (2018), Volatile fatty acids production via acidogenic 

fermentation of household food waste, Chemical Engineering Transactions, 64, pp.103-108 

Huang, X., Zhao, J., Xu, Q., Li, X., Wang, D., Yang, Q., Liu, Y. and Tao, Z. (2019). Enhanced volatile 

fatty acids production from waste activated sludge anaerobic fermentation by adding tofu 

residue. Bioresource Technology, 274, pp.430-438. 

Jankowska, E., Chwialkowska, J., Stodolny, M. and Oleskowicz-Popiel, P. (2017). Volatile fatty acids 

production during mixed culture fermentation – The impact of substrate complexity and pH. Chemical 

Engineering Journal, 326, pp.901-910. 

Jiang, J., Zhang, Y., Li, K., Wang, Q., Gong, C. and Li, M. (2013). Volatile fatty acids production from 

food waste: Effects of pH, temperature, and organic loading rate. Bioresource Technology, 143, pp.525-

530. 

Kim, H., Kim, J., Shin, S., Hwang, S. and Lee, C. (2016). Continuous fermentation of food waste leachate 

for the production of volatile fatty acids and potential as a denitrification carbon source. Bioresource 

Technology, 207, pp.440-445. 

Kleerebezem, R., Joosse, B., Rozendal, R. and Van Loosdrecht, M. (2015). Anaerobic digestion without 

biogas? Reviews in Environmental Science and Bio/Technology, 14(4), pp.787-801. 

Le Berre, C., Serp, P., Kalck, P. and Torrence, G. (2014). Acetic Acid. Ullmann's Encyclopedia of 

Industrial Chemistry, Weinheim: Wiley-VCH, pp.1-34. 

Lee, W., Chua, A., Yeoh, H. and Ngoh, G. (2014). A review of the production and applications of waste-

derived volatile fatty acids. Chemical Engineering Journal, 235, pp.83-99. 

Lim, S., Kim, B., Jeong, C., Choi, J., Ahn, Y. and Chang, H. (2008). Anaerobic organic acid production 

of food waste in once-a-day feeding and drawing-off bioreactor. Bioresource Technology, 99(16), 

pp.7866-7874. 

Li, X., Peng, Y., Zhao, Y., Zhang, L. and Han, B. (2017). Volatile Fatty Acid Accumulation by Alkaline 

Control Strategy in Anaerobic Fermentation of Primary Sludge. Environmental Engineering Science, 

34(10), pp.703-710. 

Li, Z., Chen, Z., Ye, H., Wang, Y., Luo, W., Chang, J., Li, Q. and He, N. (2018). Anaerobic co-digestion 

of sewage sludge and food waste for hydrogen and VFA production with microbial community 

analysis. Waste Management, 78, pp.789-799. 

Liu, H., Han, P., Liu, H., Zhou, G., Fu, B. and Zheng, Z. (2018). Full-scale production of VFAs from 

sewage sludge by anaerobic alkaline fermentation to improve biological nutrients removal in domestic 

wastewater. Bioresource Technology, 260, pp.105-114. 



43 

 

Nghiem, L., Koch, K., Bolzonella, D. and Drewes, J. (2017). Full scale co-digestion of wastewater sludge 

and food waste: Bottlenecks and possibilities. Renewable and Sustainable Energy Reviews, 72, pp.354-

362. 

Ma, H., Liu, H., Zhang, L., Yang, M., Fu, B. and Liu, H. (2017). Novel insight into the relationship 

between organic substrate composition and volatile fatty acids distribution in acidogenic co-

fermentation. Biotechnology for Biofuels, 10(137). 

Min, K., Park, K., Jung, Y., Khan, A. and Kim, Y. (2002). Acidogenic Fermentation: Utilization of 

Wasted Sludge as a Carbon Source in the Denitrification Process. Environmental Technology, 23(3), 

pp.293-302. 

Min, K., Khan, A., Kwon, M., Jung, Y., Yun, Z. and Kiso, Y. (2005). Acidogenic fermentation of blended 

food-waste in combination with primary sludge for the production of volatile fatty acids. Journal of 

Chemical Technology & Biotechnology, 80(8), pp.909-915. 

Moretto, G., Valentino, F., Pavan, P., Majone, M. and Bolzonella, D. (2019). Optimization of urban waste 

fermentation for volatile fatty acids production. Waste Management, 92, pp.21-29. 

Pittmann, T. and Steinmetz, H. (2017). Polyhydroxyalkanoate Production on Wastewater Treatment 

Plants: Process Scheme, Operating Conditions and Potential Analysis for German and European 

Municipal Waste Water Treatment Plants. Bioengineering, 4(4), p.54. 

Sawyer, C., McCarty, P. and Parkin, G. (2007). Chemistry for environmental engineering and science. 

5th ed. Boston, Mass.: McGraw-Hill, pp.689 - 697. 

Schön, M. (2009). Numerical Modeling of Anaerobic Digestion Processes in Agricultural Biogas 

plants. PhD thesis. Leopold-Franzens-Universität Innsbruck. pp. 4-22. Retrieved from 

https://www.uibk.ac.at/umwelttechnik/teaching/phd/diss_schoen_2009_numerical-modelling-of-biogas-

plants.pdf 

Silva, F.C., Serafim, L.S., Nadais, H., Arroja, L., Capela I. (2013). Acidogenic fermentation towards 

valorisation of organic waste streams into volatile fatty acids Chem. Biochem. Eng. Q., 27, pp. 467–476 

Strazzera, G., Battista, F., Garcia, N., Frison, N. and Bolzonella, D. (2018). Volatile fatty acids production 

from food wastes for biorefinery platforms: A review. Journal of Environmental Management, 226, 

pp.278-288. 

Su, G., Zheng, B., Yuan, Z., Wang, S. and Peng, Y. (2013). Effects of Mixture Ratios on Co-Fermentation 

of Primary Sludge and Waste Activated Sludge under Alkaline Condition. IACSIT Press, Singapore, 

IPCBEE vol.51. 

Slezak, R., Grzelak, J., Krzystek, L. and Ledakowicz, S. (2019). Production of volatile fatty acids and H2 

for different ratio of inoculum to kitchen waste. Environmental Technology, pp.1-11. 

Tampio, E., Blasco, L., Vainio, M., Kahala, M. and Rasi, S. (2018). Volatile fatty acids (VFAs) and 

methane from food waste and cow slurry: Comparison of biogas and VFA fermentation processes. GCB 

Bioenergy, 11(1), pp.72-84. 



44 

 

Ucisik, A. and Henze, M. (2008). Biological hydrolysis and acidification of sludge under anaerobic 

conditions: The effect of sludge type and origin on the production and composition of volatile fatty 

acids. Water Research, 42(14), pp.3729-3738. 

Venkiteshwaran, K., Bocher, B., Maki, J., and Zitomer, D. (2015). Relating Anaerobic Digestion 

Microbial Community and Process Function : Supplementary Issue: Water Microbiology. Microbiology 

Insights. 8(suppl 2): pp.37-44.  

Wainaina, S., Parchami, M., Mahboubi, A., Horváth, I. and Taherzadeh, M. (2019). Food waste-derived 

volatile fatty acids platform using an immersed membrane bioreactor. Bioresource Technology, 274, 

pp.329-334. 

Wang, K., Yin, J., Shen, D. and Li, N. (2014). Anaerobic digestion of food waste for volatile fatty acids 

(VFAs) production with different types of inoculum: Effect of pH. Bioresource Technology, 161, pp.395-

401. 

Warnecke, T. and Gill, R. (2005). Organic acid toxicity, tolerance, and production in Escherichia coli 

biorefining applications. Microbial Cell Factories, 4(1), p.25. 

Wu, H., Yang, D., Zhou, Q. and Song, Z. (2009). The effect of pH on anaerobic fermentation of primary 

sludge at room temperature. Journal of Hazardous Materials, 172(1), pp.196-201. 

Wu, H., Gao, J., Yang, D., Zhou, Q. and Liu, W. (2010). Alkaline fermentation of primary sludge for 

short-chain fatty acids accumulation and mechanism. Chemical Engineering Journal, 160(1), pp.1-7. 

Wu, Q., Guo, W., Zheng, H., Luo, H., Feng, X., Yin, R. and Ren, N. (2016). Enhancement of volatile 

fatty acid production by co-fermentation of food waste and excess sludge without pH control: The 

mechanism and microbial community analyses. Bioresource Technology, 216, pp.653-660. 

Xiao, K., Zhou, Y., Guo, C., Maspolim, Y. and Ng, W. (2016). Impact of undissociated volatile fatty 

acids on acidogenesis in a two-phase anaerobic system. Journal of Environmental Sciences, 42, pp.196-

201. 

Yuan, Q., Baranowski, M. and Oleszkiewicz, J. (2010). Effect of sludge type on the fermentation 

products. Chemosphere, 80(4), pp.445-449. 

Yu, H., Fang, H. and Gu, G. (2002). Comparative performance of mesophilic and thermophilic acidogenic 

upflow reactors. Process Biochemistry, 38(3), pp.447-454. 

Zacharof, M. and Lovitt, R. (2013). Complex Effluent Streams as a Potential Source of Volatile Fatty 

Acids. Waste and Biomass Valorization, 4(3), pp.557-581. 

Zhang, B., Zhang, L.L., Zhang, S.C., Shi, H.Z., Cai, W.M., (2005). The influence of pH on hydrolysis 

and acidogenesis of kitchen wastes in two-phase anaerobic digestion. Environmental Technology 26, 

pp.329–340. 

Zhang, D., Li, X., Jia, S., Dai, L., Zhao, J., Chen, Y. and Dai, X. (2015). A review: factors affecting 

excess sludge anaerobic digestion for volatile fatty acids production. Water Science and Technology, 

72(5), pp.678-688. 



45 

 

Zhang, P., Chen, Y. and Zhou, Q. (2009). Waste activated sludge hydrolysis and short-chain fatty acids 

accumulation under mesophilic and thermophilic conditions: Effect of pH. Water Research, 43(15), 

pp.3735-3742. 

Zhuo, G., Yan, Y., Tan, X., Dai, X. and Zhou, Q. (2012). Ultrasonic-pretreated waste activated sludge 

hydrolysis and volatile fatty acid accumulation under alkaline conditions: Effect of temperature. Journal 

of Biotechnology, 159(1-2), pp.27-31. 

Zhou, M., Yan, B., Wong, J. and Zhang, Y. (2018). Enhanced volatile fatty acids production from 

anaerobic fermentation of food waste: A mini-review focusing on acidogenic metabolic 

pathways. Bioresource Technology, 248, pp.68-78. 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

           



46 

 

Appendix  

Appendix A Figures from the pilot scale reactor operation    

 

Figure 1A variation of TS ,VS and VS (%TS) in the pilot scale reactor 

 

 

Figure 2A Variation of VFAs speciation during operation of the pilot scale reactor 
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Appendix B Accumulated volume methane in the batch fermentation experiment  

 

 

Figure 3A Daily methane production as % of the total accumulated volume 
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Appendix C Pictures of instruments used in the laboratory 

 

   

Figure 4A pilot scale reactors setup 
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Figure 5A Centrifuge (Eppendorf 5804) 

 

 

Figure 6A Spectrophotometer (photoLab 6600 UV-VIS) 
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