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ABSTRACT 

 

Food waste generation in the United States is a considerable problem because most food waste is 

sent to a landfill where it can emit greenhouse gases.  One solution to this problem is through the 

following system for handling food waste.  First, food scraps are ground and diluted in a grinder 

that has been installed on-site at the source of food waste (e.g., a restaurant kitchen).  Then, the 

slurry from the grinder is collected in a large tank.  After two weeks, the slurry is trucked to a 

centralized anaerobic digester to produce biogas to generate electricity or fuel for the plant, 

thereby decreasing operating costs and reducing greenhouse gas emissions.  We are interested in 

the storage phase of the food waste.  To examine the effects of different storage conditions on 

food waste acidification during storage, we used a mixed-level fractional factorial design to 

determine the influence of temperature, feeding, inoculum, and food waste composition on 

hydrolysis, acidification, and methane potential of the food waste in the storage tanks.  Three 

different temperatures (15°C, 25°C, and 35°C); three different substrates (carbohydrate, lipid, 

and protein); three different feeding conditions (no intermittent feeding, feeding, and feeding 

with oxygen removal), and two different inoculum conditions (yes and no) were tested.   

Ultimately, 12 different combinations of these factors were performed in triplicate as determined 

by the mixed-level fractional factorial design.  The variables food waste composition, 

temperature, and time most significantly influenced food waste acidification and hydrolysis 

during storage.  During storage, two valuable end products, hydrogen and lactate, were produced 

from the substrate.  Lactate was produced mainly in carbohydrate-rich bottles; the maximum 

concentration was 138 g COD/L in bottles at 25°C.  Hydrogen gas was produced primarily by 

protein- and lipid-rich substrates.  The maximum cumulative hydrogen production was 3.29 L in 

protein-rich bottles at 35°C.  In addition, BMP analyses were used to determine the effect of 
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food waste storage on methane yield.  After evaluating several different methodologies for 

calculating methane yield, we determined that the storage of food waste may have negatively 

affected methanogenesis in a BMP test due to inhibition of high concentrations of storage 

products. 

 

Keywords: Food waste, storage, fractional factorial, anaerobic digestion, hydrogen, lactate, 

hydrolysis, acidification, grinder 
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CHAPTER 1:  INTRODUCTION AND OBJECTIVES 

 

Large volumes of food waste are generated in the United States on a yearly basis.  Most of this 

food waste is diverted to a landfill or incinerated where harmful greenhouses gases are released.  

Food waste, due to its high biodegradability and organic-carbon content, is a potential substrate 

for anaerobic digestion.  Methane gas can be generated via the anaerobic digestion process, 

which can be used as a fuel source for the plant thereby decreasing operational costs and 

reducing greenhouse gas emissions. 

 

This project was based on a food waste recycling program that is currently being implemented 

by a company called InSinkerator®, which is a subsidiary of Emerson.  The overall system for 

this food waste collection is based on their Grind2Energy
TM

 model.  Thus far, pre-consumer food 

waste from large kitchen venues (i.e., restaurants, casinos, grocery stores) has only been 

considered.  Food scraps are ground and diluted in a grinder that has been installed in the 

kitchen.  The slurry from the grinder is then collected in a large tank, which has been installed at 

the venue.  After approximately two weeks, the tank is emptied and the slurry is trucked to a 

centralized anaerobic digester.  Thus far, the Grind2Energy
TM

 program has about thirty systems 

installed in the United States.  

 

This thesis is primarily interested in the storage of the food waste before digestion.  During 

storage, the food waste may undergo acidogenesis and hydrolysis which prime the slurry for 

anaerobic digestion.  Specifically, the production of carboxylic acids and solubilization of 

monomers during storage may facilitate methanogenesis later.  Our initial objective was to 

characterize the biological activity, primarily the acidification process in the storage tanks.  The 
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most influential factors on the activity in food waste storage tanks were substrate composition, 

temperature, feeding rates, and inoculum addition.  We identified significant differences in 

hydrolysis, acidification, and the fermentation end products under these different conditions in 

preliminary experiments.  We used a mixed-level fractional factorial design to test 12 unique 

storage conditions of food waste using 5-L bottles.  The conditions were performed in triplicate.   

 

Our experimental objectives were to determine the influence of substrate composition, 

temperature, feeding, and inoculum on acidification, hydrolysis, and the fermentation end 

products of the food waste in the storage tanks.  We were interested in determining how these 

storage conditions interact, and which interactions were the most significant. Finally, we 

performed a biochemical methane potential (BMP) test to determine the change in methane 

potential of the food waste after storage in the tanks for 15 days.   
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CHAPTER 2:  LITERATURE REVIEW OF FOOD WASTE FERMENTATION 

 

2.1. Introduction 

 

In this chapter, a literature review on the fermentation of food waste is presented.  First, a brief 

overview of the generation of food waste in the United States is given.  Second, sources of food 

waste and its potential as a substrate for anaerobic digestion is discussed.  Third, the 

biodegradability, energy content, and inhibitory effects of food waste in terms of anaerobic 

digestion are analyzed.  Fourth, a description of the hydrolysis, acidification, and methane 

potential of food waste in terms of its lipid, carbohydrate, and protein content are presented.  

Finally, other end-products of food waste, such as lactic acid, ethanol, and hydrogen are also 

briefly explored.   

 

2.2. Food Waste as a Source for Anaerobic Digestion 

2.2.1. Food Waste Generation in the United States 

In 2012, U.S. residents threw out 36 million tons of food waste.  About 95% of this waste was 

sent to a landfill or incinerated (EPA, 2012).  In landfills, these wastes release greenhouse gases, 

including methane and carbon dioxide.  In the United States, landfills account for 20% of 

anthropogenic methane emissions (EPA, 2012).  The energy content of food waste is estimated 

to be about 2142 ± 169 trillion kilojoules of energy, which approximately equals 2% of annual 

U.S. energy consumption (Cuéllar & Webber, 2010; DOE/EIA, 2012).  While food waste may 

not be a substantial energy source for the United States as a whole, it may be valuable to certain 

industries where the wasted product has comparatively high energy content.   
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 2.2.2. Anaerobic Digestion Overview  

Anaerobic digestion (AD) is a mature technology that uses a reactor microbiome (i.e., a mixed 

microbial community) to convert solids to biogas (methane).  AD is both reliable and 

economically feasible at full scale and is one of the best treatments for agro-industrial and 

agricultural wastes due to its excellent stabilization of solids and potential for energy recovery 

(De Baere, 2000; Mata-Alvarez, Mac, & Llabr, 2000; ten Brummeler, 2000).  In the AD process, 

extracellular enzymes hydrolyze complex organic materials (polysaccharides, proteins, and 

lipids) to smaller, soluble compounds that can pass through the cell membrane of microbes 

(hydrolysis) (Figure 2.1).  These smaller compounds are fermented to volatile (short-chain) fatty 

acids and alcohols (acidogenesis), which are subsequently converted to acetate, hydrogen, and 

carbon dioxide (acetogensis) (Figure 2.1).  About 70% of methane is produced from acetoclastic 

methanogenesis (cleaving of the acetate molecule).  About 30% of methane is produced from 

hydrogenotrophic methanogenesis, which is the reduction of CO2 by H2 (Parkin & Owen, 1987; 

Pavlostathis & Giraldo‐Gomez, 1991) (Figure 2.1).  Methanogens are important for removing 

hydrogen and acetate from the system.  The absence of methanogens may lead to the 

accumulation of hydrogen, ethanol, lactate, and acetate and a subsequent pH drop (Laube & 

Martin, 1981).  Basically, the accumulation of hydrogen (>100 Pa) makes the oxidation of 

reduced end products, such as ethanol and lactate, thermodynamically unfavorable (Barlaz, Ham, 

Schaefer, Isaacson, & Carolina, 1990; Schink, 1997).   If methanogenic populations are low or 

completely absent, acetate will accumulate so the pH drops and methane production is 

completely inhibited (Laube & Martin, 1981).    
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Figure 2.1.  Anaerobic digestion of food waste.  Adapted from (Curry & Pillay, 2012). 

 

 

2.2.3. Food Waste as a Source for AD  

On-site AD systems at places where there is substantial generation of organic wastes would have 

many benefits.  The establishment with an AD system installed would save money on 

transportation of the organic waste and less waste would be sent to a landfill (Curry & Pillay, 

2012).   Food waste, due to its high biodegradability, methane yield, and organic carbon content, 

is a potential substrate for AD (Zhang, Zhang, Zhang, Shi, & Cai, 2005).  However, the exact 

methane potential and biodegradability varies due to the variability of food waste.  Curry & 

Pillay (2012) offer several techniques for the estimation of biogas yield and biodegradability of 
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food waste streams; these techniques include molecular analysis of the substrate and estimation 

of these parameters through literature review.  In most studies that use food waste as a substrate, 

the food waste is source-separated; that is, the food waste stream is taken from a known source 

(e.g., restaurant, grocery store), which is then characterized.  However, there are different 

methods for characterizing this food waste.  Some studies have reported the mass of individual 

food items, such as “fish”, “rice”, or “apple” (Jiang, et al., 2013; Lee, Hidaka, & Tsuno, 2008; 

Murto, Björnsson, & Mattiasson, 2004) .  Other studies have characterized the molecular 

composition of the food waste (Cho, Park, & Chang, 1995; Curry & Pillay, 2012).  Finally, other 

studies have considered the properties of the food waste, such as solids content, biodegradability, 

methane potential, and chemical oxygen demand (COD), and ignored the colloquial categories 

for food items (He, et al., 2012; Kim, et al., 2016; Ramos, Buitrón, Moreno-Andrade, & Chamy, 

2012; Shin, 2004; Wang & Zhao, 2009).  However, most food waste can be categorized as a ratio 

of carbohydrates, proteins, and lipids.  Determining these ratios will give insight into the exact 

fermentation processes.  Since food waste composition can vary according to venue, it is 

important to understand the particular influences of proteins, lipids, and carbohydrates on the 

breakdown of food waste.   

 

2.2.4. Food Waste Inhibition of AD   

Food waste can inhibit AD due to its variance in nutrient content, rapid degradation, and the 

presence of inhibitory compounds.  Signs of inhibition in AD include a rapid increase in volatile 

fatty acid concentrations (VFAs) and a corresponding decrease in methane yield (Kroeker, 

Shulte, Sparling, & Lapp, 1979; Parkin & Owen, 1987).  High nitrogen content (>1.2 g Total 

Ammonia Nitrogen/L), potassium levels (>400 mg K /L), and sodium levels (>5.5 g Na /L) in 
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food waste have also been shown to be inhibitory to AD (Banks, Chesshire, Heaven, & Arnold, 

2011; Carucci, Carrasco, Trifoni, Majone, & Beccari, 2005).  Complex molecules, such as 

cellulose, long chain fatty acids (LCFAs), or collagen, may limit the hydrolysis step in AD.  

Rapid degradation of food waste, especially carbohydrate-rich food waste, also poses a problem 

for AD.  Basically, the food waste acidifies quickly and produces high concentrations of VFAs, 

specifically acetate, which lowers the pH (Barlaz, et al., 1990; Cho, et al., 1995).  The 

accumulation of acetate subsequently lowers the pH, and if no methanogens are present to utilize 

the acetate, this can acidify the system and inhibit methanogenesis (Laube & Martin, 1981).    

 

2.3.  Hydrolysis Overview  

Hydrolysis is the conversion of complex organic molecules by extracellular enzymes into soluble 

monomers.  These smaller molecules are in a form that can pass through the cell membrane of 

bacteria (Parkin & Owen, 1987).  Hydrolysis is the first stage in AD and can be a rate-limiting 

step in the fermentation process (Figure 2.1).  Substrates can contain complex molecules, such as 

cellulose, (LCFAs), or collagen, which are difficult or impossible to degrade.  Insoluble 

molecules, such as cellulose, hemicelluloses and lignin, have extremely low hydrolysis rates 

compared to more soluble molecules such as starch (Table 2.1).  Other factors, including 

agitation, pH, retention, and temperature can influence the rate of hydrolysis (Pavlostathis & 

Giraldo‐Gomez, 1991).     

 

Hydrolysis rates have been determined using several different methodologies.  Eastman & 

Ferguson (1981) assert that a first-order equation is an adequate estimation of hydrolysis.  They 

applied a first order equation to domestic sewage sludge, which was held at a constant 
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temperature (35°C) and pH (5.15) (Table 2.1).  The-first order equation was determined from 

remaining particulate COD: 

Rh = khF   

where F = concentration of remaining degradable particulate COD, kh = first-order rate constant 

(d
–1

).  As a fraction of total COD, degradable particulate COD is the measurement of the 

particulates in the biodegradable portion of the material (Haandel & Lubbe, 2007).  

Biodegradable material is the portion of organic matter that can be metabolized by bacteria.  

Organic material is composed of a soluble fraction and a particulate fraction.  By definition, 

particulates are colloids or macro particles that are taken up by bacteria less easily than solubles.  

Tembhurkar & Mhaisalkar (2007) applied this first-order equation to food waste.  They ran a 

batch, two-phase AD system at 27°C to determine changes in hydrolysis and acidification rates.  

They determined acidification rates by measuring the changes in VFA concentrations between 

the influent and effluent.  They found that hydrolysis and acidification occurs rapidly within the 

first four days of the experiment; after four days, the acidification rates are constant and 

hydrolysis rates decrease (Table 2.1).  Other studies have modified this first-order equation to 

include changes in soluble COD in relation to particulate COD to determine the hydrolysis rate 

of food waste (Christ, Wilderer, Angerhöfer, & Faulstich, 2000; Neves, Gonçalo, Oliveira, & 

Alves, 2008) (Table 2.1).        

 

However, this first-order equation is overly simplistic because it does not account for variance in 

feed characteristics and essentially lumps together all the kinetic processes.  First-order kinetics 

are not appropriate when the biodegradability of the substrate is low.  Biodegradability refers to 

the ultimate rate and extent of substrate utilization and can be included in the hydrolysis model 
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(Vavilin, Fernandez, Palatsi, & Flotats, 2008):   

 dS/dt = -k(S-βS0) 

where β is the non-degradable fraction of the substrate and S0 is the initial concentration of 

substrate.  The biodegradability of a substrate can be estimated using several methods including 

the measurement of lignin content, long-term batch studies, and biochemical methane potential 

tests (BMP).  The concentration of lignin, which is particularly recalcitrant to degradation, can 

be inversely correlated to the substrate’s biodegradability of the substrate.  In long-term batch 

studies, biodegradability can be determined by the remaining volatile solids (VS) concentration 

as time approaches infinity in an anaerobic digester.  Kayhanina (1995) determined the 

biodegradable fraction of several substances using long-term batch studies (75 days) in 

continuously mixed thermophilic digesters.  The biodegradable fraction was reported in % VS: 

82% for food waste; 72% for yard waste; and 24% for news print (Kayhanian, 1995).  The 

biodegradability can also be determined based on cumulative methane production in BMP tests.  

A BMP test optimizes conditions for methane production.  The substrate is incubated for 30 days 

at 37°C using a defined nutrient media and inoculum.  Cho et al. (1995) determined the 

biodegradability of mixed food waste with a BMP test to be 86%, cooked meat to be 82%, boiled 

rice to be 73%, and cooked cabbage to be 72%. 

 

More complex models for hydrolysis have also been developed.  For example, Vavilin, 

Lokshina, Jokela & Rintala (2004) determined the kinetic hydrolysis coefficients of food waste 

from BMP tests (Table 2.1).  This study used a non-linear mathematical model, which accounted 

for the inhibition in hydrolysis, acidification, and methanogenesis.  This model is sensitive to the 

biodegradability of the substrate, product formation, and inhibition at each stage of fermentation.  
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Ultimately, the hydrolysis model can be tailored to different substrates and reactor conditions, 

including different types of kinetics such as n-order reactions, limitations in inoculum, particle 

diameter, and shape (Vavilin, et al., 2008).  There is no “one-size fits all” model for hydrolysis.    

Substrate K Temperature References 

  day
–1

 °C   

Carbohydrate (Food Waste) 0.025-0.2 55 (Christ, et al., 2000) 

Cellulose 0.04-0.13  35 (Gujer & Zehnder, 1983) 

Cellulose (fresh cabbage) 0.18 37 (Neves, et al., 2008) 

Carbohydrate (potato 

flakes) 0.32 37 (Neves, et al., 2008) 

Carbohydrate (potato 

flakes) 0.32 37 (Neves, et al., 2008) 

Starch 0.78 37 (Elbeshbishy & Nakhla, 2012) 

Protein (Food Waste) 

0.015-

0.075 55 (Christ, et al., 2000) 

Protein 0.02-0.03  35 (Gujer & Zehnder, 1983) 

Protein (Chicken) 0.22 37 (Neves, et al., 2008) 

Lipid (Food Waste) 0.005-0.01 55 (Christ, et al., 2000) 

Lipid 0.08-1.7 34-40 (Gujer & Zehnder, 1983) 

Lipid (Pork Lard) 0.12 37 (Neves, et al., 2008) 

Lipid (Slaughterhouse 

Waste) 0.63 25 

(Masse, Massé, Kennedy, & 

Chou, 2002) 

Domestic sewage sludge  0.125 35 (Eastman & Ferguson, 1981) 

Mixed Food Waste 0.155 27 

(Tembhurkar & Mhaisalkar, 

2007) 

Mixed Food Waste 0.55 35 (Vavilin, et al., 2004) 

Table 2.1:  Reported hydrolysis rate constants (day
-1

) for carbohydrate-rich, protein-rich, lipid-

rich, and mixed food waste at various temperatures.    

 

2.4.  Food Waste Composition 

Food waste is mostly composed of carbohydrates, proteins, and lipids.  A small fraction of food 

waste is inert material.  Each category contains a range of different structural molecules, which 

vary in their degradability.  The following section will identify relative rates of hydrolysis and 

fermentation end products for the carbohydrate, protein, and lipid fractions of food waste.   
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2.4.1  Carbohydrates  

 

Carbohydrates consist of a diverse group of molecules that vary in their biodegradability.  

Carbohydrates are either simple (monosaccharides) or complex (discaccarides, polysaccarides) 

(McMurry, 2011).  Reported hydrolysis rates (k) range from 0.025-0.78 day
-1

 (Table 2.1).  Noike 

et al. (1985) compared the degradation rates of cellulose, glucose, soluble starch, and acetic acid 

in continuous, mesophilic digesters.  In their study, degradation was determined by the specific 

rate of substrate utilization.  They found that the degradation of cellulose was so low that it was 

the overall rate-limiting step in the entire anaerobic digestion process.  Glucose had the highest 

specific rate of substrate utilization, then soluble starch, and then acetic acid.  Carbohydrate-rich 

substrates have some of the lowest reported values for methane production (Table 2.2).   

 

Carbohydrates can also be used for the creation of valuable end products such as ethanol, 

hydrogen, and lactic acid.   Soluble carbohydrates are degraded very quickly to CO2, H2, and 

acetate.  If hydrogenotrophic methanogens are absent, then ethanol (an electron sink) will be 

produced together with other VFAs (Pavlostathis & Giraldo‐Gomez, 1991).  Moon et al. (2009) 

used enzymatic treatment of food waste to produce ethanol.  Their objective was to convert 

cellulose into more easily fermentable sugars (monosaccharides).  The food waste had high 

cellulose content and was fermented in 250-mL flasks at pH 4.5 and temperature 30°C.  Marone 

et al. (2014) produced hydrogen and lactic acid from vegetable waste in mesophilic batch 

reactors.  The substrate received no inoculum or pre-treatment.  Reactors for which the pH was 

buffered between 6.0-6.8 had the maximum hydrogen yield of 24 L/kg VS.  In batch reactors 

with no pH buffer, the pH declined to 5.0-4.5 and H2 production was inhibited; however, lactic 

acid became the main VFA product.     
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2.4.2  Proteins   

The hydrolysis of protein is generally slower than the hydrolysis of carbohydrates.  Reported 

hydrolysis rates (k) range from 0.015-0.22 d
-1

 (Table 2.1).  Proteins are degraded to amino acids, 

which can be fermented to VFAs, CO2, H2, ammonium, and reduced sulfur (Pavlostathis & 

Giraldo‐Gomez, 1991).  Proteins are either fibrous or globular.  Fibrous proteins, such as 

collagen, are insoluble in water and are used as structural materials.  Globular proteins, such as 

albumin, are more mobile and soluble (McMurry, 2011).   

 

Substrates with a large protein content may pose a special problem to AD because the production 

of total ammonia nitrogen may potentially inhibit methanogenesis (Guerrero, Omil, Me, & 

Lema, 1999).  Total ammonia nitrogen is composed of unionized free ammonia (NH3) and the 

ammonium ion (NH4
+
).  The form of total ammonia nitrogen depends on pH:  

H2O + NH3    NH4
+
 + OH

- 

At high pH, total ammonia becomes free ammonia (NH3); at low pH, total ammonia partitions 

towards NH4
+
.  Free ammonia (NH3) is the main inhibitor of AD because it is very permeable to 

bacterial cell membranes (Rajagopal, Massé, & Singh, 2013).  The fraction of free ammonia 

increases at a high pH, usually higher than 8.  However, proteins that are degraded to NH4
+
 may 

act as a pH buffer due to the formation of ammonium bicarbonate (Zhang, et al., 2005).  

Thermophilic temperatures may also increase the concentration of free ammonia.  Guerrero et al. 

(1999) operated two continuous stirred reactors at thermophilic and mesophilic conditions at a 

pH range of 7.2-7.7.  Even though they both produced similar amounts of total ammonia, the 

reactor at thermophilic conditions had a higher concentration of free ammonia.   
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Strategies to control ammonia toxicity include: acclimation of microbes to high ammonia 

concentrations; co-digestion to increase the C/N ratio; pH control; and temperature control 

(Rajagopal, et al., 2013).  Therefore, co-digesting the correct ratio of carbohydrates and proteins 

may optimize conditions for AD.  Elbeshbishy & Nakhla (2012) found that methane production 

was at its maximum with a 80%/20% carbohydrate:protein ratio when the bottles were operated 

at optimum conditions (37°C, continuously stirred, inoculated, and fed a nutrient media).   

However, the addition of carbohydrates can be inhibitory to protein degradation.  Breure et al. 

(1986) proposed the separation of carbohydrates and proteins in the fermentation process.  They 

concluded that glucose/lactose, rather than their fermentation end products (VFAs), inhibited 

protein degradation.  They tested the inhibition of gelatin (protein) degradation in the presence of 

increased concentrations of carbohydrates and VFAs.  They performed two experiments in which 

they first fed gelatin to mixed populations of bacteria in chemostat cultures at various dilution 

rates.  After the systems reached steady state, one received increased concentrations of glucose 

or lactose (10 g/L) and the other received increased concentrations of VFAs (25.4 mM acetic 

acid, 16.8 mM propionate, 19.5 mM butyrate).  The extent of fermentation and degree of 

hydrolysis of the gelatin decreased as dilution increased and concentrations of carbohydrates 

increased.  In the meantime, protein degradation was not inhibited by the VFA addition. They 

suggest that carbohydrates should be fermented to VFAs first in a separate reactor and then the 

protein. 

 

2.4.3  Lipids  

Lipids hydrolyze quickly to LCFAS and glycerol (Alves, et al., 2009).  Glycerol is converted to 

acetate by acidogenesis while LCFAS undergo β-oxidation.  β-oxidation is the sequential 
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removal of acetate from the longer carbon chain.  Hydrogen that is released during β-oxidation 

reduces CO2 to form methane (hydrogenotrophic methanogenesis) (Novak & Carlson, 1970; 

Weng & Jeris, 1976).  If hydrogen partial pressures are too high, the oxidation of LCFAs and n-

butyrate becomes thermodynamically unfavorable (Masse, et al., 2002; Pavlostathis & 

Giraldo‐Gomez, 1991).  If hydrogen-utilizing methanogens are not present or do not utilize 

hydrogen quickly enough, the partial pressure of hydrogen can increase and inhibit lipid 

degradation.   

  

Reported hydrolysis rates (k) range from 0.005-0.63 day
-1

 (Table 2.1).  However, the values 

reported by Christ et al. (2000) may be underestimated since they were calculated based on 

changes in soluble to particulate COD ratios and were conducted at thermophilic temperatures.  

LCFAs have been reported to become adsorbed on biomass, resulting in a reduction of SCOD 

over time.  Therefore, the change in the ratio of soluble to particulate COD is an unreliable 

measurement of hydrolysis in lipids (Masse, et al., 2002). 

 

Lipids have the highest theoretical methane potential but require the longest retention time 

(Neves, et al., 2008) (Table 2.2).  The degradation of LCFAs is the rate-limiting step for methane 

production (Novak & Carlson, 2013; O'Rourke, 1968).  Specifically, as chain length increases, 

the rate of degradation of the saturated fatty acids (no double bonds) decreases (Novak & 

Carlson, 1970).  Increased chain length means a lower solubility and an increased melting point, 

which will inhibit degradation.  Saturated fatty acids can pack together more tightly than 

unsaturated fatty acids, which are more likely to become bent or kinked.  Therefore, saturated 

fatty acids can form crystal lattices, which are more difficult to degrade (McMurry, 2011).  The 



 

 15 

LCFAs may also be toxic to H2-producing acetogenic bacteria. Hanaki et al. (1981) conducted 

batch tests of various synthetic fat mixtures and found that LCFAs were most likely toxic to H2 

producing acetogenic bacteria, which accounts for a lag in lipid degradation and methanogen 

production.  As increased fatty acid concentrations (0-2000 mg/L) increased, the lag time (0-40 

days) for β-oxidation of lipids and methane production increased.  They suggest that the LCFAs 

themselves are toxic to the acetogenetic bacteria, which produce H2 from LCFAs.  Studies have 

found that AD systems that are inhibited by the presences of lipids can recover if given a long 

enough time (Cirne, Paloumet, Björnsson, Alves, & Mattiasson, 2007).  This may not be 

practical, however, for continuous digesters.   

Substrate Methane Yield VS/TS Temperature 

Digestion 

Time References 

  mL CH4 /g VS % °C Days   

Carbohydrate 

(Fresh cabbage) 277 84 37 28 

(Cho, et al., 

1995) 

Carbohydrate 

(Boiled rice) 294 99 37 28 

(Cho, et al., 

1995) 

Cellulose 356 -- 37 28 

(Cho, et al., 

1995) 

Cellulose (white 

cabbage) 370 97 37 80 

(Neves, et 

al., 2008) 

Carbohydrate 

(Potato flakes) 370 96 37 80 

(Neves, et 

al., 2008) 

Protein (Chicken 

breast) 390 97 27 80 

(Neves, et 

al., 2008) 

Protein (Cooked 

meat) 482 95 37 28 

(Neves, et 

al., 2008) 

Lipid (Pork lard) 430 99.6 37 80 

(Neves, et 

al., 2008) 

Mixed Food Waste 435 83 50 28 

(Zhang, et 

al., 2007) 

Mixed Food Waste 472 95 37 28 

(Cho, et al., 

1995) 

Table 2.2:  Reported methane yield (mL CH4/gVS) of carbohydrate-rich, protein-rich, lipid-rich, 

and mixed food waste under various %VS/TS, temperatures, and digestion times in BMP tests.   
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2.5.  Separation of Acidification and Methanogenesis Phases in Anaerobic Digestion of 

Food Waste 

The separation of hydrolysis and acidification from the methanogenesis stage may improve 

digestion efficiency.  A two-stage process is especially advantageous for liquid wastes with high 

COD and operated at short retention times.  The production of carboxylic acids, the reduction of 

pH, and solubilization of monomers in the acidogenesis stage may facilitate methanogenesis 

later.  This may be beneficial if hydrolysis is the limiting step.  Several studies have used a two-

stage process to improve the hydrolysis of food waste.  The retention time of the system may be 

reduced in the methanogenesis stage if hydrolysis has already occurred in the first stage.  Two 

stage systems at pilot- and full-scale operations have demonstrated improved performance, net 

energy recovery, and waste stabilization (Ghosh, Ombregt, & Pipyn, 1985).   

 

The acidification stage may also generate hydrogen gas, which can be used as another energy 

source.  Studies with cheese whey (Antonopoulou, Stamatelatou, Venetsaneas, Kornaros, & 

Lyberatos, 2008b), sweet sorghum (Antonopoulou, Gavala, Skiadas, Angelopoulos, & 

Lyberatos, 2008a), and food waste (Wang & Zhao, 2009) have successfully coupled H2 gas 

production and methane gas production in a two-stage system under mesophilic conditions. The 

production of acetic acids, the reduction of pH, and soluble monomers in Stage 1 may facilitate 

methanogenesis later in Stage 2.  For example, Antonopoulou et al. (2008b) investigated a two-

stage system for methane and hydrogen production of cheese whey.  The first stage was a 3-L 

mesophilic, continuous stirred-tank reactor, which received un-inoculated raw cheese whey at a 

hydraulic retention time of 24 hours.  The hydrogen yield (335 mmol/day) was lower than the 

stoichiometric calculation (491 mmol/day), but suggested that the hydrogen was consumed in the 
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production of acetate.  Gavala et al. (2005) used a continuous, thermophilic, two-stage 

continuously stirred reactor to demonstrate that hydrogen and methane production could be 

successfully coupled with olive pulp.  However, hydrogen production was limited by the lack of 

soluble carbohydrates in the olive pulp. 

 

Wang & Zhao (2009) optimized a bench-scale, semi-continuous, two-stage system for methane 

and hydrogen production of food waste at relatively short hydraulic retention times.  The first 

stage of this system received un-inoculated, unsterilized food waste at various organic loading 

rates (15.10-37.75 kgVS/m
3
/d) and a solids retention time of 96-240 hours.  At the optimal 

organic loading rate (22.65 kg VS/m
3
d) and solids retention time (160 hours) 5.78% of influent 

COD was converted to hydrogen.  As the organic loading rate increased, hydrogen yield 

decreased in combination with concentrations of ethanol, butyric acid, and acetic acid.  Wang & 

Zhao (2009) associate this decline with a lower rate of hydrolysis when the organic loading rate 

increased.  As hydrogen yield decreased, there was a proportionate increase in lactic acid 

concentration and propionate concentration.  They suggested that this was most likely because 

the production of propionate consumes hydrogen.  Less than 5% of the cheese whey COD was 

consumed during stage one.  The second stage was a mesophilic 15-L periodic anaerobic baffled 

reactor, which was operated at hydraulic retention times of 4.4, 10, and 20 days. 

 

Conclusion 

A substantial volume of food waste is generated each year in the United States.  This food waste 

is an energy-rich substrate for anaerobic digestion due to its high-energy content and high 

potential methane yield.  The diversion of food waste from landfills will also reduce greenhouse 
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gas emissions.  Food waste, however, poses several problems for anaerobic digestion.  One of 

these problems is its variability between sources.  A solution is determining the carbohydrate, 

lipid, and protein fractions of food waste to obtain insight into food waste fermentation.  Another 

problem is that food waste can contain molecules, such as cellulose, LCFAs, and collagen that 

are difficult to hydrolyze.  In addition, food waste with a high carbohydrate content can acidify 

quickly, and thereby reducing the pH and inhibiting methanogensis.  A potential solution to this 

problem is co-digesting the carbohydrate-rich substrate with a protein-rich substrate.  Separating 

the acidification phase from the methanogenesis phase can promote the hydrolysis of the food 

waste before methanogensis.  Several studies have produced other end-products from the 

fermentation of food waste, including hydrogen, lactic acid, and ethanol.   
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CHAPTER 3:  ACIDIFICATION OF FOOD WASTE DURING STORAGE AFTER 

GRINDING WITH INSINKERATOR® TECHNOLOGY 

Adapted from a manuscript in preparation by Sarah E. Daly, Joseph G. Usack, and Largus T. 

Angenent 

(In preparation for submission to Water Research) 

Abstract 

Food waste in the United States is a considerable problem due to the large volume generated 

yearly.  Most food waste is sent to a landfill where it can emit methane, which is a potential 

greenhouse gas.  The following system for handling food waste is one proposed solution to this 

problem.  First, food scraps are ground and diluted in a grinder that has been installed on-site at 

the source of food waste (e.g., a restaurant kitchen).  Then, the slurry from the grinder is 

collected in a large storage tank.  After two weeks, the slurry is trucked to a centralized 

anaerobic digester to produce biogas.  This biogas can then be used to generate electricity or fuel 

for the plant, thereby decreasing operating costs and reducing greenhouse gas emissions.  Here, 

the objective was to study the effects of different storage conditions on the quality of food waste.  

We used a mixed-level fractional factorial design to determine the influence of temperature, 

feeding regimen, inoculum, and food waste composition on hydrolysis, extent of fermentation, 

and methane potential of the slurry after storage.  Three different temperatures (15°C, 25°C, and 

35°), three different substrates (carbohydrate, lipid, and protein), three different feeding 

conditions (no feeding, feeding, feeding with oxygen removal), and two different inoculum 

conditions (yes and no) were tested.  In total, 12 different conditions were performed in triplicate 

as determined by the mixed-level fractional factorial design.  We found that food waste 

composition, temperature, and time had the most significant influence on acidification and 
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hydrolysis.  Two valuable end products, hydrogen and lactate, were produced during storage.  

Lactate was produced in carbohydrate-rich bottles (a maximum of 138 g COD/L at 25ºC).  In 

addition, hydrogen was produced mainly in bottles with protein- and lipid-rich substrates.  

Cumulative hydrogen production reached a maximum of 3.29 L in protein-rich bottles at 35°C 

on Day 12.  Furthermore, BMP analyses were used to compare the effect of food waste storage 

on methane yield.  After comparing several different methodologies for calculating methane 

yield, the storage of food waste may have negatively affected methanogenesis in a BMP test due 

to inhibition of high concentrations of storage products. 

 

2.1.  Introduction  

In 2012, U.S. residents threw out 36 million tons of food waste.  About 95% of this waste was 

sent to a landfill or incinerated (EPA, 2012).  In landfills, these wastes release methane, which is 

a potent greenhouse gas when released to the atmosphere.  For landfills without gas capture, this 

results in 20% of anthropogenic methane emissions (EPA, 2012).  In addition, the energy content 

of food waste is estimated to be about 2142 ± 169 trillion kilojoules of energy, which 

approximately equals 2% of annual U.S. energy consumption (Cuéllar & Webber, 2010; 

DOE/EIA, 2012).  While food waste may not be a substantial energy source for the United States 

as a whole, it is valuable to certain industries where the wasted product has comparatively high 

energy content.   

 

Food waste due to its high biodegradability, methane yield, and organic carbon content is a 

potential source for anaerobic digestion (AD) (Zhang, et al., 2005).  AD is a mature technology 

that uses a reactor microbiome (i.e., an open culture of microbial consortia) to convert organic 
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solids to biogas (methane).  AD is both reliable and economically feasible at full-scale and is one 

of the best treatments for agro-industrial, agricultural wastes, and food waste due to its excellent 

stabilization and energy recovery (Breure, et al., 1986; De Baere, 2000; Mata-Alvarez, et al., 

2000; ten Brummeler, 2000).   

 

However, food waste can inhibit AD due to its variable nutrient content and the presence of 

difficult-to-degrade molecules.  Signs of inhibition in AD include a rapid increase in volatile 

fatty acid concentrations (VFAs) and a corresponding decrease in methane yield (Kroeker, et al., 

1979; Parkin & Owen, 1987).  One cause of this inhibition is the presence of certain molecules 

such as cellulose, collagen, or LCFAs that are difficult to hydrolyze, and thus would make 

hydrolysis a rate-limiting step in the AD process.  Another cause of inhibition is when food 

waste with high soluble carbohydrate content acidifies quickly to short chain carboxylic acids, 

and thereby reducing the pH and inhibiting methanogensis.   

 

The difficulties that food waste presents in the AD process may be reduced by storage of the 

food waste before AD.  First, food scraps are ground and diluted in a grinder that has been 

installed in a kitchen.  Second, the slurry from the grinder is then collected in a large tank.  

During storage, the food waste undergoes hydrolysis and acidification.  The production of 

carboxylic acids and solubilization of monomers in the hydrolysis and acidogenesis stage would 

facilitate methanogenesis later.  Third, after two weeks, the slurry is trucked to a centralized 

anaerobic digester.  These storage systems would benefit establishments that generate a large 

amount of organic wastes.  The establishment would save money on the tipping fees while 

diverting waste from a landfill. 
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Our experimental objectives were to: 1.) Use a fractional factorial design to determine the 

influence of temperature, feeding regimen, inoculum, and food waste composition on hydrolysis 

and the rate and extent of fermentation of the slurry in the storage tanks; and 2.) determine the 

change in methane potential of the food waste after storage in these tanks for 15 days.   

 

2.2.  Materials and Methods 

2.2.1.  Bottle Design 

Food waste storage was studied with large bottles that were made from 5-L borosilicate glass 

Duran bottles (Figure 3.1).  The bottle was gas-tight.  There were three sampling ports; two ports 

were on top and one was on the bottom.  All three sampling ports were 2.54 cm in diameter with 

outside threading.  The caps on the sampling ports had PTFE liners to prevent gas leakage.  We 

took liquid samples from the bottom port, which was 5.08 cm long and below the food waste 

level.  We fed the food waste into the bottle through the top, angled ports, which were 7.62 cm 

long.  Gas samples were taken from the top, vertical opening of the bottle, which was sealed with 

rubber septa and threaded, plastic cap, and o-ring to prevent gas leakage.  BMP tests were 

performed in 250 mL gas-tight bottles.   

 

 

 

 

 

 

Figure 3.1.  Picture of the large bottle that was used for studying the storage of food waste.  
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2.2.2.  Food Waste Collection  

 

We collected pre-consumer food waste over a period of several months from Cornell 

University’s student-dining North Star cafeteria.  Food waste was separated by item, massed, and 

determined to be either a carbohydrate, lipid, or protein based on nutrition information given by 

the USDA (USDA, May 2015) (Table 3.1).  An item was determined to be a protein, lipid, or 

carbohydrate by reading the food label and determining whichever of these categories had 

highest mass per 100 grams of the food.  If a piece of food was not easily identifiable by sight it 

was not included in the study.  The food was stored at -30°C before grinding to prevent 

decomposition.  The food waste was rinsed with tap water before grinding in the InSinkerator® 

(InSinkerator Model MSLV-7 and Waste Disposer Model GD-1, InSinkerator Div, Emerson 

Electric Co, Racine, WI) to remove any inhibitory nutrients (e.g., sodium).  During grinding, tap 

water was mixed with the crushed food waste.  After grinding, the food waste was stored at -

30°C.  In preliminary experiments, we had found that freezing did not significantly effect the 

food waste composition (Figures S.6-S.8).  Before being fed to the large bottles, the food waste 

was first diluted with DI water to 10% total solids.  Halfway through the experiment, we ran out 

of protein-rich substrate, so we collected and ground a new batch of protein-rich substrate 

(Protein II).     
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Protein (R1-R3) Lipid Carbohydrate Protein II (R4-R6) 

[Item] 

[% 

Mass] [Item] 

[% 

Mass] [Item] 

[% 

Mass] [Item] 

[% 

Mass] 

Red meat 8.7% Olives 14.1% Fruits 15.4% 

Red 

meat 8.8% 

Poultry 8.0% 

Processed 

Meats 34.7% Vegetables 47.1% Poultry 9.7% 

Eggs 40.0% Cheeses 16.3% Breads/Grains 37.5% Eggs 78.9% 

Pork 27.0% Butter/fats 34.9%   Pork 2.5% 

Fish 16.3%       

Table 3.1.  Food waste composition of protein-rich, lipid-rich, and carbohydrate-rich substrates 

by the percent wet mass of each item.  Food waste was separated into proteins, lipids, and 

carbohydrates by consulting the nutritional information for each item in a USDA database.  An 

item was determined to be a protein, lipid, or carbohydrate by reading the food label and 

determining whichever of these categories had highest mass per 100 grams of the food.  

Different batches of protein food waste (Protein and Protein II) were used during this 

experiment. 

 

2.2.3.  Inocula 

In the large bottle experiment and according to the experimental design, some bottles received 

about 10% of the food waste volume as an inoculum, which came from a real storage tank that 

received ground grocery store waste.  This waste had been stored for 13 days.  We stored this 

inoculum at 4°C upon receiving it from a commercial food grinding and storage system.  For the 

BMP analyses, the inoculum was different and was anaerobic digester sludge from a wastewater 

treatment plant that was acclimated to the acidic conditions of food waste.  A 1:1:1 ratio of lipid-

rich, protein-rich, and carbohydrate-rich food waste, which had been stored at 25°C for two 

weeks, was used to acclimate the inoculum to food waste.   

 

2.2.4.  Experimental Design  

For the large bottle study, we tested three different temperatures (25°C, 35°C, and 15°C), three 

different substrates (carbohydrate, lipid, and protein), two inoculum conditions (yes and no), and 
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three different feeding conditions (“No Feed”, “Feed”, and “Feed: No O2”).  “Feed: No O2” 

means that the bottles were sparged with nitrogen gas after feeding to control for the bottle’s 

changing headspace when adding volume to the bottle.  These factors were chosen based on 

results from preliminary experiments on food waste storage (Figures S.1-S.8).  Because we 

tested several independent variables (i.e., factors), this experiment would have required a large 

number of combinations (2^1 x 3^3) to be tested, and hence an even large number of bottles 

when each combination was performed in triplicate.  Instead, we used a mixed-level fractional 

factorial analysis to reduce the number of bottles needed by excluding redundant interactions 

between factors (Table 3.2).  Several studies have used a fractional factorial design to account 

for a large number of independent variables (Dauneau & Perez-martinez, 1997; Jawad, Alkarkhi, 

Jason, Easa, & Nik Norulaini, 2013; Wang, Huang, & Zhou, 2016).  The fractional factorial 

design was first mentioned by Finney (1943).  Factorial designs examine how the interactions of 

different factors (independent variables) affect a response variable (dependent variable).  Each 

factor has at least two values associated with it (levels).  A matrix is created in which the 

columns represent the factors and the rows represent the combinations.  As the number of factors 

in a design increase, the number of possible combinations and interactions increases.  The size of 

a factorial experiment is expressed as p
k
 combinations where p represents the number of levels 

and k the number of factors.  Therefore, as the number of factors increase, the size of the matrix 

increases.  However, there may be monetary or physical constraints to performing such a large 

experiment.  A fractional factorial design carefully chooses rows in the matrix that give 

significant information about the main effects and low order interactions while minimizing 

confounding (Wheeler, 2009).  Designs where the factors do not have equal number of levels are 

called “mixed-level factorial designs”.  We used the package AlgDesign in R to create the 



 

 26 

optimal mixed-level fractional factorial design using the Federov exchange algorithm.  The 

program produced 12 unique conditions, which we performed in triplicate (Table 3.2).    

 

Table 3.2.  Results of the mixed-level fractional factorial design. Each row represents a 

condition which was tested.  These 12 conditions were performed in triplicate.  Three different 

temperatures (15°C, 25°C, and 35°C) were tested.  Three different substrates (carbohydrate, 

lipid, and protein) were tested.  Some of the bottles were not periodically fed (No Feed), some 

were periodically fed (Feed), and some were periodically fed and were flushed with nitrogen 

after feed (“Feed:  No O2”).  Some received inoculum (“Yes”) and others did not (“No”).   

 

 

We operated six bottles at a time.  Bottles that underwent periodic feeding (“Feed and Feed: No 

O2”) were fed 536 mL of ground and diluted food waste (substrate) on the first three days and 

then every third day.  Bottles that did not undergo periodic feeding (“No Feed”) received 3.75 L 

of substrate on Day 0.  The bottles were placed in a separate temperature-controlled incubation 

room (± 1°C).  A space heater was used for heating the room and a built-in chilling system was 

used for cooling the room.  The pH level during the experimental period was uncontrolled.  After 

15 days, the bottles were emptied, cleaned, and then re-used.  The remaining food waste after 15 

days was used for the biochemical methane potential (BMP) assay.  The BMP method was 

adapted from (Owen, Stuckev, Healv, Young, & McCarty, 1979) and revised by (Labatut, 

Condition 

# 

Temperature Substrate Feed Inoculum 

1 25°C Carbohydrate-rich  No Feed Yes 

2 25°C Lipid-rich Feed: No O2 Yes 

3 25°C Lipid-rich  No Feed No 

4 25°C Protein-rich Feed No 

5 35°C Protein-rich No Feed Yes 

6 35°C Lipid-rich Feed Yes 

7 35°C Carbohydrate-rich Feed:  No O2 No 

8 35°C Protein-rich Feed: No O2 No 

9 15°C Carbohydrate-rich Feed Yes 

10 15°C Protein-rich Feed:  No O2  Yes 

11 15°C Lipid-rich No Feed No 

12 15°C Carbohydrate-rich Feed No 
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Angenent, & Scott, 2011).  To compare the methane yield before and after storage, a BMP test 

on the feedstock was performed as well. 

 

 

2.2.5.  Analytical Methods  

The pH level was determined using a pH meter (pH/ ISE Model Orion 4-Star Plus; Thermo-

Scientific).  The meter was calibrated using buffers at pH 4, 7, and 10.  The ammonium 

concentration was determined using an ammonia electrode (Model Orion 95-12; Thermo-

Scientific).  The meter (PH/DO Model Orion 4-Star Plus; Thermo-Scientific) was calibrated with 

1x10
-3

 mM, 1x10
-2

 mM, and 1x10
-1

 mM ammonium standards.  A strong base was first added to 

the samples to increase the pH to 11 to convert all ammonia to ammonium.  For carboxylic acid 

and SCOD analysis, samples were first centrifuged for 10 min at 10,000 rpm.  The suspended 

liquid was then filtered using a sterile 0.2-m pore size Nylon filter (VWR International) to 

remove biomass and stored at -30°C until further analysis.  SCOD and TCOD were determined 

using a closed reflux titration method modified form (Standard Methods for the Examination of 

Water and Wastewater, 1999).  Total solids and volatile solids were measured at the beginning 

and end of each experimental run (Standard Methods for the Examination of Water and 

Wastewater, 1999).  Concentrations of acetate, propionate, and n-butyrate were measured using a 

gas chromatograph (Usack & Angenent, 2015).  Lactate was measured using high-performance 

liquid chromatography (Shimadzu Prominence HPLC system) equipped with an RID-10A 

refractive index detector and Bio-Rad Aminex HPX-87H column operated at 65°C with 5 mM 

sulfuric acid (diluted with milliQ H2O from high purity 99.999% H2SO4 (Sigma-Aldrich)) as the 

mobile phase at a flow rate of 0.6 mL/min.  Data was recorded and analyzed using the Shimadzu 

LabSolutions data analysis software.     
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For the large bottle test, gas volumes were measured daily while methane, carbon dioxide, and 

hydrogen concentrations were measured on the first three days and then every third day.  For the 

BMP tests, gas volume, methane, and carbon dioxide concentrations were measured periodically 

throughout the incubation period.  Gas volume for both the storage experiment and BMP tests 

was measured with a 30-cc Luer Lock syringe and then expelled from the syringe into the 

atmosphere.  Methane and carbon dioxide concentrations were measured using a gas 

chromatograph (Usack & Angenent, 2015).  Hydrogen concentrations were measured using a gas 

chromatograph (SRI 8610C, SRI Instruments, Torrance, CA) equipped with a 0.3 m HaySep-D 

packed Teflon column (nitrogen was the carrier gas), and thermal conductivity detector (TCD).  

The oven and detectors were set at 40°C and 100°C, respectively.  The detection limit was 250 

ppm (0.025%).  The data was analyzed and recorded using ChemStation software.  The biogas 

volume was converted to biogas volume at standard temperature and pressure (STP).   

 

2.2.6.  Data Analysis  

 

Figures were generated and statistical analyses were performed in RStudio (R version 3.2.2 

(2015-08-14) -- "Fire Safety" Copyright (C) 2015 The R Foundation for Statistical Computing 

Platform: x86_64-w64-mingw32/x64 (64-bit)) and Microsoft Powerpoint and Microsoft Excel. 
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2.3.  Results & Discussion 

 

2.3.1.  Feedstock Characterization  

 

 Carbohydrate Lipid Protein Protein II Inoculum 

TS (g/L) (n=3)
 

167 ± 2 314 ± 2 337 ± 32 390 ± 32 101 ± 23 

VS (g/L) (n=3)
 

159 ± 3 289 ± 7 241 ± 3 125 ± 4 95 ± 22 

% VS/TS (n=3)
 

95 ± 0.1 93 ± 0.2 69 ± 1 33 ± 4 94 ± 2 

SCOD (g/L) 

(n=3) 

58 ± 4 28 ± 14 47 40 ± 4 78 ± 3 

TCOD (g/L 

(n=3) 

152 ± 6 180 ± 9 225 ±14 149 ± 9 96 ± 11 

% SCOD/TCOD 

(n=3) 

38 ± 1 19 ± 4 21 26 ± 3 80 ± 3 

pH (n=1) 6.05 5.67 6.43 6.55 3.6 

Ammonium (mg 

NH3-N/L) 

(n=1) 

67 63 363 48 79 

Acetate  

(mg COD/L) 

(n=1) 

3228 1487 800 682 3385 

Propionate (mg 

COD/L) 

(n=1) 

229 0  605 0 0 

Lactate  

(mg COD/L) 

(n=1) 

9800 2991 8689 12,227 86,272 

n-Butyrate 

(mg COD/L) 

(n=1) 

0  367 747 240 217 

Table 3.3.  Characterization of carbohydrate, lipid, protein, protein II, and inoculum feedstocks.  

Errors are in standard deviation.    

 

 

Table 3.3 presents the characterization of the feedstock.  Note that throughout the text, that any 

carboxylic acids we refer to (i.e., acetate, propionate, lactate, n-butyrate) refer to the combination 

of the dissociated and undissociated forms of that carboxylic acid.  It is important to note that 

two different protein substrates were used; Protein II was used midway during the experiment.  

While the pH was similar between the two different protein substrates, the initial TCOD was 

higher.  There were no significant differences in the acidification process (pH, gas, and 
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ammonium) between the Protein and Protein II so no correction was made (Figures S.9-S.12).  

The initial pH values of the carbohydrate, lipid, and protein feedstocks were fairly high initially 

(5.67-6.55).  The low ratios of SCOD/TCOD for carbohydrate, lipid, and proteins suggest that 

most of the substrate was initially in the particulate form.  The inoculum had the highest 

concentration of lactate (86,272 mg COD/L), acetate (2285 mg COD/L), as well as a low pH 

(3.6).  The SCOD/TCOD fraction of the inoculum was also very high at 80%.  Therefore, these 

high concentrations of carboxylic acids, low pH, and high fraction of SCOD indicate that the 

storage inoculum most likely had undergone hydrolysis and acidification during storage.    

 

 2.3.2.  Substrate, temperature, and time had the most influence on biological activity  

We performed analysis of variance (ANOVA) on the dependent variables pH, ammonium 

concentration, gas production, gas composition, SCOD, and carboxylic acids for each of the five 

factors (substrate, time, temperature, feeding, and inoculum) (Figure 3.2).  These dependent 

variables were used as indicators of acidification.  Substrate, time, and temperature (p<0.05) 

significantly influenced every dependent variable tested (Figure 3.2).  This makes sense because 

lipid-rich, protein-rich, and carbohydrate-rich substrates have significantly different hydrolysis 

rates and bio-degradabilities (Christ, et al., 2000; Labatut, et al., 2011; Neves, et al., 2008).  

Different temperatures also significantly affect the rates of degradation of complex substrates in 

anaerobic processes (Pavlostathis & Giraldo‐Gomez, 1991).  In addition, the introduction of the 

storage inoculum was the factor that had the least influence on the response variables compared 

to substrate, time, and temperature. Still, the pH, ammonium, lactate, CO2, acetate, and n-

butyrate concentrations were significantly influenced by inoculum addition (Figure 3.2).  This 

makes sense because the inoculum had a low pH, high ammonium, acetate, and lactate 

concentrations (Table 3.3).  Therefore, the addition of inoculum significantly influenced these 
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acidification parameters because of its chemical composition.  Moreover, two-way and three-

way interactions (Substrate*Feeding, Feeding*Time, Substrate*Time, Time*Temperature, 

Substrate*Feeding*Time, Time*Inoculum) also significantly influenced many dependent 

variables tested (Figure 3.2).  This suggests that the different levels of different factors may 

influence each other.  The effect of one factor (e.g. substrate) on a dependent variable (e.g. pH) 

may be synchronized with the level of another factor (e.g. time).  Each factor does not work 

independently.  Because inoculum and feeding had the least influence on acidification process 

(Figures S.13-S.23), we are focusing on temperature, substrate and time.   
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Figure 3.2.  Results from the ANOVA analyses.  We performed ANOVA analysis on each 

dependent variable (pH, ammonium, gas lactate, acetate, n-butyrate, propionate, CO2, H2, and 

SCOD).  The p_values indicate whether the different factors in the experiment (Substrate, Time, 

Temperature, Feeding, Inoculum) or their two-way and three-way interactions 

(Substrate*Feeding, Feeding*Time, Substrate*Time, Time*Temperature, 

Substrate*Feeding*Time, Time*Inoculum) significantly (p<0.05) influenced the dependent 

variable.  We plotted the p_values from each ANOVA test.  Values above 0.05 (red line) indicate 

that the dependent variable was not significantly influenced by the factor. We only included 

significant interactions on this graph.  Note that some values below 0.05 are hidden behind the 

other dots.    
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Figure 3.3.  Plots showing the interaction between pH, ammonium, gas composition, cumulative 

gas and time for three different types of substrate (carbohydrate, lipid, protein) and three 

different temperatures (Red dashed line = 35°, blue dotted line = 15°C, yellow solid line = 25°C) 

in the storage experiments.   
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2.3.2.1.  Carbohydrates  

Generally, carbohydrate-rich substrates experienced rapid acidification during the first three days 

of storage, regardless of temperature, feeding, and inoculum addition (Figure 3.3).  During the 

storage of carbohydrate-rich substrates, the pH level rapidly decreased (Figure 3.3).  In fact, pH 

was the lowest (3.17) at 35°C regardless of other storage conditions (Figure 3.3).  Nearly all of 

the gas production (>90% gas volume) consisted of carbon dioxide (Figure 3.3).  Nearly all the 

carboxylic acids produced (>90%) primarily consisted of acetate and lactate, which explains the 

decrease in pH (Figure 3.5).  Specifically, CO2 can hydrolyze with water to form carbonic acid, 

which further dissociates to carbonate, bicarbonate, and a hydrogen ion, Therefore, the 

carbohydrate-rich substrate became too acidic for hydrogen or methane production.  While the 

substrates at 35°C became the most acidic, gas production, total carboxylic acids, and CO2 

production were actually optimized at 25°C (Figure 3.3).  

 

2.3.2.2.  Lipids  

Generally, the breakdown of lipid-rich substrates was inhibited (Figure 3.3). However, the rate of 

fermentation increased with increasing temperatures (Figure 3.3).  At warmer temperatures (25°, 

35°C), the pH level initially decreased to 3.99 and 3.84, but began to increase again after Day 6 

(Figure 3.3).  This initial pH drop may be attributed to the relatively quick release of glycerol (a 

monosaccharide) from the fatty acid, which degrades quickly.  Ammonium concentration also 

increased in the 35°C bottles, which may have contributed to the rapid increase in the pH level 

after Day 3 in the 35°C bottles (Figure 3.3).  Specifically, ammonia combines with water and 

carbon dioxide to form ammonium bicarbonate, which is a pH buffer (Zhang, et al., 2005) .  In 

addition, gas production lagged behind protein-rich and carbohydrate-rich substrates regardless 
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of other storage conditions (Figure 3.3).  This lowered gas production can be attributed to 

inhibition in the breakdown of LCFAs.  Temperature also influenced the acidification process 

(Figure 3.3).  Namely, gas production was much lower in bottles incubated at 15°C (Figure 3.3).  

The pH level never increased again in 15°C bottles and in fact, behaved like the carbohydrate-

rich substrates (Figure 3.3).  Since there was very little gas production or other signs of 

acidification, the degradation of LCFAs may never have occurred during the 15-day period. 

 

2.3.2.3.  Proteins  

Protein-rich substrates were characterized by a rapid increase in the ammonium concentration at 

warmer temperatures (25°C and 35°C) after Day 3 (Figure 3.3).  Specifically, the maximum 

ammonium concentration was 4656 mg NH3-N/L at 35ºC (Figure 3.3).  The increase in 

ammonium corresponds to an increase in CO2 and gas production, suggesting that the substrate is 

undergoing hydrolysis and fermentation (Figure 3.3).  This increase in ammonium most likely 

buffered the pH so that these bottles did not have the rapid pH drop of lipid-rich and 

carbohydrate-rich bottles.  The buffer was most likely ammonium bicarbonate which is produced 

when NH4
+
 from protein combines with water and CO2 (Zhang, et al., 2005).  In protein-rich 

bottles, gas and ammonium production were much lower than in the bottles incubated at 15°C 

bottles than in the bottles incubated at 25°C and 35°C, indicating that the elevated temperature 

increased the rate of fermentation regardless of other storage conditions (Figure 3.3).  The pH 

level also remained fairly steady between 4.99-5.25 in protein-rich bottles at 15°C, which is 

concurrent with the lower ammonium concentration (Figure 3.3).    
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 2.3.3.  Hydrolysis of food waste occurred during storage 

 

 

 
 

Figure 3.4.  Plots showing the interaction between SCOD/TCOD, total carboxylic acids and time 

for three different substrates (carbohydrate, lipid, protein) and three different temperatures (Red 

dashed line= 35°C, Orange solid line=25°C, blue dotted line=15°C) in the storage experiments.     

 

2.3.3.1.  Carbohydrates  

The changing fraction of SCOD to TCOD reveals that solubilization and hydrolysis of the food 

waste occurred (Figure 3.4).  The changes in total carboxylic acids reveal information about the 

conversion to other end products (Figure 3.4).  For bottles incubated at 15°C, the fraction of 

SCOD/TCOD generally increased until Day 12, and then decreased (Figure 3.4).  While 

hydrolysis occurred more slowly at 15°C, these bottles achieved a higher fraction of 

SCOD/TCOD (0.82) (Figure 3.4).  Total carboxylic acids generally increased over the 15 days 

for all temperatures (Figure 3.4).  At 35°, there is a sharp increase in SCOD/TCOD during the 

first two days to a maximum SCOD/TCOD fraction of 0.66 (Figure 3.4). The fraction decreased 

and the increased again on Day 9 to 0.64 (Figure 3.4).  This rapid increase in Days 1-2 
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corresponds to a rapid increase in the total carboxylic acid concentration after Day 3 (Figure 

3.4).  This suggests that the soluble monomers were being converted to carboxylic acids.  At 

25°C, the SCOD/TCOD fraction was more variable in that it increased to a maximum of 0.62 on 

Day 3, and then decreased and ultimately declined (Figure 3.4).  The concentration of total 

carboxylic acids at 25°C steadily increased over 15 days suggesting that some monomers were 

being taken up and converted (Figure 3.4)   

 

2.3.3.2.  Lipids  

The changing fraction of SCOD to TCOD reveals that solubilization and hydrolysis of the food 

waste also occurred in lipid-rich bottles (Figure 3.4).  The fraction of SCOD/TCOD in lipid 

bottles peaked (0.36) on Day 3 for bottles incubated at 25°C and on Day 6 (0.39) for bottles 

incubated at 15ºC (Figure 3.4).  In bottles incubated at 25ºC, the concentration in total carboxylic 

acids increased and then declined after Day 6 (Figure 3.4).  The decline in total carboxylic acids 

may be due to hydrogen production in the bottles (Figure 3.3).  The concentration of total 

carboxylic acids in bottles incubated at 15°C remained very low (Figure 3.4).  Bottles incubated 

at 35°C generally increased in the SCOD/TCOD fraction and then sharply increased after Day 12 

(Figure 3.4).  The increased solubilization in these bottles incubated at 35°C is concurrent with 

increases in cumulative gas production and ammonium production (Figure 3.3).  Therefore, it is 

likely that bottles incubated at 35°C acidified the most quickly and to the greatest extent.  Total 

carboxylic acid concentration generally decreased after Day 9 (Figure 3.4), which may be 

attributed to hydrogen production (Figure 3.3).   
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2.3.3.3.  Proteins  

The changing fraction of SCOD to TCOD reveals that solubilization and hydrolysis of the food 

waste also occurred in protein-rich bottles (Figure 3.4).  Bottles incubated at 35°C had a rapid 

increase in SCOD/TCOD after Day 1 ultimately reaching a fraction of 0.65 (Figure 3.4).  They 

had a similar increase in total carboxylic acids after Day 1, and then a slight decrease (Figure 

3.4).  This decline may be attributed to the conversion of total carboxylic acids to hydrogen 

(Figure 3.3).  Bottles incubated at 15°C had a sharp spike after Day 1 and achieved the maximum 

SCOD/TCOD fraction of 0.82 (Figure 3.4).  There was a corresponding increase in total 

carboxylic acids in these bottles in Day 1 and then a leveling off (Figure 3.4).   
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2.4.  Hydrogen, and lactate as valuable fermentation products 

 

 
Figure 3.5.  Plots showing the interactions between carboxylic acids and time for three different 

substrates (carbohydrate, lipid, protein) and three different temperatures (Red dashed line= 35°C, 

Orange solid line=25°C, blue dotted line=15°C) in the storage experiments.    

 

2.4.1. Lactate Production  

Lactate is a common hydroxycarboxylic acid, which has been used for years mainly as a 

preservative in the food industry.  It also has other applications in the textile, cosmetic, and 

pharmaceutical industries (Zhao, Liu, & Wang, 2007).  Recently, there has been attention on 

lactate as an environmentally-friendly chemical for other product such as plastics (Gao, Ma, & 

Xu, 2011).  Marone et al. (2014) produced hydrogen and lactate from vegetable waste in 

mesophilic batch reactors.   
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Substrate type mainly determined lactate production (Figure 3.5).  Lactate production occurred, 

mostly in carbohydrate bottles at 25°C and 35°C (Figure 3.5).  Specifically, carbohydrate bottles 

at 25ºC achieved a maximum concentration of 138 g COD/L (98% total carboxylic acids) 

(Figure 3.5).  This production of lactate may be associated with the absence of hydrogen in these 

bottles.  For example, Marone et al. (2014) and Wang & Zhao (2009) found that as pH declined 

to 5.0-4.5, hydrogen production was inhibited while lactate was produced.  When methanogens 

are absent, lactate becomes an electron sink, and hydrogen is not produced.  Other factors, 

however, influenced lactate production.  The following linear regression equation depicts this 

relationship between lactate concentration and the factors time, temperature, substrate, feeding, 

and inoculum (from our model with the units):   

Lactate = 15.4947 - 3.4307*TIME + 5.4430*TEMPERATURE -6.9512*SUBSTRATE + 

6.5105*FEEDING + 15.5640*INOCULUM 

where lactate = g COD/L, time = days, temperature = °C, substrate = carbohydrate, lipid, or 

protein, feeding = Feed, No Feed, or Feed:  No O2, inoculum=yes or no.  The production of 

acetate and propionate in protein-rich bottles at 25°C and 35°C is most likely produced from 

lactate (Figure 3.5).  In these bottles, there is an increase in lactate during the first three days, and 

then a decline while acetate and propionate concentrations increase (Figure 3.5).  However, this 

process may not have been completed at cooler temperatures.  Lactate production at 15°C in 

protein- and lipid-rich bottles generally increased while concentrations of propionate and acetate 

were low (<1% total carboxylic acids) (Figure 3.5).  Generally, the acidification process was 

lower for substrates in bottles at 15°C were, so the storage time was not long enough for 

propionate and acetate production to occur.  
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2.4.2.  Hydrogen Production  

Detecting hydrogen production in the storage tank is important for several reasons.  Hydrogen is 

a highly flammable gas that can pose hazards to a system.  Hydrogen can also lead to COD loss 

in a system, and thus the methane potential of the substrate could decrease.  On the other hand, 

hydrogen can also be recovered as a fuel source.  Studies involving cheese whey (Antonopoulou, 

et al., 2008b), sweet sorghum (Antonopoulou, et al., 2008a), and food waste (Wang & Zhao, 

2009) have successfully coupled H2 gas production and methane gas production in a two-stage 

system under mesophilic conditions.  

 

Substrate type and temperature mainly determined hydrogen production (Figure 3.3).  The 

following linear regression equation depicts this relationship between hydrogen production and 

the factors temperature and substrate: 

Hydrogen = -81.62 + 27.91*TEMPATURE + 40.47*SUBSTRATE 

where hydrogen = mL, temperature = °C, and substrate = carbohydrate, lipid, or protein.  

Hydrogen production mainly occurred in protein bottles at warmer temperatures (25°C, 35°C) 

(Figure 3.3).  Cumulative hydrogen production in warmer bottles (25°C, 35°C) generally 

increased rapidly and then leveled off to a maximum of 3.29 L in protein-rich bottles at 35°C on 

Day 12 (Figure 3.3).  Furthermore, hydrogen production increased with increasing temperature 

in protein-rich bottles (Figure 3.3).  Carbohydrate-rich bottles had the least amount of hydrogen 

production.  Very low concentrations (<2% gas volume) of hydrogen were detected in 

carbohydrate-rich substrates at 15°C and 25°C (Figure 3.3).  However, higher hydrogen 

concentrations (<7% gas volume) were detected in carbohydrate-rich bottles at 35°C, regardless 

of other storage conditions (Figure 3.3).  Some hydrogen production occurred in lipid-rich 
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bottles at warmer temperatures (25°C, 35°C) (Figure 3.3).  In these bottles, cumulative hydrogen 

volumes generally increased rapidly after Day 6 (Figure 3.3).  Hydrogen production was highest 

at 25°C (Figure 3.3).  High hydrogen production in protein-rich bottles, as opposed to 

carbohydrate-rich bottles, may be attributed to the fact that the pH in these bottles remained 

mostly above 5.0.  Hydrogen production in anaerobic environments is gradually inhibited when 

below the optimum pH range of 5.0-6.0 (Kapdan & Kargi, 2006).  Therefore, carbohydrate-rich 

bottles were too acidic for hydrogen production.  The increase in hydrogen in lipid-rich bottles at 

25°C and 35°C can be attributed to both the breakdown of LCFAs and their subsequent release 

of hydrogen, as well as the increase in pH after Day 6.  Higher temperatures most likely 

increased the rate of hydrolysis; since hydrolysis is recognized as a rate-limiting step, increasing 

hydrolysis should increase the production of hydrogen (Pavlostathis & Giraldo‐Gomez, 1991; 

Wang & Zhao, 2009).  The high n-butyrate concentrations in protein-rich bottles and lipid-rich 

(Figure 3.5) suggest that hydrogen was most likely produced through the production of n-

butyrate (Antonopoulou, et al., 2008a; Wang & Zhao, 2009). Hydrogen production resulted in a 

slight COD loss (p<0.05) in four bottles our of a total of 36 bottles.  Two of these were protein-

rich bottles and two were lipid-rich bottles.  All four bottles experienced hydrogen production, 

but were the only bottles in their triplicate set to experience this loss.  This loss in COD was 

small and there was no significant COD loss when p<0.01.   

 

2.5.  Different methane yield calculations for BMP analysis  

We performed BMP tests on the 12 different substrates before and after 15 days of storage.  

Different criteria were used to calculate the methane yield.  Because there was a loss of VS over 

the 15 day storage period, comparably more “stored” substrate was added than “before storage” 
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substrate to achieve the concentration of 1 g VS/L in the BMP bottles.  After making this 

adjustment, there were considerable differences in the methane yields.  When dividing methane 

yield by VS added (1g VS/L) the observed methane yields were generally higher after storage, 

with significant differences in lipid-rich and protein-rich substrates without inoculum (Figure 

S.26).  When dividing by the adjusted VS measurement, there were lower methane yields after 

storage with significant losses in protein-rich, lipid-rich, and carbohydrate-rich substrates at 

different feeding, inoculum conditions, and temperatures (Figure 3.6).  We also calculated the 

methane yields by dividing the mL methane by the adjusted mass of substrate added (Figure 

S.27).  The methane yields in this calculation were considerably lower than those that were 

divided by VS.  But there were significant gains in methane yield of storage material for protein 

without inoculum at 35°C while there were significant losses at 15°C 

(“Carbohydrate+Feed+Inoculum”, and “Protein+Feed+ Inoculum + No O2) (Figure S.27).  When 

calculating methane by dividing by TCOD added, the methane yield patterns were similar to g 

VS added in that storage improved methane yield in some cases (Figure S.28).  Specifically, 

lipid-rich and carbohydrate-rich substrates had significantly higher methane yields after storage 

(Figure S.28).  

 

A lower methane yield of stored substrate suggests that storage phase may have resulted in some 

inhibition to methanogenesis.  The production of ammonium in protein-rich substrates, for 

example, can be inhibitory to methanogenesis (Rajagopal, et al., 2013).  Therefore, the 

ammonium concentrations of protein-rich food waste after storage may have been too high for 

methanogenesis.  For lipids, the breakdown of LCFAs during storage may have been inhibitory 

to methanogensis.  LCFAS have been shown to be inhibitory to the breakdown of n-butyrate 
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(Lalman & Bagley, 2002) and acetoclastic and hydrogenotrophic methanogenesis (Hanaki, et al., 

1981).  The storage process may have increased the concentration of LCFAs, which actually had 

a toxic effect on methanogens.  For carbohydrates, an increase in carboxylic acids may have 

inhibited the fermentation process; an increase in VFAs have been shown to be inhibitory to the 

methanogenesis process.  Even if a pH change is not detectable in the bulk liquid, VFAs can 

induce decreases in pH locally around the biomass particle (Vavilin, et al., 2008).  This would 

explain why pH at the end of the BMP analysis was not too low to inhibit methanogenesis.  The 

inhibiting levels of storage products may have reduced the BMP during storage, but it does not 

automatically mean that less methane yield can be anticipated during AD of the food waste.  

Most often, co-digestion will dilute these storage product concentrations, resulting in similar 

methane yields compared to the non-stored food waste.  The hydrogen production did lower the 

COD in some of the bottles, but this is not enough to explain the reduction in BMP. 

 

Improvements in methane yield may have been a result of the fact that food waste storage most 

likely promoted hydrolysis of these complex substrates; since hydrolysis is a rate-limiting step, it 

increased methane yield.  Storage most likely promoted the degradation of difficult to degrade 

materials such as LCFAS, collage, ore cellulose, which is the rate-limiting step in methane 

production while other inhibitory factors were minimized.  
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Figure 3.6.  The observed methane yields (mL methane / g adjusted VS added) from the BMP 

test of 12 different substrates from the food waste storage conditions.  VS was corrected for the 

loss of VS during the storage phase of the substrate.  The substrates were from the 12 different 

storage conditions on Day 0 (“Feedstock”) and Day 15 (”Stored”).  “Feed” means that the 

substrate had been periodically fed during storage.  “No O2” means that the substrate had been 

flushed with nitrogen after feeding during storage.  “Inoculum” means that the bottles received 

inoculum during storage.  The 12 conditions are separated by the temperature of the storage 

conditions (15°C, 25°C, and 35°C).  Significance codes:  * p-value<0.05, **p-value<0.01, ***, 

p-value<0.001.   

 

 



 

 46 

2.6.  Conclusion 

Substrate-type, temperature, and time were the most influential factors on acidification during 

storage of food waste.  In general, carbohydrate-rich bottles were characterized by rapid 

acidification and high concentrations of lactate (a maximum of 138 g COD/L at 25ºC).  On the 

other hand, protein-rich bottles were characterized by high concentrations of ammonium at 

warmer temperatures and hydrogen production.  In addition, lipid-rich bottles were generally 

inhibited in the acidification process until after Day 9, except for bottles at 15°C, which never 

underwent much acidification.  Finally, food waste storage increased the solubilization of the 

substrates.  Hence, the storage of food waste allows the acidification and hydrolysis process to 

occur before shipping it to a anaerobic digester.  Since hydrolysis is a rate-limiting step, storage 

may affect methane yield positively.  Conversely, we found with BMP analyses that the storage 

phase may have affected methane yields negatively.  However, a comparison of long-term 

bioreactors with co-digestion is necessary to understand whether the ultimate methane yield 

would indeed be lower.  This because the accumulation of storage products and the resulting 

inhibition of methanogens is the likely reason for the lower methane yield. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 47 

CHAPTER 4:  RECOMMENDATIONS FOR FUTURE WORK 

 

Further directions for the storage of food waste can be considered and are listed below: 

1. Determine a recovery process for valuable end products such as lactate and hydrogen.  

Lactate is a commonly used as a preservative in the food industry, but there is recent 

interest in its use as a “green” chemical for bioplastics and solvents.  There is also interest 

in recovering hydrogen as a fuel source.  An analysis of an adequate recovery strategy, 

which would minimize cost and maximize product recovery would need to be performed.     

2. Examining further ratios of lipids, proteins, and carbohydrates may provide a more 

realistic view of storage tank conditions.  This experiment only analyzed extreme mono-

substrates in the tank.  In reality, the food waste would be more diverse.  It would be 

insightful to analyze the effect of feeding different ratios of substrates to the storage tank.  

For example, the existing food waste in the storage tank may be mostly carbohydrate, but 

a large load of fish scraps is suddenly added.  A more-depth look at food waste variability 

may also be insightful.       

3. Microbial community of analysis of the storage tank can provide further insight into 

biological activity in the tanks.  Recent advances in sequencing technologies and 

computational power have allowed for the sequencing and analysis of DNA from entire 

microbial communities.  Illumina sequencing of the 16S rRNA gene would provide views 

of the taxonomy in the system and specific organisms could be correlated to storage tank 

characteristics. 

4. Performing an economic and life cycle analysis of the actual monetary savings and 

environmental savings would make this more appealing for adoption by companies.  For 

example, the company may avoid paying tipping fees through this process.  In the future, 
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there may also be bans on disposing of food waste in landfills.  A life cycle analysis 

would quantify the diversion of greenhouse gases from the atmosphere for this system.  It 

would also determine how much “trucking” the food waste would negate other 

environmental benefits.     
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1.  Preliminary Food Waste Experimental Results 
 

S.1. Preliminary analysis which tested the effect of different temperatures on the storage of a 

carbohydrate-rich substrate over 10 days.  This graph shows that hydrogen was produced only at 

37°C.   

S.2  Preliminary analysis which tested the effect of a protein-rich substrate on the acidification 

process during storage over 15 days.  This graph shows how the ammonium concentration 

increased over time.     
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S.3.  Preliminary analysis which tested the effect of a protein-rich substrate on the acidification 

process during storage over 15 days.  This graph shows how the hydrogen concentration 

increased over time and then leveled off after Day 7.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S.4.  Preliminary analysis which tested the effect of different feeding regimens on the storage of 

a carbohydrate-rich food waste over 5 days.  “No-Feed:  Control” means that the bottles 

remained completely anaerobic and were initially filled ¾ full (180 mL working volume).  

“Feeding:  O2” means that the bottles were periodically fed 36mL each day.  “Feeding:  No O2” 

also received 36 mL per day but were sparged with nitrogen after feeding to control for changing 

headspace.  This graph shows that feeding decreased the extent of fermentation (acetate 

concentration). 
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S.5.  Preliminary analysis which tested the effect of different feeding regimens on the storage of 

a carbohydrate-rich food waste over 5 days.  “No-Feed:  Control” means that the bottles 

remained completely anaerobic and were initially filled ¾ full (180 mL working volume).  

“Feeding:  O2” means that the bottles were periodically fed 36mL each day.  “Feeding:  No O2” 

also received 36 mL per day but were sparged with nitrogen after feeding to control for changing 

headspace.  This graph shows that feeding decreased carbon dioxide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S.6.  Preliminary analysis which tested the effect of freezing on a carbohydrate-rich substrate 

over 9 days.  Half of the bottles contained material which has been frozen at -30°C.   

This graph reveals that there was no significant difference between the pH of fresh and frozen 

material 
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S.7.  Preliminary analysis which tested the effect of freezing on a carbohydrate-rich substrate 

over 9 days.  Half of the bottles contained material which has been frozen at -30°C.   

This graph reveals that there was no significant difference in TCOD of fresh and frozen material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S.8.  Preliminary analysis which tested the effect of freezing on a carbohydrate-rich substrate 

over 9 days.  Half of the bottles contained material which has been frozen at -30°C.  This graph 

shows that there was no significant difference in the SCOD/TCOD ratio of fresh and frozen 

material 
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2.  Differences between protein substrates: 

* = Protein II substrate 
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S.9. This graph shows that there was no significant difference between the pH of the two 

different protein-rich substrates during storage over 15 days.  R4 B3* (green line) is the new 

protein-substrate which was incubated at 35°C.  R3B1 and R3B5 were the old protein substrates 

which were also incubated at 35°C.   
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S.10.  This graph shows that there was no significant difference between the hydrogen 

concentration of the two different protein-rich substrates during storage over 15 days.  R4 B3* 

(green line) is the new protein-substrate which was incubated at 35°C.  R3B1 and R3B5 were the 

old protein substrates which were also incubated at 35°C. 
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S.11.  This graph shows that there was no significant difference between the ammonium 

concentration of the two different protein-rich substrates during storage over 15 days.  R4 B3* 

(green line) is the new protein-substrate which was incubated at 35°C.  R3B1 and R3B5 were the 

old protein substrates which were also incubated at 35°C. 
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S.12. This graph shows that there was no significant difference between the carbon dioxide 

concentrations of the two different protein-rich substrates during storage over 15 days.  There 

was a leak in bottle R3B1 on Day 12.  R4 B3* (green line) is the new protein-substrate which 

was incubated at 35°C.  R3B1 and R3B5 were the old protein substrates which were also 

incubated at 35°C. 
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3. PCA Analyses of Storage Experiments 

 

 
S.13.  Principle Component Analysis of storage bottles (288 data points) throughout the 15 day 

operating period.  The colors of each circle represent the substrate type of the bottle (Blue = 

“carbohydrate-rich”, Red = “lipid-rich”, orange = “protein-rich”).  Two principle components are 

shown.  Dim 1 explains 41.29% of variation and Dim 2 represents 22.95% of variation.  Note 

that circles representing protein-rich substrates are separated from the main cluster; this 

separation suggests significant differences in protein-rich bottles.   

 
S.14.  Principle Component Analysis of storage bottles (288 data points) throughout the 15 day 

operating period.  The colors of each circle represent the storage temperature of the bottle (Blue 

= “15°C”, Red = “35°C”, orange = “25°C).  Two principle components are shown.  Dim 1 

explains 41.29% of variation and Dim 2 represents 22.95% of variation.  Note that circles 

representing temperatures at 35°C are separated from the main cluster; this separation suggests 

significant differences in warmer bottles.   
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S.15.  Principle Component Analysis of storage bottles (288 data points) throughout the 15 day 

operating period.  The colors of each circle represent the inoculum condition of the bottle (Blue 

= “no inoculum”, Red = “inoculum”).  Two principle components are shown.  Dim 1 explains 

41.29% of variation and Dim 2 represents 22.95% of variation.  Note that there is no distinct 

clustering between the two inoculum conditions.  

 

 
S.16.  Principle Component Analysis of storage bottles (288 data points) throughout the 15 day 

operating period.  The colors of each circle represent the feeding regimen of the bottle (Blue = 

“No Feed”, Red = “Feed”, Orange = “Feed:  No O2).  Two principle components are shown.  

Dim 1 explains 41.29% of variation and Dim 2 represents 22.95% of variation.  Note that there is 

no distinct clustering between the three feeding conditions.  
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S.17.  Principle Component Analysis of storage bottles throughout the 15 day operating period.  

Each vector represents the variables measured in the experiment.  The angle between two vectors 

represents the correlation between those particular variables.  Two principle components are 

shown.  Dim 1 explains 41.29% of variation and Dim 2 represents 22.95% of variation.   
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4. Interaction plots for Storage Experiments  

S.18.  Plots showing the interaction between pH, ammonium, gas composition, total carboxylic 

acids, cumulative gas and time for each substrate (carbohydrate, lipid, protein) and two different 

inoculum conditions (Red solid line = “Yes”, Blue dashed line=”No”) in the storage 

experiments.   
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S.19. Plots showing the interaction between SCOD/TCOD, total carboxylic acids and time for 

each substrate (carbohydrate, lipid, protein) and two different inoculum conditions (Red solid 

line= “Yes”, Blue dashed line=”No”) in the storage experiments.   
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S.20. Plots showing the interaction between carboxylic acids and time for each substrate 

(carbohydrate, lipid, protein) and two different inoculum conditions (Red = “Yes”, Blue=”No”) 

in the storage experiments.   
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S.21.  Plots showing the interaction between pH, ammonium, gas composition, total carboxylic 

acids, cumulative gas and time for each substrate (carbohydrate, lipid, protein) and three 

different feeding conditions (Red dashed line = “Feed”, Blue dotted line=”No Feed”, Violet solid 

line = “Feed:  No O2 ) in the storage experiments.   
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S.22. Plots showing the interaction between SCOD/TCOD, total carboxylic acids and time for 

each substrate (carbohydrate, lipid, protein) and three different feeding conditions (Red dashed 

line = “Feed”, Blue dotted line=”No Feed”, Violet solid line = “Feed:  No O2 ) in the storage 

experiments.   
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S.23. Plots showing the interaction between carboxylic acids and time for each substrate 

(carbohydrate, lipid, protein) and three different feeding conditions (Red dashed line = “Feed”, 

Blue dotted line=”No Feed”, Violet solid line = “Feed:  No O2 ) in the storage experiments.   
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5. Lactate and hydrogen models 

 
 

S.24.  Three dimensional regression first-order polynomial model for lactate as a function of 

temperature (15-35°C) and time (0-15 days) for the storage experiment.  Generally, lactate 

concentration increases with time and temperature. 
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S.25.  Three dimensional regression first-order polynomial model for daily hydrogen production 

as a function of temperature (15-35°C) and time (0-15 days) for the storage experiment.  

Generally, hydrogen volume increases with time and temperature. 
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6.  BMP results 
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S.26. The observed methane yields (mL methane / g adjusted VS added) from the BMP test of 12 

different substrates from the food waste storage conditions.  The substrates were from the 12 

different storage conditions on Day 0 (“Feedstock”) and Day 15 (”Stored”).  “Feed” means that 

the substrate had been periodically fed during storage.  “No O2” means that the substrate had 

been flushed with nitrogen after feeding during storage.  “Inoculum” means that the bottles 

received inoculum during storage.  The 12 conditions are separated by the temperature of the 

storage conditions (15°C, 25°C, and 35°C).  Significance codes:  * p-value<0.05, **p-

value<0.01, ***, p-value<0.001.   
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S.27. The observed methane yields (mL methane / g adjusted mass substrate added) from the 

BMP test of 12 different substrates from the food waste storage conditions.  The mass of 

substrate added was adjusted to correct for VS loss during the storage phase.  The substrates 

were from the 12 different storage conditions on Day 0 (“Feedstock”) and Day 15 (”Stored”).  

“Feed” means that the substrate had been periodically fed during storage.  “No O2” means that 

the substrate had been flushed with nitrogen after feeding during storage.  “Inoculum” means 

that the bottles received inoculum during storage.  The 12 conditions are separated by the 

temperature of the storage conditions (15°C, 25°C, and 35°C).  Significance codes:  * p-

value<0.05, **p-value<0.01, ***, p-value<0.001.   
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S.28. The observed methane yields (mL methane / g TCOD added) from the BMP test of 12 

different substrates from the food waste storage conditions.  The substrates were from the 12 

different storage conditions on Day 0 (“Feedstock”) and Day 15 (”Stored”).  “Feed” means that 

the substrate had been periodically fed during storage.  “No O2” means that the substrate had 

been flushed with nitrogen after feeding during storage.  “Inoculum” means that the bottles 

received inoculum during storage.  The 12 conditions are separated by the temperature of the 

storage conditions (15°C, 25°C, and 35°C).  Significance codes:  * p-value<0.05, **p-

value<0.01, ***, p-value<0.001.   
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7.  Protocols 

 

 

Protocol 1: HPLC 

Angenent Lab HPLC Protocol-   Aminex HPX-87H Column 

 

You need to be a registered user of the BRL with a valid BRL user login for computers to work 

with the HPLC. This protocol does not substitute for initial personal training on the HPLC. For 

now, Michaela, Miriam (mr625) and Hanno (HR95) are allowed to train you. For questions, you 

can also contact Jose Moran-Mirabal (jmm248) from the Walker-lab.  

You need to sign up to use the HPLC at: http://www.my.calendars.net/brl_hplc 

NOTE: You should always check the method files you are using to be sure that they have all the 

steps you need!! If you are not sure what should be in the method file please ask Miriam or 

Michaela! 

 

Preparation and start-up 

1) Preparing the solvent. 0.005 M sulfuric acid (H2SO4).  

a) In a clean glass bottle add 0.278 mL HPLC-grade sulfuric acid (18M, 99.999% pure)per 

one liter MILLI-Q water. Mix well. 

!! This is very dilute acid, but it is still hazardous! So obey all safety measures for handling 

acids. Put your name and date in the log-book 

 

2)    Change solvent bottle (for most other applications water is used as the solvent, if anything 

else than water is used, rinse the liquid “suckers” before placing into the new solvent) and waste 

container (plastic container large enough to hold all solvent for the day). 

 

3)   Turn on all units to be used in your protocol (one or two detectors, and fraction collector 

chiller if needed).  

 

4) Start the computer, login with BRL user account, start LCSolutions software, choose 

instrument 1 in the Operation tab. 

 

5) When system configuration window opens, make sure, that all detectors you want to use are 

added. After adding all components with the blue arrow pointing to the right, Click AUTO 

CONFIGURATION, click OK. 

 

6) Purge the pumps. 

 a) open pump drains by turning the valve 180
o
 counter-clockwise.  

 b) turn the pumps off (“pump” button). 

 c) push the “purge” button. Purging will automatically stop after 3 minutes. 

 d) close the drains, turn pumps on (“pump” button). 

Open method file “SystemPrep” (from the “Angenent Lab” folder under 

c:\LabSolutions\data\AngenentLab\SystemPrep) in the LC Realtime Analysis window. This 

method will purge all lines in the instrument (especially the autosampler [3x] and the RI 

detector) and allow you to install the guard and analytical columns (Micro-Guard Cation H guard 

column and Aminex HPX-87H analytical column [the latter labeled with “Angenent Lab”] are 
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stored in the refrigerator in the HPLC lab). 

 

7) Start the method. Wait until the initial high flow ramped down to 0.2 mL/min as programmed 

in the “System Prep” file (after about 60 minutes). 

 

8) Add the guard column, making sure that the flow is going in the proper direction. First 

connect the inlet, wait for drops to flow out (1-2 minutes), then connect the outlet. Be careful 

with the screw connections, the plastic threads can get stripped easily. 

 

9) Add the analytical column, making sure that the flow is going in the proper direction. First 

connect the inlet, wait for drops to flow out (1-2 minutes), then connect the outlet. Be careful 

with the screw connections, the plastic threads can get stripped easily. 

 

10) Since we are using a temperature of 65 C celsius, open and run the method 

“RampTemp25to65C&flow. This takes 40 min. 65 C temperature is recommended for our 

specific column and it helps avoiding bacterial/fungal growth and reduces the resistance to flow, 

but might give less resolution if you have a complicated sample mix. We had bad experience 

with running the column at room temperature (pressure became too high, pump shut down). This 

method also slowly increases the flow rate from 0.2 mL/min to the operating flow rate of 0.6 

mL/min to protect the analytical column from fast pressure changes. You can also choose to run 

this method as the first thing in your batch table with  injection of a plain water sample. This way 

you save yourself 40 min waiting before starting your batch run. 

 

11) Open your batch table (see below on constructing a batch table). Click start batch (green 

triangle) to start running your samples. 

 

Running samples 

Making a batch table: 

1) On the LCSolution entrance window, select offline editor. 

2) Select “batch processing” in the left panel. 

3) Select “wizard” in the left panel. 

4) Do not set checkmarks in the first window at startup…shutdown etc. In the next window 

select standard and unknown. In the next window do not set any checkmarks (at create 

filenames, clear all calibrations,…). Select new folder, file name, (both labeled with the date). 

Specify your standard, sample, and tray information as prompted by the wizard. In the batch 

table, specify sample type “initialize calibration curve” for first std., and control for the 

following standards, if you do a one-point calibration. Specify the method file 

“Analysis_HColumn 65C_30min” (30 min proved to be a good run-time, if you need a shorter 

time, change the method file and save it as a new one), 40 microliter injection vol, tray number is 

0 for standards and 1 for the samples. 

 

Note: If possible create one standard solution that contains all the components to be analyzed in 

your samples. Prepare 3-6 concentration levels of your standard. If you have many samples, 

repeat individual standards throughout your analysis to check for consistent analysis, e.g., every 

10
th
 sample measure a standard.    

5) Modify the table as necessary. 
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6) Add one row at the end of the table, set the vial to “-1”, and select the method file “Shutdown 

Flow and Temp_HColumn”. This method will cool down the column and keep the instrument at 

a constant, low flow rate once your batch table has finished. 

Save this batch table and call it up in the LCSolutions realtime analysis window to start your 

analysis 

 

Loading samples: 

1) Load vials into the sample tray in EXACTLY the order shown in your batch table (standards 

go into the small tray (name “0”) on the right, samples into the big tray (name “1”). Make sure 

the sample tray “clicks in” when you replace it. 

 

Shut down 

1) If not already done in the batch table, run the method “Shutdown Flow and Temp_Hcolumn. It 

takes 30 min for the column to cool down. While pumping at a low flow rate, remove the 

analytical column, screw in the end caps and place it in its box in the refrigerator. 

2) Remove the guard column, screw in end caps and place in the refrigerator. 

3) Change the solvent back to Milli-Q water. Make sure to wash of the tubing and filters that go 

into the solvent so you do not contaminate the water with sulfuric acid. 

4) Switch the effluent tubes back into the big water effluent collection barrel (ensure that the 

barrel is not full). Neutralize your collected sulfuric acid effluent with sodium bicarbonate (1 mol 

H2SO4 requires 2 mol bicarbonate), the neutralized solution can be flushed down the sink. 

5) Select the method file “SystemWash at End” and run it. This basically does the same thing as 

the start up program (purging autosampler and RI detector cell), but in reverse. 

6) When the method is finished, purge the pumps as in step 6 of set-up. 

7) Leave the pumps flowing at 0.05 mL/min, close LC solutions and log out. 

 

 make sure that you leave the workspace clean and in order. 

 

NOTE: You should always check the method files you are using to be sure that they have all the 

steps you need!! If you are not sure what should be in the method file please ask Miriam, 

Michaela or Hanno ! 

 

Data analysis: 

 

1) Go to the LCSolutions “Postrun analysis” window. 

 

2) To prepare calibration curves from your standards: Follow the steps outlined in the 

LCSolutions manual (page 28). Or do the following: 

- Check that the baseline is set properly and that the peaks are integrated properly: open 

each data file and if necessary adjust the baseline manually. Save the file. 

- click the “postrun” in the LCsolution launcher 

- click the (LC Data Analysis) icon in the (postrun) assistant bar. The (LC data analysis 

window appears). Pull down the chromatogram view window (it is hidden above the 

(Compound Table View). 

- Select [open data file] in the [file] menu and select a pre-measured data file (the standard 

with the highest level). The data file opens 
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- Click the (wizard) icon in the assistant bar. The [compound table wizard] appears. 

- Make sure that appropriate peak integration parameters are set  

 detector  A 

 Ch1 for RID detector (if only RID detector was used, if both detectors were used, 

RID might be detector B)  

 width 5 sec 

 slope 20 uV/min 

 drift 0 uV/min 

 T.DBL 15 min 

 Min Area/Height 100 count  

 Calculated by Area 

- Register the retention time of the peaks to be identified and click [next]. Here are some 

examples for the RID detector, derived in April 22
nd

, 2010 at 65 C Celsius:  

RETENTION TIMES HPLC RUN  T= 65 °C, 04/08/2010 

COMPOUND RT DETECTOR A   (UV) RT DETECTOR B (RID) 

OXALIC ACID 7.0 7.3 

GLUCOSE _ 8.9 

FRUCTOSE 9.4 9.6 

SUCCINATE 10.7 10.9 

FUMARATE 11.4 11.7 

LACTATE 11.8 12.1 

FORMATE 12.9 13.1 

FORMALDEHYDE _ 13.4 

ACETATE 14.2 14.4 

ACETOIN 16.7 16.9 

ACETALDEHYDE 

Interferes with butanediol 
17.9 18.1 

BUTANEDIOL _ 17.8 / 18.5 

METHANOL 

Interferes with butanediol 
_ 19.0 

BUTYRATE 19.6 19.7 

ACETONE _ 20.7 

ETHANOL _ 21.5 
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- specify the quantitative calculation method and the calibration curve type and click 

[next]. Settings should be 

 external standard 

 calculated by Area 

 # of calibration levels = 1 (5, if you do a calibration curve for the first time, and 

have to verify linearity. Thereafter you only need one standard concentration, or 

one level). 

 Curve fit type: linear 

 Zero: do not force through 

 Weighting method: none 

 X-axis: Area/hight 

 Units: mM 

 Decimals: 2 

 Group type: not used 

- set how you want to identify peaks and click [next]. Settings should be: 

 Window/Band: Window 

 Window: 5 % 

 Peak selection: closest peak 

 Retention time update: none 

- the [Compound Table Wizard 5/5] screen appears. Provide detailed settings for the 

compound table and click [finish] 

- provide detailed settings (compound names, type: target, channel, concentration. The 

[compound table wizard] is completed. Click finish 

- click lc data analysis icon in the bar to the very left, you might have to go one level up. 

- Click the (apply to method) icon 

- Name the method file (e.g., “calibration curve HColumn 65C Hanno). Save. The [select 

method parameters] screen appears. Don’t make any changes, just click OK. 

 

3) Run a batch table to create the calibration curve: 

- Make sure that the HPLC is done with the analysis, you should close the real time 

analysis window, it’s even best to log out and restart the postrun application. If you don’t 

do it, the batch table for your calibration curve might not run, you might get the error 

message “file read closed” . 

- In the postrun application click “batch processing” in the assistant bar 

- Select “new batch file” in the file menu 

- Drag and drop the data files which are set as the calibration levels from the data explorer 

to the batch table 

- Specify the method file that you just created in the method file field for all lines of the 

batch table, make sure both are shown in the analysis type screen 

- Set the [sample type] cells, set the first line to “standard-initialize calibration curve”; set 

the following lines to “standard-add calibration level”; set the level for each line 

- Save the batch table under new name, e.g., “batch table calibration curve”. RUN the file. 

- Viewing the calibration curve: open the most recently processed standard sample data file 

(the last file in your calibration curve batch table). When you open a previous one, an 
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incomplete calibration curve is displayed. Make sure that the baseline is set properly, the 

integration is not messed up. 

- Note: if you are using both detectors (RI and UV-Vis), you will have to prepare a 

calibration curve for each detector – choose between detectors in main menu bar. 

 

4) Analyzing your data: 

- check all data files that the peaks have been integrated well, if necessary, adjust the 

baseline manually and save the data file. 

- Create a new batch table in the “Postrun analysis” window from the menu list on the left. 

Drag all sample results files from the Explorer Window into your batch file. Choose your 

calibration file as the method file for all your samples. Save this analysis batch file. 

“Run” the batch file by pushing on the start button. Note: if you are using both detectors 

(RI and UV-Vis), you will have to run the analysis with the calibration files for each 

detector. Make sure, again, that the integration is OK. 

 

5) For retrieving the data:  

- close the postrun window and open the browser window from the LCsolution start 

window 

- Choose “LC quant browser” from the menu on the left 

- drag your sample data files into the batch table window, make sure that correct detector is 

selected. 

- make sure you chose the right detector in the bar on top of the page. 

- you can see your results for each data file and compound by highlighting the line of the 

data file in the batch table and highlighting the compound in the compound table. The 

concentration for the highlighted compound appears in the batch table. Verify that 

integration/baseline are OK.  

 

6) For export of summary data tables with all analytical data (no chromatograms), open your 

analysis batch file in the Browser Window and export the data into a .txt file which can 

be opened in Excel on your own computers. Make sure you chose detector B (RI 

detector) in the bar on top of the window. Note: if you are using both detectors (RI and 

UV-Vis), you will have to export the results files for both detectors (switch between 

detectors in main menu bar). 

 

7) Lastly, move your exported data files from the LCSolutions data folder on the HPLC 

computer to your own “Enterprise” account folders!!! Data files will be deleted 

automatically from the HPLC computer to prevent data overflow – methods files will 

remain stored! No external storage devises are allowed with the HPLC computer. You 

can retrieve your data from Enterprise via external devise or email on any of the laptop 

computers in the BRL office area. 
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Protocol 2: Procedure for GC evaluation of individual Volatile Fatty Acids (VFAs) 

Updated June 15, 2015 by Lauren Harroff 

 

Sample Preparation and Storage: 

 

1. Centrifuge samples and filter (0.2 μm) to remove any suspended solids. 

2. Undiluted samples (no formic acid added) may be stored in 4° C refrigerator or freezer 

for subsequent analysis.  Depending on the sample, it may need to be centrifuged and/or 

filtered again after thawing.  If there is any possibility of suspended solids, make sure to 

refilter or centrifuge. 

3. Each sample vial will contain: 3 mM 2-ethylbutytric acid (internal standard), sample 

(diluted to <7 mM for individual VFA of interest), and 2% formic acid (to raise total 

volume to 1 mL or 500μL) 

a. Add appropriate volume of sample to obtain <7 mM of the specific VFA of 

interest. If measuring multiple VFAs, multiple dilutions may be needed.  

b. Add stock internal standard. There should be a stock of 30 mM 2-ethylbutryic 

acid diluted in 2% formic acid. If using 1 mL total volume in the vial, add 100 μL 

of this stock solution. If using 500 μL total volume, add 50 μL stock solution.  

c. Add 2% formic acid to bring total volume to either 500 μL or 1 mL. 

d. Close vial immediately after adding formic acid. 

*** Note: Final pH of sample must be approximately 2 in order to volatilize the fatty 

acids in the sample. Depending on the alkalinity of the sample, this will restrict 

options for choosing dilutions. If sample contains very low concentrations of VFAs, a 

more concentrated formic acid solution can be used for dilutions to allow lower pH at 

higher sample concentration.  

 

Standard Preparation: 

 

The stock solution of volatile fatty acids (stored in the refrigerator in B68) contains 10 mM each 

of: formic, acetic, propionic, isobutyric, butyric, isovaleric, valeric, isocaproic, caproic, and 

heptanoic acids. 

 

Make at least 5 standards of varying dilutions to create a standard curve. Typically a curve is 

created with 1, 2, 3, 5, and 7 mM. Choose appropriate concentrations based on expected 

concentrations in samples. If sample concentrations are low, the GC can detect accurately down 

to about 0.1 mM, but the standard curve needs to include points in this range. Standards cannot 

be created above 7 mM because the pH will not be sufficiently low to volatilize the fatty acids.  

 

Make additional “check standards” of known concentration to mix in the run with samples. This 

provides quality control because the measured concentrations can be compared to the known 

concentrations. (See below in “Loading Samples” for more details.) 

 

Make several blank vials of only 2% formic acid. These will be run as the first vial, after the set 

of standards, after every 5 samples, and as the final vial.   

 

 



 

 81 

Start-up: (GC 1, closest to fume hoods) 

1. FIRST turn on the compressed air, helium, and 

hydrogen cylinders by opening the main cylinder 

valves. 

2. Locate the ball valves that open the gas lines to the 

individual GCs. Valves for most gases can be found 

on manifolds at the center of the lab bench where the 

GCs are located. Valves for hydrogen are located next 

to the hydrogen gas cabinet. Open the appropriate ball 

valves for each gas (air, helium, and hydrogen) labeled as GC 1.   

3. Add name, date, and planned number of samples to the logbook. 

4. If the septum has not been changed for over 50 injections (recorded in logbook), change 

it now. 

a. Remove the injector tower by lifting straight up off of the support rod. Place 

injector tower on the top of GC 2 or on shelf.  

b. Remove the nut (green in photo) at injection site.  

c. Remove green septum and discard. Septum may be lodged inside the nut. 

d. Place in new septum and replace nut. Only finger tighten the nut. It does not need 

to be overly tight.  

e. Replace injector tower by aligning metal support rod with appropriate port on the 

bottom of the tower.  

5. If the glass injector sleeve has not been replaced for over 150 injections (recorded in log 

book), replace now. If acetate measurements are important, check the glass injector 

sleeve for contamination even if it has been recently 

replaced.  

a. Remove injector tower. 

b. Open top door of the GC.  

c. Use wide wrench located on bench next to 

the GCs to loosen the larger nut underneath 

septum nut.   

d. Squeeze pointed forceps together and insert 

into injection port.  

e. Allow forceps to expand and pull straight up 

to remove glass injector sleeve. 

f. If contamination is visible, place used injector sleeve in glass Nalgene bottle 

labeled 25% H2SO4 and containing other glass sleeves. Use forceps to remove 

clean sleeve from bottle. 

g. Rinse new sleeve with ethanol followed by DI water.  

h. Dry with compressed air from the lab bench.  

i. Use forceps to drop new, clean sleeve into injection port with flared end at the 

top.  

j. Tighten nut with wrench. Again, does not need to be overly tight but this one is a 

bit harder than the septum nut. 

k. Replace injector tower. 

6. Turn the switch on the bottom left corner of the front face of the machine on. 

7. Turn on the communication module (box located to the left of the GC). 

Step 5c 

Step 4b 
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8. On the Windows 98 computer, open “Instrument 1 (online)” from the desktop. If 

“Instrument 1 (offline)” is already open, close that before opening the online program.  

9. After Chemstation loads on the GC, check that the oven, front injector, and front detector 

are all on and temperatures are set to 70, 200, and 275° C, respectively.  

10. Empty waste vials and methanol (Solvent A) from the injection tower into the GC waste 

bottle (stored under the right-hand fume hood when back is to the windows). 

11. Refill Solvent A with fresh methanol (found under the right-hand fume hood in B68A). 

12. Empty and refill Solvent B vial with DI water.  

***Both Solvent A and Solvent B should be filled completely! The needle only lowers down 

to about the 2 mL mark, so if the vials contain less than 2 mL of liquid, the needle will not be 

cleaned. 

13. Remove and clean needle. 

a. Open door on the injection tower. 

b. Swing open the tab located about halfway up the 

syringe barrel that is holding the needle in place. 

c. Unscrew the nut holding the plunger and slide nut up. 

d. Pull needle forward from point D on the photo and then 

lift up to remove. (Otherwise the needle tip will get 

caught on the bottom stand.) 

e. Remove plunger and clean the plunger and syringe 

barrel using ethanol, soap, and DI water. Check that the 

plunger moves smoothly through the barrel.  

f. Fill a small beaker with DI water and check that the 

needle takes up and dispels water properly.  

g. Replace needle properly. Hold needle at an angle and 

align needle tip with position on gray stand. Then slide 

into position at point D. Rescrew the nut a point C and 

replace the tab at point B.  

 

Start-up: (GC 3, closest to windows) 

 

1. FIRST turn on the compressed air, helium, and hydrogen cylinders by opening the main 

cylinder valves.  

2. Locate the ball valves that open the gas lines to the individual GCs. Valves for most 

gases can be found on manifolds at the center of the lab bench where the GCs are located. 

Valves for hydrogen are located next to the hydrogen gas cabinet. Open the appropriate 

ball valves for each gas (air, helium, and hydrogen) labeled as GC 3.   

3. Turn on gases at the GC. Turn needle valves on Detector A panel (top left) for air, 

hydrogen, and aux gas (helium) to the left to turn on. Valves should be turned all the way 

open, but do not force them. They can get stuck.   

4. Add name, date, and planned number of samples to the logbook. 

5. If the septum has not been changed for over 50 injections 

(recorded in logbook), change it now.  

a. Remove the injector tower by lifting straight up off of the 

support rod. Place injector tower on the top of GC 2 or on 

shelf.  

B 

C 

D 

Step 13 

Step 5b 
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b. Remove the nut (black in photo) at injection site.  

c. Remove green septum and discard. Septum may be lodged inside the nut. 

d. Place in new septum and replace nut. Only finger tighten the nut. It does not need 

to be overly tight.  

e. Replace injector tower by aligning metal support rod with appropriate port on the 

bottom of the tower.  

6. If the glass injector sleeve has not been replaced for over 150 injections (recorded in log 

book), also replace this now. If acetate measurements are important, check the glass 

injector sleeve for contamination even if it has been recently replaced.  

a. Remove the injector tower by lifting straight up off of the support rod. Place 

injector tower on the top of GC 2 or on shelf.  

b. Unscrew black septum cover at injection site.  

c. Remove green septum and discard. Septum may be lodged inside the cover. 

d. Squeeze pointed forceps together and insert into injection port.  

e. Allow forceps to expand and pull straight up to remove glass injector sleeve. 

f. If contamination is visible, place used injector sleeve in glass Nalgene bottle 

labeled 25% H2SO4 and containing other glass sleeves. Use forceps to remove 

clean sleeve from bottle. 

g. Rinse new sleeve with ethanol followed by DI water.  

h. Dry with compressed air from the lab bench.  

i. Use forceps to drop new, clean sleeve into injection port with flared end at the 

top. 

j. Place in new septum and replace cover. Finger tighten. 

k. Replace injector tower by aligning metal support rod with appropriate port on the 

bottom of the tower.  

7. Turn the switch on the bottom right corner of the right face of the machine on. 

8. Turn on the communication module (box located to the left of the GC). 

9. On the Windows 98 computer, open “Instrument 3 (online)” from the desktop. If 

“Instrument 3 (offline)” is already open, close it before opening the online program.  

10. After Chemstation loads on the GC, check that the oven, front injector, and front detector 

are all on and temperatures are set to 70, 200, and 275° C, 

respectively.  

11. Empty waste vials and methanol (Solvent A) from the 

injection tower into the GC waste bottle (stored under the 

right-hand fume hood when back is to the windows). 

12. Refill Solvent A with fresh methanol (found under the right-

hand fume hood in B61A). 

13. Empty and refill Solvent B vial with DI water.  

***Both Solvent A and Solvent B should be filled completely! 

The needle only lowers down to about the 2 mL mark, so if the 

vials contain less than 2 mL of liquid, the needle will not be 

cleaned. 

14. Remove and clean needle. 

a. Open door on the injection tower. 

b. Swing open the tab located about halfway up the 

syringe barrel that is holding the needle in place. 

B 

C 

D 

Step 14 
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c. Unscrew the nut holding the plunger and slide nut up. 

d. Pull needle forward from point D on the photo and then lift up to remove. 

(Otherwise the needle tip will get caught on the bottom stand.) 

e. Remove plunger and clean the plunger and syringe barrel using ethanol, soap, and 

DI water. Check that the plunger moves smoothly through the barrel.  

f. Fill a small beaker with DI water and check that the needle takes up and dispels 

water properly.  

g. Replace needle properly. Hold needle at an angle and align needle tip with 

position on gray stand. Then slide into position at point D. Rescrew the nut a 

point C and replace the tab at point B.  

 

15. Once the GC reaches operating temperatures (~15 minutes), light the detector. 

a. Press “SIG 1” button on the front face of the GC twice to display the signal output 

from Detector A. 

b. Open the top door of the GC. 

c. Push the “FID Ignite” button on the Detector A panel on the top left of the front 

face of the GC. Simultaneously hold a lit match or lighter over the detector. 

d. Release the “FID Ignite” button. If the signal output maintains a reading of 12-15, 

then the detector is lit. If the signal drops back to 0-0.5, try to ignite again. 

16. Allow 15 minutes to equilibrate. The signal output should maintain a steady reading 

(~25) before starting a run.  

 

 

 

Loading Samples (this can be performed while waiting for the GC to warm up) 

 

1. Load your samples into the 

autosampler trays. Ensure that the 

“Vial 1” position on the tray is 

aligned with the “1” position on 

the autosampler. 

2. Include a blank vial containing 

only 2% formic acid as the first 

vial, after the set of standards, 

after every 5 samples, and as the 

final vial.  

3. Approximately every 10 vials add 

one of the “check standards” 

created during “Standard 

Preparation”. 

4. As best as can be predicted, try to 

load the samples in order from 

most dilute to most concentrated.  

5. For quality control, recommended run length is a maximum of 50 vials including blanks 

and standards. After a long period of time, the GC measurements tend to fluctuate.  

 

Steps 3- 10 
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Loading Sequence on the Computer 

 

1. From the “Online” computer 

program (Instrument 1 or 3 

depending on which machine is 

being used), click “New 

Sequence” from the “Sequence” 

menu. 

2. Open “Sequence Table” from the 

“Sequence” menu. 

3. Open “Insert/FillDown Wizard”. 

4. For “Starting location” enter “1” to 

indicate the location of your first 

vial. 

5. For “Number of lines to insert” 

enter the total number of vials you 

are running (standards + blanks + samples) 

6. For “Method name” enter “VFAISTD” for GC 1 or “3VFAISTD” for GC 3. 

7. For “Inj./Location” enter “1” to indicate the number of times each vial will be sampled.  

8. Scroll to the right, and enter “3” For “ISTD Amount” to indicate that each vial contains 3 

mM of the internal standard.  

9. For “Inj. volume” enter “1”. 

10. Leave other fields blank and press “OK”.  

11. “Cut” the first line if it was left blank.  

12. Under “Sample Name” enter the individual sample name for each vial. 

13. For every formic acid blank, change “Inj/Location” 

to “3” and change “ISTD Amount” to blank (Do not 

enter “0” or you will receive an error.) 

14. Click “OK”. 

15. Open “Sequence Parameters” from the “Sequence” 

menu. 

16. Enter your initials for “Operator Name”. 

17. Enter the folder name where you will find your data 

for “Subdirectory”. We typically use initials 

followed by the date. (Ex: LH140428 for a run on 

April 28, 2014).  

18. Click “OK”. 

19. A message will be displayed asking permission to 

create the subdirectory you have named. Click 

“OK”. 

 

 

 

 

 

Steps 11- 14 

Steps 15-18 

Step 19 
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20. If you will use the same or similar sequence in the future, save your sequence under “Save 

Sequence as” from the “Sequence” menu.  

 

Starting Injections 

1. Check that the method displayed on the main screen of the online program reads 

“VFAISTD.M” for GC 1 or “3VFAISTD.M” for GC 3. 

2. Check that the box above “Start” and “Stop” buttons is green and reads “Ready”. 

3. Once it is ready, press 

“Start”. 

4. Wait for the GC to 

run through the 

syringe and needle 

cleaning process and 

inject the first blank 

before walking away. 

Most problems occur 

during this first injection. 

5. If the computer displays a plunger error or injector error message, check that the plunger 

of the syringe moves freely and takes up and dispels water appropriately. Clean the 

needle and syringe again if necessary and restart the sequence. 

6. If possible, create a standard curve and check for a linear relationship as soon as the 

standards have finished running. (See “Data Analysis” for instructions.) This step allows 

potential errors to be identified before all samples have been run. 

 

Shutting Down: (GC 1, closest to fume hoods) 

1. Close the “Instrument 1 (Online)” program on the computer, and turn off the 

communication module. 

2. On the front of the GC, push the “Oven” button and turn the temperature off. Do the 

same for “Front Inlet” and “Front Det”. 

3. Once each component has cooled to at least 100° C, turn off the GC. 

4. Turn off the helium, hydrogen, and compressed air cylinders ONLY if none of the other 

GCs are running.  

 

Shutting Down: (GC 3, closest to windows) 

1. Close the “Instrument 3 (Online)” program on the computer, and turn off the 

communication module. 

2. Turn off the hydrogen valve at the GC to extinguish the detector flame. 

3. On the front of the GC, push the “OVEN TEMP” button and turn the temperature off. Do 

the same for “INJ A TEMP” and “DET A TEMP”. 

4. Once each component has cooled to at least 100° C, turn off the GC. 

5. Turn off the helium, hydrogen, and compressed air cylinders ONLY if none of the other 

GCs are running.  

 

Data Analysis 

1. Open “Instrument 1 (offline)” for GC 1 or “Instrument 3 (offline)” for GC 3 

2. Open “Load Signal” from the “File” menu.  

Steps 1-3 
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3. Under the folders “HPCHEM”, “1” (or “3” for GC 3), and “DATA”, find the folder with 

the subdirectory name that you created previously from “Sequence Parameters”. 

 

4. Select the first standard vial. Usually the file name will read “002F0201.D” because the 

first vial was a blank. The first number (“002”) indicates the location number of the vial. 

Click “OK”. 

5. Check that the method displayed on the main screen is “VFAISTD.M” or 

“3VFAISTD.M”.  

6. Click the integration button. If an error or warning message is displayed, click “OK”. 

Those errors will be fixed later. 

7. Click the manual integration button. 

 

 

 

8. Remove and unwanted peaks by dragging the 

mouse above the peak. 

9. Select “New Calibration Table” from the 

“Calibration” menu.  

10. For “Default Amount” enter the mM 

concentration of the first standard, usually 

“1”. Click “OK”. If asked to overwrite the 

existing calibration table, select “Yes”. 

Steps 2-4 

Step 10 

Step 6 
Step 5 

Step 7 

Step 8 
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11. On the table, name the compound for each peak. There should be 10 peaks that come out 

in the following order: 

1. Acetic acid (Ac) 

2. Propionic acid (Pr) 

3. iso-Butyric acid 

(iB) 

4. Butyric acid (Bu) 

5. iso-Valeric acid 

(iV) 

6. Valeric acid (Va) 

7. Internal Standard 

(ISTD) 

8. iso-Caproic acid (iC) 

9. Caproic acid (Ca) 

10. Heptanoic acid (Hep) 

12. For peak #7 (“ISTD”), on the column named 

“ISTD” change the drop-down back from “No” to 

“Yes”. 

13. Click the blank box immediately to the right from 

the “#” column and enter “3” for “ISTD Amount”. 

Click “OK”. The remaining rows for the “#” 

column should fill in with “1” to indicate the ISTD that you have just named.  

14. Load the next standard vial by selecting “Load Signal” from the “File” menu. The 

computer will automatically recognize the correct peaks identified in the calibration table, 

so steps 6 and 7 do not need to be repeated for the remaining vials.  

15. Select “Add Level” from the “Calibration” menu.  

16. Enter the concentration of the standard for “Default Amount” and click “OK”. 

17. Repeat steps 14 and 15 to load all standards. 

18. At this point, the curves will look approximately like a straight vertical line because the 

ISTD concentrations are incorrect. On the calibration table, change the “Amt[mM]” values 

to “3” for all levels of the internal standard.  

19. The computer will create a standard curve for each individual VFA. Check that all curves 

have a strong linear correlation (~ 0.995 or higher) by clicking on each compound name 

on the table. 

20. Save the standard curve as a 

method. From the “File” menu, 

select “Save As” and then 

“Method”. Change the method 

name to something you will 

recognize. We typically use the 

same name as the subdirectory 

(Ex: LH140428). Click “OK”, 

leave “Comment for method 

history” blank, and click “OK” 

again.  

21. From the “Batch” menu, select 

Steps 11- 13 

 Step 13 

Step 21 
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“Load Batch”. In the right-hand box, select the subdirectory name you used for “Sequence 

Parameters”. Open the folder “hpchem”, “1” for GC 1 or “3” for GC 3,  “data”, and then 

double click the subdirectory name. In the box on the left click the batch name. There 

should only be one listed. It will either be called “DEF_GC.B” or another name that you 

gave it when creating the sequence. Click “OK”. 

22. Under “Method to Process Batch Data”, click “Other Method”, and select the method 

name that you just saved in step 20. Under “Select Runs for Batch Processing” click 

“Select All”.  Click “OK”. 

23. Wait for the batch to load. Click the “Start” button with a green arrow located towards the 

bottom of the screen. 

 

 

24. Wait for the program to analyze each data file. Depending on the number of samples this 

may take 5-15 minutes. When the “Start” button is highlighted again, then the batch is 

finished. 

25. From the “Batch” menu select “Output 

Batch Report” to export the data report to 

Excel.  

26. The Excel report can be found under My 

Computer/Local Disk (C:)/ HPCHEM/ 1 

or 3 (depending on GC used)/ DATA/ 

your subdirectory name (LH1404228). In 

that folder you will find a folder with data 

for each sample that was analyzed. At the 

end of those folders is an Excel file called 

“REPORT01.xls” that contains all of the 

analyzed results. 

27. Open the Excel file. Select the “Labels” 

worksheet. Select cells E3:E25 and copy 

them. Select the “Data” worksheet. Select 

cell C1, “Paste Special”, and “Transpose” 

to insert the correct column names. The 

first column for each VFA shows the retention time of the peak measured. The second 

column gives the concentration in mM calculated based on the created standard curves.  

 

 

 

 

 

 

 

 

 

 

 

 

Step 22 
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Protocol 3:  Individual Bottle Preparation for Food Waste Storage 

 

No Periodic Feeding 

Carbohydrate (no 

inoculum) Protein (no inoculum) Lipid (no inoculum) 

Feed (L) 2.2491732 Feed(L) 1.114393344 Feed(L) 1.194778 

Water(L)= 1.5008268 Water (L) 2.635606656 Water (L) 2.555222 

TOTAL (L) 3.75  3.75  3.75 

      

Carbohydrate + inoculum Protein + inoculum Lipid + inoculum 

Inoculum (L) 0.3750 Inoculum (L) 0.3750 Inoculum (L) 0.3750 

Feed(L) 2.0242559 Feed(L) 1.00295401 Feed(L) 1.075301 

Water (L) 1.3507441 Water (L) 2.37204599 Water (L) 2.299699 

TOTAL (L) 3.7500 TOTAL 3.7500 TOTAL 3.7500 

 

 

Periodic Feeding (/day addition) 

Carbohydrate (no inoculum) Protein (no inoculum) Lipid (no inoculum) 

Feed (L/day) 0.321310458 Feed(L) 0.159199 Feed(L) 0.170683 

Water(L/day)= 0.214403828 Water (L) 0.376515 Water (L) 0.365032 

TOTAL(/day) 0.535714286  0.535714  0.535714 

      

Carbohydrate + inoculum Protein + inoculum Lipid + inoculum 

Inoculum (L/day) 0.0536 Inoculum (L) 0.0536 Inoculum (L) 0.0536 

Feed(L/day) 0.2892 Feed(L/day) 0.1433 Feed(L/day) 0.1536 

Water (L/day) 0.1930 

Water 

(L/day) 0.3389 

Water 

(L/day) 0.3285 

TOTAL(/day) 0.5357 TOTAL(/day) 0.5357 TOTAL(/day) 0.5357 
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 Protocol 4:  Ammonia (ion-selective electrode method) 

 

Reagents: 
Distilled-Deionized water 

Stock ammonium chloride solution (1M) 

Diluted standards of ammonium chloride (.001M, .01M, and .1M) 

 

Procedure: 

 

1. Place 25mL of standard solution or sample into 100 mL beaker 

2. Immerse electrode while mixing with magnetic stirrer on a relatively low rate to 

minimize evaporation 

3. Add 1 mL of ammonia adjusting ISA solution to beaker 

4. Allow time for electrode to equilibrate, and record mV reading 

         

Calculations: 

 

Prepare a standard curve of concentration of ammonium chloride vs. mV readings on a semi-

logarithmic graph.  Use graphing tools to fit a logarithmic curve to the points, with R
2
 >0.98. 

 Last, fit sample points to the standard curve to find concentrations 
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Protocol 5: Procedure for Gas GC Evaluation of N2, CH4, and CO2 
 

1 Limit of detection  

Limit of detection 250 ppm（0.025%）Note: This limit of detection is from the 

company specifications. So if your samples are not detected, you should measure the 

real limit of detection.  

2 Sample preparation and storage 

There are three ways of sample preparation for gas GC: 

a. Take the bottles which you want to measure to gas GC table. 

b. Transfer gas sample to gas bags. 

c. If your reactor is stationary in the Morrison lab, sample directly from the reactor via 

a sampling port. Bring water vial to reactor and submerge the needle in the water after 

the sample is withdrawn. 

3 Procedure 

3.1 Start-up 

a. First turn on the compressed air, helium and hydrogen. 

b. Add name, data, and planned number of samples to the logbook (C:\Documents and 

Settings\User\Desktop\Gas GC\logbook_N2 _CH4_CO2). 

c. If the septum has not been changed for over 100 injections (recorded in logbook), 

change it now. 

I. Remove the nut at injection site. 

II. Remove blue septum and discard. Septum 

should be lodged inside the nut. 

III. Place in new septum and replace nut. 

IV. Check for connection leaks using Liquid 

Leak Detector. 

d. Turn the switch on the top left corner of the 

front face of the machine to “ON”. 

e. Turn the TCD filament current control switch 

to high. 

f. On the Windows 98 computer, open “Peak 393-

32bit CO2 N2” from desktop.  

g. Open control file (e.g., “JJ2 

TCD_N2_CH4_CO2.CON”) 

h. After ChemStation loads on the Gas GC, check 

that the oven and detectors temperatures are set 40 

and 100℃, and the gas flow rates of Carrier 1, H2 1, 

H2 2, Air 1 and Air 2 are set 13, 31, 20, 2 and 3 psi, 

respectively. After 2-3min, the button “Start run” will 

change green, check that both the actual temperatures 

and gas flow rates are the same as the set. 

3.2 Starting Injections 

a. Clean needle and make sure no water is inside.  

b. Inject syringe to prepare sample container and 

wash 3 times using sample gas. Take more than 500 

μl, then submerse needle into water vial to prevent 

Step 3.1.c  

Step 3.1.e 
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gas leaking. Then adjust the sample volume to 500 μl. 

c. Click “Zero channel” button to make baseline zero.  

d. Inject sample quickly, then immediately press Spacebar on the keyboard.   

4 Calibration 

a. Turn on the pure compressed gas(Methane is in digestion room (Rm B61A); CO2 

and N2 are in carboxylate room (Rm B68A)) 

b. Remove syringe plunger and inject needle into regulator for 2 second to flush the 

syringe. Then reinstert plunger, remove the needle, and add needle end to water-filled 

vial. 

c. Click on the Auto Zero button to zero the data system signal. 

d. Push the syringe pluger slowly to desired volume. Make sure the needle remains 

under the water. Make at least 5 standards of varying concentration to create a 

standard curve. Typically a curve of N2, CH4 and CO2 are created with 20% (100 μl), 

40%(200 μl), 60%(300 μl), 80%(400 μl) and 100%(500 μl).  

e. Pierce the septum in the on-column injector with the syringe 

needle. Insert the needle straight into the on-column injector 

port; avoid bending the needle. Depress the syringe plunger to 

inject the sample, then withdraw the syringe. For the best and 

most consistent results, use an easily reproducible injection technique with quick, 

smooth movements. Hit the computer 

keyboard spacebar to start data acquisition. 

f. Click on the peak(Retention time of N2, CH4 and CO2 are about 0.52, 0.95 and 2.10 

min respectively), then select calibration Nitrogen(for example).  

g. Select the concentration from the Recalibration level. 

i. Click the accept new button, then save it. 

g. Click the file button, click “Save as”. 

Note: Manager will calibration every month. If you want to have your own calibration, 

you can do it by yourself. 

5 Data Analysis 

Click the results button, click “Copy”, then plaste whereever you want.  

6 Shutting Down 

a. Close the “Peak393-32bit CO2 N2” program on the computer. 

b. Open the GC cover, turn off the TCD filament current control switch. 

c. Once the detector temperate has cooled to at least 45℃, turn off the GC. 

d. Turn off the helium, hydrogen and compressed air cylinders only if none of the other GCs are 

running. 
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 Protocol 6:  Operation of InSinkErator® 

 InSinkerator Use: 

o Plug in if applicable (yellow cord).   

o Make sure there is a bucket under the white PVC tubing where food exits to catch 

any drips 

o Make sure the black cap is over the grinder opening 

o Turn on water; turn both blue levers so they are parallel with their pipes.   

 The hose can be used now, even if the power is not on 

o Turn the power on by turning the red knob on the metal box up.   

o To turn on grinder, press the START button 

o Allow water to run through the grinder until water is clear.  Turn off water. 

o Obtain a new, clean bucket and place under white tubing.   

o Dump the food waste on the counter top.  The grinder will take any food, even 

bones and egg shells.  The machine can handle a very large volume of food waste.   

o Feed the food into the grinder, quickly pushing it into the black cap 

 Feeding: 

 Dump all food on tray first before grinding.  Quickly push the food 

into feed shoot.   

o When done, turn off power, and water.   

 

 Safety Precautions: 
o Do not run without water turned on.   

o Always keep the black lid on the grinder opening while machine is running.   

 

 Cleaning 

o Allow water to run through empty grinder for a few minutes until clear.   

o Excess water can be dumped down the floor drain. 

o Turn off power.   

o Take off black cap and remove any residuals on the side of the opening.   

o Check for splatters on the floor and walls. 

o Wipe down the grinder top. 
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Protocol 7:  Chemical Oxygen Demand (COD) – Closed Reflux Titrimetric Method 

Adapted from Standard Methods for the Examination of Water and Wastewater 20th ed. 1998 

 

Reagents: 

 

 Standard potassium dichromate digestion solution, 0.0167M: 

Add to about 500 mL distilled water: 4.913 g K2Cr207, 167 mL conc H2SO4, and 

33.3 g HgSO4. Dissolve, cool to room temperature and dilute to 1000mL. 

 Sulfuric acid reagent 

  Add 5.5g AgSO4 per kg H2SO4 , may need to dissolve 1-2 days 

 Ferroin indicator solution (available commercially) 

 Standard ferrous ammonium sulfate titrant (FAS), approximately 0.05M: 

19.6 g Fe(NH4)2(SO4)2*6H2O in distilled water. Add 10mL conc H2SO4, 

cool, and dilute to 1000mL.  

Procedure: 

*Always wear gloves and lab coat when performing these tests.  Check gloves and counter 

for spills.  Transfer large volumes of COD waste in a fume hood using a funnel.   

1. Dilute sample to less than 300 mg O2/L 

This is determined by performing serial dilutions of the sample to the lowest dilution 

factor possible.   

TCOD Dilution: A 300x dilution should be a good value for food waste at 10% TS.  Tare 

a large beaker.  Measure 1 g of sample into a large beaker.  Add water until the total mass 

is 300 g.   

2. For soluble COD (SCOD), filter through 0.22 um pore size nitrocellulose membrane.  Samples 

can be frozen  until needed.   

The dilution factor of SCOD will always be less than that of TCOD.  Try between 100x -

200x for food waste samples at 10% TS.  Carbohydrates tend to have the highest SCOD 

and TCOD and require the most dilution.  %SCOD tends to increase during Days 2-4.   

Sample Volume = Total Volume/ Dilution Factor  

100x:  25uL sample _+ 2.475 mL water.   

125x:  20uL sample _+ 2.40 mL water. 

200x:  25uL sample + 4.975mL water 

3.  For total COD (TCOD), measure samples using a high-precision mass balance.    

4. Wash culture tubes and caps thoroughly and dry before use. Note: Ensure all residues are 

rinsed away using distilled or deionized water. 

5. Add 2.5 mL sample in culture tube, each sample at least in duplicate.   

The first two samples should be “blanks” using 2.5 mL of distilled water instead of the 

sample.   

TCOD:  Place a magnetic stir bar in the sample and stir vigorously on a magnetic stir 

plate (solid particles should be suspended uniformly).  When pipetting the 2.5 mL TCOD 

sample, cut off the pipette tip to allow unrestricted uptake of the largest particles in the 

sample.      

6. Add 1.5 mL digestion solution. 

7. Add 3.5 mL sulfuric acid reagent by carefully running down inside of vessel to maintain acid 

layer. 

8. Tightly cap tubes or seal ampules and invert each several times to mix.  
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If the color turns blue then there is an “overshoot” and there is not enough digestion 

solution for the amount of COD present.  The sample needs to be diluted more.  

9. To compensate for sampling error in TCOD, prepare an appropriate number of replicates for 

TCOD (i.e., >>3).  Prepare at least 3 replicates for SCOD.  

10   Place tubes in block digester set to 150
o
C for 120 minutes.  

11. Cool to room temperature, remove caps, pour sample into small flask and add PTFE-covered 

magnetic stirring bar. 

12. Add 1-2 drops of ferroin indicator and stir rapidly on magnetic stirrer while titrating with 

0.05M FAS. The end point is a sharp color change from blue-green to red-brown. 

 

Calculation: 

         
 

Standardize FAS solution against digestion solution: 

Pipet 5.0 mL digestion solution into a small beaker.  Add 10 mL distilled water to substitute the 

sample.  Cool to room temperature.  Add 1 to 2 drops ferrion indicator and titrate with FAS 

titrant: 

Molarity of FAS Solution = (Volume digestion solution / Volume FAS solution used in 

titration) x 0.1000 
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Protocol 8:  Standard Operating Procedure for Gas GC Evaluation of H2 

1 Limit of detection  

Limit of detection 250ppm（0.025%） 

Note: This limit of detection is from the company specifications. So if your samples 

are not detected, you should measure the real limit of detection.  

2 Sample preparation and storage 

There are three ways of sample preparation for gas GC: 

a. Take the bottles which you want to measure to gas GC table. 

b. Transfer gas sample to gas bags 

c. If your reactor is stationary in the Morrison lab, sample directly from the reactor via 

a sampling port. Bring water vial to reactor and submerge the needle in the water after 

the sample is withdrawn. 

3 Procedure 

3.1 Start-up 

a. First turn on the Nitrogen. 

b. Add name, data, and planned number of samples 

to the logbook (C:\Documents and 

Settings\User\Desktop\Gas GC\logbook_H2). 

c. If the septum has not been changed for over 100 

injections (recorded in logbook), change it now. 

I. Remove the nut at injection site. 

II. Remove blue septum and discard. Septum 

should be lodged inside the nut. 

III. Place in new septum and replace nut. 

  IV. Check for connection leaks using Liquid Leak 

Detector. 

d.  Turn the switch on the top left corner of the front  

face of the machine to “ON”. 

e. Turn the TCD filament current control switch to 

low. 

f. On the Windows 98 computer, open “H2 shortsut to 

Peak283” from desktop.  

g. Open control file (e.g., “JJ2 Hydrogen.con”) 

h. After ChemStation loads on the Gas GC, check that 

the oven and detectors temperatures are set 40 and 

100℃, and the gas flow rates of Carrier 1 is set 11 psi. 

After 2-3min, the button “Start run” will change 

green, check that both the actual temperatures and gas 

flow rate are the same as the set. 

3.2 Starting Injections 

a. Clean needle and make sure no water is inside.  

b. Inject syringe to prepare sample container and wash 3 times using sample gas. Take 

more than 500 μl, then submerse needle into water vial to prevent gas leaking. Then 

adjust the sample volume to 500 μl. 

c. Click “Zero channel” button to make baseline zero.  

Step 3.1.c  

Step 3.1.e 
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d. Inject sample quickly, then immediately press Spacebar on the keyboard.  

4 Calibration 

a. Turn on the pure compressed gas(H2 are in carboxylate room (Rm B68A)) 

b. Remove syringe plunger and inject needle into regulator for 2 second to flush the 

syringe. Then reinstert plunger, remove the needle, and add needle end to water-filled 

vial. 

c. Click on the Auto Zero button to zero the data system signal. 

d. Push the syringe pluger slowly to desired volume. Make sure the needle remains 

under the water. Make at least 5 standards of varying concentration to create a 

standard curve. Typically a curve of H2 is created with 1% (5 μl), 5%(25 μl), 10%(50 

μl), 20%(100 μl) and 40%(200 μl). 

e. Pierce the septum in the on-column injector with the syringe 

needle. Insert the needle straight into the on-column injector 

port; avoid bending the needle. Depress the syringe plunger to 

inject the sample, then withdraw the syringe. For the best and 

most consistent results, use an easily reproducible injection technique with quick, 

smooth movements. Hit the computer 

keyboard spacebar to start data acquisition. 

f. Click on the peak, then select calibration Hydrogen.  

g. Select the concentration from the Recalibration level. 

h. Click the accept new button, then save it. 

j. Click the file button, click “Save as”. 

Note: Manager will calibration every month. If you want to have your own calibration, 

you can do it by yourself. 

5 Data Analysis 

a. Click the edit button, click “Manual intergration” 

b. Click the peak reverse button, manual integration peak by dragging the mouse from 

0 min to covering the whole peak. 

c. Click the results button, click “Copy”, then paste whereever.  

6 Shutting Down 

a. Close the “H2 shortsut to Peak283” program on the computer. 

b. Open the GC cover, turn off the TCD filament current control switch.   

c. Once the detector temperate has cooled to at least 45℃, turn off the GC. 

d. Turn off the nitrogen cylinders. 
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Protocol 9: Total Solids  

Standard Methods for the Examination of Water and Wastewater 20
th
 ed. 1998 

2540B. Total Solids Dried at 103-105°C 

 

Procedure: 

 

1. Preparation of evaporating dish:  If volatile solids are to be measured ignite clean evaporating 

dish at 550°C for 1h in a muffle furnace.  If only total solids are measured, heat clean dish to 103 

to 105°C for 1h.  Store and cool dish in desiccators until needed.  Weigh immediately before use. 

 

2. Sample analysis:  Choose a sample volume that will yield residue between 2.5 and 200 mg. 

Pipet a measured volume of a well-mixed sample, during mixing, to a pre-weighed dish.  For 

homogenous samples, pipet from the approximate midpoint of the container, but not in the 

vortex.  Choose a point both mid-depth and midway between the wall and the vortex.  Evaporate 

to dryness on a steam bath or in a drying oven.  Stir samples with a magnetic stirrer during 

transfer.  If necessary, add successive sample portions to the same dish after evaporation.  When 

evaporating in the drying oven, lower temperature to approximately 2°C below boiling to 

prevent splattering.  Dry evaporated sample at least 1h in an oven 103-105°C, cool dish in 

desiccator to balance temperature and weight.  Repeat cycle of drying, cooling, desiccating, and 

weighing until a constant weight is obtained, or until weight change is less than 4% of previous 

weight or 0.5mg, whichever is less.  When weighing dried sample, be alert to change in weight 

due to air exposure and /or sample degradation.  Analyze at least 10% of all samples in duplicate.  

Duplicate determination should be within 5% of their average weight. 

 

Calculation: 

 

mg total solids/L = (A-B) x1000 / sample volume (mL) 

 

A = weight of dried residue + dish, mg 

B = weight of dish, mg 
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Protocol 10:  Fixed and Volatile Solids 

Standard Methods for the Examination of Water and Wastewater 20
th
 ed. 1998 

2540 E. Fixed and Volatile Solids Ignited at 550°C 

 

Procedure: 

Ignite residue produced by method 2540B to constant weight in a muffle furnace at a 

temperature of 550°C.  Ignite a blank glass fiber filter along with the samples. Have furnace up 

to temperature before inserting sample.  Usually, 15 to 20 minutes ignition are required for 200 

mg residue. However, more than one sample and/or heavier samples may tax the furnace and 

necessitate longer ignition times.  Let dish or filter disk cool partially in air until most of the heat 

has been dissipated.  Transfer to a desiccator for final cooling in a dry atmosphere.  Do not 

overload desiccator.  Weigh dish or disk as soon as it has cooled to balance temperature.  Repeat 

cycle of igniting, cooling, desiccating, and weighing until a constant weight is obtained or until 

weight change is less than 45 or 0.5 mg, whichever is less.  Analyze at least 10% of all samples 

in duplicate.  Duplicate determination should agree within 5% of their average weight.  Weight 

loss of the blank filter is an indication of unsuitability of a brand for type of filter for this 

analysis 

 

Calculation: 

 

mg volatile solids/L = (A-B) x1000 / sample volume (mL) 

 

mg fixed solids/L = (B-C) x 1000 / sample volume (mL) 

 

A =weight of residue + dish before ignition, mg 

B = weight of residue + dish or filter before ignition, mg 

C = weight of dish or filter, mg 
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Protocol 11:   BMP assay protocol 

By Rodgrigo Labatut 

 

1. Tare a 10-L bottle with a magnetic stirrer and label the weight.   

2. Fill each bottle with fresh DI water, put it on a heater/mixer apparatus, and using flow 

meters, purge O2 with a mixture of 70% N2 30% CO2.  Alternatively, 100% N2 is OK. 

3. Boil water for 15 minutes while mixing and still gassing out O2  

4. Add required volume of nutrient/trace element stock solution   

4.1. For the 100X stock solution, 10 mL per L of medium are required to obtain the required 

concentration in the medium, where the medium consists of nutrient solution + seed 

inoculum 

5. Turn off heater, but NOT the mixer 

6. While the nutrient medium is cooling down, add required amounts of substrate to each 

reactor/bottle.  If mixing will be performed continuously, add a magnetic stirrer to the 

bottles, including the inoculum.   

7. Once the nutrient medium has cooled down to the digester temperature, e.g., 37C, add yeast 

extract – 100 mg/L 

8. Add required seed-inoculum volume (by weight) to the tared 10-L bottle, using a large 

capacity scale (e.g., 30-kg) 

9. Insert a pH probe in the bottle, make sure mixing is still on, and add required sodium 

bicarbonate (NaHCO3) – 4200 mg/L 

10. Record pH – it should be between 7.1 – 7.3 

11. Add required volume of inoculum-nutrient media to each reactor.  IMPORTANT: If the 

amount of substrate is significant, for example > 3 g, then add only the amount of media to 

reach the target total volume - e.g., 100 mL. 

12. Add required volume of sodium sulfite (Na2S) solution to each reactor, to obtain a total 

concentration of 100 mg/L  

12.1. Add 1 uL of the 100 g/L Na2S solution per 1 mL of total volume in the bottle, e.g., 100 

uL for 100 mL samples 

13. Close the bottles using a 1-hole rubber stopper (or alternative) and perforated screw caps 

(blue), but do not over tighten the caps. 

14. Through the rubber stopper hole, flash out O2 from the gas phase of each reactor with pure 

N2 gas for ~1 min (sufficient for most headspace volumes).  Immediately after, insert the 2-

way valve to close the bottle (make sure it is in the off position).  

15. Put the reactor/bottles in the incubator already at 37
o
C (55 if thermophilic).  Record, time, 

date and initial temperature, as read from a thermometer submerged in water. 
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Preparation of defined media   

Adapted from: ASTM (1992); Owen et al. (1979); Angelidaki & Ahring (1992); 

Speece et al. (1983) 

    

Basal 

medium 

Concentration 

(mg/L) 

g of reagent for 1L of 100X stock 

solution  

NH4Cl 200 20  

KCl 100.0 10  

MgCl2 6H2O 600.0 60  

KH2PO4 138.0 13.8  

K2HPO4 176.0 17.6  

Vitamins      

Yeast 

extract* 100 10  

Trace 

elements      

FeCl3 6H2O 200.0 20  

MnCl2 4H2O 4.0 0.4  

CoCl2 6H2O 10.0 1  

NiCl26H2O 10.0 1  

ZnCl2 2H2O 0.5 0.05  

Na2SeO3 0.1 0.01  

AlCl36H2O -    

(Na)6Mo7O24 -    

Na2MoO4 

2H2O 0.5 0.05  

CaCl22H2O 100.0 10  

CuCl2 2H2O 0.5 0.05  

KI 10.0 1  

H3BO3 0.5 0.05  

Na2S 9H2O 100.0 10  

Other      

EDTA -    

Resazurin 1.0 0.1  

HCl -    

NaHCO3* 4200 420  

    

mL of stock solution needed for 1L medium** at required concentration 

= 10 mL  
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* Don't add until medium is room temperature  

** Medium volume includes the inoculum  

    

  Most important reagents that should always be present  

    

    

 

 

 


