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ABSTRACT 

Organic acids inhibit microbial activities in the initial phase of composting, and different 

organic acids vary considerably in their inhibitory effects. The inhibition of microbial 

activities adversely affect the degradation rate of compost and thereby the efficiency of 

composting. As very few experimental studies were reported in investigating the effects 

of organic acids in composting, this study examined the inhibitory effects of acetic, 

butyric, lactic and propionic acids on the microbial growth under different experimental 

conditions. 

Full (24: 16 runs plus four quality controls) and fractional (2 41v-I : 8 runs plus two quality 

controls) factorial designs were conducted on the days when the pH started to decrease 

and when it subsequently increased, respectively, during the early phase of food-waste 

composting. Food waste was composted in a laboratory-scale reactor under aerated and 

microbial self-generated heat conditions. Large numbers of small samples were extracted 

from the reactor and treated with the acids, and the numbers of microbial populations 

were analyzed. The results show that butyric acid or lactic acid alone, and butyric, lactic, 

and propionic acids in combination significantly inhibited total thermophilic micro-

organisms (a = 0.05) on the day when the pH started to decrease. Only 52.0 to 66.0% of 

the average microbial population would exist at high acid concentration (0.5 mmol/g wet 

sample) in the compost. No significant inhibitory effects on total mesophilic micro-

organisms were found. On the day when the pH was increasing, no significant inhibitory 

effects on thermophilic or mesophilic microorganisms were observed (a = 0.05). 
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In addition, the populations of total mesophilic and thermophilic microorganisms 

increased between 8.00 and 65.0 % in the acidified samples following treatment with 

several alkalis (calcium hydroxide, potassium phosphate, sodium acetate and sodium 

carbonate). Supplemental findings showed that treatment with sodium acetate enhanced 

microbial activity and increased degradation rate of compost during composting. The 

improvement in this composting process was probably related to the occurrence of a main 

stream of an acetic acid resulted in less inhibitory effects on microorganisms, compared 

to the occurrence of several types of organic acids in compost. 

This study revealed that the inhibitory effects of organic acids were more severe when the 

pH decreased during the early phase of composting, but were effectively ameliorated by 

application of an alkali. Overall, in similar acidic microenvironments, thermophilic 

microorganisms tolerated organic acids better than did mesophilic microorganisms. 

Microbial or environmental factors might contribute to the differences in the inhibitory 

effects of the organic acids. Finally, the method of extracting and treating small compost 

samples allowed the experimental and statistical comparisons of response data, the 

additional findings of microbial or environmental factors and the development of a 

regression model for predicting microbial population, which would be useful in assessing 

and understanding organic acids in composting microbiology research. 

ii 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Composting is a microbial decomposition process in which organic solid waste is subject 

to biological breakdown in a moist, warm and aerated environment (Finstein and Morris 

1975; Haug 1993; Narayan 1993; Miller 1996). Most of composting processes are 

designed and managed as aerobic operations with atmospheric oxygen because of the 

rapid rate of degradation and the lack of offensive odors, as compared to anaerobic 

operations without atmospheric oxygen (Golueke and McGauhey 1953; Tchobanoglous 

et al. 1977; Miller 1996). When microorganisms - bacteria, fungi, and actinomycetes (or 

protozoa) - decompose organic materials during composting in the presence of 

atmospheric oxygen, microbial metabolic heat, carbon dioxide, water and large amounts 

of biomass are produced (Miller 1996; Ryckeboer et al. 2003); therefore, composting has 

also been defined as a spontaneous self-heating and aerobic microbial process (Miller 

1996; Reinhardt 2002). 

Many types of solid waste, such as food, paper, wastewater sludge, and garden wastes, 

are amenable to biodegradation as they possess major amounts of heterogeneous organic 

substrates, including sugars (as sucrose), fats, proteins, hemicelluloses, celluloses, and 

lignin (Gray et al. 1971a; Rhyner et al. 1995; Eklind et al. 1997; Ryckeboer et al. 2003). 

According to the Composting Council of Canada, wood, leaves, yard trimmings, and 

residential food residues are the most often composted organic materials, while animal 
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manure, paper materials, and biosolids are also frequently composted (Antler 2000). 

These organic waste materials can be converted into humus (finished compost), which is 

biologically stable and relatively uniform in appearance (Shimp 1993; Epstein 1997; 

Mukhtar 2005; Saebo and Ferrini 2006) and is of considerable value to agriculture 

(Golueke and McGauhey 1953). 

The quality of finished compost is based on the course of microbial/biological processes 

(Herity 2003). The principal factors that affect microbial growth and activity during this 

process include temperature, pH, oxygen concentration, moisture content, organic matter 

content, and carbon-nitrogen content. The particle size of compost also influences the rate 

of microbial degradation (Golueke and McGauhey 1953; Gray et al. 1971b; Herity 2003; 

Saebo and Ferrini 2006). 

A survey conducted by the Composting Council of Canada reported that the final 

compost can be a profitable commercial product; 845,400 tonnes of finished compost 

were produced and marketed at an average reported price of $20 to 30 per tonne in 1998. 

Composts are widely used in agriculture, horticulture, landscaping, home gardening, and 

land reclamation, as soil conditioners or topsoil blenders in landscapes and in landfill 

cover to improve soil structure and water retention (Rhyner et al. 1995; Antler 2000; 

Mukhtar 2005; Saebo and Ferrini 2006). Composting is an effective alternative in the 

management of municipal solid waste streams in that it diverts organic materials from 

landfill and thus conserves landfill space (Rhyner et al. 1995; Antler 2000; Herity 2003). 

According to the 2002 Canadian report of Human Activity and the Environment, an 
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estimated 1.20 million tonnes of organic wastes were composted in 351 centralized 

composting facilities from a total of 30.4 million tonnes of solid wastes across Canada 

(Statistics Canada 2005). The diverse markets and wide applications of compost provide 

benefits to and are demanded by Canadian society and agriculture in general; hence, the 

Canadian composting industry is presently growing (Antler 2000). 

1.2 Problem Statement 

When organic food and household wastes are composted in compost reactors, or in 

simple piles, the acidity of the waste materials increases and correspondingly the pH 

significantly decreases to a range of 4.00 to 5.00 during the initial phase (or the 

mesophilic phase) of composting (Gray et al. 1971b; Nakasaki et al. 1993; Krichmann 

and Widen 1994; Eklind et al. 1997; Brinton 1998; Beck-Friis et al. 2003; Sundberg et al. 

2004; Sundberg and Jonsson 2005). This reduced pH is caused by the presence of organic 

acids (Golueke et al. 1977; Haug 1980), which are the natural metabolic by-products of 

the microbial breakdown of easily degraded matter such as sugars, starches, greases, and 

fats (Brinton 1998; Smars et al. 2002). Several organic acids have been found in compost 

materials, mainly acetic and lactic acids (Eklind et al. 1997). Butyric and propionic acids 

are also often present within waste materials (Robertsson 2002; Sundberg and Jonsson 

2005). These acids appear in compost materials in large and varying concentrations 

(Krichmann and Widen 1994; Eklind et al. 1997; Robertsson 2002; Sundberg and 

Jonnson 2005). 

The presence of organic acids and low pH values always coincide with stagnant microbial 
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activity (Day et al. 1998; Beck-Friis et al. 2001; Smars et al. 2002). Inhibition of 

microbiological activity decreases the degradation rates of composts if the low pH is not 

controlled (Kubota and Nakasaki 1991; Nakasaki et al. 1993; Smars et al. 2002). 

Therefore, organic acids are inhibitory and detrimental to microorganisms during 

composting (Reinhardt 2002; Sundberg and Jonnson 2005). However, once the optimum 

conditions have fully developed and reached during the later stage (the thermophilic 

phase) of composting, the organic acids become easily biodegradable and can be readily 

consumed by microorganisms (Brinton 1998; Sundberg and Jonnson 2005). During this 

phase, the pH increases to the ranges of 8.00 to 9.00, while the concentrations of organic 

acids decline and even disappear (Gray et al. 1971b; Smars et al. 2002; Beck-Friis et al. 

2001, 2003). 

Because of their adverse effects on composting efficiency, organic acids have recently 

been studied in relation to microbiological activity and process parameters (Brinton 1998; 

Robertsson 2002; Smars et al. 2002; Reinhardt 2002; Sundberg et al. 2004; Sundberg and 

Jonnson 2005). The relationship between compost microbiology and organic acids is still 

poorly understood. Complex microbial mechanisms and insufficient information have 

hindered the scope of this type of research (Cherrington et al.1991; Brinton 1998). One 

study has suggested that low microbial activity in composting may be caused by 

inhibition of the growth of active microorganisms when organic acids are present under 

conditions of low pH and temperatures above 40.0 °C (Smars et al. 2002). Another study 

suggested that the inhibitory effects of organic acids depend on pH, acid type, acid 

concentration, and microbial species (Sundberg and Jonnson 2005). However, there have 
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concentration, and microbial species (Sundberg and Jonnson 2005). However, there have
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been few experimental studies of microbial activity or growth responses to specific 

organic acid types and concentrations during composting. As described earlier, the 

presence of organic acids is crucial to composting microbiology; therefore, to maximize 

the efficiency and success of composting, it is important to elucidate the inhibitory effects 

of organic acids on microorganisms and the responses of microorganisms in acidic 

microenvironments. 

1.3 Objectives 

The first objective of this study was to investigate the effects of different types of organic 

acids and alkalis on composting bacteria during the initial low-pH phase of food-waste 

composting. The second objective was to compare the variations in inhibitory effects 

under different experimental conditions. These objectives were addressed through the 

following studies: 

• Food-waste compost materials were prepared and placed in in-vessel forced-aeration 

composting systems for composting in laboratory-scale reactors. 

• Compost samples were extracted and treated with specific acids: acetic, butyric, 

lactic, and propionic acids; or alkalis: calcium hydroxide, potassium phosphate, 

sodium acetate, and sodium carbonate. 

• The populations of thermophilic and mesophilic microorganisms in the treated 

compost samples were enumerated by incubating at their optimal growth 

temperatures using spread plate method. 

• Preliminary tests were performed to determine the variables and inspection times in 

the factorial experiments. 
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• Statistical factorial designs and regression models were employed to investigate the 

effects of individual acids alone and interactions of multiple acids on microbial 

growth. 

• The effects of organic acids on bacterial growth were compared under two different 

experimental conditions. 

• The effects of alkalis on bacterial growth in raised pH microenvironments were 

compared under two different experimental conditions. 

• In a supplementary experiment, the physical, chemical, and microbiological 

parameters of the composting process were monitored and compared in compost 

reactors, with and without alkali. 

1.4 Thesis Organization 

This thesis consists of five chapters. Chapter 2 reviews the role of the organic acids 

encountered in composting, microbiology, and chemistry. It provides the information 

required to understand how the effects of pH, acid type, concentration, and microbial 

species inhibit microorganisms by organic acids. Chapter 3 describes the materials and 

apparatus, experimental procedures, and approaches used in each individual experiment. 

The concepts and methodologies of the statistical (full and fractional) factorial designs 

are also introduced. Chapter 4 gives the graphical and tabular results data, and the 

statistical analyses used in step-by-step procedures. Interpretation and discussion of the 

findings are also presented in Chapter 4. A summary of the results and of the 

contributions of this study together with recommendations for future research are 

provided in Chapter 5, the concluding chapter. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 The Microbiology of Composting 

Composting is a complex biological process that involves the combined activities of 

many individual microorganisms. Two classes of microorganism are considered 

regarding to the temperatures at which they can grow: mesophiles and thermophiles 

Mesophiles are organisms that grow optimally at temperatures from 20.0 to 35.0 °C. The 

minimum and maximum tolerable temperatures for mesophiles to survive are at 10.0 °C 

and 45.0 °C, respectively. Organisms that are best adapted to temperatures between 50.0 

and 60.0 °C are known as thermophiles. They can tolerate and survive at minimum 

temperatures of 30.0 to 40.0 °C and maximum temperatures of 80.0 to 90.0 °C (Swatek 

1967; Lyles 1969; Henis 1987; Lester and Birkett 1999). Both mesophiles and 

thermophiles will not survive or cease in function if temperatures are below their 

minimum and above maximum tolerable temperatures (Lyles 1969). 

Bacteria, fungi, and actinomycetes are the three principle microbial species associated 

with the decomposition of organic matter, which can be categorized as readily, 

moderately, and highly resistant degradable matter (Stentiford 1993; Eklind et al. 1997). 

Different microbial communities predominate at various stages: mesophilic, 

thermophilic, cooling, and stabilization, of the composting process; each microbial 

community is adapted to a particular type of organic material and environment (Gray et 

al. 1971a; Ryckeboer et al. 2003). 
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2.1.1 The Early Acidic Phase 

In surveys of composting microbiology conducted by Miller (1996) and Ryckeboer et al. 

(2003), it was found that mesophilic and thermo-tolerant fungi and bacteria are the 

dominant degraders that breakdown the readily degradable matter, such as sugars, 

starches, lipids, fats, proteins, and organic acids, in the initial phase (or mesophilic stage) 

of composting. Of these readily degradable matters, sugars, lipids, fats and organic acids 

have low molecular weights and are water-soluble that they can readily pass through 

microbial cell walls and be metabolized by microorganisms. For both starches and 

proteins, they must be hydrolyzed by microorganisms because they are too large to be 

intake into the cell (Gray et al. 1971a; Anthony et al. 1980) Actinomycetes are ineffective 

degraders at this stage because of the unfavorable high nutrient and moisture levels found 

in fresh compost materials. Since the average generation time of bacteria is much shorter 

than that of fungi, bacteria react more competitively than fungi and actinomycetes, and 

numbers of bacteria are usually much higher. Therefore, bacteria are responsible for most 

of the initial decomposition and heat generation in composting (Ryckeboer et al. 2003). 

Several studies have concluded that the pH value decreases during the initial phase of 

composting because of the occurrence of organic acid intermediates (Finstein and Morris 

1975; de Bertoldi et al.1983; Smars et al. 2002; Ryckeboer 2003; Beck-Friis et al. 2003; 

Sundberg and Jonnson 2005). de Bertoldi et al. (1983) and Sundberg (2003) stated that 

organic acids are produced from the breakdown of sugars and fats by bacteria that form 

acids as a metabolic product. Under low-pH conditions, the sensitivity of microorganisms 

to organic acids differs. Generally, bacteria are more sensitive to organic acids than fungi 
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(Sundberg 2003), because bacteria prefer a neutral pH whereas fungi prefer an acidic pH, 

although both can tolerate a wide range of pH values, from 5.00 to 8.00 (Ryckeboer et al. 

2003). 

Once optimal environmental conditions are achieved, organic acids become a readily 

available substrate that can be aerobically decomposed by thermophiles (Sundberg 2003). 

Among these thermophilic microorganisms, bacteria are better adapted to high-

temperature and low-oxygen stress; high temperatures discourage fungal growth and 

actinomycetes tend to prefer highly aerobic conditions and a neutral or alkaline pH 

(Miller 1996). Thus, thermophilic bacteria are the most significant decomposers at the 

thermophilic stage of composting (Miller 1996; Ryckeboer et al. 2003). 

2.1.2 The Later Neutral and Alkaline Phases 

Miller (1996) and Ryckeboer et al. (2003) observed that when most of the readily 

degradable matter in compost materials, including organic acids, has been exhausted, the 

pH rises towards neutral and even turns alkaline. Actinomycetes and fungi then 

progressively degrade the moderately degradable matter, such as celluloses, 

hemicelluloses, and chitin, and the highly resistant degradable matter, such as lignin and 

lignocelluloses (Stentiford 1993). Once most of the substrates have been utilized, there is 

no longer metabolic heat to maintain high temperatures and subsequently the cooling 

stage takes place (cooling to ambient temperature). The numbers of thermophilic 

bacterial populations decrease and the mesophiles re-colonize the compost materials. 

Actinomycetes and fungi remain active because of the availability of complex substrates. 
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However, their microbial activity is generally very low, with low respiration activity and 

a lack of continuous self-generated heat because the residual substrates are highly 

resistant to decomposition. The pH usually retains alkalinity of about 8.0.0 or 9.00 in the 

final compost. Consequently, the compost becomes stable, with extremely low microbial 

activity in the finished alkaline compost. 

2.2 The Formation and Decomposition of Organic Acids in Composting 

2.2.1 Situational Causes of Acid Formation 

By definition, aerobic composting occurs when organic substrates are decomposed in the 

presence of atmospheric oxygen, and the main aerobic metabolic products include carbon 

dioxide, water, and heat. Conversely, anaerobic composting occurs when organic 

substrates are decomposed in the absence of atmospheric oxygen, and the main anaerobic 

products include carbon dioxide, methane, hydrogen sulfide, and numerous low-

molecular-weight intermediates, such as organic acids and alcohols, which contribute to 

odor (Haug 1980, 1993). However, according to the experimental studies conducted by 

Brinton (1998), Beck-Friis et al. (2001, 2003), Reinhardt (2002), and Sundberg and 

Jonsson (2005), the anaerobic products of organic acid intermediates or methane are also 

clearly detected in forced-aeration composting. There are two environmental causes that 

may lead to organic acid formation: they can be formed naturally in anaerobic 

microenvironments, and can also be formed in aerobic conditions in aerated composting 

(Sundberg and Jonsson 2005). 
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(1) In Partially Anaerobic Microenvironments 

From examination of oxygen flows in compost piles, Greenwood (1961), Foster (1988), 

Miller et al. (1989), and Miller (1996) found that within the pores of the particles in 

compost materials, there are anaerobic microenvironments, which can be detected by the 

resistance to oxygen flows between pore particles and water films in compost matrices. In 

compost piles or compost reactors, oxygen transfer from the free air space into the 

heterogeneous solid particles of the compost materials can be restricted. Hamelers (1993) 

presented the "Composting Particle Kinetics (CPK)" model, based on the assumption of 

limited mass flux diffusion. This model successfully confirmed that oxygen transfer 

inside compost reactors is limited, and that this is attributed to the co-existence of aerobic 

and anaerobic conditions during composting. 

An investigation of microbial activity in aerated composting (Atkinson et al. 1996) found 

that anaerobic bacteria constituted 1.00% of the solid waste of compost. This suggests 

that anaerobic microenvironments develop even in aerobic compost, regardless of the 

aeration used. Similarly, Brinton (1998) stated that there is no aeration scheme that can 

perfectly control oxygen depletion. If oxygen is depleted within the compost materials, it 

will result in the temporary production of single and mixed organic acids. The anaerobic 

microenvironment allows anaerobic bacteria, such as Clostridium, to produce organic 

acids during composting (Reinhardt 2002). Also, facultative anaerobes - microorganisms 

that can survive in both aerobic and anaerobic conditions, such as lactic acid bacteria 

(Sundberg 2003) - are responsible for organic acid formation and even degradation. 

When oxygen stress occurs, they act as anaerobes to produce organic acids; when there is 
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sufficient oxygen, facultative anaerobes switch to growing aerobically, and degrade the 

organic acids (Brinton 1998). 

(2) In Solely Aerobic Microenvironments 

Another cause of organic acid production in aerobic composting was suggested by the 

discovery of specific microbial species that can produce acids in aerobic conditions. 

Brinton (1998) stated that aero-tolerant anaerobes, such as Lactobacillus, are able to grow 

in the presence of oxygen and produce organic acids in compost using oxidation 

pathways. Sundberg (2003) and Sundberg and Jonsson (2005) found a bacterium, 

Escherichia coli (E. coli), that can aerobically oxidize high concentrations of glucose and 

produce acetic acid in compost. Elucidating the complete microbial oxidation mechanism 

to explain organic acid formation is complex and challenging, and sufficient valid 

experimental composting research data have yet to be provided. 

2.2.2 Types and Concentrations of Organic Acids 

There are several types of acids, which differ in concentration in compost materials. The 

acids detected in food-waste composts include formic, acetic, lactic, butyric, propionic, 

valeric, iso-butyric, and iso-valeric acids (Brinton 1998; Krichmann and Widen 1994; 

Robertsson 2002; Beck-Friis et al. 2003; Sundberg and Jonsson 2005). In several 

individual experimental studies under different composting conditions, acetic and lactic 

acids were observed mainly at the initial stage of acid production, and the concentrations 

of specific acids varied from day to day. In addition, the dominance of the various acids 

in relation to acid concentrations varied from type to type during acid production and 
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transition. 

Krichmann and Widen (1994) determined the composition of organic acids during 

composting of separately collected household waste, and found that lactic acid dominated 

initially, with a concentration of 4.00% of the dry matter. The initial concentrations of 

acetic, butyric, and propionic acids were 1.00, 0.20, and 0.20% of the dry matter, 

respectively. When the amount of lactic acid decreased after two months of composting, 

the concentrations of acetic, butyric, propionic, and valeric acids temporarily increased. 

These acids were gradually degraded, and all acid concentrations decreased in the 

following month of composting. The total concentrations of lactic, acetic, butyric, 

propionic, and valeric acids amounted to 7.40, 12.5, 3.55, 2.25, and 5.55% of the dry 

matter, respectively, during about 5 to 6 months of composting. After 6 months, the final 

organic acid content was 0.20% of the dry matter. Robertsson (2002) found similar 

results for the transition from lactic acid to acetic and butyric acids. 

In an analysis of organic acid concentrations in the composting of food waste with a 20-g 

initial culture, Sundberg and Jonsson (2005) found that when the pH decreased from 7.0 

to 4.5 at the beginning of composting (from day 0 to day 5), acetic, lactic, and propionic 

acids were first detected on day 2. In the initial acid production phase, acetic acid had the 

largest concentration (about 0.025 mmol/g compost), followed by lactic and propionic 

acids. Sundberg and Jonsson (2005) noticed that there was a transition of acids, from 

acetic and propionic acids to propionic and butyric acids, between days 4 and 12 of 

composting. The highest total concentration of organic acids, consisting of acetic, butyric, 
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lactic, and propionic acids, was about 0.30 mmol/g compost and was detected on day 8. 

After day 8, the total acid concentration gradually decreased and the pH recovered to 

6.00. Propionic acid was the dominant acid in the compost material overall in the 2-week 

acid-production phase. Moreover, Sundberg and Jonsson noted that during the stage of 

decreasing pH, the acetic acid content clearly increased compared to that of other acids. 

This observation and the reduced pH led them to conclude that acetic acid is more 

inhibitory to microorganisms than propionic or lactic acid. 

2.2.3 Dynamics of Acid Formation and Decomposition 

Variations in acid types and concentrations, and in acid dominance and transitions, have 

been repeatedly observed and reported, but these phenomena have not been fully 

elucidated in composting studies. Nevertheless, Sundberg and Jonsson (2005) reported 

that pH and acid concentration do correspond to acid production and degradation. When 

acids are present and increase in concentration, pH decreases, and vice versa. The organic 

acids can act as antimicrobial agents when the pH is less than 5.00, resulting in the 

inhibition of aerobic acid-degrading microorganisms and suppression of microbiological 

activity (Beck-Friis et al. 2001, 2003; Sundberg and Jonsson 2005). However, the organic 

acids serve as a source of high carbon and energy that are readily decomposed (Brinton 

1998; Sundberg and Jonsson 2005). The degradation of acids coincides with the increase 

in pH towards alkalinity and encourages microbiological activity, leading to thermophilic 

temperatures. These conditions also promote ammonia gas emissions (Beck-Friis et al. 

2001, 2003; Robertsson 2002). Organic acids are normally found in fresh compost, but 

not in mature compost (Krichmann and Widen 1994; Beck-Friis et al. 2003). If the pH 
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continues to decrease and does not recover to neutral, this indicates failure of the 

composting process (Sundberg and Jonsson 2005). Therefore, the dynamics of organic 

acid production and decomposition are vital in controlling the pH, microbiological 

activity, and process performance in composting (Beck-Friis et al. 2001, 2003). 

2.3 The Occurrence of Organic Acids during Composting 

2.3.1 Adverse Influences 

Many studies have attempted to eliminate or control the presence of organic acids and 

prevent the effects of low pH in composting. This is because organic acids have several 

adverse effects, including: (1) microbial inactivation, (2) odor, and (3) phytotoxicity. If 

organic acids cannot be properly managed or controlled, they may lead to ineffective 

operations, in which case composting will become an unfavorable alternative in waste 

management. 

(1) Microbial Inactivation 

On investigating the pH dependence of the activity of microorganisms, Nakasaki (1993) 

discovered that the optimal pH for microbial growth and the degradation of proteins is 

between 7.00 and 8.00, and that the degradation of glucose proceeds rapidly during the 

early phase of composting in a pH range from 6.00 to 9.00. Acidic pH values under 5.00 

are inhibitory to microorganisms, and result in inactive or suppressed microbial activity 

and low degradation rates. In practice, measurements of microbial activity or degradation 

rates in composting monitoring studies are usually in terms of temperature, based on the 

heat output from microbial metabolism, or in terms of the rates of consumption of oxygen 
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and the liberation of carbon dioxide through microbial respiration. The inhibitory 

mechanisms of organic acids on microorganisms will be reviewed in subsection 2.4.3. 

In many experimental studies, when the pH is acidic because of the occurrence of organic 

acids during the initial phase of composting, low microbial activity is indicated by low 

(mesophilic) temperatures, low oxygen consumption, and low carbon-dioxide emission 

rates (Kubota and Nakasaki 1991; Day et al. 1998; Beck-Friis et al. 2001, 2003; Smars et 

al. 2002; Robertsson 2002; Sundberg et al. 2004). Beck-Friis et al. (2001) found that 

during the composting of organic household waste the change from mesophilic to 

thermophilic temperatures reflected the transition of organic acids towards degradation. 

Moreover, the maximum carbon-dioxide emission rates were detected at the transition 

between the mesophilic and thermophilic phases. When low pH and low microbial 

activity occurred, low gaseous ammonia (NH3) emissions resulted from the effects of the 

organic acids. 

(2) Odor 

Organic acids are considered some of the major odor-causing compounds in composted 

materials (Miller 1993, 1996; Epstein 1997; Brinton 1998). Once organic acids are 

produced from the solid/liquid phase of the compost materials, their unpleasant smell 

diffuses into the open air causing odor problems. According to reviews of low-odor 

thresholds of organic acids carried out by Ruth (1986), Miller (1993), and Epstein (1997), 

the human thresholds for the detection of odors are: acetic acid 2.50 mg/m3 air, butyric 

acid 0.001 mg/m3 air, propionic acid 0.084 mg/m3 air, and valeric acid 0.0026 mg/m3 air. 
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To solve this potential odor problem, it is necessary to have process control whenever 

organic acids are present in composting. 

(3) Phytotoxicity 

Immature or insufficiently stabilized composts have been used as soil conditioners for 

agricultural purposes (de Bertoldi et al. 1983). The application of immature compost 

containing heavy metals, ammonia, salt, and organic acids can adversely affect root and 

plant growth and suppress seed germination, leading to phytotoxicity (Zucconi et al. 

1985; Mathur et al. 1993; Brinton 1998; Saebo and Ferrini 2006). Soil microorganisms 

decompose the immature compost, resulting in oxygen depletion in the soil 

microenvironment, which hampers root respiration or nutrient uptake (Mathur et al. 

1993). The degree of phytotoxicity and the quantity of organic acids have been found to 

be positively correlated (Logsdon 1989; Brinton 1998). Therefore, elimination of organic 

acids in the early phases of composting seems to be a promising method to avoid the 

potential for phytotoxicity. 

2.3.2 Methods to Resolve Adverse Effects 

Temperature control, microbial inoculation, and liming are the methods currently used to 

increase the degradation rate of composts during the initial low-pH phase in the presence 

of organic acids (Kubota and Nakasaki 1991; Nakasaki et al. 1993, 1996; Choi and Park 

1998; Smars et al. 2002). These methods create a better microenvironment that stimulates 

microorganisms to degrade organic acids at a rapid and efficient rate during composting. 

Smars et al. (2002) noticed that microbial activity was reduced in the initial phase of 
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composting when temperatures were high (— 55.0 °C) and pH was low (5.10 - 5.50) in the 

experiment of Beck-Friis et al. (2001), and thought that microbial activity in the acidic 

phase might be hampered by high temperatures. To establish a faster composting time, 

they successfully improved microbial activity by controlling temperatures to below 

40.0 °C in the acidic phase, thereby reducing the duration of the initial acidic phase in 

their experiment. Nakasaki et al. (1996) and Choi and Park (1998) inoculated compost 

materials with acid-tolerant thermophilic bacteria and thermophilic yeast during the 

initial phase of composting to break down organic acids. They found that the degradation 

rate of the compost and the activity of thermophilic bacteria increased significantly. 

Nakasaki et al. (1993) added calcium hydroxide, Ca(OH)2, to the compost material, 

which increased organic degradation by preventing the pH from decreasing below 7.00 

(Kubota and Nakasaki 1991). Treating compost materials to maintain an alkaline pH can 

increase the microbial reaction rate during the early phases of composting, shorten the 

time required to achieve high rates of composting, and possibly prevent the odor problem. 

Low pH values have also been controlled by the addition of sodium carbonate (Na2CO3) 

and calcium oxide (CaO) (Chynoweth and Pullammanappallil 1996). 

2.4 Fundamental Concepts of Microbial Inhibition by Organic Acids 

2.4.1 Physical and Chemical Properties of Organic Acids 

To understand the microbial inhibition that is induced by organic acids, knowledge of the 

physical and chemical properties of organic acids is required. An organic acid is a 

carbon-containing compound which donates proton, and it can be classified into specific 

sub-groups according to its chemical bonding or functional groups. Fatty acids are 
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organic acids that made up of carbon, oxygen and hydrogen molecules, and are 

characterized with the presence of a carboxyl group, -COOH. Fatty acids are also known 

as volatile fatty, lipophilic, weak, or carboxylic acids (Cherrington et al. 1991). 

Acetic, butyric, lactic, and propionic acids are organic acids that have been widely 

detected during composting (Krichmann and Widen 1994; Eklind et al. 1997; Robertsson 

2002; Beck-Friis et al. 2003; Sundberg and Jonsson 2005). These acids belong to a group 

of short-chain monocarboxylic organic acids with -COOH bonding. Lactic acid belongs 

to a group of short-chain hydroxylic acids (or hydroxy fatty acids) with -COOH and -OH 

bonding. Iso-butyric, valeric, and iso-valeric acids have also been detected in composting 

(Miller 1993, 1996; Krichmann and Widen 1994); however, these acids appear only 

briefly, and thus are excluded in this paper for the sake of simplicity. 

The physical properties of these major acids include odor, melting point, and boiling 

point, and their chemical characteristics include molecular weight and acidity (pKa). The 

physical properties and chemical characteristics of acetic, butyric, lactic, and propionic 

acids are summarized in Table 2.1 (Weast and Astle 1985; Budavari et al. 1989; 

Cherrington et al. 1991). The pKa is a dissociation constant used to reflect the relative 

strength of an acid. In nature, these four organic acids are transparent liquids under 

ambient conditions and have a noticeably unpleasant odor. 

2.4.2 Undissociated and Dissociated Proportions of Organic Acids 

Since organic acids are weak acids, they do not readily donate protons [H+] in aqueous 
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solution (Cherrington et al. 1991). A weak acid partially dissociates in water, and has a 

reverse equilibrium reaction of hydrogen protons [H+] and acid anions [A-] (Solomons 

1984): 

[HA] + [H20] 4-+ [H+] + 

where [HA] is the molecular form of an acid. The dissociation equilibrium is defined as a 

measure of dissociation strength related to the equilibrium concentrations of [H+], [A-], 

and [HA] as follows: 

pKa — - log Ka — —log 
/

] [A 
_
] 

[HA] I
(2.1) 

where both pKa and Ka are the dissociation constants. Sometimes, dissociation constants 

are referred to as acidity constants, in which Ka is negatively and logarithmically related 

to pKa. In general, the smaller the value of pKa (or the greater the value of Ka), the more 

the formation of [H+] is favored and the lower the pH. As shown in Table 2.1, lactic acid 

is the strongest acid with the smallest pKa value, and it dissociates into [H+] and [Al 

more than acetic, butyric or lactic acids at most pH values. 

The dissociation of weak organic acids is highly dependent on pH. According to the 

formula given by Lueck (1980) and others (Rahn and Conn 1944; Cherrington et al. 

1991), the amount of undissociated acid molecules [HA] at any pH value can be 

calculated as: 

[H+] 
a = 

([111 .4- ka) 
(2.2) 

where the amount of undissociated acid molecules is denoted as a, and is dependent on 
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Table 2.1 Physical and chemical properties of acetic, butyric, lactic and propionic acids 

(Weast and Astle 1985; Budavari et al. 1989; Cherrington et al. 1991) 

Name 
(Systemic 

name) 

Chemical 
Formula 

Molecular 
Weight 

Melting 
Point 
(°C) 

Boiling 
Point 
(°C) 

Dissociation Odor 
Constant, 

pK. at 
25.0 °C 

Acetic 
(Ethanoic) 

Butyric 
(Butanoic) 

Lactic 
(2-Hydroxy-
Propanoic) 

Propionic 
(Propanoic) 

CH3COOH 60.1 16.6 117.9 

CH3(CH2)2COOH 88.1 -5.70 163.7 

CH3CH(OH)-
COOH 

90.1 16.8 122.0 

CH3CH2COOH 74.1 -20.7 141.1 

4.75 Vinegar 

4.83 Rancid 

3.86 Acrid 

Rancid 
4.87 Pungent 
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the [H+] concentration and the Ka value. Figure 2.1 shows the undissociated proportions 

of organic acids [HA] as percentages at various pH values from 1.00 to 7.00. From Figure 

2.1, it can be seen that as pH tends towards neutral (pH 7.0), acids generally have very 

small proportions of undissociated acid molecules [HA] (Cherrington et al. 1991; Russell 

and Diez-Gonzalez 1998; Ray 2003). 

It is known that undissociated acid molecules are freely permeable to microbial cell 

membrane and lower the intracellular pH when [11+] are dissociated inside the cell. 

Generally, an organic acid with a higher number of undissociated molecules at a given 

pH is more inhibitory to microorganisms (Sundberg and Jonsson 2005). However, for 

strong acids, such as hydrochloric acid (HC1), they completely dissociate into ion forms 

in aqueous solution and are non-permeable to the cell (Presser et al. 1997; Russell and 

Diez-Gonzalez 1998). Strong acids lower pH values and exert the inhibitory effect on the 

exterior of the cell, but do not affect the intracellular pH to the same extent as weak acids 

(Brown and Booth 1991; Presser et al. 1997). 

Since the presences of organic acids and low pH values have inhibitory effects on 

microorganisms, it is assumed that the microbial inhibition is likely related to the 

concentration of membrane-permeable undissociated [HA] acid molecules (Russell and 

Diez-Gonzalez 1998). The lowering of intracellular pH resulting acidification of the 

cytoplasm of the cell is effective to limit microbial growth and activity. Therefore, the 

significance of the relationship between dissociated protons and anions and undissociated 

molecules at particular pH values is critical in the inhibition mechanism induced by 
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organic acids. 

2.4.3 Inhibition Mechanism by Organic Acids in Microbiology 

The inhibition mechanism of organic acids has been elucidated in food microbiology 

research over the last 20 or more years. This mechanism has been practically accepted in 

food microbiology studies as the explanation for microbial growth inhibition through the 

effects of acidification. The basic aim of food microbiology research is in the 

investigation of the organic acids that are used as food preservatives to avoid food 

spoilage, since organic acids inhibit the growth of most microorganisms. Therefore, with 

a similar intention to study the inhibitory effects of organic acids, but associated with 

composting microorganisms, Brinton (1998), Beck-Friis et al. (2003), and Sundberg and 

Jonsson (2005) accepted this inhibition mechanism in their research on organic waste 

composting. 

Undissociated acid molecules [HA] can enter bacterial cells and release their dissociated 

protons [H+] inside the cells. As these excess protons [H+] accumulate, the intracellular 

pH (the pH of the bacterial cell) decreases, and thereby becomes inhibitory or even lethal 

to the bacteria (Cherrington et al. 1991; Lueck 1980; Salmond et al. 1984; Brown and 

Booth 1991; Ray 2003). Organic acids can be as bacteriostatic agents, which hamper the 

growth rate of bacteria, or as bactericidal agents, which kill bacteria leading to the loss of 

viability (Minor and Marth 1972; Kabara and Eklund 1991; Entani et al. 1998). Figure 

2.2 shows the transmembrane flux of undissociated acid molecules and the release of 

protons in the external and intracellular environment at acidic and neutral pH levels. 
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composting microorganisms, Brinton (1998), Beck-Friis et al. (2003), and Sundberg and 

Jonsson (2005) accepted this inhibition mechanism in their research on organic waste 

composting.

Undissociated acid molecules [HA] can enter bacterial cells and release their dissociated 

protons [H+] inside the cells. As these excess protons [H+] accumulate, the intracellular 

pH (the pH of the bacterial cell) decreases, and thereby becomes inhibitory or even lethal 

to the bacteria (Cherrington et al. 1991; Lueck 1980; Salmond et al. 1984; Brown and 

Booth 1991; Ray 2003). Organic acids can be as bacteriostatic agents, which hamper the 

growth rate o f bacteria, or as bactericidal agents, which kill bacteria leading to the loss of 

viability (Minor and Marth 1972; Kabara and Eklund 1991; Entani et al. 1998). Figure

2 . 2  shows the transmembrane flux of undissociated acid molecules and the release of 

protons in the external and intracellular environment at acidic and neutral pH levels.
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When the extracelluar pH is about 4.50 or less, or the extracellular pH is lower than pKa

of the organic acid, the number of [HA] is relatively high in the external environment. 

[HA] molecules are then diffused into the intracellular environment of the bacterial cell 

from the external environment. The transported [HA] dissociate inside the cell and 

release protons [H+] and anions [Al. The dissociation inside the cell is promoted because 

at this time the intracellular pH is greater than the pKa of the acid. To maintain the pH 

gradient between the extracellular and intracellular environments, [A-] inside the cell 

have to regulate the pH gradient, and thus cross the cell membrane. Large amounts of 

protons still accumulate inside the cell, leading to a decrease in the intracellular pH and 

resulting in acidification of the cytoplasm of the microbial cell. Because [Al have to be 

actively pumped, the energy of the cell is almost exhausted for further activity; 

consequently, bacterial growth is inhibited or hampered. Simply surviving or even dying 

bacteria are found under these conditions in some cases (Minor and Marth 1972; Salmond 

et al. 1984; Brown and Booth 1991; Entani et al.1998). 

If the extracellular pH rises to about 5.00, or pH is approximately around pKa of the 

organic acid, the proportion of undissociated acid molecules is less than at acidic pH 

below 4.50. The [HA] molecules can still freely permeate into the cell membrane and 

dissociate into [H+] and [Al. Because of the low concentrations of dissociated ions and 

smaller changes in the pH gradient between extracellular and intracellular environments, 

the cell has sufficient energy and time to metabolize [A] as a carbon source, and to 

alkalinize the pH. Moreover, the cell has sufficient energy to pump out the unnecessary 

[H+] to prevent intracellular acidity as well as inhibition of growth or activity (Ray 2003). 
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Thus, bacteria can better tolerate a slightly acidic pH. 

When the extracellular pH is above 5.00 and approaching neutral, or when the 

extracellular pH is greater then pKa of the organic acid, the number of undissociated acid 

molecules is relatively small. The bacterial cell continuously pumps out unnecessary [H+] 

and metabolizes [Al to regulate its intracellular pH, and to generate energy for optimal 

growth and activity. Hence, microbial growth is favored when the extracellular pH tends 

towards neutral, and results in high microbial activity. The maintenance of intracellular 

pH varies among bacteria. In some organisms, a 0.10 change of internal pH corresponds 

to a 1.00 change of external pH, whereas other organisms are much more sensitive to 

internal pH changes (Kabara and Eklund 1991). In general, bacterial cells strictly regulate 

their intracellular pH at about 7.00 to 7.60 or 8.20 to 8.70 when the extracellular pH 

ranges from 5.50 to 9.00 (Cherrington et al. 1991; Kabara and Eklund 1991; Russell and 

Diez-Gonzalez 1998; Ray 2003). 

2.5 Statistical Analysis of Microbial Growth and Activity using Factorial Design 

In some experiments, one or more factors are specifically chosen to study the effect(s) 

that the change(s) have on response(s) in a process. When the response data are obtained 

in a planned procedure, the optimization and prediction of the response(s) in a process 

can be achieved by performing statistical analysis and modeling, a method known as 

factorial design (Box et al. 1978; Montgomery 2001). Many possible factors may have to 

be considered in some experiments, and factorial design is sometimes used for screening 

factors that may have significant or insignificant effects on a response. The effects of 
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every factor and interactions among factors can be investigated experimentally. The 

advantages of using factorial design are: (1) it allows researchers to examine all possible 

interactions among multiple factors in realistic situations, which is particularly important 

because, in the complexity of the real world, a response is rarely the effect of only one 

factor; (2) it allows researchers to obtain additional information in a time- or economy-

efficient way because the effect(s) of factor(s) are investigated under different 

experimental conditions (at different levels) simultaneously. 

The application of factorial design is widely used in composting research. Some 

composting experiments have employed factorial design to investigate the effects of 

environmental or operational factors on process performance or microbial activity, to 

improve composting efficiency. For instance, Liang et al. (2003) conducted a two-factor 

factorial design to study the effects of temperature and moisture content on aerobic 

microbial activity in biosolids composting. The microbial activity was examined using 

the oxygen uptake rate as response data in a well-controlled incubation experiment. The 

authors concluded that the individual effects of both moisture content and temperature 

were influential, but that their interaction was not; high moisture content and temperature 

both enhanced microbial activity. Unfortunately, no- or perhaps very few- composting 

studies have analyzed the effects of organic acids on microbial growth and activity. 

In food microbiology research, the combined effects of temperature and organic acids or 

the effects of a single acid or of acid mixtures on microbial or bacterial growth have been 

established. It is possible that the inhibitory effects of organic acids can be modeled and 
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predicted as a function of the physical and chemical properties of organic acids (Hsiao 

and Siebert 1999; Nakai and Siebert 2003). One experiment successfully employed a 

factorial design to investigate the mixed effects of different types of organic acids and 

aromatic compounds on bacterial growth inhibition; a range of concentrations of 

compounds was tested and bacterial growth was analyzed (Nazer et al. 2005). 

2.6 Literature Review Summary 

Many research fields have contributed to our understanding of the effects of the organic 

acids that are encountered in composting, microbiology, and chemistry. Acidic pH, 

inhibited microbial activity, low degradation rates, increased acid concentrations, and 

acid odors indicate a rise in organic acid content in the initial phase of composting. The 

interrelation between pH, acid type, and acid concentration may contribute to either 

negative or positive effects of organic acids on microorganisms. The distinctive 

characteristics of different species of microorganisms may also be a factor that affects 

microbial growth and activity in acidic microenvironments. However, a very limited 

number of studies in composting research have experimentally investigated the effects of 

organic acids on microbial growth. Factorial design is an efficient tool for studying the 

effects of individual factors and their interactions on responses in different experiments. 

Since bacteria are dominant degraders of organic matter during composting, the use of 

statistical factorial designs to analyze the inhibitory effects of organic acids on 

composting bacteria is desirable, and is expected to yield more information on the 

relationships of organic acids and composting microbiology. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Overview of Experimental Approaches 

Four subdivided experiments (I, II(a), II(b), and III) were carried out with specific 

approaches that were designed to fulfill the objectives of the study. To compare and 

analyze the effects of organic acids on bacterial growth inhibition, a method for 

extracting and acidifying small samples was implemented. Similar methods that 

investigated microbial growth and activity by extracting small samples have been 

validated in several other experiments (Minor and Marth 1972; Hsiao and Siebert 1999; 

Sundberg et al. 2004). To examine the acidic conditions that occur in practical 

composting, compost samples were extracted from a compost reactor during the initial 

low-pH phase of composting, when organic acids were naturally produced. The numbers 

of populations of microorganisms were used to reflect the degree of growth inhibition. 

Three batches of compost material were pre-treated and composted in three identical 

reactors (R1, R2, and R3) under natural microbial self-heat temperatures and fully aerated 

(3.00 L/min) conditions. R1 was used for conducting Experiment I (a preliminary 

experiment). After Experiment I had been completed, R2 and R3 were used 

simultaneously for Experiments II(a), II(b), and III (a supplementary experiment). The 

physical, chemical, and microbial parameters in the reactors were monitored to 

characterize the composting process. Detailed information on the compost materials, 

compost reactors and systems, and parameters monitored is summarized in subsections 
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3.2, 3.3, and 3.4. The approach for each individual experiment is explained below, and 

the detailed analytical methods are described in subsection 3.5. 

• Experiment I 

According to Coleman and Montgomery (1993), if a factorial design is employed, several 

trial runs are required prior to conducting an experiment. This allows the researchers to 

practice the experimental techniques and thereby identify possible experimental errors, 

and promotes the validity of the experiment for greater success in future investigations. 

Thus, Experiment I was designed as a preliminary experiment to investigate the effects of 

individual acids on microbial growth over different periods. Four compost samples were 

extracted from R1 when the pH of the compost was decreasing, and each sample was 

acidified with one of four acids - acetic, butyric, lactic, or propionic acid - at the same 

concentration. The numbers of populations of total microorganisms were analyzed at 

specific time intervals. Since this study was thought to be the first attempt to study 

organic acid toxicity in composting, the results were expected to provide basic data about 

bacterial responses to organic acids. This experiment was also expected to increase 

experimental experience, allow selection of appropriate factors, levels, and ranges, and 

improve experimental procedures in the design of Experiment II(a). 

• Experiment II(a) 

Full and fractional factorial designs were employed to investigate the effects of individual 

acids and interactions of acetic, butyric, lactic, and propionic acids on total mesophilic 

and thermophilic microorganisms. In these two factorial designs, the four organic acids 
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were considered as factors, and each factor was examined at two different acid molar 

concentrations. The numbers of mesophilic and thermophilic microorganisms were 

modeled as response variables. When an early low-pH phase of composting was 

approached in R2, a full statistical factorial design (24), with 16 treatment runs, was 

conducted on a day when the pH of the compost was decreasing. A fractional statistical 

factorial design ( 2 w 1 ), with 8 treatment runs, was conducted on a day when the pH of 

the compost was increasing. The following results were expected from the analysis of the 

factorial designs: 

1) identification of factors that significantly inhibited total microbial growth; 

2) development of regression models and prediction of possible response data, if 

significant factors were detected; and 

3) comparison of any variations in the inhibitory effects of the various acids on 

mesophilic and thermophilic microorganisms on different experimental days or 

under different conditions. 

• Experiment 1I(b) 

Each of four alkalis (calcium hydroxide, potassium phosphate, sodium acetate, and 

sodium bicarbonate) was added to an acidified compost sample to investigate composting 

bacteria in raised/alkaline pH microenvironments. This experiment was conducted on the 

same experimental days as Experiment II(a). The aim of the alkali treatments was to 

compare and evaluate the inhibitory effects of the acids on the growth of total 

microorganisms in the presence of an alkali. 
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• Experiment III 

Experiment III was designed as a supplementary analysis to ascertain the effectiveness of 

an alkali in actual laboratory-scale composting. An alkali (sodium acetate) was randomly 

selected and added to R3 when the pH of the compost was decreasing. The composting 

processes in R2 (without alkali) and R3 (with alkali) were compared to examine the 

changes in physical, chemical, and microbial parameters in terms of microbial growth 

and activity. 

3.2 Compost Material Preparation 

The food-waste composting material contained: 1.96 kg carrots, 1.96 kg cooked 

soybeans, 0.35 kg ground pork, 1.27 kg potatoes, and 2.01 kg steamed rice. Other 

materials, such as 0.46 kg leaves, 2.00 kg soil, and 700 g water, were also added to each 

reactor to provide the optimal requirements for the composting process. All food 

materials were bought from a local grocery store. In the preparation of the compost 

material, the soybeans and rice were steamed, while the carrots and potatoes were peeled 

and chopped. All chopped carrots, potatoes, cooked soybeans, and leaves were ground 

into smaller pieces, and then manually mixed with the other materials altogether before 

being loaded into each reactor. The initial properties of the food-waste composting 

material are given in Table 3.1. 

3.3 In-Vessel Composting Reactor 

Three identical cylindrical in-vessel reactors were used for composting of the food waste. 

Figure 3.1 shows a schematic diagram of an in-vessel reactor at the laboratory scale. Each 
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Table 3.1 Initial pH, C/N ratio, moisture content, organic content, and total weight of 

the composting material 

pH 5.99 — 6.06 

Moisture Content (%) 64.0 — 67.0 

C/N Ratio 18.1— 20.6 

Organic Content (%) 92.0 — 97.0 

Ash Content (%) 3.00 — 8.00 

Total Material Weight 

(in wet basis, kg) 

10.5 
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reactor was assembled from three pieces: an upper part, a bottom part, and a cylindrical 

body. The sampling port located in the upper part of the reactor enables collection of 

samples and the mixing of compost material. The port had a diameter of 2.50 inches, and 

was always closed with a size #13 rubber stopper when not taking samples. The exhaust 

gas outlet had a 1.00-inch opening for releasing compost gas. A thermocouple point was 

used to insert thermocouples into the reactor to measure the temperature of the compost 

material. A size #1 rubber stopper and a stainless steel rod were used to fasten each 

thermocouple in position. An 0 -ring rubber (11-inch inner diameter and 13-inch outer 

diameter) tightened the upper and body sections of the reactor together. 

A compressed air inlet in the bottom part of the reactor enabled oxygen to diffuse upward 

into the compost material. Oxygen was evenly diffused through an 0 -ring plastic tube 

with many tiny holes in its surface. The tube was 0.50 inch in diameter and it was located 

inside the aeration distribution chamber. A leachate outlet was used to release excess 

water from the reactor when too much water was added to the compost material. The 

upper and bottom plates were acrylic, 0.50 inch thick, and 16.0 inches in diameter. The 

cylindrical body was a large acrylic tube with a 12.0-inch inner diameter and 0.25-inch 

thick wall, and was 18.0 inches high. The aeration distribution plate was a 0.25-inch-thick 

acrylic plate with a mesh (0.10 x 0.10-inch pore size) that acted as a base to support the 

compost materials and prevented any material from dropping into the aeration section. 

Six metal pillars were used to tighten the upper, bottom, and body parts together and to 

prevent gas leakage. 
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When setting up a reactor system (Figure 3.2), the reactor was insulated against heat loss. 

The cylindrical body was wrapped in two or three layers of aluminum foil and the top, 

body, and bottom parts were wrapped in about 2.00 inches of Styrofoam. Three straps 

were buckled around the reactor to hold the insulating materials tightly in place. Two 

thermocouples were installed at two different heights inside the reactor to determine the 

temperatures of the compost material in the middle and lower sections. The 30.0 L of 

compost material in each reactor was about 16 inches deep. All composting processes 

were conducted under natural microbial self-heating conditions, in the laboratory, with a 

room temperature of 20 ± 1.00 °C. 

In each reactor system, a vacuum air pump (MOA-P101-AA, GAST Manufacturing Inc.) 

supplied air continuously at 3.00 L/min throughout the composting process. Plastic tubes 

with an inner diameter of 0.375 inch were used for oxygen flow from the pump to the 

compressed air inlet of the reactor. An airflow meter (No.13 Shielded Flowmeter, 

Gilmont Instruments) was used to regulate the designated flow rate to control air 

conditioning. A desiccator (a conical flask) was used to collect evaporated moisture 

discharged from the exhaust gas outlet through a plastic tube. Any remaining moisture 

that escaped was trapped as condensate in a collector. The escaped gases were bubbled 

into 100 ml of 0.20 M sulfuric acid (H2SO4) to absorb ammonia gas. The remaining gases 

were evaluated for oxygen concentration using an oxygen monitor, and then emitted 

outside through a plastic tube. 
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3.4 Monitoring of Composting Process 

3.4.1 Frequency of Compost Turning and Sampling 

Before taking samples, the composting material was homogenized by daily turning a few 

times with a shovel to promote uniformity of the material inside the reactor. At each time 

of sampling, about 500 ml of compost material was removed and collected in a 500-m1 

beaker regardless of moisture content. This 500-m1 compost material was manually 

stirred to promote a well-distributed, consistent, and highly representative pooled sample, 

and then distributed into small individual samples in terms of weight for parameter 

analysis. Some samples were used to analyze more than one parameter. The sampling 

procedures of liquid, gaseous and solid samples are shown in Figure 3.3. 

3.4.2 Analysis of Physical, Chemical and Microbial Parameters 

Physical, chemical, and microbial parameters, including temperature, oxygen uptake rate, 

weight of compost material and reactor, moisture content, ash and organic contents, 

gaseous ammonia and aqueous ammonium concentrations, carbon-nitrogen ratio, pH, 

organic acid concentration, and microorganism colony counting, were measured during 

the experiment to evaluate the composting process. The analysis procedures and 

determinations of specific parameters are given below. 

3.4.2.1 Temperature 

Two thermocouples (Traceable 15-077-9E, Control Company, TX) were fastened to the 

steel rod through the thermocouple point of the reactor. The tip of the upper 

thermocouple was placed in the middle of the compost material. As the height of the 
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compost material decreased during the composting process, the position of the upper 

thermocouple was adjusted accordingly. The tip of the lower thermocouple was fixed 

about 0.75 inch above the aeration distribution plate in the reactor. The upper and lower 

readings were recorded once a day and averaged as the representative composting 

temperature. 

3.4.2.2 Oxygen Uptake Rate 

The oxygen uptake rate (OUR), reflecting the amount of oxygen consumed by 

microorganisms, was calculated (L/min) by subtracting the inlet and outlet concentrations 

of oxygen. The outlet oxygen concentration in compost gas was monitored by passing the 

air through a M40 Multi-Gas Monitor (Industrial Scientific Corp., Oakdale, PA, USA). 

The reading was recorded as 02 out (%) after stabilizing the monitor for about 40 s. The 

inlet oxygen concentration for air (02 in (%)) was 20.9%. At an airflow rate of 

3.00 L/min, OUR (L/min) on day i of the process was calculated as: 

OURi = (02 in - 0 2 out i) x 3.00 (L/min) 

(20.9 — 0 2 out
x 3.00 

100 
L/min (3.1) 

3.4.2.3 Total Weight of Reactor and Compost Material 

To determine the weight of decomposed compost material in a reactor ( ,Wcompost), the total 

weight of the reactor including compost material (W compost + reactor) on day i was weighed 

on an electronic scale, where the weight of the reactor was 10.9 kg (Wreactor): 

W (compost) i (kg) = W (compost + reactor) i (kg) - Wreactor (kg) 
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W (compost + reactor) i (kg) - 10.9 kg (3.2) 

3.4.2.4 pH 

A benchtop pH/temperature meter (Thermo Orion, 410A Plus) and an electrode probe 

(Thermo Orion, Ross Sure-Flow 8172BN) were used to determine the pH of compost. A 

5.00 g sample (±0.50% tolerance) was weighed and placed in a test tube, and 10.0 ml of 

deionized water were added. The sample was stirred for 15 s to create a slurry solution 

(Thomas 1996) and then left for another 30 min to settle. At each pH measurement, the 

meter was calibrated with pH standard solutions. The electrode was placed into the slurry 

solution to acquire the pH value. The sample was retained for organic acid concentration 

analysis after pH measurement was completed. 

3.4.2.5 Organic Acid Concentration 

The concentrations of organic acids (acetic, butyric, lactic and propionic) were analyzed 

by high-performance liquid chromatography (HPLC). The mechanism of HPLC is: when 

a liquid sample is injected into an HPLC analyzer with a flowing mobile phase (of other 

liquid(s)), the sample passes through a stationary phase column (a stainless steel tube 

packed with small particles). Inside the column, the components of the liquid sample are 

separated by specific chemical interactions. If the separated molecules are strongly 

absorbed to the column, they will elute very slowly. A detector measures the time at 

which specific molecules eluted (the retention time). The concentrations of molecules are 

then quantified on a chromatograph. Details of the (1) HPLC system and column 

specifications, (2) calibration setup, and (3) sample preparation and analysis are 
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provided below. 

(1) HPLC System and Column Specifications 

System:

- Pump: Prostar 210 (Varian Inc., Palo Alto, CA) 

- Ultraviolet light (UV) Detector: Prostar 320 at wavelength, X = 210 nm (Varian Inc., 

Palo Alto, CA) 

- Software: Star workstation 5.5.2 

Column 1: (Used for acetic, lactic, or propionic acid quantitative analysis) 

- Model OmniSpher C-18 reverse; 250 x 4.6 mm; particle size 5µm; (Varian Inc., 

Palo Alto, CA) 

- Flow rate: 1.10 ml/min 

- Mobile phase: 100% 0.20 M Sulfuric Acid (H2SO4) 

Column 2: (Used for butyric acid quantitative analysis) 

- Model PRP-X300 anion exchange; 150 x 2.1 mm; particle size 7µm; (Hamilton, 

Reno, Nevada) 

- Flow rate: 0.25 ml/min 

- Mobile phases: A: 70.0% 0.20 M Sulfuric Acid (H2SO4); 

B: 30.0% Pure Methanol (CH3OH). 

(2) Calibration Setup 

To quantify and specify each acid in a sample, the retention times of four acids (acetic, 

butyric, lactic, and propionic) were identified by conducting quantitative calibration 
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analysis. Seven standard acid solutions of known concentration (0.00, 0.60, 3.20, 6.00, 

8.00, 10.8, and 13.2 mmol/L) were prepared. After a calibration, about 75.0 pl of each 

standard solution were withdrawn with a syringe and injected into the HPLC injection 

valve. The retention time of an acid was identified by a peak on the chromatograph. The 

peak area and concentration were plotted on the y and x axes, respectively. The 

regression coefficient (r2) of a line was set above 0.98, and the slope formula (y = Kx) 

was used to determine the unknown amount of acid in the sample analysis, where y, x, 

and K denote peak area, acid concentration, and the slope of a line, respectively. 

(3) Sample Preparation and Analysis 

After pH measurement, another 15.0 ml of deionized water were added to the slurry in a 

test tube. The sample ratio was 25.0 ml/5.00 g. The test tube was then capped and 

agitated mechanically on a rotary orbital shaker for 30 min, and centrifuged at 3661 x g 

(5000 rpm; Thermo Electronic Corp., Precision Durafuge 100) for another 30 min. Large 

solid particles in the centrifuged solution were filtered out with a vacuum filtration 

system. In 2.00 ml of the filtered solution, suspended fine particles were further filtered 

out on 0.20-pm PVDF filters (FP-200, FP-VericelTM Membrane Filter). Finally, 1.00 ml 

of filtered solution was extracted and diluted with 4.00 ml of 0.20 M sulfuric acid (the 

dilution factor (DF) was five). For quantitative determination, about 75.0 111 of diluted 

solution were withdrawn and injected into the HPLC injection valve. The peaks of acids 

were identified by comparing them with the retention time of the calibrated acid peaks. 

To determine the peak concentration (x) of an acid, the peak area (y) of the acid was 

substituted into the slope formula (y = K•x). The total concentration of an acid as wet 
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weight sample on day i (Cacid, (mmol/g wet sample)) was computed as follows: 

C acidi = peak concentration) 
mmol)

x sample 
ratio ml x DF x (  1 L 

1000 ml /

\ 25.0 ml 
= peak concentration i (mmollL) x x 5 x  

1 L 

5.00 g 1000 ml 

= (peak concentration x 0.025) mmol/g wet sample (3.3) 

3.4.2.6 Moisture Content 

The moisture content of the compost was determined by the gravimetric method (Gardner 

1986). A crucible, dried at 105 °C in an oven overnight, was weighed and recorded as 

Wcrucible. A 5.00 g wet sample was placed in the weighed crucible. The total mass of the 

crucible and sample material was recorded as W wet-total. The crucible was placed in an 

oven for 24 h at 105 ±5.00 °C. After drying, the crucible was cooled to room temperature 

for 24 h in a desiccator (a glass container containing a drying agent to absorb moisture). 

The final weight of the cooled crucible was recorded as Wdry_toud, and the moisture content 

of the compost material on day i was calculated as: 

— W dry-total 
Moisture Content, (%) — 

Wwet-total

W  wet-total i — W  crucible i

x 100% (3.4) 

After W thy-total was obtained, the cooled crucible with compost material was retained for 

ash content analysis. 

3.4.2.7 Ash Content, Organic Content and Degree of Degradation 

Compost consists of organic and inorganic matter. Using the ignition method (Nelson and 

Sommer 1982), the combustible organic matter is burned off, while the inorganic matter 
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is transformed into ash. After analysis of the moisture content, the cooled crucible was 

capped and incinerated in a muffle furnace at 500 °C for 4 h. The crucible was then 

cooled in a desiccator for 24 h. Finally, the cooled crucible was uncapped, and the mass 

of the crucible and ash was recorded as W — Final-Ash. Ash and organic matter contents were 

determined based on Equations (3.5) to (3.7), and the degree of organic degradability was 

computed by Equation (3.8): 

— W -Ash , Crucible , Ash Content; (%)= W Final 

W  dry-total ,— W  Crucible , 

x 100% (3.5) 

Organic Matter Content; (%) = 1 — Ash Content (%) (3.6) 

1 — Moisture Content .(%) 
Organic Matter Content; (kg) = Wcompost  (kg) x   (3.7) 

Organic  Matter Content (%) 

Degree of Degradability i

Organic Matter Content; (kg) — Organic Matter Content; (kg) 
x 100% 

Organic Matter Contents (kg) 

where 1 and i are day one and day i of the process, respectively. 

(3.8) 

3.4.2.8 Gaseous Ammonia (NH3) Concentration 

When ammonia gas was trapped in 100 ml of 0.10 M H2SO4 in a reactor system, it had 

transformed into aqueous ammonium in the liquid sample. The aqueous ammonium 

concentration was detected with a FJAstar
TM

 5000 analyzer and a FIAstarTM 5027 sampler 

(Foss Analytic AB, Sweden). The mechanism of this operation is: When a sample 

solution is injected into the analyzer, the sample is carried by a carrier solution, and 

merged with alkaline reagents inside the unit. In the resulting alkaline stream, ammonium 
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is transformed into ash. After analysis o f the moisture content, the cooled crucible was 

capped and incinerated in a muffle furnace at 500 °C for 4 h. The crucible was then 

cooled in a desiccator for 24 h. Finally, the cooled crucible was uncapped, and the mass 

o f the crucible and ash was recorded as WFinai.Ash. Ash and organic matter contents were 

determined based on Equations (3.5) to (3.7), and the degree of organic degradability was 

computed by Equation (3.8):

W - W
Ash Content- (%) = FuaMski------------------x 100% (3.5)

W  - Wdry-total x Crucible j

Organic Matter Content. (%) = 1 -  Ash Content.(%) (3.6)

1 -  Moisture Content (%)
Organic Matter Content■ (kg) = Wrnmnn_, (kg) x --------------------------------1------  (3.7)

S ' composf, v. o) Organic Matter Content (f/o) V

Degree o f  Degradability,

Organic Matter Contentx (kg) -  Organic Matter Content; (kg)
Organic Matter Contentx{kg) 

where 1  and i are day one and day i o f the process, respectively.

x 100% (3.8)

3.4.2.8 Gaseous Ammonia (NH3) Concentration

When ammonia gas was trapped in 100 ml of 0.10 M H2SO4 in a reactor system, it had 

transformed into aqueous ammonium in the liquid sample. The aqueous ammonium 

concentration was detected with a FIAstar™ 5000 analyzer and a FIAstar™ 5027 sampler 

(Foss Analytic AB, Sweden). The mechanism of this operation is: When a sample 

solution is injected into the analyzer, the sample is carried by a carrier solution, and 

merged with alkaline reagents inside the unit. In the resulting alkaline stream, ammonium
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ions in the sample change into gaseous ammonia that diffuses through a gas-permeable 

membrane and reacts with an indicator solution. The concentration is then measured by a 

photometer. Descriptions follow of (1) sample collection and preparation, (2) reagent 

preparation, and (3) FIAstar
TM

 operation. 

(1) Sample Collection and Preparation 

When ammonia gas was trapped in 100 ml of 0.10 M H2SO4 in the reactor system, trace 

amounts might dissolve into condensate solutions in the desiccator and collector; 

therefore, all solutions in the ammonia trap, condensate collector, and desiccator (conical 

flask) were collected in either a 500- or 1000-ml volumetric flask, depending on the 

volume of the collected sample. The solution was then diluted to 500 ml or 1000 ml with 

distilled water. The total diluted volume was expressed as DV (L). To promote uniform 

mixing, the flask was capped tightly with a glass stopper, and repeatedly inverted. About 

10.0 ml of the mixed solution were extracted and stored in a refrigerator (2 to 4 °C) for 

later determination. The ammonia trap was replaced with a fresh 100 ml of H2SO4

solution every 2 days. 

(2) Reagents Preparation 

(According to the manual of "Determination of Ammonium in Water by FlAstar 5000" in 

FIAstarTM software application note (AN) 5220) 

a. Carrier solution: Distilled and degassed water was used 

b. Reagent I: 0.50 M Sodium hydroxide (NaOH) — 10.0 g sodium hydroxide, 

15.0 g ethylenedinitrilotetraacetic acid (EDTA) sodium salt, and 6.20 g of boric 
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acid were added to 500 ml distilled water. 

c. Reagent II: Ammonium indicator stock solution — 10.0 ml of Indictor Stock 

Solution (Part no. 5000 0295) was diluted to 500 ml with distilled water. 

d. Stock standard solutions: 0.00, 0.01, 0.05, 0.10, 0.50 and 1.00 mg/L NH4-N — 

3.819 g ammonium chloride (NH4C1), which was dried to constant mass at 105 °C 

for 2 h, was dissolved in 900 ml distilled water in a volumetric flask. The solution 

was acidified to pH 2.00 by drop-wise addition of sulfuric acid. The acidified 

solution was then diluted to 1000 ml with distilled water (1000 mg/L NH4-N). A 

series of diluted solutions (0.00, 0.01, 0.05, 0.10, 0.50 and 1.00 mg/L NH4-N) was 

prepared by diluting with distilled water. 

(3) FIAstarTM Analyzer 5000 and Sampler 5027 Operation 

The carrier solution was pumped into the analyzer, and the gas diffusion membrane was 

checked for proper installation. The absorbance of the ammonium indicator solution was 

adjusted to a range of 300 to 500 mAU by adding 0.01 M NaOH or 0.01 M HCl. The 

standard solution was calibrated using the chosen software, and the reagents were 

pumped into the analyzer. During analysis, the pump tubes and sample loops were 

checked for correct installation. Each standard stock solution was loaded in a cup and 

placed on the sampler for calibration. Two calibration curves were made, and the 

regression coefficients (R2) of the two curves aimed to achieve around 0.999. 

To analyze the ammonia concentration of the liquid compost sample, the sample was 

loaded in a cup and placed on the sampler. Sample dilution was necessary if the 
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concentration of ammonia in the sample was too high for the analyzer. The ammonia 

concentration of the diluted sample ( CNH4,_N in dilution ' 
mg/L) was detected twice. Finally, 

the concentration of ammonia gas emitted from a reactor per hour ( CNH+N mg/h) were: 
4 

C NH 4+-N in dilution; (mg/L) x DV (L)
CNH,„_Ni (mg/h) = 

24 h 
(3.9) 

3.4.2.9 Aqueous Ammonium (NH4+) Concentration 

Aqueous ammonium in compost material was extracted and transformed into a liquid 

sample. The ammonium concentration was also detected with the FIAstarTM 5000 analyzer 

and 5027 sampler. The methods and operational procedures were as described in the 

previous subsection, except for (1) sample collection and (2) reagent preparation. The 

analysis was done according to the manual of "Determination of Ammonium in 2.00 M 

KC1 (potassium chloride) Soil Extracts by FlAstar 5000" in FJAstarTM software 

application note (AN) 5226. 

(1) Sample Collection 

First, 50.0 ml of 2M KC1(V„tract) were added to a 5.00 g sample (Wsampie) in a beaker. To 

enhance mixing, the beaker was capped and agitated mechanically on a rotary orbital 

shaker for 1 h. The solution was then centrifuged for about 8 to 15 min at 3661 x g (5000 

rpm; Thermo Electronic Crop., Precision Durefuge 100). The solid particles in the 

centrifuged solution were filtered out with a vacuum filter system, and the filtered liquid 

sample was stored in a refrigerator (2 to 4 °C) for later determination. 
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enhance mixing, the beaker was capped and agitated mechanically on a rotary orbital 

shaker for 1 h. The solution was then centrifuged for about 8  to 15 min at 3661 x g (5000 

rpm; Thermo Electronic Crop., Precision Durefuge 100). The solid particles in the 

centrifuged solution were filtered out with a vacuum filter system, and the filtered liquid 

sample was stored in a refrigerator (2 to 4 °C) for later determination.
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(2) Reagent Preparation 

a. Carrier solution: 2.00 M KC1— 149.1 g KC1 was dissolved in 1000 ml distilled 

water. 

b. Reagent I: 0.50 M NaOH — 10.0 g NaOH was added to 500 ml distilled water. 

c. Reagent II: Ammonium indicator stock solution — 10.0 ml Indicator Stock 

Solution (Part no. 5000 0295) was diluted to 500 ml with distilled water. 

d. Stock standard solutions: 0.00, 0.10, 0.50, 1.00, 2.00, and 5.00 mg/L NH4-N — 

3.819 g NH4C1, which was dried to constant mass at 105 °C for 2 h, was dissolved 

in distilled water and diluted to 1000 ml in a volumetric flask (1000 mug NH4-N). 

A series of diluted solutions (0.00, 0.10, 0.50, 1.00, 2.00, and 5.00 mg/L NH4-N) 

was prepared by diluting with distilled water. 

The procedures to start the analyzer system and to perform sample analysis were the 

same as those described in the previous subsection 3.4.2.8 (3). The concentration of 

ammonium in a diluted sample was expressed as CNH4 +-Nin dilution, 
(mg/L), and the 

concentration of aqueous ammonium (CNH74v , mg/kg dry sample) on day i was 

computed as: 

C NH 4' -N, 
C NH4+ -N in dilution, 

(mg/L) x I/extract (L) 
x 

Wsampie (g) x (1 - Moisture Content; (%)) 1 kg 

1000 g 

c 
NI -14+ -N in dilution, 

(mg/L) x 0.05 L 
 x 1000 g/kg 
5.00 g x (1 - Moisture Content; (%)) 

C  NH4,  -N in dilution, 
  X 10 mg/kg dry sample (3.10) 
(1 - Moisture Content; (%)) 
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(2) Reagent Preparation

a. Carrier solution: 2.00 M KC1 -  149.1 g KC1 was dissolved in 1000 ml distilled 

water.

b. Reagent I: 0.50 M NaOH -  10.0 g NaOH was added to 500 ml distilled water.

c. Reagent II: Ammonium indicator stock solution -  10.0 ml Indicator Stock 

Solution (Part no. 5000 0295) was diluted to 500 ml with distilled water.

d. Stock standard solutions: 0.00, 0.10, 0.50, 1.00, 2.00, and 5.00 mg/L NH4-N -

3.819 g NH4CI, which was dried to constant mass at 105 °C for 2 h, was dissolved 

in distilled water and diluted to 1000 ml in a volumetric flask (1000 ml/g NH4-N). 

A series of diluted solutions (0.00, 0.10, 0.50, 1.00, 2.00, and 5.00 mg/L NH4-N) 

was prepared by diluting with distilled water.

The procedures to start the analyzer system and to perform sample analysis were the 

same as those described in the previous subsection 3.4.2 . 8  (3). The concentration of 

ammonium in a diluted sample was expressed as C + ,, (mg/L), and the
r  r  N i l4 -N  in dilution j v 0

concentration of aqueous ammonium ( C m  + N, mg/kg dry sample) on day i was 

computed as:

^  N i l /  -N  in dilution, X ^ extract (L) ^ 1000 g

w samp le (g) x 0  - Moisture Content■ (%)) 1 kg

C + (mg/L) x 0.05 L
N H / - N  in dilution: K---------------   1------------------------x 1 0 0 0  g /kg

5.00 g x (1 - Moisture Content; (%))

n h 4 -N m d ilu tio n ,  x 1 0  m g/kg dry sample (3 .1 0 )

N H / - N {

(1 - Moisture Content, (%
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3.4.2.10 Carbon-Nitrogen Ratio (C/N) 

A LECO TruSpec® CN Determinator (LECO Corporation, St. Joseph, MI, USA) was 

used to analyze the total carbon and nitrogen contents of each sample. This is a 

combustion and gas composition analysis system. The mechanism of this operation is: 

when a sample is subjected to two combustion processes at high temperature (>850 °C) 

in the CN Determinator, combustion gases form and are collected in the vessel. These 

gases are passed through a CO2 infrared detector by incoming oxygen, to measure the 

carbon content (%) of a sample. NO„ in the combustion gases is transformed into N2, 

and then carried to a thermal conductivity cell by incoming helium. The presence of N2 

is determined as the nitrogen content (%) of the sample. The procedures of (1) sample 

preparation, and (2) CN Determinator operation are described below. 

(1) Sample Preparation 

To prevent any ammonia loss from the sample, 3.00 ml of 0.10 M H2504 were added 

to 2.00 — 3.00 g of sample in a crucible. The crucible was oven-dried at 105 °C for 24 

h. The dried sample was ground into powder, and stored in a sterilized test tube 

(— 20 °C at room temperature) for later determination. 

(2) CN Determinator Operation 

The system was first checked for gas leaks and pressure using the computer software 

of the system. Five blank calibrations were run to achieve stable curves within 

±0.001%. Ten sets of EDTA standard samples were weighed in a range of 0.15 to 

0.20 g. Each standard sample was encapsulated in tin foil to prevent sample spills. The 
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h. The dried sample was ground into powder, and stored in a sterilized test tube 
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(2) CN Determinator Operation
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capsules were loaded into a carousel autosampler for standard calibration. 

To determine the carbon and nitrogen contents of the compost, 0.15 to 0.20 g of 

powdered sample were weighed and recorded. The samples were encapsulated and 

loaded into a carousel autosampler. Each sample was analyzed twice. Quality control 

was performed by running five EDTA standards after the determination five samples. 

The C/N ratio of the weighed dry sample on day i was determined as: 

ClAT
Carbon Content;

Nitrogen Content;
(3.11) 

3.4.2.11 Microorganism Colony Counting 

Bacteria, fungi and actinomycetes are main groups of microorganisms that are naturally 

found in soil or compost material. To characterize the microbial population or activity in 

a sample, the spread plate counting method is widely used. Tryptic soy agar (full-

strength), known as trypticase soy agar and soybean-casein digest agar, is a nutrient-rich 

and general-purpose media to culture total microorganisms. Potato dextrose agar 

supplemented with lactic acid, and starch casein agar, are selective medium to culture 

fungi (Wollum II 1982) and actinomycetes (Wollum II 1982; Carter 1993), respectively. 

Details of the (1) media and Petri plate preparations, and (2) sample processing and 

analysis are recorded below. 

(1) Media and Petri Plate Preparations 

— Tryptic soy agar media (full-strength; pH — 7.20): 15.0 g of tryptic soy broth 

(SigmaTM, St. Louis, USA) and 10.0 g of agar (SigmaTM) were added to 500 ml of 
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and general-purpose media to culture total microorganisms. Potato dextrose agar 

supplemented with lactic acid, and starch casein agar, are selective medium to culture 

fungi (Wollum II 1982) and actinomycetes (Wollum II 1982; Carter 1993), respectively. 

Details o f the (1) media and Petri plate preparations, and (2) sample processing and 

analysis are recorded below.

(1) Media and Petri Plate Preparations
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(Sigma™, St. Louis, USA) and 10.0 g of agar (Sigma™) were added to 500 ml of
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0.85% sterilized sodium chloride solution (SigmaTM) 

— Potato dextrose agar media (pH — 3.50): 18.5 g of potato dextrose agar (BBLTM, 

Maryland, USA) was added to 500 ml of 0.85% sterilized sodium chloride solution 

(SigmaTM). After autoclaved, 4.00 ml of 10.0% lactic acid was added to the solution to 

suppress bacteria (referred to BBL/FlukaTM Instruction). 

Starch-casein agar media (pH — 7.30): 5.00 g of starch, 0.15 g of casein, 1.00 g of 

potassium nitrate (KNO3), 1.00 g of sodium chloride (NaCl), 1.00 g of potassium 

monohydrogen phosphate (K2HPO4), 0.025 g of magnesium sulfate heptahydrate 

(MgSO4.7H20), 0.01 g of calcium carbonate (CaCO3), 0.005 g of ferrous sulfate 

heptahydrate (FeSO4.7H20), and 7.50 g of agar (SigmaTM) were added to 500 ml of 

0.85% sterilized sodium chloride solution (SigmaTM) 

Each medium solution was well mixed, then sterilized by autoclaving at 15 psi for 

15 min. The solution was allowed to cool to about 50 °C, and about 15.0 ml of media 

solution was poured into each Petri plate. The plates were ready to use when the agar 

solidified. 

(2) Sample Processing and Analysis 

A beaker containing 90.0 ml of 0.85% sterilized sodium chloride solution (SigmaTM) and 

10.0 g of sample was capped with several layers of cheesecloth, and agitated on a rotary 

orbital shaker at 200 rpm for 30 min, then left for 5 min. A series of nine serial sample 

dilutions (10-1 to 10-9 dilution) were prepared in test tubes containing 4.50 ml of 0.85% 

sterilized sodium chloride solution. A 0.50 ml of the liquid sample was transferred using 
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0.85% sterilized sodium chloride solution (Sigma™).

-  Potato dextrose agar media (pH ~ 3.50): 18.5 g o f potato dextrose agar (BBL™, 

Maryland, USA) was added to 500 ml o f 0.85% sterilized sodium chloride solution 

(Sigma™). After autoclaved, 4.00 ml o f 10.0% lactic acid was added to the solution to 

suppress bacteria (referred to BBL/Fluka™ Instruction).

-  Starch-casein agar media (pH ~ 7.30s): 5.00 g of starch, 0.15 g o f casein, 1.00 g of 

potassium nitrate (KNO3), 1.00 g o f sodium chloride (NaCl), 1.00 g o f potassium 

monohydrogen phosphate (K2HPO4), 0.025 g of magnesium sulfate heptahydrate 

(MgSCUTPUO), 0.01 g o f calcium carbonate (CaCC^), 0.005 g o f ferrous sulfate 

heptahydrate (FeSCVVHhO), and 7.50 g o f agar (Sigma™) were added to 500 ml of 

0.85% sterilized sodium chloride solution (Sigma™).

Each medium solution was well mixed, then sterilized by autoclaving at 15 psi for 

15 min. The solution was allowed to cool to about 50 °C, and about 15.0 ml o f media 

solution was poured into each Petri plate. The plates were ready to use when the agar 

solidified.

(2) Sample Processing and Analysis

A beaker containing 90.0 ml of 0.85% sterilized sodium chloride solution (Sigma™) and

1 0 . 0  g o f sample was capped with several layers o f cheesecloth, and agitated on a rotary 

orbital shaker at 200 rpm for 30 min, then left for 5 min. A series o f nine serial sample 

dilutions (10 ' 1 to 10' 9  dilution) were prepared in test tubes containing 4.50 ml o f 0.85% 

sterilized sodium chloride solution. A 0.50 ml o f the liquid sample was transferred using
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a pipette from the beaker to a first test tube (104 sample dilution). To enhance uniform 

mixing, the test tube was agitated for 1 min on a test tube shaker. 0.50 ml of the liquid 

sample in the first test tube (10-1 sample dilution) was then transferred to a second test 

tube (10-2 sample dilution). This procedure was repeated until 10-9 sample dilution was 

achieved. From these nine sample dilutions, four sample dilutions were chosen to 

characterize the populations of specific microorganisms. A 0.10-m1 aliquot of four chosen 

sample dilutions was transferred to each Petri plate, and spread across the agar with a 

sterilized spreader. Each of the chosen dilutions was extracted twice and transferred to 

two individual Petri plates. The plates for identifying mesophiles and thermophiles were 

25 and 55 °C, respectively. The incubation durations were 7 days for total mesophilic 

microorganisms and mesophilic fungi, 10 — 14 days for mesophilic actinomycetes, and 2 

days for all thermophiles (total microorganisms, fungi, and actinomycetes). One extra 

sample was randomly selected and incubated for quality control to check data 

consistency. A dilution factor that yielded between 30 and 300 microbial colonies per 

plate was selected to enumerate the number of colonies. The number of colony was 

expressed as the logarithm of the colony-forming unit (CFU). 

When 10.0 g of wet sample were added to 90.0 ml of 0.85% sterilized sodium chloride 

solution, the total volume of this solution was 100 ml; therefore, a 0.10-ml aliquot was 

equivalent to 0.01 g of wet sample (1:10 dilution). The total number of colonies on each 

Petri plates on day i in term of wet weight sample was determined as: 

logo colony count, = log io
(Number of Colony, x Dilution factor) CFU 

0.01 g x (1 - Moisture Content; (%)) 
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a pipette from the beaker to a first test tube (10 ' 1 sample dilution). To enhance uniform 

mixing, the test tube was agitated for 1 min on a test tube shaker. 0.50 ml of the liquid 

sample in the first test tube ( 1 0 ' 1 sample dilution) was then transferred to a second test 

tube (10 ' 2  sample dilution). This procedure was repeated until 10' 9  sample dilution was 
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two individual Petri plates. The plates for identifying mesophiles and thermophiles were 

25 and 55 °C, respectively. The incubation durations were 7 days for total mesophilic 

microorganisms and mesophilic fungi, 1 0 -1 4  days for mesophilic actinomycetes, and 2 

days for all thermophiles (total microorganisms, fungi, and actinomycetes). One extra 

sample was randomly selected and incubated for quality control to check data 

consistency. A dilution factor that yielded between 30 and 300 microbial colonies per 

plate was selected to enumerate the number of colonies. The number o f colony was 

expressed as the logarithm of the colony-forming unit (CFU).

When 10.0 g o f wet sample were added to 90.0 ml o f 0.85% sterilized sodium chloride 

solution, the total volume of this solution was 1 0 0  ml; therefore, a 0 .1 0 -ml aliquot was 

equivalent to 0.01 g o f wet sample (1:10 dilution). The total number o f colonies on each 

Petri plates on day i in term of wet weight sample was determined as:

log10 colony count x = log 10

^ (Number o f  Colony{ x Dilution factor) CFU ̂  
0.01 g x (1 - Moisture Content;(%))
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= log ,0
(  Number of Colony x Dilution factor x 100 

1- Moisture Content;
CFU/g dry sample (3.12) 

3.5 Experimental Procedures 

3.5.1 Experiment I — Preliminary Analysis of Dynamic Microbial-Growth 

Inhibition by Individual Organic Acids 

When the temperature of the compost in R1 was above 55.0 °C, five sets of 10.0-g 

samples were taken. Each sample was placed in a beaker containing 90.0 ml 0.85% 

sodium chloride and 0.5 mmol/g wet compost of acetic, butyric, lactic, or propionic acid 

was added. The total volumes (ml) of acetic, butyric, lactic, or propionic acid added to a 

10.0-g sample were: 5.00, 0.48, 5.00, or 0.39 ml, respectively. A fifth sample was 

prepared as a quality control without acid. All beakers were agitated on a rotary orbital 

shaker for 30 min to enhance solution mixing, and then left for 5 min. Similar to the 

methods described in subsection 3.4.2.11(2), a 0.10-ml aliquot from each beaker was 

transferred to a Petri plate at 0 h. All five beakers were placed on the shaker for continued 

mixing. Incubation and colony counting were performed to enumerate the populations of 

total mesophilic and thermophilic microorganisms. The sample extraction and 

microorganism colony counting were repeated at 0.5, 2.5, 5, 7.5, 10, 12, and 27 h. Graphs 

were then plotted to show the time course of changes in the microbial populations. 

3.5.2 Experiment II(a) — Factorial Analysis of Microbial Growth Inhibition in 

Organic Acids 

3.5.2.1 Principles of Two-Level Full Factorial Design 

Factorial design is an efficient way to analyze simultaneous effects of a single factor and 
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interactions among several factors allowing examination of how a response changes as 

the levels of one or more factors change. A two-level full factorial design can be 

symbolized as 2k, where "2" indicates the number of levels and "k" indicates the number 

of factors. If four factors are involved, and each is designed to be examined at two levels: 

low `-' and high `+', a 24 full factorial design is developed. This design has a total of 16 

treatment combinations, 24 = 2 x 2 x 2 x 2 =16, with 16 responses. The matrix of a 24 full 

factorial design shown in Table 3.2 lists all the treatment combinations respecting factors 

A, B, C and D at the two levels. The numbers of runs representing a specific treatment 

combination are notated by standard (Yates) order as: (1), a, b, ab, c, ac, bc, abc, d, ad, 

bd, abd, cd, acd, bcd, and abcd. These 16 treatment combinations can also be presented 

basically in a geometric view of two cubes (Figure 3.4). 

In statistics, the "main/single effect" is defined as the average difference in response 

between the effects of a factor at high and low levels, while the "interaction effect" is 

defined as the average difference in response between the effects of one factor at high and 

low levels of other factors (Box et al. 1978; Montgomery 2001). For example, referring to 

the cubes in Figure 3.4, the main effect of factor A in a 24 factorial design is: 

A = 
a+ab+ac+abc+ad+abd+acd+abcd (1)+b+c+bc+d+bd+cd+bcd

8n 8n 

1 
=— 

8n 
(a + ab +ac + abc + ad + abd + acd+ abcd —(1)—b —c—bc —d —bd —cd —bcd) (3.13) 

where "n" is the number of replications in the response. For the interaction effect of AB 

in a 24 factorial design, the differences between the effect of factor A at a high and a low 

level of factor B is: 
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Table 3.2 Matrix of a 24 full factorial design 

Run Treatment Factor Factor Factor Factor 
Combination A 

1 (1) 
2 a + 
3 b + 
4 ab + + 
5 c + 
6 ac + + 
7 be - + + 
8 abc + + + 
9 d - + 

10 ad + + 
11 bd + + 
12 abd + + + 
13 cd - + + 
14 acd + + 
15 bcd - + + + 
16 abcd + + + + 
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Table 3.2 Matrix of a 24 full factorial design

Run Treatm ent Factor Factor Factor Factor
Combination A B C D

1 ( 1 ) - - - -

2 a + - - -

3 b - + - -

4 ab + + - -

5 c - - + -

6 ac + - + -

7 be - + + -

8 abc + + + -

9 d - - - +
1 0 ad + - - +
1 1 bd - + - +
1 2 abd + + - +
13 cd - - + +
14 acd + - + +
15 bed - + + +
16 abed + + + +
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# (ab - b) + (abc - bc) + (abd - bd) + (abed - bed)) (  (a - (1)) + (ac - c) + (ad - d) + (acd - cd)) 
AB 

8n 8n 

1 
= 

8n 
--(ab + abc + abd + abcd + (1) + c + d + cd —b — bc —bd — bcd — a — ac — ad — acd) (3.14) 

The rest of the two-, three- and four-order interaction effects of factors are computed 

using similar concepts. In Equations (3.13) and (3.14), the groups of coefficients inside 

the brackets are called contrast of factor A (contrast A) and contrast of factor AB (contrast 

AB), respectively (Box et al. 1978; Montgomery 2001). 

In analysis of variance (ANOVA), all effect estimates in a factorial design are assumed to 

be normally distributed with a treatment mean of zero and a constant variance (all effect 

estimates are assumed to have no significant effect on the response: 

Ho: 131 = 132 = = r3a = 0 

H1: at least one 13 # 0 (3.15) 

where Ho is the null hypothesis stating that all treatment effects ((31, R2, •••5 13a) are the 

same with a mean of zero; H, is the alternative hypothesis stating that at least one 

treatment effect has a non-zero mean. 

A measure of variability in a two-level full factorial design is expressed in terms of the 

sum of the squares: 

SS Total = SS effects + SS error (3.16) 

where SS effects (sum of squares due to effects) (Contrasteffects)2/( 2k m); SS error = SS total — 

SS effects; and SS total = Total sum of (effect estimate)2 — (Total effect estimates)2/(2k .n). 

The degree of freedom (d.f) for SS total, one SS effect, and SS error, are (2k.n) - 1, 1, and 
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8 n
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2k.(n - 1), respectively (Box et al. 1978; Montgomery 2001). 

To justify whether the null hypothesis is rejected, the F-test is employed by comparing 

the Fo of each treatment effect (MS effect/ MS error) to the critical F-distribution, Fa (from 

F-table)

F0 > Fa , d.f effect' d.f error (3.17) 

If the Fo of the treatment effect is greater than the critical Fa, then Ho is rejected. a is a 

value specifying the probability of having a type I error, where Ho is rejected when it is 

true. For instance, if a = 0.05, and the Fo of a treatment effect is greater than Fa, it has at 

least 95% confidence supporting that this treatment effect has a non-zero mean, and is 

significant. Table 3.3 shows the analysis of variance for a 2k factorial design with n > 1. 

A two-level factorial design (2k) with only one replication (n = 1) is sometimes called a 

single replicate or an unreplicated 2k factorial design. An unreplicated design is often 

employed when resources are restricted in the experiment. Since no estimate of error 

arises from one replication of data (or d.f. for SS error = 0), it is very important to use a 

normal probability plot for preliminary testing to examine significant effects (Daniel 

1959; Montgomery 2001). In a normal probability plot, insignificant effects can be 

recognized if they tend to fall along a straight line, while significant effects have a non-

zero mean and will not lie on the straight line. In addition, a Pareto chart provides a 

supplemental method for analyzing unreplicated designs to detect significant effects by 

Lenth's method (Lenth 1989; Montgomery 2001). The insignificant effects discerned by 

these two plots will be neglected and treated as estimates of error. 
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Table 3.3 Analysis of variance for a 2k full factorial design 

Source Sum Degrees Mean 
of Variation of Squares of Freedom Square Fa 

Effects 
(main and 

interaction) 

Error 

Total 

SS effects 

SS error 

SS total 

1 

*2k(n- 1) 

n2k_ 

SS effects

1 

SS mot

2 k (n - 1) 

MS effects 

MS error 

* The degree of freedom for SS error is  applicable only when n > 1. 

61 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

Table 3.3 Analysis of variance for a 2k full factorial design

Source 
of Variation

Sum 
of Squares

Degrees 
of Freedom

Mean
Square Fo

Effects
(main and 

interaction)

S S  effects 1 SS effects 

1

M S  effects 

error

Error SS error *2 k(n-l) SS error 

2 k (n  — 1)

Total S S  total n2 k-l

* The degree of freedom for SS error is applicable only when n > 1.
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The general regression model including all effects for a 24 full factorial design is: 

Y = fl iiikx ix ix ix i =1,2,3,4; j =1,2,3,4; 
(3.18) 

k =1,2,3,4; 1=1,2,3,4; 

A A 

where S, = predicted yield; fl o = averaged response of all treatment combinations; [31 ,P ii , 

, = one-half of corresponding effect estimates regression coefficient; x = coded 

variables, in which -1 notates low level and +1 notates high level; and i, j, k, 1= 

corresponding factors in terms of number, e.g., A =1, B = 2, C = 3, and D = 4. 

When refining a regression model with significant effects of factors, there are two points 

that have to be noticed: inclusion of insignificant main effects and consideration of model 

hierarchy (Montgomery 2001). In the presence of significant interactions, e.g., the 

interaction effect of AB, it means that the effects of single factors A and B possess 

significant effects in interaction; hence, the effects of single factors corresponding to their 

significant interactions have to be included in the model, despite the main effects being 

small and insignificant. Model hierarchy is a principle stating that if a model contains a 

high-order term (such as ABC), then all of the lower-order terms that comprise the high-

order term must also be included in the model (A, B, AB, AC, and BC in this case) to 

give a hierarchical model that can promote internal consistency. However, a non-

hierarchical model actually works better, as it can predict equations without including 

insignificant terms (Montgomery 2001, 2004); i.e., a non-hierarchical model is more 

logical for prediction and is a better fit to experimental data (Montgomery 2004). 

To select a hierarchical or non-hierarchical model, prediction error sum of squares 
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(PRESS), and R 2prediction have to be computed and compared. Generally, a model with a 

small PRESS is desirable for better prediction. A larger R2prediction indicates that the model 

has a greater ability to explain the variability in new predicted data (Montgomery 2001). 

Other regression statistics, such as R2, the proportion of the variability in the data 

explained by the model, R2adjusted, a measure to reflect the number of factors in the model, 

standard deviation and standard error are used to inform the model. If the model is 

satisfied with the normality assumption by plotting residuals in a normal probability plot 

at last step, then the graphical representation of a fitted model, including the main effect 

or interaction plots, response surface plots and contour plots, are provided for presenting 

the changes in the average response between low and high levels of the factors to predict 

data or optimize process. 

3.5.2.2 Design of 24 Full Factorial Experiment 

In R2, a 24 full factorial experiment with a total of 16 treatment combinations was 

undertaken on the day when the pH of the compost started to decrease during the initial 

phase of composting. Four acid factors: acetic (A), butyric (B), lactic (C), and propionic 

(D) acids, were examined at two concentration levels, (-): zero without added acid and 

had to be expressed as 0 mmol/g wet sample and (+): 0.5 mmol/g wet sample, in a 

factorial design. Since this was time-consuming and the length of the procedure might 

impair the sensitivity of the microbial response, a single replicate (n = 1) of two 

responses: total mesophilic and thermophilic microbial populations, was allowed in each 

treatment combination. The pH of the sample in each treatment combination was also 

monitored. The Minitab®14 (Minitab Inc., PA, USA) statistical software program was 
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used to analyze the factorial experiment. All response data were inputted to the software 

for statistical calculations and graphical results. 

To enhance the reliability and consistency of response data in an unreplicated design, 

each treatment combination was strictly subject to 2.5 h of acidification after addition of 

the acid(s). Moreover, to regulate the acidification time during experimentation, the 

treatment combinations were divided into four groups (Groups 1, 2, 3, and 4), and each 

group consisted of four runs (treatment combinations) plus a blank treatment as quality 

control. These four groups were analyzed group by group at the scheduled times. The 

blank treatments were quality controls (Cl, C2, C3, and C4) to check for any 

disturbance(s) in the microenvironment and experimental conditions. Table 3.4 (a) and 

(b) show the design variables and the design matrix for the 24 full factorial experiment, 

respectively. 

For the analysis of treatment combinations, first, 500 ml of compost material were 

extracted from R2 on the day when the pH started to decrease during the initial phase of 

composting. Twenty sets of 5.00-g pooled samples were prepared, and each set of 

samples was placed in a beaker (16 sets for treatment combinations and four sets for 

blank treatments). All beakers were capped with cheesecloth to prevent any disturbance. 

Referring to the design matrix and Group 1 treatment combinations, specific volumes of 

the different acids were added to individual compost samples, 45.0 ml of 0.85% sterilized 

sodium chloride solution were added, and all beakers were placed in an incubator for 

2.5 h for acidification. The temperature of the incubator was set to that of the composting 
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Table 3.4 (a) Design variables and (b) design matrix for the 24 full factorial 

Experiment 

(a) Design Variables 

Factor Level 

Factor Low (-): 0 mmol/g High (+): 0.5 mmol/g 
Volume, ml Volume, ml* 

A (Acetic) 0.00 2.50 

B (Butyric) 0.00 0.23 

C (Lactic) 0.00 2.50 

D (Propionic) 0.00 0.19 

* Total volume added in a 5.00-g sample. 

(b) Design Matrix 

Group and 
Run 

Number 

Treatment 
Combination 

Factor 
A 

Factor 
B 

Factor 
C 

Factor 
D 

Group Cl 
1 1 (1) - -

2 a + 
3 b - + 
4 ab + + -

Group C2 
2 5 c - + 

6 ac + - + 
7 be + + 
8 abc + + + 

Group C3 
3 9 d - + 

10 ad + - + 
11 bd + - + 
12 abd + + + 

Group C4 
4 13 cd - + + 

14 acd + - + + 
15 bcd + + + 
16 abcd + + + 
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temperature monitored in R2. After 2.5 h, the pH of all treated samples was monitored as 

described in subsection 3.4.2.4. The treated samples in the beakers were agitated 

mechanically on a rotary orbital shaker for 30 min, and all beakers were left to stand for 

5 min. A 0.10 ml-aliquot (or 0.01-g wet sample) was taken from each beaker on tryptic 

soy agar plates, as described in subsection 3.4.2.11(2). The unit of colony counting in wet 

sample was login CFU/g wet sample. The procedures to process the treatment 

combinations in Groups 2, 3, and 4 were the same as those in Group 1. 

The resulting number of microbial populations was taken as a measure of the microbial 

growth inhibition by the organic acids. This was expressed as the population ratio (or 

percentage), and estimated as the ratio of microbial populations in the treatment 

combination to the existing microbial populations in the blank treatment in the respective 

groups: 

Population ratio — 
Microbial population in treatment combination 

Microbial population in blank treatment (Cl, C2, C3, or C4) 

or Population percentage (%) = Population ratio x 100% (3.19) 

3.5.2.3 Principles of Two-Level Fractional Factorial Design 

Fractional factorial design (21(-1) is employed if high-order interaction effects are not of 

interest and can be neglected, while only the main and two-order interaction effects are of 

interest in a screening experiment (Montgomery 2001). The principle of fractional 

factorial design is basically very similar to full factorial design, except that fractional 

factorial design has an incomplete number of treatment combinations. In a 24-1 factorial 
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design, four factors are involved, and each factor is examined at two levels. But there are 

only eight treatment combinations (24-1 = 23 = 8) in this design, which is half the number 

in a 24 factorial design. Eight treatment combinations are developed based on the defining 

relation by multiplication of plus and minus signs (level signs). The defining relation in a 

24-1 design is defined as I = ABCD, where I is the identity column and is always plus. 

Table 3.5 shows the matrix of 24-1 fractional factorial design, where the sign of factor D 

in each run/treatment combination is the product of the signs of A, B and C by solving 

the defining relation I = ABCD for D, or D = ABC. For instance, the sign of D in run 1 is: 

D = ABC = (-) •(-) = 

Eight treatment combinations are thus established by solving the sign of factor D, and 

these are then labeled in standard (Yates) order. The basically geometric view of eight 

treatment combinations for a 24-1 fractional factorial design is displayed in Figure 3.5. By 

the defining relation I = ABCD, the effects that cannot be estimated separately are called 

aliases (Montgomery 2001). In a 24-1 fractional factorial design, each main effect is 

equivalent to a three-order interaction effect, and the two-interaction effect is equivalent 

to the other two-interaction effects, that is: 

main and three-order effects two-order effects 

A= BCD; AB = CD; 

B = ACD; AC = BD; 

C = ABD; BC = AD. 

D = ABC. 
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Table 3.5 Matrix of a 24-1 fractional factorial design 

Run 
Basic Design 

D = ABC 
Treatment 

Combination A B C 

1 (1) 

2 + - + ad 

3 + - + bd 

4 + ab 

5 - + + cd 

6 + - + - ac 

7 + + be 

8 + + + abcd 
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In this case, it is impossible to differentiate between A and BCD, B and ACD, AB and 

CD, etc. Consequently, there are a total of seven aliases in a 24-1 fractional factorial 

design. In statistics, this particular alias structure can be specified by the Roman number 

IV and is expressed as a 21V1 fractional factorial design. 

Based on the originally geometric view of a design as shown in Figure 3.5, the effect 

estimates of factors A and AB, for example, are computed as follows: 

tA =  1 (ab — (1) + ac bc + ad — bd + abed — cd) -->A +BCD (3.20) 

eAB = 4((1) - ac — ad + cd —bc + ab —bd + abcd) 4AB+CD (3.21) 

Due to the equivalent relationship between A and BCD, and between AB and CD, the 

effect estimate of A is equal to BCD, and the effect estimate of AB is equal to CD. Thus, 

the notations: $A--)A +BCD and -eAB4AB +CD are used to indicate this property. 

When testing the hypotheses of a design, the normal probability plot and Pareto chart are 

employed to investigate the significance of various effects. If the main effect of a factor is 

considered significant, its aliased interaction effect is also considered significant. For 

instance, if the main effects of A, C, and D are significant, but the main effect of B is not 

significant, then only the aliased interaction effects of AC and AD are considered 

significant. All effects including factor B are dropped from consideration. ANOVA 

testing is examined as described in Table 3.3. The degree of freedom (d.f) for SS total is 
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(2k-1 - 1, one SS effect is 1, and SS error is the total number of insignificant effects in an 

unreplicated 2k1 fractional factorial design. Finally, the procedural steps for performing 

regression modeling, graphical representations, and result interpretations are the same as 

described in the subsection 3.5.2.1. The unit of colony counting in wet sample was logio 

CFU/g wet sample. 

3.5.2.4 Design of 2 41v-1 Fractional Factorial Experiment 

A 21ui factorial experiment was conducted on the day when the pH of the compost started 

to increase during the initial phase of composting in R2. In this design, factors A, B, C, 

and D were examined at two concentration levels, (-): zero without added acid and had to 

be expressed as 0 mmol/g wet sample and (+) 0.5 mmol/g wet sample. A single replicate 

(n = 1) of two responses, mesophilic and thermophilic bacterial populations, was 

examined. Although not all effects need to be examined in a fractional factorial 

experiment to obtain the complete analysis, this experiment can be useful in obtaining 

information on whether a factor impacts bacterial growth inhibition on a designated 

experimental day. Tables 3.6 (a) and (b) show the design variables and the matrix for the 

4-1 21v fractional factorial experiment, respectively. 

As in the 24 full factorial experiment, the high consistency and reliability of the responses 

were enhanced by dividing the eight treatment combinations into two groups. Each group 

consisted of four runs (treatment combinations) plus a blank treatment as quality control 

(Table 3.6 (b)). The pH values of the samples were monitored. The statistical analysis of 
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Table 3.6 (a) Design variables and (b) design matrix for the 2 4w-1 fractional factorial 

experiment 

(a) Design Variables 

Factor Level 

Factor Low (-): 0 mmolig High (+): 0.5 mmoi/g 
Volume, ml Volume, ml* 

A (Acetic) 0.00 2.50 

B (Butyric) 0.00 0.23 

C (Lactic) 0.00 2.50 

D (Propionic) 0.00 0.19 

* Total volume added in a 5.00-g sample. 

(b) Design Matrix 

Group and Treatment Factor Factor Factor Factor 
Run Combination A B C D 

Number 

Group 1 Cl 
1 (1) -
2 ad + - - + 
3 bd + - + 
4 ab + + -

Group 2 C2 
5 cd + + 
6 ac + - + 
7 be + + 
8 abcd + + + + 
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the factorial experiment was run using Minitab®14 (Minitab Inc., PA, USA) statistical 

software. The details of the experimental procedures were the same as described in 

subsection 3.5.2.2, and the population ratio of surviving (or growing) microorganisms in 

each treatment combination was determined from Equation (3.19). 

3.5.3 Experiment II(b) - Analysis of Microbial Growth Inhibition with Alkali 

Treatments 

This analysis was conducted on the same two days as the 24 and 2k1 factorial designs in 

Experiment II (a). Four alkalis, calcium hydroxide (Ca(OH)2), potassium phosphate 

(K3P03), sodium acetate (NaAc), and sodium bicarbonate (Na(CO)2), were selected for 

investigation. 

Five sets of 5.00-g samples were extracted from R2 and placed into individual beakers. A 

total of 45.0 ml of 0.85% sterilized sodium chloride solution and acetic, butyric, lactic, 

and propionic acids at 0.5 mmol/g wet sample of acid concentration were added all 

together to each sample, followed by adding 2.00 mmol/g wet sample of a single alkali in 

the first four samples; a fifth sample was a quality control without alkali (blank 

treatment). The masses of Ca(OH)2, K3P03, NaAc, and Na(CO)2 at 2.00 mmol/g wet 

sample were: 0.37, 0.71, 0.82, and 0.53 g, respectively. All beakers were placed in an 

incubator for 2.5 h at the same temperatures as the composting temperatures on two 

different experimental days. After 2.5 h, all beakers were agitated on a rotary orbital 

shaker for 30 min and then left to settle for 5 min. A 0.10-ml aliquot (or 0.01-g wet 

sample) was transferred from each beaker on tryptic soy agar plates, as described in 
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subsection 3.4.2.11(2). The population ratio (or percentage) of total microbial population 

after each alkali treatment to the total microbial population in the blank treatment was 

determined from Equation (3.22): 

Population ratio — 
Microbial population in treatment combination 

Microbial population in blank treatment 

Or Population percentage (%) = Population ratio x 100% (3.22) 

3.5.4 Experiment III — Supplementary Analysis of Sodium Acetate (NaAc) - 

Treated Food Waste Composting 

A total of 100 g NaAc were added to R3 when the pH of the compost in R3 started to 

decrease during the initial phase of the composting. The physical, chemical and microbial 

parameters of the composting process in R2 and R3 were monitored simultaneously as 

described in subsection 3.4. These monitored parameters were plotted for comparison of 

the changes in these two composting processes. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 Experiment I 

4.1.1 Properties of the Extracted Compost Samples 

Twenty-four days of the composting process were successfully conducted in R1, and 

details of the profiles of the physical, chemical and microbial parameters in the changes 

of the composting process in R1 are presented in Appendix A. During the process, the 

mesophilic stage was initially maintained for only 2 days, and the thermophilic stage 

lasted from day 2 to day 17. The highest temperature was about 65.0 °C, occurring 

between days 11 and 13. The temperature then cooled down to 25.0 °C by day 20, and 

finally remained constant at about 25 °C for the rest of the composting process. The pH 

started to drop from 5.99 on day 0 to 4.55 on day 4. After day 4, the pH increased to 

alkaline values and finally leveled at 8.50. 

The compost sample was extracted from R1 on day 7. On this day, the temperature was 

52.8 °C (thermophilic stage), and the pH was about 4.80. The acidic pH indicated that 

there were organic acids in the compost material. The initial thermophilic and mesophilic 

microbial populations were logio 10.40 (or 2.50 x 1010) and logio 6.30 (or 2.00 x 106) 

CFU/g wet sample, respectively. Comparing these two populations, the large 

thermophilic microbial biomass dominating the compost material reflected the 

environmental conditions on day 7, which permitted favorable growth of thermophilic 

microorganisms rather than the growth of mesophilic microorganisms. 

75 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

CHAPTER 4 

RESULTS AND DISCUSSIONS

4.1 Experiment I

4.1.1 Properties of the Extracted Compost Samples

Twenty-four days o f the composting process were successfully conducted in R l, and 

details o f the profiles o f the physical, chemical and microbial parameters in the changes 

o f the composting process in R l are presented in Appendix A. During the process, the 

mesophilic stage was initially maintained for only 2 days, and the thermophilic stage 

lasted from day 2 to day 17. The highest temperature was about 65.0 °C, occurring 

between days 11 and 13. The temperature then cooled down to 25.0 °C by day 20, and 

finally remained constant at about 25 °C for the rest o f the composting process. The pH 

started to drop from 5.99 on day 0 to 4.55 on day 4. After day 4, the pH increased to 

alkaline values and finally leveled at 8.50.

The compost sample was extracted from R l on day 7. On this day, the temperature was 

52.8 °C (thermophilic stage), and the pH was about 4.80. The acidic pH indicated that 

there were organic acids in the compost material. The initial thermophilic and mesophilic 

microbial populations were logio 10.40 (or 2.50 x 1010) and logio 6.30 (or 2.00 x 106) 

CFU/g wet sample, respectively. Comparing these two populations, the large 

thermophilic microbial biomass dominating the compost material reflected the 

environmental conditions on day 7, which permitted favorable growth o f thermophilic 

microorganisms rather than the growth of mesophilic microorganisms.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.1.2 Results for the Total Microbial Populations 

Figures 4.1 (a) to 4.1 (d) and 4.2 (a) to 4.2 (d) display the variations in observed 

thermophilic and mesophilic microbial populations at different times when treated with 

four individual acids. In the untreated control (without added acid; Figure 4.1), the 

numbers of thermophilic microorganisms did not change significantly with time, and 

were maintained at logio 10.0 to 10.5 CFU/g wet sample. After the addition of the 

individual acids, microbial growth was inhibited by all acids, with greater decreases in 

populations in the acid treatments than in controls during most time steps. The changes in 

the curves of the thermophilic microbial populations suggests that acetic acid and lactic 

acid were more inhibitory than butyric or propionic acid at the same molar acid 

concentrations. 

From Figures 4.1 (a) to 4.1 (d), it can be seen that the microbial populations immediately 

dropped at the beginning of the first 5-h period from logio 10.5 CFU/g wet sample to 

logio 8.00 to 8.50 CFU/g wet sample in the presence of acetic or lactic acid. In the 

presence of butyric or propionic acid, however, some growth of microorganisms was 

observed at 0.5 h, when the populations increased from logio 10.5 CFU/g wet sample to 

logio 11.0 to11.5 CFU/g wet sample. But the populations dropped to logio 9.00 to 9.50 

CFU/g wet sample between 5 and 10 h. Recovery of microbial populations was observed 

after 5 or 10 h in all acid treatments. The microbial populations finally recovered to about 

logio 10.0 to11.0 CFU/g wet sample at 27 h. 

In the untreated control (Figure 4.2), the population of mesophilic microorganisms did 
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not alter much in the first 12 h, staying at about logio 6.00 to 6.40 CFU/g wet sample. 

However, afterl2 h, the population suddenly dropped to logi o 5.30 CFU/g wet sample. 

From Figures 4.2 (a) to 4.2 (d), it can be seen that all microbial populations immediately 

decreased in each individual acid treatment after 0 h, and generally remained at logi o 5.00 

to 5.50 CFU/g wet sample between 0.5 and 10 h. After 12 h, the number of mesophilic 

microorganisms differed for the different acids: for lactic or butyric acid, the microbial 

populations correspondingly dropped to the level of the untreated control population, 

around logi o 4.20 CFU/g wet sample; for propionic acid, the population stabilized at logio 

5.30 CFU/g wet sample; and for acetic acid, the population increased to about logio 6.00 

CFU/g wet sample, which was higher than that of the untreated control. 

4.1.3 Comparison of the Effects of Individual Organic Acids on Microbial Growth 

Inhibition 

Comparing the degree of microbial growth inhibition of the four organic acids, the 

surviving thermophilic and mesophilic microbial populations differed in the same treated 

compost materials. Lactic acid was the most detrimental to thermophilic microorganisms, 

with the largest drop in population within 27 h. In contrast, propionic acid was the least 

detrimental to the growth of thermophilic microorganisms, resulting in the smallest drop 

in population. Referring to Figures 4.1 (a) to 4.2 (d), surviving populations increased 

between 5 and 27 h after all acid treatments. This implies that thermophilic 

microorganisms were able to recover in the presence of organic acid and consequently 

were able to adapt to acidic microenvironments, although the surviving populations did 

not recover to the initial level. 
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All four acids substantially inhibited the growth of mesophilic microorganisms, and the 

degree of growth inhibition of each acid was similar. Mesophilic microorganisms were 

less able to recover compared to thermophilic microorganisms, and most mesophilic 

microbial populations did not increase during the later stages, especially in the presence 

of butyric, lactic, or propionic acid. Some mesophilic microorganisms continued to 

decrease with the lowest populations about login 4.10 to 4.20 CFU/ g wet sample in the 

presence of butyric or lactic acid at 27 h, which were detrimental to those 

microorganisms. 

These preliminary data suggested that microbial growth inhibition varied among 

mesophilic and thermophilic microorganisms, types of organic acid, and time of exposure 

to the acid. Furthermore, these data and growth curves confirmed that the method of 

extracting and acidifying compost materials was effective to investigate the inhibitory 

effects of acids on composting bacteria. 

4.1.4 Designation of Factors, Levels, and Responses for the Factorial Experiments 

From comparison of Figures 4.1 (a) to 4.1 (d) and 4.2 (a) to 4.2 (d), it can be seen that 

mesophilic and thermophilic microorganisms were sensitive and responsive to the type of 

acid (acetic, butyric, lactic, and propionic acid) at 0.5 mmol/g wet sample of acid 

concentration, which was sufficient to inhibit microbial growth. In planning the statistical 

factorial design, the factors of acetic, butyric, lactic, and propionic acid; the acid 

concentrations of 0 (without added acid) and 0.5 mmol/g wet sample; and the response 

variables: surviving populations of thermophilic and mesophilic microorganisms were 
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used to study the inhibitory effects of the organic acids on the two groups of composting 

microorganisms. 

During the 27-h inspection time, the inhibitory effect of the individual acids was most 

pronounced in the initial period. At the middle and later stages, the actual inhibition 

would be affected by microbial recovery for those microorganisms in presences of 

organic acids or natural death for those microorganisms in control (without added acid). 

Therefore, an initial exposure time of between 0.5 and 5.0 h was considered valid to 

examine the actual inhibitory effects of the organic acids on the thermophilic and 

mesophilic microorganisms in the compost. Consequently, a 2.5-h inspection time was 

selected for the factorial experiments in Experiment II(a). 

4.2 Experiment II (a) 

4.2.1 Properties of the Extracted Compost Samples 

During the 24 days of the composting process in R2, the mesophilic stage comprised the 

first 2 days, and the thermophilic stage lasted from days 2 to 13. Cooling and stabilization 

were observed after day 13. The pH decreased to 4.80 in the first 2 days, and remained 

acidic between days 2 and 5. After day 5, the pH steadily increased to over 7.0, which 

was maintained from days 12 to 24. Further analysis of the process parameters in R2 is 

presented in later subsection 4.4.1. Large numbers of compost samples were extracted on 

days 5 and 9 for the 24 and the 21\71 factorial design analyses, respectively. On day 5, the 

pH was 4.84 and the temperature was 62.8 °C; on day 9, the pH was 5.34 and the 

temperature was 65.3 °C. The thermophilic microbial populations in the compost on days 
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5 and 9 were around logio 8.00 CFU/g wet sample and logio 10.0 CFU/g wet sample, 

respectively. The mesophilic microbial populations on days 5 and 9 were similar, at about 

logio 6.00 CFU/g wet sample. A detail of microbial profile is discussed in subsection 

4.4.1.4, and bacteria were presumed as the dominant microorganisms from days 4 to 16. 

4.2.2 Response Data in the 24 Full Factorial Experiment (Day 5) 

4.2.2.1 Total Thermophilic Microorganisms 

The total thermophilic microbial populations in the16 treatment combinations of the 24

factorial experiment are shown in Table 4.1. All treatments, including controls, were 

subject to a 2.5-h exposure to four different acids. For each control treatment (C1, C2, 

C3, and C4) in the four different groups, the pH varied between 4.71 and 4.84, and the 

total microbial populations were similar and remained constant at logio 7.80 CFU/g wet 

sample, varying from 5.90 x 107 to 6.60 x 107 CFU/g wet sample. From the control pH 

data and untreated bacterial populations, the numerical differences for the four different 

groups were negligible. This shows that the consistency of the response (or experimental) 

data is reliable, considering the procedural timing and processing performance in this 

single replicated factorial experiment. 

As shown in Table 4.1, the higher the quantity of acid added in the sample, the lower the 

pH value. The pH values in the Group 2 and Group 4 treatments were between 3.15 and 

3.24, while in the Group 1 and Group 3 treatments the pH were between 3.59 and 3.98. 

Both Groups 2 and 4 comparably had lower pH with the presence of lactic acid in the 

sample. The treatment combinations with all four acids together (abcd) and with only 
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Table 4.1 Response data of the total thermophilic microbial populations in the 24 full factorial experiment 

Group and 
Run 

Number 

Treatment Factor 
Combination A 

Factor 
B 

Factor 
C 

Factor 
D 

pH Thermophilic 
Microbial Population 

(107 CFU/g wet sample) 

Population Ratio 

Group 1 Cl 4.84 6.60 
1 (1) - - - 4.81 6.60 1.00 
2 a + 3.87 6.30 0.97 
3 b + - 3.93 4.50 0.70 
4 ab + + - 3.69 3.70 0.57 

Group 2 C2 4.78 6.20 
5 c + - 3.24 3.60 0.58 
6 ac + + - 3.20 3.30 0.53 
7 be - + 3.22 3.40 0.55 
8 abc + + + 3.18 4.20 0.68 

Group 3 C3 4.75 5.90 
9 d + 3.98 4.30 0.73 
10 ad + - + 3.72 5.20 0.88 
11 bd + + 3.76 5.00 0.85 
12 abd + + + 3.59 4.20 0.71 

Group 4 C4 4.71 6.60 
13 cd + + 3.21 6.50 0.98 
14 acd + - + + 3.17 5.30 0.80 
15 bcd - + + + 3.19 4.00 0.61 
16 abcd + + + + 3.15 3.40 0.52 
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10 ad + - - + 3.72 5.20 0.88
11 bd - + - + 3.76 5.00 0.85
12 abd + + - + 3.59 4.20 0.71

Group 4 C4 4.71 6.60
13 cd - - + + 3.21 6.50 0.98
14 acd + - + + 3.17 5.30 0.80
15 bed - + + + 3.19 4.00 0.61
16 abed + + + + 3.15 3.40 0.52
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propionic acid (d) gave the lowest and highest pH values at 3.15 and 3.98, respectively. 

All single and mixed acids inhibited the growth and population numbers of total 

thermophilic microorganisms. Total thermophilic microorganisms generally had 

population ratios ranging from 0.52 to 0.98, or varied from 52.0 to 98.0% microbial 

growth. Treatment with lactic and propionic acids together (cd) resulted in the highest 

microbial population. Conversely, treatment with all four acids together (abcd) resulted in 

the lowest microbial population. 

4.2.2.2 Total Mesophilic Microorganisms 

Table 4.2 shows the response data for the total mesophilic microbial populations in the 

sixteen treatment combinations. Since the same compost samples and the same treatment 

combinations were used to study the response of mesophilic microorganisms to organic 

acid(s), the pH values were the same as those in Table 4.1. The initial (untreated) 

population of mesophilic microorganisms was 100-fold smaller than the initial 

(untreated) population of thermophilic microorganisms in the same compost material. 

The total mesophilic microbial populations were about logi n 5.70 CFU/g wet sample, 

varying from 4.60 x 105 to 5.10 x 105 CFU/g wet sample in Cl, C2, C3, and C4. The 

small mesophilic populations indicate that they were less active at the thermophilic stage 

of the composting process on day 5 in R2. Since the untreated populations in four 

different controls did not vary much, the response data were considered consistent and 

comparable in this single replicated factorial experiment. 

Compared to the populations of total thermophilic microorganisms, Table 4.2 shows that 
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Table 4.2 Response data of the total mesophilic microbial populations in the 24 full factorial experiment 

Group and 
Run 

Number 

Treatment Factor 
Combination A 

Factor 
B 

Factor 
C 

Factor 
D 

pH Mesophilic 
Microbial Population 

(105 CFU/g wet sample) 

Population Ratio 

Group 1 Cl 4.84 4.90 
1 (1) - - 4.81 4.90 1.00 
2 a + - 3.87 2.90 0.59 
3 b - + - 3.93 4.20 0.86 
4 ab + + - 3.69 2.80 0.57 

Group 2 C2 4.78 5.10 
5 c - - + - 3.24 1.60 0.32 
6 ac + + - 3.20 0.90 0.18 
7 be - + + - 3.22 2.80 0.55 
8 abc + + + 3.18 2.90 0.57 

Group 3 C3 4.75 4.60 
9 d - - + 3.98 4.50 0.98 

10 ad + + 3.72 1.90 0.41 
11 bd + + 3.76 4.30 0.93 
12 abd + + - + 3.59 2.00 0.43 

Group 4 C4 4.71 5.10 
13 cd - - + + 3.21 4.00 0.78 
14 acd + + + 3.17 4.20 0.82 
15 bcd - + + + 3.19 4.80 0.94 
16 abcd + + + + 3.15 2.10 0.42 
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Table 4.2 Response data o f the total mesophilic microbial populations in the 24 full factorial experiment

Group and 
Run 

Number

Treatment
Combination

Factor Factor Factor Factor pH M esophilic
A B C D M icrobial Population

(105 CFU/g wet sample)

Population Ratio

Group 1 Cl 4.84 4.90
1 (1) - - - - 4.81 4.90 1.00
2 a + - - - 3.87 2.90 0.59
3 b - + - - 3.93 4.20 0.86
4 ab + + - - 3.69 2.80 0.57

Group 2 C2 4.78 5.10
5 c - - + - 3.24 1.60 0.32
6 ac + - + - 3.20 0.90 0.18
7 be - + + - 3.22 2.80 0.55
8 abc + + + - 3.18 2.90 0.57

Group 3 C3 4.75 4.60
9 d - - - + 3.98 4.50 0.98
10 ad + - - + 3.72 1.90 0.41
11 bd - + - + 3.76 4.30 0.93
12 abd + + - + 3.59 2.00 0.43

Group 4 C4 4.71 5.10
13 cd - - + + 3.21 4.00 0.78
14 acd + - + + 3.17 4.20 0.82
15 bed - + + + 3.19 4.80 0.94
16 abed + + + + 3.15 2.10 0.42
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Most mesophilic populations had smaller numbers that varied from ratios of 0.18 to 0.98 

(18.0 to 98.0% microbial growth) in same acid treatments. Treatment with propionic acid 

alone (d) had the highest population ratio of 0.98, while treatment with the mixture of 

acetic and lactic acids (ac) resulted to have the lowest mesophilic microbial ratio of 0.18. 

4.2.3 Response Data in the 2`1.1 Fractional Factorial Experiment (Day 9) 

4.2.3.1 Total Thermophilic Microorganisms 

Table 4.3 shows the response data of the total thermophilic bacterial populations in the 

eight treatment combinations of the 2w 4— 1 fractional factorial experiment. The number of 

total thermophilic microorganisms in the compost was much higher on day 9 of the 

composting process than on day 5, owing to the less acidic environmental conditions and 

the higher temperature for thermophilic bacteria, which considered bacteria is the 

important degraders during thermophilic composting. The initial (untreated) populations 

in Cl and C2 were very similar at about logio 9.70 CFU/g wet sample, varying from 5.00 

x 109 to 5.30 x 109 CFU/g wet sample. The untreated pH values in Cl and C2 were 5.27 

and 5.34, respectively. Since small differences in these control data were recorded in Cl 

and C2, the response data in this single replicated factorial experiment are consistent and 

comparable for analysis. 

After the addition of the organic acids on day 9, the pH values were higher than those 

observed on day 5 in the respective treatments, ranging from 3.41 to 4.01 (Table 4.3). 

Treatment combinations (bd) and (abcd) resulted in the highest and lowest pH values at 

4.01 and 3.41, respectively. The treatment combinations with lactic acid in Group 2 had 
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Table 4.3 Response data of the total thermophilic microbial populations in the 2k1 fractional factorial experiment 

Group and Treatment Factor Factor Factor Factor pH Thermophilic Population Ratio 
Run Combination A B C D Microbial Population 

Number (109 CFU/g wet sample) 

Group 1 Cl 5.34 5.30 
1 (1) - - - 5.30 5.30 1.00 
2 ad + - - + 3.92 4.90 0.92 

3 bd - + + 4.01 6.00 1.13 

4 ab + + - - 3.95 5.10 0.96 

Group 2 C2 5.27 5.00 

5 cd + + 3.52 4.40 0.88 

6 ac + - + - 3.52 4.00 0.80 

7 be - + + 3.48 6.00 1.20 

8 abcd + + + 3.41 4.00 0.80 

87 

R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Table 4.3 Response data of the total thermophilic microbial populations in the 2 jy 1 fractional factorial experiment

Group and Treatment Factor Factor Factor Factor pH Thermophilic Population Ratio
Run Combination A B C D Microbial Population

Number (109 CFU/g wet sample)

Group 1 Cl 5.34 5.30
1 (1) - - - - 5.30 5.30 1.00
2 ad + - - + 3.92 4.90 0.92
3 bd - + - + 4.01 6.00 1.13
4 ab + + - - 3.95 5.10 0.96

G roup 2 C2 5.27 5.00
5 cd - - + + 3.52 4.40 0.88
6 ac + - + - 3.52 4.00 0.80
7 be - + + - 3.48 6.00 1.20
8 abed + + + + 3.41 4.00 0.80

87



lower pH values, around 3.41 and 3.52; in contrast, the treatment combinations without 

lactic acid in Group 1 had higher pH values, around 3.95 and 5.30. As seen in Table 4.3, 

the acids were less inhibitory to the growth of thermophilic microorganisms, and even 

increased their populations. Increased population ratios of 1.13 and 1.20, or percentage 

increases of 13.0 and 20.0%, were found in treatment combinations (bc) and (bd), 

respectively. In the remaining treatment combinations, total microbial growth was 

inhibited and the populations decreased. Treatment combinations with acetic and butyric 

acids together (ab) and with acetic and propionic acids together (ad) resulted in microbial 

population ratios of over 0.90 (> 90.0% microbial growth); treatment combination with 

the mixture of lactic and propionic acids (cd) resulted in a ratio of 0.88 (88.0% microbial 

growth); and treatment combinations with the mixture of acetic and lactic acids (ac) and 

with all four acids together (abcd) resulted in ratios of 0.80 (80.0% microbial growth), 

compared to the untreated populations. 

4.2.3.2 Total Mesophilic Microorganisms 

Table 4.4 gives response data for total mesophilic microbial populations in the eight 

treatment combinations. These microorganisms did not increase as much as the 

thermophilic microorganisms from day 5 to day 9; the initial mesophilic microbial 

population were around login 5.53 to 5.57 CFU/g wet sample, varying from 3.40 x 105 to 

3.70 x 105 CFU/g wet sample in Cl and C2. (The difference between these two 

populations were statistically insignificant using chi-square test when a = 0.05; p-value = 

0.9904). The initial populations were 10000-fold smaller than those of thermophilic 

microorganisms. The small number of initial mesophilic microbial populations was 
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Table 4.4 Response data of the total mesophilic microbial populations in the 2w4-1
 fractional factorial experiment 

Group and Treatment Factor Factor Factor Factor pH Mesophilic Population Ratio 
Run Combination A B C D Microbial Population 

Number (105 CFU/ g wet sample ) 

Group 1 Cl 5.34 3.70 
1 (1) - - - - 5.30 3.70 1.00 
2 ad + + 3.92 3.00 0.81 

3 bd - - - + 4.01 3.30 0.89 

4 ab + + - 3.95 3.30 0.89 

Group 2 C2 5.27 3.40 

5 cd - + + 3.52 2.70 0.79 

6 ac + - + - 3.52 2.60 0.76 

7 be + + - 3.48 2.50 0.74 

8 abcd + + + + 3.41 2.30 0.68 
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Table 4.4 Response data o f the total mesophilic microbial populations in the 2 jy * fractional factorial experiment

Group and 
Run 

Number

Treatment
Combination

Factor Factor Factor Factor pH Mesophilic
A B C D Microbial Population

(10s CFU/ g wet sample)

Population Ratio

Cl
1

5.34
5.30

3.70
3.70(1) - - - - 1.00

2 ad + - - + 3.92 3.00 0.81
3 bd - - - + 4.01 3.30 0.89
4 ab + + - - 3.95 3.30 0.89

C2
5

5.27
3.52

3.40
2.70cd - - + + 0.79

6 ac + - + - 3.52 2.60 0.76
7 be - + + - 3.48 2.50 0.74
8 abed + + + + 3.41 2.30 0.68
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suppressed by thermophilic temperature (65.3 °C on day 9) during the process in R2. As 

the variations in the untreated bacterial populations and pH values were small, the 

response data are consistent and comparable in this single replicated factorial experiment. 

Because the compost samples were less acidic, the number of mesophilic microorganisms 

was generally higher on day 9 than on day 5 compared with the same acid treatment 

combinations. Mesophilic microorganisms had population ratios from 0.68 to 0.89 (68.0 

to 89.0% microbial growth) on day 9. Treatment combinations (ab), (ad), and (bd) had 

population ratios between 0.81 and 0.89 (81.0 to 89.0% microbial growth). Treatment 

combinations (ac), (bc), and (cd) had ratios between 0.74 and 0.79 (74.0 to 79.0% 

microbial growth). Treatment combination (abcd) had the smallest population ratio, 0.68 

(68.0% microbial growth). These data confirm that organic acids are more detrimental 

total mesophilic microorganisms with lower population counts rather to total 

thermophilic microorganisms in the same compost. 

4.2.4 Statistical Analysis of the 24 Full Factorial Experiment 

4.2.4.1 Total Thermophilic Microorganisms 

(1) Factor Effect Estimates, Contrasts, and Sums of Squares 

The response data of the population ratios from Table 4.1 are presented in cubic 

geometric view in Figure 4.3, and all the factor effect estimates, contrasts, and sums of 

squares, plus coefficients and percentage contributions for each response data on day 5 of 

the 24 full factorial design are summarized in Table 4.5. 

From the definition of effect estimates in the two-level factorial design, explained in 
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Factor D 

be = 0.55 

(1) = 1.00 a = 0.97 

abc = 0.68 bcd = 0.61 abcd = O. 52 

ab = 0.57 abd = 0.71 

d = 0.73 ad = 0.88 

A 

Factor C 

Factor B 

Factor A 

Figure 4.3 Cube plot of the total thermophilic-microbial population ratios in the 24 full 

factorial experiment 
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Factor D +

be = 0.55 abc = 0.68 bed = 0.61 abed = 0 .52

cd = 0.98c = 0.58
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factorial experiment
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Table 4.5 Factor effect estimates, contrasts, and sums of squares for the response of total thermophilic-microbial population 

ratio in the 24 factorial design 

Factorial Fit: Population Ratios of Total Thermophilic Microorganisms versus Acetic, Butyric, Lactic, and Propionic Acids 

Term Effect Contrast Coefficient 
Sum of 
Squares 

Percent 
Contribution 

Overall Average 0.728750 

Acetic(A) -0.042500 -0.340000 -0.021250 0.007225 1.730228 

Butyric (B) -0.160000 -1.280000 -0.080000 0.102400 24.522540 

Lactic(C) -0.145000 -1.160000 -0.072500 0.084100 20.140090 

Propionic(D) 0.062500 0.500000 0.031250 0.015625 3.741843 

Acetic*Butyric(AB) -0.015000 -0.120000 -0.007500 0.000900 0.215530 

Acetic*Lactic(AC) -0.005000 -0.040000 -0.002500 0.000100 0.023948 

Acetic*Propionic(AD) -0.022500 -0.180000 -0.011250 0.002025 0.484943 

Butyric*Lactic(BC) 0.027500 0.220000 0.013750 0.003025 0.724421 

Butyric*Propionic(BD) -0.015000 -0.120000 -0.075000 0.000900 0.215530 

Lactic*Propionic(CD) 0.080000 0.640000 0.040000 0.025600 6.130635 

Acetic*Butyric*Lactic(ABC) 0.082500 0.660000 0.041250 0.027225 6.519787 

Acetic*Butyric*Propionic(ABD) -0.035000 -0.280000 -0.017500 0.004900 1.173442 

Acetic*Lactic*Propionic(ACD) -0.065000 -0.520000 -0.032500 0.016900 4.047177 

Butyric*Lactic*Propionic(BCD) -0.177500 -1.420000 -0.088750 0.126025 30.180210 

Acetic*Butyric*Lactic*Propionic (ABCD) 0.012500 0.100000 0.006250 0.000625 0.149674 

E =0.417575 
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Chapter 3, the effect is the difference between the average responses at high and low 

levels. Most of the effect estimates shown in Table 4.5 are negative, which means that an 

increase in acid concentration from low level (0 mmol/g wet sample) to high level (0.5 

mmol/g wet sample) resulted in a decrease in the number of total thermophilic 

microorganisms. Conversely, when the effect estimates are positive, an increase in acid 

concentration level led to increased population growth. Therefore, for the main effect 

estimates, factors A, B, and C, with negative signs imply that increasing the concentration 

of acetic, butyric, or lactic acid from 0 to 0.5 mmol/g wet sample in the compost 

materials would decrease the population ratios by 0.04, 0.16, and 0.145, or by 4.00, 16.0, 

and 14.5%, respectively. Conversely, for the main effect of factor D, increasing the 

concentration of propionic acid from 0 to 0.5 mmol/g wet sample would increase the 

population ratio to 0.0625. Most interaction effect estimates are negative and small 

relative to the main effect estimates. The overall average is the grand average of the 

sixteen response data; the overall average of the total thermophilic microbial population 

ratios is 0.728750 in this design. 

The percentage contributions are a rough but effective guide to the relative importance of 

each term, computed from a proportion of the sum of squares of each term to the total 

sum of squares of all terms (SS ter /SS E terms) as percentage. Based on this, the main 

effects of B and C and the interaction effect of BCD are likely to have important impacts 

on the population ratio of total thermophilic microorganisms. Each term accounts for over 

20.0% of the total variability. For better evaluation of each factor and its interaction, a 

normal probability plot and a Pareto chart were made to discern the significant effects. 
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(2) Normal Probability Plot and Pareto Chart 

The normal probability plot and Pareto chart are given in Figures 4.4 (a) and 4.4 (b). In 

the normal probability plot, the main and interaction effects (circles) are insignificant, 

and tend to be positioned along a straight line. The main and interaction effects (squares) 

are significant and far from the straight line. In the Pareto chart, all the main and 

interaction effects of factors are presented as absolute values. If the effect estimate of a 

factor exceeds the margin of error = 0.1350, or the bar of an effect term is located across 

the given line, it is a significant effect. (PSE is the "pseudo standard error" used to 

estimate the margin of error (ME) where ME = PSE x t (2k_ 1)13 = PSE x 2.571 = 

0.0525 x 2.571 = 0.1350) 

Therefore, from Figures 4.4 (a) and 4.4(b), the main effects of factors B and C, and the 

interaction of factors BCD had significant effects on thermophilic microbial growth 

inhibition on day 5, when the pH started to decrease during the composting process in R2. 

Since the high-order term BCD is significant, the lower-order terms such as D, BC, BD, 

and CD must be examined for hierarchy in ANOVA. Thus, a hierarchical model 

consisting of terms: B, C, D, BC, BD, CD, and BCD, and a non-hierarchical model 

consisting of terms: B, C, D, and BCD, have to be developed. 

(3) Analysis of Variance 

Table 4.6 displays the ANOVA for the seven selected terms: B, C, D, BC, BD, CD, and 

BCD. In this full hierarchical model, each term has one degree of freedom, and the total 

error has eight degrees of freedom. The critical F-distribution, F0.05, 1, 8 = 5.32, is used to 
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Table 4.6 Analysis of variance for the response of total thermophilic-microbial 

population ratio (day 5) in a hierarchical model 

Analysis of Variance for Total Thermophilic Microorganisms 

Degrees of 

Source Freedom 

Sum of 

Squares 

Mean 

Square F P 

Butyric(B) 1 0.102400 0.102400 13.68 0.006 

Lactic(C) 1 0.084100 0.084100 11.23 0.010 

Propionic(D) 1 0.015625 0.015625 2.09 0.187 

Butyric*Lactic(BC) 1 0.003025 0.003025 0.40 0.543 

Butyric*Propionic(BD) 1 0.000900 0.000900 0.12 0.738 

Lactic*Propionic(CD) 1 0.025600 0.025600 3.42 0.102 

Butyric*Lactic*Propionic(BCD) 1 0.126025 0.126025 16.83 0.003 

Error 8 0.059900 0.007488 

Total 15 0.417575 

Estimated Effects and Coefficients 

microorganisms 

for population ratio of total thermophilic 

Term Effect Coefficient 

Overall Average 0.72875 

Butyric(B) -0.160000 -0.08000 

Lactic(C) -0.145000 -0.07250 

Propionic(D) 0.062500 0.03125 

Butyric*Lactic(BC) 0.027500 0.01375 

Butyric*Propionic(BD) -0.015000 -0.00750 

Lactic*Propionic(CD) 0.080000 0.04000 

Butyric*Lactic*Propionic(BCD) -0.177500 -0.08875 

The regression equation is 

Response = 0.728750 

- 0.08000 B 

- 0.07250 C 

+ 0.03125 D 
+ 0.01375 BC 

- 0.00750 BD 

+ 0.04000 CD 

- 0.08875 BCD 

Standard Deviation = 0.0865303 

Standard Error (S.E.) = 0.02163 

R
2 

0.8566 

R adjusted = 0.7310 

PRESS = 0.24 

,2 
prediction = 0.4262 
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population ratio (day 5) in a hierarchical model

Analysis of Variance for Total Thermophilic Microorganisms

Degrees of Sum of Mean
Source Freedom Squares Square F P

Butyric(B) 1 0 .102400 0 .102400 13 .68 0.006
Lactic(C) 1 0 .084100 0 .084100 11.23 0.010
Propionic(D) 1 0.015625 0.015625 2 .09 0.187
Butyric*Lactic(BC) 1 0 . 003025 0.003025 0.40 0 .543
Butyric*Propionic(BD) 1 0.000900 0.000900 0.12 0.738
Lactic*Propionic(CD) 1 0.025600 0.025600 3 .42 0.102
Butyric*Lactic*Propionic(BCD) 1 0.126025 0.126025 16.83 0.003
Error 8 0.059900 0.007488
Total 15 0.417575

Estimated Effects and Coefficients for population ratio of total thermophilic 
microorganisms

Term
Overall Average 
Butyric(B)
Lactic(C)
Propionic(D)
Butyric*Lactic(BC) 
Butyric*Propionic(BD) 
Lactic*Propionic(CD) 
Butyric*Lactic*Propionic(BCD)

The regression equation is
Response = 0.728750

- 0.08000 B
- 0.07250 C 
+ 0.03125 D 
+ 0.01375 BC
- 0.00750 BD 
+ 0.04000 CD
- 0.08875 BCD

Standard Deviation = 0 . 0 8 6 5 3 0 3  

S ta n d a r d  E r r o r  ( S . E . )  = 0 . 0 2 1 6 3  

R2 = 0 . 8 5 6 6

^ adjusted -  0 . 7 3 1 0

PRESS = 0 . 2 4
2

^ prediction = 0 . 4 2  62
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Effect

-0.160000 
-0.145000 
0.062500 
0 . 027500 
-0 . 015000 
0.080000 
-0.177500

Coefficient
0 . 72875 
-0.08000 
-0 . 07250 
0.03125 
0 . 01375 

-0 . 00750 
0 . 04000 

-0.08875
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test the hypotheses when a = 0.05: 

HO. 01 — 02 — 03 — 012 — 013 — 023 — 0123 = 0 

H1: at least one 0* 0 

where 01, 025 035 0125 0135 023, and 0123 represent B, C , D, BC, BD, CD and BCD, 

respectively. 

(4.1) 

Compared to Fo of each term, the terms B, C, and BCD have the Fo greater than F0.05, 1,8. 

In addition, they all have p < 0.05; hence, single B, C, and BCD are considered to have 

significant effects. Within these, the term interaction BCD has the largest mean square 

and F-value, suggesting that it is the most important variable affecting the growth of 

thermophilic bacteria in this design. The terms single B and C are the second and third 

most important variables, respectively. Table 4.6 displays the coefficients of the terms, 

which are half of the effect estimates. 

For the non-hierarchical model, because the high-order term interaction BCD is 

significant, the lower-order term single D has to be included in a regression model, 

although the main effect of D is insignificant. As factor D has an effect on the interaction 

BCD, where the main effect of D depends upon the levels of factor B and C ( as in 

Chapter 3), the non-hierarchical regression model composed of terms B, C, D, and BCD 

was developed to analyze the model variability (Table 4.7). The other insignificant terms, 

such as BC, BD, and CD, were neglected and computed as lack of fit error in this non-

hierarchical model analysis. In Table 4.7, each term has one degree of freedom, and the 

total error has eleven degrees of freedom. The critical F-distribution, F0.05, 1, 11 = 4.84, is 
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Table 4.7 Analysis of variance for the response of thermophilic-microbial population 

ratio (day 5) in a non-hierarchical model 

Analysis of Variance for Total Thermophilic Microorganisms 

Degrees of 
Source Freedom 

Sum of 

Squares 

Mean 

Square 

Butyric(B) 1 0.102400 0.102400 13.68 0.006 

Lactic(C) 1 0.084100 0.084100 11.23 0.010 
Propionic(D) 1 0.015625 0.015625 2.09 0.187 

Butyric*Lactic*Propionic(BCD) 1 0.126025 0.126025 15.50 0.002 

Residual Error 11 0.089430 0.008130 

Lack of Fit 3 0.029530 0.009842 1.31 0.335 

Pure Error 8 0.059900 0.007488 

Total 15 0.417575 

Estimated Effects and Coefficients for population ratio of total thermophilic 

microorganisms 

Term Effect Coefficient 

Overall Average 0.72875 

Butyric(B) -0.16000 -0.08000 

Lactic(C) -0.14500 -0.07250 

Propionic (p) 0.06250 0.03125 

Butyric*Lactic*Propionic (BCD) -0.17750 -0.08875 

The regression equation is 

Response = 0.728750 

- 0.08000 B 

- 0.07250 C 

+ 0.03125 D 

- 0.08875 BCD 

Standard Deviation = 0.0901640 

Standard Error = 0.02254 

R2 = 0.7858 

E2adjusted = 0.7080 

PRESS = 0.19 

R2prodiction = 0.5469 
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Table 4.7 Analysis of variance for the response of thermophilic-microbial population

ratio (day 5) in a non-hierarchical model

Analysis of Variance for Total Thermophilic Microorganisms

Source
Degrees of 
Freedom

Sum of 
Squares

Mean
Square F P

Butyric(B) 1 0 .102400 0.102400 13 .68 0.006
Lactic(C) 1 0 .084100 0 .084100 11.23 0 .010
Propionic(D) 1 0.015625 0 . 015625 2 .09 0.187
Butyric*Lactic*Propionic(BCD) 1 0.126025 0 .126025 15.50 0.002
Residual Error 11 0 . 089430 0.008130

Lack of Fit 3 0.029530 0.009842 1.31 0.335
Pure Error 8 0.059900 0 . 007488

Total 15 0 .417575

Estimated Effects and Coefficients for population ratio of total thermophilic 
microorganisms

Coefficient
0 . 72875 

-0.08000 
-0.07250 
0.03125 

-0.08875

The regression equation is
Response = 0.728750

- 0.08000 B
- 0.07250 C 
+ 0.03125 D
- 0.08875 BCD

Standard Deviation = 0.0901640
Standard Error = 0.02254
R2 = 0 . 7 8 5 8

^adjus ted = 0 . 7  080

PRESS = 0.19
^  prediction = 0 . 5 4 6 9

Term
Overall Average 
Butyric(B)
Lactic(C)
Propionic (D) 
Butyric*Lactic*Propionic (BCD)

Effect

-0.16000 
-0.14500 
0 . 06250 
-0 .17750
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used to test the hypotheses when a = 0.05: 

Ho: 01 — 02 — 13 3 — /3 123 = 0 

H1: at least one (3 # 0 (4.2) 

where 01,132, 03, and 0123 represent B, C , D, and BCD, respectively. 

Compared to Fo, terms B, C, and BCD are confirmed to have significant effects, as in the 

results analyzed previously in Table 4.6. 

Based on the regression statistics in Tables 4.6 and 4.7, the proportion of total variability 

(R2 = 0.7858) and adjusted R-square (R2adjusted = 0.7080) in the non-hierarchical model 

are smaller than in the hierarchical model (R2 = 0.8566 and R2adjusted = 0.7310). The 

standard deviation and error for the non-hierarchical model (S.D. = 0.090; S.E. r=-,' 0.023) 

and the hierarchical model (S.D. = 0.087; S.E. r=,' 0.022) are almost the same. Although 

the hierarchical model has a desirable R2 to explain larger data variability, the predicted 

error sum of squares in the non-hierarchical model (PRESS = 0.19) is considerably 

smaller than in the hierarchical model (PRESS = 0.24), indicating that the non-

hierarchical model is likely to be a good predictor with a smaller error when predicting 

the data. Since the smaller PRESS leads to a larger R2prediction, the non-hierarchical model 

would explain 54.69% of variability in new data, while the hierarchical model with a 

smaller R2prediction would explain only 42.62% of variability. From these regression 

statistics, dropping insignificant terms, such as BC, BD, and CD, in the non-hierarchical 

model is likely to be more effective as a predictor of new data than the hierarchical model. 
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smaller than in the hierarchical model (PRESS = 0.24), indicating that the non- 
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statistics, dropping insignificant terms, such as BC, BD, and CD, in the non-hierarchical 

model is likely to be more effective as a predictor o f new data than the hierarchical model.
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(4) Fitted and Refined Regression Model 

Since the non-hierarchical model is a good predictor, it was chosen as a fitted model to 

predict the yield of the thermophilic bacterial population ratio in Equation (4.3): 

A A A A A A 

x1 + 2 +133 x3+13123 X1X 2X 3 

= 
0.72875+(-0.160001x1+

(-0.2 2 2 

1450)x2+(0.06250)x3+(-0.17750)
x 1x 2 X 3 

= 0.72875-0.0800x, —0.07250x 2 +0.03125x 3 —0.08875x ix 2x 3 (4.3) 

A A 

where y is the predicted (or fitted) surviving thermophilic bacteria population ratio; 13 0

A A A A 

is the grand average of all sixteen observations in response; p 1 , 13 2, 13 3 , and (3123 are 

half of the corresponding effect estimates of B,C,D, and BCD, respectively; x1, x2, x3, and 

xi x2 x3 are coded variables representing factors B (butyric acid), C (lactic acid), D 

(propionic acid), and BCD (the interaction of butyric, lactic, and propionic acids), 

respectively. These variables can be substituted by values ranging from -1 to +1 to 

compute the yield. 

(5) Residuals and Model Adequacy Checking 

To check for the adequacy of the refined model, residual analysis was done as a 

diagnostic check, and the values of the response (y), fitted yield ( °y ), residual (e), and 

standardized residuals are summarized in Table 4.8. The residual (e) is the difference 

A 

between the response data and the fitted yield computed by e = y - y . Figures 4.5(a) and 

4.5(b) present a normal probability plot of these residuals and a plot of the residuals 

versus the predicted (fitted) yield. From the normal probability plot, the residuals are 
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positioned reasonably close to a straight line, indicating that there is no violation of the 

normality assumption in this model. The plot of residuals versus the fitted values reveals 

no obvious pattern or unusual structure. Therefore, the model is adequate and the 

assumption of normality is satisfied. Moreover, in the column of standardized residuals 

(Table 4.8), the standard deviations of all residuals fall within ±2, and the maximum 

deviation is about -1.8. Since there is no indication of any potential outliers (with a 

standard deviation > 3 or 4 from zero), there is no concern about the adequacy of the 

model (Montgomery 2001). Based on the results of residual analysis, it can be concluded 

that the non-hierarchical model with significant terms B, C, and BCD plus the term D, is 

valid for model accuracy and assumptions. 

(6) Result Interpretations 

Figure 4.6 shows the plots of the three main effects, B, C, and D, obtained from the fitted 

regression model. From Equation (4.3), when the levels of single factors B, C, and D 

change from low (-1) to high levels (+1), or when the acid concentration is changed from 

0 to 0.5 mmol/g, the average population ratio of the total thermophilic microorganisms 

changes according to the following equations: 

A 

For butyric acid alone: y= 0.72875 — 0.08000 xi (4.4) 

A 

For lactic acid alone: y = 0.72875 — 0.07250 x2 (4.5) 

A 

For propionic acid alone: y = 0.72875 + 0.03125 x3 (4.6) 
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Table 4.8 Residual analysis for the response of total thermophilic-microbial population 

ratio (day 5) 

Observation Response Fit Residual Standard Residual 

1 1.0000 0.9388 0.0612 0.82 

2 0.9700 0.9388 0.0312 0.42 

3 0.7000 0.6013 0.0987 1.32 

4 0.5700 0.6013 -0.0313 -0.42 

5 0.5800 0.6163 -0.0363 -0.48 

6 0.5300 0.6163 -0.0863 -1.15 

7 0.5500 0.6338 -0.0838 -1.12 

8 0.6800 0.6338 0.0463 0.62 
9 0.7300 0.8238 -0.0938 -1.25 

10 0.8800 0.8238 0.0562 0.75 

11 0.8500 0.8413 0.0088 0.12 

12 0.7100 0.8413 -0.1312 -1.76 

13 0.9800 0.8563 0.1237 1.66 

14 0.8000 0.8563 -0.0563 -0.75 

15 0.6100 0.5187 0.0913 1.22 

16 0.5200 0.5187 0.0013 0.02 

S.E. of Fit = 0.0504 
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Figure 4.5 (a) Normal probability plot of residuals for the response of total thermophilic-

microbial population ratio and (b) residual plot of residuals versus fitted values 

103 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

R
es

id
ua

l 
Pe

rc
en

t

(a) Normal Probability Plot of the Residuals
99

95 
90
80 
70 
60 
50 
40 
30 
20

10 

5

1

(b) Residuals Versus Fitted Values

0 . 10 - 

0.05- 

0 .00 - 

-0 .05- 

- 0 . 10 - 

-0 .15-
0.5 0.6 0.7 0.8 0.9 1.0

Fitted Value

Figure 4.5 (a) Normal probability plot o f residuals for the response o f total thermophilic- 

microbial population ratio and (b) residual plot o f residuals versus fitted values

103

- 0.2 0.1 0.0 0.1 0.2
Residual

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Main Effect Plots (data means) 
A

ve
ra

g
e

 P
o

p
u

la
tio

n
 R

a
tio

 
A

ve
ra

g
e

 P
o
p
u
la

tio
n
 R

a
tio

 

0.825 

0.800 

0.775 

0.750 

0.725 

0.700 

0.675 

0.650 

0.825 

0.800 

0.775 

0.750 

0.725 

0.700 

0.675 

0.650 

Butyric Lactic 

0.80875 
0.80125 

\ 

.64875 0.65625 

-1 

Propionic 

1 

0.6975 

0.7600 

-1 1 

1 

Figure 4.6 Main effect plots of average thermophilic-microbial population ratios in 

butyric, lactic, and propionic acids 

104 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

Main Effect Plots (data means)
B utyric Lactic

0 .825-
0.80875

0 .800- 0.80125

c 0 .775-

■S 0 .750-

& 0 .725-

2 0 .700-

0 .675-

0.656250 .650- .64875

1 1 1 1

Propionic

0.825-

& 0.800-

c
.2
4-> 0.775-
is
2 0.750- 
o
“■ 0.725-

0.7600

v
reu« 0.700- 
>
<  0.675- 0.6975

0.650-

1 1

Figure 4.6 Main effect plots o f average thermophilic-microbial population ratios in 

butyric, lactic, and propionic acids

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.6 shows that increasing the concentration of butyric or lactic acid alone results in 

the average population ratio decreasing from about 0.80 to 0.65, or from 80.0 to 65.0% in 

the total microbial population. In other words, approximately 15.0% (65.0% subtracted 

from 80.0%) of the total microbial population is inhibited if the concentration of butyric 

or lactic acid is increased. In contrast, increasing the concentration of propionic acid 

increases the average population ratio from 0.70 to 0.76, or from 70.0 to 76.0% in the 

total microbial population. 6.00% (70.0% subtracted from 76.0%) of the total microbial 

population is increased when the concentration of propionic acid is increased. In general, 

the effect of propionic acid alone is small on the average population ratio, compared with 

the effects of butyric or lactic acid alone. 

Figures 4.7 to 4.9 show response surface plots and contour plots for the average 

thermophilic-microbial population ratio when the concentration of butyric, lactic, or 

propionic acid alone, is 0.5 mmol/g wet sample at the high level (xi = +1, x2 = +1, and x3

= +1). Referring to Equation (4.3), the response surfaces and contour lines for the overall 

average population ratio are generated from the following equations: 

A 

y = 0.64875 - 0.0725 x2 + 0.03125 x3 - 0.08875 x2 x3 when x1 = +1 (4.7) 

A 

y = 0.65625 - 0.0800 xi + 0.03125 x3 - 0.08875 x1 x3 when x2 = +1 (4.8) 

A 

y = 0.76000 - 0.0800 x1 - 0.07250 x2 - 0.08875 x1 x2 when x3 = +1 (4.9) 

Figure 4.7 (a) shows that when the concentration of butyric acid is fixed at a high level 

(x1 = +1), the plane of the response surface is twisted. The surface plane slopes download 
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from one of the end points when x2 = -1 and x3 = +1, with the highest yield of y = 0.84, to 

the three other end points, among which the point when x2 and x3 = +1 gives the lowest 

yield of y = 0.52. In Figure 4.7 (b), the contour lines of the total microbial population 

ratio are curved and are functions of x2 and x3. This plot shows that if the population ratio 

of thermophilic microorganisms is to be as high as possible in the presence of butyric, 

lactic, or propionic acid, x2 should be kept low and x3 should be kept high. When x2 is 

less than -0.75 (or the concentration of butyric acid is smaller than 0.0625 mmol/g wet 

sample) and the level of x3 is greater than 0.65 (or the concentration of propionic acid is 

greater than 0.4125 mmol/g wet sample), a total microbial population ratio of over 0.80 

will be obtained in this model analysis. 

When the concentration of lactic acid is fixed at a high level (x2 = +1), the response 

surface plane, contour lines, and response values in functions of x2 and x3 (Figures 4.8 (a) 

to 4.8 (b)) are almost the same as in Figures 4.7 (a) to 4.7 (b). The highest and lowest 

yields of y are 0.86 and 0.52, respectively. The surface response and the contour plots 

indicate that an increasing population ratio occurs if x1 is kept low and x3 is kept high. A 

maximum population ratio over 0.80 can be obtained when x1 is smaller than -0.60 (or the 

concentration of lactic acid is smaller than 0.10 mmol/g wet sample) and x3 is over 0.50 

(or the concentration of propionic acid is greater than 0.375 mmol/g wet sample). 

In Figures 4.9 (a) to 4.9 (b), the direction of the twisted response surface plane and the 

curved contour lines differ from those in Figures 4.7 and 4.8. When the concentration of 

propionic acid is fixed at a high level (x3 = +1), y increases when either x1 or x2 is low, or 
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both x1 and x2 are low. The highest and lowest yields of y are 0.86 and 0.52, respectively. 

In Figure 4.9 (b), a maximum population ratio over 0.80 can be obtained if x1 is smaller 

than -0.60 (or the concentration of butyric acid is smaller than 0.10 mmol/g wet sample) 

and x3 is larger than 0.70 (or the concentration of lactic acid is greater than 0.425 mmol/g 

wet sample) in this model analysis. 

In general, under the day-5 environmental conditions, with a temperature of 62.8 °C and 

pH = 4.84 at the beginning of the thermophilic stage, if a maximum thermophilic 

microbial population ratio is desired when butyric, lactic, or propionic acid are present in 

the compost material, the concentration of propionic acid has to be maintained at a high 

level (0.5 mmol/g wet sample), with the pH at 3.98 in the compost, and the 

concentrations of butyric acid or lactic acid have to be maintained at a low level 

(0 mmol/g wet sample) in the compost, which has the pH around 4.71 to 4.84. 

4.2.4.2 Total Mesophilic Microorganisms 

(1) Factor Effect Estimates, Contrasts, and Sums of Squares 

The cubic geometric view of the total mesophilic microbial population ratios in cube plot 

is shown in Figure 4.10. The summary of effect estimates, contrasts, sums of squares, 

coefficients, and percentage contributions for each term are given in Table 4.9. Most 

terms have negative effect estimates, and the terms A and CD contribute a high 

percentage of total variability (35.2% and 16.2%, respectively) and are likely to have an 

important effect. However, this must be confirmed by a normal probability plot and a 

Pareto chart in the next step. The overall average of the total mesophilic microbial 
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Table 4.9 Factor effect estimates, contrasts, and sums of squares for the response of total mesophilic-microbial population 

ratio in the 2 41v-i factorial design 

Factorial Fit: Population Ratios of Total Mesophilic Microorganisms versus Acetic, Butyric, Lactic, and Propionic Acids 

Term Effect Contrast Coefficient 
Sum of 
Squares 

Percent 
Contribution 

Overall Average 0.646875 

Acetic (A) -0.296200 -2.369600 -0.148100 0.351056 35.149848 

Butyric(B) 0.023700 0.189600 0.011850 0.002256 0.225884 

Lactic (C) -0.148700 -1.189600 0.074350 0.088506 8.861730 

Propionic(D) 0.133800 1.070400 0.066900 0.071556 7.164599 

Acetic*Butyric(AB) -0.026300 -0.210400 -0.013150 0.002756 0.275947 

Acetic*Lactic (AC) 0.146300 1.170400 0.073150 0.085556 8.566359 

Acetic*Propionic(AD) -0.091300 -0.730400 -0.045650 0.033306 3.310158 

Butyric*Lactic(BC) 0.071300 0.570400 0.035650 0.020306 2.033154 

Butyric*Propionic(BD) -0.091300 0.730400 -0.045650 0.033306 3.334788 

Lactic*Propionic(CD) 0.201300 1.610400 0.100650 0.162006 16.220974 

Acetic*Butyric*Lactic (ABC) -0.073800 -0.590400 -0.036900 0.021756 2.178336 

Acetic*Butyric*Propionic(ABD) -0.096300 -0.770400 -0.048150 0.037056 3.710260 

Acetic*Lactic*Propionic(ACD) 0.001300 0.010400 0.000650 0.000006 0.000060 

Butyric*Lactic*Propionic(BCD) -0.123700 -0.989600 -0.061850 0.061256 6.133303 

Acetic*Butyric*Lactic*Propionic(ABCD) -0.083800 -0.670400 -0.041920 0.028056 2.809128 

E =0.998744 
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population ratios is 0.646875, which is much smaller than the overall average of the total 

thermophilic microbial population ratios (0.728750). 

(2) Normal Probability Plot and Pareto Chart 

The normal probability plot and Pareto chart of the effects are shown in Figures 4.11 (a) 

and 4.11 (b). No significant effects emerged in this graphical analysis when a = 0.5. All 

effects tend to fall along the straight line in the normal probability plot and do not exceed 

a margin of error = 0.3518 (= PSE x t (2 k _ 1)13 = 0.136875 x 2.571) in the Pareto chart. 

This means that any main effects or interaction of the factors do not have a serious impact 

on mesophilic bacterial growth inhibition. With no significant effects detected in this 

graphical analysis, all of the effects are negligible in the ANOVA; as a result, no F-

distribution values are available in the ANOVA and no further statistical analysis or 

interpretation can be made. The general results on the inhibitory effects of organic acids 

on total thermophilic and mesophilic microorganisms on day 5 are discussed later. 

4.2.5 Statistical Analysis of the 2 Fractional Factorial Experiment 

4.2.5.1 Total Thermophilic Microorganisms 

(1) Factor Effect Estimates, Contrasts, and Sums of Squares 

Figure 4.12 shows the geometric view of a single replicate (n = 1) of eight response data 

for the thermophilic microorganisms on day 9. The summary calculations for all terms, 

including coefficients, percentage contribution of variance, and the alias structure (D = 

+ABC, as described in Chapter 3) of this fractional factorial design are displayed in Table 

4.10. 
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+ABC, as described in Chapter 3) of this fractional factorial design are displayed in Table 

4.10.
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Table 4.10 Factor effect estimates, contrasts, and sums of squares for the response of total thermophilic-microbial population 

ratio in the 214v-1 factorial design 

Factorial Fit: Population Ratios of Total Thermophilic Microorganisms versus Acetic, Butyric, Lactic, and Propionic Acids 

Term Effect Contrast Coefficient 
Sum of 
Squares 

Percent 
Contribution 

Overall Average 0.961250 

Acetic (A) -0.182500 -0.730000 -0.091250 0.066613 44.848783 

Butyric(B) 0.122500 0.500000 0.061250 0.031250 21.039804 

Lactic (C) -0.082500 -0.330000 -0.041250 0.013613 9.165275 

Propionic(D) -0.057500 -0.230000 -0.028750 0.006613 4.452359 

Acetcic*Butyric(AB) -0.102500 -0.410000 -0.051250 0.021013 14.147501 

Acetic*Lactic(AC) -0.057500 -0.230000 -0.028750 0.006613 4.452359 

Acetic*Propionic(AD) 0.037500 0.150000 0.018750 0.002813 1.893919 

E =0.148528 

Alias Structure 

Design Generators: D = ABC 

I + Acetic*Butyric*Lactic*Propionic (I + ABCD) 

Acetic + Butyric*Lactic*Propionic 

Butyric + Acetic*Lactic*Propionic 

Lactic + Acetic*Butyric*Propionic 

Propionic + Acetic*Butyric*Lactic 

Acetic*Butyric + Lactic*Propionic 

Acetic*Lactic + Butyric*Propionic 

Acetic*Propionic + Butyric*Lactic 

(A + BCD) 

(B + ACD) 

(C + ABD) 

(D + ABC) 

(AB + CD) 

(AC + BD) 

(AD + BC) 
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Factorial Fit: Population Ratios of Total Thermophilic Microorganisms versus Acetic, Butyric, Lactic, and Propionic Acids

Term Effect Contrast Coefficient
Sum of 
Squares

Percent
Contribution
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Acetic(A) -0.182500 -0 . 730000 -0.091250 0 . 066613 44.848783
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Alias Structure
Design Generators: D = ABC

I + Acetic*Butyric*Lactic*Propionic (I + ABCD)

Acetic + Butyric*Lactic*Propionic (A + BCD)
Butyric + Acetic*Lactic*Propionic (B + ACD)
Lactic + Acetic*Butyric*Propionic (C + ABD)
Propionic + Acetic*Butyric*Lactic (D + ABC)
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Acetic*Lactic + Butyric*Propionic (AC + BD)
Acetic*Propionic + Butyric*Lactic (AD + BC)
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Table 4.10 shows that just two terms have positive factor estimates. The aliased terms: A 

+ BCD, B + ACD, and AB + CD have a considerable percentage contribution to the total 

variability. All of these terms need to be incorporated in the normal probability plot and 

Pareto chart for statistical confirmation in the next step. The overall average of total 

thermophilic microbial population ratios on day 9 is 0.961250. 

(2) Normal Probability Plot and Pareto Chart 

From the normal probability plot and Pareto chart in Figures 4.13 (a) and 4.13 (b), no 

significant effects are detected at a = 0.5. In the normal probability plot, effect estimates 

nearly fall along the straight line and are approximately equal to zero. In addition, all 

effects have large distances from the margin of error = 0.4658 in the Pareto chart (ME = 

PSE x t 
(2

k _I
- 1) / 3

= 0.12375 x 3.764). Therefore, there are no significant effects of any 

acid alone or the interaction of organic acids on total thermophilic microbial growth 

inhibition on day 9, when the pH started to increase during the composting process in R2. 

Since all effects can be neglected as errors in ANOVA, no further statistical interpretation 

will be done. 

4.2.5.2 Total Mesophilic Microorganisms 

(1) Factor Effect Estimates, Contrasts, and Sums of Squares 

The cubic geometric view of the eight response data for the mesophilic microorganisms 

on day 9 are given in Figure 4.14, and by the same calculations described in the previous 

sub-section, the summary of all effect estimates, contrasts, sums of squares, coefficients, 

and percentage contributions are given in Table 4.11. Only two terms have positive signs, 
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Table 4.11 Factor effect estimates, contrasts, and sums of squares for the response of total mesophilic-microbial population 

ratio in the 2 4/v-1 factorial design 

Factorial Fit: Population Ratios of Total Mesophilic Microorganisms versus Acetic, Butyric, Lactic, and Propionic Acids 

Term Effect Contrast Coefficient 
Sum of 
Squares 

Percent 
Contribution 

Overall Average 0.820000 

Acetic(A) -0.070000 -0.280000 -0.035000 0.009800 13.461538 

Butyric(B) -0.040000 -0.160000 -0.020000 0.003200 4.395604 

Lactic(C) -0.155000 -0.620000 -0.075700 0.048050 66.002747 

Propionic(D) -0.055000 -0.220000 -0.027500 0.006050 8.310440 

Acetic*Butyric(AB) 0.040000 0.160000 0.020000 0.003200 4.395604 

Acetic*Lactic(AC) 0.025000 0.100000 0.012500 0.001250 1.717033 

Acetic*Propionic(AD) -0.025000 -0.100000 -0.012500 0.001250 1.717033 

E =0.072800 

Alias Structure 

Design Generators: D = ABC 

I + Acetic*Butyric*Lactic*Propionic (I + ABCD) 

Acetic + Butyric*Lactic*Propionic 

Butyric + Acetic*Lactic*Propionic 

Lactic + Acetic*Butyric*Propionic 

Propionic + Acetic*Butyric*Lactic 

Acetic*Butyric + Lactic*Propionic 

Acetic*Lactic + Butyric*Propionic 

Acetic*Propionic + Butyric*Lactic 

(A + BCD) 

(B + ACD) 

(C + ABD) 

(D + ABC) 

(AB + CD) 

(AC + BD) 

(AD + BC) 
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Table 4.11 Factor effect estimates, contrasts, and sums o f squares for the response o f total mesophilic-microbial population

ratio in the 2^v' factorial design

Factorial Fit: Population Ratios of Total Mesophilic Microorganisms versus Acetic, Butyric, Lactic, and Propionic Acids

Term Effect Contrast Coefficient
Sum of 
Squares

Percent
Contribution

Overall Average 0 . 820000
Acetic(A) 0 . 070000 -0.280000 -0 . 035000 0.009800 13 .461538
Butyric(B) 0 . 040000 -0.160000 -0 . 020000 0.003200 4 .395604
Lactic(C) 0 . 155000 -0.620000 -0.075700 0 . 048050 66 . 002747
Propionic(D) 0.055000 -0.220000 -0 . 027500 0.006050 8.310440
Acetic*Butyric(AB) 0.040000 0.160000 0 . 020000 0.003200 4.395604
Acetic*Lactic(AC) 0.025000 0.100000 0 . 012500 0.001250 1.717033
Acetic*Propionic(AD) 0.025000 -0.100000 -0.012500 0.001250 1. 717033

£ =0.072800

Alias Structure
Design Generators: D = ABC

I + Acetic*Butyric*Lactic*Propionic (I + ABCD)

Acetic + Butyric*Lactic ♦Propionic (A + BCD)
Butyric + Acetic*Lactic ♦Propionic (B + ACD)
Lactic + Acetic*Butyric ♦Propionic (C + ABD)
Propionic + Acetic*Butyric*Lactic (D + ABC)
Acetic*Butyric + Lactic ♦Propionic (AB + CD)
Acetic*Lactic + Butyric ♦Propionic (AC + BD)
Acetic*Propionic + Butyric*Lactic (AD + BC)
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the term C appears to contribute the greatest percentage total variability, and is likely to 

have an important effect. The overall average of total mesophilic microbial population 

ratios is 0.820000, which is smaller than the overall average of total thermophilic 

microbial population ratios (0.961250) on day 9. 

(2) Normal Probability Plot and Pareto Chart 

From the normal probability plot and Pareto chart of effects in Figures 4.15 (a) and 

4.15 (b), no significant effects emerge at a = 0.5. All effects tend to lie along the line in 

the normal probability plot and no effects exceed the margin of error = 0.2258 (= PSE x 

t (2 k - 1 
- 1) / 3 

= 0.06 x 3.764) in the Pareto chart. Once again, none of the main or 

interactions of organic acids has significant effects on total mesophilic microbial growth 

inhibition on day 9. Therefore, no further ANOVA and statistical analysis will be done. 

The general results for total thermophilic and mesophilic microorganisms on day 9 are 

discussed in the following section. 

4.2.6 Comparisons of the Effects of Organic Acids on Microbial Growth Inhibition 

for Two Experimental Days/Conditions 

The following observations are based on the above four statistical analyses for total 

thermophilic and mesophilic microorganisms on two different experimental days of the 

thermophilic stage: day 5 when the pH started to decrease in the compost material (pH = 

4.84, T = 62.8 °C), and day 9 when the pH subsequently increased (pH = 5.34, T = 

65.3 °C): 
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• The single factors B (butyric acid) and C (lactic acid), and the interaction factor BCD 

(butyric, lactic, and propionic acids) significantly inhibited the growth of total 

thermophilic microorganisms on day 5, when a = 0.05. From Equation (4.3), if the 

population ratio of thermophilic microorganisms is not to decrease, the concentration 

of butyric or lactic acid in the compost material must be limited to close to zero, or 

the pH has to be limited about 4.71 to 4.84 in the compost (referred to Table 4.1), 

while the concentration of propionic acid can be up to 0.5 mmol/g wet sample with 

the pH = 3.98 in the compost (referred to Table 4.1). 

• No factor of any acid significantly inhibited the growth of total mesophilic 

microorganisms on day 5, when a = 0.05. However, total mesophilic microorganisms 

had the lowest overall average population ratios in the acid treatments (,z 0.65). 

• No factor of any acid significantly inhibited the growth of total thermophilic and 

mesophilic microorganisms on day 9, when a = 0.05. 

• Comparing the overall average population ratios of total thermophilic and mesophilic 

microorganisms for the two experimental days/conditions, total thermophilic 

microorganisms had higher overall average population ratios (,=', 0.73 and 0.96 on days 

5 and 9, respectively) than total mesophilic microorganisms 0.65 and 0.82 on days 

5 and 9, respectively). 

• Because the pH of the compost increased from day 5 to day 9 during the composting 
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process (from 4.84 to 5.34), total thermophilic and mesophilic microorganisms had 

higher overall average population ratios on day 9 than on day 5. 

From these observations, it can be seen that the inhibitory effects of single or interactions 

of acetic, butyric, lactic, and propionic acids on the growth of composting 

microorganisms differed for the two types of thermophiles and mesophiles, and the two 

experimental days/conditions. The thermophilic microorganisms were less severely 

inhibited than the mesophilic microorganisms by the organic acids under the combined 

conditions of acidic pH and thermophilic temperatures. As the composting environment 

had the pH increased from day 5 to day 9 of the process, both total mesophilic and 

thermophilic microorganisms were less inhibited on day 9, which implies that the 

inhibitory effects of acids on microbial growth are reduced if pH increases after the initial 

stage of composting. 

The response data on days 5 and 9 show that total thermophilic microorganisms were 

likely stimulated by thermophilic temperatures during composting process, in which 

thermophilic microorganisms positioned in their active growth phase with the high 

population numbers in the compost (at the levels of 107 and 109). After the additions of 

acid(s), thermophilic microorganisms encountered greater acid tolerance and less severe 

growth inhibition, with higher overall average population ratios in acidic treatments. 

Conversely, the inactive growth of total mesophilic microorganisms under thermophilic 

temperatures with the small population numbers in compost (at the level of 105). This 

situation led them to have weaker acid tolerance and more severe growth inhibition in 
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acidic treatments, resulting in lower overall average population ratios. These findings 

indicate that the responses of mesophilic and thermophilic microorganisms to organic 

acids can be influenced by the phase of microbial growth and the composting 

environment. Therefore, the effect of organic acids is dependent not only on pH, acid 

type, acid concentration (Sundberg and Jonsson 2005) but also on the complex 

composting environment and microbial conditions, such as composting temperature, 

growth phase, and the existing number of population. 

There were differences between the statistical and experimental data in the second 

observation: in the statistical analysis, none of the acids exhibited significant inhibitory 

effects on mesophilic microorganisms on day 5, but the experimental data show that 

mesophilic microorganisms had the lowest overall average population ratio. The reasons 

for this finding are unclear; however, it is possible that the poor growth of mesophilic 

microorganisms in the compost samples on day 5 was not because of the factors of acetic, 

butyric, lactic, or propionic acid, but instead resulted from additional factors that were not 

considered in this factorial experiment. Possible additional factors, such as temperature, 

microbial growth phase, and population, should be investigated in future factorial 

experiments to obtain in-depth information on microbial growth inhibition in the initial 

stages of composting. 

In general, the method used to investigate the number of treated microbial populations by 

acidifying small samples of compost materials in strictly regulated experimental 

preparations and conditions was found to function well in this study. The results for the 
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untreated microbial populations and pH values in various control samples in different 

groups were found similar in two factorial experiments, indicating that the preparation 

procedures gave representative compost samples. The single replicated response data 

gave acceptable results for the growth of microbial populations in the compost samples, 

and allowed informative statistical analysis to compare microbial growth inhibition on 

different experimental days and under different acidic and temperature conditions. 

One advantage of employing small extracted samples and statistical factorial designs is 

that this allows immediate investigation of the degree of microbial growth inhibition by 

different acids in single or in different order interactions during experimentation. This can 

provide immediate insight into the dynamics of the microbial response in the presence of 

different organic acids during composting. In addition, the use of the same compost 

materials to investigate thermophilic and mesophilic microorganisms allows direct 

comparisons of the differences in their responses to the same added acid(s) in the 

treatments under constant microenvironmental condition. 

The non-hierarchical regression model, with R2 = 0.7858 and adjusted R2 = 0.7080, 

presents valuable information and empirical data to elucidate how butyric or lactic acid 

alone, and the interactions of butyric, lactic, and propionic acid affect bacterial population 

ratios. It would be useful to know whether this model can correctly predict population 

ratios when these toxic acids are present in compost in real practice. The potential uses of 

model prediction and interpretation will be informative and effective for preventing low 

microbial populations and activity at the initial stages of composting; 
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thus, this suggests that the model should be validated in future studies, even though 

investigating microbial growth in response is highly challenging and complex. 

4.3 Experiment II(b) 

4.3.1 Response Data of Total Microbial Populations with Alkali Treatments 

4.3.1.1 Day 5 

Table 4.12 summarizes the response data for thermophilic and mesophilic populations of 

total microorganisms under different alkali treatments on day 5. In the blank (control) 

treatment, a replica of the treatment combination with all four acids together (abcd), the 

pH was 3.15 and the initial numbers of thermophilic and mesophilic microbial 

populations were 3.70 x 107 and 2.30 x 105 CFU/g wet sample, respectively. These two 

microbial populations and the pH value in this blank treatment were similar to the 

original treatment combination (abcd) in the 24 full factorial experiment (referred to 

Tables 4.1 and 4.2), in which the pH was 3.15, and the initial thermophilic and 

mesophilic populations were 3.40 x 107 and 2.10 x 105 CFU/g wet sample, respectively. 

After the addition of different alkalis to the compost samples, the pH increased and varied 

between 4.59 and 5.73. Among the four alkalis, Ca(OH)2 raised the alkalinity the most, to 

pH = 5.73; K3PO4 and Na2(CO3) resulted in similar and moderate alkalinity with pH 

values between 4.79 and 4.80, while NaAc resulted in the weakest alkalinity, pH = 4.59. 

In the population ratio column in Table 4.12, both thermophilic and mesophilic 

microorganisms have population ratios greater than 1.00, indicating an increase in 

microbial growth. The total thermophilic microorganisms increased by 27.0, 38.0, 62.0, 
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Table 4.12 Population ratios of total thermophilic and mesophilic microorganisms under different alkali treatments (day 5) 

Treatment pH 

Microbial Population 
(CFU/g wet sample) 

Population Ratio 

Thermophilic Mesophilic Thermophilic Mesophilic 

Blank 
(Replica of treatment combination 

(abcd)) 
3.17 3.70 x 107 2.30 x 105

Calcium Hydroxide, Ca(OH)2 5.73 4.70 x 107 2.50 x 105 1.27 1.09 

Potassium Phosphate, K3PO4 4.79 5.10 x 107 2.70 x 105 1.38 1.17 

Sodium Acetate, NaAc 4.59 6.00 x 107 3.30 x 105 1.62 1.43 

Sodium Carbonate, Na2(CO3) 4.80 6.10 x 107 3.10 x 105 1.65 1.35 
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and 65.0%, while the total mesophilic microorganisms increased by 9.00, 17.0, 43.0, and 

35.0% of their initial populations with Ca(OH)2, K3PO4, NaAc, or Na2(CO)3, respectively. 

In general, total thermophilic and mesophilic microbial populations increased most in 

NaAc and Na2(CO)3, moderately in K3PO4, and least in Ca(OH)2 in acidified compost 

samples at the same acid molar concentrations. 

4.3.1.2 Day 9 

Table 4.13 summarizes the response data for thermophilic and mesophilic populations of 

total microorganisms under different alkali trea ments on day 9. The pH was 3.43, and the 

thermophilic and mesophilic microbial populations in the blank treatment were 4.20 x 109

and 2.50 x 105 CFU/ g wet sample, respectively. The data for this blank treatment and for 

the original treatment combination with all four acids together (abed) in the 2 41v-1 factorial 

experiment on day 9 were very similar; the original pH was 3.41, and the populations of 

total thermophilic and mesophilic microorganisms were 4.00 x 109 and 2.30 x 105 CFU/g 

wet sample, respectively (referred to Tables 4.3 and 4.4). 

The pH values increased under all alkali treatments and varied between 4.53 and 5.65 

(Table 4.13). Ca(OH)2 again resulted in the greatest rise in alkalinity of the acidified 

compost sample, followed by K3PO4, Na2(CO3), and NaAc. By the effect of these alkalis, 

both microbial population ratios were greater than 1.00. The total thermophilic 

microorganisms increased by 21.0, 26.0, 48.0, and 43.0%, and the total mesophilic 

microorganisms numbers increased 8.00, 24.0, 44.0 and 40.0% of their initial populations 

in treatments with Ca(OH)2, K3PO4, NaAc, or Na2(CO3), respectively. As in the day 5 
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Table 4.13 Population ratios of total thermophilic and mesophilic microorganisms under different alkali treatments (day 9) 

Treatment pH 

Microbial Population 
(CFU/g wet sample) 

Population Ratio 

Thermophilic Mesophilic Thermophilic Mesophilic 

Blank 
(Replica of treatment combination 

(abcd)) 
3.43 4.20 x 109 2.50 x 105

Calcium Hydroxide, Ca(OH)2 5.65 5.10 x 109 2.70 x 105 1.21 1.08 

Potassium Phosphate, K3PO4 4.83 5.30 x 109 3.10 x 105 1.26 1.24 

Sodium Acetate, NaAc 4.53 6.20 x 109 3.60 x 105 1.48 1.44 

Sodium Carbonate, Na2(CO3) 4.77 6.00 x 109 3.50 x 105 1.43 1.40 
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Treatment pH

Microbial Population 
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results in the previous subsection, both thermophilic and mesophilic bacterial populations 

increased most with NaAc and Na2(CO3), moderately with K3PO4, and least with 

Ca(OH)2 in acidified compost samples at the same acid molar concentrations. 

4.3.2 Comparison of the Effects of Alkalis on Microbial Growth Inhibition 

In treatment combination (abcd), which had the lowest pH and total microbial population 

ratios in Experiment II(a), all alkalis (Ca(OH)2, K3PO4, NaAc, and Na2(CO)3) had a 

positive influence on raising pH and the numbers in total thermophilic and mesophilic 

microbial populations. Alkali effectively ameliorated the acidic microbial growth 

environment in the compost, reducing the inhibition of total thermophilic and mesophilic 

microorganisms by organic acids and increasing microbial growth. Thermophilic 

microbial growth was improved more than mesophilic microbial growth at thermophilic 

temperatures. This shows that the inhibitory effects of organic acids on microbial growth 

can be counteracted by applying alkali(s) during low pH and thermophilic temperature of 

composting conditions. 

The changes in pH and total microbial populations clearly differed among alkali 

treatments, reflecting variations in the effectiveness of the alkalis. It was expected that 

higher pH would lead to higher microbial population numbers. However, NaAc and 

Na2(CO3), the sodium salt alkalis, had only moderate or poor effects on the alkalinity of 

the compost compared to the other two alkalis, although these sodium salts still enhanced 

microbial growth. In contrast, Ca(OH)2 greatly increased the pH but poorly enhanced 

microbial growth. In current composting practice, Ca(OH)2 is widely applied as a liming 
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agent, but the results of this study strongly suggest that other alkalis, such as NaAc and 

Na2(CO3), should be considered in food waste composting to improve microbial growth 

and activity and to control pH during the acidic pH stages of composting. This will 

require further experiments to examine the effectiveness of various alkalis by monitoring 

process parameters in real or laboratory-scale composting. 

4.4 Experiment III 

4.4.1 Comparisons of Changes in Composting Process Parameters in R2 (without 

NaAc) and R3 (with NaAc) 

In this supplementary experiment, 100 g of NaAc were added to the reactor R3 on day 4 

of the composting process, at which the pH decreased from 6.01 on day 0 to 4.70 on day 

4. When 100 g of NaAc were added to 3880 g of compost in dry weight, this gave an 

application rate of 2.58% (w/w) dry weight (100 g NaAc/ 3380 g dry compost on day 4). 

Comparisons and discussion of the changes in physical, chemical and microbial 

parameters in R2 (without alkali) and R3 (with alkali) are now considered. 

4.4.1.1 Temperature and Oxygen Uptake Rate (OUR) 

Figure 4.16 shows time courses of temperature and OUR in R2 and R3. The initial 

temperatures in both reactors were the same, 18.7 °C, and the OURs were 3.90 L/min and 

4.80 L/min in R2 and R3, respectively. In R2, the temperature rose rapidly during the first 

few days. Thermophilic temperatures were maintained, at around 60.0 to 67.0 °C, 

between days 3 and 13. The temperature then gradually decreased and approached room 

temperature (22.0 °C) during the cooling and stabilization phases up to day 24 of the 
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composting process. The maximum temperature was 64.0 to 67.5 °C. The highest OURs 

were between 22.5 and 28.2 L/min on days 6 and 12, and finally stabilized at about 

1.50 L/min. The temperature curve corresponded to the OUR curve during this process. 

High thermophilic temperatures coincided with high OURs which shows that 

microorganisms were active at this time. 

The temperatures and OURs of R2 and R3 were the same for the first couple of days, but 

differed on day 4 following the addition of 100 g of NaAc to R3. In R3, the temperature 

curve also coincided with changes in the OUR curve. Higher temperatures and higher 

OURs were observed and maintained for longer duration, especially during the cooling 

phase. The temperature and OUR dropped slightly on day 5 but then increased on the 

next day. Maximum temperatures varied from 65.0 to 68.0 °C, and OURs ranged from 

28.0 to 36.0 L/min between days 8 and 13. The OURs recorded in R3 were far higher 

than in R2. After day 13, the temperature and OUR started to drop, but still maintained 

very high values compared to R2. For instance, on day16, the temperature was 54.6 °C in 

R3 but 38.4 °C in R2, a difference of 16.2 °C. NaAc led to higher and longer 

thermophilic temperatures and slower cooling. Similarly, differences in the OUR between 

R3 and R2 varied from 8.70 to 12.9 L/min between days 14 and 17. Both the temperature 

and OUR finally stabilized at room temperature, about 25.0 °C and 2.10 L/min, 

respectively. The observation of higher temperatures and OURs recorded in R3 

demonstrate that the addition of NaAc stimulates or prolongs higher microbial activity 

and metabolism in composting. 
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Figure 4.16 Dynamic variations of temperature (°C) and oxygen uptake rate (OUR) (L/min) in R2 and R3 
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4.4.1.2 Moisture Content and pH 

The moisture content in R2 and R3 were monitored, and the changes are shown in Figure 

4.17. In the 24-day composting process, the total moisture content dropped from 63.6 to 

56.7% in R2, and the greatest moisture loss was from days 10 to 14, when high 

temperatures dominated. Conversely, moisture content did not decrease much in R3. 

Although large evaporation loss was noticed from R3, and a large amount of water was 

collected in the condensate collector in the reactor system, the moisture content did not 

decrease under thermophilic temperature conditions. Additional water formed under the 

effect of NaAc had substituted for the moisture loss inside the reactor; therefore, the final 

moisture content in R3 was 68.4 %, which remained high moisture content in final 

compost. Since the optimal moisture content in composting is 50.0 to 60.0%; a moisture 

content of over 65% can cause oxygen depletion (Gray et al. 1971b; Ryckeboer 2003). 

Therefore, the 68% of moisture content in R3 was considered unfavorable in composting, 

but it did not hamper microbial activity expressed in terms of the temperature and the 

OUR. 

From Figure 4.17, the pH dropped during the first two days from about 6.00 to 4.70. In 

R2, the pH gradually increased to 6.00 until day 10, then increased from 6.00 to 8.15 

between day 10 and day 13, and finally leveled off at around 8.60. When 100 g of NaAc 

were added to R3 on day 4, the pH increased very little, from 5.18 to 5.35, and remained 

acidic level between days 5 and 8. A sudden increase in pH was observed from day 11 to 

day 14, rising from 6.13 to 8.75. During the cooling and stabilization phases, the pH 

stabilized and leveled off to around 9.16. The addition of NaAc to the compost material 
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in R3 resulted in higher alkalinity, especially during the second-half of composting 

process when compared to the curve of pH in R2. 

4.4.1.3 Organic Acid Concentration 

When the pH dropped from 6.01 to 4.70 during the first two days in R2 and R3, a 

succession of organic acids was detected (Figures 4.18 (a) and 4.18 (b)). In R2, small 

amounts of acetic acid and lactic acid appeared first. Between days 2 and 7, acetic, 

butyric, lactic, and propionic acids were detected, and the concentration of each acid 

varied on each day. The total concentration of acids decreased on days 3 and 5, but 

increased significantly on days 2, 4, and 6. Since the decrease or increase in total acid 

concentration was directly related to the acid that was degraded or produced by the 

microorganisms, the change in total acid concentration between days 2 and 6 (Figure 4.18 

(a)) reflects the rate of acid production more than the rate of acid degradation. The largest 

total acid concentration was about 0.33 mmol/g wet sample, detected on day 6. After day 

6, total acid concentration clearly declined and dissipated, and the pH climbed from 5.26 

to over 8.0 during the rest of the composting process. This shows that the microorganisms 

successfully decomposed all the acids, and no acids were produced thereafter. Among 

these four acids, acetic acid contributed the most in the total acid concentration, followed 

by propionic, lactic, and butyric acid. 

As shown in Figure 4.18 (b), before the addition of 100 g of NaAc to R3 on day 4, a very 

small amount of lactic acid was present and then a succession of four different acids of 

various concentrations was detected in the compost material when the pH initially 
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decreased. After the addition of NaAc, the pH increased slightly from 4.80 on day 4 to 

5.18 on day 5, and continued to increase to about 8.15 on day 13. Under the effect of 

NaAc, it was obvious to see that large concentration of acetic acid predominated in the 

compost material between days 5 and 13, and the concentrations of butyric, lactic, and 

propionic acids were very smaller compared to those in R2. The largest concentration of 

acetic acid was 0.42 mmol/g wet sample, detected on day 6. 

The details of chemical reaction involved with NaAc and several organic acids within the 

compost material cannot be fully described here; but it is principally related to hydrolysis 

of salt reaction. The chemical formula for NaAc is CH3COONa, and this readily 

dissociates into Na+ ions and CH3COO ions in aqueous solution. When CH3COO - 

anions come into contact with H+ ions, derived from the organic acids that are present in 

compost material, CH3COOH (the acetic acid) is likely to be produced. This production 

may explain the greater concentration of acetic acid compared with the concentrations of 

other acids. After day 7, the acetic acid started to be decomposed by microorganisms, and 

the total concentration of acetic acid decreased until day 12. Only trace amounts of 

butyric acid (0.01 mmol/g wet sample) and lactic acid (0.03 mmol/g wet sample) were 

detected in the compost on days 8 and 10. Once the acetic acid was completely 

decomposed, the pH increased to between 8.75 and 9.16 during the second half of the 

composting process. 

4.4.1.4 Populations of Fungi, Actinomycetes, and Total Microorganisms 

Figures 4.19 (a) to 4.19 (c) present the growth curves of fungi, actinomycetes, and total 
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microorganisms in R2 and R3. At the beginning of the composting process in R2, the 

initial thermophilic populations of fungi (Figure 4.19 (a)) and actinomycetes (Figure 4.19 

(b)) were logio 6.92, and logio 6.47 CFU/g dry sample, respectively. Both populations of 

thermophilic fungi and actinomycetes increased after day 2 (53.5 °C), at the onset of 

thermophilic temperatures. Since fungi adapt better to an acidic pH environment 

(Ryckeboer et al. 2003), the population of thermophilic fungi was higher then that of 

thermophilic actinomycetes. The population of thermophilic fungi maintained within 

logio 8.16 to 9.67 CFU/g dry sample between days 4 and 14. As the cooling phase 

approached on day 14, their population decreased and leveled off to about logio 8.24 

CFU/g dry sample. In contrast to fungi, the population of thermophilic actinomycetes did 

not vary much and was mostly maintained at logio 7.70 to 8.14 CFU/g dry sample from 

day 10 till the end of composting (day 24). 

For the total thermophilic microorganisms, it can be seen that the population proliferated 

from days 4 to 16, and peaked at about logio13.3 CFU/g dry sample on day 17 (Figure 

4.19 (c)). When the temperatures stabilized at 22.0 °C on day 22, the total thermophilic 

microorganisms dropped slightly and the final thermophilic population was logi o 12.2 

CFU/g dry sample. Different previous studies stated that thermophilic bacteria are the 

prominent microorganisms responsible for degradation during thermophilic temperatures 

of composting (Nakasaki 1985; Miller 1996; Ryckeboer et al. 2003; Sole-Mauri et al. 

2007). During the proliferation of total thermophilic microorganisms occurred between 

days 4 and 16, the populations of thermophilic fungi and actinomycetes did not increase 

or vary much; so it is presumed that thermophilic bacteria were in major proportion of 
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total thermophilic microorganisms, although the numbers of thermophilic bacteria did not 

specifically enumerate in this study. 

In R2, the population of mesophilic fungi remained around logio 6.40 to 6.60 CFU/g dry 

sample from day 0 to dayl 8 during the thermophilic and cooling stages of composting. 

When the temperature was cooling down to ambient after day 18, the fungal population 

started to increase from logio 6.70 to logio 9.85 CFU/g dry sample. The population of 

mesophilic actinomycetes declined to zero after day 2, from logio 6.71 CFU/g dry sample 

at the beginning. The disappearance of mesophilic actinomycetes was probably due to the 

adverse conditions of acidic pH, elevated temperature, and high nutritional content in the 

fresh compost. However, they then recovered, rising to about logio 5.82 CFU/g dry 

sample and retained this population until day 16. During the later cooling phase, the 

actinomycetes had the highest population, at logio 10.4 CFU/g dry sample on day 24, 

being higher than that of mesophilic fungi. Mesophilic actinomycetes were more active 

than mesophilic fungi during the cooling and stabilization phases because actinomycetes 

are highly tolerant of the alkaline pH in the final compost (Miller 1996). The total 

mesophilic microbial population in R2 dropped from about logio 10.1 CFU/g dry sample 

at the beginning to logio 5.99 CFU/g dry sample on day 6 when thermophilic conditions 

occurred. The microbial population sustained between logio 6.10 to 7.01 CFU/g dry 

sample until day 16. As temperatures approached ambient, the total mesophilic 

microorganisms re-colonized the compost, with the greatest population being logi o 12.6 

CFU/g dry sample on day 24. 
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The changing trends in thermophiles in R3 during the composting process were very 

similar to those that developed in R2. The final thermophilic populations of fungi, 

actinomycetes, and total microorganisms were about logio 8.26, logl o 7.54, and logl o 12.4 

CFU/g dry sample, respectively. Similar to R2, the role of thermophilic bacteria was 

believed very important in R3 in the decomposition of organic matter at highly alkaline 

pH values, high thermophilic temperatures, and high moisture content. The higher and 

longer thermophilic temperature conditions (discussed in subsection 4.4.1.1), however, 

impeded or postponed mesophiles re-colonization at the later cooling stage in R3 

compared to R2. This implies that the addition of NaAc during composting had a greater 

effect on mesophiles than on thermophiles. 

Generally, the mesophiles in R3 proliferated slowly in the cooling phase up to day 18, 

when the temperature decreased from 37.4 to 25.0 °C in R3. The total mesophilic 

microorganisms were leveled off to logio 11.2 CFU/g dry sample. Mesophilic fungi were 

poorly developed (logio 7.58 CFU/g dry sample) in R3 compared to the final population 

of logio 9.85 CFU/g dry sample in R2 during the last couple of days of the process. The 

poor growth of fungi was probably due to the highly alkaline pH (around 9.13) and high 

retained moisture content (above 65%), which are unfavorable for fungi. In contrast, the 

growth of mesophilic actinomycetes was enhanced, with final populations of logio 9.58 

CFU/g dry sample. By the addition of NaAc, the growth of mesophilic actinomycetes was 

seemingly favored that they recommenced two days earlier in R3 (on day 4) than in R2 

(on day 6), and got the largest final population at the later stage of composting. 
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effect on mesophiles than on thermophiles.

Generally, the mesophiles in R3 proliferated slowly in the cooling phase up to day 18, 

when the temperature decreased from 37.4 to 25.0 °C in R3. The total mesophilic 

microorganisms were leveled off to logio 11-2 CFU/g dry sample. Mesophilic fungi were 
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of logio 9.85 CFU/g dry sample in R2 during the last couple o f days o f the process. The 
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(on day 6 ), and got the largest final population at the later stage o f composting.
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4.4.1.5 Ammonium (NH4) and Ammonia (NH3) Concentrations 

Aqueous ammonium, NH4+, was already available within the compost material from the 

onset of microbial decomposition in R2 and R3 (Figure 4.20 (a)). On day 6, R2 had NH4+

concentration rising from 182 mg/kg dry sample on day 0 to 1960 mg/kg dry sample, and 

R3 had NH4+ concentration varied from 149 mg/kg dry sample on day 0 to 1762 mg/kg 

dry sample. After day 6, the NH4+ concentration was higher in R2 than in R3. The peak 

concentration in R2 was 9711 mg/kg dry sample, on day 12, when the pH value was 7.24. 

After day 12, the concentration was slightly unstable. This instability was possibly related 

to the volatilization or re-mineralization of organic nitrogen. The NH4+ concentration in 

the final compost was 8303 mg/kg dry sample. In R3, the peak concentration of NH4+ was 

7189 mg/kg dry sample on day 14, when the pH was 8.75, and the concentration slowly 

stabilized to 4863 mg/kg dry sample by the final day of composting. Figure 4.20 (b) 

shows the daily and cumulative concentrations of NH3. Once the pH value was above 

7.00 and the temperatures were above 65.0 °C, unfavorable gaseous NH3 appeared in 

both R2 and R3. Both R2 and R3 had peak NH3 emissions on the same day (day 14), with 

values of 185 mg/h and 188 mg/h, respectively. 

Compared to R2, R3 had higher NH3 emissions that were probably induced by high 

temperature and high pH value, a process known as ammonia volatilization (Golueke 

1977; Nakasaki et al. 1993; Beck-Friis et al. 2003). Both patterns for the two reactors 

gradually declined to minimal and stable levels after this peak, and the final NH3

emission rates in R2 and R3 were about 13.1 mg/h and 16.9 mg/h, respectively. 
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The cumulative aqueous NH4
+ 

and gaseous NH3 during the 24-day composting process in 

R2 were 171 kg of NH4+ and 8.55 kg of emitted NH3, while R3 had 118 kg of NH4+ and 

emitted 10.8 kg of NH3, in total dry compost materials The lower concentration of NH4+

and higher concentration of NH3 in R3 reflects the transformation of nitrogen and its 

escape in gaseous form rather than remaining in aqueous form in the compost material. 

This may have been the result of ammonia volatilization under high pH and temperature 

under the effect of added NaAc in R3. The difference in cumulative NH3 concentration 

between R2 and R3 was about 26.6%. This finding is similar to the results of some 

studies that added lime to compost materials, which caused higher ammonia loss 

(Finstein and Morris 1975; Golueke 1977; Nakasaki et al. 1993). 

4.4.1.6 C/N Ratio 

Figure 4.21 shows the time courses of the carbon (C) and nitrogen (N) content, and the 

ratio of carbon to nitrogen (C/N) in the dried solid compost mass. The carbon content in 

R2 and R3 were similar and changed little during the 24-day composting. Both reactors 

had the same initial carbon content, 45.6% of the total compost material, and the final 

carbon contents of R2 and R3 were 45.2% and 44.7%, respectively. Although the carbon 

content decreased slightly in both reactors, it is possible that, given the high OUR and the 

microbial activity during composting, large amounts of carbon were decomposed via 

microbial respiration to carbon dioxide (CO2). Residual organic matter, such as celluloses 

and lignin, which resist degradation, may have been responsible for the small decrease in 

carbon content within the compost materials. 
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In the same dried compost mass, the nitrogen content of the total compost material 

increased from 2.22% on day 0 to 4.04% in R2 and to 3.67% in R3 in the course of the 

composting. As the decomposition proceeded, the C/N ratios gradually dropped from 

20.6, to 11.2 in R2 and to 12.2 in R3. A sharp decline in the C/N ratio was observed 

between days 6 and 16 in both R2 and R3 (Figure 4.21). This implies that high microbial 

activities occurred between days 6 and 16 of the composting process; on the other hand, 

the high microbial activities coincided with the highest OURs, thermophilic temperatures, 

and increased microbial populations in both R2 and R3, as discussed in previous. 

4.4.1.7 Ash Content and Organic Matter Content 

Time courses of the ash and organic matter content in R2 and R3 are shown in Figure 

4.22. The initial ash contents of the compost material in R2 and R3 were 8.49% and 

7.82%, respectively. The ash content increased from day 6 until the end of the 

composting process in both R2 and R3, with increasing slopes in curves between days 6 

and 18. The increasing slopes indicate that some inorganic ash content was released when 

the organic matter in the compost material was actively decomposed by microorganisms, 

since high microbial activity was found at the same time in both R2 and R3. 

The amounts of organic matter in the two reactors were estimated and were inversely 

related to the ash contents (Figure 4.22). As the ash content decreased, the organic matter 

content increased. During the decomposition of organic matter in the course of 

composting, higher amounts of ash and lower organic content were observed in R3. The 

final ash contents were 15.2% in R2 and 17.5% in R3, while the final organic matter 
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contents were 84.8% in R2 and 82.5% in R3. These data show that the decomposition of 

organic matter was enhanced by the addition of NaAc. 

4.4.1.8 Total Weight of Organic Matter and Degree of Degradability 

The changes in organic matter in terms of the total weight of compost materials and 

degree of degradability in R2 and R3 are compared in Figure 4.23. In both R2 and R3, 

there was about 3.50 kg of organic matter in 10.4 to 10.5 kg of the initial composting 

material. The weight of the organic matter gradually decreased as decomposition 

proceeded; the decrease was much greater in R3 than in R2, especially after day 12, and 

the final weights were 1.75 kg in R2 and 1.59 kg in R3. R3 had a higher degradation rate 

because of the effect of NaAc addition: 49.9% and 54.4% organic matter was degraded in 

R2 and in R3, respectively, at which a difference of 4.50% degradation rate was achieved 

in the 24 days of the composting process. The decomposition rate accelerated after day 12 

of the composting process (Figure 4.23) because of the associated high temperatures, 

high microbial activity, peak ammonia loss, and reduced organic matter content. 

4.4.2 Compost Characterization in R2 and R3 

The effects of NaAc on the changes in the physical, chemical and microbial parameters in 

food waste composting were successfully investigated under the well-controlled 

experimental conditions. Before the addition of 100 g of NaAc into R3 on day 4, the 

qualities of the compost materials in R2 and R3 were almost the same, indicating that the 

composting processes in the two reactors and the materials used provided representative 

and reliable data for comparisons of NaAc-treated and untreated (without NaAc) 
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composting processes. The main characteristics of the initial and final compost materials 

in R2 and R3 are summarized in Table 4.14. 

During the composting of food waste, adding NaAc enhanced microbial activity and 

increased the degradation rate of organic matter. Although the presence of large amount 

of acetic acid was detected after the addition of NaAc to the compost, the prolonged 

phenomena of thermophilic temperatures and higher OURs compared to the untreated 

control without NaAc suggest that the acetic acid did not inhibit microbial metabolic 

activity. However, no apparent increase in microbial populations (thermophilic and 

mesophilic fungi, actinomycetes, or total microorganisms) and no clear correlations 

between microbial populations and activities were observed. Higher ammonia loss 

associated with higher temperatures and alkaline pH values were detected in the NaAc-

treated compost. The results suggest that improved microbial activity and an accelerated 

degradation rate can be achieved by the application of NaAc and that this should be 

promoted in practical composting. 
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Table 4.14 Characteristics of compost in R2 and R3 

Reactor 2 (R2) Reactor 3 (R3) 

Initial Final Initial Final 

pH 6.01 8.61 6.06 9.16 

C/N Ratio 20.6 11.2 20.6 12.2 

Moisture Content (%) 63.6 56.1 63.6 68.4 

Organic Matter Content (%) 91.5 84.8 92.2 82.5 

Carbon Content (%) 45.6 45.2 45.6 44.7 

Nitrogen Content (%) 2.22 4.04 2.22 3.67 

Total Wet Compost Weight (kg) 10.5 4.70 10.4 6.10 

Total Dry Compost Weight (kg) 3.82 2.07 3.79 1.93 

Total Organic Weight (kg) 3.50 1.75 3.49 1.59 

Degradation Rate (%) 0.00 49.9 0.00 54.4 

Cumulative Ammonium Amount 
(kg) 

171 118 

Cumulative Ammonia Amount 
(kg) 

8.55 10.8 
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CHAPTER 5 

CONCLUSIONS 

5.1 Summary 

In this study, large numbers of compost samples were extracted and treated with various 

organic acids and alkalis on two experimental days: day 5 when the pH started to 

decrease, and day 9 when the pH increased during the early phase of the composting 

process. Full (24) and fractional ( 2 /4,71 ) factorial designs were employed to screen the 

effects of acetic, butyric, lactic, and propionic acid on total microbial growth. The 

experimental data and statistical analysis were compared to study variations in the 

inhibitory effects of the organic acids during composting. A summary of the findings now 

follows: 

1) The inhibitory effects of organic acids were more severe when the pH decreased in 

the early phase of composting. Based on results of the 24 and 2 /4v-1 factorial 

experiments (a = 0.05), butyric or lactic acid alone, and the interaction of butyric, 

lactic, and propionic acids, significantly inhibited the growth of total thermophilic 

microorganisms on day 5. Based on the regression model, only 52.0 to 66.0% of the 

average thermophilic microbial populations would exist at 0.5 mmol/g wet sample of 

these acids, and approximately 80.0 to 86.0% of the average thermophilic microbial 

populations would exist if the concentrations of butyric or lactic acid is zero in the 

compost (with pH about 4.71 - 4.84). On day 9, the organic acids had no significant 
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CHAPTER 5

CONCLUSIONS
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inhibitory effects on total microorganisms. On comparing the overall average 

microbial population ratios on days 5 and 9, both total mesophilic and thermophilic 

microorganisms had higher growth populations on day 9. These results indicate that 

the inhibitory effects of organic acids were less on day 9, when the pH started to 

increase during the early phase of composting. 

2) The inhibitory effects of organic acids were efficiently counteracted by the 

application of alkalis. The populations of total mesophilic and thermophilic 

microorganisms increased on day 5 and day 9 in response to the addition of different 

alkalis. These increases varied from 8.00 to 65.0%, depending on the alkali applied: 

Ca(OH)2, K3PO4, NaAc, or Na2(CO)3 . Moreover, application of NaAc to compost 

lengthened the duration of thermophilic temperatures (based on Experiment III). The 

increase in temperature stimulated microbial activity and increased degradation rate 

of the compost, even though the microbial populations did not increase greatly. 

3) Total thermophilic microorganisms tolerated the inhibitory effects of organic acids 

better than total mesophilic microorganisms. The preliminary experiment showed that 

in acidic environments total thermophilic microorganisms were able to recover within 

27 h, while total mesophilic microorganisms showed no signs of recovery in the same 

microenvironments. Based on the statistical analysis of the data for days 5 and 9, the 

total thermophilic microorganisms had a higher average growth population than the 

total mesophilic microorganisms. This indicates that only a small number of total 

mesophilic microorganisms found in the presence of organic acids at thermophilic 
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temperatures. 

4) The relationship between organic acid and bacterial growth inhibition was influenced 

by additional microbial or environmental factors. The inhibitory effects of organic 

acids on total thermophilic and mesophilic microorganisms varied in the same acid(s) 

at different inspection times (based on Experiment I) and on two different 

experimental days (based on Experiment II(a) and II(b)). The results suggest that the 

variations in the inhibitory effects of organic acids are not simply dependent on acid 

type, acid concentration, pH, or microbial species,, but that environmental factors such 

as composting temperature or time may contribute to the variations. Microbial factors 

that likely influence these variations may include the existing microbial populations 

and the growth phases of the total thermophilic and mesophilic microorganisms in the 

acidic microenvironment of composting. Further studies into the effects of microbial 

and environmental factors are needed in the future. 

5.2 Contributions 

This paper provides experimental and statistical analyses that elucidate bacterial 

growth inhibition in food-waste composting, and the relationship between organic acids 

and compost microbiology. The study makes the following contributions to the 

composting research: 

• A pioneering methodology using small extracted samples and statistical factorial 

designs to investigate and understand organic acid toxicity is developed for future 
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related composting studies. 

• Experimental and statistical data that demonstrate the growth of microorganisms 

in different acid treatments. The data can be referenced as supporting information 

in advanced studies of the roles of organic acids in composting. 

• The significant acid factors analyzed in the statistical factorial designs will alert 

researchers and engineers to the toxic acids that influence microbial activity in 

composting. A regression model was developed that can be used to predict the 

microbial populations corresponding to specific acid concentration, which will 

allow researchers and engineers to prevent severe bacterial inhibition and to fully 

optimize the progress of composting. 

• The variations revealed in the inhibitory effects of organic acids on microbial 

growth under the two different experimental conditions and on different days will 

allow researchers and engineers to explore additional factors on the effects of 

organic acids in future studies. Suggested factors include composting temperature, 

existing microbial population composition, and microbial growth phases during 

the composting process. 

5.3 Recommendations for Future Research 

• Because of the complexity of organic acid, which can be affected by several 

factors, and composting microbiology in the dynamic process of composting, 
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understanding of bacterial growth inhibition is still incomplete. This study 

considered only four different acids at two concentrations, and assumed that the 

degree of bacterial growth inhibition is linear in the change of two acid 

concentrations in statistical analysis. Therefore, investigating additional factors 

(e.g., composting temperature, existing microbial population composition, and 

growth phase), or different acid concentrations at two or three levels in statistical 

factorial designs is recommended. 

• In Experiment II(a) and II(b), compost samples were treated with acids or alkalis 

for 2.5 h. Actually, the microbial populations changed with time (27 h) after 

acidification in the preliminary analysis (Experiment I). Testing the growth of 

microbial populations for different time periods is suggested for future studies, to 

increase understanding of the changes in microbial response to organic acids. 

• The single replication of response data used in this study may be insufficient to 

reflect the actual effects of organic acids on bacterial growth inhibition because 

the variance in response data due to the experimental error, SS,0„ is forced to be 

zero. Thus, replicating more response data for future studies is advised to achieve 

the more precise effect estimates required to screen factor(s), and to collect more 

accurate data for regression models. Moreover, a more refined model will be 

useful if the prediction of response data is validated. 

• Alkali proved effective in repressing the inhibitory effects of organic acids on 
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microorganisms and increased degradation during the composting process. It is 

suggested that further alkalis should be examined. 

• Two general groups of total thermophilic and mesophilic microorganisms were 

targeted in this study. In microbial diversity, each microbial species may response 

differently response to organic acids in the compost. Further and more detailed 

studies of responses of bacteria, fungi, and actinomycetes to organic acids in 

different composting phases will provide a more comprehensive analysis of 

compost microbiology. 
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Table A-1 Characteristics of compost in R1 

Reactor 1 (R1) 

Initial Final 

pH 5.99 8.53 

C/N Ratio 18.1 10.1 

Moisture Content (%) 67.4 54.6 

Organic Matter Content (%) 96.7 86.1 

Carbon Content (%) 46.5 44.5 

Nitrogen Content (%) 2.57 4.40 

Total Wet Compost Weight (kg) 10.5 4.00 

Total Dry Compost Weight (kg) 3.42 1.82 

Total Organic Weight (kg) 3.31 1.57 

Degradation Rate (%) 0.00 52.7 

Cumulative Ammonium Amount 
(kg) 

151 

Cumulative Ammonia Amount 
(kg) 

12.5 
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Table A-l Characteristics of compost in R1

Reactor 1 (R l)

Initial Final

pH 5.99 8.53

C/N Ratio 18.1 10.1

Moisture Content (%) 67.4 54.6

Organic Matter Content (%) 96.7 86.1

Carbon Content (%) 46.5 44.5

Nitrogen Content (%) 2.57 4.40

Total Wet Compost Weight (kg) 10.5 4.00

Total Dry Compost Weight (kg) 3.42 1.82

Total Organic Weight (kg) 3.31 1.57

Degradation Rate (%) 0.00 52.7

Cumulative Ammonium Amount 
(kg)

151

Cumulative Ammonia Amount 
(kg)

12.5
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