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ABSTRACT 

Food waste as a dominant fraction of municipal solid waste was in most of 
cases buried in landfills creating a burden on big cities with large populations such 
as Hong Kong. Composting provided an environmentally viable technology to 
divert food waste to resource utilization for the production of valuable organic 
fertilizer. The main problem associated with food waste composting was the 
intensive acidification prior the commencement of the composting process, which 
is commonly adjusted by the addition of alkaline materials such as lime. However, 
more than 50% of the initial nitrogen will be lost as ammonia, which not just 
reduces the nutrient value of the compost but also leads to serious odour 
generation. Therefore the objective of this study was to develop means to reduce 
the nitrogen loss through struvite formation. 

The first experiment of this research investigated the feasibility of controlling 
the nitrogen loss through struvite formation during food waste composting. 
Struvite forms when magnesium (Mg), phosphorus (P) and nitrogen (N) salts exist 
in equimolar ratio at a slightly alkaline pH. Thus to fix the ammonia, MgO and 
K2HPO4 were added to food waste indifferent molar ratios (P1, 0.05M/kg MgO 
and 0.05M/kg K2HPO4; P2, 0.05M/kg MgO and 0.1M/kg K2HPO4) to induce 
struvite formation that can fix the compost-borne ammonia during composting. 
The pH of the composting mass of P1 was below 5 for more than one. However, 
the pH of P2 was controlled in a narrow range from 6.8 to 8.7. This slightly 
alkaline pH ensured a good microbial activity and improved the degradation rate 
as well as the precipitation of struvite. In treatment P2, the formation of struvite 
effectively reduced the nitrogen loss from 40.8% to 23.3% when compared to 
treatment with lime amendment. However, electrical conductivity (EC) of the 
compost increased to 6.4 mS/cm due to the addition of Mg and P salts. High 
salinity of the compost retarded seed germination which required further 
investigation to reduce the salinity while maintaining good nitrogen removal. 

To overcome this issue, lime as the more effective alkaline amendment, was 
supplemented in different concentrations along with struvite salts (to P1 treatment 
having less Mg salt that could reduce the salinity) to alleviate the low pH and 
struvite formation. The pH of the composting masses were effectively increased 
with increasing lime dosages and 2.25% lime was sufficient to maintain the pH in 
alkaline condition that significantly improved the degradation of active organic 
compounds resulting in increased dissolved organic carbon (DOC) and soluble 
organic nitrogen (SON) contents. With 2.25% lime and struvite salts, ammonia 
emission was significantly reduced from 44.3 to 27.4% through struvite formation 
compared with lime alone treatment. Furthermore, the EC were also decreased 
from 5.21to 3.40 mS/cm when lime amendment rate increased from 0.75% to 3%. 
However, the ammonia emission increased with an increase in lime dosage. 

Interfering ions such as calcium and potassium were reported to affect the 
struvite formation and pH control. Therefore, in the subsequent experiment, the 
influence of different types of P salts was investigated to reduce the salinity as 
well as N loss. When K2HPO4, Na2HPO4 and H3PO4 were used as the 
supplementary P salts, there were no significant differences on nitrogen 
conservation. In addition, the results indicated that K+ and Na+ were attached on 
the surface of struvite rather than constituted the crystal structure. Compared with 
other P salts, the presence of K+ in K2HPO4 also made a contribution to total 
nutrient content that benefited the final product. When CaO was gradually 
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substituted with MgO as pH amendment, ammonia emission was significantly 
reduced implying that Ca2+ ions would influence the struvite formation, either by 
competing for phosphate ions or by interfering with the crystallization. However, 
this negative effect could be ignored when the Ca2+/Mg2+ ratio was below 1:2. 
Considering the cost of MgO, supplementation of Ca2+/Mg2+ ratio at 1:2 (0.15M 
CaO and 0.3M MgO) with 0.05M K2HPO4 was identified as the optimum 
conditions (Treatment M0.3) that effectively reduced the nitrogen loss to 28% in 
contrast to 46% with lime addition. 

The significant reduction of ammonia emission through struvite formation 
was observed with the optimum condition that the odour unit (OU) of ammonia 
emission was reduced to 1.8×104 when compared with lime treatment (3.0×104) 
indicating a significant reduction of OIMAX (maximum odour index). Meanwhile, 
the well-controlled pH of this technology ensured the effective decomposition of 
organic matter that significantly reduced the emission of volatile fatty acids 
(VFAs) also. The population of total bacteria was also improved due to the 
addition of phosphate salts. 

The total nutrient content of struvite composts of treatment with optimum 
condition (M0.3) was 4.14% (1.5% N, 0.44% P and 2.2% K) that was higher than 
normal lime treated compost 2.92% (1.3% N, 0.34% P and 1.28% K). In pot 
experiment, soil was amended with composts at 0, 2.5%, 5% or 10% (w/w dry wt. 
basis). At the same application rate, the biomass yields of Chinese cabbage and 
cherry tomato plants were improved by struvite compost when compared 
tonormal compost. Considering the increasing salinity of soil with high 
application rate, the optimum dosage of 5% struvite compost is recommended.  

To conclude, a food waste composting technology was developed to achieve 
good nitrogen conservation and decomposition that alleviated odour issue and 
produced compost with higher nutrient contents, which increased its application 
value. 
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CHAPTER ONE 

INTRODUCTION AND OBJECTIVES 

1.1. Introduction 

Food industries are blossoming through intensive urbanization; meanwhile, 

many food processors face problems in managing food related solid wastes, which 

can constitute up to 30% of incoming raw materials (Lowe and Buckmaster, 1995).  

Food waste disposal is becoming more and more imperative to solve this problem, 

since the substantial amount of waste produced from food industries, which has 

already become the largest organic component in municipal solid waste by weight 

and constitutes about 14-40% of waste in different countries (Cheng et al. 2007; 

Levis et al., 2010), especially in big cities like Hong Kong, where generated more 

than 1.3 million tons of food wastes from domestic and industrial sector during 

2013 (HKEPD, 2015). Disposal of food wastes in landfills, as practiced 

historically and currently in many countries, reduces the life of landfills, emits 

greenhouse gases and produces leachates requiring treatment. Therefore, we are 

forced to consider other options, not only due to environmental pollution, but also 

due to policy of solid waste management, including environmental regulations 

and limited landfill sites. As an alternative to disposal in landfills, 

source-separated food waste can be aerobically composted. 

Composting, as one of the most important treatment methods for solid wastes, 

is being practiced for many decades due to its robustness and ease of operation. It 

provides a means to reduce the food wastes in landfills and simultaneously 

achieves food wastes recycling (Wong et al., 2009). However, the main problem 
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associated with composting process with food waste as substrate is the 

decomposition of carbohydrates and fats, commonly referred as VFAs, which 

decreases the pH of the composting mass, leading to retarded decomposition 

efficiency (Nakasaki et al., 1998; Sundberg and Jönsson, 2005). 

Bergersen et al. (2009) reported that VFAs constitute approximately 25% of 

dry matter in food waste at the start of experimentation. When food wastes are 

composted in reactors, or in piles, the acidity of the waste material will increase 

resulting in a decrease in pH to a range of 4-5, due to the presence of VFAs 

(Beck-Friis et al., 2003; Sundberg et al., 2004; Sundberg and Jönsson, 2005). The 

low pH values (less than 5) caused by the generation of organic acids adversely 

affect the degradation rate of organic matter and thereby the composting 

efficiency by inhibiting microbial-growth (Smars et al., 2002; Sundberg and 

Jönsson, 2008; Cheung et al., 2010). 

The most common approach to control the acidity of food waste is the 

addition of alkaline materials, such as lime and coal fly ash (Wong and Fang, 

2000; Wong et al., 2009). In addition, the use of sodium acetate as a buffering 

agent during composting has also been reported (Yu and Huang, 2009). However, 

the risk of nitrogen loss as NH3 is also increased when the initial pH is adjusted 

that restricts this technology since nitrogen loss not only reduces the fertilizer 

value of the compost, but also is an important source of acid rain (Barrington et al., 

2002). 

Nitrogen loss depends on feedstock property and several environmental 

factors, including pH, carbon / nitrogen ratio (C/N), particle size, temperature, and 

aeration conditions (Bernal et al., 2009). Numerous attempts have been made 

which focus on adjusting these parameters to reduce the loss of ammonia in the 
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composting process (Tam and Tiquia, 1999; Zhu, 2007; Elwell et al., 2002; 

Delaune, et al., 2004). However, when considering the optimum conditions for 

microbial growth, there is not much opportunity to adjust these conditions for 

nitrogen loss reduction. Besides, chemical reagents, which can react with or 

change the properties of the materials, such as CaCl2, CaSO4, MgCl2, MgSO4, 

FeCl3 and Al2(SO4)3 were added to control nitrogen loss (Kithome et al., 1999; 

Lefcourt and Meisinger, 1999; Witter and Kirchmann, 1989). Presently, struvite 

crystallization is considered to be an effective countermeasure to reduce NH3 

emissions from the composting process (Jeong and Kim, 2001; Jeong and Hwang, 

2005; Lee et al., 2009). 

Struvite (ammonium magnesium phosphate) is a mineral with the chemical 

formula: MgNH4PO4·6H2O, which is precipitated when the concentrations of 

Mg2+, NH4
+, and PO4

3- exceed solubility. Struvite has many potential uses as a 

slow-release fertilizer that can be applied in a single high dose without damaging 

growing plants (de-Bashan and Bashan, 2004). Di Iaconi et al. (2010) evaluated 

the effectiveness of struvite precipitation in removing ammonia from a mature 

municipal landfill leachate. The ammonia removal efficiency reached 95% with a 

residual concentration compatible with a successive biological treatment. 

Uludag-Demirer et al. (2005) removed ammonia from anaerobically digested 

dairy manure by struvite precipitation, with a maximum NH4
+-N removal 

efficiency above 95%. Ganrot et al. (2007) also used struvite precipitation for 

recovery of N and P from human urine. Korean researchers Jeong and Kim (2001) 

achieved control of N loss in composting applied struvite precipitation by adding 

Mg and P salts. Their research results demonstrated that loss of ammoniacal 

nitrogen was clearly reduced. Considering the composition of the food waste, a 

3 
 



supplemental amount of Mg and P salts are essential for struvite precipitation, 

along with the available ammonium from the composting mass. Magnesium oxide 

(MgO), magnesium hydroxide (Mg(OH)2), and magnesium chloride (MgCl2) were 

commonly used as Mg2+ sources. The PO4
3- source was usually added in the form 

of orthophosphoric acids, Na2HPO4 and K2HPO4. Magnesium chloride (MgCl2) 

has been reported as a good Mg2+ donator for struvite formation because of its 

high solubility (Uludag-Demirer et al., 2005); however, the salinity of the product 

increased that inhibited bacterial activity and eventually decomposition of 

materials (Lee et al., 2009). Beal et al. (1999) selected magnesium oxide (MgO) 

in bench scale reactions and reported phosphorus reductions of greater than 90%. 

Magnesium oxide had the additional benefit of increasing pH to aid struvite 

creation. This may accelerate the formation of struvite during food waste 

composting since the optimum pH for struvite formation is ranged from 7.0 to 9.0 

(Doyle and Parsons, 2002). Considering the acidity problems in food waste 

composting, alkaline magnesium and phosphate salts should be a better choice 

due to the added benefits regarding pH buffering capacity that has been ignored in 

previous research. Meanwhile alkaline materials, such as lime and coal fly ash, 

which are widely used to control the pH, will bring interference ions, including 

calcium, which will affect struvite formation. Struvite preferentially precipitates at 

neutral and higher pH with a Mg/Ca molar ratio >0.6 in a water system, according 

to Musvoto’s study (2000). However, further research is required to investigate 

their correlation during composting. 

A theoretical dosage for complete conversion of ammonia into struvite 

crystals should equal the cumulative ammonia production, which could be up to 

50% of the initial nitrogen. All gaseous ammonia generated could theoretically be 
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trapped with the addition of Mg and P salts at this level. However, this would lead 

to the improper decomposition of organic materials. Therefore, approximately 20% 

of the initial nitrogen in the compost mixture is suggested as an optimum dosage 

(Jeong and Hwang, 2005). During swine manure composting, organic matter 

decomposition was inhibited in the presence of Mg and PO4 salts in molar ratios 

of more than 0.05M/kg (Lee et al., 2009). These reports indicate that the 

concentration of Mg and P salts are critical and the performance may vary with 

different wastes,which requires further development.  

To date, although conservation of nitrogen through struvite formation during 

composting has been proved to be a feasible way, there is still little knowledge 

available regarding the application of struvite formation to reduce nitrogen loss in 

acidic food waste composting. Therefore, this warrants further study to investigate 

the feasibility and impact factors of nitrogen conservation through struvite 

formation during food waste composting. This research explores the mechanisms 

responsible for nitrogen conservation efficiency by struvite formation, and 

evaluates its effect on nitrogen dynamic changes and final product utilization. 

1.2. Research objectives and outline of the present study 

The overall aim of the present study aims to assess the feasibility of struvite 

precipitation with the supplementary Mg2+ and PO4
3- salts in a food waste 

composting system. Several strategies were proposed to improve the efficiency of 

struvite formation by achieving nitrogen conservation, including pH amendment, 

dosages and kinds of supplementary salts, and interference ions. After modified 

the operating conditions based on struvite formation, the effects of struvite 

formation on nitrogen transformation, exist forms, and microbial community 

successions during food waste composting were investigated. The nutrient release 
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regulation and its effect on plant growth were evaluated by incubation and 

greenhouse experiments. 

The research program has been divided into four phases, as illustrated in 

following chart: 

Phase I.  Nitrogen conservation and acidity control during food waste 

composting through struvite formation 

Aim: To study the feasibility of struvite formation during the food waste 

composting process with supplemental Mg and P salts added 

Objectives: (a) Evaluate the nitrogen conservation through struvite formation. 

(b) Investigate the effect of the salts addition on decomposition and 

acidity control 

Phase II.  Optimizing conditions based on the struvite formation and 

decomposition efficiency in a food waste composting system 

Aim: To improve the efficiency of struvite formation, achieving both 

nitrogen conservation and efficient decomposition during food 

waste composting 

Objectives: (a) Discover the optimum dosages of lime to adjust acidity of food 

waste 

(b) Investigate the nitrogen conservation efficiency of struvite 

formation with different lime dosages adjusting pH 

(c) Assess the effect of interference ions on the nitrogen 

conservation efficiency through struvite formation during food 

waste composting 

(d) Evaluate the efficiency of struvite formation on trapping 

ammonia, decomposition, and maturity of final product  
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Phase III Study the effect of struvite formation on odour emission and 

microbial diversity changes during food waste composting 

Aim: To investigate odour emission and the changes in microorganism 

related nitrogen transformation during the food waste composting 

process 

Objectives: (a) Study the influence of struvite formation on microbial 

community diversity 

(b) Evaluate the effect of microbes and community diversity 

changes on VFAs and nitric oxide release 

Phase IV Evaluate struvite compost through nutrient release regulation and 

its effect on plant growth 

Aim: Investigate nutrient release of struvite compost and its effect on 

plants 

Objectives: (a) Study the nutrient release regulation of struvite compost 

(b) Assess the effect of struvite compost on plant growth 

 

1.3. Outline of Thesis 

The thesis is divided into six sections:  

SETION I. Background 

Chapter 1. Introduction and Objectives 

Chapter 2. Literature Review 

 

SETION II. Methodology 

Chapter 3. Materials and Methods 
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SETION III. The feasibility of struvite formation during food waste 

composting 

Chapter 4. Nitrogen conservation and acidity control during food wastes 

composting through struvite formation 

 

SETION IV. Optimization based on the struvite formation and composting 

efficiency in food waste composting system 

Chapter 5. Influence of lime dosages on food waste composting process 

and nitrogen conservation by struvite formation 

Chapter 6. Nitrogen conservation through struvite formation during food 

waste composting: influence of different phosphorus sources 

Chapter 7. Enhance nitrogen conservation efficiency of struvite during 

food waste composting with MgO substituted CaO as pH 

amendment 

 

SETION V. Comprehensive evaluation: microbial community succession, 

odour emission and plant growth upon struvite compost 

amendment 

Chapter 8. The effect of struvite formation on microbial community 

succession and odour emission during food waste composting 

coupling struvite precipitation 

Chapter 9. Soil nutrient transformation and plant growth upon struvite 

compost amendment 
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SETION VI. General Discussion, Conclusion and Recommendations for 

Further Research 

Chapter 10. Summary conclusions and future research recommendations 
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CHAPTER TWO 

LITERATURE REVIEW 

Organic waste generated in both human activity and living organisms could 

be utilized by some organisms to achieve recycling of organic waste within the 

natural ecosystem. With the sustained and rapid economic growth in modern 

society, waste management of municipal solid waste (MSW) has become a critical 

issue, especially in big cities such as Hong Kong, resulting in rising concerns 

regarding environmental pollution and resource conservation. A successful 

comprehensive strategy contains the following three advantages: 1) reducing the 

volume and toxicity of solid waste; 2) recycling the useful portion of solid waste; 

3) energy recovery. 

Composting is a process in which the natural ability of organisms to recycle 

organic waste and is used for the benefit of humans in an accelerated degradation 

of organic waste. The substance, called compost, is a wonderful conditioner for 

improving soil quality (Gray et al., 1971; Wilson and Dalmat, 1986; Garcia et al., 

1992). Composting is an essential pathway for solid management to solid waste 

recycling and pollution reduction (Sequi, 1996). It is necessary to understand the 

mechanism of the composting process and improve related technology to obtain 

high quality compost product with little environment pollution. 

2.1. Principle of composting 

There is no universally accepted definition of composting. A practical 

definition of composting is that it is a biological decomposition and stabilization 

of organic substrates, under conditions that allow for development of thermophilic 
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temperatures as a result of biologically produced heat, to produce a final product 

that is stable, free of pathogens and plant seeds, and can be beneficially applied to 

land. In the process of composting, organic matter is catabolized by 

microorganisms and the relatively stable organic metabolic end products carbon 

dioxide (CO2), water, heat, and humus are produced, as shown in Figure 2.1. 

Under optimal conditions, composting proceeds through three phases, which 

can be tracked according to the temperature of the compost mass (Tuomela et al., 

2000): 1) the mesophilic phase or moderate-temperature phase, which lasts for a 

couple of days; 2) The thermophilic phase or high-temperature phase, which can 

be maintained from a few days to several months; 3) a several-month cooling and 

maturation phase. 

It has been well recognized that temperature, which has a role in chemical 

changes, is the primary driving force in the succession of microorganisms 

communities that predominate various phases during the composting process. The 

initial decomposition is carried out by mesophilic microorganisms, which rapidly 

break down the readily degradable organic compounds. Meanwhile, the heat they 

produced causes the compost temperature to rapidly increase, which also 

determines a microorganism’s activity since each microbial species favors a 

certain temperature range. As the compost temperature increases above 45°C, the 

mesophilic microorganisms become less competitive and are replaced by other 

species that are thermophilic or heat-loving. As temperatures reach 55°C or above, 

most of the microorganisms that are human or plant pathogens will be destroyed. 

However, the decomposition rate will be limited at temperatures of 70°C, since 

many forms of microbes are killed by high temperature (Miller, 1993). Aeration 

and mixing are normally applied to keep the temperature below this point. During 
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the thermophilic phase, the degradation of organic matter, including proteins, fats, 

and complex carboydrates, such as cellulose and hemicelluloses, is accelerated at 

high temperatures. As the supply of these high-energy compounds become 

exhausted, the compost temperature will gradually decrease and mesophilic 

microorganisms will once again take over for the final phase of "curing" or 

maturation of the remaining organic matter. 

Composting has a fast decomposition rate and the degradation of organic 

matter is thorough. Pathogens, eggs, and plant seeds found in waste are effectively 

killed by the high temperatures during the thermophilic phase to make compost 

harmless. In addition, composting is suitable for large-scale mechanized 

processing. Therefore, it is widely used as a method of recycling plant and animal 

residue, sewage sludge, food waste, and other solid organic waste. 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

2.2. Food waste composting 

Since food industries produce a substantial amount of waste and pollution, it 

is becoming more and more imperative to address this problem. As the constraints 

Figure 2.1 Aerobic composting process of organic materials 
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related to environmental and policy issues have become quite stringent, it is 

necessary to develop optimized systems for food waste treatment. In the past 

years, food waste was collected with other MSWs and sent to landfills and 

incineration for final disposal (Schaub et al., 1996). However, the high moisture 

content of food waste may generate large amounts of leachate in landfill sites, 

which is a major source of soil and groundwater pollution (Walker, 2008). 

Meanwhile, food waste is rapidly decomposed to form methane gas, adding to the 

accumulation of greenhouse gases in the atmosphere (Levis and Barlaz, 2011). 

Moreover, the high moisture content of food waste is also a big problem for 

incineration because it will significant reduce the efficiency of incinerate plants 

(Cheng et al., 2007). Environmental regulations, limited landfill sites, and higher 

tipping fees are forcing many cities to consider other options. Food waste 

represents a relatively available high-quality feedstock for landfill diversion to 

biological treatment. Composting, as one of the most important treatment methods 

for solid wastes, provides a means to reduce the food waste being landfilled and 

simultaneously achieves food waste recycling (Wong et al., 2009). Composting 

technologies with different levels of sophistication have been developed in last 50 

years for the disposal of MSWs, sewage sludge, cow and pig manures (Haug, 

1993). Despite the fact that the basic scientific principles of waste composting 

have been studied and understood for many years, food waste is a relatively new 

feedstock and poses challenging problems. The main problem associated with 

composting of food waste materials is the quick decomposition of carbohydrates 

and fats in the initial stage of composting results in the production of high 

concentrations of organic acids, commonly referred to as volatile fatty acid 

(VFAs), which decreases the pH of the composting mass and lead to retarded 

13 
 



decomposition efficiency (Cheung et al., 2010; Nakasaki et al., 1998). 

Bergersen et al. (2009) reported that VFAs constitute approximately 25% of 

dry matter in food waste at the start of experimentation. Furthermore, when food 

wastes are composted in reactors, or in piles, organic acids are formed during the 

degradation of organic matter,resulting in a significant decrease in pH to the 4-5 

range (Beck-Friis et al., 2003; Sundberg et al., 2004; Sundberg and Jönsson, 

2005), which is much lower than the optimum range of pH for composting. The 

optimum pH for growth of protein degrading microorganisms is in the 7-8 range, 

while the decomposition of glucose proceeded rapidly in the 6-9 pH range during 

the early stage of composting (Nakasaki et al., 1993). 

There are two main metabolic pathways for organic acid production during 

the food waste composting process. One is the aerobic decomposition pathway 

during which aerobic microorganisms process organic acids as the main metabolic, 

since the compositions of food waste are mainly fats and starch. The other is 

anaerobic digestion by anaerobic microorganisms, which commonly occurs in the 

food waste composting process due to its poor physical structure. Organic acids 

are not only produced in the composting process, they are also further 

decomposed to carbon dioxide and water. Most microorganisms can utilize 

organic acids as a readily available energy and carbon source during metabolism. 

Therefore, the acid concentration in compost is influenced both by production and 

consumption of these acids. 

The presence of organic acids and low pH values (less than 5) adversely 

affect the degradation rate of compost and, thereby, the composting efficiency by 

inhibition of microbial-growth (Smårs et al., 2002; Cheung et al., 2010; Sundberg 

et al., 2013). The sensitivity of different microorganisms to organic acids varies. 

14 
 



Generally, bacteria are more sensitive to acids than fungi (Atlas and Bartha, 1998; 

Tuomela et al., 2000). Microbial-growth inhibition varied greatly between 

mesophilic and thermophilic microorganisms and with inspection time, pH, acid 

type or acid combination, acid concentrations, and environmental conditions. 

Microbial tolerance is reduced by the combination of low pH and high fatty acid 

concentrations at thermophilic temperatures (Smårs et al., 2002). Sundberg et al. 

(2004) point out that inhibition of the microbial activity at temperatures near 46°C 

and pH below 6.0 is a common problem in the initial phase of food waste 

composting. This indicates that thermophilic microorganisms are more sensitive 

to low pH. Butyric or lactic acid alone, and in combination with propionic acids 

significantly inhibit thermophilic bacteria (Cheung et al., 2010). 

Numerous methods have been used to control low pH when acidic materials 

such as food waste are composted, including increasing aeration (Beck-Friis et al., 

2003) and inoculation of acid tolerant bacterial or yeast cultures (Nakasaki et al., 

1996; Choi and Park, 1998; Sundberg and Jönsson, 2005). The most common and 

simple approach to control acidity is the addition of alkaline materials, such as 

lime and coal fly ash (Wong and Fang, 2000; Bergersen et al., 2009; Wong et al., 

2009). The degradation rate of organic matter was significantly improved with 

addition of lime to prevent the pH from decreasing below 7 during composting in 

a laboratory scale reactor (Nakasaki et al., 1993). A certain amount of lime 

addition can successfully buffer against low pH conditions during food waste 

composting, creating a suitable environment for microbial decomposition and 

reach compost maturity in a shorter time (Wong et al., 2009). However, high 

concentrations of lime or other alkaline materials inhibit microbe and enzyme 

activities (Wong and Fang, 2000). For example, bacterial respiration was 
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completely suppressed during composting with 10% lime, even though the pH 

remained high (Bergersen et al., 2009). To reduce the impact of lime, we used 

alkaline coal fly ash and achieved better results in terms of decomposition (Wong 

et al., 2009). In addition, sodium acetate as a buffering agent during composting 

has also been reported (Yu and Huang, 2009). However, when the pH increased 

above 11.0, the ammonium in compost becomes volatile and is released from the 

composters. The loss of nitrogen, as ammonia, decreases the nutrient content of 

the final product and also leads to odour problems, acid rain, and environmental 

pollution (Barrington et al., 2002; Paoli, 2010). 

The nitrogen loss varied during composting of organic wastes with different 

materials and composting conditions. The highest amount of ammonia volatilized 

reached 44% of the total initial amount of manure N present with livestock waste 

as materials (Kirchmann and Witter, 1989). The nitrogen loss was much higher 

(59% of total initial nitrogen) in the windrow Chicken litter composting process 

(Tam and Tiquia, 1999). Barrington et al. (2002) found that nitrogen loss varied 

from 38.5% to 68.6% with different materials in a 400 L composter. Ogunwande 

et al. (2008) indicated that this loss could be up to 91% in the suboptimal 

operating conditions of the static pile composting process. Extensive nitrogen loss 

as NH3 is important to restrict with composting technology (Martins, 1992), 

especially when pH is adjusted to alkaline condition in food waste. During heating 

and the thermophilic phase, nitrogen will be lost because NH3 is not water-soluble 

at high temperature and pH, which promotes NH3 volatilization (Eiland et al., 

2001). Reece (1979) and Moore (1997) found that the rate of NH3 volatilization 

increases when a material’s pH is greater than 7. Nitrogen loss varies depending 

on several environmental factors, including temperature, pH, the carbon/nitrogen 
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(C/N) ratio, and aeration conditions (Bueno et al., 2008). 

Research for the reduction of ammonia emission during composting of 

manure is required to understand nitrogen transformation during composting and 

create optimal operating condition, which may lead to an alleviation of the odour 

problem that is usually encountered at full-scale composting facilities. 

2.3.The principles of nitrogen transformation and ammonium oxidizing 

microorganisms 

2.3.1. The method and principle of nitrogen transformation 

Nitrogen dynamics during composting process are complex biochemical 

processes involving several biochemical reactions that occur during the 

mineralization of organic nitrogen, including ammonification, nitrification, and 

denitrification (Figure 2.2). Ammonification of organic nitrogen is an extremely 

important step, because it is the first step which commits to nitrification or 

denitrification. This is also contributes to nitrogen loss as NH3 during composting 

(Tam and Tiquia, 1999; Sánchez-Monedero, 2001).  

Ammonium is produced by the degradation of organic matter containing 

nitrogen in food waste, such as proteins, polypeptides, and amino acids, by 

microorganisms. Some of the ammonium released from the ammonification 

process will be utilized as a nitrogen source by microorganisms through 

immobilization to constitute their own cells; some nitrogen will be the substrate 

for further nitrification and denitrification processes and most of the ammonium 

will be volatilized as NH3 in the thermophilic phase during composting process 

due to the high pH and high temperatures pushing the balance of NH3/NH4
+ 

towards NH3 emission. 
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Figure 2.2. Nitrogen transformation during composting process 

 

Nitrification is the process by which nitrifying microorganisms transform 

ammonium to nitrate. This is a two step biochemical process which is catalyzed 

by two different groups of microorganisms. NH3 is oxidized to nitrite (NO2
-) by 

ammonia oxidizing bacteria or archaea (AOB and AOA, respectively), whereas 

NO2
- is further oxidized to nitrate (NO3

-) by nitrite oxidizing bacteria (NOB). 

Ammonia oxidationis thought to be the rate-limiting step for nitrification in most 

systems, as nitrite is rarely found to accumulate in the environment (Prosser, 1989; 

De Boer et al., 1990). Nitrification is usually rare in the thermophilic phase since 

nitrifying microbial activity is significantly inhibited under high concentrations of 

NH3 and high temperature result in NH4
+ accumulation, which leads to NH4

+ 

release (Hatzenpichler et al., 2008; Zeng et al., 2011). 
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Although composting is an aerobic biochemical process, anaerobic 

conditions still can appear (He et al., 2000) which result in denitrification 

occurring during composting (de Guardia et al., 2010). In the anaerobic zone or 

the particle core with lower O2 concentration, denitrification leads to NO3
- or 

NO2
- being reduced to N2 (Figure 2.3). In addition to N2 formation, N2O, NO, and 

NO2 may be produced under conditions that are not completely anaerobic (Maeda 

et al., 2010). 

The main nitrogen transformation reactions during composting are as 

follows: 

1) Oxidation of organic matter: 

 
 
 
 

2) The synthesis of cellular material: 

 
 

 
 

3) Nitrification reactions during composting: 

 
 
 
 
 
 
 
 
 

4) Denitrification reactions during composting: 
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Figure 2.3. Nitrification and denitrification process 

 

2.3.2. Ammonia oxidizing microorganisms 

In agreement with theory, that ammonification leads to the release of total 

ammonium nitrogen then leads this nitrogen to be emitted as ammonia, the 

correlation between ammonification and organic matter biodegradation was 

shown (Liang et al., 2006). De Guardia et al. (2008) assumed that ammonification 

was closely tied to carbon biodegradation and to the organic nitrogen content of 

the biodegradable fraction. Therefore, for a good composting process with high 

ammonification, as well as rate of degradation, nitrification is considered to be the 

key process in the nitrogen cycle, which affects the transformation of 

ammonium/ammonia during composting. The microbial ammoxidation process 

and its contribution to the global nitrogen cycle have received a great deal of 

attention. Ammonia is highly volatile at higher pH and, therefore, readily lost 

from some systems. In such cases, nitrification may facilitate nitrogen retention 

by oxidizing ammonia to less volatile nitrogen forms (George and John, 2001).  
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Nitrification is the biological oxidation of ammonia with oxygen to nitrite, 

followed by the oxidation of these nitrites into nitrates. These steps are carried out 

by two different groups of microbes, the ammonia oxidizing bacteria and the 

nitrite oxidizing bacteria (AOB and NOB), respectively (Kowalchuk and Stephen 

2001). Ammonia oxidation is thought to be the rate-limiting step for nitrification 

in most systems since it is the first step in nitrification and nitrite is rarely found to 

accumulate in the environment (Prosser, 1989; de Boer et al., 1990). Autotrophic 

ammonia-oxidizing bacteria (AOB) of the beta - and gamma – proteobacteria 

phylum are considered to be the most important contributors in aerobic ammonia 

oxidation (Purkhold et al., 2000). Most cultured AOB belong to the 

β-proteobacteria family Nitrosomonadaceae, whereas the marine AOB in the 

Nitrosococcus genus are γ-proteobacteria purple sulfur bacteria (Chromatiaceae 

family) (Purkhold et al., 2003). The AOB belonging to Nitrosomonadaceae are 

classified in the Nitrosomonas, Nitrosospira, and Nitrosovibrio genera (Purkhold 

et al., 2000). In contrast, the family of Chromatiaceae contains numerous 

non-AOB, most of which are strict anaerobes, in addition to the strictly aerobic 

AOB genus Nitrosococcus. The anaerobic ammonia-oxidizing bacteria 

(ANAMMOX) are all classified as planctomycetes (Schmidt et al., 2002). It is 

generally accepted that ammonia (NH3) and not ammonium (NH4
+) is used as 

substrate, and the ammonia/ammonium ratio may therefore affect growth (Suzuki, 

1974). However, this understanding has been radically altered by the discovery 

that ammonium can also be oxidized anaerobically by a clade of deep branching 

planctomycetes (Schmidt et al., 2002). 

Recent studies have introduced marine crenarchaeal enrichment cultures 

capable of chemolithoautotrophic ammonia oxidation to nitrite (Francis et al., 
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2003; Wuchter et al., 2006). The members of the kingdom Crenarchaeota, within 

the archaeal domain, were found to also play an important role in nitrification in 

soils and aquatic systems (Könneke et al., 2005; Hansel et al., 2008; Tourna et al., 

2008). Molecular biological studies demonstrate that the amoA gene, which 

encodes subunit A of ammonia monooxygenase, can be used to detect ammonia 

oxidizers in soils and aquatic systems and thereby improve the understanding of 

ammonia oxidizing microorganisms (Kowalchuk and Stephen 2001). Moreover, 

the bacterial and archaeal amoA genes are divergent from each other (Treusch et 

al., 2005). These nitrifying bacteria and archaea have complex internal membrane 

systems that are the location for key enzymes in nitrification: ammonia 

monooxygenase (AMO), which oxidizes ammonia to hydroxylamine; 

hydroxylamine oxido-reductase (HAO) catalyzes hydroxylamine to nitrite, and 

nitrite oxidoreductase, which oxidizes nitrite to nitrate. 

AOB are ubiquitous in most aerobic environments where ammonia is 

available through the mineralization of organic matter or anthropogenic nitrogen 

sources, such as fertilizers and waste. The carbon source, CO2 is not thought to be 

the limiting reagent for ammonia oxidizer activity and growth in most cases. AOB 

are found in soils, fresh water, and marine environments and have been isolated 

from these and other habitats (Koops, 1992). These AOBs were autotrophic and 

mesophilic and were amenable to growth on defined mineral media at 20-37°C. 

Thermophilic AOB from hot springs and deep-sea hydrothermal vents were 

investigated (Lebedeva et al. 2005; Mével and Prieur 2000). New media for the 

culture and enumeration of thermophilic AOBs in compost and the multiplication 

of AOB was investigated during the composting process (Shimaya, 2008).  

Archaea were originally thought to thrive only in extreme environments. 
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Since the equally surprising cultivation of ammonia-oxidizing archaea (AOA) 

belonging to the Crenarchaeota phylum have been discovered (Könneke et al., 

2005), AOA were found in several terrestrial and marine systems, including 

marine/ocean ecosystems (Karner et al., 2001; Bemanet al., 2008), estuaries/fresh 

water bodies (Caffrey et al., 2007), soil/terrestrial ecosystems (Leiningeret al., 

2006), wastewater treatment plants (Park et al., 2006), and hot/thermal springs 

(Hatzenpichler et al., 2008). Molecular studies of AOA have improved the 

understanding of the diversity and evolutionary history of microbes involved in 

ammonia oxidation. Currently, little is known about the ammonia oxidation 

pathways in archaea. While archaeal metabolism is in many respects similar to 

bacteria, archaea exhibit different forms of metabolism. 

The ammonia oxidizing archaea and bacteria could theoretically respond 

differently to the different micro-environmental conditions, as they belong to 

separate phylogenetic domains with different cell biochemical and metabolic 

processes. It is now widely accepted that the ammonia oxidizing bacteria (AOB) 

are the major agents in nitrification (Purkholdet al., 2000), however, it has been 

uncovered that other microorganisms have the ability to oxidize ammonia, in 

particular the ammonia-oxidizing archaea (AOA). Analysis of the nitrogen cycle 

in fresh water lakes has indicated that AOA are 8000 times more abundant than 

AOB (Herrmann et al., 2008), while the use of amoA gene as a species group 

diagnostic led Leininger et al. (2006) to suggest that AOA were up to 3000 times 

more abundant in the soil than AOB. The same analytical techniques applied to 

the oceanic environment showed that the population of AOA was between one and 

three orders of magnitude higher than that of AOB (Minceret al., 2007). 

The AOB present in the final cattle manure compost product were grouped in 
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the Nitrosomonas lineage (Innerebner et al., 2006). Several reports have shown 

that archaeal amoA gene has not been detected in any stage of the composting 

process (Yamada et al., 2007). However, in another study, AOA were present in 

large numbers in cattle manure compost, where the archaeal amoA gene copies 

were significantly higher than that of the bacterial amoA gene (Yamamoto et al., 

2010). Those findings have raised the prospect of an important role for AOA in 

the nitrogen transformation during agricultural waste composting. 

Recently, comprehensive ecological research has provide substantial 

information regarding response of archaeal and bacterial ammonia oxidizers to a 

wide range of environmental factors (Erguder et al., 2009; Kowalchuk and 

Stephen, 2001). Both were influenced by a variety of environmental factors such 

as temperature, pH, concentration of ammonium and soluble organic carbon and 

nitrogen (Purkhold et al., 2003; Arp et al., 2007; Beman et al., 2008; Cao et al., 

2011). 

The in soil rates of nitrification and, in particular, ammonia oxidation will be 

significantly reduced in acidic soils (de Boer and Kowalchuk, 2001) due to a 

reduction in NH3 availability with decreasing pH, decreasing NH3 diffusion, and 

an increasing requirement for energy-dependent transport of NH4
+ (Frijlink et al., 

1992). Usually, the optimum pH environment for AOB ranges from 7.0 to 8.5 

(Laverman et al., 2001). The discovery of archaeal ammonia oxidation provides a 

further potential explanation for nitrification in acidic soils and proved to be more 

tolerant of low pH. The abundance of archaeal and bacterial amoA gene copies 

and mRNA transcripts differed across the pH gradient in long-term soil pH 

manipulation-field. Archaeal amoA gene and transcript abundance decreased with 

increasing soil pH, from 4.9 to 7.5, while bacterial amoA gene abundance was 

24 
 



generally lower and transcripts increased with increasing pH (Nicol et al., 2008). 

The influence of temperature on the response of ammonia-oxidizing bacteria 

and archaea was determined in nitrifying soil microcosms (Tourna, T., 2008). 

After 12 days, nitrite and nitrate production increased significantly (P < 0.05), 

correlating positively with temperature during the incubation of soil at 10, 15, 20, 

25, and 30 °C. This study failed to detect changes in relative abundance or 

transcriptional activity of ammonia oxidizing bacteria during nitrification by 

denaturing gradient gel electrophoresis analysis (DGGE). In contrast, crenarchaeal 

16S rRNA and crenarchaeal amoA genes provided strong evidence of changes in 

the community structure of active archaeal ammonia oxidizers (Tourna, T., 2008). 

The effect of the ammonium concentration on AOB population density was 

measured in soil microcosms by application of 0, 1.5, or 7.5 mM ammonium 

sulfate by Okano et al. (2004). AOB populations in amended treatments increased 

from an initial density of approximately 4×106 cells/g of dry soil to 35×106 and 

66×106 cells/g of dry soil in the 1.5 and 7.5 mM treatments, respectively.In 

agricultural soil which has been treated with different amounts of fertilizers, the 

population of bacterial amoA genes declined significantly with depth in the 

unfertilized and inorganically fertilized soil, while archaeal amoA genes 

maintained at high concentration, indicating AOB favors nitrogen riched 

environments (Leininger et al., 2006). CARD-FISH/MAR also showed that the 

moderately thermophilic AOA is highly active at 0.14 and 0.79 mM ammonium 

and is partially inhibited by a concentration of 3.08 mM (Hatzenpichler, et al., 

2008). 

In the soil treated with additional manure, both archaeal and bacterial amoA 

copy numbers varied little with depth and these higher levels of AOA and AOB 

25 
 



amoA were associated with the highest bioavailability of nitrogen and carbon 

(Leininger et al., 2006). During the agriculture waste composting process, 

archaeal amoA gene was abundant throughout the composting process, while the 

bacterial amoA gene abundance decreased to undetectable level during the 

thermophilic and cooling phases (Zeng, et al., 2011), indicating that archaea 

dominated microbial ammonia oxidation during the thermophilic and cooling 

stages. However, in the study of Shimaya et al., thermophilic AOB was 

successfully cultivated from compost. However, the trend of nitrite and nitrate 

generation was one week earlier than the AOB population. Because AOA was 

ignored in that study, it is hard to judge what the nitrifying dominant organisms is. 

The addition of AOA to a compost mix resulted in increased speed for both the 

onset of the hyperthermic phase and the composting time (Xie, et al., 2012). In 

addition, the nitrogen emission was also effectively reduced for both NH3 and 

NO2. 

2.3.3. Influencing factors in nitrogen loss 

During the composting process, nitrogen loss is controlled by different 

composting systems, different raw materials, and process conditions, but the loss 

of nitrogen still shows a certain regularity. The concentration of NH4
+-N is mainly 

dependent upon temperature, pH, and the activity of ammonifying and nitrifying 

bacteria in materials, which mainly depend on the environmental conditions of 

composting. Compared to other forms of nitrogen, NH4
+-N tends to increase in the 

early phase. Nitrate is generated when temperature and concentration of NH4
+-N 

decreased due to the nitrifying bacteria inhibition during the thermophilic phase. 

Martins (1992) pointed out that the nitrogen loss during the composting 

process occurred in three main ways: 1) NH3 volatilization under high pH and 
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high temperature causes 46.8 - 77.4% of the total nitrogen loss, which occurs 

mainly in thermophilic phase. 2) Water soluble nitrogen leached with the seepage 

water accounts for 9.6 - 19.6% of nitrogen loss, in which 76.5 - 97.8% was 

ammonium nitrogen (NH4
+-N). 3) Under hypoxic conditions, denitrification could 

lead to less than 5% of nitrogen lost as NOx (Kithome, et al., 1999). During 

composting of organic wastes, nitrogen loss via NH3 could amount to more than 

50% of the initial total nitrogen content (Kirchmann and Witter, 1989; Martins, 

1992; Tam and Tiquia, 1999; Steiner et al., 2010), and has been measured up to 88% 

(Ogunwande et al., 2008). Therefore, reducing the concentration of free NH4
+ and 

NH3 is the key issue in controlling nitrogen loss during the composting process. 

Nitrogen loss varies depending on several environmental factors, including 

temperature, pH, carbon to nitrogen (C/N) ratio (Bishop and Godfrey, 1983), and 

aeration conditions. Presently, control of N loss is mainly achieved through 

adjusting the materials and controlling composting conditions. 

Temperature and pH 

The NH4
+/NH3 equilibrium is significantly influenced by temperature and pH. 

During heating and the thermophilic phase, significant N is lost because NH3 is 

not water-soluble under high temperature and pH, which promotes NH3 

volatilization (Eiland et al., 2001). De Bertodi et al. (1983) and Martins (1992) 

showed that drastic NH3 volatilization occurs when the reaction temperature 

reaches 40ºC and the material’s pH is greater than 8. Reece (1979) and Moore 

(1997) found that the rate of NH3 volatilization increases when the material’s pH 

is greater than 7. A high positive correlation also exists between NH3 

volatilization and pH, when the pH is less than 8, and therefore N loss can be 

effectively reduced by controlling temperature and pH to a certain level (Raviv et 
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al., 2002). 

Carbon to nitrogen ratio 

C/N ratio is an important factor affecting the composting process and 

compost quality. Upsetting the very narrow C/N ratio can lead to N loss through 

NH3 volatilization (de Bertoldi et al., 1985; Zhu, 2007; Jiang et al., 2011). 

Kirchmann and Witter (1989) showed that a greater C/N ratio resulted in less NH3 

volatilization, which was also found by He et al. (2005) in a composting 

experiment using different C/N ratios (12.4, 17.4, 31.2, and 35.2). Although it has 

been shown that nitrogen loss can be reduced by carbon rich materials, however, a 

C/N ratio between 25 and 30 is the initial optimal ratio for composting (Fong and 

Wong, 1999), leaving little room to further increase the C/N ratio to reduce N loss. 

Aeration 

NH3 emission is positively related to air flow and decreasing the air flow rate, 

particularly during the thermophilic phase, is an option for reducing NH3 loss 

(Elwell et al., 2002). Many studies have focused on the effects of different air 

flow rates and methods on N loss. De Bertoldi et al. (1982) found that N loss was 

greater with turning (18% N loss) than with forced aeration (5% N loss). 

Moderate aeration resulted in lower ammonium volatilization (Delaune et al., 

2004). Elwell et al. (2002) found a linear regression of emissions versus total air 

flow rate in a vessel composting process, which yielded a fit of y = 0.1309x + 

29.385 (y being total ammonia emission and x being total air flow rate). Lower 

aeration rate can reduce the volatilization of NH3, whereas the generation of CH4 

increases, delays, and prolongs the decomposition of organic matter (Jiang et al., 

2011). The orthogonal analysis showed that lignocellulosic waste mixtures with a 

moisture content of 40% and an aeration rate 0.4 L/(kg dm·min) should 
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demonstrate the lowest total nitrogen emission (Bueno et al., 2008). 

Besides, composting substrate’s natural characteristic,including particle size, 

nutrient content, and moisture content, are also exert influence on nitrogen loss. 

However, considering the optimum conditions for microbial growth, there is not 

much opportunity to adjust these conditions for reduced the nitrogen loss. 

Physical, chemical, and biological amendments 

Presently, some additions, including organic or inorganic substances, 

microorganisms, and absorbent material, can effectively reduce N loss during 

composting (Liao, 1997; Shi, 2002; Liang et al., 2006; Chen et al., 2010; Steiner 

et al., 2010).  

Microbes inoculate affects composting by controlling C and N 

transformation and reducing N loss (Li, 2003). The addition of the inoculating 

microbes FM and EM significantly increased levels of total N and organic N in an 

automatic composting device (Huang, 2003). Zhao (1995) also showed that 

NH4
+-N content with EM treatment was lowered 42-57%, compared to controls. 

However, the higher cost of additives and the adverse effects (e.g., crop damage 

and environmental pollution) of the addition of heavy metals and other hazardous 

materials to the soil are substantial problems. 

The physical amendments are mainly porous substrates, which can supply 

affinity positions and adsorb ammonia/ammonium. Witter and Kirchmann (1989) 

reported that peat, zeolite, and basalt were effective at adsorbing ammoniacal 

nitrogen during poultry manure decomposition and straw composting. Biochar has 

also been shown toact as an absorber of NH3 and water soluble NH4
+ and might 

therefore reduce nitrogen losses during composting of manure (Steiner et al., 

2010). 
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Some chemicals react with ammonium/ammonia by forming precipitate or 

stable compound to achieve nitrogen conservation. Ammonia volatilization during 

aerobic decomposition of poultry manure was significantly reduced with the 

addition of calcium chloride and magnesium chloride (Witter and Kirchmann, 

1989). The reaction mechanism involves the precipitation of carbonate as shown 

in the following equilibrations: 

CO(NH2)2 + 3H2O → (NH4)2CO·H2O 

(NH4)2CO3 + H2O → 2NH3↑ + 2H2O + CO2↑ 

(NH4)2CO3·H2O + CaX2 → CaCO3↓ + 2NH4X + H2O 

Where X = Cl- or NO3
-. Precipitation of CaCO3 reduces ammonia volatilization as 

it reduces the (NH4)2CO3 concentration, which was easily decomposed to NH3, 

CO2 and water. 

 

Lin (2008) found that the content of ammonium-N, nitrite-N, and total N in 

compost increased using a treatment with fixing agents, specifically FeCl3 and 

Ca(H2PO4)2·H2O, and the control of N loss was significant. Recently, struvite 

formation was considered to be an effective approach to achieve nitrogen 

conservation during composting of food waste (Du et al., 2010; Jeong and Hwang, 

2005; Jeong and Kim, 2001; Li et al., 2011), animal manures (Fukumoto et al., 

2011; Lee et al., 2009; Zhang and Lau, 2007), and co-composting of manure and 

corn-stock (Ren et al., 2010). The reaction mechanism involves the precipitation 

of struvite as shown in the following equilibrations: 

Mg2+ + NH4
+ + PO4

3- + 6H2O →MgNH4PO4·6H2O↓ 
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2.4. Struvite 

Struvite (magnesium ammonium phosphate, MgNH4PO4·6H2O) is a 

phosphate mineral which is formed as Mg2+, NH4
+, and PO4

3- react in a 1:1:1 

molar ratio with a formation constant (K0) of 1.41×1013 (Buchanan et al., 1994). 

The equilibrium ion-activity product (IAPeq) for struvite is 7.10×10-14 (Taylor et 

al., 1963a). Therefore, struvite will be favor precipitation if the IAP of a given 

solution exceeds the IAPeq, which is also often represented by the solubility 

constant (Ksp) and usually expresses using its negative log, noted as pKsp for 

practical reasons. The Ksp value is given by the following general expression: 

Ksp = xABy = xAz+ + yBz-            Ksp = [Mg2+][NH4
+][PO3-] 

Where x and y are the numbers of cations and anions and z+ and z- are the 

valencies. 

 

From the exterior view, struvite is a white crystalline substance with a 

distinctive orthorhombic structure that can be observed in scanning electron 

microscopy (SEM), and identified via X-ray diffraction (XRD) by matching the 

intensity and position of the peaks produced to a crystal structure database (Doyle 

and Parsons, 2002). Table 2.1 summarizes the main chemical and physical 

properties of struvite crystals.  

Struvite crystals occur spontaneously in various biological media. 

Precipitation and deposition of struvite was recognized inside pipes and pumps 

transporting wastes as early as 1939 (Rawn et al., 1939) and was considered a 

nuisance due to resulting pipe blockages. Therefore, a large portion of struvite 

research has been directed towards removal and prevention of struvite formation, 

but struvite was later identified as a premium fertilizer, of which exploitation 
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could greatly benefit the wastewater treatment industry (Doyle and Parsons, 2002). 

Recent research has been oriented towards struvite precipitation from solution for 

recovery and reuse of phosphorus (P) and nitrogen (N) in wastewater (Doyle and 

Parsons, 2002; Suzuki et al., 2005; Sugiyama et al., 2005). 

Table 2.1. Main chemical and physical properties of struvite crystals 

Name Mineral salt 

Chemical name Magnesium ammonium phosphate hexahydrate 

Formula MgNH4PO4·6H2O 

Aspect White glowing crystal 

Structure Orthorhombic: regular 

PO4
3- octahedra, distorted Mg(H2O)6

2+ octahedral, and NH4 

groups all held together by hydrogen bonding (Abbona and 

Boistelle, 1979). 

 
Dunn et al. (2004)     Le Corre et al. (2005) 

Molecular weight 245.43 g/mol 

Specific gravity 1.711 g/cm3 

Solubility Low in water: 0.18g/L at 25°C in water 

High in acids: 0.33g/L at 25°C in 0.001 N HCl; 1.78g/L at 

25°C in 0.01 N HCl (Bridger et al., 1961). 

Solubility constant 7.10 × 10-14 (Taylor et al., 1963a) 

 

Struvite precipitation is universally considered as two chemical stages: 

nucleation (crystal birth) and growth (development of crystals until equilibrium). 
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Nucleation occurs when constituent ions combine to form crystal embryos in 

liquid media, which is the first step of struvite formation and mostly governed by 

the kinetics of reaction (Jones, 2002). It was found that struvite nucleation was 

decreased with increasing solution pH, temperature, and degree of supersaturation 

in homogenous and heterogeneous nucleation processes (Ariyanto et al., 2013a). 

J = A exp [- 16πγ3v2/3k3T3(lnΩ)2] 

Where A is a kinetic factor, k is the Boltzmann constant (1.38 J/K), Ω is the 

supersaturation ratio, γ is the interfacial tension between a crystal and the solution 

(mJ/m2), v the molecular volume (cm3), and T the absolute temperature (K). 

Crystal growth is the step following nucleation and continues until 

equilibrium is reached (Ohlinger et al., 1999). Controlling these stages is complex 

as there are a combination of thermodynamic and mass transfer properties along 

with various physico-chemical factors, such as pH, degree of supersaturation, 

temperature, mixing, and the presence of interference impurities such as calcium 

(Doyle and Parsons, 2002; Le Corre et al., 2005; Ariyanto et al., 2013b). 

Supersaturation and pH have been reported as the most influential parameters 

for struvite crystallization (Mehta and Batstone, 2013). At 25°C and pH 8.50, 

precipitation of struvite from supersaturated solutions can initiate spontaneously 

past the lapse of well-defined induction times. However, the induction times 

showed the stability range of constant supersaturation that indicates the positive 

relation between degree of supersaturation and induction time, which are both 

reflected in struvite formation (Kofina and Koutsoukos, 2005). 

Struvite is highly soluble at acidic pH and insoluble at alkaline pH conditions. 

Struvite can precipitate in the 7-11 pH range (Matynia et al., 2006). Thus, its 

precipitation can be controlled by pH adjustment, as well as by alteration of 
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supersaturation. It was observed that a decrease in struvite solubility was closely 

related with pH increase (Matynia et al., 2002), and it was experimentally shown 

that under stagnant conditions (without mixing), at a pH below 8, struvite 

precipitation proceeds very slowly, indicating an increase in induction time 

(Matynia et al., 2006). Furthermore, pH is also an important factor which affects 

Ksp. Ksp is decreased (pKsp increased) along with increasing pH. When pH is 

between 6 and 11, struvite solubility decreases with increasing pH. However, as 

pH continues to rise above pH 9, the solubility of struvite begins to increase since 

the ammonium ion concentration will decrease and the phosphate ion 

concentration will increase (Doyle and Parsons, 2002). 

The effect of temperature on solubility shows a steady increase in solubility 

with increasing temperature followed by a marked decline in solubility over the 

10-65°C range (Aage et al., 1997). Frost et al. (2004) found that the ammonia and 

water molecules were lost simultaneously during thermal decomposition at 85°C. 

Struvite was found to lose its structure and become amorphous at approximately 

110°C and essentially achieve constant weight when at temperatures above 250°C 

(Bhuiyan et al., 2008). Struvite decomposition temperature is affected by the 

degree of crystallinity and the crystal size (Sarker, 1991). 

Struvite formation is also affected by the interaction of interference ions in 

the media, including calcium, potassium, and carbonates. Depending on their 

relative concentrations, struvite formation can be inhibited as can the formation of 

calcium phosphates (Koutsoukos et al., 2003). Le Corre et al. (2005) 

demonstrated that increasing calcium concentration reduces crystal size and 

inhibits struvite growth or affects struvite crystallization and leads to the 

formation of an amorphous substance rather than crystalline struvite. Kabdaszli et 

34 
 



al. (2006) also showed that the presence of sodium, calcium, sulphate, and 

carbonate-bicarbonates ions had a negative impact on either induction time or 

struvite crystal morphology and sizes. 

Thus, in recovering or reusing nutrients in waste by struvite formation 

technology, the impurities in these wastes are important factors that have to be 

considered. In waste systems, magnesium, calcium, and potassium co-existed. 

Furthermore, alongside the decomposition of organic matter, carbonate should 

also be considered. The apparent equilibrium of struvite in solution leads to the 

presence of other crystals as well (Andrade and Schuiling, 2001). The formation 

of magnesium phosphates, such as MgHPO4·3H2O (newberyite), 

Mg3(PO4)2·8H2O (bobierrite), and Mg3(PO4)2·22H2O (cattiite) is reported during 

struvite crystallization and dissolution processes (Michalowski and Pietrzyk, 

2006). However, pH has been found to be the most influential parameter for this 

dynamic change. As the pH is increased from slightly acid to basic, there is a 

change in the predominate solid species, from MgHPO4·3H2O to struvite to 

Mg3(PO4)2·22H2O (Dempsy, 1997). The same trend was also reported in piggery 

effluents by Ali et al., (2003), shown in Figure 2.4. 

 

Figure 2.4. Solids in a supersaturated solution (Ali et al., 2003) 
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High N/P ratio (3:1) was shown to improve the precipitation of struvite when 

compared to calcium phosphate by Capdevielle et al. (2013). Despite amorphous 

calcium phosphate (ACP) co-precipitation with struvite, more than 90% of the 

phosphorus was found in large crystal of struvite (Capdevielle et al., 2013).  

CaNH4PO4·6H2O is widely known to be an intermediate product in 

hydroxyapatite production. Its low stability makes it soluble after milling and 

easily loses the crystal water when temperature reaches over 50°C (Salas et al., 

2009). Potassium struvite (MKP) can coexist in crystal form, as with stone 

formation in urine (Sun et al., 2010). Furthermore, K-struvite was found to be a 

potassium source for ion exchange with ammonium, resulting in ammonium 

adsorption into the granular sludge (Lin et al., 2012), which could theoretically 

shown by the Ksp theory presented in Table 2.2. The solubility product values 

(Ksp) available in the literature for possible precipitates are summarized in Table 

2.2. 
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Table 2.2. Solubility product values (Ksp) available of the selected precipitates 

Chemical formula Ksp -pKsp Ref. 

MgNH4PO4·6H2O 7.10 × 10-14 13.14 Taylor et al., 1963a 

 4.37 × 10-14 13.36 Bhuiyan et al., 2007 

MgKPO4·6H2O 2.4 × 10-11 10.62 Taylor et al., 1963 

    

Mg(HO) 2 6.92 × 10-12 11.16 Stumm and Morgan, 1981 

Mg(HO) 2·6H2O 1.26 × 10-11 10.90 Scott et al., 1991 

MgCO 3 3.50 × 10-8 7.45 Scott et al., 1991 

MgHPO4·3H2O 1.58 × 10-6 5.80 Taylor et al., 1963b 

Mg3(PO4)2·8H2O 6.31 × 10-26 25.20 Taylor et al., 1963b 

Mg3(PO4)2·22H2O 7.94 × 10-24 23.10 Taylor et al., 1963b 

    

Ca(OH)2 1.6 × 10-6  5.79 Yen et al., 2007 

CaCO3 8.70 × 10-9  7.06 Yen et al., 2007 

Ca3(PO4)2 6.30 × 10-26 25.20 Strang and Wareham, 

2006 

CaHPO4·2H2O 2.50 × 10-7 6.60 Yen et al., 2007 

 

2.4.1. Application of struvite formation for removal of nitrogen in waste water 

systems 

The high nutrient loads from waste effluents have several environmental 

implications, including soil acidification, eutrophication in water bodies, and 

burning of tree roots due to over application (Jaffer et al., 2002; Ali et al., 2003). 

High concentrations of ammonium in waste effluents must be diminished prior to 

biological application. This may be accomplished through a stripping step, taking 

from ammonium to ammonia at high pH with airflow that must be rinsed later to 

remove ammonia contents (Chimenos et al., 2003). The precipitate of struvite 

provides a high effective, simply and environmental sustainable method to recover 
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nutrients from nutrient-rich wastewater streams and get a by-product struvite 

which has many potential uses as a slow-release fertilizer that can be applied in a 

single high dose without damaging growing plants (De-Bashan and Bashan, 

2004). 

Ammonium removal through struvite precipitation has been widely and 

successfully applied for the pre-treatment of various wastewaters that are rich in 

ammonium. The ammonium recovery efficiencies are about 80% of the 

stoichiometric ratios (Mg:N:P = 1:1:1) for agro-industrial effluents (Altınbas et al., 

2002). Uludag-Demirer et al. (2005) removed ammonia from anaerobically 

digested dairy manure by struvite precipitation, with a maximum NH4
+-N removal 

efficiency above 95%. Ganrot et al. (2007) also used struvite precipitation for 

recovery of N and P from human urine. In coking wastewater, up to 94% of 

ammonium was removed from the aqueous phase with addition of supplemental 

Mg salts after adjusting the pH to alkaline condition, and struvite precipitation in a 

needle-like structure form (Chen et al., 2009). The recovery of ammonium from 

semiconductors was investigated by Warmadewanthi and Liu (2009). It was found 

that the removal efficiency of ammonium increased as the molar ratio of 

magnesium to phosphate increased from 1:1 to 2:1, but decreased at a higher 

molar ratio (3:1). The maximum removal efficiencies reached 98% when the 

sample contained higher initial concentration of nitrogen (Kim et al., 2009). The 

removal rate of ammonia reached 85% under a molar ratio for Mg:N:P of 1:1:1 for 

treating landfill leachate (Ozturk et al., 2003). Di Iaconi et al. (2010) evaluated the 

effectiveness of struvite for ammonia removal from a mature municipal landfill 

leachate. The ammonia removal efficiency was only 67% with MgO addition at a 

ratio for Mg:N:P of 1:1:1 at pH 9, due to the low solubility of MgO. However, by 
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doubling the amount of MgO (i.e. by using a molar ratio of 2:1:1), ammonia 

removal efficiency was increased to 95%. A low-cost magnesium source, 

pyrolysate of magnesite, was used for struvite precipitation and removal of 

nutrients from piggery wastewater in Huang et al.(2011). The majority of nutrients 

in piggery wastewater can be removed (80%) when the struvite crystallization 

occurred when dosing magnesite pyrolysate at a Mg:N:P molar ratio of 2.5:1:1. 

Considering the composition of the waste, an excess amount of Mg and P is 

essential for struvite precipitation. Magnesium chloride (MgCl2·6H2O), 

magnesium oxide (MgO), and magnesium hydroxide [Mg(OH)2] are commonly 

used as Mg2+ sources, and PO4
3- is often added in the form of NaH2PO4 or 

orthophosphoric acid. Magnesium chloride (MgCl2·6H2O) was reported to be a 

good precipitant for struvite formation (Burns et al. 2001) due to its solubility, 

ease to handling, and reduced reaction time required to bring MgO into solution. 

However, because MgCl2 is slightly acidic, it does not increase pH as well as 

MgO (S. Uludag-Demirer, 2005). A magnesium hydroxide slurry and phosphate 

fertilizer were used to reduce ammonia through struvite precipitation in Miles and 

Ellis’ experiments (2001). However, this incurred insolubility problems with the 

magnesium hydroxide and resulted in use of magnesium oxide. Beal et al. (1999) 

used magnesium oxide (MgO) in bench scale reactions and reported phosphorus 

reductions could be greater than 90%. 

In summary, based on the struvite formation theory that supersaturation and 

pH are considered to be the most influential parameters (Mehta and Batstone, 

2013), we find that, in wastewater system, magnesium and phosphate salts with 

high solubility are favored for use under optimum pH conditions for struvite 

formation (as shown in Table 2.3). The variation of nitrogen removal efficiency 
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was mainly due to the different characteristics of waste sources and salt amount 

added. 

Table 2.3. Data on the nitrogen removal efficiency by struvite precipitation from 

different wastewaters 

Type of the 

waste 

Chemicals added Amount of 

the 

chemicals 

N 

reduced 

rate 

(%)  

Optimum 

pH 

Reference 

Tanning 

wastewater 

NaH2PO4·2H2O 

MgCl2·6H2O 

Mg:N:P = 

1:1:1 

95% 9.5 Zengin et al., 2002 

Tanning 

wastewater 

NaH2PO4·2H2O 

MgCl2·6H2O 

Mg:N:P = 

1:1:1.29 

85% 9.5 Kabdaşli and Tnay, 

2003 

Agro-industrial 

effluents 

NaH2PO4·2H2O 

MgCl2·6H2O 

Mg:N:P = 

1:1:1 

80% 9.2 Altınbas et al., 

2002 

Anaerobically 

digested 

wastewater 

NaH2PO4·2H2O 

MgCl2·6H2O 

Mg:N:P = 

1.3:1:1 

95% 8.5 Uludag-Demirer et 

al., 2005 

Semiconductor 

wastewater 

MgCl2·6H2O Mg:P = 

2.5:1 

33.5% 9.0 Warmadewanthi 

and Liu, 2009 

Semiconductor 

wastewater 

MgCl2·6H2O Mg:N = 

1.2:1 

98% 9.0 Kim et al., 2009 

Landfill 

leachate 

NaH2PO4·2H2O 

MgCl2·6H2O 

Mg:N:P = 

1:1:1 

85% 9.2 Ozturk et al., 2003 

Landfill 

leachate 

MgO Mg:N:P = 

1:1:1 

67% 9.0 Di Iaconi et al., 

2010 

Landfill 

leachate 

MgO Mg:N:P = 

2:1:1 

95% 9.0 Di Iaconi et al., 

2010 

Landfill 

leachate 

Na2HPO4·12H2O 

MgCl2·6H2O 

Mg:N:P = 

1:1:1 

79.2% 9.5 Zhang et al., 2009 

Piggery 

effluents 

Pyrolysate of 

magnesite 

Mg:N:P = 

2.5:1:1 

80% 8.5 Huang et al., 2011 

 

2.4.2. Control for nitrogen loss by struvite formation during composting 

Presently, struvite crystallization is considered to be an effective 

countermeasure to achieve trapping of the ammonia generated due to 
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ammonification in the composting process. Korean researchers Jeong and Kim 

(2001) achieved control of N loss in composting by initiating struvite precipitation 

by adding Mg and P salts. Their research results showed that the loss of 

ammoniacal nitrogen was clearly reduced. In the last few years, conservation of 

nitrogen through struvite formation was successfully achieved during composting 

processes in different substrates, such as animal manures (Fukumoto et al., 2011; 

Lee et al., 2009; Zhang and Lau, 2007), co-composting of manure and corn-stock 

(Ren et al., 2010) and food waste mixtures (Du et al., 2010; Jeong and Hwang, 

2005; Jeong and Kim, 2001; Li et al., 2011). Zhang and Liu (2007) also 

demonstrated that it is possible to form struvite during poultry manure composting 

in laboratory-scale experiment with MgCl2 and KH2PO4 as supplementary Mg and 

P sources. It was evident that the addition of magnesium and phosphate salts in 

the poultry manure composting mixture can dramatically reduce ammonia 

emission by as much as 40-84%, depending on the dosages used.  

With a cumulative ammonia production of approximately 33-36% of the 

initial total nitrogen in the aerobic composting, the theoretical dose for complete 

conversion of ammonia into struvite crystals approaches 35% of the initial 

nitrogen. No gaseous ammonia loss was observed with addition of Mg and P salts 

at this level. However, this could lead to improper decomposition of organic 

materials. Therefore, about 20% of the initial nitrogen in the compost mixture was 

suggested as optimum (Jeong and Hwang, 2005). During swine manure 

composting, Mg and PO4 salts inhibit organic matter decomposition when present 

in molar ratios of more than 0.05 of the initial nitrogen (Lee et al., 2009). 

However, the thermophilic condition was readily established if only Mg salt was 

added, even at a higher concentration (Lee et al., 2009). The molar ratio of 1:2 Mg 
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(OH)2/H3PO4 is recommended during pig manure composting (this dosage of 

Mg(OH)2 is equivalent to 18.7% of total nitrogen in the compost mixture) (Ren et 

al., 2010). These reports indicate that the concentration of Mg and P salts are 

critical and that performance may vary with different wastes. An optimum dose of 

Mg and P equals 20% of the initial N content (Jeong and Hwang, 2005), 

indicating that there is room for further development as ammonia loss in 

conventional composters can account up to 50% of the total N. Suitable 

modifications to increase the Mg and P concentration without process inhibition 

could maximally conserve the N, although not completely.   

The addition of magnesium and phosphate salts to compost may increase the 

total salinity of the compost as well as the orthophosphate content, which not only 

reduce sapplication of the compost for some sensitive plant species, but also 

introduces environment risks due to the possible leaching of dissolved P. Hence, 

the compost products should be thoroughly evaluated in the struvite regime gain 

the relevant advantages. The suitable conditions should be identified and 

streamlined. 

In case of food waste, Mg can be a limitation in formation of struvite. 

Magnesium chloride (MgCl2·6H2O) was reported as a good reagent for struvite 

formation, because of its solubility (Burns et al. 2001; Uludag-Demirer et al., 

2005). However, the salinity of product increased with addition of excess amount 

of MgCl2, which inhibited bacterial activity and decomposition of materials (Lee, 

et al., 2009). Meanwhile, we know that struvite is sparingly soluble in neutral and 

alkaline conditions, but readily soluble in acid. Struvite precipitation is enhanced 

when the pH is between 7 and 11 (Burns and Moody, 2002) with an optimum 

range of 7-9 (Doyle and Parsons, 2002). But, during the initial stages of food 
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waste composting, due to the formation of organic acids, the pH may be very low 

which would negatively influence struvite formation. MgO and Mg(OH)2 have 

been recommended as Mg sources due to the additional benefit of increasing the 

pH to aid in struvite reaction (Schulze-Rettmer, 1991), which may be positive 

during food waste composting. Ren et al. (2010) found that the total nitrogen loss 

could be reduced from 35% to 12% using Mg(OH)2 and H3PO4 as supplemental 

salts for pig manure composting. However, because of the insolubility of the 

material, reaction time was long, residual MgO existed after the reaction, and 

increasing concentrations of Mg(OH)2 decreased the seed germination index, thus 

negatively affected the organic degradation during composting. Further research is 

required to determine the suitable level of Mg salts and PO4 to optimize struvite 

crystallization during composting. 

Generally speaking, research on nitrogen conservation during composting by 

struvite precipitation is extremely limited, especially with food waste as raw 

materials. The data from manure composting may not be applicable to the food 

waste composting as manures contain very high concentrations of ammonia. 

Furthermore, food waste composting is quite different from manure composting 

due to the intensive acidity problem during the initial stages of composting. 

Previous reports on struvite formation during food waste composting did not 

consider pH alleviation as a criterion and mainly focused on nitrogen conservation. 

Therefore, considering the acidity problem, MgO and K2HPO4 should be good 

choices due to their additional benefits of pH buffering capacity and acting as a 

source of Mg and P salts. In addition, alkaline materials, such as lime and coal fly 

ash, are usually used to control pH drops larger than with food waste composting 

(Nakasaki et al., 1993; Bergersen et al., 2009; Wong et al., 2009). Lime will 
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compete for the phosphate ions preventing struvite formation and consequently 

reducing the nitrogen conservation efficiency. Therefore, the possible precipitates 

that can appear when working with solutions containing Mg2+, PO4
3-, NH4

+, and 

CO3
2+ are struvite, magnesite (MgCO3), and newberyite (MgHPO4·3H2O), if lime 

was added to optimize pH. According to Musvoto et al. (2000) struvite 

precipitates at neutral and higher pH and at Mg/Ca molar ratios >0.6; newberyite 

precipitates significantly only at lower pH (<6.0) and at high concentrations of 

magnesium and phosphorus. So the added amount of lime must be considered in 

these experiments. Potassium can affect struvite formation, if a large amount of 

K2HPO4 is added. Different authors (Schuiling and Andrade, 1999; Wilsenach et 

al., 2007) have observed that potassium struvite (MgKPO4·6H2O) canprecipitate 

instead of struvite in a low ammonium environment, which it is not the case in 

any of the experiments carried out here.  

For current research, there is still little knowledge available regarding the 

application of struvite formation to reduce nitrogen loss in food waste composting. 

This warrants further study to investigate the feasibility and impact factors of 

nitrogen conservation through struvite formation during food waste composting, 

to explore the mechanisms responsible for nitrogen conservation efficiency by 

struvite formation, and to evaluate its effect on nitrogen dynamic changes and 

final product utilization. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1. Composting reactor 

Identical, laboratory scale composting reactors of with 20 L volume were 

used for these experiments. Each reactor consisted of an inner tank, an outer tank 

and a seal cover. Insulating materials filled the space between the inner and outer 

tanks, forming a heat insulation layer. For a better insulation effect, thermo cables 

were coiled around the reactor, and were controlled by the temperature difference 

between the temperature in the center of reactor and the temperature of outer tank, 

which was monitored by PT100 sensors and recorded automatically by a 

computer. Fresh air was pumped by an aerator pump at a setting rate (0.5 

L/min/kg dry weight) into the reactor through a hole at the bottom and controlled 

by a flow meter. Porous stainless steel plates were put at the bottom of the reactors 

to provide a well distributed air supply. Humid sawdust under the porous plate 

moistened the air pumped in that prevented the composting mass from drying. 

Exhaust gas was collected from the hole on the top cover for further analysis. 

Aschematic diagram of the compost reactor is presented in Figure 3.1. 

The reaction temperatures within each reactor were measured continuously 

and logged with automated monitoring software. The CO2 emitted from the 

compost reactors was measured by non-dispersive infrared with microprocessor 

control and linearization using WMA-2 gas analyzers (PP systems, Herts, UK), 

and the data was continuously recorded. NH3 emission was monitored everyday 

using boric acid absorption of the outlet gas and, subsequently, the concentrations 
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were extrapolated using hydrochloric acid (HCl) titration with methyl red and 

methylene blue as indicators.  

 

 

Figure 3.1. Schematic diagram of the composter used in the experiment 

 

3.2. Characteristics of food waste 

The food waste for the experiment was prepared artificially by mixing bread, 

rice, cabbage, and fully boiled pork in the ratio of 13:10:10:5, respectively, which 

simulated a real situation and replicate the experiments with different operating 

conditions, as well as to eliminate the heterogeneity of real food waste. All the 

components were cut into 1 cm3 cubes to ensure a regular mix. The C/N ratio of 

the food waste was adjusted to approximately 30 though mixing with dried 

sawdust and the initial moisture content was adjusted to around 55% and  

maintained at this level during the whole composting process. Finally, 500 g of 

bulking agent (plastic beans) was added to achieve a bulk density of 0.5 kg/L. The 
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physical and chemical properties of the synthetic food waste are presented in 

Table 3.1.  

The composting mass (total 8 kg) inside each reactor was mixed thoroughly 

every three days for the first two weeks and once a week thereafter for 56 days 

total. During the thermophilic phase of composting process, the composting mass 

at the bottom was a little drier than upper layer due to high temperature and extra 

aeration by a secondary pump, which will open when the temperature reaches 

above 65ºC. During this period, we mixed composting mass every three days to 

maintain uniformity of the substrate. Compost samples were taken during the 

composting process on days 0, 3, 7, 14, 21, 28, 35, 42, and 56 after a thoroughly 

mixing for analysis of physiochemical properties. 
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Table 3.1.Physical and chemical properties of the synthetic food waste used in the present study 

Parameter Bread Rice Cabbage Bioled Prok Food waste mix Sawdust Mixture 

MC (%)     58.2±8.22 7.24±.243 56.5±2.22 

TC (%) 56.2±0.3 52.9±0.3 41.7±0.5 50.5±0.8 45.5±1.70 52.9±0.91 46.2±0.91 

TKN (%) 2.49±0.1 1.16±0.05 3.99±0.06 8.71±0.1 3.28±0.04 0.59±0.04 1.64±0.14 

C/N     13.9±0.35 89.8±4.56 28.8±4.56 

MC: moisture content; TC: total carbon; TKN: total Kjeldahl nitrogen; C/N: total carbon to total Kjeldahl nitrogen ratio. 
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3.3. Analytical Methods 

3.3.1. Physico-chemical Analyses 

The composting mass inside the reactor was taken out and mixed thoroughly 

in a large container to achieve a uniform sample. Fresh samples were collected 

and separated into three parts. One part was stored in -20ºC for soluble chemical 

parameters analysis; the air dried sample was thoroughly grinded for total nutrient 

measurement, and the final sample was stored in -80ºC for use in molecular 

testing and as a backup. 

The moisture content (MC) and total organic matter (TOM) contents of 

composting mass were determined by drying at 105°C for 24 h and igniting at 

550°C for 4 h, respectively. Other experiments, specifically pH, electrical 

conductivity (EC), and extractable contents analyses of the raw material were 

performed on the water extracts. The aqueous compost extracts were obtained by 

mechanically shaking the fresh samples for an hour with distilled water in a 

solid/water ratio of 1:10 (w/v dry weight basis). The suspensions were centrifuged 

at 13,000 rpm and filtered through a 0.45 μm membrane for further analysis. In 

addition, pH was measured using an Orion 920 ISE pH meter and electrical 

conductivity (EC) by an Orion 160 conductivity meter. Extractable ammonium 

(NH4
+) was determined using the indophenol blue methodand nitrite and nitrate 

were determined by the diazotizing method with colorimetric spectrophotometry 

according to the standard methods for testing compost materials (TMECC, 2003). 

Extractable phosphate was tested by the molybdenum blue method. Total Kjeldahl 

Nitrogen (TKN) and total P content were determined using digestion with sulfuric 

acid (H2SO4) followed by spectrophotometric determination of 
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ammonium-nitrogen (NH4
+-N) and phosphate contents. Total organic carbon 

(TOC) in the mixtures was analyzed by the potassium dichromate (K2Cr2O7) and 

sulfuric acid (H2SO4) methods.  Seed germination and root length tests were 

carried out on the obtained water extracts.  Cress seeds (Lepidium sativum, L.) 

were evenly distributed on the sterilized plastic petri dish with 5.0 ml extract and 

incubated at 25°C in the dark for 48 h. Three replicates were analyzed for each 

sample. Treatments were evaluated by counting the number of germinated seeds, 

and measuring the length of the root radicals. The effects were calculated using a 

germination index that was determined according to the following formula to 

assess the compost maturity and phytotoxicity as described by HKORC (2005): 

GI (%) = (Seeds germination of compost sample × Root length of compost 

sample) / (Seeds germination of control × Root length of control) × 100 

Dry compost samples were ground and sieved through a 0.15mm sieve then 

used for struvite analysis through X-ray diffraction (XRD) and scanning electron 

microscopy coupled with energy dispersive X-ray analysis (SEM-EDS). 

Ethanol (Eth) and VFAs concentration were determined by slightly 

modifying the method of Yang and Choong (2001). Total concentration of VFA 

(tVFA) is the sum of acetate (HAc), propionate (HPr), iso- and n-butyrate (HBu), 

and iso- and n-valerate (HVa). Aqueous samples were filtered through a 0.45 μm 

cellulose acetate membrane and analyzed using gas chromatography (GC-HP6890) 

with a flame ionization detector and Econo-Cap EC1000 (15 m×0.53 mm×1.20 

µm) column. The inlet and detector were set at 250 ºC and 240 ºC, respectively. 

Oven temperature was programmed to increase from an initial 75 ºC to 250 ºC at a 

rate of 10 ºC/min.  
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3.3.2. Microbiological methodology 

DNA extraction 

The total genomic DNA was extracted from 200 mg of fresh compost sample 

stored at -80°C with the PowerSoil DNA isolation Kit following the 

manufacturer’s suggestions for Gram-positive bacteria. The quality of the DNA 

was checked with 1.0 % (w/v) agarose gel (USB corp., USA) electrophoresis and 

further quantified using a Nanodrop® ND-1000 spectrophotometer at 260/280 and 

260/230 wavelengths. RedsafeTM Nucleic Acid staining solution (iNtRON 

biotechnology Inc., Korea) was used to stain the agarose gel. 

Polymerase Chain Reaction (PCR) and Primers used 

Amplification of 16S rRNA genes from purified genomic DNA was carried 

out with primer sets of V3F /V3R and BAC338F/BAC805R for bacterial 

community (Table 3.2). Primer sets of T7/SP6 were used for cloning checks. 

Polymerase Chain Reaction and Denaturing Gradient Gel Eelectrophoresis 

(PCR-DGGE) Analysis 

The variable V3-V5 region of bacterial 16S rRNA was PCR amplified using 

the domain-level universal primers BAC338F and BAC805R (Yu et al., 2005). 

The 5´ ends of the forward primers were attached with 40-bp GC-clamps 

(5´-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG-3´) to 

stabilize the melting behavior of the PCR products (Muyzer et al., 1993). Then, 

100 ng of genomic DNA was used as atemplate for PCR amplification, which was 

performed in a 50 µL reaction mixture containing 1X PCR buffer, 200 µM of each 

dNTP, 0.4 µM of each primer, and 1.25 units Taq DNA polymerase (Promega, 

USA). The PCR mixture was amplified using a thermal cycler (DNA Engine 

Gradient, Bio-Rad, USA) under the following program conditions: initial 
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denaturation at 94°C for 10 min, followed by 35 cycles of denaturation at 94°C 

for 30 s, annealing at 55°C for 30 s and extension at 72°C for 1 min, final 

extension at 72°C for 10 min, and ending at 4°C. 

DGGE was then performed with a D-code system (Bio-Rad Laboratories, 

Inc., California, USA) under the following conditions, 50 µL of the PCR product 

was loaded onto an 7% (w/v) acrylamide gel containing a 30-70% denaturant 

gradient, where 100% was defined as 7M urea with 40% (v/v) formamide; 

electrophoresis was run at 75V for 16 h in 1XTAE buffer at 60°C. Following the 

electrophoresis, the gel was stained with SYBRTM Green Goldfor 60 min in a 

staining tray and then scanned under UV transillumination. The gel image was 

captured using a Bio-Rad gel documentation system (ChemiDoc XRS, USA) and 

analyzed using the Bio-Rad image program (Quantity One 4.5.0) for qualitative 

analysis.  

Cloning, sequencing, and BLAST analysis 

The distinct bands of interest were excised directly from the gel with a clean 

razor blade and eluted with 10µL nuclear free water. One microliter of the eluted 

solution was further amplified using the BAC338F and BAC805R primers 

without the GC clamp. The PCR products were purified by Wizard® SV Gel and 

PCR Clean-Up System (Promega, USA) and transformed into the pGEM-TTM 

Easy vector (Promega, USA). The cloned 16S rRNA gene fragments were 

sequenced with a 3730XL DNA Analyzer (Applied Biosystems, Foster City, CA) 

using the T7/SP6 primer. The BLASTn tool was then used to search for closely 

related sequences in the GenBank at the National Center for Biotechnology 

Information Database (http://www.ncbi.nlm.nih.gov/BLAST). 
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Table 3.2. Characteristics of the PCR primer and probe sets used in this study 

Primer Target 
group Sequence (5’-3’) Target 

size 

Annealing 
Temperature(

°C) 
Reference 

BAC338F V3-V5 
region of 
Bacteria 

ACTCCTACGGG
AGGCAG 468 55 (Yu et al., 

2005) BAC805R GACTACCAGG
GTATCTAATCC 

T7 
Cloning 

AATACGACTCA
CTATAG  - 55 (Liang et 

al., 1994) SP6 ATTTAGGTGAC
ACTATAG 

GC clamp - 5´-CGCCCGCCGCGCGCGGCGGGCGGG
GCGGGGGCACGGGGGG-3 

(Muyzer 
et al., 
1993) 
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CHAPTER FOUR 

NITROGEN CONSERVATION AND ACIDITY CONTROL 

DURING FOOD WASTES COMPOSTING THROUGH 

STRUVITE FORMATION 

4.1. Introduction 

Food industries are blossomed through the current trend of intensive 

urbanization; however, many food processors face problems in managing food 

related solid wastes, which can constitute up to 30% of incoming raw materials 

(Lowe and Buckmaster, 1995). In Hong Kong, more than 1.3 million tons of food 

wastes from domestic and industrial sectors, representing 38.2% of the municipal 

solid waste stream, were landfilled in 2013 (HKEPD, 2015). Besides occupying 

precious landfill space, degradation of these organic wastes in the landfills emitted 

greenhouse gases, contributing to global warming. Most of the food wastes in 

Hong Kong, as well as in many other cities, were landfilled during the past years; 

but environmental regulations and limited landfill capacity are forcing 

consideration of alternatives. Composting is one of the most important treatment 

methods for solid wastes and provides means to reduce food waste being 

landfilled while simultaneously achieving nutrient recycling through compost 

production (Wong et al., 2009). The main problem associated with composting of 

food waste is the initial rapid degradation of carbohydrates and fats, resulting in 

the production of high concentrations of organic acids and the associated decrease 
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in pH of the composting mass, which leads to retarded decomposition efficiency 

due to inhibition of microbial growth (Cheung et al., 2010; Nakasaki et al., 1998). 

Addition of alkaline materials, such as lime and coal fly ash, can alleviate this 

problem (Bergersen et al., 2009; Nakasaki et al., 1993; Wong et al., 2009), but 

adjusting the initial pH affects the NH4
+-NH3 equilibrium, resulting in loss of 

nitrogen as ammonia (NH3) which is another serious problem during composting. 

Nitrogen loss not only reduces the fertilizer value of compost, but also becomes 

an important source of acid rain (Barrington et al., 2002). 

Nitrogen loss depends on feedstock properties and several environmental 

factors, including pH, carbon/nitrogen (C/N) ratio, particle size, temperature, and 

aeration conditions (Bernal et al., 2009). Numerous studies have focused on 

adjusting these parameters to reduce the loss of ammonia during composting (de 

Bertoldi et al., 1982; Delaune et al., 2004; Elwell et al., 2002; Zhu, 2007). 

However, considering the optimum conditions for microbial growth, there is not 

much space to adjust the conditions to reduce the nitrogen loss. Recently, struvite 

formation has been considered as an effective approach to achieve nitrogen 

conservation during composting of food waste (Du et al., 2010; Jeong and Hwang, 

2005; Jeong and Kim, 2001; Li et al., 2011), animal manures (Fukumoto et al., 

2011; Lee et al., 2009; Zhang and Lau, 2011), and co-composting of manure and 

corn-stock (Ren et al., 2010). 

Struvite (magnesiumammonium phosphate) is a mineral, which is 

precipitated when the concentrations of Mg2+, NH4
+, and PO4

3- exceed the 

solubility. In the case of food waste composting, extra magnesium and phosphate 

salts are needed to form struvite, to balance the available ammonium from the 

composting mass. Magnesium chloride (MgCl2·6H2O) was reported as a good 
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reagent for struvite formation because of its high solubility (Uludag-Demirer et al., 

2005); however, the salinity of product increases inhibition of bacterial activity 

and decreases decomposition of materials (Lee et al., 2009). Meanwhile, since the 

optimum pH of struvite formation is between 7.0 and 9.0 (Doyle and Parsons, 

2002), MgO and Mg(OH)2 are recommended in wastewater treatment processes 

(Schulze-Rettmer,1991). PO4
3- is usually added in the form of ortho-phosphoric 

acid orphosphate salts. Ren et al. (2010) found that, during pig manure 

composting, the total nitrogen loss could be reduced from 35% to 12% using 

Mg(OH)2 and H3PO4 as supplement salts. However, increasing concentrations of 

Mg(OH)2 decreased the seed germination index, thus negatively affecting the 

organic degradation during composting. During swine manure composting, 

magnesiumand phosphate salts inhibit organic matter decomposition during 

composting at molar ratios of more than 0.05M of the initial nitrogen (Lee et al., 

2009). The data from the manure composting may not be applicable to food waste 

composting as manures contain very high concentrations of ammonia. 

Furthermore, food waste composting is quite different from manure composting 

due to intensive acidity problems during the initial stages of composting. Previous 

reports on struvite formation during food waste composting did not consider pH 

alleviation as a criterion and mainly focused on nitrogen conservation. Therefore, 

taking acidity problems into consideration, MgO and K2HPO4 were chosen for 

this study as the source of Mg2+ and PO4
3- salts, due to their additional benefits of 

pH buffering capacity and their efficienct pH control, as well as for nitrogen 

conservation during food waste composting. 

4.2. Materials and methods 
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4.2.1. Composting and feedstock materials 

This experiment was performed in 20-Lbench-scale composters, in which the 

temperature and aeration were controlled using a computer-controlled program. 

Detailed operation of the composting process and the schematic diagram of the 

compost reactor are presented in Figure 3.1 (Chapter 3). 

A synthetic food waste prepared by mixing bread, rice, cabbage and boiled 

pork as described in Section 3.2 (Chapter 3) was used in the experiments, which 

simulated the real situation. Use of synthetic food waste facilitates comparison of 

different experiments and eliminates the heterogeneity of real food wastes. All the 

components of the food waste were cut into 1 cm3 to ensure a regular mix. The 

C/N ratio of the food waste was adjusted to ~30 through addition of dried sawdust 

and the initial moisture content was adjusted to ~55%. Finally, 500 g bulking 

agent was added to achieve a bulk density of 0.5 kg/L. Aeration was provided to 

the composting mass at a flow rate 0.5L/min/kg dry weight. Selected 

physicochemical properties of the synthetic food waste are presented in Table 3.1 

(Chapter 3). 

4.2.2. Experimental methods 

 Magnesium oxide (MgO) and di-potassium hydrogen phosphate (K2HPO4) 

were selected as supplementary Mg and P sources for inducing struvite formation. 

The treatments, salts added to the food waste mixture, and dry weight proportion 

of composting materials and dosages of MgO and K2HPO4 in each treatment are 

presented in Table 4.1. The composting mix with additives was transferred to the 

composters and composted for 8 weeks. The reactor temperatures were monitored 

continuously and logged, and the CO2 evolving from the compost reactors was 

measured online using a WMA-2 gas analyzer (PP systems, Herts, UK) with 
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continuous data logging. To measure the NH3 emission, the NH3 in the outlet gas 

was absorbed by boric acid and the concentration was determined via titration 

(Komilis and Ham, 2000).  

Table 4.1. Treatments and the dosage of inorganic additives used in each treatment 

on dry weight basis. 

Treatment Lime (%) MgO 
(M/kg) 

K2HPO4 
(M/kg) 

Control( C ) 0 0 0 

Lime( L ) 2.25 0 0 

0.05 M MgO and 0.05 M 
K2HPO4 (Mg/P=1:1) (P1) 0 0.05 0.05 

0.05 M MgO and 0.1 M 
K2HPO4 (Mg: P = 1:2)( P2 ) 0 0.05 0.10 

  

The composting mass insidethe reactor was removed and mixed thoroughly 

in a large container on days 3, 7, 10, 14, 17, 21, 28, 35, 42, 49, and 56 while 

samples were collected on days 0, 3, 7, 14, 21, 28, 35, 42, and 56 during the 

composting period for analysis of physicochemical properties. The fresh samples 

collected were stored at -20 ºC for analysis. Electrical conductivity (EC), pH, and 

extractable contents analyses were performed on the water extracts. The aqueous 

compost extracts were obtained by mechanically shaking the fresh samples for an 

hour with distilled water in a solid/water ratio of 1:10 (w/v dry weight basis). The 

suspensions were centrifuged at 13,000 rpm and filtered through a 0.45 μm 

membrane. Electrical conductivity (EC) by an Orion 160 conductivity meter and 

pH was measured using an Orion 920 ISE pH meter. Extractable ammonium 

(NH4
+) and total Kjeldahl nitrogen (TKN) were tested via the indophenol blue 

method, according to the standard methods for testing compost materials 
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(TMECC, 2003). The total organic carbon (TOC) of the mixtures was analyzed by 

the potassium dichromate (K2Cr2O7) and sulfuric acid (H2SO4) method. Seed 

germination and root length tests were carried out with the obtained water extracts. 

The responses were calculated by a germination index determined according to 

the following formula to assess the compost maturity and phytotoxicity as 

described by HKORC (2005): 

GI (%) = (Seeds germination of compost sample × Root length of compost 

sample) / (Seeds germination of control × Root length of control) × 100 

Dry compost sample was ground and sieved through a 0.15mm sieve and 

analyzed of struvite through X-ray diffraction (XRD) and scanning electron 

microscopy coupled with energy dispersive X-ray analysis (SEM-EDS). 

4.2.3. Data analysis 

 Analyses were performed in triplicate and the mean values with standard 

deviation are presented on a dry weight basis. The data obtained were analyzed by 

SAS statistical software package (Version 8.2; SAS Institute, Cary, NC) and the 

means were compared by the Tukey test at 5% probability. 

4.3. Results and discussion 

4.3.1. Temperature and carbon dioxide evolution 

The temperature of the composting mass in all the treatments increased 

sharply at the beginning of composting process, and reached the thermophilic 

phase (> 55 ºC) within 2 days (Figure4.1a), indicating that food waste was easily 

biodegraded into carbohydrates and fats by the metabolism of microorganisms 

with the accompanying heat release. After a fast increase, the temperatures of both 

treatments C and P1 decreased rapidly, indicating that the activity of microbes 
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might be inhibited due to low pH values. The optimum pH for the growth of 

microorganisms to degraded proteins is in the pH range of 7-8 (Nakasaki et al., 

1993). Low pH values (less than 5) significantly inhibited microbial-growth, 

which adversely affected the degradation rate of organic matter (Cheung et al., 

2010; Sundberg et al., 2013). In the treatments L and P2, the pH was adequately 

buffered by the addition of lime and K2HPO4, providing favorable conditions for 

microbial growth. Therefore, in these two treatments, the temperatures could 

maintain at a high level (> 55 ºC) for two weeks, which provided good pathogen 

control since a temperature between 55 and 65 ºC has been reported as necessary 

to destroy all pathogens (Stentiford, 1996). 

Heat and CO2 were generated during microbial degradation of organic matter. 

Therefore, the CO2 profile in the exhaust gas of all treatments exhibited a similar 

trend to temperature, as shown in Figure 4.1b. A sharp increase was monitored in 

the early stage in all treatments, which is common in the food waste composting 

process (Wong et al., 2009) due to easy degradation (Kwon and Lee, 2004). As 

the products of microorganism respiration, both heat and CO2, reflected bacterial 

activity, which is affected by environmental conditions. The higher CO2 evolution 

in treatments L and P2 compared to treatments C and P1 indicate a more efficienct 

decomposition process in the first two weeks, and then a decrease of activity due 

to most of easily degradable components being decomposed. But the decrease in 

CO2 concentration occurred slightly earlier than in temperature due to the 

insulating materials around the reactor, which delayed heat loss. 
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Figure 4.1. The changes of temperature (a) and CO2 evolution (b) during food 

waste composting. (C = food waste without any amendment, L = food waste with 

2.25% lime, P1 = food waste with 0.05 M MgO and 0.05 M K2HPO4, P2 = food 

waste with 0.05 M MgO and 0.1 M K2HPO4). 

 

4.3.2. pH and electrical conductivity 

Microbial activities are greatly influenced by pH, and a neutral pH has been 

suggested to be optimal for composting process (Gage, 2003). The reduction in 

pH during the initial stage of food waste composting was observed in treatment C 
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as reported previously (Sellami et al., 2008; Wong et al., 2009). The pH in the 

treatments C and P1 decreased significantly (Figure 4.2a) to the acidic range, 

which can be attributed to fatty acids generation during composting (Brinton, 

1998). Meanwhile, at a low pH (< 6.0), composting processes were reported to be 

inhibited (Nakasaki et al., 1993; Wong et al., 2009) leading to the accumulation of 

VFAs that further enhanced the inhibition of organic degradation. The reduction 

of CO2 emission (Figure 4.1b) was an indication for such inhibition and reduced 

organic decomposition. In the lime (L) treatment, the initial pH was increased up 

to 11.0 and the lime buffered against the fatty acids generated during the early 

stages of composting, thus offered an ideal condition for composting. Since, 

K2HPO4 is also an alkaline salt, addition of sufficient K2HPO4 (0.1M/kg) could 

buffer against the pH of the composting mass in a narrow range of 6.8 to 8.7, 

which ensured the optimum pH level for the microbes. However, the low pH of 

treatment P1 indicated that K2HPO4 could be a buffering reagent only when a 

sufficient quantity was added. 

As shown in Figure 4.2b, the electrical conductivities (EC) of all treatments 

were increased inthe initial stage due to complex organic matters being 

decomposed into soluble components, including ammonium, VFAs, etc. More 

rapid increases of EC were observed in treatments L and P2 compared with the 

other two treatments due to higher rates of decomposition and the addition of 

inorganic salts in treatment P2. Since the pH of the treatment L was increased, the 

decrease in EC of this treatment was likely due to the precipitation of calcium in 

alkaline conditions. However, the EC of treatment P2 was much higher (6.14 

mS/cm) due to the high amount of phosphate salt added, when compared with the 

L and P1 treatments (4.04 and 4.64 mS/cm, respectively), even after 56 days of 
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composting process. Although a well controlled pH ensured good decomposition 

of organic matter in treatment P2, the high EC exerted inhibitory effects on plant 

growth, as indicated by the germination index tests (Figure 4.5).  
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Figure 4.2. The changes of pH (a) and EC (b) during food waste composting. (C = 

food waste without any amendment, L = food waste with 2.25% lime, P1 = food 

waste with 0.05 M MgO and 0.05 M K2HPO4, P2 = food waste with 0.05 M MgO 

and 0.1 M K2HPO4). 
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4.3.3. Nitrogen dynamics during composting process 

The highest ammonia emissions were observed in the thermophilic phase 

(Figure 4.3a and b), due to NH3 becoming more volatile under high temperature 

and pH (Eiland et al., 2001). There was nearly no NH3 emitted from the 

treatments C and P1 due to their low pH (< 6.0) and low biodegradation of 

organic matter, though NH3 emissions were observed in the later stage of 

treatment P1 when the pH increased. As expected, the NH3 emissions in treatment 

L increased sharply due to amendment of the acidic pH by lime. The NH3 

emissions of treatment P2 were significantly lower than that of treatment L, 

indicating the possible formation of struvite and the resulting up to 50% reduction 

of nitrogen loss (from 40.8 to 23.3% to total nitrogen) compared with the 

treatment L. Zhang and Lau (2007) reported that the accumulated ammonia 

emissions from poultry compost was substantially reduced by 40% to 84% with 

Mg and P salt addition, compared to control treatment. In pig manure composting, 

a reduction of nitrogen loss through struvite formation was also detected, from 35% 

to 12% (Ren et al., 2010). 

Ammoniacal-N was generated during the decomposition of organic matter 

resulting in the concentration of NH4
+ increasing rapidly at the beginning in the L 

and P2 treatments (Figure 4.3c), then decreased after day 7 due to the conversion 

of NH4
+ into NH3 and, subsequently, by its volatilization by high pH and 

temperature condition. Both the L and P2 treatments showed good decomposition; 

however, the NH4
+ concentration of treatment P2 (3725 mg/kg) was significantly 

lower than treatment L (5987 mg/kg), possibly due to ammonium ions being 

precipitated with Mg2+ and PO4
3- as struvite. The NH4

+ concentration with 

treatment P1 increased gradually up to day 35; however, the concentrations were 
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still high after 56 days mainly due to delayed organic decomposition. During the 

entire composting process, the TKN contents of all the treatments increased 

slightly mainly due to concentration effect (Figure 4.3d). The concentrations of 

TKN ranged from 1.67% to 2.14%. The concentration of TKN for treatment C 

was slightly lower than that in other treatments, because of its low decomposition 

rate, despite the lessened loss of ammonia.  
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Figure 4.3. Changes of ammonia emission (a), cumulative ammonia emission (b), 

extractable ammonium (c) and total Kjeldahl nitrogen contents during food 

composting process. (C = food waste without any amendment, L = food waste 

with 2.25% lime, P1 = food waste with 0.05 M MgO and 0.05 M K2HPO4, P2 = 

food waste with 0.05 M MgO and 0.1 M K2HPO4). 

 

4.3.4. Struvite identification 

Struvite tends to precipitate when the concentration of the constituting ions 
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(Mg2+, NH4
+ and PO4

3-) exceeds its solubility product (Ksp), which is 

approximately 7.10×10-14 at 25 ºC in neutral environment (Taylor et al., 1963a). 

The ranges of ionic strength and solubility products of different treatments are 

shown in Table 4.2. With supplementation of Mg2+ and PO4
3-, the solubility 

products of treatments P1 and P2 were significantly higher than treatments C and 

L, 3.1×10-11 - 1.3×10-9 and 6.2×10-11 - 1.2×10-9, respectively, which already 

exceeded the solubility product of struvite. However, the solubility constant can 

be affected by many factors, including pH, temperature, and interference ions. The 

values of Ksp from 4.37×10-14 to 3.89×10-10 were reported in water (Burn and 

Finlayson, 1982), aqueous solution (Babić-Ivančić et al., 2002; Ohlinger et al., 

1998) and wastewater (Borgerding et al., 1972). The temperature and pH of the 

composting mass were dynamic and changed during composting process, making 

it difficult to identify struvite formation through the solubility product. XRD and 

SEM are widely used as a direct mineral identification method. 

Table 4.2. Range of ionic strength and solubility product during composting 

 

NH4
+ 

(mg/kg) 

PO4
3- 

(mg/kg) 

Mg2+ 

(mg/kg) 
Solubility product 

C 254-1862 141-800 80-90 2.9×10-12 - 1.3×10-10 

L 171-5309 57-263 69-94 6.7×10-13 - 1.3×10-10 

P1 214-2960 846-2110 171-204 3.1×10-11 - 1.3×10-9 

P2 561-3052 1049-2353 105-167 6.2×10-11 - 1.2×10-9 

(C = food waste without any amendment, L = food waste with 2.25% lime, P1 = 

food waste with 0.05 M MgO and 0.05 M K2HPO4, P2 = food waste with 0.05 M 

MgO and 0.1 M K2HPO4). 
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Compost samples were analyzed for the struvite formation through XRD and 

subsequently SEM-EDS, and the results are presented in Figure 4.4. XRD analysis 

indicated that struvite was observed in the final compost product of treatment P2 

only, indicating that the mechanism of N conservation was due to the formation of 

struvite during composting. SiO2 was found in treatment C, which might originate 

from the sawdust, food waste, or from the collection process. The typical profile 

of struvite was not detected in treatment P1, probably due to the significant period 

of low pH condition preventing struvite formation. Many studies have shown that 

the optimal pH for struvite precipitation is between 7.0 and 9.0 in wastewater 

(Doyle and Parsons, 2002).  

The formation of struvite crystals in treatment P2 was further verified with 

SEM-EDS (Figure 4.4 f-g). The chemical composition of the crystals was similar 

to the struvite standard, indicating that the crystals formed with this treatment had 

a higher purity. Potassium was detected in the sample, as K2HPO4 was the source 

of phosphate. The surface of the crystals was not as smooth as the struvite formed 

in the wastewater system (Dunn et al., 2004; Le Correet al., 2007a) because it was 

formed in a solid phase and was not separated from other compost products. 
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Figure 4.4. Struvite observed with XRD and results of SEM-EDS analysis. XRD 

result of the treatment C (a), L (b), P1 (c), P2 (d), and struvite standard (e); Figure 

3f-g: the SEM-EDS result of the struvite crystal formed in treatment P2. (C = food 

waste without any amendment, L = food waste with 2.25% lime, P1 = food waste 

with 0.05 M MgO and 0.05 M K2HPO4, P2 = food waste with 0.05 M MgO and 

0.1 M K2HPO4). 

 

4.3.5. Compost maturity 

Seed germination index (GI) is a direct indicator for compost maturity since 

it directly tests whether the final product is inhibitory to plant growth or not. 

Initially, the germination indices were very low (Figure 4.5) due to the active 

decomposition generating high concentrations of NH4
+ and fatty acids, which are 

toxic for seed germination. The GI for the treatment L reached over 80% within 

28 days, while the GI of the treatment P2 also reached a maturity value of 80%, 

but required a longer time (~7 weeks) due to high salinity. In contrast, the GI of 

the other two treatments (C and P1) were lower than 80% after composting for 56 

days, indicating poor organic stabilization and the requirement for a longer 

composting time. 
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Figure 4.5. The changes of germination index during composting process. (C = 

food waste without any amendment, L = food waste with 2.25% lime, P1 = food 

waste with 0.05 M MgO and 0.05 M K2HPO4, P2 = food waste with 0.05 M MgO 

and 0.1 M K2HPO4). 

 

As presented in Figure 4.6, degradation of organic matter in treatment P2 

was 64.0%, which was significantly higher than treatments C and P1, due to 

favourable pH conditions during the composting process. This indicates that 

K2HPO4 can be used not only as a supplementary P source, but also as a buffering 

agent against decreases in pH. Meanwhile, the formation of struvite effectively 

reduced the total nitrogen loss from 40.8 to 23.3%, compared with treatment L. 

Compost products containing struvite increased the nutrient content, enabled 

control of nutrient release, reduced the nutrient loss, and supported plant growth 

in a sustainable way; thus offering advantages that would increase the marketing 

value of the compost. 
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Figure 4.6. Comparison of organic decomposition and nitrogen loss of the 

different treatments. (C = food waste without any amendment, L = food waste 

with 2.25% lime, P1 = food waste with 0.05 M MgO and 0.05 M K2HPO4, P2 = 

food waste with 0.05 M MgO and 0.1 M K2HPO4). 

Data with the same letter within a parameter are not significantly different 

(p<0.05). 

 

Compared with the standard for compost, the final products of treatments P2 

and L reached all requirements except for ammonium content (Table 4.3). 

However, the germination index was up to 112 for P2, indicating that the 

ammonium toxicity did not affect the plant at this level. In addition, since the 

main raw material was food waste the heavy metal contents in final product 

should not pose a problem (Wong et al., 2009) during the application as organic 

fertilizers.  
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Table 4.3. Properties of the compost sampled at the end of composting cycle 

Parameters 

Compost standards 

C L P1 P2 HKORC
① 

TMECC
②

/CCME
③

 

Ammonium 

(mg/kg dw) 
≤ 700 75-500 1230±82.7b 98±34.8d 1969±232.0a 728±4.7c 

C : N ratio ≤ 25 ≤ 25 26.7±0.35a 20.3±3.70bc 24.1±0.27ab 16.9±0.42c 

pH 5.5-8.5 -- 4.6±0.01c 8.2±0.13a 8.3±0.01a 7.9±0.00b 

Organic 

matter (% 

dw) 

≥ 20 ≤ 40 97.3±0.18a 88.6±0.11d 96.3±0.04b 91.3±0.04c 

Seed 

germination 

index (%) 

≥ 80 80-90 32.3±3c 134.1±13a 44.6±17c 112.3±12b 

Total N (% 

dw) 
-- -- 1.67±0.02c 1.87±0.34b 1.99±0.02ab 2.14±0.05a 

Total P (% 

dw) 
-- -- 0.29±0.01d 0.51±0.09c 0.96±0.04b 1.45±0.15a 

①HKORC (2005): Compost and Soil Conditioner Quality Standards for General Agricultural 

Use. 

②TMECC (2003): Test Methods for the Examination of Compost and Composting. 

③CCME (2005): Guidelines for Grade A Compost Quality. 

Data with the same letter among the treatments for a parameter are not significantly different 

(p <0.05). 

(C = food waste without any amendment, L = food waste with 2.25% lime, P1 = food waste 

with 0.05 M MgO and 0.05 M K2HPO4, P2 = food waste with 0.05 M MgO and 0.1 M 

K2HPO4). 
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4.4. Conclusions 

With the addition of extra Mg and P salts, struvite formation could be 

established during the food waste composting process when pH was well 

controlled in alkaline condition. A high dosage of K2HPO4 (0.1 M) was essential 

for buffering the low pH of food waste to ensure creation a suitable condition for 

either struvite formation or microbial degradation. The formation of struvite 

effectively reduced the nitrogen loss from 40.8 to 23.3% during food waste 

composting; however, the EC of the compost was increased due to the addition of 

P salts in high dosage, which was hazardous for seed germination and resulted in 

retarded maturity of the final product. This requires further investigation on more 

effective pH amendment regents to improve this technology. 
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CHAPTER FIVE 

INFLUENCE OF LIME DOSAGES ON FOOD WASTE 

COMPOSTING PROCESS AND NITROGEN CONSERVATION 

BY STRUVITE FORMATION 

5.1. Introduction 

As food waste becomes the largest organic component of municipal solid 

waste by weight and constitutes about 14-40% of waste in different countries 

(Cheng et al., 2007; HKEPD, 2015; Levis et al., 2010), composting has been 

considered as a feasible, environmental, and recycling technology to convert food 

waste in the landfills, which emit greenhouse gases and produce leachates 

requiring treatment, to food waste recycling, which results in relatively stable 

humus-like compost. Composting has been practiced for many decades, is robust, 

and easy to operate. Despite that, food waste has only recently been identified as 

feedstock and poses a challenging problem during composting. Food waste, as a 

substrate for composting, has poor physical structure and chemical properties that 

necessitate significant attention to prevent the failure of the composting. In our 

previous study, supplementation of magnesium (Mg) and phosphorus (P) salts 

with alkaline character to the composting mass induced struvite formation and 

thereby achieved nitrogen conservation during composting. Meanwhile, high 

dosages were essential to buffer the acidity and alleviated the inhibitory low pH 

conditions to create a suitable environment for microbial degradation (Wang et al. 
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2013). Nevertheless, the electrical conductivity of the compost was increased due 

to the addition of high levels of Mg and P salts, which hampered the 

decomposition of organic materials and also negatively influenced compost 

maturity (Lee et al., 2009; Wang et al., 2013). Compost with high salinity can lead 

to plant cell dehydration, inhibiting germination and limiting the application of the 

final product. More effective pH amendment regents are required to improve this 

technology. 

Rapid degradation of easily available organic matter during the early stages 

of composting initiates a sequence of events, leading to composting retardation. 

Mainly, intensive acidification due to the generation of low molecular weight 

organic acids reduces the pH and this acidity inhibits microbial activity and causes 

acidic odour emission (Sundberg et al., 2004; Sundberg and Jönsson, 2005). 

Modification of the physical structure through addition of suitable bulking agents 

was convincingly demonstrated in earlier studies (Chang, 2010; Wong et al., 

2009). Adjusting the pH of food waste by adding alkaline materials, such as lime 

and coal fly ash, successfully prevented pH drop and promoted degradation rates 

(Bergersen et al., 2009; Wong et al., 2009). Lime addition was shown to be an 

effective technique for alleviating low pH and improving compost maturity (Wong 

et al., 2009). However, microbial and enzyme activities are reduced if the 

concentration of lime is high (Wong, 2000). Besides, the risk of nitrogen loss as 

NH3 increased when the initial pH was adjusted (Sundberg et al., 2004). Lime will 

compete for the phosphate ions, preventing struvite formation and consequently 

reducing nitrogen conservation efficiency. Therefore, it is very important to 

investigate whether lime can alleviate the salinity problem of struvite based food 

waste composting and any subsequent influences on levels on the struvite 
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formation and nitrogen conservation during composting.  

5.2. Materials and Methods 

5.2.1. Food waste and treatment 

Synthetic food waste prepared by mixing bread, rice, cabbage, and fully 

boiled pork was used in these experiments, as described in Section 3.2 (Chapter 3), 

to replicate the experiments with different operating conditions and to eliminate 

the heterogeneity of food wastes. All the components of the food waste were cut 

into 1 cm3 to ensure a homogeneous mix. The food waste prepared was 

thoroughly mixed with sawdust to adjust the C/N ratio to ~30 and the initial 

moisture content was amended to ~55%. Selected physicochemical properties of 

the synthetic food waste are presented in Table 3.1 (Chapter 3). 

Magnesium oxide (MgO), at 0.05 M/kg, and 0.05 M/kg di-potassium 

hydrogen phosphate (K2HPO4) were added as supplemental Mg and P sources to 

induce struvite formation in all treatments. Lime was mixed with raw materials to 

alleviate pH at different dosages 0.75% (SL0.75), 1.5% (SL1.5), 2.25% (SL2.25) 

and 3% (SL3). A control treatment with 2.25% lime alone (L), without struvite 

salts, was included as a reference to evaluate nitrogen conservation efficiency of 

struvite based composting treatments. 

5.2.2. Composting and analytical methods 

Experiments were carried out in computer controlled 20-L bench-scale 

reactors, in which the reactor temperatures were monitored continuously and 

logged into the computer, while the CO2 evolved from the compost reactors was 

measured on-line using a WMA-2 gas analyzer (PP systems, Herts, UK) with 

continuous data logging. To evaluate the NH3 emissions, the NH3 in the outlet gas 
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was trapped with boric acid and the concentration was determined via titration 

(Komilis and Ham, 2000). Aeration was provided at a flow rate 0.5 L/min/kg (dry 

weight) through an aerator pump. A detailed explanation for setup and operation 

of the composting processes were reported previously in Chapter 3. 

The composting mass inside the reactor was mixed thoroughly in a large 

vessel on days 0, 3, 7, 10, 14, 17, 21, 28, and 35. Samples were collected on days 

0, 3, 7, 14, 21, 28, and 35 of the composting periodfor analysis of 

physicochemical properties. Electrical conductivity (EC), pH, and extractable 

contents (NH4
+, soluble organic nitrogen (SON), and dissolved organic carbon 

(DOC) analyses were performed on the aqueous extracts. The aqueous compost 

extracts were obtained by mechanically shaking fresh samples for an hour with 

distilled water at a solid/water ratio of 1:10 (w/v dry weight basis). The 

suspensions were centrifuged at 13,000 rpm and filtered through a 0.45 μm 

membrane. Extractable ammonium (NH4
+), SON, and total Kjeldahl nitrogen 

(TKN) were tested via the colorimetric spectrophotometer method according to 

the standard methods for testing compost materials (TMECC, 2003). Total organic 

carbon (TOC) and DOC in the mixtures was analyzed by the potassium 

dichromate (K2Cr2O7) and sulfuric acid (H2SO4) method. Ammonium was 

extracted using 0.1M HCl with a 1:10 ratio of solid to extractant ratio for 

quantification of nitrogen fixed in struvite crystals in the compost (Fukumoto et 

al., 2011). The cress seed germination test was used to assess compost maturity as 

described by HKORC (2005).  

The degradation of organic matter was calculated using the following 

formula: Organic matter loss (%) = 100 - 100[X1(100 - X2)]/[X2(100 - X1)], where 

X1 is initial ash content and X2 is final ash content (Bernal, et al., 2009). The 
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ammonia loss was calculated as: Ammonia loss (%) = cumulative ammonia loss/ 

initial total nitrogen. 

5.2.3. Data analysis 

 Analyses were performed with three replicates and the mean values with 

standard deviation are presented on dry weight basis. The data obtained were 

analyzed with the SAS statistical software package (Version 8.2; SAS Institute, 

Cary, NC) and means were compared using the Tukey test at 5% probability. 

5.3. Results and Discussion 

5.3.1. Temperature and CO2 evolution 

Food waste contains a high quantity of easily degradable organic compounds, 

as reported earlier (Kwon and Lee, 2004). Chemical energy released during the 

decomposition of complex organic components and active metabolism of 

microorganisms generated large amounts of heat that raised the temperature 

drastically in the beginning stages of composting (Figure 5.1a). Temperatures of 

treatment L, SL2.25, and SL3 were quite similar and maintained temperatures 

above 55 ºC for two weeks before decreasing. However, temperatures of treatment 

SL0.75 and SL1.5 dropped quickly to 40 ºC after 4 days and the temperature of 

treatment SL1.5 showed another peak after two weeks when its pH increased 

above 7, which was not found in treatment SL0.75 due to different lime addition 

dosages, indicating that the microbial activity is very sensitive to acidity, and it 

was consistent with the trends observed in CO2 evolutions (Figure 5.1b).  

The microbial activity and composting efficiency were clearly affected by 

CO2 evolution rates, as reported previously (Liang et al., 2003). The sharp 

increase in CO2 evolutions seen in all treatments was due to the rapid degradation 
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of easily degradable organic matter, as shown in Figure 5.1b. After the initial 

period of intense degradation, CO2 evolutions in SL0.75 and SL1.5 treatments  

decreased sharply. In addition, this trend was clearly correlated with temperature 

and cumulative CO2 evolution. The cumulative CO2 evolution of these two 

treatments were both significantly (p < 0.05) lower than other treatments (L, 

SL2.25, and SL3), as shown in Figure 5.1c, due to low pH that inhibited microbial 

activity (Cheung et al., 2010). This was further supported by the lack of difference 

in CO evolution between the treatments, in which pH were well controlled. Lime 

buffered pH during generation of organic acids, which enhanced the degradation 

of organic compounds (Nakasaki et al., 1998). The cumulative CO2 emissions of 

SL3 were slightly less than L and SL2.25, which may be due to the inhibition of 

microbial activity with high concentration of lime, as observed in a previous study 

(Wong et al., 2000).  
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Figure 5.1. The changes of temperature (a), CO2 evolution (b) and cumulative CO2 

evolution (c) during composting process. (L = food waste with 2.25% lime, 

SL0.75 = food waste with 0.75% lime, 0.05 M K2HPO4 and 0.05 M MgO, SL1.5 

= food waste with 1.5% lime, 0.05 M K2HPO4 and 0.05 M MgO, SL2.25 = food 

waste with 2.25% lime, 0.05 M K2HPO4 and 0.05 M MgO, SL3 = food waste with 

3% lime, 0.05 M K2HPO4 and 0.05 M MgO). 
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5.3.2. pH and electrical conductivity 

Lime is an alkaline chemical which effectively reacts with water to form 

Ca(OH)2, while drastically increasing the pH of composting mass and releasing 

heat. The initial pH values of composting materials ranged from ~6.5 to ~12.0 in 

the L, SL0.75, SL1.5, SL2.25, and SL3 treatments after amendment by different 

dosages of lime. These were significantly increased with increasing lime amounts. 

But, the initial pH was only 6.5 in treatment SL0.75, indicating that 0.75% lime 

was not sufficient to buffer low pH, resulting in a serious inhibition of the 

composting process. As mentioned previously, this low pH mediated microbial 

inhibition and resulted in low degradation and CO2 evolution. The reduction of pH 

duringthe initial stages of food waste composting was observedin all the 

treatments (Figure 5.2a), and was a common phenomenon (Li, et al., 2013). In the 

L, SL2.25, and SL3 treatments (high concentration of lime), the pH values were 

observed to be in neutral or alkaline during the whole composting process, 

providing an ideal environment for bacteria. In contrast, during the first two 

weeks, the pH of SL1.5 decreased to acidic level (pH 6.3) due to an insufficiency 

in neutralizing organic acids generated during this period. Eventually, the pH 

increased to a favorable range for composting after three weeks, when the quantity 

of the organic acids produced lessened. The similar pH profiles of L and SL2.25 

indicated that the buffering effect of K2HPO4 was negligible when compared with 

lime or not efficient in the presence of lime, possibly due to the combination of 

calcium and phosphate reducing their buffering capability. 
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Figure 5.2. The changes of pH (a) and EC (b) during composting process. The 

values are means of three replicates while the error bars are standard deviation are 

shown (p <0.05). (L = food waste with 2.25% lime, SL0.75 = food waste with 

0.75% lime, 0.05 M K2HPO4 and 0.05 M MgO, SL1.5 = food waste with 1.5% 

lime, 0.05 M K2HPO4 and 0.05 M MgO, SL2.25 = food waste with 2.25% lime, 

0.05 M K2HPO4 and 0.05 M MgO, SL3 = food waste with 3% lime, 0.05 M 
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K2HPO4 and 0.05 M MgO). 

Electrical conductivity (EC) of all treatments increased during the initial 

phase (Figure 5.2b) since complex organic matters decomposed into soluble 

components, including ammonium, VFAs, DOC, and SON, which closely 

correlated with salinity (Turan, 2008). The alkaline condition adjusted by lime in 

treatments L, SL2.25, and SL3 provided an optimized living environment for 

microorganisms that improved the further degradation of those soluble organic 

compounds and reduced biomass electrical conductivities. The ECs of the SL0.75 

and SL1.5 treatments were much higher than other treatments, associated with the 

relatively low pH that increased the solubility of cations. The addition of lime at 

or above 2.25% decreased the EC below 4 mS/cm of final products, whereas, the 

EC had reached 6.14 mS/cm without lime, as observed in previous experiments 

(Chapter 4), where only high doses of Mg and P salts were used to adjust pH and 

induce struvite precipitation (Wang, et al., 2013). The combination of calcium 

ions in alkaline condition also contributed to reducing salinity. 

5.3.3. Ammonia emission during composting 

As shown in Figure 5.3a, NH3 emissions mainly occurred during the 

thermophilic phase due to high temperature and pH, which promote NH3 

volatilization (Eiland et al., 2001). Nearly no NH3 emissions were observed in 

treatment SL0.75 due to its low pH and very low decomposition of organic matter. 

Ammonia loss observed intreatment L was much higher than SL2.25, indicating 

that the addition of Mg and P salts effectively reduced NH3 emissions. In 

treatment SL2.25, there was up to 38% nitrogen loss comparing with treatment L. 

NH3 emissions significantly increased when the dosage of lime increased. The N 

losses observed in SL0.75, SL1.5, SL2.25, and SL3 treatments were 0.33%, 
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19.14%, 27.36%, and 47.98%, respectively. Lime, as an effective pH amendment 

reagent, drastically changed biomass pH which directly promoted NH3 

volatilization. Moreover, the presence of Ca2+ ions has been reported to have a 

significant negative impact on struvite formation and could prolong the induction 

time preceding the first occurrence of crystals (Le Corre et al., 2009). In addition, 

the size and shape of the struvite recovered from water system were also affected 

by Ca2+ ions resulting in reduced purity of the product (Le Corre et al., 2005). 

Therefore, addition of 3% lime provided more calcium ions, which inhibited the 

formation of struvite and competed for phosphate to form amorphous calcium 

phosphate. 

Acid soluble ammonium was used to determine the nitrogen fixed in struvite 

since struvite is an insoluble precipitate in neutral and alkaline conditions, but 

soluble in acidic condition (Doyle and Parsons, 2002; Fukumoto et al., 2010). The 

acid soluble ammonium concentrations of compost were 0, 0, 901, 602, and 147 

mg/kg in treatments L, SL0.75, SL1.5, SL2.25, and SL3, respectively (as shown 

in Table 5.2). No acid soluble ammonium was detected in treatment SL0.75 due to 

its low pH (below 5) during the composting process. The concentration of acid 

soluble ammonium significantly decreased when lime contents was increased 

from 1.5% to 3%. This is consistent with the trend of nitrogen loss that reflected 

the efficiency of nitrogen conservation through struvite formation. 

 

84 
 



0 10 20 30 40

N
H

3-N
 e

m
is

si
on

 (g
/d

ay
)

0

1

2

3

4

5

L
SL0.75
SL1.5
SL2.25
SL3

a

Time (d)

0 10 20 30 40

C
um

ul
at

ive
 N

H
3-N

 e
m

is
si

on
 (g

)

0

10

20

30

40

50

L
SL0.75
SL1.5
SL2.25
SL3

b

 

Figure 5.3. Changes of ammonia emission (a) and cumulative ammonia emission 

(b) during composting process. (L = food waste with 2.25% lime, SL0.75 = food 

waste with 0.75% lime, 0.05 M K2HPO4 and 0.05 M MgO, SL1.5 = food waste 

with 1.5% lime, 0.05 M K2HPO4 and 0.05 M MgO, SL2.25 = food waste with 

2.25% lime, 0.05 M K2HPO4 and 0.05 M MgO, SL3 = food waste with 3% lime, 

0.05 M K2HPO4 and 0.05 M MgO). 
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5.3.4. Maturity evaluation 

The stability or maturity degree of compost is the principal requirement for it 

to be safely used in soil. Physical characteristics of compost, such as colour, odour, 

and temperature only give general information regarding the degree of maturation. 

For this, chemical and biological methods are widely used to evaluate compost 

maturity, including measurement of C/N ratio in solid phase and water extract, 

salinity, and seed germination rate (Bernal et al., 1998 and 2009). 

Carbon dioxide is released when microorganisms consume the organic matter 

in compost, which leads to a decrease in C/Nsolid ratio during composting; the 

decrease in C/N ratio is used as an indicator of compost maturity (Mathur et al., 

1993). Decreases in total organic carbon were detected with all the treatments due 

to the degradation of the easily degradable organic matter of food waste (Figure 

5.4a). Meanwhile the generation of organic fatty acids decreased the pH of 

material and delayed the ammonia emission, which led to an increase in total 

Kjeldahl nitrogen, as well as a concentration effect (Figure 5.4b). Therefore, 

C/Nsolid ratio of all the treatments decreased at the beginning of composting 

process. However, after day 3 the C/Nsolid ratios were increased due to loss of N as 

ammonia in the L, SL2.25, and SL3 treatments. This phenomenon was not 

observed in treatments SL0.75 and SL1.5 due to their low ammonia losses at low 

pH and bad decomposition conditions. After 5 weeks, the C/Nsolid ratios of 

different treatments ranged from 24.6 to 30.2. A C/Nsolid ratio below 20 was 

assumed to be indicative of mature compost (Golueke, 1981). However, the 

C/Nsolid ratio of L3 was significantly higher than that of SL0.75 due to the high N 

loss and despite comparatively higher organic degradation. The large variability of 

C/Nsolid in different raw materials often gave misleading indications of maturity 
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(Sellamiet al., 2008). To address this issue, Hue and Liu (1995) have suggested 

the use of C/Nsoluble ratio (dissolved organic carbon: soluble organic nitrogen) as 

an indicator for compost maturity, since the composting reaction was a 

biochemical decomposition of organic matter that occurs mainly in the aqueous 

phase. 

The fatty acids generated during composting reduce the pH, which improves 

the hydrolysis of starch and protein to soluble components that results in an 

increase in DOC and SON concentrations (Figure 5.4d-e). However, sustaining a 

low pH in treatments SL0.75 and SL1.5 inhibited further degradation leading to 

the accumulation of DOC and SON, eventually delaying the maturity of the 

composting mass. The C/Nsoluble values decreased during composting, especially 

in the first 20 days of all the treatments except SL0.75, due to its poor degradation 

in low pH condition (Figure 5.4f). Similarly, in the SL1.5 treatment, a slight delay 

in the reduction in C/Nsoluble was observed that could be attributed to low pH. In 

addition, C/Nsoluble of treatments SL0.75 and SL1.5 were 23.6 and 13.2, 

respectively, in the final composts, which are much higher than the suggested 

value, 6, for matured compost (Chanyasak and Kubota, 1981). According to this 

standard, only treatments L, SL2.25, and SL3 achieved maturity.  
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Figure 5.4. The changes of total organic carbon (a), total Kjeldahl nitrogen (b), 

C/Nsolid ratio (c), dissolved organic carbon (e), soluble organic nitrogen (f) and 

C/Nsoluble ratio (g) during food waste composting. The values are means of three 

replicates while the error bars are standarddeviation. (p <0.05). (L = food waste 

with 2.25% lime, SL0.75 = food waste with 0.75% lime, 0.05 M K2HPO4 and 

0.05 M MgO, SL1.5 = food waste with 1.5% lime, 0.05 M K2HPO4 and 0.05 M 

MgO, SL2.25 = food waste with 2.25% lime, 0.05 M K2HPO4 and 0.05 M MgO, 

SL3 = food waste with 3% lime, 0.05 M K2HPO4 and 0.05 M MgO). 
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Seed germination index (GI) is a sensitive and widely applied indicator of 

maturity since it directly evaluates the phytotoxicity and inhibitory effects on 

seeds and seedlings. The GI values of the treatments L, SL2.25, and SL3 reached 

116, 110, and 125%, respectively, and were > 80% after 35 days of composting 

(as shown in Table 5.2). Nevertheless, the GI of treatments SL0.75 and SL1.5 

were extremely low (Figure 5.5) due to very low decomposition, which is 

consistent with the results regarding the C/Nsoluble ratio, which maintained a high 

level after the composting process. Poor plant response could result from several 

factors, the most important of which are a lack of oxygen due to high microbial 

activity stimulated by soluble organic components, and the accumulation of toxic 

compounds, such as alcohols and organic acid (Said-Pullicino et al., 2007). The 

high EC values and ammonium contents of treatments SL0.75 and SL1.5 could 

also be linked to the immaturity. The electrical conductivity of the municipal solid 

waste compost ranged from 5.0 to 7.8 mS/cm and was reported to be responsible 

phytotoxicity (Iannotti et al., 1994). It has been implied that the concentrations of 

soluble salts were phytotoxic for the germination tests (Hoekstra et al., 2002). 

Maturity can best be described by a multitude of stability parameters, rather 

than a single parameter, since the stability parameters are interrelated. The 

correlation coefficients were determined among maturity, stability, and other 

properties. As shown in Table 5.1, the EC, C/Nsoluble ratio, DOC, and SON of 

compost showed significant negative correlation with GI. Moreover, these 

stability parameters were highly correlated with each other. Therefore, these 

parameters (EC, C/Nsoluble ratio, DOC, SON, and GI) can be used to assess the 

maturity of the food waste composts. Among them, EC was best correlated with 

GI, and then following were C/Nsoluble, DOC and SON. 
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Figure 5.5. The changes of germination index during food waste composting. (L = 

food waste with 2.25% lime, SL0.75 = food waste with 0.75% lime, 0.05 M 

K2HPO4 and 0.05 M MgO, SL1.5 = food waste with 1.5% lime, 0.05 M K2HPO4 

and 0.05 M MgO, SL2.25 = food waste with 2.25% lime, 0.05 M K2HPO4 and 

0.05 M MgO, SL3 = food waste with 3% lime, 0.05 M K2HPO4 and 0.05 M 

MgO). 

 

As previously reported, the EC of compost higher than 4 mS/cm adversely 

influences plant growth, specifically causing a low germination rate (Gao et al., 

2010). A compost with low EC can be used directly, however, a compost with a 

high EC value has to be mixed with soil or other materials with low salinity 

before it can be used for crop growing. The positive effects of extractable NH4
+-N, 

DOC, and SON on EC were detected, meaning not only water extractable NH4
+-N, 

but also DOC and SON contributed to salinity which has not been critically 

considered before. The addition of Mg and P salts at 0.05M did not contribute to 

an increase in EC due to the formation of struvite and their low solubility in 
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alkaline conditions. Lime dosage was found to significantly influenced the 

stability parameters, including EC, C/Nsoluble, DOC, SON, water extractable 

NH4
+-N (WEN), and GI. The negative correlation among EC, DOC, and SON 

with lime dosage indicated the benefit of using lime to adjust the pH and improve 

the composting process.  

The absolute values/concentrations of EC, C/Nsoluble, DOC, and SON in the 

final compost material were significantly reduced when lime dosage was 

increased from 0.75 to 2.25%, as shown in Table 5.2 (EC: from 5.21 to 3.40 

mS/cm; C/Nsoluble: from 23.60 to 2.12; DOC: from 76.01 to 2.75%; SON: from 

3223 to 1301 mg/kg). This indicated that adjusting the pH to a favorable range for 

microbes was important in maintaining optimum microbial and enzyme activities, 

which consequently can improve organic degradation. Meanwhile, an alkaline 

condition was also essential for struvite formation, as shown by previous 

experiments (Chapter 4) and low acid soluble NH4
+-N (ASN) content in treatment 

SL0.75, which had a low pH even when Mg and P salts were added. However, 

when increasing the dosage of lime from 1.5% to 3%, the concentration of acid 

extractable NH4
+-N was significantly decreased, accompanied with a significantly 

increase in nitrogen loss. Compost maturities of treatments SL2.25 and SL3 were 

not significantly improved when the lime dosage was increased from 2.25% to 3%, 

but more nitrogen loss was detected in SL3. Therefore, a balance regarding 

addition of lime was a key to control nitrogen loss while maintaining the integrity 

of struvite. 
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Table 5.1. Correlation between the parameters of compost maturity and stability  

 
pH EC C/Nsolid C/N soluble DOC SON WEN GI 

Lime dosage 0.817 -0.920* 0.120 -0.949* -0.918* -0.968** 0.904* 0.932* 

pH --   
 

    

EC -0.791 --  
 

    

C/Nsolid 0.230 0.219 -- 
 

    

C/Nsoluble -0.887* 0.982** 0.065 --     

DOC -0.948* 0.941* -0.041 0.985** --    

SON -0.888* 0.961** -0.059 0.988** 0.982** --   

WEN -0.964** 0.922* -0.066 0.975** 0.998** 0.971** --  

GI 0.695 -0.982** -0.210 -0.947* -0.883* -0.938* -0.856 -- 

* Significant at p < 0.05. ** Significant at p < 0.01. 

DOC: dissolved organic carbon, SON: water soluble organic N, WEN: water extractable NH4
+-N, GI: germination index. 
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Table 5.2. The stability parameters and characteristics of composts at the end of composting from different treatments 

Parameter L SL0.75 SL1.5 SL2.25 SL3 

pH 8.56±0.01 c 4.64±0.01 d 8.77±0.03 b 9.13±0.01 a 9.11±0 a 

EC (mS/cm) 3.46±0.06 c 5.21±0.04 a 4.68±0.04 b 3.40±0.01 c 3.47±0.15 c 

C/Nsolid 26.8±1.99 ab 26.46±0.16 b 30.15±1.37 a 24.62±1.47 b 29.34±0.10 a 

C/Nsoluble 3.45±0.30 c 23.60±0.59 a 13.19±0.38 b 2.12±0.53 cd 1.49±0.25 d 

DOC (%) 3.83±0.33 c 76.01±1.37 a 27.64±0.72 b 2.75±0.55 cd 1.33±0.38 d 

SON (mg/kg) 1111±216 cd 3223±139 a 2096±6 b 1301±65 c 879±100 d 

WEN (mg/kg) 574±16.5 c 2835±21.6 a 1184.7±13.0 b 485±25.9 d 482±13.0 d 

ASN (mg/kg) 0.0±0.0 d 0.0±0.0 d 901.1±70.4 a 601.7±18.8 b 147.2±2.2 c 

GI (%) 115.9±10.7 a 11.3±3.1 b 24.2±5.9 b 109.7±16.2 a 125.1±7.8 a 

DOC: dissolved organic carbon, SON: water soluble organic N, WEN: water extractable NH4
+-N, ASN: acid soluble NH4

+-N, GI: germination 

index. (L = food waste with 2.25% lime, SL0.75 = food waste with 0.75% lime, 0.05 M K2HPO4 and 0.05 M MgO, SL1.5 = food waste with 1.5% 

lime, 0.05 M K2HPO4 and 0.05 M MgO, SL2.25 = food waste with 2.25% lime, 0.05 M K2HPO4 and 0.05 M MgO, SL3 = food waste with 3% 

lime, 0.05 M K2HPO4 and 0.05 M MgO).The mean and standard deviation are shown (n=3). (p <0.05)
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5.4. Conclusions 

Composting process and compost maturity would be significantly promoted 

by using lime adjusted initial pH of food waste. Lime addition significantly 

improved the degradation of active organic components, including DOC and SON, 

which contributes to EC and closely correlates with germination index. The 

nitrogen losses as ammonia were 44.3%, 0.33%, 19.1%, 27.4%, and 48.0% of 

initial total nitrogen in treatments L, SL0.75, SL1.5, SL2.25, and SL3, 

respectively. While lime addition at 2.25% adequately buffered the compost pH, 

ammonia emissions were significantly reduced from 44.3 to 27.4% with addition 

of supplementary Mg and P salts that resulted in conservation of up to 38% 

nitrogen loss, comparing with treatment L. However, the increasing ammonia loss 

from 27.4 to 48% and decreasing acid soluble ammonium concentration of 

compost from 601.7 to 147.2 mg/kg in treatments SL2.25 and SL3 indicate that 

the negative effect of lime on struvite formation should be considered. 
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CHAPTER SIX 

NITROGEN CONSERVATION THROUGH STRUVITE 

FORMATION DURING FOOD WASTE COMPOSTING: 

INFLUENCE OF DIFFERENT PHOSPHORUS SOURCES 

6.1. Introduction 

Composting is evolving as an important biotechnology to achieve recycling 

of organic solid waste. Meanwhile, some problems in composting, including low 

decomposition efficiency and odour emission, arouse attention. Odour (ammonia 

and volatile fatty acids) release has seriously restricted compost application in 

metropolises such as Hong Kong (Hanajima et al., 2010). Food waste is the 

largest components of municipal solid waste and encounters both of these troubles 

during the composting process. Alkaline materials, including lime, coal fly ash 

and sodium acetate, are commonly used to buffer the low pH of food waste and 

prevent VFAs accumulation (Wong and Fang, 2000; Wong et al., 2009; Yu and 

Huang, 2009), however, the risk of nitrogen loss as NH3 increases with this 

treatment. 

It was previously reported that struvite crystals formed during composting, 

with supplementation of Mg and P salts, could effectively trap generated NH3 gas 

(Jeong and Kim, 2001; Jeong and Hwang, 2005; Ren et al., 2010; Fukumoto et al., 

2011). As observed in the previous experiment (Chapter 4), K2HPO4, as a source 

of PO4 salt, successfully buffered the pH and created a suitable environment for 
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microbial degradation (Wang et al., 2013). However, organic matter 

decomposition was inhibited during composting when Mg and P salts were 

present in molar ratios of more than 0.05 of the initial nitrogen (Lee et al., 2009). 

Alkaline materials were shown to be essential and efficient for adequately 

buffering the compost pH to achieve better decomposition (Chapter 5). Ammonia 

emissions were reduced to 27.4% with addition of supplementary MgO and 

K2HPO4 with lime at 2.25%. This treatment conserved upto 38% nitrogen 

compared with treatment without addition of Mg and P salts (Chapter 5). At the 

same time, increasing ammonia loss and decreasing acid soluble ammonium 

concentration of compost at high lime dosage indicated the negative effects of 

lime on struvite formation. 

It has been reported that struvite formation can be affected by the interaction 

of interference ions, including calcium, potassium, and carbonates, in media 

(Koutsoukos et al., 2003). Kabdaszli et al. (2006) also found that the presence of 

sodium, potassium, calcium, sulphate, and carbonate-bicarbonates ions had a 

negative impact on either induction time or struvite crystal morphology and size. 

Since food waste is a complex mix containing an array of ions and we introduced 

quite considerable amounts of Mg, P salts and lime to induce struvite formation as 

well as buffer pH, Mg2+, Ca2+, K+, HN4
+, and PO4

3- were presented in the current 

system. Their interaction with struvite formation cannot be ignored. The possible 

precipitates that can appear are struvite (MgNH4PO4⋅6H2O), potassium struvite 

(MgKPO4⋅6H2O), newberyite (MgHPO4⋅3H2O), Mg3(PO4)2·8H2O (bobierrite), 

Mg3(PO4)2·22H2O (cattiite), and amorphous calcium phosphate Ca3(PO4)2. 

Although the solubility product values (Ksp) of struvites dictates a preference for 

struvite precipitation (Table 6.1), the balance will be affected by changes in ion 
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strength and environmental conditions. 

Table 6.1. Solubility product values (Ksp) for the selected precipitates 

Chemical formula Ksp -pKsp Ref. 

MgNH4PO4·6H2O 7.10 × 10-14 13.14 Taylor et al., 1963a 

 4.37 × 10-14 13.36 Bhuiyan et al., 2007 

MgKPO4·6H2O 2.40 × 10-11 10.62 Taylor et al., 1963 

Mg(HO) 2·6H2O 1.26 × 10-11 10.90 Scott et al., 1991 

MgCO3 3.50 × 10-8 7.45 Scott et al., 1991 

MgHPO4·3H2O 1.58 × 10-6 5.80 Taylor et al., 1963b 

Mg3(PO4)2·8H2O 6.31 × 10-26 25.20 Taylor et al., 1963b 

Mg3(PO4)2·22H2O 7.94 × 10-24 23.10 Taylor et al., 1963b 

Ca(OH)2 1.60 × 10-6 5.79 Yen et al., 2007 

CaCO3 8.70 × 10-9 7.06 Yen et al., 2007 

Ca3(PO4)2 6.30 × 10-26 25.20 Strang and Wareham,2006 

CaHPO4·2H2O 2.50 × 10-7 6.60 Yen et al., 2007 

 

Struvite is a mineral constituted of Mg2+, NH4
+, and PO4

3- ions, which are 

sensitive to influences by pH (Doyle and Parsons, 2002). When the pH increases 

from slightly acidic to basic, there is a change in the predominate solid species 

from MgHPO4·3H2O to struvite to Mg3(PO4)2·22H2O (Dempsy, 1997). The 

optimum pH for struvite precipitation ranges from 7 to 11 (Matynia et al., 2006) 

indicating that adjusting the pH is essential to induce struvite formation in food 

waste composting. Phosphate salts with alkaline characters, including Na3PO4 or 

Na2HPO4, are widely used in waste water nutrient recycling system due to their 

high solubility (Uludag-Demirer et al., 2008). However, large amount of Na3PO4 
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may increase the total salinity of the compost to a point which will limit the 

application of compost for sensitive plant species. Hence, the compost process 

should be thoroughly evaluated with a struvite forming regime to gain the 

advantages of N conservation. Du (2010) investigated the influence of adding 

K3PO4, K2HPO4, and KH2PO4+MgSO4 during food waste composting on struvite 

formation. The addition of K3PO4, which has a similar alkaline character to 

Na3PO4 or Na2HPO4, increased the pH compared to the other treatments. 

Considering potassium is one of the major nutrients for plant growth, using 

compounds such as K2HPO4 can contribute to the total nutrient content of 

compost. However, if K3PO4 or K2HPO4 were added as supplemental P source, 

formation of potassium struvite (MgKPO4·6H2O) must be investigated. Potassium 

struvite (KMP) can precipitate instead of struvite in the case of low ammonium 

concentrations, which may negative influence nitrogen conservation. However, 

there is no consistent verdict for this point and few studies explore this effect. 

Schulze-Rettmer (1991) recommended the use of phosphoric acid (H3PO4) and 

magnesium oxide (MgO) for the formation of struvite to avoid high salinity in 

wastewater treatment facilities. Moreover, even H3PO4 has been used to 

successfully induce struvite in the pig manure composting process (Ren et al., 

2010), but its application in food waste composting should be serious considered 

due to relevant acidity problems. Therefore, the work presented here aimed to 

investigate the effect of different phosphate salts on struvite crystallization and the 

nitrogen conservation during food waste composting. 

6.2. Materials and methods 
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6.2.1. Experimental setup and materials 

This experiment was performed in computer controlled 20 L reactors. The 

detailed setup and operation of the composting reactors are presented in Section 

3.1. Artificial food waste was prepared as described in Section 3.2 for this 

experiment and the physical and chemical properties of the synthetic food waste 

are presented in Table 3.1 (Chapter 3). 

6.2.2. Experimental methods and analytical methods 

Magnesium oxide (MgO) and different phosphate salts (K2HPO4, Na2HPO4, 

and H3PO4) were selected as supplementary Mg and P sources to induce struvite 

formation. Based on the composting performance in previous experiments 

(Chapter 5), 2.25% lime was added to adjust the pH of the food waste to ensure 

degradation in all the treatments. In addition, a control with only 2.25% lime was 

included (Table 6.2) as a reference to assess nitrogen conservation efficiency. The 

composting mass inside the reactor was mixed thoroughly on days 0, 3, 7, 10, 14, 

17, 21, 28, 35, 42, 49, and 56, while samples were collected on days 0, 3, 7, 14, 21, 

28, 35, 42, and 56 of the composting period. 

The reaction temperatures within each reactor were measured and recorded 

using automated monitoring software. Aeration was provided at a flow rate 

0.5L/min/kg (dry weight) through an aerator pump. The CO2 evolving from the 

compost reactors was measured using a WMA-2 gas analyzer (PP systems, Herts, 

UK), and the data was continuously recorded. NH3 emissions were monitored 

everyday using boric acid absorbing exhaust gas. The samples collected were 

analyzed for pH, electrical conductivity (EC), extractable ammonium (NH4
+), 

extractable phosphate, total Kjeldahl nitrogen (TKN), and total organic carbon 

(TOC) following the standard methods for testing compost materials (TMECC 
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04.01-04.03, 2003). The cress seed germination test was used to assess the 

compost maturity, as described by HKORC (2005), using the following formula: 

GI (%) = ([Seeds germination of compost sample × Root length of compost 

sample]/ [Seeds germination of control × Root length of control]× 100). 

Dry samples were ground and sieved through a 0.15 mm sifting plate and 

used for analysis of struvite through X-ray diffraction (XRD) and scanning 

electron microscopy coupled with energy dispersive X-ray analysis (SEM-EDS). 

Table 6.2. Details of the treatments and the additives are on dry weight basis 

Treatments Lime (dry 
weight base) MgO (M/kg) P salts (M/kg) 

2.25% lime (L) 2.25% 0 0 

2.25% lime, 0.05M MgO 
and 0.05M K2HPO4(L-K) 2.25% 0.05M 0.05M K2HPO4 

2.25% lime, 0.05M MgO 
and 0.05M Na2HPO4(L-Na) 2.25% 0.05M 0.05M Na2HPO4 

2.25% lime, 0.05M MgO 
and 0.05M H3PO4(L-H) 2.25% 0.05M 0.05M H3PO4 

 

6.2.3. Data analysis 

Analyses were performed in triplicate and the mean values with standard 

deviation are presented on the basis of dry weight. To better understand the effects 

of the different treatments, the data were statistically analyzed using the SAS 

statistical software package (Version 8.2; SAS Institute, Cary, NC) and means 

were compared using the Tukey test at 5% probability. 

6.3. Results and discussion 

6.3.1. Temperature and carbon dioxide evolution 

Temperature is one of the most important indicators for efficient composting 

sinceheat is generated during the microbial degradation of organic matter 
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(Yamada and Kawase, 2006). As shown in Figure 6.1a, the temperatures of the 

four treatments increased quickly after the establishment of composting 

conditions and reached the thermophilic phase (≥  55 °C) within 2 days. 

Fluctuations in temperature were observed in all the treatments due to the rapid 

degradation of food waste, which led to the generation and accumulation of 

organic acids (Wong et al., 2009; Yu et al., 2009). Meanwhile, the poor physical 

structure of food waste easily caused a partial anaerobic zone since the pores of 

composting mass were blocked via the action of gravity. Even so, the thermophilic 

phase in all the treatments was maintained for two weeks due to the buffering 

effect of sufficient lime and proper mixing of the composting mass. After 

approximately two weeks of thermophilic phase, temperatures of the composting 

masses in all the treatments decreased gradually to ambient temperature. There 

were no obvious differences between the treatments, indicating that 

decomposition was not hindered with addition of different P salts. 

As shown in Figure 6.1b, carbon dioxide evolution showed a similar trend to 

that of the temperature. CO2 evolution was high during the thermophilic phase 

and then decreased to a stable level just before 3 weeks because both heat and 

CO2 were the metabolic products of microorganisms. The sharp increase observed 

commonly happens due to the degradation of volatile organic acids and easily 

degradable organic compounds, as reported earlier (Kwon andLee, 2004). Using 

lime as the buffering agent provided a favorable environment for microorganism 

that enhanced degradation of organic compounds (Wong et al., 2009). A similar 

trend of CO2 patterns with different treatments indicated that there were no 

negative effects of different phosphate salts.  
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Figure 6.1. The changes of temperature (a) and CO2 evolution (b) during food 

waste composting. (L = food waste with 2.25% lime, L-K = food waste with 2.25% 

lime, 0.05 M K2HPO4 and 0.05 M MgO, L-Na = food waste with 2.25% lime, 

0.05 M Na2HPO4 and 0.05 M MgO, L-H = food waste with 2.25% lime, 0.05 M 

H3PO4 and 0.05 M MgO). 
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6.3.2. pH and electrical conductivity 

pH is an important factor in the composting process and growth of 

microorganisms (Gage, 2003). The addition of lime effectively adjusted the initial 

pH of materials to nearly 11 in all treatments and the pH then decreased below 8 

due to the generation of fatty acids during the fast initial decomposition of food 

waste (Figure 6.2a). This reduction in pH during the initial stage of food waste 

composting was a common phenomenon, as reported previously (Sellami et al., 

2008). The addition of lime not only neutralized the organic fatty acids, but also 

maintained a pH range, from 7-9, that is suitable for struvite formation (Doyle and 

Parsons, 2002). After 56 days of composting, treatments L and L-H had relatively 

low pH values compared with the other two treatments due to the additional 

buffering effect of K2HPO4 and Na2HPO4 as observed in previous experiments 

(Chapter 4). The addition of H3PO4 did not overly reduce the pH of the materials, 

as other researchers have observed (Fukumoto et al., 2010; Ren et al., 2011). 

Because of this, lime was the most significant contributor, as observed in previous 

experiments (Chapter 5).  

As shown in Figure 6.2b, electrical conductivities (EC) of all treatments were 

increased duringthe initial stage when complex organic matters were decomposed 

into soluble components, including ammonium, and VFAs. The addition of 

magnesium and phosphate salts to the composting mass also increased the total 

salinity of the compost. Schulze-Rettmer (1991) recommended the use of H3PO4 

and magnesium oxide (MgO) for the formation of struvite to avoid the problem of 

high salinity in wastewater treatment facilities. In treatment L-H, using H3PO4 as 

phosphate supplement decreased the EC of the final product slightly; comparable 

with treatment L. Considering K is one of the major nutrients for plant growth, 
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using such compounds as K2HPO4 can also alleviate problems with phytotoxicity. 
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Figure 6.2. The changes of pH (a) and electrical conductivity (b) during 

composting. (L = food waste with 2.25% lime, L-K = food waste with 2.25% lime, 

0.05 M K2HPO4 and 0.05 M MgO, L-Na = food waste with 2.25% lime, 0.05 M 

Na2HPO4 and 0.05 M MgO, L-H = food waste with 2.25% lime, 0.05 M H3PO4 

and 0.05 M MgO) 
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6.3.3. Maturity evaluation 

Germination index (GI) is a direct indicator for compost maturity since it 

directly tests whether the final product is inhibitory to plants. It is significantly 

influenced by many factors, including ammonium, DOC, SON, and EC (Chapter 

5). During the initial stage of composting, lots of active compounds were 

generated, such as ammonium and VFAs, and are harmful for seed germination. 

Therefore, as expected, the GI was very low during the early thermophilic stage 

(Figure 6.3). As composting progressed, these compounds were degraded or 

assimilated and thus the GI increased gradually. The GI of all the treatments were 

higher than 80% after day 56 of the composting process. The GI of treatment 

L-Na was slightly lower than other treatments due to the presence of sodium, 

which neither decreased salinity as H3PO4 did nor supplied extra nutrient for plant 

growth as potassium. 
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Figure 6.3. The changes of germination index during composting. (L = food waste 

with 2.25% lime, L-K = food waste with 2.25% lime, 0.05 M K2HPO4 and 0.05 M 
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MgO, L-Na = food waste with 2.25% lime, 0.05 M Na2HPO4 and 0.05 M MgO, 

L-H = food waste with 2.25% lime, 0.05 M H3PO4 and 0.05 M MgO) 

 

6.3.4. Nitrogen dynamics during composting 

As shown in Figure 6.4a, most of the NH3 emissions occurred during the 

thermophilic phase due to free ammonium ions being released from the organic 

decomposition process. The high temperature and pH at this stage stimulated the 

volatilization of NH3 because of the low solubility of NH4
+ under these conditions 

(Martins and Dewes, 1992). The pH values of all treatments decreased 

significantly at the beginning of the stage, but were still above 7 due to addition of 

lime, which influenced the NH4
+-NH3 equilibrium. The same trend was also 

observed during composting with poultry manure (Steiner et al., 2010), pig 

manure (Chen et al., 2010), and chicken litter (Ogunwande et al., 2008) as 

substrates.  

The peak emissionof NH3 reached a value of 4 g/day for L treatment, which 

was obviously much higher than other treatments. The decrease in NH3 loss for 

the P salt amended treatments indicated that NH4
+ ions were trapped by reaction 

with Mg2+ and PO4
3- to form struvite. The cumulative NH3 emission amount of 

treatment L-K, L-Na, and L-H were 15.9, 18.7, and 19.7g, respectively, during the 

whole composting process and these were significantly less than that in treatment 

L (25.2g). 
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Figure 6.4. NH3 emission (a) and cumulative NH3 emission (b) during composting. 

(L = food waste with 2.25% lime, L-K = food waste with 2.25% lime, 0.05 M 

K2HPO4 and 0.05 M MgO, L-Na = food waste with 2.25% lime, 0.05 M Na2HPO4 

and 0.05 M MgO, L-H = food waste with 2.25% lime, 0.05 M H3PO4 and 0.05 M 

MgO) 

The total Kjeldahl nitrogen concentration increased in all of the treatments at 
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the beginning of composting (Figure 6.5a), possibly as a consequence of a 

concentration effect attributable to the weight reduction of the composting mass, 

which has also been observed previously (Paredes et al., 2000; Ferrer et al., 2001; 

Bustamante et al., 2008). However, during the thermophilic phase high 

temperature and pH resulted in high N loss as ammonia, eventually reducing the 

total N content, especially in treatment L. In the curing phase, along with further 

degradation of organic matter and lessened ammonia loss, nitrogen content 

increased slightly to 17.0, 19.4, 18.9, and 18.4 g/kg in treatments L, L-K, L-Na, 

and L-H, respectively. Nitrogen-fixing bacteria may also contributeto the increase 

in total nitrogen in this phase, as reported by Bishop and Godfrey (1983). 

Extractable ammonium concentrations increased rapidly at the beginning of 

the composting process (Figure 6.5b), and then gradually decreased. The gradual 

decreaseof NH4
+-N content was also observed by Pare et al. (1998) during 

composting of animal manure and shredded paper. In a well aerated system, 

NH4
+-N accumulation is difficult with high temperature and pH conditions. At the 

end of the composting, no significant differences in NH4
+-N contents were found 

among the different treatments. 

In all treatments, nitrate and nitrite were generated and accumulated in the 

compost after three weeks when the temperature decreased to near ambient 

temperature (Figure 6.5c and d). Nitrification is usually inhibited during the 

thermophilic phase since most nitrifying bacteria are mesophilic (Hatzenpichler, et 

al., 2007; Zeng, et al., 2011). Compared with other forms of nitrogen, the nitrite 

content was extremely low (below 10 mg/kg), indicating that there was no 

accumulation of nitrite during these experiments. 
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Figure 6.5. The changes of total Kjeldahl nitrogen (a), extractable ammonium (b), 

extractable nitrate (c) and extractable nitrite (d) concentrations during composting. 

(L = food waste with 2.25% lime, L-K = food waste with 2.25% lime, 0.05 M 

K2HPO4 and 0.05 M MgO, L-Na = food waste with 2.25% lime, 0.05 M Na2HPO4 

and 0.05 M MgO, L-H = food waste with 2.25% lime, 0.05 M H3PO4 and 0.05 M 

MgO) 

 

Decomposition rate and ammonia loss were calculated to evaluate the effect 

of different P salts on the composting process and nitrogen conservation, as shown 

in Table 6.3. Treatment L-H achieved the highest decomposition rate of 50.4%, 

and was followed by treatments L-K (48.6%), L (46.6%), and L-Na (46.2%). In 

addition, 45.2, 27.4, 32.2, and 33.9% of initial total nitrogen were lost as ammonia 

in treatments L, L-K, L-Na, and L-H, respectively. Compared with treatment L, up 

to 39%, 29%, and 25% of nitrogen loss can be reduced in L-K, L-Na, and L-H, 
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respectively. When 1kg organic matter was decomposed, there were 16.8, 10.3, 

12.7, and 12.2g of nitrogen lost in treatments L, L-K, L-Na, and L-H, respectively. 

This indicates that the presence of K+ does not inhibit struvite formation. On the 

contrary, the present of potassium provide more ions to react with ammonium. 

Moreover, the addition of K+ made a contribution to the total nutrient load in final 

product. These results suggest that Na2HPO4 is not a good choice to provide 

supplemental phosphate since sodium contributes to the total salinity and leads to 

a higher EC and lower decomposition rate. Degradation was not improved in 

treatment L-H, even it had lower EC. However, it has the potential risk of 

decreasing pH as the addition amount increased. 

Table 6.3. General comparison of treatments 

Treatments Decomposition 
rate % (dry weight) 

Ammonia loss 

(% of the initial 
total nitrogen) 

(g/kg VS 
decomposed) 

L 46.55±0.08c 45.20±1.29a 16.79±0.03a 

L-K 48.63±0.39b 27.37±0.39c 10.33±0.09d 

L-Na 46.23±0.38c 32.19±0.46b 12.73±0.11b 

L-H 50.43±0.88a 33.91±0.49b 12.18±0.22c 
(L = food waste with 2.25% lime, L-K = food waste with 2.25% lime, 0.05 M 

K2HPO4 and 0.05 M MgO, L-Na = food waste with 2.25% lime, 0.05 M Na2HPO4 

and 0.05 M MgO, L-H = food waste with 2.25% lime, 0.05 M H3PO4 and 0.05 M 

MgO). Decomposition rate (%) = 100 - 100[X1(100 - X2)]/[X2(100 - X1)], where, 

X1 is initial ash content and X2 is final ash content (Bernal, et al., 2009). The 

ammonia loss was calculated as: Ammonia loss (%) = cumulative ammonia loss / 

initial total nitrogen; Ammonia loss (g/kg VS decomposed) = cumulative 

ammonia loss / initial total nitrogen / organic matter decomposed 
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6.3.5. Struvite identification 

The compost samples were analyzed through XRD to identify struvite and 

subsequently used with SEM-EDS to reveal struvite characteristics (Figures 6.6 

and 6.7). During composting, struvite was detected as the main crystal in all 

treatments due to the control of pH through addition of lime. Meanwhile, the 

presence of calcium lead to the formation of amorphous phosphate and carbonate 

salts, which contributed the noisy backgrounds in XRD graphs when compared 

with the pure standard. 

The struvite surface characters were analyzed through SEM-DES, as shown 

in Figure 6.8. Irregular cuboids and wedge-shape were the main shapes formed 

during composting; however, the size of crystal formed was bigger than the pure 

standard. Considering the composting system, the adhesion of impurities to 

particles and adsorption of interference ions may by the reason for this. 

EDS performed on struvite-like crystals covered with an amorphous 

substance showed the presence of a distinctive peak for Ca in treatments L-K, 

L-Na, and L-H since lime was added to adjust the pH in all these treatments. 

Potassium and sodium were found in the struvite formed in treatments L-K and 

L-Na, respectively, due to the different phosphate sources used for struvite 

formation. Nevertheless, Mg, P, and O were the elements observed in significant 

fractions. Sun et al. (2010) found that potassium struvite (MKP) could coexist 

with struvite in urine. However, the solubilities of struvite and MKP were 

4.37×10-14 and 2.4×10-11, respectively, in aqueous solutions at 25 °C (Bhuiyan et 

al., 2007; Taylor et al., 1963). Meanwhile, the amount of ammonium generated 

during composting was much higher with interference ions such as potassium and 

sodium. However, the dominating position of struvite was not challenged. The 
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XRD and SEM-EDS results indicated that the interference ions were not 

constituents of crystal that were detected by other researchers in the wastewater 

system (Le Corre et al., 2005; Liu, 2009). 

 

 

Figure 6.6. XRD analysis of compost in treatment L-K (a), L-Na (b), L-H (c) and 

struvite standard (d). Struvite did not form in Treatment L thus the data not 
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provided. (L = food waste with 2.25% lime, L-K = food waste with 2.25% lime, 

0.05 M K2HPO4 and 0.05 M MgO, L-Na = food waste with 2.25% lime, 0.05 M 

Na2HPO4 and 0.05 M MgO, L-H = food waste with 2.25% lime, 0.05 M H3PO4 

and 0.05 M MgO) 

 

 

 

 

Figure 6.7. The SEM-EDS analysis of the struvite crystals formed in the 

a 

c 

d 

b 
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composting mass of the treatments L-K (a), L-Na (b), L-H (c), and struvite 

standard (d). (L = food waste with 2.25% lime, L-K = food waste with 2.25% lime, 

0.05 M K2HPO4 and 0.05 M MgO, L-Na = food waste with 2.25% lime, 0.05 M 

Na2HPO4 and 0.05 M MgO, L-H = food waste with 2.25% lime, 0.05 M H3PO4 

and 0.05 M MgO) 

 

6.4. Conclusions 

The comparable decomposition rates of experimental and lime control 

treatments indicate that there are no obvious negative effects on the composting 

process when different phosphate salts are added to induce struvite formation. 

Treatment L-H had a relatively low salinity, however, the degradation was not 

improved at this dosage, and may bring potential risks regarding decreasing pH 

with increasing amounts. Nitrogen conservation can be achieved by addition of 

MgO and phosphate salts. There were 16.8, 10.3, 12.7, and 12.2g of nitrogen lost 

in treatments L, L-K, L-Na, and L-H, respectively, during decomposition of 1kg 

of organic matter. Compared with treatment L, approximately 39%, 27%, and 25% 

of N was conserved in treatments L-K, L-Na, and L-H, respectively. The 

differences of nitrogen loss among treatments with different P salts were not 

significant. These results indicate that the presence of K+ didnot inhibit struvite 

formation while contributing to the total nutrient content of the final product. In 

food waste composting systems, different phosphate sources had little influence 

on struvite formation or the composting process. To improve this composting 

technology, other factors affecting nitrogen conservation efficiency should be 

studied. 
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CHAPTER SEVEN 

ENHANCE NITROGEN CONSERVATION EFFICIENCY OF 

STRUVITE DURING FOOD WASTE COMPOSTING WITH 

MGO SUBSTITUTE CAO AS PH AMENDMENT 

7.1. Introduction 

Food industries produce a substantial quantity of organic wastes, which is 

stressful for city landfill sites and results in significant pollution of the 

environment. Thus, it is becoming more and more imperative to solve this 

problem. As one of the most wildly used methods, composting could achieve a 

reduction in the food waste being landfilled while simultaneously producing a 

valuable product. This technology also faces many problems that need to be 

overcome, including acidity and nitrogen loss. The acidic condition is due to the 

generation of organic acid and seriously retards the food waste composting 

process. Numerous attempts were previously conducted to neutralize the organic 

acids generated during composting (Wong and Fang, 2000; Bergersen et al., 2009; 

Yu and Huang, 2009). The most common and effective approach was addition of 

alkaline materials to adjust pH, such as lime, which is essential for a successful 

food waste composting process (Wong et al., 2009). Besides, lime addition 

significantly improves the degradation of active organic components, including 
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DOC and SON, which contribute to EC and are hazardous to the germination 

index (Chapter 5). Meanwhile, addition of supplementary Mg and P salts induce 

struvite formation and reduce nitrogen loss from 16.8g to 10.3g per kg of organic 

matter decomposed (Chapter 6). These additives prevented nitrogen volatilization 

during composting (Wang et al., 2013). 

To increase the efficiency of nutrient conservation, numerous researchers 

have attempted to investigate the optimum conditions for struvite formation, 

including pH (Ali et al., 2003; Matynia et al., 2006), supersaturation (Kofina and 

Koutsoukos, 2005; Mehta and Batstone, 2013), and the presence of interference 

ions (Koutsoukos et al., 2003; Le Corre et al.,2005). Considering the complexity 

of the composting mass, the presence of interference ions (ions other than Mg2+, 

PO4
3-, and NH4

+), such as potassium, calcium, and carbonate-bicarbonates ions, 

was the most influential factor affecting struvite crystallization (Kabdaszli et al., 

2006). 

Though potassium struvite was reported to coexist with struvite in urine and 

showed a negative influence on struvite formation by K+ replacing NH4
+ in 

struvite in the case of low ammonium concentration (Sun et al., 2010). However, 

there was no negative effect in our previous experiments on nitrogen conservation 

when different phosphate sources were used, which indicates that the presence of 

K+ did not inhibit struvite formation during composting (Chapter 6). In addition, 

due to similar ion characteristics, potassium may facilitate more ion exchange 

with ammonium, resulting in ammonium adsorption in granular sludge (Lin et al., 
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2012). Thus, calcium ions might be an important factor for influencing nitrogen 

conservation. 

The way calcium ions affected struvite formation was of particular interest as 

their levels in waste water is high (Le Corre et al., 2005). Calcium ions compete 

for phosphate to form amorphous calcium phosphate (Equation 1). However, the 

reaction between calcium and carbonate generated during organic matter 

degradation could counteract this reaction with calcium carbonate precipitation 

and even play a beneficial role in nitrogen conservation (Equations 2-4). 

Ammonia emissions weresteady throughout the addition of calcium salts, 

specifically CaCl2 and CaSO4 (Witter and Kirchmann, 1989; Lefcourt and 

Meisinger, 2001). While the effects of CaNH4PO4·6H2O, which is widely known 

to be an intermediate product in hydroxyapatite production, could be ignored due 

to its instability, which makes it soluble after milling and easily dissolved water at 

temperatures higher than 50 °C (Salas et al., 2009). 

Ca2+ + PO4
3- → Ca3(PO4)2        (Eq. 1) 

Ca2+ + CO3
2- → CaCO3         (Eq. 2) 

(NH4)2CO3 + H2O → 2NH3 + 2H2O + CO2    (Eq. 3) 

(NH4)2CO3 + CaX2 →+ CaX3 + 2NH4X + H2O       (Eq. 4) 

During food waste composting, it has already been shown that the alkaline 

material lime is necessary to ensure a successful composting process. As a pH 

buffering agent, lime is ubiquitous and has many advantages, including low price, 

effectiveness, and ease of use. However, its effect on both struvite formation and 
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nitrogen conservation were not clearly understood and necessitated investigation. 

MgO has similar chemical properties as lime (CaO) and Mg is a constituent 

element of struvite. It is an ideal material for eliminating the effect of calcium, 

while buffering low pH. Considering that cost would increase with MgO use, this 

study using MgO to gradually replace CaO in evaluating nitrogen dynamic 

changes and nitrogen conservation efficiency by struvite formation. 

7.2. Materials and Methods 

7.2.1. Food waste and treatment 

Artificial food waste simulating the real situation was prepared by mixing 

bread, rice, cabbage, and fully boiled pork, as described in Chapter 3, to make the 

experiments comparable under different operating conditions, as well as to 

eliminate the heterogeneity of food waste. All the components of the food waste 

were cut into 1 cm3 to ensure a homogeneous mix. The food waste was thoroughly 

mixed with sawdust to adjust the C/N ratio to ~30 and the initial moisture content 

was adjusted to ~55%. Selected physicochemical properties of the synthetic food 

waste are presented in Table 3.1 (Chapter 3). 

Di-potassium hydrogen phosphate (K2HPO4), at 0.05M/kg, was added as a 

supplemental P source to induce struvite formation in all treatments. Lime dosage 

of 2.25% in control treatment (L) was represented by 0.45M for easy calculation 

when CaO was replaced by MgO. MgO gradually replaced CaO as the alkaline 

addition, following the ratios showed in Table 7.1.  
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Table.7.1. Details of the additives applied in the treatments on dry weight basis 

 
Treatments 

Lime 
(dry weight 

base) 

MgO 
(M/kg) 

K2HPO4 
(M/kg) 

L 0.45M CaO 0.45M 0 0 

M0 
0.45M CaO and 0.05M 

K2HPO4 
0.45M 0 0.05M 

M0.15 
0.3M CaO, 0.15M MgO and 

0.05M K2HPO4 
0.3M 0.15M 0.05M 

M0.3 
0.15M CaO, 0.3M MgO and 

0.05M K2HPO4 
0.15M 0.3M 0.05M 

M0.45 
0.45M MgO and 0.05M 

K2HPO4 
0 0.45M 0.05M 

 

7.2.2. Experimental and analytical methods 

Experiments were carried out in 20-L bench-scale reactors, in which the 

temperature and aeration were controlled through a computer-controlled program. 

Detailed setup and operations for the composting process are described in Section 

3.2. 

The reactor temperature was monitored continuously and logged into the 

computer while the CO2 evolving from the compost reactors was measured 

on-line using a WMA-2 gas analyzer (PP systems, Herts, UK) with continuous 

data logging. To evaluate the NH3 emissions, the NH3 in the outlet gas was 

trapped using boric acid and the concentration was determined via titration 

(Komilis and Ham, 2000). Aeration was provided at a flow rate 0.5 L/min/kg (dry 

weight) through an aerator pump. 

The composting mass inside the reactor was mixed thoroughly every 3 days 
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in the first two weeks and once a week thereafter. During the 8 week composting 

period, compost samples were taken on days 0, 3, 7, 14, 21, 28, 35, 42, and 56 for 

analysis of physicochemical properties. The samples collected were analyzed for 

pH, electrical conductivity (EC), extractable ammonium (NH4
+), extractable 

phosphate, total Kjeldahl nitrogen (TKN), total organic carbon (TOC), and cress 

seed germinationtests following the standard methods described in Section 3.3. 

Soluble organic nitrogen (SON) and dissolved organic carbon (DOC) were 

analyzed in aqueous extractant (1:10 w/w dry weight base). Ammonium extracted 

using 0.1M HCl with 1:10 solid to extractant ratio was suggested for the 

quantification of struvite crystal fixed nitrogen in the compost (Fukumoto et al., 

2011). 

The degradation of organic matter was calculated using the following 

formula: Organic matter loss (%) = 100 - 100[X1(100 - X2)]/[X2(100 - X1)], where, 

X1 is initial organic matter and X2 is final organic matter content (Bernal, et al., 

2009). The ammonia loss (%) was calculated as Ammonia loss (%) = cumulative 

ammonia loss/ initial total nitrogen 

7.2.3. Data analysis 

 Three replicates were performed and the data obtained was analyzed using 

SAS statistical software package (Version 8.2; SAS Institute, Cary, NC). The 

mean values with standard deviation were compared at 5% probability. 

7.3. Results and discussion 
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7.3.1. pH and electrical conductivity 

Since pH is an important factor, affecting the activities of bacteria and 

enzymes, it is necessary to maintain it in neutral or slightly alkaline condition for 

food waste composting (Cheung et al., 2010; Sundberg et al., 2013). In the 

previous experiments, CaO addition at 2.25% (equal to 0.45M) effectively raised 

the initial pH and maintained a suitable range for bacteria during the entire 

process (Chapter 5). When we gradually replaced CaO with MgO, which has 

similar alkalinity, there were no significant differences in initial pH for different 

treatments, indicating that CaO could be replaced by equimolar MgO (Figure 

7.1a). A common phenomenon is the reduction of pH duringthe initial stage of 

food waste composting, due to the generation of fatty acids (Wong et al. 2009). 

The pH values of the treatments L, M0, and M0.15 were lower than other 

treatments on day 3 due to addition of low lime dosage. It was possibly that the 

heat generated in the reaction between CaO and H2O improved hydrolysis, 

causing a fast accumulation of organic acids. On the other hand, the mobility of 

phosphate would be reduced due to reaction with calcium weakening the buffering 

effect, which has been shown to contribute to keeping the composting mass in the 

narrow pH range (Wang et al., 2013). However, the differences became marginal 

during the composting period. Suitable pH conditions in all treatments facilitated 

organic matter decomposition and were reflected in temperature and CO2 

evolution. 
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Figure 7.1. The changes of pH (a) and electrical conductivity (b) during 

composting. (L = food waste with 0.45M CaO, M0 = food waste with 0.45M CaO 

and 0.05M K2HPO4, M0.15 = food waste with 0.3M CaO, 0.15M MgO and 0.05 

M K2HPO4, M0.3 = food waste with 0.15M CaO, 0.3M MgO and 0.05 M K2HPO4, 

M0.45 = food waste with 0.45M MgO and 0.05 M K2HPO4). 
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As shown in Figure 7.1b, electrical conductivity (EC) in all the treatments 

increased and reached peak values near the end of the thermophilic phase when 

complex organic matters were decomposed into soluble components. However, 

the EC of all the treatments were not increased sharply because the presence of 

CaO and MgO neutralized the generated organic acids and combined with some 

anions to reduce their solubility in alkaline condition. The EC of all treatments 

tended to decrease gradually during progression of the composting process. After 

two months of composting, EC values of 3.32, 3.38, 3.66, 3.79, and 4.47 mS/cm 

were detected in final products of treatments L, M0, M0.15, M0.3, and M0.45, 

respectively. A significantly higher EC was found in treatment M0.45 when 

compared with other treatments, due to higher solubility of magnesium than 

calcium. High salinity could be a limiting factor for final product application, 

which should be considered if large amounts of MgO are used to buffering pH and 

eliminating calcium ions in an effort to improve the efficiency of struvite 

formation. 

7.3.2. Temperature and carbon dioxide evolution 

The temperatures of composting materials are presented in Figure 7.2a. The 

temperatures of the treatments with added P salts increased faster than treatment L 

and reached nearly 60°C on day 3, which was due to the fact that P is an essential 

nutrient for microbial metabolism. On the one hand, fluctuations in temperature 

were obviously found in all treatments and low values occur on mixing days due 

to heat loss during mixing. On the other hand, we can found that the decreasing 
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temperature trends were apparent before mixing. The pore spaces would be 

compressed due to the fast degradation of organic matters, forming anoxic zones, 

which inhibit bacteria growth and activity and are reflected by decreasing CO2 

evolution in all treatments (Figure 7.2b). Composting is a biochemical process 

that requires a sufficient oxygen supply (Yamada and Kawase, 2006). To avoid 

pore space blocking, proper mixing effectively improved the physical properties 

of materials to maintain suitable environmental conditions for composting, 

resulting in completion of two weeks thermophilic phases. After the thermophilic 

phase, the temperatures of all treatments decreased to ambient temperature. 

CO2 and the heat are the main products of aerobic respiration. Therefore, the 

CO2 evolution profile almost “mirrored” the temperature profile (Figure 7.2b). 

The high CO2 evolution indicated intense microbial activity resulting in 

degradation of organic matter significantly. Three peaks were observed in all 

treatments during the thermophilic phase, indicating the special characteristics of 

food waste, easy degradation, and poor physical structure which cause 

acidification of materials and the anaerobic zone. Appropriate mixing and aeration 

rate are important for food waste composting (de Guardia et al., 2010). In the 

thermophilic phase, most of the easily degradable organic matter was broken 

down, causing CO2 evolution to decrease after 14 days. This decrease was 

observed slightly earlier than the decrease in temperature due to the insulating 

materials around reactor delaying heat loss. As presented in Figure 7.2c, the 

temperature and CO2 evolution of the outlet gases correlated positively (r = 0.937, 
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p < 0.001) and are known to be affected by aeration flow rate during the 

composting process with apple and tobacco wastes (Kopčić et al., 2014).  
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Figure 7.2. Temperature (a), CO2 (b), correlation between CO2 evolution and 

temperature (c) and cumulative CO2 evolution (d) during composting. (L = food 

waste with 0.45M CaO, M0 = food waste with 0.45M CaO and 0.05M K2HPO4, 

M0.15 = food waste with 0.3M CaO, 0.15M MgO and 0.05 M K2HPO4, M0.3 = 

food waste with 0.15M CaO, 0.3M MgO and 0.05 M K2HPO4, M0.45 = food 
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waste with 0.45M MgO and 0.05 M K2HPO4). 

 

The profiles of cumulative CO2 evolutions during composting are shown in 

Figure 7.2d. There were 217, 231, 251, 252, and 206 g C emitted as CO2 from the 

decomposition of 1 kg organic matter in treatments L, M0, M0.15, M0.3, and 

M0.45, respectively. The CO2 evolution increased when MgO was used instead of 

CaO that indicated the benefit of magnesium for bacteria activity. However, 

magnesiumis a more active and soluble ion than calcium and therefore increased 

the salinity of the compost. Thus, treatment M0.45 showed obviously lower CO2 

evolution than treatment M0.3. 

7.3.3. Ammonia emission and nitrogen dynamic changes during the composting 

process 

As shown in Figure 7.3a, less ammonia emissions were found in the first 

week in all treatments due to the low initial ammonium concentration of food 

waste (66.9 mg/kg), in addition to organic fatty acids and amino acids which were 

first generated during food waste decomposition and decreasing the pH of the 

composting mass. When the ammonium concentration began increasing, these 

compounds volatilized under high temperature and pH, therefore most of the NH3 

emissions occurred during thermophilic phase. The peak values for NH3 emissions 

were observed on day 11 and reached 1.57, 1.30, 1.06, 0.95, and 0.69 g kg-1 VS 

day-1 in treatments L, M0, M0.15, M0.3, and M0.45, respectively. These results 

indicated that using MgO instead of CaO to amend pH could effectively reduce 
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NH3 volatilization due to the antagonistic effect of calcium ions on struvite 

formation.  
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Figure 7.3. NH3 emission (a) and cumulative NH3 emission (b) during composting. 

(L = food waste with 0.45M CaO, M0 = food waste with 0.45M CaO and 0.05M 

K2HPO4, M0.15 = food waste with 0.3M CaO, 0.15M MgO and 0.05 M K2HPO4, 

128 
 



M0.3 = food waste with 0.15M CaO, 0.3M MgO and 0.05 M K2HPO4, M0.45 = 

food waste with 0.45M MgO and 0.05 M K2HPO4). 

 

In water systems, molar ratios of Mg/Ca at approximately 1:2 and above, 

inhibited struvite crystallization, but preferred forming amorphous calcium 

phosphates (Le Corre et al., 2005). However, nitrogen could still be trapped in 

treatment M0.15 with the same Mg/Ca ratio in the composting system. This was 

reflected in the cumulative NH3 emission profile that 7.97, 7.00, 5.70, 5.24, and 

5.09 g/kg VS were lost in treatments L, M0, M0.15, M0.3, and M0.45 respectively 

(Figure 7.3b). This indicated that this negative effect of a low Mg/Ca ratio on 

struvite formation would be reduced in the solid phase due to the lessening of 

calcium mobility and solubility in the composting system, as well as its 

consumption by other anions and organic acids. 

Nitrogen dynamics during composting is a complex biochemical process that 

is influenced by ammonification, nitrification, and denitrification. Proteins are 

decomposed to small molecular compounds, mainly amino acids, then, 

ammonium is stripped off during further degradation. The free ammonium ions 

are the substrate for nitrification to generate nitrite and nitrate. Low oxygen 

supply and the presence of an anaerobic zone leads to denitrification, resulting in 

nitrogen emitted as N2 or NOx gas.  

After composting, the total nitrogen was increased in all treatments, which 

could be due to the concentration effect (Figure 7.4a). The final nitrogen contents 

129 
 



were14.4, 14.7, 15.1, 16.1, and 15.2 g/kg in treatments L, M0, M0.15, M0.3, and 

M0.45, respectively, which were significantly increased when compared with the 

initial value 14.1 g/kg. Treatment L is the exception here, where higher loss of 

nitrogen was observed (Table 7.2). 

A sharp increase in soluble organic nitrogen (SON) and ammonium during 

the initial stage indicated drastic ammonification as well as decomposition of 

organic matter (Figure 7.4b and c). Although, increase in NH4
+ content was 

observed in all treatments, the peak values (2622, 2072, 1477, 1384, and 1349 

mg/kg in treatment L, M0, M0.15, M0.3, and M0.45) were significantly decreased 

with decreasing lime dosage, which implies an indirect contribution of struvite 

formation and this hypothesis is supported by the ammonium concentrations of 

final products (Table 7.2). 

Ammonia stripping was widely considered to be the major contributing 

factor to nitrogen loss in food waste (de Guardia et al, 2010) and other substrates 

(Martins, 1992; Steiner et al., 2010). During composting of organic wastes, 

nitrogen loss via NH3 could amount more than 50% of the initial total nitrogen 

content (Kirchmannand Witter, 1989; Tam and Tiquia, 1999), and can even go up 

to 88% (Ogunwande et al., 2008). The second factor was microbial 

immobilization. High C/N ratios were reported to improve immobilization and fix 

ammonium (Liang et al., 2006; Zhu, 2007). A third factor is ammonium being 

fixed in struvite crystals. Fukumotoet al. (2011) recommended using acid soluble 

ammonium to quantify the nitrogen fixed by struvite crystals in compost. 
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Figure 7.4. The changes of total Kjeldahl nitrogen (a), soluble organic nitrogen (b), 
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extractable ammonium (c), acid soluble nitrogen (d), nitrate (e) and nitrite (f) 

during food waste composting. (L = food waste with 0.45M CaO, M0 = food 

waste with 0.45M CaO and 0.05M K2HPO4, M0.15 = food waste with 0.3M CaO, 

0.15M MgO and 0.05 M K2HPO4, M0.3 = food waste with 0.15M CaO, 0.3M 

MgO and 0.05 M K2HPO4, M0.45 = food waste with 0.45M MgO and 0.05 M 

K2HPO4). 

 

As shown in Figure 7.4d, acid soluble ammonium was detected in treatments 

M0.15, M0.3, and M0.45 after day 3 and concentrations increased quickly after 

day 7 due to the large amount of ammonium generated, which increased 

supersaturation. Meanwhile, high N/P ratio (3:1) was shown to improve the 

precipitation of struvite instead of precipitating as calcium phosphate (Capdevielle 

et al., 2013). Treatments M0.3 and M0.45 showed higher acid soluble ammonium 

concentrations than treatment M0.15, and the differences were significant at 

p<0.05. Small quantities of acid soluble ammonium were also detected in 

treatments L and M0 without struvite formation. The formation of 

CaNH4PO4·6H2O could be used to explain this phenomenon. However, the XRD 

identification results do not support this theory or show formation of 

CaNH4PO4·6H2O in our experiments. Salas et al. (2009) reported that this 

structure was fragile and easy to lose when temperature reached over 50°C. Thus, 

using weak acid as an extracting solution might be the cause of the differences 

seen between water soluble ammonium and acid soluble ammonium. Nitrite and 

nitrate concentrations increased after two weeks when the thermophilic phase 

declined in all treatments, due to the mesophilic preference of most nitrifying 

bacteria.  
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Table 7.2. The concentrations of different nitrogen components in initial and final composting materials 

 
Initial L M0 M0.15 M0.3 M0.45 

TN (g/kg) 14.1±0.49d 14.4±0.17cd 14.7±0.17bc 15.1±0.31b 16.1±0.42a 15.2±0.10b 

Organic N (g/kg) 13.0±0.49ab 12.5±0.11ab 12.9±0.18c 11.9±0.32ab 12.9±0.45ab 12.1±0.16bc 

SON (mg/kg) 1105±122.3bc 1103±42.2c 1008±25.4bc 1163±50.3b 1323±6.9a 1376±77.8a 

NH4
+ (mg/kg) 61.8±8.4d 743.1±6.0ab 686.7±33.6b 859.5±91.2a 453.8±50.4c 400.9±69.6c 

NO3
- (mg/kg) 1.78±0.69d 25.42±0.10bc 24.27±1.16c 24.62±0.61c 27.22±0.12ab 28.89±0.77a 

NO2
- (mg/kg) 1.53±0.34e 6.69±0.49d 7.84±0.00c 8.66±0.16bc 9.15±0.65ab 9.80±0.00a 

Acid N (mg/kg) 0.00±0.00e 26.3±6.94d 132.3±23.1c 1098.4±49.1b 1352.5±31.1a 1265.3±52.8a 

TN: total nitrogen, SON: soluble organic nitrogen.The mean and standard deviation are shown. Values followed by the same letter are not 

significantly different (p <0.05).(L = food waste with 0.45M CaO, M0 = food waste with 0.45M CaO and 0.05M K2HPO4, M0.15 = food waste 

with 0.3M CaO, 0.15M MgO and 0.05 M K2HPO4, M0.3 = food waste with 0.15M CaO, 0.3M MgO and 0.05 M K2HPO4, M0.45 = food waste 

with 0.45M MgO and 0.05 M K2HPO4). 
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7.3.4. Nitrogen balance 

As shown in Figure 7.5, nitrogen balances were calculated for different 

treatments assuming initial total nitrogen was 100%. Ammonia was considered as 

nitrogen loss without taking into account NOx gas due to its very low emission of 

less than 0.1g/kg compared with 5.09-7.97 g/kg ammonia emission. Nitrogen 

losses were 46.1, 43.5, 34.2, 28.9, and 27.5% of initial total nitrogen in treatments 

L, M0, M0.15, M0.3, and M0.45, respectively. Nitrogen losses were significantly 

reduced when the CaO/MgO ratio decreased from 2:1 to 1:2, but no significant 

difference was found between treatments M0.3 to M0.45. Nitrogen conserving 

efficiencies were 25.8, 37.3, and 40.3% in treatments M0.15, M0.3, and M0.45 

when compared with treatment L. Acid soluble nitrogen concentrations of 

treatments M0.15, M0.3, and M0.45 reached 1098, 1353, and 1265 mg/kg that 

account for 7.3, 8.4, and 8.3% of the total nitrogen in the final products and 4.8, 

6.0, and 6.0% of the initial total nitrogen. These results indicate the significant 

advantage struvite formation has on nitrogen conservation and the increasing 

efficiency achieved by replacing CaO with MgO. 
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Figure 7.5. The percentage of different nitrogen components in compost. (L = 

food waste with 0.45M CaO, M0 = food waste with 0.45M CaO and 0.05M 

K2HPO4, M0.15 = food waste with 0.3M CaO, 0.15M MgO and 0.05 M K2HPO4, 

M0.3 = food waste with 0.15M CaO, 0.3M MgO and 0.05 M K2HPO4, M0.45 = 

food waste with 0.45M MgO and 0.05 M K2HPO4). 

 

7.3.5. Germination index 

The germination index began to increase after the thermophilic phase in all 

treatments when phytotoxic active compounds decomposed and harmful 

pathogens were killed. After two months of the composting process, the 

germination index values reached 97.2, 117.3, 86.5, 90.4, and 76.3% which were 

beyond the 80% guideline value, with the exception of M0.45, even though it had 

the least nitrogen loss (Figure 7.6). The inadequate maturity of the composting 

mass from treatment M0.45 was due to its high salinity, as mentioned previously. 

The EC of this treatment was 4.47 mS/cm, which was significantly higher than 
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other treatments due to the higher solubility of magnesium compared to calcium. 

Time (d)

0 10 20 30 40 50 60

G
er

m
in

at
io

n 
In

de
x 

(%
)

0

20

40

60

80

100

120

140

L
M0
M0.15
M0.3
M0.45

 
Figure 7.6. The changes of germination index during composting process. (L = 

food waste with 0.45M CaO, M0 = food waste with 0.45M CaO and 0.05M 

K2HPO4, M0.15 = food waste with 0.3M CaO, 0.15M MgO and 0.05 M K2HPO4, 

M0.3 = food waste with 0.15M CaO, 0.3M MgO and 0.05 M K2HPO4, M0.45 = 

food waste with 0.45M MgO and 0.05 M K2HPO4). 

 

7.4. Conclusion 

Either lime or MgO could buffer the pH of the composting mass effectively, 

resulting in enhanced decomposition rates in all treatments except treatment 

M0.45, which used MgO to completely replace lime, because of the more active 

character of magnesium than calcium increased product salinity significantly. 

Ammonia emissions were significantly decreased when the dosage of lime was 

decreased. Specifically, 46.1, 43.5, 34.2, 28.9, and 27.5% of total nitrogen was 

lost in treatments L, M0, M0.15, M0.3, and M0.45, respectively. The presence of 
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Ca2+ ions influenced struvite formation, either by competing for phosphate ions or 

by interfering with the crystallization. This occured when the Ca2+/Mg2+ ratio was 

above 2:1 in the composting system, but this negative effect could be ignored 

when the Ca2+/Mg2+ ratio was below 1:2. Use of more MgO would increase the 

salinity of final product, while increasing the cost of this technology. 
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CHAPTER EIGHT 

MICROBIAL COMMUNITY SUCCESSION AND ODOUR 

EMISSION DURING FOOD WASTE COMPOSTING 

COUPLING STRUVITE PRECIPITATION 

8.1. Introduction 

A recent study by the Food and Agriculture Organization of the United 

Nations (FAO) estimated that ~1.3 billion tons of food waste, accounting for 1/3 

of food produced worldwide, were lost or discarded as garbage. Often, food waste 

contributed 25-70% of the municipal solid waste (Pham et al., 2015) buried in 

landfills/open dumps in developed and developing countries (Levis et al., 2010). 

Especially, in Hong Kong more than 1.3 million tons of food waste was being 

dumped into the landfills and leading to environmental degradation. The 

composting of food waste provides valuable organic fertilizer and economic 

incentives, but it is less adaptable to recycling due to a quick acidification rate 

(Wang et al., 2013) and malodorous emissions (Tsai et al., 2008; Hanajima et al., 

2010). Specifically, organic volatile fatty acids (VFAs) concentrations and 

nitrogenous emissions (e.g. ammonia, NOx) during food waste composting were 

reported to be high in the odour index (Tsai et al., 2008; Hanajima et al., 2010), 

which are required to be reduced for technological acceptance by the public in big 

cities like Hong Kong (Mao et al., 2006). However, the linear correlation between 

odour concentrations and olfactometic patterns were not strictly established for 
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composting of food waste (Hanajima et al., 2010). For instance, acetic acid has 

shown a linear correlation with olfactometic patterns at very low concentration, i.e. 

0.1-50 ppm, and ammonia had no significant correlation up to 100 ppm (Tsai et al., 

2008). The unpleasant responses people exhibit for these malodors were widely 

evaluated by human olfactory thresholds, most of which was summarized by 

Devos et al. (1990). Malodor issues are important for application of composting 

technology, especially in countries or cities with high population density, such as 

Hong Kong (Mao et al., 2006). 

As our previous experiments demonstrate, the struvite composting 

technology was optimized to eliminate negative factors, successfully achieving 

nitrogen conservation (Chapter 7). However, the correlation between compost 

stability, microbial success, and odorous emissions was not established. Since 

nitrogen is an important element for bacterial growth and activity, struvite 

precipitation is expected to influence the carbon degradation and complex 

nitrogen transformation processes during food waste composting (Liang et al., 

2006; de Guardia et al., 2008), that requires a more critical understanding. 

Therefore, Chapter 8 focuses mainly on elucidating the correlation between 

odorous emissions (i.e., ammonium/ammonia ratio, NOx, volatile compounds), 

and microbial succession coupled with struvite precipitation of ammonium during 

the optimized food waste composting process.  

8.2. Materials and Methods 

8.2.1. Test conditions and requirements 

The schematic diagrams of the compost reactor and operational details were 

presented in Figure 3.1 (Chapter 3). In brief, cylindrical composting reactors of 20 
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L capacity were used for these experiments. The reactor temperatures during 

composting processes were monitored and controlled by an automated PT100 

sensor and computer controlled program. 

Artificial food waste was prepared by mixing bread, rice, cabbage, and 

boiled pork with the ratio of 13:10:10:5 to make the experiment comparable 

between different test conditions and repeatable. The food waste mixture was 

manually size reduced to 1cm3 and mixed with sawdust. The initial moisture 

content of the mixture was adjusted to around 55%. The physical and chemical 

properties of the synthetic food waste were characterized. This data is compiled in 

Table 3.1 (Chapter 3). Finally, 500 g of bulking agent (plastic beans) was added to 

achieve a bulk density of 0.5 kg/L. 

The optimum treatment M0.3 was selected from previous experiments 

(Chapter 7) for comparison with control and lime treatments. Details of the 

additives applied in the treatments are shown in Table 8.1. 

Table 8.1. Details of the additives applied during food waste composting in 

different treatments (given based on dry weight basis) 

 Treatments 
Lime 

(dry weight 
base) 

MgO 
(M/kg) 

K2HPO4 
(M/kg) 

C Control 0 0 0 

L Lime 0.45 0 0 

M0.3 Struvite 0.15 0.3 0.05 

 

8.2.2. Food waste composting coupled with struvite precipitation and monitoring 

The composting masses inside the reactors were mixed thoroughly every 

three days for the first two weeks and once a week thereafter for a total of 56 days. 
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The compost samples were taken on days 0, 3, 7, 14, 21, 28, 42, and 56 during the 

stabilization processes for the analysis of physiochemical properties. 

The CO2 evolved from the compost reactors was measured on-line using a 

WMA-2 gas analyzer (PP systems, Herts, UK). Gaseous NH3 was trapped from 

the off-gas using boric acid and subsequently the concentrations were measured 

using acid titration. The NO and NO2 amounts from the compost exhaust air were 

also analyzed following the NIOSH method 6014 (1994). Ethanol (Eth) and VFAs 

from the outlet gases were absorbed using a modified method from Yang and 

Choong (2001). Acetic, propionic, butyric, iso-butyric, valeric, and iso-valeric 

acids volatilized from the composting reactors were analyzed using a gas 

chromatograph (GC-HP6890) equipped with a flame ionization detector and 

Econo-Cap EC1000 (15 m×0.53 mm×1.20 µm) column. The odour unit (OU) was 

calculated by dividing the odour substance concentration by the threshold, 

expressing the intensity of odour. The odour index (OI) was calculated by 

multiplying the common logarithm of the dilution rate by a factor 10 (Hanajima et 

al., 2010). 

Odour unit (OU) = odour concentration / odour threshold 

Odour index (OI) = 10×log (odour unit) 

In order to gain a more thorough understanding of the composting process, 

the bacterial diversity and population dynamics were analyzed through molecular 

methods. In brief, the total genomic DNA was extracted from 200 mg of fresh 

compost with the PowerSoil DNA isolation kit following the user specific 

protocol of the kit. This DNA was PCR amplified using specific primers 

BAC338F (5 ′ -ACTCCTACGGGAGGCAG-3 ′ ) and BAC805R (5 ′

-GACTACCAGGGTATCTAATCC-3′) targeting the V3-V5 region (Yu et al., 
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2005). The forward primer was used with GC clamps during PCR-DGGE 

experiments. 

Next, 100 ng of DNA was used as the template in a 50 μL PCR mixture 

containing 1X PCR buffer, 200 µM of each dNTP, 0.4 µM of each primer, and 

1.25 units of Taq DNA polymerase (Promega, USA). The PCR mixture was 

amplified using a thermal cycler (DNA Engine Gradient, Bio-Rad, USA) with the 

following programmed conditions: initial denaturation at 94°C for 10 min, 

followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, 

and extension at 72°C for 1 min; the final extension was at 72°C for 10 min, and 

ended at 4°C. 

DGGE was carried out using a D-code system (Bio-Rad Laboratories, Inc., 

California, USA) under the following conditions: 50 µL of the PCR product was 

loaded onto 7% (w/v) acrylamide gel containing a 30-70% denaturant gradient; 

electrophoresis was run at 75V for 16 h in 1X TAE buffer at 60°C. Following 

electrophoresis, the gel was stained with SYBRTM Green Gold for 60 min in a 

staining tray, and finally scanned under UV transillumination. The gel image was 

captured using a Bio-Rad gel documentation system (ChemiDoc XRS, USA) and 

analyzed using the Bio-Rad image program (Quantity One 4.5.0) for qualitative 

analysis. 

Dominant bands from DGGE were excised from the gel and purified for 

further cloning and sequencing as described in section 3.3.2 (Chapter 3). Closely 

related sequences were searched and compared in the GenBank at the National 

Center for Biotechnology Information Database with BLASTn tools. 

(http://www.ncbi.nlm.nih.gov/BLAST) 

8.3. Results and Discussion 
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8.3.1. Temperature and pH changes during composting 

Reactor temperatures during composting trials sharply increased to above 

55°C in all the three treatments within first few days (Figure 8.1a). It is well 

known fact that the fast decomposition of food waste results in the release of high 

energy as heat, while increasing the acidification rate and bulking properties of 

food waste may create anaerobic zones in composting reactors (Wong et al., 2009; 

Cheung et al., 2010). Organic acidare toxic to microorganisms and inhibited the 

biological decomposition processes of food waste during composting, for instance 

at very low pH composting process decline immensely (Plachá et al., 2013). 

Remarkable increases in temperatures were observed after every mixing in 

treatments L and M 0.3, but not in the control treatment, which had an extremely 

low pH (Figure 8.1b). Treatment M0.3 had a similar temperature pattern to 

treatment L and maintained the thermophilic phase for approximately two weeks. 

The alkaline materials lime and MgO effectively buffered the low pH caused by 

organic fatty acids accumulation from food waste decomposition and ensured a 

successful composting process (Chapter 7). 
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Figure 8.1. Changes in system temperature (a) and pH (b) during composting. (C 

= control food waste without any amendment, L = food waste with 0.45M CaO, 

M0.3 = food waste with 0.15M CaO, 0.3M MgO and 0.05 M K2HPO4). 

 

8.3.2. Odour emission during food waste composting incorporating struvite 

precipitation 

During food waste composting processes, ammonia and volatile fatty acids (VFAs) 

are considered to be the main odour causing olfactory nuisance (Mao et al., 2006). 

Olfactometry is the most commonly and widely recognized method for odour 

concentration measurement (ASTM, 1997; CEN, 2003; Japan Ministry of the 

Environment, 2003a; Taiwan EPA, 1994). The introduction of gas 

chromatography-mass spectrometry (GC-MS) enabled a more accurate 

identification of the major odour compounds in the gaseous mixture. Odour unit 

(OU) is used to assess the severity of malodour pollution. It is calculated by 

dividing the odour substance concentration by the threshold (Hanajima et al., 

2010). The odour threshold and ranges of odour unit in exhaust gas from food 
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waste composting treatments are shown in Table 8.2. The maximum OU values 

for ethanol in all treatments were found to be very low due to very little being 

emitted during food waste composting and to ethanol being an insensitive 

olfactory unit for human. Ammonia and all of the volatile organic products 

exceeded their odour thresholds. In the control treatment, high OU values were 

contributed by butyric acid and iso-valeric acid emissions. This indicated that the 

concentrations of butyric acid and iso-valeric acid in exhaust gas were far beyond 

the thresholds that contribute to malodours. The high OU values of butyric acid 

were also measured in treatments L and M0.3 due to high concentrations in 

exhaust gas. The OU of these compounds varied depending on their chemical 

concentrations and odour thresholds. Even humans were not very sensitive to 

acetic acid, which had relatively high odour threshold values. However, the high 

cumulative OU indicated that a large amount of acetic acid was continuously 

emitted from all treatments. Even after addition of CaO in treatment L and MgO 

in treatment M0.3 large amounts of NH3 emissions contributed to a high odour 

nuisance during food waste composting. The maximum OU of NH3 in treatment L 

was one magnitude higher than that of treatment M0.3, indicating that struvtie 

formation effectively reduced ammonia volatilization in off-gas. These results 

indicate that ammonia and VFAs (three or four carbon chains VFAs) with low 

thresholds can be monitored and controlled during good waste composting.
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Table 8.2. Odour threshold and Odour unit for exhaust gas from food waste composting process. 

Odour 

components 

Odour threshold 

(mg/m3) 

C L M0.3 

OU range Cumulative OU OU range Cumulative OU OU range Cumulative OU 

Ammonia 0.11 0-5.1×102 1.6×103 0-3.0×104 1.5×105 0-1.8×104 1.0×105 

Ethanol 1.072 0-2.3×101 2.9×102 0-1.6×100 1.8×101 0-1.8×101 2.0×101 

Acetic acid 0.0162,3 0-2.2×103 3.6×104 0-3.9×103 4.2×104 0-1.9×103 3.3×104 

Propionic acid 0.0172 0-1.1×102 1.3×103 0-2.0×101 4.2×101 0-1.7×101 7.7×101 

Iso-butyric acid 0.00592 0-3.7×102 2.1×103 0-6.9×101 1.1×102 0-4.4×101 1.6×102 

Butyric acid 0.000752 0-6.7×103 6.5×104 0-4.3×103 3.0×104 0-3.2×103 2.8×104 

Iso-valeric acid 0.000362 0-6.6×104 6.8×105 0-9.3×102 4.6×103 0-6.8×102 3.4×103 

Valeric acid 0.000172 0-2.1×103 2.1×103 0-1.9×103 8.5×103 0-1.2×103 3.3×103 

OU: Odour Unit was calculated by dividing the odour substance concentration by the threshold. (C = control food waste without any amendment, 

L = food waste with 0.45M CaO, M0.3 = food waste with 0.15M CaO, 0.3M MgO and 0.05 M K2HPO4).  

1Smeets et al., 2007; 2 Nagata, 2003; 3 Miyazawa et al., 2009. 
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To regulate the emissions and preserve the living urban environment of 

residents, the Offensive Odour Control Law was enacted in 1972 in Japan. Odour 

index (OI) regulation was introduced in 1995 and is an index that quantifies the 

odour intensity of olfactory nuisances in urban environments. The OI is calculated 

by multiplying the common logarithm of the dilution rate by a factor of 10, 

assuming that the odour concentration is equal to that of OU in the most odorous 

compounds. The common logarithm of OUmax would be the OIMAX, which 

showed good linear regression with odour concentration, indicating that it could 

be effectively used to measure odour concentrations (Blazy et al., 2015). 
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Figure 8.2. Temporal changes in Odour Index of the most odorous compound 

(OIMAX) during food waste composting. (C = control food waste without any 

amendment, L = food waste with 0.45M CaO, M0.3 = food waste with 0.15M 

CaO, 0.3M MgO and 0.05 M K2HPO4). 

 

As shown in Figure 8.2, OIMAX increased rapidly at the beginning of the 
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composting process in all treatments. On day 11, the OIMAX values peaked 44.8 

and 42.6 in treatment L and M0.3, respectively. Although the OIMAX values of 

these two treatments appeared similar in trend, the OIMAX value was higher during 

the first month in treatment L, compared to treatment M0.3. Thereafter, the 

difference was very negligible. Ammonia was the crucial contributing odour 

compound in exhaust gas during the first one month period, as shown in Figure 

8.3b and c. Thus, the large amount of NH3 volatilization in treatment L was 

mainly observed during the thermophilic phase of food waste decomposition. The 

OU for NH3 was significantly higher than the OU for VFAs in these two 

treatments. Struvite formation successfully trapped ammonium generated and 

reduced the max OU from 3.0×104 (treatment L) to 1.8×104 (treatment M0.3), as 

shown in Table 8.2. This indicates that struvite precipitation of ammonium is 

favourable for regulating ammonia malodour problems during food waste 

composting, along with improved compost nutritive value. 

Unlike treatments L and M0.3, the OIMAX for treatment C (control) was 

maintained at a relatively high level and reached a peak value of 48.2 on day 52. 

Iso-valeric acid played a key role in the nuisance odour of treatment C (as shown 

in Figure 8.3a). However, in treatments L and M0.3 the dominant compounds 

shifted to acetic acid and butyric acid. Qamaruz-Zaman and Milke (2012) found 

that iso-valeric acid had potential as an odour indicator for stored food waste and 

increased with time. The high composting temperatures maintained during food 

waste decomposition in treatments L and M0.3 contributed to formation of short 

carbon chain VFAs, while in treatment C, which had a low decomposition 

efficiency (and temperature), long chain iso-valeric acid was formed. However, 

we could find negative correlations between temperature and VFAs emissions, 
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whereas the correlation was positive between temperature and NH3 emissions. 

These results suggest that the decomposition degree determined the gaseous VFAs 

emissions from food waste composting processes. Meanwhile, the reaction 

between long carbon chain VFAs and alkaline materialsin treatments L and M0.3 

may have reduced/delayed their volatilization or supported further decomposition. 
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Figure 8.3. Odour units measured for NH3 and VFAs during treatment C (a), L (b) 

and M0.3 (c). (C = control food waste without any amendment, L = food waste 

with 0.45M CaO, M0.3 = food waste with 0.15M CaO, 0.3M MgO and 0.05 M 

K2HPO4). 

 

8.3.3. NOx emission during composting incorporating struvite 

Although most nitrogen lost during composting was in the form of NH3, NO 

and NO2 emissions could not be neglected since they are the main sources for acid 

rain and ozone depletion (Hao and Chang 2001). NO and NO2 can be formed 

from nitrification reactions, denitrification, chemo-denitrification, or from 

self-decomposition of nitrous acid (Remdeand Conrad 1991). The initial low NO 

and NO2 concentrations in compost off-gas were probably due to the high 

temperature, since most of the nitrifying and denitrification bacteria are 

mesophilic (Kowalchuk and Stephen 2001). NO and NO2 emissions during food 

waste composting with addition of CaO or MgO varied, as shown in Figure 8.4. A 

significant increase of NO concentration in off-gas was measured after a month, 

while the system temperatures were gradually reduced from thermophilic to 
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ambient mesophilic temperatures. Treatment C produced the least NO emissions 

and followings were treatments M0.3 and L. The constant air flow supplied 

sufficient oxygen in this experiment so that NO formed via nitrification process. 

Hao and Chang (2001) found that the concentration of NO was high at a windrow 

surface deeper than 50 cm in composting piles, where the oxygen supply was 

limited and nitrification rate was slower. In treatment M0.3, NH4
+ was 

incorporated into struvite, and therefore the NO emissions were reduced. In 

treatment C, the inhibition by very low pH of the bacteria decomposition 

processes resulted in lower NO emissions compared to the other two treatments. 

The NO2 emissions profile was similar to that of NO emissions from 

different treatments (Figure 8.4b). However, obvious increases in NO2 emissions 

were monitored after every mixing, especially in the curing phase. The cumulative 

NO2 emission amounts were 74.5, 66.6, and 77.3 mg in treatments C, L, and M0.3, 

respectively, which exceeded the limitation of WHO standards (200 μg/m3). 

However, the concentrations of NO2 were lower than NO in off-gas (81.7, 170.1, 

and 120.0 mg for treatments C, L, and M0.3, respectively), indicating that the 

oxidation rate was influenced by the air flow rate, i.e., the higher the flow rate, the 

lower the NO2 emissions. There were no differences in NO2 emissions between 

treatments L and M0.3, while NO emissions were significantly reduced in 

treatment M0.3 and found to be contradictory. 
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Figure 8.4. Temporal changes in NO (a) and NO2 (b) emission during food waste 

composting. (C = control food waste without any amendment, L = food waste 

with 0.45M CaO, M0.3 = food waste with 0.15M CaO, 0.3M MgO and 0.05 M 

K2HPO4). 
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8.3.4. Microbial diversity analysis through Denaturing Gradient Gel 

Electrophoresis (DGGE) 

The DNA extracted from the compost masses were amplified and separated 

using Denaturing Gradient Gel Electrophoresis (DGGE) to reveal changes in 

bacterial community abundance during different treatments. Samples from days 0, 

3 (acid hydrolysis phase), 7 (active thermophilic phase), 14 (cooling phase) and 

56 (matured compost) were taken to understand community succession during 

different phases of food waste decomposition indifferent treatments. The bands 

observed in DGGE correspond to dominant bacterial taxa and are presented in 

Figure 8.5. Distinct bands were excised and the DNA eluted for cloning and 

sequencing purposes. In order to improve the presentation, the bands purified 

from DGGE gels were converted into peaks using the ImageJ software and 

labelled numerically, as presented in Figure 8.6. The peak height and area are 

representative of the intensity of the band. 

The microbial communities were very dynamic during the food waste 

composting process and strong community shifts were observed from the DGGE 

profiles between different sampling times and treatments L and M0.3 (Figure 8.5). 

In total, 23 different 16S rDNA bands were eluted and purified for sequencing 

(Figure 8.6). Most of those bands appeared to be unique, but differed in 

abundance in different treatments. The diversity of bacteria was high during the 

initial stages of composting, where many bacterial species dominated the 

composting mass. As the composting process progressed, many of these dominant 

bacterial species disappeared and only a very few bacterial species dominated in 

the DGGE profile, indicating a clear bacterial community succession due tothe 

prevailed environmental factors and nutrient availability from different treatments.  

154 
 



 

Figure 8.5. DGGE profiles of amplified the V3 region of the bacterial 16S rDNA 

from compost samples. (C = control food waste without any amendment, L = food 

waste with 0.45M CaO, M0.3 = food waste with 0.15M CaO, 0.3M MgO and 0.05 

M K2HPO4). 

 

The diversity and dominant bacterial species were influenced by different 

treatments. On day 3, Lactobacillus fermentum and Lactobacillus sp. (peaks 5 and 

11) were the dominant bacteria in treatment C and their dominance further 

increased until day 14. The pH of the composting mass in this treatment was quite 

acidic, which might have supported the dominance of lactic acid bacteria, i.e., 

Lactobacillus sp. As explained earlier, anaerobic zones were expected to form due 

poor decomposition and high bulking properties of the food waste and 

subsequently alter the bacterial community shifts in treatment C. In treatment L, 

the initial dominant bacteria, Acinetobacter sp., was eventually replaced by Bacilli 

 
D3 

C M0.3 L 

D3 D14 D7 D14 D7 D3 Final D14 D7 Initial Final Final 

155 
 



(Bacillus sp., and Geobacillus sp.) over the composting period. In contrast, the 

diversity was much higher in treatment M0.3. Bacteria belong to Acinetobacter 

dominated in the former treatment, while Bacilli dominated the later treatment. 

 

 

 

Figure 8.6. Analysis of DGGE profile using ImageJ software. The peaks represent 

bands in the gel. (C = control food waste without any amendment, L = food waste 

with 0.45M CaO, M0.3 = food waste with 0.15M CaO, 0.3M MgO and 0.05 M 

K2HPO4). 

(1)Geobacillus sp. (2)Acinetobacter sp. (3)Bacillus smithii (4)Aeribacilluspallidus 

(5)Lactobacillus fermentum (6)Pusillimonasnoertemannii (7)Geobacillus sp. (8) 

C M0.3 L 
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Uncultured bacterium (9)Bacteroidetes bacterium (10)Uncultured compost 

bacterium (11)Lactobacillus sp. (12) Uncultured bacterium 

(13)Acinetobactercalcoaceticus (14)Rahnella sp. (15)Geobacillus sp. (16)Bacillus 

thermoamylovorans (17)Sphingobacterium sp. (18)Bacillus sp. 

(19)Geobacilluspallidus (20) Bacillus sp. (21)Uncultured bacteria (22) 

Hyphomicrobiaceae bacterium (23) Bacillaceae bacterium 

 

Along with the temperature increasing, the diversity and dominant bacterial 

species obviously decreased, especially in treatments L and M0.3 which had a 

typical thermophilic phase. It was clear that the formation of struvite selected for 

bacilli; whereas an acidic environment selected for Lactobacillus bacteria. In the 

lime treatment, fewer bacterial species were dominant, in contrast to treatment 

M0.3, indicating that the addition of supplement MgO and K2HPO4 could 

improve bacteria diversity due to the development of favourable environmental 

conditions and availability of nutrient, including phosphorous and potassium. 

8.3.5. Redundancy analyses 

Composting is a biochemical process in which food waste is degraded by 

microorganisms that change the chemical components to compost. During this 

process, the changing physiochemical characteristics of the compost also alter the 

microbial diversity. Environmental parameters, including temperature, pH, and 

odour compounds (as shown in Table 8.3), were selected for redundancy analyses 

to determine the correlation with microbial community shifts and composting 

processes in different treatments. 

As shown in Figure 8.7, pH was the most important driving factor for 

bacterial community successions. The generation and accumulation of acetic acid 

and butyric acid resulted in low pH. Lactobacillus species, which prefer acidic pH 

conditions, were the dominated species under this condition. 
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Figure 8.7. DGGE bands data redundancy analysis for bacterial species. 

Selected composting parameters were indicated by red lines with arrows while 

bacteria were shown using lines with arrows labelled numbers 

High temperature and pH would improve further degradation of acetic and 

butyric acids that would relieve the problem. However, iso-valeric acid had a 

positive correlation with pH and temperature, indicating iso-valeric acid was one 

of intermediate products in the organic matter decomposition process. The 

correlation between anaerobic bacteria and butyric acid indicated that anaerobic 

conditions maybe contributing to its generation and accumulation. High 

proportions of Bacillales and Actinobacteridae were considered to bean indication 

of good composting conditions (Partanen et al., 2010), but in this study, the high 

ammonium tolerant species Geobacilluspallidus and Bacillus sp. were the 

dominant bacteria during the thermophilic phase in treatment L. Temperature and 
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ammonium tolerant species were also the most abundant species in treatment 

M0.3. This indicated that ammonium concentration, in addition to pH, was one of 

the most important driving factors for bacterial succession during composting 

processes. 

Table 8.3 Selected environmental factors for redundancy analyses during 

composting 

  

Temper

ature 

(°C) 

pH 
NH4

+ 

(mg/kg) 

Acetic 

acid 

(mg/kg) 

Butyric 

acid 

(mg/kg) 

Iso-vale

ric acid 

(mg/kg) 

 Initial 24 6.37 64 4671 453 247 

C 

D3 60.8 5.81 1340 7392 897 494 

D7 52.1 4.67 1863 7747 629 328 

D14 28.2 4.75 1974 5865 500 173 

Final 24.3 4.74 1300 3982 371 213 

L 

D3 62.7 7.48 3501 7815 356 775 

D7 59.0 7.74 5988 13208 211 992 

D14 36.1 8.97 3174 9942 167 564 

Final 27.8 8.85 1312 1284 123 137 

M0.3 

D3 64.2 7.34 866 4707 323 476 

D7 57.8 8.07 2054 4743 193 705 

D14 40.3 8.77 996 2891 137 398 

Final 36.4 9.15 503 1038 81 91 

(C = control food waste without any amendment, L = food waste with 0.45M CaO, 

M0.3 = food waste with 0.15M CaO, 0.3M MgO and 0.05 M K2HPO4). 
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8.4. Conclusions 

Ammonia and VFAs were the two main odorous components in exhaust gas 

during food waste composting. Acetic acid, butyric acid, and iso-valeric acid were 

the major components in treatment C. However, for a good food waste 

composting process with well controlled pH, ammonia would be the crucial factor 

of odour emission in thermophilic phase. Trapping ammonia with struvite 

formation significantly reduced the max OU of ammonia from 3.0×104 to 1.8×104. 

Meanwhile, 29% NO emissions were also reduced in treatment M0.3 which had a 

lower ammonium concentration compared to treatment L.  

Of all the factors, pH was the most important for driving bacterial variation. 

Lactobacillus species prefer the acidic conditions that result from the generation 

and accumulation of acetic acid and butyric acid. The addition of phosphate salts 

in treatment M0.3 improved the variation of total bacteria, which in turn increased 

the stability of the composting system to maintain good decomposition. 
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CHAPTER NINE 

SOIL NUTRIENT TRANSFORMATION AND PLANT 

GROWTH UPON STRUVITE COMPOST AMENDEMENT 

9.1. Introduction 

Food waste management in Hong Kong is a big challenge due to its highly 

putrescible nature. It has been estimated that more than 1.3 million tons of food 

waste from domestic and industrial sectors, representing 38.2% of the municipal 

solid waste stream, were landfilled in Hong Kong during 2013 (HKEPD, 2015). 

Food waste generation is increasing on par with urban population, posing a 

problem and pressuring local authorities to locate and design new sanitary landfill 

facilities, since existing landfill sites have been reported to cause various 

environmental problems, specifically ground water contamination (Yun et al., 

2000). Instead, composting and animal feed productions are feasible and thus 

have been recommended for food waste management in Hong Kong (Wong et al., 

2009). However, the low nutritional value (e.g. amino-acids and protein contents) 

and pathogens from food waste are the major bottle neck factors for the use of 

food waste as animal feed, thus required technology. Whereas, composting is a 

well established technology that should be considered for diverting food waste 

from landfills and transforming these organic by-products into valuable 

agronomic resources. As demonstrated in our previous experiments, the ammonia 

gas generated during food waste composting could be effectively recovered in the 

form of struvite, a crystal with equal molar concentrations of Mg, ammonium 
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(NH4
+), and P (MgNH4PO4·6H2O), which reduced the odour of gaseous ammonia 

emissions and increased the fertilizer value of the final product. 

The agronomic utilization of compost as organic fertilizer has been 

recommended, especially in organic farming, and has shown positive effects on 

soil properties and crop production (Aggelides and Londra, 2000; Marinari et al., 

2000; Wong et al., 1999). In addition, it improved the water holding capacity, pH, 

bioavailability of organic matter, and available nutrient load of amended soil 

(Ouédraogoet al., 2001; Courtney and Mullen, 2008; Mbarki et al., 2008). 

Conversely, the soil fertility increased with amended organic matter that activates 

soil biota (Raviv, 2005; Lee et al., 2004). Meanwhile, the low heavy metal 

contents of the food waste compost is an added advantage for food crop soils, 

while the compost from manure and sewage sludge contains high concentrations 

of trace elements (Zheljazkova and Warman, 2004; Mbarki et al., 2008). But, low 

nutrients compost often does not meet the relative requirements to regulate plant 

hormones for crop growth and standards of commercial manures (Schnoenau and 

Davis, 2006). Therefore, high application rate are required, while the contribution 

to soil salinity further limits high usage (Hao and Chang, 2002). On the other hand, 

struvite precipitated compost is advantageous to use in terms of high available 

nitrogen content (8 % from Chapter 7) as magnesium ammonium phosphate that 

necessitates less usage of soil fertilizer, however this still requires detailed 

investigation. Struvite contains 13% P, 7% N, and 10% Mg and these plant 

essential nutrients are solubilized very slowly into the amended soil (De-Bashan 

and Bashan, 2004; Rahman et al., 2011). It helps to create an eco-friendly 

environment by slowing the leaching rate and reducing the need for rock 

phosphate or any additional nutrients (Liu et al., 2011). Plant biomass yields were 
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significantly improved with struvite addition, as was reported elsewhere (Liu et al., 

2011; Ryu et al., 2012). However, the nutrient release regulation of struvite 

incorporated compost was not reported earlier. Therefore it is critically important 

to study the effect of struvite incorporated food waste compost application on soil 

properties for optimizing application rates. In this present work, we studied the 

nutrient release capacity of food waste compost contained struvite, using the 

following indicators: N and C mineralization, extractable-P release, and plant 

growth. 

9.2. Materials and methods 

9.2.1. Substrates preparation and characterization 

Composting experiments were conducted in bench scale reactors with 

simulated food waste as detailed in our previous chapters. The initial C/N ratio of 

the food waste was adjusted to ~30 through mixing with sawdust and the initial 

moisture content was adjusted to ~55%.  

High nutrient compost with struvite was obtained from treatment M0.3 with 

addition of 0.3M Magnesium oxide (MgO) and 0.05M potassium 

hydro-phosphate (K2HPO4) as Mg and P sources, respectively. Approximately 

0.15M of CaO was added to buffer the low pH of food waste compost, as was 

optimized in previous experiments. The compost from treatment L with only lime 

to adjust the pH was used as a normal compost control in this study. Mature food 

waste composts were collected after 56 days of composting for soil amendments 

and plant growth experiments. 

A loamy soil was collected from an abandoned farmland in the New 

Territories of Hong Kong, which had not received any fertilization in recent years. 
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The soil collected was air dried at room temperature, manually ground, and passed 

through a 2 mm sieve to obtain a homogeneous sample size for experiments. 

Physical and chemical characteristics of soil and composts were measured and 

compared in Table 9.1. 

Table 9.1. Physiochemical characteristics of soil and compost materials 

Parameters Soil 
Normal compost 

(L) 
Struvite compost 

(S) 

pH 4.33±0.06 8.85±0.07 8.07±0.25 

EC (mS/cm) 0.24±0.00 3.11±0.10 2.83±0.10 

Organic matter (% 

dw) 
4.95±0.12 89.60±0.05 91.30±0.02 

NH4
+-N (mg/kg) 185.40±5.40 300.20±0.90 185.40±5.40 

NO3
--N (mg/kg) 22.10±0.40 63.70±1.40 58.10±1.20 

NO2
--N (mg/kg) 0.07±0.00 20. 50±0.70 12.70±1.10 

TKN (g/kg) 0.90±0.01 13.00±0.10 14.80±0.22 

PO4
3- (mg/kg) 22.00±1.70 446.00±10.00 512.00±6.00 

TP (g/kg) 0.70±0.04 3.40±0.28 4.40±0.09 

TK (% dw) 0.15±0.01 1.28±0.18 2.14±0.16 

Note: the mean and standard deviation are shown. 

 

9.2.2. Soil incubation study 

Compost was thoroughly mixed with the soil at different rates, 0, 5, 10, and 

15% (w/w dry wt. basis). The amended soil was then moistened to its field 

capacity and incubated in the dark at 26°C (Wong, 1998). The moisture content 

was kept constant throughout the experiment at field capacity. Subsamples were 
164 

 



taken at days 0, 3, 7, 14, 21, 28, 42, and 56 of incubation to determine changes in 

the physiochemical properties of amended soil. 

Carbon mineralization was assessed as CO2-C evolution in a non-disturbing 

sample using the same conditions as published by Tognetti et al., (2008). In brief, 

50g each of fresh soil samples were placed in a 250 ml conical flask with 30 ml 

small glass vial containing 0.5M sodium hydroxide inside to absorb any carbon 

dioxide and incubated in the dark at 26°C. Total CO2 absorbed was determined by 

back titration using 0.5M HCl with BaCl2 precipitation every three days for a 

month and once a week after (Page et al.1982). N and P mineralization were 

calculated according to organic N and P reduction (Tognetti et al., 2008). 

C mineralization = Cumulative CO2-C evolution/initial total C 

N mineralization = (organic Ninitial - organic Nfinal)/organic Ninitial 

P mineralization = (organic Pinitial - organic Pfinal)/organic Pinitial 

 

9.2.3. Greenhouse experiment 

The sieved soil was mix thoroughly with compost at an application rate of 0, 

2.5%, 5%, or 10% (w/w dry wt. basis), corresponding to 0, 25, 50 and 100 t/ha. 

Struvite compost from treatment M0.3 and normal compost from treatment L in 

the previous experiment were used in this experiment. Control soil with and 

without addition of inorganic fertilizer (Multicote USA) that had contained 18% N, 

6% P, and 12% K (150kg N/ha corresponding to nitrogen input of 2.5% compost) 

were also tested in parallel for comparison. 

Pot trials were carried out in the greenhouse at HKBU. Two of the most 

consumed vegetables (Chinese cabbage - a leafy vegetable and Cherry tomato - a 

fruit vegetable) in Hong Kong were chosen as the experimental plants. Chinese 
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cabbage and tomato were harvested after the 7th and 10th week of growth, 

respectively. All experiments were replicated and data was collected from each 

replicate for validation. 

For water management, the pot was soaked in water to let the soil absorb 

water till the surface was moist and the final weight was recorded. The plants 

were watered everyday according to the recorded total weight of the pot measured 

on day 0. Water sample (8ml) was collected with a soil water sampler (Rhizons 

models with pore size of 0.15 µm, Netherland) every week with Chinese cabbage 

to study and monitor the dynamic changes of the available nutrient concentrations 

to record the changes. 

9.2.4. Analytical methods 

Fresh soils were dried at 105°C for 24 hours and plants samples were 

incubated at 55°C for one week until constant weights were achieved for 

calculating the total mass. Subsequently, the dried biomasses were burned at 

550°C in a furnace for 16 hours to estimate the organic matter by weight loss. The 

pH and electrical conductivity (EC) were measured with pH and EC meters on 

soil suspension prepared by extracting 10 g of soil in 20 ml deionized water. 

Available ammonium (NH4
+) and nitrate (NO3

-) were extracted by 2M KCl 

solution (Maynard and Kalra, 1993). Next, 0.5 M NaHCO3 solution at pH 8.5 was 

used for extraction of available phosphate (Watanabe and Olsen, 1965). The N and 

P contents of soil extracts were analyzed at a soil/extractant ratio of 1:5 wt/vol in 

dry weight basis. Total Kjeldahl nitrogen (TKN) and total P were measured by the 

Kjeldahl digestion method and then tested with a spectrophotometer according to 

the standard methods for testing compost materials (TMECC, 2003). Total organic 

carbon (TOC) contents of the samples were analyzed using the Walkey and Black 
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method (1934). 

9.2.5. Data analysis 

Analyses were performed with four replicates and the mean values with 

standard deviations are presented on a dry weight basis. The data obtained were 

analyzed using SPSS 18.0. One way ANOVA was used for statistical analysis of 

the treatment effects, and differences between treatments were tested based on 

Tukey’s significant difference method at 5% probability. 

9.3. Results and discussion 

9.3.1. Soil incubation study with lime and struvite compost amendments 

9.3.1.1. pH and EC of soil samples with compost amendment 

Mature composts from two different kinds of pre-treatment were prepared as 

soil amendments in this experiment. The initial pH of the soil collected was 4.33, 

which is very common in south China. As shown in Figure 9.1a, the application of 

food waste compost effectively increased the pH of the acidic soil. The pH values 

were significantly increased with an increasing application rate of compost. The 

soil pH could be brought to near neutral with addition of 5% and 10% compost, 

but at a higher application rate of 15%, the soil pH reached weak alkaline 

condition in treatments S15 and L15. At a lower amendment ratio (5%), the pH of 

the soil amended by struvite compost was slightly lower than normal compost 

containing lime, but this difference became negligible when the amendment ratio 

increased due to the release of ammonium by decomposition of struvite, which 

increases pH. Struvite could be successfully applied to acidic soil because it 

gradually increased the soil pH level (Johnston and Richards, 2003). Rahman et al. 

(2011) detected a significant effect on pH was detected using urea in acid soil and, 
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compared with struvite, urea releases NH4
+ quickly after application to soil in 

early stages. In contrast, in the long term the pH of the soil treated with struvite 

would increase, while soil treated with urea will have a decreased pH because of 

greater NH4
+ loss and the hydrogen ion which may be released during the 

transformation from ammonium to nitrate (Kowalchuk and Stephen, 2001). 

However, these effects were marginally observed in the present study when the 

soil was treated with two composts. This may indicate the buffering provided by 

the organic matter in compost differed from that of the pure inorganic struvite. 

Addition of different ratios of lime and struvite composts in barren soil 

significantly increased the EC simply due to high amount of soluble salts and 

available active components in the compost (Figure 9.1b). The initial EC of 

treatments S5 and L5 were 383 and 417 μS/cm, which increased to 843 and 873 

μS/cm in treatments S10 and L10. With high amendment ratios, the EC reached to 

1140 and 1277 μS/cm in treatments S15 and L15, which may adversely affect 

plant growth. During the incubation period, the EC values of soils at high compost 

amendment levels (10% and 15%) were decreased, which could be linked with the 

decomposition of active components and nitrogen loss during long term 

incubation (Wong et al., 1998). However, a decrease in EC was not obvious at 

lower applied levels. After the incubation period, struvite compost, that released 

more nutrients, resulted in a higher EC than normal, which was not detected at the 

beginning. In treatment S5, the final EC was even higher than the initial EC value 

due to the released nutrients from struvite. 
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Figure 9.1. pH (a) and electrical conductivity (b) changes with lime and struvite 

compost amendments in soil. (C = control soil without any amendment, S5 = soil 

amended with 5% struvite compost, S10 = soil amended with 5% struvite compost 

S15 = soil amended with 15% struvite compost, L5 = soil amended with 5% 

normal food waste compost, L10 = soil amended with 10% normal food waste 

compost, L15 = soil amended with 15% normal food waste compost). 
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9.3.1.2. Nutrient transformation in soil with compost amendment 

Initial available nutrients, including NH4
+, NO3

-, and PO4
3- in compost 

amended soil significantly increased with increasing compost application rate 

(Figure 9.2a-d). Within the first 10 days of incubation there were net positive 

mineralizations of NH4
+-N observed in all treatments. These results implied that 

the ammonification of organic N applied to soil is a very fast and rapid reaction 

due to the highly active nitrogen components (Azeezand Van Averbeke, 2010). 

Compared with normal compost, ammonium concentration of soil amended with 

struvite compost increased sharply within first 10 days, possibly be due to nutrient 

release from struvite (Figure 9.2a). Treatment S5 had the largest slope in 

ammonium profile, followed by treatment S10 and S15 which correlated with the 

different initial pH values (Figure 9.1a). This indicated that ammonium 

solubilization from struvite compost was higher at low pH (Doyle and Parsons, 

2002). Several investigators have suggested that struvite might be an effective 

fertilizer for acidic soil since the nutrient release rate would be higher than that in 

alkaline soil (Johnston and Richards, 2003; Li and Zhao, 2003). After a short peak, 

the available NH4
+ contents were gradually decreased in all treatments by both 

volatilization and in-situ nitrification that lead to nitrate accumulation (Figure 

9.2b). Nitrite is less stable compound and further oxidized into nitrate, which 

leads to extremely low concentrations of nitrite (below 5mg/kg, data not show) in 

all the treatments during incubation studies. 

Nitrate concentrations of all treatments were significantly increased, except 

for the control soil treatment due to the low available ammonium content in the 

barren soil and its poor physiochemical properties (Courtney and Mullen, 2008). 

The increasing trends were gentle after the first month. Nitrate concentration in 
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the soil amended by struvite compost increased more sharply than with normal 

compost, although there were no differences in the final nitrate concentrations in 

the treatments amended by different composts at the same amendment level. 

Nitrate content differences between initial and final were much larger in struvite 

compost treated soil than in soil treated by normal compost. Net nitrate contents in 

all treatments indicated a possibly advantageous higher nitrification rate than 

denitrification in compost (Azeezand Van Averbeke, 2010). However, it is 

important to note that the rate may be very different for different compost 

materials. Poultry manure had shown high net nitrification rates, followed by 

cattle, and low rates have been found in goat manure amended soils. The abundant 

ammonium content and sustainable release capability of struvite compost resulted 

in high positive net nitrate concentrations in amended soil. 

Same as nitrogen, phosphorus was also released by the decomposition of 

struvite and mineralization of organic phosphorus in amended soils (shown in 

Figure 9.2c). However, the slopes of the free P profiles were insignificant 

compared to N, since free phosphorus may combine with calcium or magnesium 

ions. Moreover, low P leaching from fertilizer maybe due to the binding capacity 

of the P molecule with clay particles, as well as with other chemicals involved in 

P fixation including Al, Fe, and Ca (Elliott et al., 2002; Chen et al., 2006). 

Therefore, it was believed that the rate of P transportation in compost amended 

soil was much lower than that of N due to P fixation by available minerals and 

organic compounds. Remarkably, the soil amended with struvite compost had 

more available P, which resulted in a higher initial available P (AP) to total P (TP) 

ratio than normal compost (Figure 9.2d). For instance, AP/TP ratios were 

significantly increased from ~ 5.6, 8.4, and 11% to ~ 9.1, 11.1, and 13.6% in 
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treatments S5, S10, and S15, respectively. Available AP/TP ratios were 

significantly increased in all treatments, indicating the mineralization of organic P 

with compost amendment soil. Meanwhile, treatment C had no significant 

changes due to poor nutrient availability. Overall, the study results suggest that 

struvite decomposition contributed to increasing the AP/TP ratio, which has not 

previously reported in the literature. However, treatments S15 and L15 released 

more P than S10 and L10, which might be linked with high pH (Chen et al., 

2006).  
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Figure 9.2. Temporal changes in available ammonium (a), nitrate (b), phosphorus 

contents (c) and available P to total P ratios (d) in compost amended soils. (C = 

control soil without any amendment, S5 = soil amended with 5% struvite compost, 

S10 = soil amended with 5% struvite compost S15 = soil amended with 15% 

struvite compost, L5 = soil amended with 5% normal food waste compost, L10 = 

soil amended with 10% normal food waste compost, L15 = soil amended with 15% 

normal food waste compost). 
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9.3.1.3. Carbon mineralization and nutrients releases in soils with compost 

amendments 

Carbon mineralization reflected the status of organic matter decomposition in 

soil. It depended on the activity of microorganisms and distributed enzymes in soil 

(Lee et al., 2004). As shown in Table 9.2, both lime and struvite compost 

amendments improved the soil physiochemical properties and subsequently the C 

mineralization. A significant increase in C mineralization was observed when 

normal compost amendment rates were increased, i.e., treatments L5, L10, and 

L15 had ~8.84, 10.06, and 11.14% total carbon. Soil treated by struvite compost 

had higher C mineralization rates compared to normal compost and reached 13.76, 

14.23, and 13.26% in treatment S5, S10, and S15, respectively. However, there 

were no obvious differences in struvite compost amended soils when compost 

percentage was increased. Helgason et al. (2005) detected greater decomposition 

in loamy sand soil amended with compost, compared to loam soil only. That 

might be explained by a significantly increase in fungi, bacteria, and soil enzyme 

activities in compost amendment soil compared to controls (Lee et al., 2004). 

However, the highest C-mineralizations were found in sandy (barren) soil and the 

mineralization percentage decreased as the sludge amendment rate was increased, 

which was explained by an increase in organic contents exceeding the microbial 

degradation capacity (Wong et al., 1998). It depended on activity of 

microorganisms and enzymes in soil (Lee et al., 2004), so enough nutrients for 

microorganism in treatments with struvite compost might explain our results. 

Unlike that of C mineralization, N release rates for treatments S5, S10, and 

S15 were ~ 12.09, 13.71, and 15.81%, respectively, and were significantly 

increased with increasing struvite compost percentages. These results indicate that 
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the advantage of struvite compost amendment, which improved C mineralization 

rates and N release/distribution in barren soil, is required for better plant growth. 

With the same application rate, struvite compost had significant higher N release 

rates than normal compost and high C mineralization. Furthermore, P release was 

also improved in struvite compost amended soil. Generally, C mineralization and 

N and P release rates were strongly correlated (between C mineralization and N 

release, 0.879, p＜0.01; between C mineralization and P release, 0.931, p＜0.01; 

betweenN and P release, 0.802, p＜0.01). However, the high C mineralization rate 

in application rate treatment indicated the presence of instability, which might be 

adverse for plant, as well as high salinity.  

Table 9.2. Carbon mineralization, N and P release rates in soil with compost 

amendments 

Treatment C Mineralization rate % N release rate % P release rate % 

Soil 4.36±0.10 e 4.03±0.79 e 0.63±0.13 e 

S 5 13.76±0.17 a 12.09±0.75 c 4.24±0.29 b 

S 10 14.23±0.60 a 13.71±0.69 b 5.24±0.31 a 

S 15 13.26±0.82 a 15.81±0.34 a 4.32±0.08 b 

L 5 8.84±0.24 d 8.45±1.67 d 1.38±0.29 d 

L 10 10.06±0.26 c 11.79±0.27 c 2.08±0.09 c 

L 15 11.14±0.42 b 12.69±3.68 bc 2.51±0.04 c 

The mean and standard deviation are shown. (C = control soil without any 

amendment, S5 = soil amended with 5% struvite compost, S10 = soil amended 

with 5% struvite compost S15 = soil amended with 15% struvite compost, L5 = 

soil amended with 5% normal food waste compost, L10 = soil amended with 10% 

normal food waste compost, L15 = soil amended with 15% normal food waste 

compost). 
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9.3.2. Greenhouse experiment 

Two most consumed vegetables, Chinese cabbage and Cherry tomato, were 

cultivated in a greenhouse in different pot trials. Soil amended with compost not 

only provides a better substrate for plant growth by improving water holding 

capacity, porosity, infiltration capacity, and available soil organic contents 

(Haynes and Ravi Naidu, 1998; Barzegar et al., 2002; Carminati et al., 2010), but 

it also supplies essential nutrients, especially with struvite compost as discussed 

above (sub-section 9.3.1).  

9.3.2.1. Soil rhizosphere water properties in Chinese cabbage experiments 

pH and electrical conductivity of rhizosphere water 

As shown in Figure 9.3a, the pH values of rhizosphere water were 

significantly increased with increased normal and struvite compost amendment 

rates in pot trials with Chinese cabbage. The initial pH values of the compost 

significantly affected the rhizosphere soil pH, where the pH was lower in strutive 

compost amended pots compared to normal compost amended pots. However, 

final pH was most likely determined by the initial pH value of the soil and organic 

matter in question (Courtney and Mullen, 2008). The slightly higher pH of the soil 

rhizosphere water in treatment F could be due to release of ammonium from 

complex fertilizer. However, this was not significant and was not reflected in the 

electrical conductivity values (Figure 9.3b). 

EC is defined as soluble ions in soil. Examples of ions are NH4
+, NO3

-, PO4
3-, 

and active organic compounds like SON and SOC (Chapter 5). The EC values of 

the soil rhizosphere water declined over the incubation period in all treatments 

(Figure 9.3b). There were no significant differences observed between treatments 

with struvite and normal compost amendments, while struvite compost had higher 
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nutrient release rate (Table 9.2). 

 

 

Figure 9.3. Temporal changes in soil rhizosphere water pH (a) and electrical 

conductivity (b) during Chinese cabbage pot trials with compost amendments. (C 

= control soil without any amendment, F = control soil with inorganic fertilizer, 

S2.5 = soil amended with 2.5% struvite compost, S5 = soil amended with 5% 

struvite compost S10 = soil amended with 10% struvite compost, L2.5 = soil 
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amended with 2.5% normal food waste compost, L5 = soil amended with 5% 

normal food waste compost, L10 = soil amended with 10% normal food waste 

compost). 

Soluble nutrients in soil rhizosphere water 

The concentration of rhizosphere nutrientsis an important factor for 

evaluatation of the nutrient supply capability of soil amended with compost. As 

shown in Figure 9.4, temporal changes in soluble nutrients, including NH4
+, NO3

-, 

and PO4
3- in rhizosphere water were monitored during pot trials with Chinese 

cabbage. Compared with normal compost, struvite compost caused high NH4
+ 

concentrations in rhizosphere water (Figure 9.4a). The NH4
+ contents of 

treatments S5 and S10 were comparable or higher than treatment F, which was 

significantly higher than all other treatments. These differences declined at low 

amendment ratios. In soil incubation studies (sub-section 9.3.1), net positive 

mineralizations of NH4
+-N were detected in the first 10 days and showed a short 

peak in ammonium content in soil. In contrast, a decrease in NH4
+ contents during 

pot trials with Chinese cabbage was evident. This could potentially be linked with 

plant nutrient uptake and the nitrification effect, as measured by plant growth and 

available nitrate contents (Figure 9.4b), respectively. Previous results already 

indicated that the nitrification effect would be increased when materials with 

abundant ammonium content and active organic matter were added during 

incubation (Azeezand Van Averbeke, 2010). At the same application level, a 

sharper increase occured in the slopes of nitrate contents in soil treated with 

struvite compost than normal compost, indicating a priming effect with plant 

growth that was consistent with results from incubation conditions experiments. 

Interestingly, the nitrate contents were not increased with F treatment, while its 

178 
 



ammonium contents were significantly reduced over the incubation period. 

Whereas, in treatment S5, the ammonium content was decreased while nitrate 

content was increased. These results suggested that the decrease of ammonium 

content in treatment F was mainly due to the fast growth of the cabbage and there 

being no ammonium available for nitrification, with both cabbage growth and 

nitrification rates contributing to the total decrease of ammonium content in 

treatment S5 (Evanylo et al., 2008). No significant increase in nitrate 

concentration was observed for treatments S2.5 and L5, indicating that the 

nutrient load is limitated. 

Phosphate concentrations of all treatments did not increase as a function of 

incubation conditions, but slightly decreased due to plant utilization and leaching 

(Figure 9.4c). Unlike that of N concentrations, relatively higher P concentrations 

were found in soil rhizosphere water with amendment of struvite compost 

compared to normal compost. Although, the P contents of treatments S5 and S10 

didn’t increased over the incubation period, they were still maintained at higher 

levels than other treatments. The presence of Ca2+ and Mg2+ in compost would fix 

free phosphate and may reduce the mobility of P from substrates.  
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Figure 9.4. Temporal changes in soluble ammonium (a); nitrate (b) and available 

phosphorus (c) during Chinese cabbage pot trials with compost amendment. (C = 

control soil without any amendment, F = control soil with inorganic fertilizer, 

S2.5 = soil amended with 2.5% struvite compost, S5 = soil amended with 5% 

struvite compost S10 = soil amended with 10% struvite compost, L2.5 = soil 

amended with 2.5% normal food waste compost, L5 = soil amended with 5% 

normal food waste compost, L10 = soil amended with 10% normal food waste 

compost). 

 

9.3.2.2. Cabbage plant development 

Both above-ground and under-ground plant parts were measured after 7 

weeks, as shown in Table 9.3. Due to poor physiochemical characteristics and low 

nutrient content in the native barren soil, the total biomass yield was lower in 

treatment C (0.36 g). The biomasses of above-ground plant parts ranged from 0.47 

to 0.66 g in normal compost amended pots, while it was larger, from 0.59 to 1.26 

g, in struvite compost amended pots. Even with asimilar application rate, larger 

biomass yields were recorded from struvite compost, compared to normal 

compost, amended pots (Figure 9.4). However, the yields were not increased with 

increasing struvite compost rates. The highest biomass was obtained from 

treatment S5, which indicated that an application rate of 2.5% could not supply 

enough nutrients for cabbage growth, as discussed above. 

A strong and unique correlation was observed by Mbarki et al. (2008) 

between alfalfa growth and nutrient input with 40, 80, and 120 t/ha of municipal 

solid waste compost. However, more heavy metal content accumulated in plant 

with increasing compost application rates. Food waste has the advantage of low 
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heavy metal content, but the downside of high salinity. Therefore, a significant 

correlation between biomass and initial nutrients of substrates was not established. 

The biomass decreased in treatment S10 was due to its high EC (Figure 9.3b). 

This adverse effect was more obvious in treatments amended with normal 

compost, which had a higher EC than struvite compost. The biomass was only 

0.51 g in treatment L10, which was not different from treatment C. High salinity 

also influenced root elongation. The dry weights of roots were significantly 

reduced with increasing normal compost application rates from 2.5% to 10%. 

These results are in agreement with the earlier publication by Garcia-Gomez et al. 

(2002), who found similar negative effect on root elongation with compost 

amendments. Whereas, the adverse effect was alleviated with struvite compost 

amendments and the root elongation was not affected. The highest root weight 

was recorded in treatment S5 and was possibly due to the high nutrient supply rate. 

In addition, bulk density with compost amendments was reported to improve 

biomass yields (Tejada et al., 2009). 

With the optimum application rate, the total cabbage biomass yield from 

treatment S5 was significantly higher than treatment L5, while comparable with 

treatment F. These pot trials suggested that the struvite compost readily supplied 

essential nutrients for plant growth and therefore the application rate could be 

reduced to alleviate any salinity induced negative effects upon plant growth.  

As the main nutrient adsorbing issue, healthy root growth was the premise 

for nutrient uptake. Meanwhile, the nutrient condition in soil affected root growth 

in return. Nitrogen is the most important nutrient for leafy vegetables, like 

Chinese cabbage. The nitrogen contents in cabbages were increased with 

increasing struvite compost amendment rates, which was not observed in normal 
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compost grown cabbages due its stunted root growth. Positive correlations were 

established between nitrogen content in cabbage with total nitrogen input from the 

soil with struvite compost amendment (the correlation index was 0.812 between 

TNplant and TNsoil, p＜0.01). Similarly, P concentrations in cabbage were high in 

struvite compost compared to normal compost, but there were no significant 

increases in cabbage P concentrations observed with different application rates. 

This indicates that P was sufficient to support the plant growthin all treatments. 

Table 9.3. Total biomass yield for Chinese cabbage and nutrient uptake rates 

during pot trials with compost amendment 

Treatments 
Up-ground 

Biomass 

(g/plant dw) 

Root weight 

(g/plant dw) 
N (g/kg) P (g/kg) 

N uptake 

(mg/plant) 

P uptake 

(mg/plant) 

C 0.36±0.01d 0.09±0.02cde 12.7±1.20c 6.56±0.56d 5.7±0.39d 2.98±0.16d 

F 1.25±0.05a 0.13±0.01abc 16.2±0.65ab 7.09±0.26bcd 22.4±0.23a 9.81±0.70a 

S2.5 0.59±0.04cd 0.11±0.02bcd 14.3±1.40bc 8.07±0.48ab 10.1±1.50bc 5.69±0.61b 

S5 1.26±0.12a 0.18±0.03a 16.2±1.59ab 7.79±0.27ab 23.3±3.21a 11.19±1.33a 

S10 0.95±0.25b 0.14±0.03ab 18.7±1.43a 8.31±0.55a 20.4±4.82a 9.09±2.23a 

L2.5 0.47±0.07cd 0.10±0.02bcd 14.0±1.84bc 6.95±0.60bcd 8.0±1.03c 3.98±0.38bc 

L5 0.66±0.11c 0.07±0.01de 15.2±1.30bc 7.01±0.63bcd 11.1±1.06b 5.09±0.51bc 

L10 0.51±0.02cd 0.05±0.01e 15.2±1.19bc 6.60±0.65cd 8.5±1.09c 3.70±0.53c 

The mean and standard deviation are shown. Values followed by the same letter 

are not significantly different (p <0.05). (C = control soil without any amendment, 

F = control soil with inorganic fertilizer, S2.5 = soil amended with 2.5% struvite 

compost, S5 = soil amended with 5% struvite compost S10 = soil amended with 

10% struvite compost, L2.5 = soil amended with 2.5% normal food waste 

compost, L5 = soil amended with 5% normal food waste compost, L10 = soil 

amended with 10% normal food waste compost). 
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Photo 9.1. Growth status of Chinese cabbages after 7 weeks with struvite and 

normal compost amendments. (C = control soil without any amendment, F = 

control soil with inorganic fertilizer, S2.5 = soil amended with 2.5% struvite 

compost, S5 = soil amended with 5% struvite compost S10 = soil amended with 

10% struvite compost, L2.5 = soil amended with 2.5% normal food waste 

compost, L5 = soil amended with 5% normal food waste compost, L10 = soil 

amended with 10% normal food waste compost). 

 

9.3.2.3. Soil properties changes during Cherry tomato harvest 

Unlike Chinese cabbages, Cherry tomatos have a relatively longer growth 

L2.5 L5 L10 F C 

C S10 S5 S2.5 F 
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period and higher biomass yield that required more nutrients. The soluble active 

components in composts are the main contributors of soil salinity and varied for 

different treatments, which resulted in different biomass yields. The EC values of 

the soil rhizosphere water were significantly decreased in all treatments at the end 

of pot trials (as shown in Figure 9.5a) and correlated with available nitrogen 

contents (Figure 9.5b and 9.5c). 

The lowest available ammonium content was measured in the control 

treatment since barren soil was used. There were no differences in available 

ammonium content measured at harvest for all treatments, although the initial 

concentrations were diverse. According to results from our previous study, both 

nitrification and plant nutrient uptake rates decrease the available ammonium 

content from the system and signified rate differences between the treatments. 

However, the results suggested that cherry tomato demanded more nitrogen than 

the leaf vegetable Chinese cabbage and the available nitrogen supply might be not 

sufficient for better growth. Therefore the optimum application rate should differ 

from pot trials with Chinese cabbage. 

Differing from nitrogen, concentrations of available P in different treatments 

after harvest varied (as shown in Figure 9.5d), which were regulated mainly by 

organic P mineralization, struvite P release, and P uptake by the plants. Available 

P in the treatments amended with struvite compost theoretically increased, since 

there was significantly higher P during the soil incubation study. In contrast, it 

was slightly decreased in treatments S2.5 and S5, possibly due to higher plant 

uptake (Table 9.4). Gao et al. (2014) summarized the nutrient absorption 

characteristics of tomato and found that the N/P uptake ratio is approximately 5:1. 

This indicates that the available P concentrations were sufficient and did not 
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decrease as fast as available N. However, the N availability restricted P absorption. 

Hernández et al. (2014) reported that that the compost application ratio 50 t/h, 

which is similar to treatment S5, did not supply enough nitrogen to meet the 

requirements for tomato growth. Slow mineralization of organic nitrogen from 

compost was found to be the reason for restricted yields. Therefore, a high 

application rate of compost or inorganic fertilizer is needed to meet with the 

nutrient requirements for plant growth. To meet the required nutrient input, 

struvite compost with a high nutrient content could reduce the application rate, 

compared to normal compost, and alleviate the risk of contributing to high salinity, 

which was hazardous for plant growth. 

 

 

Figure 9.5. Changes in electrical conductivity (a), available ammonium (b), nitrate 

(c) and available phosphorus (d) during initial and final days of Cherry tomato pot 

trials with compost amendments. (C = control soil without any amendment, F = 
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control soil with inorganic fertilizer, S2.5 = soil amended with 2.5% struvite 

compost, S5 = soil amended with 5% struvite compost S10 = soil amended with 

10% struvite compost, L2.5 = soil amended with 2.5% normal food waste 

compost, L5 = soil amended with 5% normal food waste compost, L10 = soil 

amended with 10% normal food waste compost). 

 

9.3.2.4. Cherry tomato plant development with compost amendments 

After 10 weeks of pot cultivation both the shoot and root biomasses of 

Cherry tomato were calculated (Table 9.4). Tomato shoot biomasses from 

different application rates improved with struvite compost amendment, i.e. S2.5, 

S5 and S10, compared to normal compost treatments. The biomasses of shoots 

from treatments S2.5-10 ranged from 5.15-8.72 g/plant and were higher than the 

1.27-4.39 g/plant from treatments L2.5-10. Treatment S5 hadthe highest shoot 

biomass (8.72 g/plant), followed by treatment S2.5 (which had a comparable 

shoot system with treatment S5). Numerous studies have addressed the use of 

compost to improve soil physical properties and achieve better root systems 

(Herrera et al., 2008). This advantage was envisaged with the cultivation of 

Cherry tomato, but not with Chinese cabbage, due to different types of root 

systems. Root growth and insufficient nutrient supply restricted the biomass yield 

from treatment F, which contradicting the results from the Chinese cabbage pot 

trials. In the meantime, the high salinity of compost substrate significantly 

affected the root development, as obviously demonstrated in treatment L10. The 

control treatment had the lowest accumulated nitrogen content in the biomass due 

to the barren substrate. However, there were no significant differences in P 

concentration for tomato plants because of the relatively sufficient P supply in this 
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experiment. Therefore, we conclude that nutrient uptake is seriously dependent on 

the biomass. 

Table 9.4. Total biomass yield of cherry tomato and nutrient uptake rates during 

pot trials with compost amendment 

Treatments 

Shoot 

weight 

(g/plant 

dw) 

Root weight 

(g/plant dw) 
N (g/kg) P (g/kg) 

N uptake 

(mg/plant) 

P uptake 

(mg/plant) 

C 1.72±0.10e 0.63±0.11d 7.99±1.06c 4.84±0.12ab 18.7±1.93e 11.4±0.62ef 

F 4.98±0.45c 1.05±0.17bc 12.37±0.58a 4.63±0.42ab 74.7±10.34b 27.9±4.11c 

S2.5 7.26±0.61b 2.04±0.21a 10.65±1.15ab 4.30±0.10b 98.9±10.17a 39.9±2.49b 

S5 8.72±0.36a 1.92±0.09a 11.15±0.93ab 5.61±0.39a 118.8±13.19a 59.7±5.85a 

S10 5.15±0.37c 1.34±0.03b 11.22±0.48ab 4.75±0.34ab 72.8±5.16bc 30.9±3.91c 

L2.5 2.49±0.27d 0.68±0.02cd 10.72±0.77ab 4.46±0.59b 33.8±2.64d 14.0±0.63e 

L5 4.39±0.93c 1.07±0.22bc 9.51±0.40bc 4.15±0.26b 51.8±9.48cd 22.6±3.79cd 

L10 1.27±0.17e 0.53±0.08d 9.99±0.27bc 4.28±0.21b 18.0±2.25e 7.68±0.69f 

The mean and standard deviation are shown. Values followed by the same letter 

are not significantly different (p <0.05). (C = control soil without any amendment, 

F = control soil with inorganic fertilizer, S2.5 = soil amended with 2.5% struvite 

compost, S5 = soil amended with 5% struvite compost S10 = soil amended with 

10% struvite compost, L2.5 = soil amended with 2.5% normal food waste 

compost, L5 = soil amended with 5% normal food waste compost, L10 = soil 

amended with 10% normal food waste compost). 
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Photo 9.2. Growth status of Cherry tomato after 10 weeks with different struvite 

compost amendment. (C = control soil without any amendment, F = control soil 

with inorganic fertilizer, S2.5 = soil amended with 2.5% struvite compost, S5 = 

soil amended with 5% struvite compost S10 = soil amended with 10% struvite 

compost, L2.5 = soil amended with 2.5% normal food waste compost, L5 = soil 

amended with 5% normal food waste compost, L10 = soil amended with 10% 

normal food waste compost). 
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9.4. Conclusions 

The following conclusions can be made from this experiment: 

i. The pH of acid soil could be effectively increased by both normal food 

waste compost and struvite compost amendments.  

ii. A neutral pH and fresh organic matter input stimulated the activity of soil 

bacteria resulting in improved carbon mineralization, which is closely related to N 

and P release rate in compost amended soil.  

iii. Struvite compost amended soil released more nutrients, compared to 

normal compost, that resulted in more nutrients for plant growth. Nitrogen release 

rate increased with increasing compost/soil ratio, but P releasing was not 

significantly affected. 

iv. Compost salinity significantly affected plant growth, especially for roots, 

which are sensitive. High compost application rate (10%) of lime and struvite 

compost negatively affected the plant growth due to their high salinities.  

v. Both shoot and root biomasses were significantly improved with struvite 

compost amendment compared to lime added food waste compost. 

vi. The optimum application dosage of 5% struvite compost is recommended, 

since that would supply more nutrients for plant growth and reduce the application 

rate, alleviating the negative effect of high compost rate on plants.  
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CHAPTER TEN 

SUMMARY CONCLUSIONS AND FUTURE RESEARCH 

RECOMMENDATIONS 

10.1. Introduction 

In last few decades, the food outlets and food processing industries have 

massively increased and become a major contributor (25-70%) of municipal solid 

waste (Pham et al., 2015). Sustainable management and recycling approaches to 

food waste are a pre-requisite for reducing environmental burdens and alleviating 

the pressure on existing landfill facilities in Hong Kong. Composting is a mature 

and long-standing waste treatment technology, which combines the benefit of 

efficient organic carbon and nutrient (e.g. N) recycling with the reduction of food 

waste being landfilled (Wong et al., 2009). 

However, a major problem with food waste composting is that the quick 

decomposition of organic materials into organic fatty acids leading to acidification 

of the composting mass, odour emissions (due to loss of volatile fatty compounds), 

and poor bioconversion rates (Nakasaki et al.,1998; Sundberg et al., 2013). 

Adjusting the pH of the composting mass by external addition of alkaline 

materials, such as lime and coal fly ash, is the most common approach (Bergersen 

et al., 2009; Wong et al., 2009). However, nitrogen loss as NH3 is promoted under 

alkaline condition and leads to the requirement of improved composting 

191 
 



technology to restore the essential plant nutrients in food waste. 

Struvite composting is an innovative approach for food wastes recycling. 

Struvite (empirical formula MgNH4PO4·6H2O) is a precipitation of phosphate: 

ammonium: magnesium at 1:1:1molar ratio and is widely used for nutrient (N and 

P) recovery from industrial/domestic wastewater (Ganrot et al., 2007; Claudio et 

al., 2010). Jeong and Kim (2001) have successfully tested struvite precipitation 

during composting process by adding Mg and P salts that reduced ammonia 

emissions and improved the fertilizer value of the compost. In addition, struvite 

precipitation is enhanced under the alkaline pH, specifically between 7 and 11 

(Burns and Moody, 2002), and has an optimum pH of 7-9 (Doyle and Parsons, 

2002) since it is readily soluble in acidic conditions. Therefore, the low pH in the 

initial stages of food waste composting may negatively influence struvite 

formation, if the pH of the composting mass is not maintained under neutral or 

alkaline condition. 

Considering the composition of food waste, an excess amount of Mg and P 

are essential for struvite precipitation. During swine manure composting, the 

organic matter decomposition was inhibited with external addition for struvite 

precipitation of MgCl2 and KH2PO4 at a molar ratio > 0.05M of initial nitrogen 

(Lee et al., 2009). Meanwhile, the molar ratio of 1:2 for Mg and PO4 is 

recommended for struvite formation in pig manure composting (Ren et al., 2010). 

These reports indicated that the concentrations of Mg and P salts are crucial and 

that requirements may vary for food waste struvite composting. In addition, food 
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waste contains many interference ions, including potassium and calcium, which 

will influence struvite formation and required optimization of chemical additives. 

According to Musvoto et al. (2000), struvite precipitates at neutral and higher pH 

provided a Mg/Ca molar ratio > 0.6. Various authors (Schuiling and Andrade, 

1999; Wilsenach et al., 2007) have observed that potassium struvite 

(MgKPO4·6H2O) can precipitate instead of ammonium struvite under low 

ammonium concentrations, which was not the case in any of the experiments 

presented in this thesis. 

Although struvite composting of food waste looks feasible and fascinating, 

little knowledge is available. Therefore, this research mainly focuses on struvite 

composting of food waste, with the main goal of improving the composting 

process and restore nutrients through experiments in four different phases. In the 

first phase, the feasibility of struvite formation during the food waste composting 

process with external addition of Mg and P salts was studied. Considering the fast 

acidification rate of food waste during composting, MgO and K2HPO4 were 

chosen as Mg and PO4 sources for struvite precipitation and buffering of pH. The 

Phase I experimental details and results are presented in Chapter 4. In Phase II, 

three different batch experiments were conducted in order to understand the 

factors influencing struvite composting of food waste and improve the nitrogen 

recovery efficiency. The detailed procedures and major outcomes are presented in 

Chapters 5-7. Odour emissions and microbial diversity changes during struvite 

composting of food waste were studied in Phase III, as detailed in Chapter 8. 
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Finally, nutrient release of struvite compost and its effects on plant growth were 

studied in Phase IV (Chapter 9). 

10.2. Phase I (Chapter 4): Study findings and major outcomes 

The feasibility of struvite formation and the buffering effect of the alkaline 

salts MgO and K2HPO4 were investigated for ammonia conservation during food 

waste composting. MgO and K2HPO4 were used in two different molar ratios (P1 

1:1; P2 1:2) for struvite precipitation in food waste composting. While a negative 

control without any chemical additions and lime addition (treatment L) as positive 

control for pH regulations were tested in parallel for comparison. Addition of 

K2HPO4 at 0.1M/kg was found to be effective and buffered the composting mass 

in the narrow range between 6.8 and 8.7, which ensured an optimum pH for both 

microbial degradation and struvite formation. This indicated that K2HPO4 could 

be a buffering reagent, but only when a sufficient quantity was added. From the 

XRD and SEM-EDS analysis, a typical struvite profile was detected in compost 

mass from treatment P2, but was not found in treatment P1, even with added Mg 

and P salts, which could be linked with the low pH conditions. The formation of 

struvite in treatment P2 effectively reduced the nitrogen loss from 40.8% to 23.3%, 

compared to treatment L. These results indicate that addition of 0.1 M/kg of Mg 

salts was the minimum requirement for buffering the food waste composting 

system and also for achieving nitrogen conservation via struvite formation. 

However, the electrical conductivity of the compost mass increased with the 
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addition of Mg and PO4 salts to high levels and reached 6.14 mS/cm, which was 

found to be higher than the control or lime treatments and retarded seed 

germination, which introduces a risk for plant growth during compost application 

and requires further investigation to improve this technology. 

10.3. Phase II (Chapter 5-7): Study findings and major outcomes 

Optimization of alkaline material (lime) additions during struvite composting 

of food was tested. The negative effects of interference ions on struvite formation 

were also investigated and conditions were optimized for struvite composting of 

food waste in Phase II. 

In Chapter 5, the pH of the food waste was adjusted by use of the common 

effective alkaline material lime to accelerate the compost maturity and maintain 

the pH for struvite formation. Lime was mixed with raw materials at different 

dosages (0.75-3%) and 2.25% lime found to be the most effective in improving 

the pH to an alkaline range during the food waste composting process. Also, this 

treatment significantly improved the degradation of active organic components, 

such as DOC and SON, which strongly correlated with low EC values and a high 

seed germination index of compost mass. The lime additions seem to be effective 

during food waste composting, however, the nitrogen loss as ammonia was high 

(44.3%, also explained in Phase I). Whereas, ammonia loss was comparatively 

lower when coupled with struvite precipitation (0.33%, 19.1%, and 27.4% for the 

treatments SL0.75, SL1.5, and SL2.25, respectively, except for SL3 where 
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ammonia loss was 48.0%). The acid soluble ammonium concentrations were 

decreased from 601.7 to 147.2 mg/kg in treatments SL2.25 and SL3, indicating 

that the lime addition was likely inducing negative effects on struvite formation. 

Therefore, to couple with struvite composting of food waste, 2.25% lime addition 

is recommended. 

The Mg2+, Ca2+, K+, NH4
+, and PO4

3- ions from food waste were readily 

solubilized during the composting processes. So the possible precipitates that 

could be expected/formed during food waste composting with external addition of 

Mg and PO4 were struvite (MgNH4PO4⋅6H2O), potassium struvite 

(MgKPO4⋅6H2O), newberyite (MgHPO4⋅3H2O), amorphous calcium phosphate 

(Ca3(PO4)2⋅3H2O), and HAP Ca5(PO4)3(OH). Potassium struvite (KMP) can 

precipitate instead of struvite (MAP) under low ammonium concentrations. 

Therefore, K2HPO4, Na2HPO4, and H3PO4 were selected as treatments L-K, L-Na 

and L-H, respectively, to investigate the effect of addition on struvite 

crystallization and nitrogen conservation (Chapter 6). During the composting 

process, struvite was detected in all treatments. However, EDS data of struvite 

like materials from the compost mass confirmed that the presence of a distinctive 

Ca peak since lime was added in treatments L-K, L-Na, and L-H. Even K and Na 

were found in the struvite formed from treatments L-K and L-Na, respectively, 

due to different phosphate sources used in struvite formation. However, the XRD 

results proved that these ions, Ca, K, and Na, were attached only on the surface of 

the struvite crystals, rather constituted in the crystal structure (Le Corre et al., 
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2005; Liu, 2009). Approximately 16.8, 10.3, 12.7, and 12.2 g of nitrogen were lost 

from treatments L, L-K, L-Na , and L-H respectively, when 1 kg of organic matter 

was decomposed. The differences in nitrogen loss between treatments with 

different P salts were not significant and indicated that the presence of K+ did not 

inhibit struvite formation, while contributing to the total nutrient content of the 

final product. 

Unlike K, Ca is highly competitive for phosphate ions in the medium and 

reduces the mobility of phosphate. To understand the effect of Ca2+, MgO was 

gradually substituted for CaO to evaluate the nitrogen dynamic changes and N 

conservation by struvite formation (Chapter 7). Both lime and MgO were found to 

effectively buffer the pH and resulted in enhanced decomposition rate. Whereas, 

treatment M0.45, which used only MgO without any lime, had poor 

biodegradation rates and lower nitrogen conservation rates, leading to high 

product salinity caused by available magnesium ions. Along with decreasing lime 

dosage, ammonia emissions were also significantly reduced (46.1, 43.5, 34.2, 28.9, 

and 27.5% in treatments L, M0, M0.15, M0.3, and M0.45, respectively). This 

indicated that the presence of Ca2+ ions influences struvite formation, either by 

competing for phosphate ions or by interfering with crystallization. But this 

negative effect could be ignored when the Ca2+/Mg2+ ratio was below 1:2. Thus, 

the best conditions for struvite composting of food waste were found to be a 

Ca2+/Mg2+ ratio in 1:2 with addition of K2HPO4. 

10.4. Phase III (Chapter 8): Study findings and major outcomes 
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Odour emissions from composting plants are a major concern for 

implementing this technology in urban centers. As one of the major odours, NH3 

emissions were effectively reduced by struvite composting and conditions were 

optimized (as discussed above). However, the exhaust gas contained a mixture of 

gaseous pollutants that required monitoring and control, yet little information has 

been published. In Chapter 8, the odour emissions and microbial successions 

during struvite composting of food waste were studied and reported. 

The distibution of two major odour components, ammonia and VFAs, in 

exhaust gas differs based on different conditions and phases of the composting 

process. Acetic acid, butyric acid, and iso-valeric acid were the dominate 

compounds in treatment C with unregulated pH. Struvite precipitation of 

ammonium during food waste composting in treatment M0.3 reduced the odour 

problem and significantly reduced the max OU of ammonia, from 3.0×104 to 

1.8×104, resulting in an OIMAX lower than that found for treatment L. Meanwhile, 

29% reduction of NO emission was achieved in treatment M0.3. 

In addition, pH was found to be the most important driving factor for 

bacterial community shifts in food waste composting systems. Lactobacillus sp. 

dominated under acidic conditions and made the conditions more acidic due to the 

generation and accumulation of high concentrations of acetic acid and butyric 

acids. However, a close correlation was not established between low pH and 

iso-valeric acid, which may be one of the intermediate products in the organic 

matter decomposition process. The addition of phosphate salts in M0.3 improved 
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the variation of the total bacterial population, which increased the stability of 

composting system and provided better decomposition rates. 

10.5. Phase IV (Chapter 9): Study findings and major outcomes 

In Chapter 9, the nutrient release capacity of food waste compost containing 

struvite and its effects on plant growth were studied to improve the understanding 

of possible applications. Normal mature food waste compost was used as a control 

for comparison with both incubation and green house experiments. The pH of 

barren soil from the New Territories of Hong Kong could be significantly 

improved with food waste compost and struvite compost additions. The soil 

amended with struvite compost had more nutrients than the soil treated with 

normal compost. The nitrogen release rates were increased with increasing 

compost/soil ratio, but phosphorus release was not affected. Meanwhile, soil 

salinity significantly increased with increasing application ratio and significantly 

affected plant growth, especially the root systems, which were more sensitive to 

the high application ratio of 10%. The optimum application dosage of 5% struvite 

compost improved the shoot and root biomasses more than normal food waste 

compost. 

For short term plant growth, the leaf vegetable Chinese cabbage was used in 

pot trials with different compost amendment rates. The cabbage biomass from 

treatment S5 was significantly higher than treatment L5 and comparable with 

treatment F, which contained inorganic fertilizer. Positive correlations were 
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established between the nitrogen content of cabbage and total nitrogen input into 

the soil through struvite compost addition, indicating that the additional nutrients 

effectively simulated growth of leafy vegetables. However, the correlation was not 

established with the cultivation of the long term plant Cherry tomato with struvite 

compost pot trials. Compared with Chinese cabbages, Cherry tomato had a 

relatively longer growth period and larger biomass that demanded more nutrients. 

After the harvest of Cherry tomato, the available N contents in soil were very low 

in all treatments, indicated N amounts may not be sufficient, while P was still 

abundant in soil after plant growth. Treatment S5 achieved the highest shoot 

biomass (8.72 g/plant), which was significantly higher than all other treatments.  

Overall, study results proved that the high salinity content of normal food 

waste compost (with lime) at a high application rate (i.e., 10%) significantly 

affected root growth, which is hard to recover from, especially when the plant was 

small before transplant. Therefore, high nutrient struvite composts are 

recommended for use to reduce the application rate, alleviating the negative effect 

of high compost rate on plants. 

10.6. Future research direction 

The aim of developing improved composting technology for food waste 

treatment was achieved by this study. The composting treatment M0.3 with 0.3M 

MgO, 0.15M CaO, and 0.05M K2HPO4 was identified as the best condition for 

coupling struvite precipitation with compost maturity during food waste 
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composting. However, there are a few more avenues to continue improving the 

process that are recommended for future work. 

In Phase I, P2 treatment using 0.1M K2HPO4 as a pH buffer was found to be 

efficient in terms of organic degradation and higher nutrient content restoration in 

biomass. However, this treatment suffered in terms of salinity, which restricted 

plant growth at high application rates. Therefore, further experiments focusing on 

condition optimization for improving struvite formation and composting 

efficiency are suggested. 

Furthermore, a pilot-scale continuous production of struvite composting 

under optimized conditions is required and thus suggested for future work. We are 

confident that successful demonstration of this developing technology on a pilot 

scale would attract investors for commercialization. 
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