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ABSTRACT 

AQUEOUS AMMONIA TREATMENT OF ORGANIC MATERIAL FOR 

MUNICIPAL COMPOSTING 

 

Stephen MacIntyre     Advisor: 

University of Guelph, 2012    Jonathan M. Schmidt 

 

Aqueous ammonia treatment of organic material to increase enzymatic 

digestibility is a growing area of research for animal fodder and biofuel production.  The 

application of this treatment in the municipal composting process has not previously been 

investigated.  Litterbags were used to investigate the effects of an aqueous ammonia 

treatment prior to composting on source-separated organic waste.  The treatment 

consisted of soaking organic material in aqueous ammonia prior to introducing the 

material back into the composting process.  Dry mass, ash content, ash-free dry mass, and 

water-solubility were measured.  Three experiments were performed: one in the 

laboratory, one in an in-vessel system, and one in windrows.  The aqueous ammonia 

treatment removed more dry mass compared to controls; however, the results indicate 

that the majority of the loss occurred during the soak.  This treatment may be of interest 

for compost facilities if the leachate produced can be used in an economically beneficial 

way. 
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CHAPTER 1: Introduction and literature review 

1.1 Introduction 

This chapter reviews the state of the Canadian composting industry, current 

practices for centralized composting, the effect of lignin on composting and methods of 

ammonia delignification.  Composting is the predominantly aerobic degradation of 

biodegradable material and is the most frequently used treatment process for organic 

residential waste in Canada (Statistics Canada 2008b).  The diversion of organic wastes 

from landfill and incineration to centralized composting facilities increased from 20% in 

2002 to 29% in 2008 (Statistics Canada 2008b).  Ontario, in particular, has the potential 

to greatly increase organic waste diversion (van der Werf 2009).  This increase will most 

likely be met by building new facilities and increasing the processing capacity of current 

facilities (van der Werf 2009).  The primary goal of centralized composting facilities is to 

reduce the mass of raw organic waste materials requiring disposal in landfills or by 

incineration.  At the same time composting produces a useful end-product for 

agricultural, horticultural and landscaping applications.  The faster and more complete 

the composting process is, the more economical it is.   

Although many factors regulate the rate of composting, one of the main inhibitors 

of biological degradation is lignin, a recalcitrant material that is a major component of 

plant cell walls.  Lignin comprises a class of high molecular weight polymeric 

compounds.  The precursors to these compounds are phenylpropanoids, most commonly 

coniferyl (guaiacyl), p-coumaryl (p-hydroxycinnamyl) and synapyl alcohols.  The result 

of conjugating these precursors is the formation of highly cross-linked and branched 

molecules containing 500-600 interconnected phenylpropanoid units (Heldt and Piechulla 
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2010).  In plants, lignin forms a matrix that embeds cellulose and hemicellulose called 

lignocellulose conferring mechanical strength to the structure and inhibiting degradation 

by microbial digestion (Heldt and Piechulla 2010).   

Ammonia pretreatments have been used to delignify organic materials such as 

wheat straw and corn stover to improve their digestibility for animal fodder and biofuel 

production (Garrett et al. 1979, Kim and Lee 2005a).  It may be possible to apply this 

technology to the composting process currently used in most centralized facilities and 

thereby increase processing capacity while producing a superior end-product.  This 

technology has not been tested in combination with composting in a laboratory setting or 

in the field.  The objective of my study was to measure the effect on decomposition of 

treating source-separated organic (SSO) municipal waste with 2% and 10% (w/w) 

aqueous ammonia prior to composting in the laboratory and in both in-vessel and 

windrow operations at a municipal composting facility.  These concentrations were 

determined after initial laboratory investigations. 

1.2 State of the composting industry 

Statistics Canada’s 2008 Waste Management Industry Survey (Statistics Canada 

2008b) found that the use of composting is on the rise in Canada and that the waste 

management industry is generally growing.  Although the per capita production of waste 

was fairly constant between 2006 and 2008, the amount diverted from landfill and 

incineration rose by about 10% to almost 8.5 million tonnes.  Organic waste diversion as 

a percent of total waste increased from 20% in 2002 to 29% in 2008.  In Canada, 

2.4 million tonnes of organics were diverted to composting facilities in 2008.  Of this 
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amount, over one million tonnes were diverted in Ontario alone.  Local governments 

spent $71 million on operating composting facilities in Canada, $37 million of which was 

spent in Ontario, up from $26 million in 2006.  In terms of employment, 31,344 people 

were employed in the waste management industry in Canada as of 2008, an increase of 

11% from 2006 (Statistics Canada 2008b). 

In 2008, Statistics Canada published an EnviroStats report (Statistics Canada 

2008a) on environmentally active lifestyles in Canada.  According to this report, 

composting was practiced by 30% of Canadian households in 2006.  This was the least 

frequent of the environmentally responsible activities surveyed, and represents a 

significant opportunity for increasing organic waste diversion.  In contrast 97% of 

Canadian households practice recycling.  Prince Edward Island sets a standard for what 

can be achieved, with 92% of households practicing composting.  The province of 

Ontario was only slightly above the national average with 38% of households composting 

regularly (Statistics Canada 2008a).  The potential for increasing organic waste diversion 

exists in Ontario and the demand for processing at centralized facilities will likely 

increase.   

1.3 Current centralized composting process 

The main objective of municipal composting is to divert raw organic wastes from 

landfills or incineration.  Reducing the volume and mass of the organic waste is of 

primary importance.  During the composting process, the goal is to convert organic 

wastes into a stable and relatively sanitary material that does not reheat due to microbial 

activity and which can be used for various agricultural, landscaping and horticultural 
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purposes (Epstein 1997).  The main use of compost is as a soil amendment to enhance 

plant growth (Diaz et al. 1993).  Other beneficial uses include erosion control and 

filtering storm water runoff as well as wash water management (Epstein 1997), although 

some compost is only suitable for landfill cover (Diaz et al. 1993).  Different substrates 

can be composted for different end uses but the composting process is generally similar. 

1.3.1 General composting process 

Figure 1.1 presents the common key stages in the composting process at a 

centralized facility.  After the raw organic wastes arrive, they are fragmented to increase 

homogeneity and surface area.  The substrates may be sorted based on how they will be 

used later.  For example, a pile of brush may be diverted and stored to provide a stock of 

high carbon substrate for later use.  Since the composition of compost substrate greatly 

affects the rate of decomposition, the wastes may have to be mixed to ensure that suitable 

starting characteristics are achieved (Rynk et al. 1992).  Table 1.1 presents the ideal 

characteristics of composting substrates for relatively rapid (ca. 3 months) processing. 

After a suitable mixture of compost substrate is obtained, it is placed in a vessel or 

windrow (Section 1.3.3).  Within days, microbial activity in the composting material and 

the insulating properties of the material will cause heating of the substrate, leading to the 

active or thermophilic composting phase, which can take several weeks depending on the  
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Figure 1.1 The general process and flow of organic material at a composting facility. 

 

Table 1.1 Ideal initial characteristics associated with composting organic material for 

relatively rapid decomposition.  Adapted from Rynk et al. (1992). 

Characteristics Preferred range 

Initial carbon to nitrogen (C/N) ratio 25:1–30:1 

Initial moisture content 50–60% 

Initial particle size Variable 

Oxygen concentration >5% 

pH 6.5–8.0 

Temperature (during thermophilic stage) 55°C–60°C 

 

Organic material 

Storage 

Mixing 

Sorting 

Fragmentation  

Aerobic thermophilic 
composting, aeration 

and mixing 

Pile formation 

End use 

Compost storage 
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complexity of the initial substrates.  This phase may include active aeration and 

additional mixing.  After the readily degradable compounds are consumed, microbial 

activity declines and the material cools.  The resulting substrate then enters the 

maturation phase, during which the more recalcitrant compounds, such as lignocellulose 

and lignin, are degraded by a different microbial community and undergo complex 

condensation reactions.  This process is sometimes referred to as curing.  Space 

availability is an important consideration during this phase as maturation generally takes 

2–12 months.  Compost maturity is evaluated based on multiple factors related to use and 

handling; for example, carbon to nitrogen ratio, oxygen demand, temperature, and odour 

(Rynk et al. 1992).  When the composted substrate has reached the desired state, it is 

often screened to remove unwanted contaminants such as large woody fragments and 

plastics.  The end use largely depends on the quality of the resulting compost. 

1.3.2 Source-separated organic waste 

Source-separated organic waste (SSO) consists of organic materials from 

residential households—mostly kitchen scraps, yard wastes, and paper—that have been 

separated from other household waste and collected by a municipality.  Although 

centralized composting facilities regularly accept organic waste streams other than SSO, 

such as animal manure, this present study specifically examines treatment of 

municipal/urban SSO.  The major components of SSO waste are simple carbohydrates, 

protein, fats, hemicellulose, cellulose, lignin, and mineral matter (Epstein 1997). 
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1.3.3 Windrow and in-vessel composting 

Composting systems can be grouped into two general categories: windrow and in-

vessel.  Common to all windrow systems is the accumulation of substrate into piles, 

usually 1.5 to 2.5 m high and more or less elongated as shown in Figure 1.2a.  In-vessel 

composting uses large containers, with some form of aeration as well as environmental 

monitoring and control.  A Herhof Biocell in-vessel system is shown in Figure 1.2b.  In-

vessel systems are generally used in conjunction with windrows for maturation and 

curing (Dziejowski and Kazanowska 2002). 

Windrow systems are typically inexpensive and easy to implement when adequate 

and suitable space is available.  In-vessel systems are more technically sophisticated and 

more efficient in terms of time and space, but are also more expensive to build and 

operate.  Some advantages of using in-vessel reactors compared to windrow systems 

include: (1) reduced space requirements, (2) reduced duration of mesophilic and 

thermophilic stages, (3) better process control for handling mixtures, emissions, and 

leachates (4) higher process efficiency and (5) decreased pathogen survival as a result of 

consistent achievement of sufficiently high temperatures (>55°C) (Viel et al. 1987, 

Cekmecelioglu et al. 2005).  The chief reason in-vessel systems have not been adopted by 

all composting facilities in Ontario may be cost (Renkow and Rubin 1998). 

1.3.4 General sequence of events during composting 

The composting process can be described in terms of temperature changes over 

time (Epstein 1997, Rynk et al. 1992).  Because of intense microbial activity and the 

insulating properties of organic material the composting process involves a predictable 
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Figure 1.2 Windrows (a) and a Herhof Biocell in-vessel system (b) at the Region of Peel 

Facility, Ontario, Canada in 2007. 

sequence of temperature changes.  A typical time course of temperature during 

composting is shown in Figure 1.3.  From this perspective, the composting process can be 

a 

b 
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divided into four phases: (1) the starting or first mesophilic phase, (2) the thermophilic 

phase, (3) the cooling or second mesophilic phase and (4) the final curing or maturation 

phase.  During each phase, the microbial community, the physical characteristics, the 

mass and volume, and the aesthetic qualities of the substrate undergo substantial changes.  

The following section outlines these changes in general terms.  The characteristics 

associated with the substrate during each phase (carbon and nitrogen content, oxygen, 

moisture, and heat generation) are elaborated on in Section 1.3.5.  The microbiological 

characteristics of each phase are described in detail in Section 1.3.6.  

 

Figure 1.3 Phases of the composting process in terms of temperature over time.  Adapted 

from Epstein (1997) and Rynk (1992). 

Starting or First Mesophilic Phase 

There are two mesophilic phases during the composting process, one preceding 

and one following the thermophilic phase.  The first mesophilic phase, also known as the 
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starting phase, is characterized by temperatures ranging between ambient and 

about 45°C.  Thermophilic temperatures in excess of 45°C are generally achieved after 

approximately one week as a result of the metabolic activity of the microbial community 

and the insulating properties of the organic material (Ryckeboer et al. 2003).  The 

duration of the first mesophilic phase can range from a few hours to a couple of days 

depending on the substrate and the windrow or vessel construction (Ryckeboer et al. 

2003).  During this phase mass decreases slightly as moisture is lost while volume 

decreases noticeably as the material becomes compacted (Rynk et al. 1992).  The identity 

of the source materials is usually still discernible at this stage even though some 

shredding and mixing have usually occurred.  

Little is known about the initial microbial community present on organic wastes, 

and the variation in compostable wastes makes it difficult to generalize (Ryckeboer et al. 

2003).  Broadly speaking, the organisms initially present are characterized as primary 

decomposers.  Bacteria predominate but fungi, mesofauna (mites, worms, isopods, and 

millipedes), and even macrofauna (rodents) may also be present.  These primary 

decomposers consume the readily available and easily degradable simple carbohydrates 

and protein components during the first mesophilic phase (Insam and de Bertoldi 2007). 

Thermophilic Phase 

The thermophilic phase begins when the internal temperature of the compost pile 

exceeds ~45°C (Rynk 1992, Diaz and Savage 2007).  Peak temperatures during this 

phase vary greatly, but generally range between 50-70°C (Rynk 1992).  These 

temperatures are typically maintained for several days (Rynk 1992), with some variation 
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with feedstock.  According to Ryckeboer et al. (2003), this phase can last from a few 

days or weeks for food wastes to a few months in the case of wood wastes.  High 

temperatures increase evaporation and water loss can substantially affect the total mass of 

the composting material.  The volume of the material continues to decrease noticeably 

during this phase.  Under some conditions, the dry mass may be mineralized, contributing 

to mass and volume decreases (Diaz and Savage 2007).  Overall, the material partially 

appears more homogeneous and begins to resemble finished compost.  In addition, the 

material often darkens due to the conjugation of phenolic components into tannins and 

humic acids.  Recalcitrant fibrous substrates (high in lignin) may become visually 

prominent (Diaz and Savage 2007). 

Under aerobic conditions, temperature is a major factor regulating microbial 

populations and community compositions.  The rate of microbial metabolic activities is 

temperature dependant (Ryckeboer et al. 2003).  As temperature increases, populations of 

mesophiles begin to diminish and thermophiles proliferate.  High temperatures within the 

pile also drive off any mesofauna and macrofauna present during the initial phase.  

Ryckeboer et al. (2003) have reported diminished metabolic activity between 42°C and 

45°C as thermotolerant microbes begin to be inhibited and the temperature is still too low 

for thermophiles to thrive.  At temperatures between 50–60°C, endospore-forming 

thermophilic microbes such as Bacillus spp. flourish.  Between 60–70°C, microbes 

continue to proliferate, but at 70°C most thermophiles are inhibited (Rykceboer et al. 

2003).  However, the diversity of organisms involved in composting generally allows for 

extensive decomposition to occur even if optimal temperatures are not achieved or 

maintained (Miller 1996).  The high temperatures achieved during the thermophilic phase 
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eliminate most human- and plant-pathogens and allergenic microorganisms (Beffa et al. 

1996, Gea et al. 2006, Ryckeboer et al. 2003).  Examples of human pathogens eradicated 

during thermophilic composting include Salmonella spp. (Gea et al. 2007), Aspergillus 

fumigates, and Norwalk virus (Déportes et al. 1995).  Examples of plant pathogens 

eradicated during thermophilic composting include Phytophthora infestans (potato 

blight), Botrytis cinerea (grey mould) and Tomato mosaic virus (Noble and Roberts 

2004).  Tuomela (2000) found high temperatures (40-50°C) achieved during thermophilic 

decomposition are essential for lignin degradation.   

Second Mesophilic Phase 

After most of the readily degraded components of the substrate are depleted 

during the thermophilic phase, the composting mass cools and enters a second mesophilic 

phase.  During this phase, microbial activity is no longer intense enough to maintain 

temperatures that favour thermophilic populations.  Consequently, mesophilic microbial 

populations reemerge –originating from spores that survived the thermophilic phase (for 

example, in the outer edge of the mass) or by external inoculation (Miller 1996).  

External inoculation may occur after shuffling the composting material on the curing pad 

for aeration, mixing the material with other batches for logistical reasons, and/or being in 

close proximity to other batches with high microbial activity.  Bacterial populations may 

decrease by 1 or 2 orders of magnitude compared to the numbers present during the 

thermophilic phase; however, diversity generally increases (Ryckeboer et al. 2003). 

During this phase the substrate has the appearance of finished compost.  The bulk 

density increases and moisture content continues to decrease.  The dry mass of the 
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composting pile also decreases due to the mineralization of the substrate.  The carbon to 

nitrogen ratio decreases as organic carbon is mineralized and oxidized by microbial 

metabolism.  Due to the depletion of basic nutrients (e.g. C, N, P, and K), this phase is 

differentiated from the first mesophilic phase by a greater abundance of microbes 

(bacteria and fungi) capable of degrading starch and cellulose (Insam and de Bertoldi 

2007).  

Curing 

Once the pile has cooled to approximately 25°C, the substrate enters the 

maturation or curing phase.  This phase can last 2–12 months.  Average particle size, 

volume, C/N, dry mass, and moisture content typically decrease during this phase and the 

temperature approaches ambient conditions.  During the curing process the amount of 

readily and moderately degradable substrates continues to decrease, leaving a highly 

recalcitrant residue.  Lignin-humus complexes are formed and comprise the majority of 

the remaining product.  This compositional change typically results in a microbial 

community characterized by an increased proportion of fungi (Insam and de Bertoldi 

2007).  In general, once the temperature of the compost has stabilized to approximately 

ambient temperature the process is considered completed. 

1.3.5 Principal Factors Regulating the Composting Process 

Carbon to Nitrogen Ratio 

The ratio of organic carbon to total nitrogen (C:N) is one of the most important 

considerations when mixing the initial feedstock.  Several authors consider a 25 or 30 to 
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1 ratio to be ideal (Diaz and Savage 2007, Rynk et al. 1992).  If the carbon proportion is 

too high (typically > 40:1) biological activity is reduced, resulting in a much longer 

composting process.  If the carbon proportion is too low (< 20:1), the primary effect is an 

increase in ammonia volatilization that leads to two problems.  First, there is a reduction 

in the nitrogen content of the final compost product and the value of the material as an 

organic fertilizer.  Second, ammonia emissions can cause unacceptable odours and have 

toxic effects on the local environment (Diaz and Savage 2007).  Odours are often the 

primary public relations concern for municipalities implementing composting operations 

(Kirsch 2011, O’Flanagan 2011).  Controlling or reducing ammonia emissions is 

essential to reduce odour problems and dictates the careful selection of substrates and 

composition of mixtures. 

The form in which carbon occurs in the substrate also affects the composting 

process.  Simply having an optimal carbon to nitrogen ratio is not sufficient; carbon must 

be in a readily accessible form (e.g. soluble sugars and organic acids) for microorganisms 

to use in a reasonable time frame.  The expected time to achieve mature compost depends 

on the initial substrate, yet a typical time frame for municipal SSO is 3–6 months.  If 

much of the carbon is contained in lignin or other recalcitrant complexes, the 

decomposition process will take an impractically long time (Diaz and Savage 2007). 

Oxygen concentration 

Oxygen availability is critical for the rate of the composting process because 

aerobic processes are more efficient than anaerobic fermentation (Miller 1996).  In 

addition, the products of aerobic and anaerobic decomposition differ and odour problems 
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are generally more acute for anaerobic decomposition.  The concentration of oxygen is 

determined by the rate of diffusion into the substrate and microbial uptake.  Diffusion 

rates ultimately depend on pore size, pore continuity and water film thickness.  Passive 

diffusion is not adequate to maintain sufficient oxygen levels in large volumes of 

compost such as windrows or biocells, therefore aeration is generally required (Miller 

1996).  Aeration provides the necessary oxygen and also removes heat from the system, 

which can allow a more favourable environment for a greater number of microbial 

species (de Bertoldi et al. 1983).  During a study in which municipal solid waste was 

composted, Raspoor (2009) recommends an initial aeration rate of 0.6 L min
-1

 kg
-1

 of dry 

solids for two months, followed by 0.4 L min
-1

 kg
-1

 until completion. 

Moisture content 

Microbial proliferation and metabolic activity requires water and substrate 

moisture levels in both windrows and biocells must be adequate for composting to occur.  

An initial water content of ~60% is usually sufficient (Rynk et al. 1992).  However, 

generalizations about optimal water content are not very practical as moisture levels are 

dependent on several factors, including the physical state of the waste and the composting 

system used (Diaz and Savage 2007).  For example, if the system used incorporates 

frequent turning there will be more moisture lost to evaporation, and higher initial water 

content is required. 

Low initial moisture levels (generally <40% by weight) can lead to premature 

dehydration of the substrate and inhibit decomposition and thermogenesis.  A study of the 

effects of moisture on biosolids-composting by Liang (2003) showed that low moisture 
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levels (<40%) greatly reduced microbial activity and oxygen uptake.  Cumulative oxygen 

uptake at 43°C for substrates with 30% water content was less than 50 mg g
-1

 whereas for 

substrates with 60% water content moisture oxygen consumption approached 200 mg g
-1

 

(Liang 2003).  If the composting substrate does not have adequate moisture, the end 

product is physically stable but biologically unstable since it will undergo further 

decomposition when water becomes available.  To address this problem additional water 

can be added when a pile is turned, but this may increase operating costs.  At the same 

time, excessive water content (>70%) can impede airflow through the pile resulting in 

anaerobic conditions (Diaz and Savage 2007).  To deal with surplus moisture a bulking 

agent such as wood chips can be added to the composting mix provided that the C:N ratio 

is kept within the acceptable range (Table 1.1).   

Temperature 

Miller (1996) considers temperature to be the most critical factor regulating the 

rate and outcome of the composting process because of its role in determining the 

composition of the microbial community.  Thermophilic decomposition is considered 

faster than non-thermophilic methods because of the high microbial activity during this 

phase.  Methods to quantify this activity include measurement of oxygen uptake rates and 

respiratory quotient, which quantifies carbon dioxide production as it relates to oxygen 

uptake (Gea et al. 2004).  Above 20°C, microbial activity usually increases steadily as the 

substrate approaches the optimal temperature (30-35°C) for mesophiles (Ryckeboer et al. 

2003).  As the temperature of the substrate climbs above 35% significant changes occur 

in the composition and activity of the microbial community.  Mesophilic microbes are 
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largely inhibited and displaced by thermophiles between 40 and 45°C.  The optimum 

temperature for the proliferation of many thermophiles is below 60°C, and microbial 

activity diminishes substantially at higher temperatures (Ryckeboer et al. 2003).  

Maximum temperatures achieved in a conventional composting windrow can reach 

approximately 80°C (Ryckeboer et al. 2003).  Temperatures maintained in this range 

cause chemical and physical changes to the substrate that impede compost maturation. 

1.3.6 Microbiology 

Many microorganisms, including bacteria, actinobacteria, fungi, protozoans, and 

algae can be present in composting wastes.  As discussed by Ryckeboer et al. (2003), it is 

difficult to generalize about the composition of the microbial community during 

composting since it is greatly influenced by the initial feedstock and process conditions.  

The following sections describe some of the major microbial groups that contribute to the 

composting process.   

Bacteria 

As a group, bacteria play the most significant role during the initial phase of the 

composting process (Miller 1996).  This is due to several factors.  First, the high surface 

to volume ratio of bacteria allows them to quickly absorb soluble substrates.  The diverse 

bacteria present during the initial mesophilic phase produce a wide variety of enzymes 

and can collectively degrade many different substrates.  In addition, bacteria have 

relatively short generation times compared to other microorganisms and can adapt 

efficiently to changes in conditions and substrate composition (Ryckeboer et al. 2003).  

According to Insam and de Bertoldi (2007), bacterial growth is favoured over fungal 
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growth when the oxygen supply is low, conditions that can occur transiently even in 

force-aerated systems.  In some circumstances, for example the composting of sewage 

sludge, bacteria remain the primary decomposers throughout the process (Insam and de 

Bertoldi 2007).  About 40% of the volatile solids (ash-free mass or the organic 

compounds of plant and animal origin) in typical sewage sludge can be mineralized 

during the first 7 days of composting.  This is accomplished almost exclusively by 

thermophilic bacteria provided temperatures are maintained below 60°C (Insam and de 

Bertoldi 2007).  However, for most substrates bacteria become less important in later 

stages of composting since they are less efficient at degrading and utilizing more resistant 

substrates such as lignins and are outcompeted by actinobacteria and fungi. 

Actinobacteria 

Actinobacteria are members of the Eubacteria, but are considered to be 

ecologically intermediate between other bacteria and fungi because of their filamentous 

morphology, nutritional preferences and relatively low growth rates (Miller 1996, 

Ryckeboer et al. 2003).  Like many fungi and some groups of bacteria, they can degrade 

complex substrates such as cellulose, hemicellulose, chitin, and to a limited extent 

possibly lignin and humus as well (Ryckeboer et al. 2003, Miller 1996).  Most 

actinobacteria prefer somewhat moist, highly aerobic and slightly alkaline or neutral 

conditions (Insam and de Bertoldi 2007, Miller 1996).  Actinobacteria usually appear in 

greater numbers after temperatures have risen and other bacteria have already consumed 

the majority of readily degradable substrates (Ryckeboer et al. 2003).  Many 

actinobacteria, for example streptomycetes, tend to thrive above 30°C (Ryckeboer et al. 
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2003).  A few actinobacteria are truly thermophilic and have been isolated from composts 

that had reached 65°C (Miller 1996).  They can often also be found during the later stages 

of composting (Strom 1985, Insam and de Bertoldi 2007).  Interestingly, it seems that 

well-developed actinobacterial populations are important for the growth of fungal 

populations present during the later mesophilic and curing stages (Miller 1996). 

Fungi 

Zygomycete, ascomycete, basidomycete, and deutromycete species have all been 

identified in compost and many studies have found that Penicillium and Aspergillus are 

the most common fungal species present throughout the composting process (Miller 

1996).  The Ascomycota and Basidiomycota include species causing brown rot (resulting 

from cellulose digestion) and white rot (resulting from lignin decomposition).  These 

species have the predominant effect on the later stages of microbial degradation during 

the maturation phase.  Most fungi are relatively slow growing and out-competed by 

bacteria during the initial stages of composting when dissolved nutrients are readily 

available (Insam and de Bertoldi 2007, Ryckeboer et al. 2003).  In addition, the majority 

of fungi are not thermotolerant and cannot grow at temperatures above 50°C.  Although a 

few species will grow at temperatures as high as 62°C (Brock 1978), fungi generally do 

not contribute to the thermophilic phase (Miller 1996).  However, if the material being 

composted has significant lignocellulose content fungi can make significant contributions 

to the final mesophilic and maturation phases since several common species can degrade 

lignin as well as cellulose and hemicellulose (Insam and de Bertoldi 2007).  Many 

mesophilic and thermotolerant fungi can effectively re-colonize the cooling substrate 
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materials during the later stages of composting because the reduction in moisture content 

following the thermophilic phase limits bacterial growth.  In addition the ability of some 

fungi to degrade lignocellulose, which increases in concentration throughout the course 

of decomposition, allows them to compete with the bacterial community (Ryckeboer et 

al. 2003).     

1.4 Effect of lignin on composting 

An important factor limiting the rate and extent of decomposition during the 

composting process is the lignin content of plant materials (Epstein 1997).  Lignins are 

recalcitrant polymerized polyphenolic compounds that provide structural support and a 

barrier to microbial degradation in living plants (Lynch 1992).  Lignins are bound with 

the cellulose and hemicelluloses in plant cell walls and they retard degradation of more 

easily digestible compounds (Haug 1993).  In plant cell walls cellulose, hemicellulose 

and lignin form a complex called lignocellulose.  In this complex, lignin physically 

blocks the cellulose and hemicellulose from enzymatic degradation (Kim et al. 2003).  

During a study of temperate trees and shrubs, Valachovic et al. (2004) found that total 

lignin content to be one of the strongest predictors of first-year leaf litter decomposition 

rates using a calculated annual decay constant (k) (Olson 1963). 

The lignin content of plant materials is highly variable.  Wheat bran contains ~5% 

lignin by weight.  In contrast, pine wood contains nearly 30% lignin (Lynch 1987).  

Source-separated organic waste consists primarily of plant materials that are rich in lignin 

including food scraps (~ 0.4% lignin), yard wastes (~ 4% lignin), and paper (up to ~20% 

lignin) (Kayhanian and Tchobanoglous 1992).  The total amount of lignin in SSO 
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depends on the composition of the waste and varies with location and time of year.  The 

common practice of adding wood chips or sawdust (20-30% lignin), at the composting 

facility, as carbon sources and bulking agents can also substantially increase lignin 

content.   

Since lignin does not readily degrade during the composting process, it represents 

a store of carbon that is not available to plants when compost is used as a soil 

amendment.  If compost is not mature, it can be phytotoxic because of high microbial 

mineralization.  This results in decreased oxygen concentration, excessive nitrogen or 

other nutrients, or the release of phytotoxins such as nickel, copper, ammonia, or volatile 

fatty acids (Déportes et al. 1995, Hutchinson and Griffin 2008, Palmisano and Barlaz 

1996, Zmora-Nahum et al. 2005).  Lignin content can be positively correlated with plant 

growth (Hutchinson and Griffin 2008).  As compost matures lignin content correlates 

negatively with nitrogen and carbon mineralization, plant biomass, and nitrogen uptake 

(Griffin and Hutchinson 2007, Hutchinson and Griffin 2008).  Sánchez-Monedero et al. 

(1999) found that whereas 70-85% of the cellulose and hemicellulose in municipal solid 

waste was degraded after 77 days of composting only 30-50% of the original lignin was 

degraded.  Eiland et al. (2001) observed nearly 100% hemicellulose degradation and 64-

70% cellulose degradation following 160-190 days in a composting experiment with 

straw and pig manure, whereas the lignin fraction did not decrease significantly.  The 

authors suggested that this may have been due to the availability of organic nitrogen, 

which can inhibit lignin degrading enzymes. 

Most bacteria and actinobacteria do not degrade lignin and although some fungi 

can, particularly white-rot fungi belonging to the subdivision Basdiomycota (Tuomela et 
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al. 2000), these do not generally thrive until late in the composting process.  Tuomela et 

al. (2001) observed 23-24% biodegradation of lignin in spruce ground wood at 35°C and 

pine sawdust after 48-69 days at 50°C, but very little occurred 58°C, indicating that the 

organisms that degrade lignin are not active or do not survive the higher temperatures that 

may occur during the thermophilic stage of municipal composting.  In conclusion, rates 

of decomposition in municipal compost facilities are probably limited by the high 

concentration of lignocellulose complexes in SSO.  Macauley et al. (1993) reported no 

significant loss of lignin in a mushroom compost composed of straw and poultry manure.  

A significant portion of the biomass remaining after composting is lignin.  Tuomela et al. 

(2001) composted vegetable and fruit waste with bark, and found 51 to 71% of the dry 

weight of the finished product was Klason lignin.  Accelerated degradation or partial 

removal of lignin would increase carbon availability in the final product and improve its 

utility as a soil amendment.  It should also accelerate the loss of dry mass and volume. 

1.5 Ammonia delignification 

Delignification is a key technology being developed to exploit the energy 

available in hemicellulose and cellulose for animal fodder and biofuels (Biello 2011).  In 

particular, pretreatment of lignocellulosic biomass for biofuel production is being 

extensively researched (Mosier et al. 2005, Hendriks and Zeeman 2009, Saddler et al. 

2012).  Several pretreatment methods have potential to be cost-effective methods (steam 

explosion, liquid hot water, dilute acid, lime, and ammonia pretreatments) (Mosier et al. 

2005), but the results depend on biomass composition and operating conditions (Hendriks 

and Zeeman 2009).  Alkaline solutions, such as aqueous ammonia, can disrupt 
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lignocellulose by breaking the lignin-carbohydrate bonds stabilizing the complex (Kim et 

al. 2003).  The lignin fraction can be partially solubilized and extracted by this treatment.  

Kim et al. (2003) and Kim and Lee (2005a) have shown that treatment of corn stover 

biomass with aqueous ammonia causes extensive (70-85%) delignification but leaves the 

cellulose content largely intact (>95%).  In their experiment, corn stover was soaked 

overnight in 15% (w/w) aqueous ammonia at 170°C.  The treatment was conducted in a 

flow-through column reactor under pressure (2.3 MPa of nitrogen), a process the authors 

term ammonia recycled percolation.  Later, Kim and Lee (2005b) reduced severity of 

treatment conditions (atmospheric pressure, room temperature, 29.5% (w/w) aqueous 

ammonia) and termed the process soaking in aqueous ammonia.  The treatment resulted 

in 55-74% of the lignin being removed while retaining nearly 100% of the glucan and 

85% of the xylan (Kim and Lee 2005b). 

1.5.1 Animal fodder 

In general, ammonia treatment of low quality animal fodders, such as rice straw 

(Abou-El-Enin 1999, Garrett et al. 1979, Waiss et al. 1972), wheat straw (Saenger et al. 

1983), oat hulls (Thompson 1999), and corn stover (Saenger et al. 1982) increases 

digestibility by various measures including total solute after enzyme, dry matter intake 

and daily weight gain of livestock.  Waiss et al. (1972) recommended that the optimal 

treatment of cereal and grass straws for use as animal fodder is achieved with a 30% 

moisture content and the addition of 5% ammonia for 30 days at ambient temperatures 

(22°C).  These authors found that the enzymatic digestibility of the treated straw was 

increased by 10% and total nitrogen content following treatment increased by 133%.  
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Similar results were achieved by heating the straw to 160°C, but this method was not 

considered cost effective (Waiss et al. 1972).   

The lignin content of straw is inversely correlated with digestibility by ruminants 

(Han 1978).  Garrett et al. (1979) conducted slaughter trials with lambs and steers fed 

diets consisting of 72% rice straw treated with ammonia (the remaining 28% consisted of 

alfalfa hay, barley, cottonseed meal and trace minerals).  Bales of rice straw were treated 

with 25% (w/w) aqueous ammonia at three levels: 4.7, 5, and 7%, by weight of straw. 

The straw was sealed in plastic envelopes for 30 days at ambient temperatures.  In the 

steer trial, lignin content decreased from 4.0 to 3.5% following treatment with ammonia.  

Lignin, nitrogen, and cellulose content did not differ between the 4.7% and 7% ammonia 

treatments.  Steers fed treated rice straw gained 533 g/day compared to 229 g/day for the 

control group.  The feed to gain ratio for steers fed untreated straw was 38.4 compared to 

17.8 for steers fed the treated straw.  Similar results were obtained for treatments in the 

lamb trial.  In the lamb trials, the lignin content was reduced from 4.8 to 4.0% following 

treatment with ammonia.  Lambs required less feed per unit of gain when fed ammonia-

treated straw compared to diets containing untreated rice straw.  The ratio of feed to 

weight gain for lambs was 20.9 for the control treatment and 16.3 for lambs fed rice straw 

treated with 7% ammonia, with lambs fed untreated straw gaining an average of 89 g/day 

compared to 131 g/day for lambs fed treated straw.  These results demonstrate that 

delignification significantly improves the digestibility of the rice straw by the microbes 

living in the guts of ruminants, suggesting that pretreatment of compost substrates with 

ammonia may also enhance microbial degradation.   
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Ammonia treatment has also been found to improve the digestibility by rumen 

fluid of substrates following establishment of white-rot fungi (Okano et al. 2005).  

Basidiomycete white-rot fungi are the primary agents responsible for the decomposition 

of lignin during the composting process.  In 2005, Okano et al. investigated the effect of 

combining ammonia treatment and inoculation with white rot fungi on the digestion of 

various substrates by rumen fluid.  Changes in the digestibility of wheat straw (chopped 

into 2-3 cm fragments) and sugarcane bagasse medium (70% bagasse, 10% rice bran and 

20% lime cake).  There were two phases in the experiment.  First, each substrate was 

treated with ammonium hydroxide at 3% (by weight) at a moisture content of 50% for 10 

days at 45°C.  Second, digestibility was measured by in vitro dry matter digestibility and 

gas evolution from the samples after mixing with rumen fluid collected from a wether 

(castrated goat or sheep).  Ammonia treatment following an initial period of 

decomposition (47 to 97 days) improved the digestibility of these substrates compared to 

decomposition without ammonia treatment.  The results were more pronounced when 

ammonia was applied earlier in the process.  Digestibility of wheat straw was improved 

by 13.4% following 67 days of incubation with Pleurotus salmoneostramineus.  This 

improvement fell to only 9.8% after 97 days.  An improvement of 11.3% in the 

digestibility of the bagasse medium was observed after 47 days of incubation with 

Pleurotus abalonus.  These findings again indicate that ammonia treatment in 

combination with white-rot fungi increases microbial digestibility, suggesting that similar 

treatments should accelerate the composting process.   
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1.5.2 Biofuel production 

Agricultural residues are sometimes treated with ammonia to improve 

digestibility prior to enzymatic hydrolysis for the purpose of ethanol production (Iyer et 

al. 1996, Kim et al. 2003, Kim and Lee 2005a, Teymouri et al. 2004, Yoon 1998).  

Recycling percolation with ammonia has been used as a treatment of various feedstocks 

used for biofuel production.  This method involves percolating aqueous ammonia (5–

15%) through a column of packed biomass at elevated temperature (160–180°C) and 

pressure and recycling the leachate.  Iyer et al. (1996) tested ammonia concentrations 

ranging from 2.5–20% (w/w) on switchgrass and a corn cobs/stover mixture and found 

that significant delignification occurred.  Lignin remaining in the corn cobs/stover 

mixture following treatment with 2.5% ammonia was reduced to 48% of the original 

content.  Approximately 80% of the initial lignin content was removed following 

treatment with 20% ammonia.  The lignin remaining in switchgrass following treatment 

with 2.5% ammonia was reduced to 32% of the original content, and 16% lignin 

remained following treatment with 20% ammonia.  No improvement in delignification 

and enzymatic digestibility was found at concentrations above 10% ammonia when 

samples were soaked overnight at 170°C and 2.3 MPa.   

Kim et al. (2003) and Kim and Lee (2005a) tested recycled percolation at 170°C 

with 15% (w/w) ammonia on corn stover and achieved 75–85% delignification by 

recycling leachate at a flow rate of 5 ml/minute for 90 minutes through a column reactor.  

This treatment increased digestion of glucan by Saccharomyces cerevisiae from 15% for 

untreated corn stover to 90% following treatment (Kim and Lee 2005a).  In addition to 

Klason lignin determinations other measures confirmed the removal/structural changes of 
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lignin.  Scanning electron microscopy of the treated corn stover revealed morphological 

changes.  The untreated material had rigid and ordered microfibrils whereas the treated 

material appeared distorted.  This effect was confirmed by Fourier transform infrared 

spectroscopy of guaiacyl and syringyl lignin known to be in corn stover (Kim et al. 

2003).  It was also confirmed by a lignin staining method using 10% phloroglucinol 

treated with HCl according to the procedure given by Gahan (1984) and Waterworth 

(1969) (Kim et al. 2003).  These changes in microstructure resulted in both increased 

surface area and pore size.  Kim et al. (2003) suggested that these structural changes in 

combination with delignification allow microbial enzymes to have access to the cellulose 

and hemicellulose present in the cell walls and thereby enhance degradation of glucans 

and xylans.   

Treatment with aqueous ammonia has been shown to increase the digestibility of 

a variety of fibrous, lignin-rich plant materials by extracted enzymes, isolated microbial 

cultures and microbes living in the guts of ruminants.  Although the greatest effects are 

achieved using the high temperature and high pressure methods developed for the 

pretreatment of biomass intended for biofuel production, simpler, inexpensive treatments 

used for animal fodder are also effective and would be more applicable to municipal 

composting.  Processing costs are important considerations because of the large amounts 

of biomass being composted and the relatively low economic value of the end-product.   

1.6 Objectives 

Accelerating the composting process at municipal facilities would increase the 

throughput and capacity of existing and future facilities.  If an acceleration of the process 
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could be achieved using existing infrastructure and processes, with minimal additional 

costs in materials and labour, this would be highly beneficial to the municipal composting 

industry in Ontario and across Canada.  Delignification of plant materials, especially 

leaves, yard clippings, and wood chips which are high in lignocellulose may substantially 

accelerate composting of municipal wastes by increase dry mass loss.  Aqueous ammonia 

has been shown to increase microbial digestibility for a variety of organic substrates by 

disrupting the lignocellulosic complexes in these materials.  These treatments can involve 

the use of heat and pressure as well as ammonia.  The addition of significant pressure, 

within the existing infrastructure of a composting facility, is not feasible; however, 

simple ammonia applications under ambient conditions are also efficacious.  In addition, 

the composting process may produce sufficient heat to enhance the delignification 

process.  The appropriate moisture levels for composting (50-60%) (Rynk et al. 1992) are 

conducive to delignification by ammonia treatment (Waiss et al. 1972).  Based on these 

considerations, I hypothesize that pretreatment of SSO material with aqueous ammonia 

prior to composting will result in a significant increase in dry mass loss. 

In Chapter 2, the objective of the experiment presented was to determine the 

effect of ammonia pretreatment on standardized SSO samples in a laboratory setting.  In 

Chapters 3 and 4, the objectives of the experiments were to determine the effect of 

ammonia pretreatment on SSO samples composted in-vessel and in windrows, 

respectively.  In each of these experiments, I measure dry mass loss to evaluate the effect 

of ammonia treatment on microbial degradation.  Direct measurements of lignin loss 

were not made because of the insensitivity and unreliability of lignin assays when applied 

to heterogeneous substrates (Berg and Laskowski 2006, Tumoela et al. 2000) such as 
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municipal organic waste.  Attempts to apply standard methodologies for determining 

Klason lignin content generated highly variable and unreplicable results.  In addition to 

dry mass loss, ash content, ash-free dry mass loss and solubility were evaluated in each 

experiment to further characterize the effect of ammonia treatment.  To conduct the in-

vessel and windrow experiments I developed a litterbag method to retrieve treated and 

composted samples under field conditions.  This method is described in Chapter 3. 
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CHAPTER 2: Effect of aqueous ammonia on composting in a laboratory incubator 

Abstract 

As municipalities strive to reach waste diversion goals, composting represents a 

significant opportunity for increasing organic waste diversion (Statistics Canada 2008a).  

Aqueous ammonia treatments have been studied for animal fodder (Garrett et al. 1979) 

and biofuel production (Iyer et al. 1996, Kim et al. 2003, Kim and Lee 2005a, Teymouri 

et al. 2004, Yoon 1998) and have been shown to delignify biomass and increase 

digestibility.  This suggests that aqueous ammonia treatments may increase dry mass loss 

during composting, thereby increasing capacity and/or throughput at centralized facilities.  

In the laboratory, the effects of a 2% and 10% aqueous ammonia treatment prior to 

incubation on source-separated organic waste (SSO) were investigated.  After 12 weeks 

of incubation, the 10% aqueous ammonia treatment resulted in a 28% greater loss of dry 

mass when compared to the dry treatment.  The aqueous ammonia treatments also 

produced a leachate that may be of commercial interest as a plant fertilizer and lignin 

source.    

2.1 Introduction 

An important factor limiting the rate and extent of decomposition during the 

composting process is the lignin content of plant materials (Epstein 1997).  Lignins are 

conjugated polyphenolic compounds in plant cell walls that provide structural support 

and a barrier to microbial degradation in living plants.  Lignins are bound with the 

cellulose and hemicelluloses in plant cell walls and inhibit degradation of these more 

easily digestible compounds (Haug 1993).  The lignin content of plant materials is 
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variable, with wheat bran containing ~5% lignin and pine wood containing nearly 30% 

lignin by dry weight (Lynch 1987).  Source separated organic (SSO) waste is primarily 

plant material and includes food scraps (~ 0.4% lignin), yard wastes (~ 4% lignin), and 

paper (up to ~20% lignin) (Kayhanian and Tchobanoglous 1992).  The total amount of 

lignin in SSO depends on the composition of the waste and is variable between locations 

and time of year.  The common practice of adding wood chips or sawdust, at the 

composting facility, as carbon sources and bulking agents can also increase lignin content 

of SSO.  The bound cellulose, hemicellulose and lignin form a complex called 

lignocellulose.  In this complex, lignin physically blocks the cellulose and hemicellulose 

from enzymatic degradation (Kim et al. 2003).  During a study of temperate trees and 

shrubs, Valachovic et al. (2004) found that total lignin content to be one of the strongest 

predictors of first-year leaf litter decomposition rates using a calculated annual decay 

constant (k) (Olson 1963).     

Exposing more cellulose and hemicellulose by disrupting the lignocellulose 

complexes in plant material earlier in the composting process may increase the efficiency 

and efficacy of composting.  Soaking plant materials, such as rice straw (Abou-El-Enin 

1999, Garrett et al. 1979, Waiss et al. 1972), wheat straw (Saenger et al. 1983), oat hulls 

(Thompson 1999), and corn stover (Saenger et al. 1982) in aqueous ammonia at ambient 

temperatures has been shown to improve their digestibility by rumen bacteria.  Kim et al. 

(2003) suggests this treatment disrupts the lignocellulose complex.  Although 

pretreatment with aqueous ammonia to improve enzymatic digestibility has been 

discussed for biofuel (Iyer et al. 1996, Kim et al. 2003, Kim and Lee 2005a, Teymouri et 

al. 2004, Yoon 1998) and animal fodder applications (Garrett et al. 1979, Waiss et al. 
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1972), the potential for this treatment to accelerate municipal composting of SSO waste 

has not been explored.   

In this experiment, the effect on decomposition of pre-treating SSO municipal 

waste with 2% and 10% (w/w) aqueous ammonia under ambient conditions was 

investigated.  Loss of dry mass and changes in ash content following 6 and 12 weeks of 

post treatment incubation were measured as indicators of microbial decomposition 

(Hutchinson and Griffin 2008, Landgraf et al. 2006).  The solubility of the SSO material 

in water, 2% and 10% aqueous ammonia were also determined to establish material lost 

due to leaching during pretreatment.  Lignin content was not measure because previous 

attempts resulted in highly variable and unreplicable results. 

To study the broader effect of alkalinity on SSO material, sodium hydroxide was 

used initially as an additional treatment.  Sodium hydroxide has been shown to be an 

efficient method to improve biodegradability of biomass.  Pang et al. (2008) found that 

corn stover treated with 6% (based on the dry weight of the corn stover) sodium 

hydroxide in an anhydrous solid state, then brought to 80% moisture content, and 

anaerobically digested at a loading rate of 65 g L
-1

 resulted in 48.5% more biogas 

production than untreated corn stover.  However, in our experiment the samples treated 

with aqueous sodium hydroxide of the same molarities as the ammonia treatments gained 

mass after composting (see Appendix).  This was attributed to the large amounts of 

sodium (as much as 50% of the initial sample mass) that were deposited by the treatment.  

Therefore, the data from the sodium hydroxide treatments were not used. 
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2.2 Materials and Methods 

2.2.1 SSO material and inoculant collection and preparation 

SSO municipal waste was collected from the Caledon Community Recycling 

Centre, Caledon, Ontario in November 2007.  Prior to collection, the SSO material was 

composted in a Herhof biocell as described in Section 3.2.1.  The material was collected 

at this point in the composting process to represent the starting feedstock used to build 

windrows and was the same material used in the experiment presented in CHAPTER 4.  

The material consisted mainly of yard waste (i.e. leaves and twigs) and kitchen waste.  

Roughly 50 kg of wet material was collected into several garbage bags using a hand 

shovel.  On the day of collection, the material was placed in a plant-drying room at 40–

45˚C and dried for at least 3 days to arrest decomposition.  Visible inorganic 

contaminants (e.g. plastic, glass, metal) and large woody debris were removed by hand.  

The sorted material was shredded with an electric garden shredder (Yard Machines 

Garden Shredder Mulcher model MTD1400K, MTD Products Inc, Cleveland, Ohio, 

USA).  The shredded material was sifted through U.S.A. standard test sieves (Fisher 

Scientific Company, Napean, Ontario, Canada) to collect the 2–4 mm fraction.  The <2 

mm fraction was excluded to reduce handling loss during the experiment.  The >4 mm 

fraction was shredded and sifted again to obtain more 2–4 mm particles.  All of the 2–4 

mm fractions were mixed thoroughly to obtain relatively homogenous samples for testing 

and dried again at 45˚C for at least 3 days before use.  

Compost tea was added, prior to composting and during the composting process, 

to re-inoculate the samples with microbes from active compost collected from the 

Caledon Community Recycling Centre.  To prepare the tea, a modified bucket-bubbler 
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method (Ingham 2005) was used with additional aeration.  A 23 L container was one-

third-filled with compost, then filled to the top with de-ionized water.  The mixture was 

allowed to soak for 3 days before being strained through cheesecloth.  To promote 

aerobic conditions, the mixture was continuously aerated before and after straining with 

an aquarium pump, with additional aeration using a small air compressor (model UN726 

FTP, KNF Neuberger, Inc. Trenton, NJ) for ~5 minutes each day.  The resulting tea was 

stored at 4˚C and aerated daily.  Two ~18 L batches of compost tea were prepared during 

the experiment.  The first was stored for ~1 week prior to use for the first inoculation at 

week 0 and was also used to re-inoculate the samples at week 3.  A second batch was 

prepared and used for re-inoculation at weeks 6 and 9. 

2.2.2 Experimental design 

The experiment was conducted as a completely randomized block design with 

two factors—treatment and incubation duration.  Four levels of treatment and three levels 

of incubation duration were used.  The treatments were: (1) no soaking (2) soaking with 

water, (3) soaking with 2% (w/w) aqueous ammonia, and (4) soaking with 10% (w/w) 

aqueous ammonia.  These concentrations were previously determined during initial 

investigations in the laboratory.  The incubation durations were: 0, 6, and 12 weeks.  

These time periods were chosen based on the typical time windrows composted at the 

facility where we later performed the field experiments.  Each treatment combination was 

replicated 24 times for a total of 288 experimental units.    
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2.2.3 Sample bag assembly and sample treatment 

Sample bags were assembled from 10-cm long sections of nylons cut from 

pantyhose (18% lycra, 82% nylon, Secret™), closed with wire twist ties.  The sample 

bags were weighed individually prior to being filled with 5 g of the 2–4-mm fraction of 

SSO material.  Again, this fraction was obtained to reduced handling loss, yet it was 

homogenous to a satisfactory degree making it possible to study with the modified 

litterbags.  The filled bags were left dry or soaked with water, 2% or 10% aqueous 

ammonia (w/w ammonium hydroxide, Catalogue Number: A669 212, Fisher Scientific, 

Nepean, Ontario).  The dry treatment was used to determine the amount of material lost 

due to soaking.  All other treatments were soaked for 21 h to allow sufficient time, based 

on initial investigations in the laboratory, for complete saturation of the material and for 

the completion of any chemical reactions (e.g. delignification).  This soak time also 

matched the previously completed field experiments.  Samples were soaked individually 

in 50 ml of liquid in small low-density polyethylene bags (Ziploc™ or generic brands) 

suspended from a wire rack using clothespins (Figure 2.1).   

After soaking, the sample bags were pressed in a potato ricer (manual press) to 

remove most of the liquid.  To obtain a consistent pressure for each bag, a 10-kg weight 

was hung from the handle of the potato ricer for ~30 seconds.  Samples were left 

overnight to allow the ammonia to evaporate before inoculation.  Each sample bag was 

then placed in a small (44-mm wide, 12-mm deep) aluminum dish and inoculated with 

10 ml of compost tea.  This amount of inoculant was sufficient to saturate the material, 

while adding negligible dry mass. The sample bags were either incubated at ambient  
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Figure 2.1 Source-separated organic waste treated with water, 2% or 10% aqueous 

ammonia contained in polyethylene bags suspended from a wire rack. 

temperature for 6 or 12 weeks in an enclosure described in the following section, or dried 

immediately.  Drying was done in an oven at 45˚C to a constant weight.  This dry mass 

was considered to represent the mass value after treatments prior to incubation and is 

referred to as the dry mass at week 0.  After weighing, the dried samples were stored in 

low-density polyethylene bags for further analysis. 

2.2.4 Incubation 

Samples were incubated for 6 or 12 weeks to mimic composting.  Samples were 

placed randomly in a custom-built cabinet for incubation (Figure 2.2).  The incubator  
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Figure 2.2 Custom-built cabinet for incubation of SSO samples.  Polyethylene sheet 

was secured with vapour barrier tape. 

consisted of a set of wooden shelves, similar to a baker’s rack, covered with a 

polyethylene sheet.  The shelves were constructed of pegboard resting on brackets 

mounted on a 60 cm wide by 75 cm high by 50 cm deep wooden frame.  The 

polyethylene sheet (2 mm) was fixed to the outside of the frame with vapour-barrier tape.  

The bottom half of one side was left open to provide ventilation and access to the 

samples.  The highest and lowest temperature and relative humidity inside the incubator 

were recorded daily with a digital thermometer (Fisher Scientific Company, Nepean, 

Ontario, Canada).  During incubation, the mean temperature (± standard deviation) in the 
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cabinet was 23.9 ± 1.6˚C.  The relative humidity inside the incubator was consistently 

above 80%.  Samples were kept moist by spraying a small amount (about 1 ml) of de-

ionized water in each tray, as needed (approximately once per week).  At 3-week 

intervals the samples were re-inoculated with 10 ml of compost tea.  This interval was 

chosen to minimize the amount of matter added into the samples to a negligible amount, 

yet it still provided an inoculation of compost-derived microbes.  After incubation, 

samples were dried, weighed, and stored as described for the non-incubated samples in 

Section 2.2.3. 

2.2.5 Ash content 

Ash content (non-combustible solids) was determined using a procedure adapted 

from Sluiter et al. (2008).  To determine the ash content of the dried initial SSO material, 

20 subsamples of approximately 1 g were collected from the same store of homogenized 

material used to fill the sample bags.  For the incubated SSO material, a subsample was 

collect from each sample bag.  All subsamples were ground individually using a Wiley™ 

mill with a 2-mm screen.  Ground subsamples were dried for 24 h at 45°C.  

Approximately 1 g of each dry subsample was weighed out and the mass was recorded.  

The weighed material was then placed in a crucible and heated in a muffle furnace at 

575°C for 24 h.  After incineration, the mass of ash was determined and the ash 

percentage was calculated individually for each subsample. 

2.2.6 Ash-free dry mass 

The percentage of ash was used to calculate the complementary fraction that is 

commonly referred to as the percent ash-free dry mass (AFDM) in related literature 
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(Chabbi and Rumpel 2004, Meyer and O’Hop 1983, Widbom 1984).  To estimate the 

individual AFDM values, the dry mass of a given sample was multiplied by the percent 

AFDM of the subsample of that same given sample. Averages were calculated after 

individual AFDM values were determined. 

2.2.7 Solubility and leaching 

To determine the amount of material lost in the soak alone (leaching) prior to 

composting, 60 one-gram subsamples of dry, homogenized SSO material were treated, in 

50-ml Erlenmeyer flasks, with 10 ml of de-ionized water, 2% or 10% aqueous ammonia 

(20 subsamples each).  The samples were vortexed and then soaked for ~48 h.  Then, the 

flasks were individually filled to 50 ml with de-ionized water, vortexed again, and poured 

onto a pre-weighed, 7-cm diameter, glass-fibre filter circle (Fisher Scientific, Whatman, 

Catalog #09-804-70C, Nepean, Ontario, Canada) and vacuum filtered.  The flask was 

then rinsed with 50 ml of de-ionized water to capture any remaining material and this 

rinse-water was poured over the sample on the filter paper.  Each sample, on its 

respective filter paper, was dried for 72 h at 45°C and then weighed.  The dry mass lost 

due to solubility and rinsing (ΔDM) for each sample was calculated as: 

ΔDM = DM1 – (DM2 – f) 

Where DM1 is the dry mass (g) of the original sample, DM2 is the dry mass (g) of the 

rinsed sample on the filter paper, and f is the mass (g) of the filter paper.  To determine 

the water-soluble fraction of the SSO material remaining after incubation, the same 

procedure as above was used with a one-gram subsample from each sample bag and de-

ionized water. 
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2.2.8 Data Analysis 

The results were analyzed with a two-factorial, general linear model in SAS 9.2 

(SAS Institute Inc. 2008).  The percent ash determined previously was used to calculate 

the ash-free dry mass (AFDM) of each sample individually.  AFDM data was log 

transformed to improve the homogeneity of the variance and normality.  Freidman’s non-

parametric test was used to determine statistical significance for water-solubility after 

composting because there were two factors (time and treatment) and the data was not 

normally distributed. 

2.3 Results 

2.3.1 Dry mass of composted SSO material 

Incubation of SSO for six weeks resulted in 24.7–31.3% loss of dry mass, 

indicating that decomposition did occur.  Additional 3.9–7.0% losses occurred between 

weeks 6 and 12.  The mean dry mass loss for each treatment expressed as a percentage is 

presented in Table 2.1.  The untreated dry controls lost 24.7% or 1.24 of 5 g at week 6, 

and 28.6% or 1.43 of 5 g at week 12.  Within each time period, water-treated samples lost 

significantly more dry mass compared to the untreated dry controls (1.8–9.7%), and 

significantly less dry mass compared to the ammonia treatments (e.g. compared to 

samples treated with 10% aqueous ammonia, the range of the difference is 2.8–4.8%).   
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Table 2.1 Mean percent dry mass loss (± standard deviation) of SSO material after dry, 

water, or aqueous ammonia (NH4OH) treatment and subsequent incubation.  Letters 

indicate significant differences (P<0.05) with Least Square means within each week only 

(n=24). 

Treatment 
Mean percent dry mass loss (± standard deviation) 

0 week 6 week 12 week 

Dry 0.2 ± 0.5
a
 24.7 ± 1.9

a
 28.6 ± 1.9

a
 

Water 9.9 ± 0.9
b
 26.5 ± 1.9

b
 33.4 ± 2.6

b
 

2% NH4OH 11.5 ± 1.0
c
 29.9 ± 1.4

c
 36.9 ± 1.7

c
 

10% NH4OH 12.7 ± 0.9
d
 31.3 ± 1.5

d
 36.6 ± 2.5

c
 

Starting dry mass = 5.0 g 

 

While the rate of loss for the untreated dry samples was the highest between week 0 and 

6, it was lowest between week 6 and 12 (Figure 2.3).  The ammonia treatments caused 

the greatest loss of dry mass of about 30% or 1.5 of 5 g and 37% or 1.85 of 5 g at both 6 

and 12 weeks, respectively, but there was no significant difference between samples 

treated by 2% and 10% aqueous ammonia. 

Dry mass handling losses averaging 0.2% of dry mass were determined using the 

initial measurements of the untreated dry material, this amount was negligible relative to 

the total dry mass losses.  The effect on dry mass loss of incubation duration (F=6032.9, 

dfnum=2, dfden=276, P<0.0001), treatment (F=431.95, dfnum=3, dfden=276, P<0.0001), and 

the interaction between them (F=27.46, dfnum=6, dfden=276, P<0.0001) were statistically 

significant.   
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Figure 2.3  Dry mass loss over time for SSO material after dry, water, or aqueous ammonia 

(NH4OH) treatments and subsequent incubation.  Error bars indicate standard deviation 

(n=24).  Note initial loss of soluble material at the start of the incubation period. 

 

2.3.2 Ash content 

The mean percentage ash content (± standard deviation) of the initial SSO 

material was 22.1 ± 2.9% (n=20), which was not different from the ash content of the 
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untreated dry controls at week 0 (21.8%).  At weeks 6 and 12, the percent ash contents of 

the dry controls were 29.3% and 35.1%, respectively.  In general, the percentage ash 

content increased by 5.9–10.1% and 9.9–13% compared to the initial ash content, 

following 6 and 12 weeks of incubation, respectively.  The ash content of the SSO 

material for all treatment combinations is presented in Table 2.2.   

Table 2.2 Ash content, expressed as mean percent ash dry mass (± standard deviation), of 

SSO material composted in the laboratory after dry, water, or aqueous ammonia (NH4OH) 

treatment and subsequent incubation. Letters indicate significant differences (P<0.05) with 

Least Square means within each week only (n=24). 

Treatment 
Mean percent ash dry mass (± standard deviation) 

0 week 6 week 12 week 

Dry 21.8 ± 3.3
a
 29.3 ± 3.6

a
 35.1 ± 2.1

a1
 

Water 23.3 ± 4.8
a
 32.2 ± 4.0

b
 32.0 ± 2.6

bc
 

2% NH4OH 22.2 ± 2.7
a
 28.5 ± 2.5

a2
 34.2 ± 2.9

a
 

10% NH4OH 19.9 ± 1.9
b
 28.0 ± 2.8

a
 33.6 ± 3.3

ac3
 

Ash percent of starting SSO = 22.1% 

1
 n=22 

2
 n=23 

3
 n=18 

 

The initial soaking treatment did not change the percent ash content of the initial 

material indicating that the amount of soluble ash content was proportional to the soluble 

non-ash content.  Although there was a significant effect of treatment (F=5.29, dfnum=3, 

dfden=267, P<0.0001) and an interaction between compost time and treatment (F=5.96; 

dfnum=6, dfden=267, P<0.0001), the differences between treatments within time periods 0 

and 6 weeks were very small (1.9–3.4% and 0.5–4.2%, respectively) and there was 
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considerable variability in the ash content measures (Table 2.2).  By week 12, there were 

no significant differences between treatments in terms of ash content. 

2.3.3 Ash-free dry mass 

 A significant amount of the AFDM was lost to leaching when the samples were soaked 

(Table 2.3).  The untreated dry controls gained 1% AFDM at week 0, which is most  

Table 2.3 Mean percent ash-free dry mass (AFDM) loss of SSO material after dry, water, or 

aqueous ammonia (NH4OH) treatment and subsequent incubation.  The value was 

calculated by multiplying the total dry mass of a sample by the percent of non-ash material 

of a subsample.  Letters indicate statistically significant differences (P<0.05) with Least 

Square means within each week only (n=24). 

Treatment 
Mean percent AFDM loss 

0 week 6 week 12 week 

Dry -1.0
a
 31.0

a
 35.5

a1
 

Water 10.7
b
 35.5

b
 40.9

a
 

2% NH4OH 10.9
b
 35.0

b2
 45.8

b
 

10% NH4OH 9.4
b
 35.9

b
 45.3

b3
 

1
 n=22 

2
 n=23 

3
 n=18 

 

likely due to variability.  At week 6 and 12, the dry controls lost 31.0% or 1.2 of 3.9 g 

and 35.5% or 1.5 of 3.9 g, respectively.  When dry samples were compared to water, 2%, 

or 10% aqueous ammonia-treated samples at week 0, the difference in AFDM was about 

11%.  By week 6 of incubation, the difference in AFDM loss between these groups had 

decreased to 4%.  The percent AFDM lost was not significantly different between water, 

2%, and 10% aqueous ammonia-treated samples at week 0 or 6.   However, between  
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Figure 2.4  Ash-free dry mass loss over time for SSO material after dry, water, or aqueous 

ammonia (NH4OH) treatments and subsequent incubation (n=24).  Note initial loss of 

soluble material at the start of the incubation period. 

 

weeks 6 and 12, the ammonia-treated samples showed a greater rate of AFDM loss than 

the water-treated or untreated dry samples (Figure 2.4).  By week 12, there was still no 
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significant difference between the ammonia-treated samples.  However, the water-treated 

sample had fallen behind in AFDM loss by 5% and was not significantly different from 

samples subjected to the dry treatment, which had about 10% less AFDM loss than the 

ammonia-treated samples (Table 2.3).  There was a significant effect of composting time 

(F=2518.00, dfnum=2, dfden=267, P<0.0001), treatment (F=62.51, dfnum=3, dfden=267, 

P<0.0001), and the interaction between them (F=8.13, dfnum=6, dfden=267, P<0.0001) on 

the mean AFDM lost.   

2.3.4 Solubility and leaching 

The solubility of the SSO material (measured by dry mass) used in the laboratory 

experiment was significantly greater in samples treated with 2% and 10% aqueous 

ammonia than in water-treated samples.  In addition, samples treated with 2% aqueous 

ammonia differed significantly from those treated with 10%.  The percent dry mass lost 

due to leaching with water was 8.9 ± 0.5% (n=20).  The percent dry mass lost due to 

treatment with either 2% or 10% aqueous ammonia was 13.6 ± 0.8% (n=19) and 14.7 ± 

0.9% (n=18), respectively.  Solubility of water-treated samples differed significantly (± 

standard error) from the solubility of 2% aqueous ammonia-treated samples by 4.7 ± 

0.2% (t=19.73, df=54, P<0.0001), and from samples treated with 10% aqueous ammonia 

by 5.8 ± 0.2% (t=23.75, df=54, P<0.0001).  Samples treated with 2% aqueous ammonia 

were significantly different from samples treated with 10% aqueous ammonia but the 

difference is quite small, 1.0 ± 0.3% (t=4.25, df=54, P<0.0001).   

The effects of both time and treatment on dry mass loss due to water-solubility 

was significant (P<0.0001) at week 0, 6, and 12 (Table 2.4).  The untreated dry controls 
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retained more water-soluble material throughout the experiment.  At week 0, the water-

soluble dry mass loss for untreated (dry) controls was 8.4%, but at weeks 6 and 12, loss 

was 5.3% and 5.4%, respectively.  With the exception of the dry controls, water-

solubility increased (0.7–2.1%) between weeks 6 and 12 and was highest for the 10% 

aqueous ammonia treated samples, 5.2%, at week 12. 

Table 2.4 Mean percent dry mass (± standard deviation) of SSO material lost due to 

solubility in water after dry, water, or aqueous ammonia (NH4OH) treatment and 

subsequent incubation (n=24). 

Treatment 
Mean percent dry mass loss (± standard deviation) 

0 week 6 week 12 week 

Dry 8.4 ± 0.7 5.3 ± 1.0
1
 5.4 ± 1.5 

Water 3.4 ± 0.5
1
 3.2 ± 0.6 4.6 ± 1.6 

2% NH4OH 3.7 ± 0.6 3.7 ± 0.4
1
 4.4 ± 1.5 

10% NH4OH 5.3 ± 0.7 3.1 ± 0.6 5.2 ± 2.2 

1
 n=23 

 

2.4 Discussion and conclusions 

Pretreatment with aqueous ammonia to improve enzymatic digestibility has been 

described in the literature for biofuel (Iyer et al. 1996, Kim et al. 2003, Kim and Lee 

2005a, Teymouri et al. 2004, Yoon 1998) and animal fodder applications (Garrett et al. 

1979, Waiss et al. 1972).  However, the potential of using similar treatments to accelerate 

composting of municipal SSO waste has not been explored.  In this study, treatment of 

SSO with 10% aqueous ammonia resulted in a 28% greater loss of dry mass after 12 

weeks of incubation when compared to the dry control treatment (Table 2.1).  This 
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increase in loss occurred through initial leaching as well as enhanced microbial digestion 

of the AFDM portion of the samples (Figure 2.5).   

The untreated dry controls provide a baseline for quantifying decomposition that 

occurred during the laboratory study.  At week 0, there was no mass loss for the dry 

controls as was expected.  At week 6, dry controls lost approximately 25% dry mass, and 

an additional 4% dry mass was lost by week 12.  The amount of dry mass lost due to 

leaching of the ammonia-treated substrate was marginally higher compared to that lost by 

leaching with water alone (Table 2.1).  This suggests that the composition of the leachate 

from water-treated and ammonia-treated substrates may differ.  The darker appearance of 

the leachate from the ammonia-treated substrates ( Figure 2.6) also supports this 

conclusion.  The leachate from the ammonia-treated substrate may contain more lignin 

due to delignification as described by Kim et al. (2003). 

Several previous studies have assumed that the ash content of the substrate is 

conserved throughout the composting process (Bernal et al. 1998, Breitenbeck and 

Schellinger 2004, Larney and Buckley 2007).  Since the ash fraction is not degradable, 

percent ash is an indication of composting—as microbes degrade the ash-free material, 

the percent ash should increase (Breiteneck and Schellinger 2004).  In this experiment, 

the percent ash of the substrates did increase over the 12 week incubation (Table 2.2, 

Figure 2.5).  However, the variability in ash content of the samples was so high that no 

definitive conclusions could be drawn regarding the extent of decomposition achieved 

between treatments based on percent ash.  It also appears that the water-treated substrates  
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Figure 2.5  Ash and ash-free dry mass (AFDM) of samples over time for dry, water, and 

aqueous ammonia (NH4OH) treatments and subsequent incubation (n=24). 
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did not increase in ash content between weeks 6 and 12 even though there was a decrease 

in dry mass.  A possible explanation for the failure to conserve ash content could be loss 

of soluble components (e.g. inorganic salts). 

The AFDM loss measures were not affected by the variability in ash content since 

the percent ash of each sample was used to calculate the AFDM for each specific sample.  

Therefore, the AFDM losses provide the most accurate representation of differences due 

to decomposition during incubation (Table 2.3).  The rates of dry mass loss (Figure 2.3) 

were greater during the first six weeks of incubation for substrates treated with ammonia 

when compared to substrates treated with water, however, based on AFDM losses, water-

treated and ammonia-treated substrates decomposed at approximately the same rate 

during the first 6 weeks (Figure 2.4).  Between weeks 6 and 12, the rate of AFDM loss 

from the water-treated substrate did not differ from that of the untreated dry substrate.  In 

contrast, AFDM loss for ammonia-treated substrate between 6 and 12 weeks occurred 

more rapidly than that observed for both water-treated and untreated dry material.  

Delignification could account for the higher rate of AFDM loss of the ammonia-treated 

substrate during the last 6 weeks of the experiment, since it would have exposed 

additional substrate to microbial digestion.  It is reasonable to assume that microbial 

growth and metabolism may be similar for the common temperature, aeration and 

humidity conditions under which the materials were incubated, regardless of pre-

treatment.  Therefore the AFDM loss rates should have been similar until substrate 

availability became rate-limiting during the later stages of decomposition.  The untreated 

dry substrate, from which no material was initially leached, had the highest rate of 

AFDM loss during the first 6 weeks, but the lowest from week 6 to 12 (Figure 2.4).  This 
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indicates that the soluble non-ash fraction that was leached during the three liquid 

treatments probably consisted mainly of small organic molecules and was highly 

susceptible to microbial decomposition (Ryckeboer et al. 2003).  It also suggests that the 

results of this experiment were very sensitive to differences in the availability of soluble 

organic matter. 

Water solubility has been used as an indicator of digestibility in soils since readily 

metabolized carbohydrates, phenols and lignin monomers, and organic carbon and 

nitrogen compounds make up much of the water-soluble fraction in soil (Landgraf et al. 

2006).  In the current study it was expected that the water-soluble fraction of the substrate 

would decline as decomposition progressed.  However, the water-solubility results (Table 

2.4) did not follow the expected pattern.  At the outset of the experiment, the water-

soluble fraction was highest for the untreated dry substrate, which supports the 

proposition that the material leached from the water- and ammonia-treated samples was 

highly susceptible to microbial decomposition.  The water-soluble fraction of the 

composted material did decrease between 0 and 6 weeks for all treatments, with the 

exception of 2% ammonia.  However, between 6 and 12 weeks, the soluble fraction of the 

substrate increased slightly, with the exception of the untreated dry substrate.  Because 

the data was analyzed non-parametrically, there is a limit to the conclusions that can be 

drawn from these results.  At 12 weeks, the 10% ammonia-treated substrate had higher 

water solubility than the water- and 2%-treated substrates.  It is possible that these 

increases in solubility were due to further structural or chemical degradation of the SSO 

material. 
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Regarding the effects of different ammonia concentrations, similar results were 

achieved for dry mass, ash content, and ash-free dry mass determinations with the 2% as 

10% aqueous ammonia treatments after 12 weeks.  However, the 10% ammonia 

treatment resulted in a significantly greater loss of dry mass during the first 6 weeks 

compared to the 2% ammonia treatment.  Waiss et al. (1972) who found the greatest 

improvement in digestibility of rice straw for animal fodder occurred during the first few 

days of treatment with ammonia and that an ammonia concentration of 7.8% was more 

effective than 5.2% during this initial period.  Waiss et al. (1972) recommended soaking 

rice straw with 5% ammonia for 30 days without the addition of heat as the most 

economical means of improving digestibility of rice straw as animal fodder, compared to 

treatments with heat and with higher concentrations of ammonia.  Although treatment 

with 2% ammonia may be sufficient given a time-scale of 12 weeks, the results of the 

current study suggest that 10% ammonia be used for further testing at an industrial scale 

to ensure the full effects of the treatment are achieved. 

This experiment incorporated several important aspects of industrial-scale 

municipal composting: SSO municipal waste was used as the substrate, the substrate was 

inoculated with microbes present in SSO municipal waste, rather than specific bacterial 

or fungal isolates and incubation occurred over a period comparable to the duration of 

composting in a municipal facility.  However, because of the limitations imposed by the 

laboratory setting the experiment did not fully model the conditions present during 

municipal composting.  The relatively small (5 g) samples of SSO material did not 

generate the high temperatures normally found in larger compost piles.  In addition 

shredding and screening of the municipal waste to produce standardized 2–4 mm 
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fractions resulted in a substrate that did not represent the diversity of the SSO materials 

that must be processed in industrial operations.  The small amounts of material incubated 

ensured high level of aeration and moisture levels were also consistently high.  For these 

reasons the microbial community that was established by inoculation with compost tea 

probably differed significantly from that present in a larger windrow.  These limitations 

must be considered in the interpretation and applicability of the results obtained. 

However, despite these limitations, the significant effects on dry mass observed are 

indicative of the qualitative effects that could be obtained by aqueous ammonia 

pretreatment of SSO municipal waste.  Further investigation at a much larger scale, 

preferably in situ in industrial windrows would be required for quantitative assessments. 

If results similar to those obtained in this experiment could be achieved at an industrial 

scale, the throughput of SSO at existing facilities could be substantially increased using 

existing infrastructure and operational procedures.  A 28% increase in dry mass loss, may 

offset the cost of pretreatment and significantly increase the diversion of compostable 

wastes from landfills.  This leachate may be useful as plant fertilizer as it likely contains 

significant sources of soluble carbon and nitrogen (Hutchinson and Griffin 2004).  It is 

also a likely source of sulfur-free lignin, due to delignification as described by Kim et al. 

(2003), as opposed to Kraft lignin, obtained from paper and pulp industries, that is bound 

to sulfur during processing.  Sulfur-free lignin is an important emerging natural product 

as it is versatile and does not produce the irritating odour associated with heating Kraft 

lignins (Jairo and Wolfgang 2002).  In addition, ammonia-extracted lignin more closely 

resembles native lignin (Jairo and Wolfgang 2002).  Lignin is being investigated as the 

principal component of thermoplastic materials.  It can also be used in many 
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thermosetting applications, for example in conjugation with epoxy, phenolic and 

isocyanate resins.  These materials are increasingly used in the manufacture of many 

products including circuit boards, OSB construction materials, and insulating foam (Jairo 

and Wolfgang 2002).  A recent study has also demonstrated that interpenetrating 

networks of lignosulfonate (Kraft lignin) and polypyrrole can be used for charge and 

energy storage (Milczarek and Inganäs 2012).  Milczarek and Inganäs (2012) suggest 

lignin could be used in this capacity in low-cost electrodes which could be operated in 

water with improved safety and reduced toxicity.  The extraction of lignin from 

municipal SSO materials could become a significant part of waste management and 

recycling.  
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CHAPTER 3: Effect of aqueous ammonia on in-vessel composting 

Abstract 

As municipalities strive to reach waste diversion goals, composting represents a 

significant opportunity for increasing organic waste diversion (Statistics Canada 2008a).  

Aqueous ammonia treatments have been studied for animal fodder (Garrett et al. 1979) 

and biofuel production (Iyer et al. 1996, Kim et al. 2003, Kim and Lee 2005a, Teymouri 

et al. 2004, Yoon 1998) and have been shown to delignify biomass and increase 

digestibility.  Therefore, aqueous ammonia treatments may increase dry mass loss during 

composting, thereby increasing capacity and/or throughput at centralized facilities.  In-

vessel containers may be a convenient point during industrial composting to add 

treatments.  This study investigates treatment of municipal source-separated organic 

(SSO) waste with 10% aqueous ammonia and subsequent composting in a Herhof biocell.  

The treatment resulted in a 24% greater loss in dry mass compared to water-treated 

controls.  The aqueous ammonia treatments also produced a leachate that may be of 

commercial interest as a plant fertilizer and lignin source. 

3.1 Introduction 

In Ontario, the diversion of organic wastes from landfills and incineration to 

centralized composting facilities is increasing (Statistics Canada 2008b).  A major factor 

limiting the rate and extent of decomposition during the composting process is the 

significant lignin content (5-20%) of the plant materials that form a major component of 

municipal source-separated organic (SSO) waste (Epstein 1997).  Lignins, which are 

structural components of plant cell walls, encrust the more easily digestible cellulose and 
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hemicellulose, and make it less susceptible to microbial degradation during the 

composting process.  Pretreatment of plant materials with aqueous ammonia has been 

shown to disrupt the lignocellulose complex (Kim et al. 2003).  Soaking various plant 

materials, such as rice straw (Abou-El-Enin 1999, Garrett et al. 1979, Waiss et al. 1972), 

wheat straw (Saenger et al. 1983), oat hulls (Thompson 1999), and corn stover (Saenger 

et al. 1982) in aqueous ammonia at ambient temperatures have improved their 

digestibility by rumen bacteria.  Exposing the cellulose and hemicellulose by disrupting 

the lignocellulose complexes in the plant material may increase its accessibility to the 

types of decomposers commonly found in municipal composting facilities, and may 

increase the efficiency and efficacy of the composting process using existing 

infrastructures and processes.  However, these treatments have not been tested with SSO 

municipal wastes that are processed with in-vessel composting.   

At many municipal facilities, in-vessel composting is used to process SSO 

municipal waste in a controlled environment as described in Section 1.3.3.  For example, 

the Caledon Community Recycling Centre, where this study was conducted, uses Herhof 

biocells.  The standard Herhof biocell is a 60-m
3
 reinforced concrete box with a 

hermetically sealed door, insulation, forced aeration, and an automated control system 

(Roulston 2000).  Temperature, CO2 concentration, and air circulation are monitored and 

recorded at 2-h intervals.  Leachate collected by drains in the floor is recycled back into 

the composting material.  The normal treatment time for municipal SSO in a Herhof 

biocell is seven days.  A single cell can process approximately 1500 tons of SSO material 

per year (Roulston 2000).  Since the leachate recycling system in many biocells could be 

readily adapted for the application of aqueous ammonia, the biocell is a convenient point 
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in the municipal composting process for treatment of SSO materials with aqueous 

ammonia.  The present study investigates the effect of treating SSO material with 

aqueous ammonia prior to in-vessel composting in a Herhof biocell on dry mass loss, ash 

content, and ash-free dry mass loss. 

3.2 Materials and Methods 

3.2.1 Study site and biocell 

This study was conducted at Caledon Community Recycling Centre in Caledon, 

Ontario.  This centre has eight standard Herhof biocells for in-vessel composting, three of 

which were used in this study.   

3.2.2 SSO material collection and preparation 

Raw SSO sample material was collected in the summer of 2007 from the Peel 

Integrated Waste Management Facility, Toronto, Ontario, which serves the same 

community as the Caledon Community Recycling Centre.  On three separate days, 

representative samples of shredded SSO material were collected, dried, and prepared as 

described in Section 2.2.1. 

3.2.3 Experimental design 

A complete randomized block design with two groups (treatment and control) was 

used.  Each biocell run was used as a block in the ANOVA model and the experiment 

was replicated four times on separate dates in November 2007, using a total of three 

different biocells.  For each replicate, an equal number of sample bags (20-30) of each 

treatment were randomly distributed within groups of four bags (bags are described in 

following section).  The four bags (two water-treated and two ammonia-treated) were 
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attached to a single line of polyethylene rope and lines of four bags were evenly 

distributed as a row in a single layer within the bulk SSO material in the biocell.  Fifteen 

lines containing 60 bags in total (30 sample bags per treatment) were used in the first 

replicate and 10 lines containing 40 bags in total (20 sample bags per treatment) were 

used in the other three replicates.  The samples remained in the biocell for the duration of 

the processing, which was determined by the site supervisor and based on temperature of 

the SSO: 12 days in the first replicate and seven days in the next three replicates.  To 

obtain an estimate of the amount of material lost due to handling during this procedure, 

20 sample bags filled with 30 g (dry weight) of the same initial sample material were 

soaked in de-ionized water for 15 minutes, buried in a standard windrow constructed of 

SSO material, immediately removed, dried at 45 C to a constant weight, and weighed.  

3.2.4 Sample bag preparation 

The standard litterbag (Bocock and Gilbert 1957) was modified to improve 

durability and reduce handling loss of fine particulates.  A double-walled litterbag 

consisting of 22 x 22 cm nylon mesh bags inserted into 22 x 25 cm fiberglass mesh bags 

was designed.  The inner bag was constructed of nylon tulle (product # 855-001, Supreme 

Laces Inc., Montreal, Quebec) with a 0.5-mm mesh.  The outer bag was made of 

fiberglass mesh with a 1.5-mm mesh size (Fiberglass, Saint-Gobain Technical Fabrics, 

New York, United States of America).  A rot-proof polyester upholstery thread 

(Gütermann, Gutach-Breisgau, Germany) was used to sew all seams with a household 

sewing machine.  One side of the inner bag was only partially sewn to leave an opening 

for placing the sample material in the bag.  Each inner bag was labeled and weighed.  A 
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75-cm-long nylon mason cord (BridgeLine Ropes, Deseronto, Ontario) was wrapped in 

one edge of the outer bag material before it was sewn closed attaching thus the cord to 

the bag like a drawstring.  The remaining edges of the outer bag were then sewn closed, 

leaving an opening on one side matching the opening in the inner nylon mesh bag.  The 

inner nylon bag was inserted into the fiberglass mesh bag and held in place with standard 

staples in four corners, with the openings aligned for inserting the samples.  Each bag 

was attached to a 100-cm-long, 6-mm-diameter rope (BridgeLine Ropes, Deseronto, 

Ontario) by splicing the mason cord into the rope.   

Thirty grams of the dried homogenized SSO material were weighed and placed 

into each inner mesh bag through the opening.  The opening was then folded over and 

standard staples were used to close it. 

3.2.5 Treatment sample materials 

The sample bags were treated at the composting facility immediately before 

placement in the biocell.  Half of the sample bags were randomly allocated to the control 

group and soaked for 22 h in de-ionized water.  This time was based on initial laboratory 

investigations and provided enough time to process samples in situ.  The remaining bags 

were soaked in a 10% (w/w) solution of aqueous ammonium hydroxide (Fisher 

Scientific, Catalogue Number: A669 212, Nepean, Ontario).  Bags were soaked in groups 

of five in 7.5-litre plastic buckets.  Five litres of either de-ionized water or aqueous 

ammonia were added to each bucket to submerge the sample bags.  When the sample 

bags of SSO material were removed from the buckets the 100-cm ropes previously 
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attached to the bags were tied together to make lines of four bags each, with two sample 

bags from each treatment randomly assigned to a position within each line. 

3.2.6 Placement in biocells 

The Herhof biocells were filled by a front-end loader with SSO material that had 

been shredded and mixed on-site.  After two to three buckets of material forming a layer 

approximately 1 m deep were loaded into the back of the biocell, a line of samples was 

laid across the top of the layer (Figure 3.1a).  This line was then covered with another 

two to three buckets of material.  This process of layering SSO material and lines of four 

sample bags was continued so that the samples were evenly distributed at intervals along 

the entire length of the biocell.  Temperature, CO2 concentrations, and air circulation 

rates were monitored and recorded for each biocell throughout the 7 or 12-day run 

(Figure 3.2). 

3.2.7 Sample Retrieval and Dry Mass Determination 

At the end of each run, a front-end loader removed the partially composted SSO 

material from the biocell.  During this process, the sample bags were retrieved from the 

biocell (Figure 3.1b).  The sample bags were dried at 40–45°C in a drying room for about 

one week.  After initial drying, the nylon inner bags were gently removed from the 

protective fiberglass outer bags.  The inner bags containing the sample material were 

dried at 45°C in a drying oven to a constant mass and final weights were recorded.  The 

initial weights of the nylon bags were subtracted to obtain the final dry mass of the 
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Figure 3.1 Samples contained in modified litterbags (a) fixed to a line being placed in a 

Herhof Biocell in-vessel system at the Region of Peel Facility, Ontario, Canada in 2007.  

Samples were recovered (b) after in-vessel composting by locating the line as composted 

material was removed from the biocell. 

 

a 

b 



62 

sample.  Dry mass loss for each sample was then calculated by subtracting the final dry 

mass from the initial dry mass (30.0 g) for each sample. 

3.2.8 Ash content and ash-free dry mass 

Subsamples of the partially composted SSO material were collect from each 

retrieved sample bag.  The ash content was determined using the same procedure 

described in Section 2.2.5.  In addition, five samples of the dried starting SSO material 

were collected from the homogenized material initially used to fill the sample bags.  

AFDM was calculated as described in Section 2.2.6. 

3.2.9 Solubility and leaching 

To determine the amount of material removed by the soak alone (leaching) prior 

to in-vessel composting, 50 one-gram subsamples of the dry homogenized SSO material 

were treated in 50-ml Erlenmeyer flasks, half with 10 ml of de-ionized water and half 

with 10 ml of aqueous ammonia.  For both treatments, the mixture was vortexed and then 

left to soak for 22 h.  To determine the fraction of water-soluble SSO material present 

after in-vessel composting, one-gram subsamples from each sample bag were treated in 

50-ml Erlenmeyer flasks with 10 ml of de-ionized water.  The mixture was vortexed and 

left to soak for 24 h.  For all subsamples, the same procedures were used to rinse, dry, 

weigh, and calculate dry mass loss as described in Section 2.2.7. 
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Figure 3.2 Temperature, CO2 concentration, and air circulation rates within Herhof biocells 

at the Caledon Community Recycling Centre during experimental runs, November 2007. 
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3.2.10 Data Analysis 

To assess the effect of ammonia treatment on dry mass, ash content, AFDM, and 

solubility, the de-ionized water controls and aqueous ammonia treatments were compared  

using a two-sample paired Student’s t-test in SAS 9.2 (SAS Institute Inc. 2008).  De-

ionized water-treated controls were paired with aqueous ammonia-treated samples from 

the same line of four sample bags. 

3.3 Results 

3.3.1 Biocell environmental conditions 

The temperature, CO2 concentration, and air-circulation rates within the Herhof 

biocells during the four experimental runs are presented in Figure 3.2.  Two 

inconsistencies between the biocell runs are noted: (1) the first run was 5 days longer 

than a typical run to allow for a complete thermophilic phase; and (2) during the fourth 

run, the seal on the door failed on day four, resulting in a temporary decrease in CO2 and 

temperature (Figure 3.2).  Otherwise, the runs were fairly uniform. The temperature rose 

from ambient to 50-70°C within the first four days, then dropped below 40°C by day 

seven, indicating the end of the thermophilic phase of composting, at which time the run 

was ended.  The concentration of CO2 rose from ambient to 3-5% within about one day 

and remained within this range until day six, at which time it began to drop off, indicating 

a decline in microbial activity.  Air circulation remained between 1500-3000 m
3
/hr for all 

runs.  
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3.3.2 Dry mass of biocell composted SSO material 

Mean dry mass losses following in-vessel composting are shown in Table 3.1.  

There was a significant increase (t=12.18, df=85, P<0.0001) in dry mass loss of 1.9 ± 

1.4 g (± standard deviation) among the aqueous ammonia-treated samples compared to  

Table 3.1 Dry mass of SSO material after treatment with either water or 10% (w/w) 

aqueous ammonia (NH4OH) and subsequent in-vessel composting in Herhof biocells at the 

Caledon Community Recycling Centre, November 2007.  Mean ± standard deviation 

presented. Letters indicate statistically significant differences (P<0.05).  Starting mass for 

SSO material in the sample bags was 30.0 g. 

  Water-treated 10%NH4OH-treated  

Replicate n 
Dry mass (g) 

Dry mass loss 
(%) Dry mass (g) 

Dry mass loss 
(%) 

Difference 
(%) 

1 28 20.9 ± 0.8 30.3 19.3 ± 1.0 35.7 5.4 

2 19 22.2 ± 0.8 26.0 20.3 ± 0.9 32.3 6.3 

3 20 23.2 ± 1.9 22.7 21.0 ± 1.0 30.0 7.3 

4 19 22.0 ± 1.1 26.7 20.2 ± 1.0 32.7 6.0 

Combined 86 22.0 ± 1.5
 a

 26.7 20.1 ± 1.1
b
 33.0 6.3 

 

the water-treated samples.  The combined dry mass loss for the control (water-treated) 

samples was 26.7% or 8.0 of 30 g.  The combined loss for the 10% ammonia-treated 

samples was 33.0% (Table 3.1) or 9.9 of 30 g.  The estimated dry mass loss due to 

sample handling, determined by the method described in Section 3.2.3, was 1.14 ± 0.26 g 

(n=19) or 3.8% of the initial dry mass. 

3.3.3 Ash content 

Prior to in-vessel composting, the mean ash content of the starting SSO material 

was 32.8 ± 0.8% (n=5), or approximately 9.8 g.  The mean percent ash content of the 
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samples following treatment and in-vessel composting is presented in 7.5 g, essentially 

the same as the 7.7 g remaining in the ammonia-treated samples (Figure 3.3). 

Table 3.2.  After in-vessel composting, the percent ash content of the aqueous 

ammonia-treated samples was significantly higher than that of the water-treated samples 

(t=6.63, df=81, P<0.0001).  However, the quantity of ash remaining in the water-treated 

samples was approximately 7.5 g, essentially the same as the 7.7 g remaining in the 

ammonia-treated samples (Figure 3.3). 

Table 3.2 Ash content of SSO material after treatment with either water or 10% (w/w) 

aqueous ammonia (NH4OH) and subsequent in-vessel composting in Herhof biocells at the 

Caledon Community Recycling Centre, November 2007.  Mean ± standard deviation 

presented. Letters indicate statistically significant differences (P<0.05).  The mean ash 

content for the starting SSO material was 32.8 ± 0.8% (n=5). 

  Water-treated 10% NH4OH-treated  

Replicate n Ash (%) Ash (%) Difference (%) 

1 27 38.3 ± 5.7 40.4 ± 4.7 2.1 

2 19 33.5 ± 4.8 36.8 ± 3.7 3.3 

3 19 32.1 ± 3.7 38.6 ± 3.8 6.5 

4 17 30.7 ± 3.7 36.5 ± 4.5 5.8 

Combined 82 34.2 ± 5.6
a
 38.4 ± 4.5

b
 4.2 

 

3.3.4 Ash-free dry mass (AFDM) 

The SSO material used in this study initially contained 67.2% AFDM.  The initial 

mass of each sample was 30.0 g, therefore the initial AFDM per sample can be estimated 

as 20.2 g.  After in-vessel composting, the AFDM content of the water-treated samples 

was 14.5 ± 1.9 g and 12.4 ± 1.4 g for the aqueous ammonia-treated samples.  The 
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difference of 2.1 ± 1.8 g was significant (t=10.38, df=80, P<0.0001).  In proportional 

terms, the water-treated SSO material lost 28.2% or 5.7 g of the initial AFDM, whereas 

the aqueous ammonia-treated SSO material lost 38.6% or 7.8 g of the initial AFDM 

(Figure 3.3). 
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Figure 3.3 Ash and ash-free dry mass (AFDM) of samples for SSO starting material and 

samples after treatment with either water or 10% (w/w) aqueous ammonia (NH4OH) and 

about one week of composting in a Herhof biocell at the Caledon Community Recycling 

Centre, November 2007.  Letters indicate statistically significant differences (P<0.05) in 

AFDM (N=87). 

 

3.3.5 Solubility and leaching 

Before in-vessel composting, the proportion of SSO material lost due to soaking 

in water was 9.3 ± 0.9% (n=25).  The loss due to soaking in aqueous ammonia was 
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significantly higher at 14.9 ± 0.8% (n=25) (t=24.12, df=48, P<0.0001).  After in-vessel 

composting, there was no significant difference between treatments in the proportion of 

water-soluble material remaining (t=0.37, df=83, P=0.71).  The mean percent of the 

material remaining after the water-soluble portion was removed for each treatment is 

shown in Table 3.3. 

Table 3.3 Water-soluble dry mass of SSO material after treatment with either water or 10% 

(w/w) aqueous ammonia (NH4OH) and subsequent composting in Herhof biocells at the 

Caledon Community Recycling Centre, November 2007.  Mean percent of total dry mass ( ± 

standard deviation), letters indicate statistically significant differences (P<0.05). 

  Water-treated 10% NH4OH-treated 

Replicate n Water-soluble dry mass as percent of total dry mass remaining 

1 27 4.2 ± 1.2 4.3 ± 1.5 

2 20 3.4 ± 1.1 3.6 ± 1.0 

3 18 5.5 ± 1.5 5.2 ± 0.9 

4 19 3.4 ± 1.3 3.7 ± 1.2 

Combined 84 4.1 ± 1.5
a
 4.2 ± 1.3

a
 

 

3.4 Discussion and Conclusions 

This experiment demonstrates that incubation in a Herhof cell does result in 

significant dry mass loss.  Much of this loss is probably the result of microbial 

metabolism and mineralization of the substrate.  Pretreatment of SSO material to enhance 

the efficacy of in-vessel composting has not previously been described in the literature.  

In this study, pretreatment with 10% aqueous ammonia resulted in a 24% increase in dry 

mass loss compared to water-treated substrates.  Figure 3.3 presents the ash and AFDM 
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contents of the initial SSO material prior to soaking and of the treated samples following 

in-vessel composting.  Ash content remained relatively constant between treatments, 

whereas AFDM was significantly reduced by pretreatment with ammonia.  Table 3.4 

presents the calculated loss of dry mass attributable to soaking and composting and the 

percentage of loss from the AFDM of the samples.  The samples treated with 10% 

ammonia lost 10.4% more mass from the non-ash fraction than samples treated with 

water, which is a 37% increase in AFDM loss compared to the effect due to water 

treatment alone.   

Table 3.4 Calculated loss of dry mass for SSO material after treatment with either water or 

10% (w/w) aqueous ammonia (NH4OH) and subsequent in-vessel composting in Herhof 

biocells at the Caledon Community Recycling Centre, November 2007. 

 Water-treated 
10% NH4OH-

treated Difference 

Initial mass 30.0 g 30.0 g 0 g 

Estimated loss due to soak 2.8 g 4.5 g 1.7 g 

Estimated percent loss due 
to soak 9.3% 14.9% 5.6% 

Total loss following 
composting 8.0 g 9.9 g 1.9 g 

Total percent loss following 
composting 26.7% 33.0% 6.3% 

Estimated percent loss 
attributable to composting 
alone 13.6% 14.3% 0.7% 

Loss of ash-free dry mass 28.2% 38.6% 10.4% 

 

In Chapter 2, the majority of dry mass loss was attributed to initial leaching and 

microbial digestion of the AFDM portion.  The dry mass loss of substrate due to handling 



70 

the mesh sample bags during the laboratory experiment was considered negligible 

(0.2%).  In the current biocell study, handling losses were greater than the laboratory 

study because the sample bags were constructed using a coarser mesh and transported 

greater distances and therefore samples were subjected to greater vibrations.  In the 

biocell study, the total dry mass losses observed can be attributed to three causes: (1) 

handling loss, (2) loss of soluble material during soaking (pretreatment), and (3) loss 

during in-vessel composting.  When dry mass loss is adjusted for both handling loss and 

loss during soaking, the amount lost due to in-vessel composting alone can be estimated 

as 13.7% for the water-treated substrate and 14.3% for the aqueous ammonia-treated 

substrate (Table 3.4).  In contrast to the previously described laboratory study, in this 

study the mass lost due to soak accounts for most or all of the difference between the 

treatments. 

The increase in percent ash content of the aqueous-ammonia treated samples 

compared to the water-treated samples indicates greater solubilization of the non-ash 

fraction by ammonia, an effect predicted from previous studies.  However, the effects of 

aqueous ammonia treatment on subsequent degradation during the composting process in 

the Herhof cell were insubstantial.  Although some delignification may have occurred 

during the pretreatment with ammonia, it did not greatly improve the efficiency of the 

composting process during the in-vessel phase of composting.  One possible explanation 

is that a large surplus of readily digestible material was present at the onset of 

composting in the Herhof biocell and substrate availability was not rate-limiting 

(Ryckeboer et al. 2003).   
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However, leaching with aqueous ammonia did increase overall dry mass loss by 

24% compared to loss due to water treatment, which could provide a potentially useful 

reduction in dry mass and increase in throughput.  The initial percent ash content of the 

SSO material was 32.8%, and given an initial dry mass of 30 g per sample, each sample 

initially contained 9.8 g of ash (Figure 3.3).  The ash contents of the water-treated 

samples and the aqueous ammonia-treated samples following composting were 

determined to be 7.5 g and 7.7 g, respectively, with an average difference between the 

initial and final ash content of about 2.2 g.  Some of the ash content was expected to be 

lost due to handling.  However, if the handling loss was comprised of non-ash and ash 

fractions in approximately the same proportions as the initial SSO material, then handling 

losses of ash were approximately 0.6 g (32.8% of 1.8 g), significantly less than the 2.2 g 

observed.  This suggests that some of the ash was not conserved in the process.  Two 

possible explanations are proposed.  First, the handling losses may have consisted 

disproportionately of the ash fraction.  The mesh bags may have lost fine particulate 

matter that made up the ash fraction of the SSO material more readily than the coarser 

organic matter making up the non-ash fraction.  Visual inspection of the material lost 

during handling provides support for this conclusion.  At the same time, the treatments 

may have mineralized a soluble portion of the ash, including inorganic salts such as 

carbonates and oxides (Hunt and Boncyk 1933).  The observed ash loss probably 

represents a combination of these effects. 

The solubility of the SSO material in water following composting was the same 

for both pretreatments (about 4% of the dry mass).  This supports the conclusion that the 

water and ammonia-treated material composted to approximately the same degree 
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(Landgraf et al. 2006) during the biocell composting.  However, as was observed in the 

laboratory experiment, the ammonia treatment initially solubilized a greater amount of 

dry mass from the substrate.  This again suggests that the leachates from water-treated 

and ammonia-treated SSO material likely have different compositions; for example the 

leachate from aqueous ammonia-treated SSO material may have contained solubilized 

lignin (Kim et al. 2004).  

This experiment was conducted using a standard full-scale in-vessel composting 

process.  SSO municipal waste was used as the substrate.  However, in order to obtain 

comparable samples, the SSO municipal waste was screened and shredded to provide a 

2–4 mm fraction and did not fully represent the raw material.  This may have led to 

greater mass losses since the consistently small particle size would have provided a 

greater surface area for enzymatic digestion by microbes.  A greater surface area would 

also have increased the effects of treatment with aqueous ammonia since there would 

have been more area for chemical reactions between the ammonia and substrate to occur.  

This could especially have increased the mass lost to leaching during the treatment soak.  

Shredding the material may have increased the effectiveness of ammonia treatment.   

Composting is generally a batch process and variability between batches, either in 

SSO material composition or environmental conditions, is expected.  However, the 

aqueous ammonia treatment resulted in greater dry mass loss than the water treatment for 

each run despite the variability between runs. A potential source of error was the 

variability in the measures of ash content – the standard deviation of the water-treated 

samples was 5.6%.  High variability may be a result of heterogeneity of the samples or 

variability in amounts of ash lost during handling.  This may have muted the effects of 
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treatments to a degree.  Another source of error was the handling loss; however, this loss 

was quantified and the loss was taken into consideration during the analysis.  Despite 

these limitations and sources of error, significant effects of treatment were found and can 

be considered to be good indicators of the effects of aqueous ammonia treatment of SSO 

municipal waste on the in-vessel composting process.  

Additional studies of ammonia pretreatment of SSO municipal waste should 

incorporate the subsequent windrow composting stage since the in-vessel composting 

stage is likely not rate-limited by the availability of readily degradable substrates for 

microbial degradation.  Previous studies suggest that lignification can be rate-limiting late 

in the windrow stage of municipal composting (Tuomela 2000).  At this stage, a greater 

effect of delignification on the degradation of the non-ash material may be more 

apparent.  Since there is a ~50% reduction in the volume of material after the in-vessel 

phase of composting (Rynk et al. 1992), it may be more cost effective to treat in the 

windrow stage. 

In conclusion, there is a significant 24% increase in dry mass loss due primarily to 

enhanced leaching with aqueous ammonia.  However, it appears that there is no 

difference in the effect of water treatment and aqueous ammonia treatment on subsequent 

dry mass loss of SSO substrates during biocell composting itself.  Based on this study, 

ammonia pretreatment may be useful to reduce the dry mass of SSO material prior to 

composting.  In addition, the leachate produced from the treatment may itself be a useful 

by-product, for example as a plant fertilizer since it contains sources of soluble organic 

carbon and nitrogen similar to “compost teas” (Hutchinson and Griffin 2004).  The 
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leachate is also a potential source of sulfur-free lignin, which is an important emerging 

product as described by Jairo and Wolfgang (2002) and discussed in the previous chapter. 
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CHAPTER 4: Effect of aqueous ammonia on composting in a windrow 

Abstract 

As municipalities strive to reach waste diversion goals, composting represents a 

significant opportunity for increasing organic waste diversion (Statistics Canada 2008a).  

Aqueous ammonia treatments have been studied for animal fodder (Garrett et al. 1979) 

and biofuel production (Iyer et al. 1996, Kim et al. 2003, Kim and Lee 2005a, Teymouri 

et al. 2004, Yoon 1998) and have been shown to delignify biomass and increase 

digestibility.  Therefore, aqueous ammonia treatments may increase dry mass loss during 

composting, thereby increasing capacity and/or throughput at centralized facilities.  The 

objective of the present study was to measure the effect of treating SSO material with 

aqueous ammonia after in-vessel composting and prior to composting in a windrow.  The 

10% aqueous ammonia treatment resulted in a 53% greater loss of dry mass when 

compared to the dry controls, and 24% greater loss of dry mass when compared to the 

water-treated controls after 12 weeks of windrow composting.  The aqueous ammonia 

treatments also produced a leachate that may be of commercial interest as a plant 

fertilizer and lignin source. 

4.1 Introduction 

In Ontario, the diversion of organic wastes from landfills and incineration to 

centralized composting facilities is increasing (Statistics Canada 2008b).  A major factor 

limiting the rate and extent of decomposition during the composting process is the lignin 

content of the plant materials that are a major component of municipal source-separated 

organic (SSO) waste (Epstein 1997).  Lignins, a major component of plant cell walls, 
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encrust the more easily digestible cellulose and hemicelluloses content, making it less 

accessible to the microorganisms that drive the composting process.  Exposing cellulose 

and hemicellulose by disrupting the lignocellulose complexes in the plant material may 

increase the efficiency and efficacy of the composting process using existing 

infrastructures and processes.  Treatment of plant materials with aqueous ammonia has 

been shown to disrupt the lignocellulose complexes (Kim et al. 2003).  Soaking various 

plant materials, such as rice straw (Abou-El-Enin 1999, Garrett et al. 1979, Waiss et al. 

1972), wheat straw (Saenger et al. 1983), oat hulls (Thompson 1999), and corn stover 

(Saenger et al. 1982) in aqueous ammonia at ambient temperatures has improved their 

digestibility by rumen bacteria.  However, these treatments have not been tested with 

SSO municipal waste that has undergone biocell composting.   

There are two reasons to study the application of aqueous ammonia at the 

windrow stage of municipal composting.  First, in-vessel systems are not used at all 

municipal composting facilities in Ontario.  Second, the treatment may be more effective 

later in the process as the proportional content of lignin increases (Epstein 1997).  Indeed, 

results obtained in laboratory tests suggested that ammonia treatment should enhance 

mass loss, a result not observed in testing with Herhof biocells (Chapter 3).  This 

suggests that during the early stages of composting, lignin is not significantly rate-

limiting.  The objective of the present study was to measure the effect of treating SSO 

material with aqueous ammonia after in-vessel composting and prior to composting in a 

windrow. 
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4.2 Materials and Methods 

4.2.1 Study site 

The experiments were conducted at the Caledon Community Recycling Centre.  

SSO material used by the Caledon Community Recycling Centre is shredded and mixed 

with amendments, such as yard waste or brush, to obtain appropriate values of carbon to 

nitrogen.  A two-phase process of composting is used at this facility: in-vessel 

composting followed by windrow composting.  Herhof biocells are used for in-vessel 

composting, as described in Section 3.2.1.  For the second phase, windrows were 

constructed on earthen curing pads and are normally turned twice during the first week, 

then once per week.  Two windrows were specifically constructed for this study.  During 

this experiment the windrows were not turned in order to avoid damage to the sample-bag 

lines. 

4.2.2 SSO material collection and sample bag preparation 

The SSO material used in the first experiment was collected in the spring of 2007 

from the Peel Curing Facility, Chinguacousy, Ontario.  A day before collection, this 

material had completed in-vessel processing at the Peel Integrated Waste Management 

Facility.  This in-vessel system was designed by Christiaens Group, Maple Reinders, and 

Earth Tech.  The SSO material used in the second experiment was collected from the 

same batch as the material used in the laboratory experiment described in Chapter 2.  

These partially composted SSO materials were collected and prepared as described in 

Section 2.2.1.  The prepared material was then placed in sample bags as described in 

Section 3.2.4. 
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4.2.3 Experimental design 

A two-way factorial design was used for the first windrow experiment and a 

complete randomized block design was used for the second windrow experiment.  Three 

levels of treatment and two levels of soaking duration were used.  The treatment levels 

were: (1) a dry control (2) de-ionized water, and (3) aqueous ammonia. The soaking 

durations were: 15 minutes or 21 h.  These times were chosen for logistical reasons, since 

soaking was carried out in the field.  Four lines of 50 bags (200 bags in total) were used 

in each experiment.  Twenty bags were used for each dry treatment and time combination 

and 40 bags were used for each soak and time combination.  The lines were buried in the 

windrows for 12 weeks.  An estimate of handling loss was obtained using the procedure 

described in Section 3.2.3.  

4.2.4 Treatment 

The sample bags were treated at the composting facility in 7.5 L plastic buckets 

immediately before burial in the windrows.  For both soaking treatments, 5 L of de-

ionized water or aqueous ammonia (10% w/w, ammonium hydroxide, Catalogue 

Number: A669 212, Fisher Scientific, Nepean, Ontario) was poured into each of 8 

buckets containing 10 sample bags each, to submerge the bags.  Four buckets were 

assigned to the 15-minute group and four to the 21-h group.  For the dry control 

treatment, four buckets containing 10 sample bags each were left dry, two of which were 

assigned to each time period.   

After the treatments, the bags were removed from the buckets and the 100-cm 

ropes previously attached to the bags were tied into four lines of 50 bags each.  In the 
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first experiment, 10 bags from each bucket were tied to one another and these groups of 

10 were arranged randomly into four lines of 50 bags with one group from each of the 

five treatments attached to each line.  For the second experiment, one bag from each of 

the five treatments (the two times for the dry treatment considered as one treatment) was 

assigned in random order to groups of five bags. These groups of five were then arranged 

randomly into four lines of 50 bags each.  

4.2.5 Placement in windrows 

Windrows were constructed from SSO material immediately following in-vessel 

processing.  A base layer approximately 5 m x 20 m was spread using a front-end loader.  

Four lines of sample bags were placed along the 20-m length of the layer (Figure 4.1a).  

SSO material then was piled onto the sample bags and base layer to a height of ~3 m 

(Figure 4.1b & c).  The pile was checked regularly for temperature, which remained 

between 50–80˚C for the duration of the experiment.  The first experiment was conducted 

from 15 August 2007 to 15 November 2007, during which time the local average outside 

temperature was 15.4°C and the total precipitation was 102.8 mm.  The second 

experiment ran from 14 December 2007 to 6 March 2008, during which time the local 

average outside temperature was -3.0°C and the total precipitation was 236.9 mm.  

Temperature and precipitation data for both experiments were obtained from the nearby 

(~35 km) Toronto Pearson Airport weather station.  The initial moisture contents of the 

first and second windrow were 23% and 63%, respectively. 
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Figure 4.1 Base layer of experimental windrow with samples (a) contained in modified 

litterbags fixed to lines.  Front-end loader (b) depositing source-separated organics on 

samples to complete experimental windrow construction.  Completed windrow with buried 

samples (c); this windrow was constructed at the Region of Peel Facility, Ontario, Canada in 

August 2007. 

 

4.2.6 Recovery and dry mass 

After 12 weeks, a front-end loader was used to slowly remove layers from the top 

of the windrow.  The lines of sample bags were recovered by hand.  After recovery, the 

sample bags were dried, and the dry mass loss was determined as in Section 3.2.7.   

a b 

c 
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4.2.7 Ash content and ash-free dry mass 

The ash content of all subsamples was determined using the same procedures as 

described in Section 2.2.5.  For the dried starting SSO material, 10 subsamples were 

collected from the same supply of homogenized material used to fill the sample bags.  

For the SSO material following windrow composting, one subsample was collect from 

each retrieved sample bag.  The AFDM was calculated as described in Section 2.2.6.  

4.2.8 Solubility and leaching 

To determine the dry mass loss due to the soak alone (leaching) prior to windrow 

composting, 50 one-gram subsamples of the dry homogenized SSO material were each 

weighed into a 50-ml Erlenmeyer flask and treated with de-ionized water or aqueous 

ammonia for 15 minutes or 21 h (25 subsamples each).  For both treatments, 10 ml of 

either water or aqueous ammonia were added to each flask and vortexed, and soaked for 

24 h.  To determine the water-soluble fraction of the SSO material after in-vessel 

composting, one-gram subsamples from each sample bag were each weighed into a 50-ml 

Erlenmeyer flask.  Ten millilitres of de-ionized water were added to each flask and 

vortexed, soaked for 24 h.  To determine the water-soluble fraction after windrow 

composting, subsamples were collected from the samples retrieved after the second 

experiment.  For all subsamples, the same procedures were used to rinse, dry, weigh, and 

calculate dry mass loss as described in Section 2.2.7.  

4.2.9 Data Analysis 

Procedures for a general linear model in SAS 9.2 (SAS Institute Inc. 2008) were 

used to compare the treatments.  A common log transformation was done on the AFDM 
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data of the first windrow to improve the homogeneity of variance and the normality.  

Freidman’s non-parametric test was used where variance was not homogeneous and data 

were not normally distributed after transformation. 

4.3 Results 

4.3.1 Dry mass of composted SSO material 

For the first experiment, Table 4.1 presents mean dry mass loss and percent mass 

loss corrected for handling loss (by subtracting the percent dry mass lost due to handling 

from the percent dry mass lost).  The handling loss was estimated to be 1.14 ± 0.26 g of 

the initial 30.0 g (n=19) or 3.8%.  Twenty-one hour treatment with aqueous ammonia 

caused the greatest loss in substrate dry mass (16.2%), in addition to the handling loss.  

The untreated (dry) controls lost an average of 2.5–3.2% over 12 weeks, mass loss for the 

water-treated samples ranged from 7.2–11.5%. 

 For the second experiment, Table 4.2 presents mean dry mass loss and percent 

mass loss corrected for handling loss.  The untreated (dry) samples lost the least amount 

of dry mass (~19%).  Treatment of SSO material for 21 h with aqueous ammonia caused 

the greatest loss of dry mass (30%).  Mass loss for water-treated samples ranged from 

21.5–24.2%.  Both treatment (F=19.01, dfnum=2, dfden=184, P<0.0001), and soak duration 

(F=9.82, dfnum=1, dfden=184, P=0.002) effects were significant.  There was no significant 

interaction effect (F=1.50, dfnum=2, dfden=184, P=0.2258).  SSO material samples in the 

second experiment lost 2 to 7 times more dry mass than the corresponding samples from 

the first experiment.   
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Table 4.1 Dry mass (± standard deviation) and percent loss (adjusted for handling loss) of 

SSO material from first windrow after dry, water, or 10% (w/w) aqueous ammonia 

(NH4OH) treatment and subsequent composting for 12 weeks at the Caledon Community 

Recycling Centre, August 2007.  Starting mass for SSO material in the sample bags was 

30.0 g.  Data was not normal so no significant differences are given. 

 Dry
1
 Water

2
 10% NH4OH

3
 

Soak duration Dry mass (g) 
Mass 

loss (%) 
Dry mass (g) 

Mass 
loss (%) 

Dry mass (g) 
Mass 

loss (%) 

15 minutes 28.1 ± 0.5 2.5 26.7 ± 0.4 7.2 25.9 ± 0.7 9.9 

21 hours 27.9 ± 0.9 3.2 25.4 ± 0.6 11.5 24.0 ± 1.0 16.2 

1
15 minute, n=20; 21 hour, n=19 

2
15 minute, n=39; 21 hour, n=40 

3
15 minute, n=40; 21 hour, n=39 

 

Table 4.2 Dry mass (± standard deviation) and percent loss (adjusted for handling loss) of 

SSO material from second windrow after dry, water, or 10% (w/w) aqueous ammonia 

(NH4OH) treatment and subsequent composting for 12 weeks at the Caledon Community 

Recycling Centre, December 2007.  Starting mass for SSO material in the sample bags was 

30.0 g.  Letters indicate statistically significant differences with Least Square means and 

Tukey’s adjustment. 

 Dry
1
 Water

2
 10% NH4OH

3
 

Soak duration Dry mass (g) 
Mass 

loss (%) 
Dry mass (g) 

Mass 
loss (%) 

Dry mass (g) 
Mass 

loss (%) 

15 minutes 23.4 ± 2.9
a
 18.2 22.4 ± 1.9

ab
 21.5 21.6 ± 2.0

b
 24.2 

21 hours 23.0 ± 2.2
ab

 19.5 21.6 ± 1.9
b
 24.2  19.9 ± 1.6

c
 29.9 

1
n=19 

2
15 minute, n=37; 21 hour, n=38 

3
15 minute, n=39; 21 hour, n=38 

 

4.3.2 Ash content 

The mean ash contents (± standard deviation) of the starting SSO material used in 

the first and second experiments were 34.6 ± 6.1% (n=14) and 26.7 ± 0.8% (n=10), 
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respectively.  The ash content of the starting SSO material used in the first experiment 

was more variable (or heterogeneous) and significantly higher than the ash content of the 

starting SSO material used in the second experiment (t=4.75, df=13.6, P=0.0003). 

After windrow composting, the percent ash content in the first experiment (Table 

4.3) ranged from 42.4–50.1%.  The dry treatments caused the lowest increase in percent 

ash content (~8%), whereas aqueous ammonia treatment resulted in the greatest increase 

in percent ash content (~14%).  Percent ash content was significantly affected by 

treatment (F=11.55, dfnum=2, dfden=185, P<0.0001).  There was no significant effect 

attributable to treatment duration (F=0.23, dfnum=1, dfden=185, P=0.6317), and no 

interaction effect (F=0.82, dfnum=2, dfden=185, P<0.4416).   

Table 4.3 Ash content (± standard deviation) of SSO material from first windrow after dry, 

water, or 10% (w/w) aqueous ammonia (NH4OH) treatment and subsequent composting for 

12 weeks at the Caledon Community Recycling Centre, August 2007.   Letters indicate 

statistically significant differences with Least Square means and Tukey’s adjustment.  The 

mean ash content for the starting SSO material was 34.6 ± 6.1% (n=14). 

Soak duration 
Mean percent ash content ± standard deviation 

Dry
1
 Water

2
 10% NH4OH

3
 

15 minutes 43.9 ± 7.4
a
 46.1 ± 6.1

b
 48.5 ± 6.1

d
 

21 hours 42.4 ± 7.5
a
 47.4 ± 6.7

c
 50.1 ± 6.3

e
 

1
15 minute, n=20; 21 hour, n=19 

2
15 minute, n=40; 21 hour, n=36 

3
15 minute, n=40; 21 hour, n=36 

 

In the second experiment, the percent ash contents (Table 4.4) ranged from 31.6–

35.9%.  As in the first experiment, the ash content of the untreated (dry) samples 

increased the least (5%), whereas aqueous ammonia treatments caused the greatest 
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increase in percent ash content (~8%).  Percent ash content changed significantly with 

treatment (F=5.72, dfnum=2, dfden=183, P=0.004).  There was no significant effect 

associated with treatment duration (F=1.11, dfnum=1, dfden=183, P=0.2941), and no 

interaction effect (F=1.05, dfnum=2, dfden=183, P=0.3504).   

Table 4.4 Ash content (± standard deviation) of SSO material from second windrow after 

dry, water, or 10% (w/w) aqueous ammonia (NH4OH) treatment and subsequent 

composting for 12 weeks at the Caledon Community Recycling Centre, December 2007.  

Letters indicate statistically significant differences with Least Square means and Tukey’s 

adjustment.  The mean ash content for the starting SSO material was 26.7 ± 0.8% (n=10). 

Soak duration 
Mean percent ash content ± standard deviation 

Dry
1
 H2O

2
 10% NH4OH

3
 

15 minutes 31.6 ± 5.1
a
 32.6 ± 5.3

a
 33.8 ± 5.4

ab
 

21 hours 32.4 ± 4.9
a
 32.2 ± 4.7

a
 35.9 ± 5.7

b
 

1
15 minute, n=19; 21 hour, n=19 

2
15 minute, n=37; 21 hour, n=38 

3
15 minute, n=38; 21 hour, n=38 

 

4.3.3 Ash-free dry mass 

In the first experiment, the untreated dry controls lost the least ash-free dry mass 

(AFDM) (~20%), whereas, treatment for 21 h with aqueous ammonia caused the greatest 

loss of AFDM (40%).  This was significantly greater than that resulting from all other 

treatments (Figure 4.2).  AFDM losses were significantly affected by treatment type 

(F=45.91, dfnum=2, dfden=184, P<0.0001) and treatment duration (F=9.17, dfnum=1, 

dfden=184, P<0.0149).  The interaction effect was significant (F=3.78, dfnum=2, dfden=184, 

P=0.0247).   
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Figure 4.2 Mean ash-free dry mass loss (%) of SSO material from first windrow after dry, 

water, or 10% (w/w) aqueous ammonia (NH4OH) treatment and subsequent composting for 

12 weeks at the Caledon Community Recycling Centre, August 2007.  Letters indicate 

statistically significant differences with Least Square means and Tukey’s adjustment. 

 

The AFDM losses in the second experiment followed the same pattern as the first, 

but there were fewer statistically significant differences observed between treatments in 

the second experiment.  The dry treatments lost the least amount of dry mass (~28%).  

The 21-h treatment with aqueous ammonia caused the greatest loss of AFDM (42%).  

This loss was significantly higher than that resulting from all other treatments.  AFDM 

losses (Figure 4.3) in the second experiment were affected by treatment type (F=13.27, 
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dfnum=2, dfden=183, P<0.0001) and duration (F=6.04, dfnum=1, dfden=183, P<0.0149), but 

there was no interaction effect (F=1.31, dfnum=2, dfden=183, P=0.2722).   
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Figure 4.3 Mean ash-free dry mass loss (%) of SSO material from second windrow after 

dry, water or 10% (w/w) aqueous ammonia (NH4OH) treatment and subsequent 

composting for 12 weeks at the Caledon Community Recycling Centre, December 2007.  

Letters indicate statistically significant differences with Least Square means and Tukey’s 

adjustment. 

 

4.3.4 Solubility and leaching 

During the treatment soaks, some of the initial sample material was leached out 

during solubility determinations.  In general, aqueous ammonia treatment resulted in the 

greatest dry mass losses ranging from 7.4 to 13.0%, and dry mass loss increased with 

soak duration.  In the first experiment, the percent dry mass of the initial material 
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removed by the water and aqueous ammonia treatments after a 15-minute soak were 7.5 

± 0.9% (n=25) and 7.6 ± 1.0% (n=25), respectively.  The difference was not significant 

(t=0.42, df=48, P=0.6796).  The percent dry mass of the starting material removed by 

water and aqueous ammonia treatment after a 21-h soak was 8.1 ± 0.8% (n=24) and 13.0 

± 1.1% (n=25), respectively.  These losses differed significantly (t=17.48, df=47, 

P<0.0001). 

In the second experiment, the percent dry mass of the starting material removed 

by water and aqueous ammonia treatment after a 15-minute soak was 6.5 ± 0.5% (n=25) 

and 7.4 ± 0.7% (n=25), respectively.  These losses differed significantly (t=5.05, df=48, 

P<0.0001).  The percent dry mass of the starting material removed by water and aqueous 

ammonia treatment after a 21-h soak was 8.0 ± 0.6% (n=25) and 12.7 ± 0.8% (n=25), 

respectively.  These losses differed significantly (t=22.77, df=48, P<0.0001). 

The solubility data for the substrates following composting were not normally 

distributed and the variance was heterogeneous, therefore a Friedman test was used.  

There was no significant effect (Q=5.89, df=2, P=0.0527) of treatment or soak duration 

on the percent dry mass that was removed after soaking in water, which was 

approximately 8% (Table 4.5).   
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Table 4.5 Water-soluble dry mass (± standard deviation) of SSO material from second 

windrow after dry, water, or 10% (w/w) aqueous ammonia (NH4OH) treatment and 

subsequent composting for 12 weeks at the Caledon Community Recycling Centre, 

December 2007.   

Soak duration 
Mean percent water-soluble dry mass ± standard deviation 

Dry
1
 Water

2
 10% NH4OH

3
 

15 minutes 9.7 ± 2.2 8.3 ± 1.5 8.5 ± 1.2 

21 hours 8.7 ± 1.8 8.7 ± 1.3 8.1 ± 1.3 

1
15 minute, n=19; 21 hour, n=18 

2
15 minute, n=37; 21 hour, n=38 

3
15 minute, n=39; 21 hour, n=38 

 

4.4 Discussion and conclusions 

This experiment demonstrates that composting in windrows does result in 

significant dry mass loss, but note that losses were variable.  Much of this loss is likely 

due to microbial metabolism and mineralization of the substrate.  Pretreatment of SSO 

material with aqueous ammonia to enhance the efficacy of windrow composting has not 

previously been examined in the literature.  During the second windrow experiment, there 

was a significant increase in dry mass loss of 10.4% for the ammonia-treated samples 

soaked for 21 h compared to the untreated dry controls, which is a 53% increase in dry 

mass loss over the dry controls (Table 4.2).  Much of this loss can be attributed to 

leaching during the treatment soak as discussed below.  There was also a significant 

increase in dry mass loss of 5.7% for the ammonia-treated samples compared to the 

water-treated samples for the 21-h soak, which is a 24% increase in dry mass loss.  Much 

of this difference in mass loss was due to the greater solubility of SSO material in 

ammonia compared to water as discussed below.  There was no significant difference in 
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dry mass loss between the samples treated with aqueous ammonia for 15 minutes and 

samples treated with water for either 15 minutes or 21 h.  Therefore, it can be concluded 

that the reactions between ammonia and SSO material that result in significantly greater 

mass loss, possibly including delignification, are not complete after 15 minutes and a 

prolonged soak is necessary to cause an effect in the field.   

The method developed and utilized in the current study provides an in situ 

technique for researchers to quantify the amount of dry mass lost during industrial-scale 

composting.  Considering the dry controls as a reference point, the results demonstrate 

that little to no dry mass was lost during composting in the first windrow.  During 

composting in the second windrow, the SSO material lost about 19% dry mass and about 

25% AFDM (both adjusted for handling loss).     

There were notable differences between the first and second windrow 

experiments.  The samples composted in the first windrow lost less dry mass than 

samples composted in the second windrow.  This may have been due to dryer conditions 

resulting in a slower rate of biodegradation.  The moisture content of the SSO material 

used to construct the first windrow was 23% which is well below what is ideal, while the 

SSO material used for the second windrow had a moisture content of 63%, which is more 

ideal (Rynk et al. 1992).  The first windrow composted during hot weather with much 

less precipitation compared to the second windrow.  In addition to the drier conditions, 

the initial SSO material used in the sample bags for the first windrow had significantly 

more ash than samples used in the second windrow (Figure 4.4).  Since ash is conserved  
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Figure 4.4 Ash and ash-free dry mass of SSO material after dry, water, or 10% (w/w) 

aqueous ammonia (NH4OH) treatment and subsequent composting for 12 weeks at the 

Caledon Community Recycling Centre.  The first windrow composted in August and the 

second in December of 2007. 



92 

during composting, the higher ratio of ash to AFDM (0.52:1 vs. 0.36:1) would contribute 

to less of the total dry mass of the initial sample being lost.  The dry mass data for the 

first windrow could not be parametrically tested for significance because of the high 

variability created by the above conditions; however, it followed a similar pattern as the 

second windrow.   

Several studies have assumed that ash is conserved during biodegradation of 

compostable biomass (Bernal et al. 1998, Breiteneck and Schellinger 2004, Larney and 

Buckley 2007, Peterson et al. 1998).  The percent ash content of the samples increased 

with soak-time and there was an increase in percent ash content for aqueous ammonia-

treated samples compared to water-treated and untreated dry controls.  For the second 

windrow, the percent ash content significantly increased for aqueous ammonia-treated 

samples with a 21-h soak compared to all other treatment groups (Table 4.4).  These 

results indicate that the ash fraction of the samples was generally conserved during the 

experiment, while dry mass loss occurred mainly through loss of the AFDM fraction 

(Figure 4.4).  The initial ash content of the samples used during the first windrow was 

10.4 g (34.6% x 30 g).  The range of calculated ash contents of the composted samples 

for this windrow was 11.8 to 12.6 g.  Since the absolute ash content cannot increase 

during the composting process, this is likely due to high variability in the ash measure of 

the initial SSO material (SD= 6%).  Despite this variability, these results do suggest that 

ash was conserved.  Samples in the second windrow followed a more predictable pattern; 

the initial ash content was 8.0 g (26.7% x 30 g), and a range of 7.0 to 7.5 g of ash per 

sample followed composting.  This suggests that nearly all ash was conserved during the 
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second windrow composting, and variability and handling loss would explain the ca. 1 g 

difference.   

In both windrows, the ammonia-treatment with a 21-h soak had a significant 

effect on AFDM loss of SSO material after composting.  The overall AFDM loss during 

the first windrow experiment (Figure 4.2) was lower than during the second windrow 

experiment (Figure 4.3).  This indicates less biodegradation occurred during composting 

of the first windrow.  Therefore, loss due to soak was more apparent in the results from 

the first windrow, while in the second windrow loss due to biodegradation reduces the 

significant differences between the treatments.  It seems that the readily degradable 

material that is washed out by water treatments at either soak-duration, or the ammonia 

treatment at the 15-minute soak is later lost in the untreated dry controls during the 

composting process, resulting in a similar dry mass loss for these treatment groups.  

However, even with the effects of the composting process on dry mass, the 21-h, 

ammonia-treated samples were significantly different than all other treatments.  

As discussed in previous chapters of this study, the dry mass loss can be attributed 

to three causes: (1) the loss due to soaking, (2) the loss due to composting and (3) the 

handling loss.  The solubility test performed on the initial SSO material indicated that 

ammonia solubilized 5.0% and 4.7% more of the material used in the first and second 

windrow experiment, respectively, when compared to a 21-h soaking in water.  This 

difference in solubility almost entirely accounts for the 4.7% and 5.7% differences in the 

dry mass loss after composting between these treatment groups for the first and second 

windrows, respectively.  As with in-vessel composting, as described in the previous 

chapter, it appears that most of the differences in dry mass loss were a result of the 
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treatment soaks, and while there was additional loss due to composting, there was no 

appreciable difference in dry mass loss due to composting between the 21-h-soak water-

treated and ammonia-treated samples.  Since ammonia solubilized a significantly greater 

portion of the AFDM fraction of the SSO material during the 21-h soak, the leachate 

from this material likely has a different composition than that from the material in the 

water-soak.  As discussed in Chapters 2 and 3, the leachate from soaking SSO material in 

ammonia may be a good source of plant nutrients and commercially valuable sulfur-free 

lignin.  After composting, the water-soluble portion of the dry mass was the same across 

all treatments, ~8%, which indicates that a similar level of biodegradation was achieved 

regardless of treatment (Hutchinson and Griffin 2008, Landgraf et al. 2006).  This may 

be because lignification was not rate limiting with these SSO materials at this stage of 

composting.  A feedstock with greater lignification (i.e. containing more fibrous woody 

materials) may show greater dry mass loss with ammonia treatment.  Also, a difference 

may be observed in the finishing stages of the composting process, which can take up to 

two years to achieve.   

This experiment was an important first step in the study of aqueous ammonia 

treatment of SSO material during windrow composting.  It used full-scale windrows 

constructed with SSO municipal waste, and hence the samples were exposed to the in situ 

community of microbial decomposers in SSO municipal waste.  However, there were 

some limitations imposed by the heterogeneous SSO material and the method of 

retrieving sample bags.  To obtain comparable samples the SSO municipal, waste was 

screened and shredded to provide a 2–4 mm fraction and did not fully represent the raw 

material.  Also, the windrows were not turned for aeration as was typical for the study 
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site, since this may have tangled or broken the sample lines.  This lack of aeration likely 

inhibited degradation, which occurs faster in aerobic environments as discussed in 

Section 1.3.5.  A potential source of error was the loss of SSO material due to handling 

and transporting the sample bags.  However, this was estimated during a separate 

handling loss experiment and subtracted from the percent loss presented.  As with the 

laboratory and in-vessel experiments presented in Chapters 2 and 3, respectively, 

measures of ash content had high variability and were another potential source of error.  

Despite these limitations and sources of error, significant effects of treatment were found 

and are a good indication of the effects of aqueous ammonia treatment of SSO municipal 

waste during the windrow composting process.   

In conclusion, aqueous ammonia treatment for 21 h increased AFDM loss 

compared to water treatment during the initial soak of the initial SSO material. The 15-

minute soak resulted in the same amount of dry mass loss with water as with ammonia, 

so the chemical reaction between ammonia and the SSO material that results in more dry 

mass loss during the soak occurs between 15 minutes and 21 h.  However, the 

delignification that is assumed to have occurred during the 21-h soak in ammonia did not 

translate into an increase in the rate of degradation during windrow composting after 12 

weeks.  Despite these findings, an increase in overall dry mass loss of 53% may be of 

interest to centralized composting facilities and the leachate from ammonia-treated SSO 

material may prove to be of economic value as discussed in Section 2.4.  
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CHAPTER 5: General conclusions and future investigations 

The method developed and utilized in the present study provides an in situ 

technique for researchers to quantify parameters such as dry mass losses in industrial 

composting systems.  Using modified litterbags filled with SSO collected by 

municipalities, the characteristics of the composting material can be tracked during 

industrial-scale composting operations.  The untreated controls from the present study 

provide information on dry mass losses during typical composting operations.  During the 

laboratory study, SSO material that was not treated by water or ammonia lost about 29% 

of the dry mass.  The in-vessel study did not have dry controls; however, the water-

treated controls lost about 23% dry mass (adjusted for 3.8% handling loss).  If the dry 

mass loss due to soaking is removed, dry mass loss due to composting alone is about 

14%.  It should be noted that it is possible the dry mass lost during the soak would likely 

be readily degradable by microbes and would have been lost during in-vessel composting 

regardless, as was seen during the laboratory experiment.  During the first windrow 

experiment when conditions were drier than optimal, there was little to no dry mass loss; 

and during the second windrow experiment when conditions were more ideal, there was 

about 19% dry mass loss and about 25% AFDM loss.  The dry mass lost during windrow 

composting would have been in addition to dry mass lost during the in-vessel 

composting, which took place prior to windrow composting. 

The hypothesis that pretreatment of SSO material with aqueous ammonia prior to 

composting will result in a significant increase in dry mass loss is accepted.  The greatest 

effect, an increase of 53%, was found in the windrow experiment.  However, most of the 
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increase in dry mass loss occurred during soaking prior to composting and was due to 

leaching of the readily digestible AFDM fraction.  It is postulated that the results of these 

experiments were influenced by the quantity of readily digestible SSO material available 

that may have also leached into the samples from the surrounding SSO material during 

composting in the biocell or in the windrow.  The leachate produced by soaking may be 

of commercial interest as a plant fertilizer or as a source of sulfur-free lignins as 

discussed in Section 2.4.  The laboratory experiment showed some increase of dry mass 

loss due to ammonia treatment during composting, which may be attributed to 

delignification (Kim et al. 2003).  However, lignin content did not appear to be rate 

limiting during the in-vessel and windrow experiments.   

The following recommendations for future investigations are presented for 

consideration.  To study the optimum conditions and thereby reduce the costs of 

treatment, the minimum concentration of ammonia needed to achieve delignification, the 

treatment-to-biomass ratio, and the optimal application point in the composting process 

remain to be determined.  The effects of the treatment applied to the entire batch at the 

biocell or windrow stage need to be assessed, in particular the effects on the decomposer 

community.  It would also be of interest to analyze the composition of the leachate from 

the aqueous ammonia treatment to determine the quality and concentrations of plant 

nutrients and lignins.  Furthermore, studies of pretreated material on more recalcitrant 

feedstocks that compost for greater than 12 weeks may reveal a greater effect of 

delignification.  
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In the current study, concentrations of 10% (w/w) aqueous ammonia were used in 

the field; however, it is possible lower concentrations will have an appreciable effect on 

dry mass losses when an entire batch is treated.  In the studies presented in this thesis, the 

sample material was completely saturated; however, this may not be feasible when 

treating an entire biocell or windrow.  Recent studies of aqueous and anhydrous ammonia 

treatments on corn stover for biofuel production have described reductions in the amount 

of ammonia needed to achieve beneficial results (Li and Kim 2011, Yoo et al. 2011).  

The least volume needed to achieve a beneficial reduction in dry mass of SSO material 

should be determined.  In addition, aqueous ammonia can be recovered and recycled in 

the treatment process, thereby reducing the volume of treatment needed to achieve 

delignification (Kim et al. 2003, Kim and Lee 2005a, b). 

The biocell is a convenient application point because the leachate recycling 

system (Roulston 2000) can be used to distribute the treatment.  However, the volume of 

SSO is also ~50% greater than in the windrow phase (Rynk et al. 1992) and a greater 

volume of aqueous ammonia may be needed.  On the other hand, recycling the treatment 

by collecting the effluent and redistributing it (using the leachate system) throughout the 

SSO material may allow for a reduction in the ratio of treatment to biomass.  One 

possible compromise is to add the aqueous ammonia to the system near the end of the 

biocell phase.  The greatest loss in dry mass of SSO material treated with ammonia 

compared to untreated SSO material was achieved in the windrow experiment, however, 

recovery and recycling of the leachate at this stage may be too malodorous.  It can be 

assumed that later in the composting process a greater fraction of the material is lignin-
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bound (Tuomela et al. 2000).  Therefore, treating later in the process may prove more 

efficient, but the infrastructure needed for treatment would have to be considered.  The 

composition of the leachate would probably change with the timing of the application and 

this would need to be investigated as well.   

Since a possible effect of delignification was noted in the AFDM results for the 

laboratory experiment between 6 and 12 weeks, it would be of interest to study the effect 

of aqueous ammonia treatment when the material is composted for more than 12 weeks.  

It is possible that the readily degradable material is still abundant enough at 12 weeks to 

mask the effect of delignification.  Aqueous ammonia treatments have been shown to 

cause delignification in lignocellulosic biomass such as corn stover (Kim et al.  2003) 

and switchgrass (Sherman et al. 2012), however, it should be determined whether or not 

the treatment is actually achieving delignification of the SSO material.  During the 

current study, multiple samples of the starting material were sent away to an external 

laboratory using the Klason lignin determination method; however, the results were 

inconclusive and unreliable as negative values were obtained and a mass balance could 

not be closed, likely due to the heterogeneity of the SSO material.  In addition, results for 

a single sample could not be replicated.  None of the existing methods for analyzing 

lignin from relatively homogenous sources such as sawdust or straw allow for the 

collection of chemically unmodified lignin with quantitative recovery, and free of 

contaminants (Tuomela et al. 2000).  Certainly, the heterogeneity of SSO municipal 

waste further hinders the analysis. 
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If it is assumed that delignification did occur during the aqueous ammonia 

treatment and the material was made more readily digestible, this raises the question of 

why a higher rate of biodegradation was not achieved.  The stage of composting, as 

mentioned above, may be part of the reason.  Another reason may be the effect aqueous 

ammonia has on the ability of microbes to decompose the substrate.  The interaction of 

ammonia with the extracellular enzymes produced by microorganisms, specifically 

decomposers such as ligninolytic fungi, needs to be examined in the composting 

environment.  It is possible that the ammonia destroys these enzymes, since it is highly 

alkaline, and may inhibit metabolic digestion.  Interestingly, Muller et al. (2005) have 

found Corynebacterium glutamicum, Escherichia coli, and Bacillus subtilis to be highly 

resistant to high ammonium concentrations.  To what extent, if at all, aqueous ammonia 

kills or inhibits the microbes themselves present in SSO is also unknown.  Perhaps 

residual ammonia inhibited colonization of the SSO material and diminished dry mass 

losses.  In this case, recycling the ammonia during the composting process may only be 

beneficial when done for a short portion of the total composting time.  It may also be 

beneficial to rinse the excess ammonia out of the material with water after the desired 

level of delignification is achieved. 

As discussed in previous chapters, the leachate from ammonia-treated SSO 

material is likely a source of plant nutrients and sulfur-free lignin, and may be of 

commercial interest.  As well as resulting in a greater initial mass loss, the ammonia 

treatment of the substrate produces a leachate that appears richer than the leachate from 

the water-treated material (Figure 5.1), which supports the conclusion the composition of 
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the leachates differ.  Some efforts have been made to characterize the leachate from 

ammonia-treated substrates.  Leachate from switchgrass treated with ammonia for biofuel 

production was shown to contain sugars in the form of oligomers and lignin-carbohydrate 

complexes and the degradation of the glucan and xylan sugars was negligible (Gupta and 

Lee 2010).  Further study is needed to determine the composition of leachate from SSO 

material and to what extent this resource can be recovered and utilized from municipal 

compost.   

In conclusion, the litterbag method is a valuable technique to quantify parameters 

during industrial-scale composting.  Additionally, pretreatment of SSO material with 

aqueous ammonia may be of interest for centralized composting facilities to increase dry 

mass loss.  Further research should be undertaken on the application of aqueous ammonia 

treatment on a larger scale, i.e. treating the entire in-vessel batch or windrow.  The 

collection and recycling of leachate should be included in these studies.  Also, the 

composition of the leachate should be analyzed to determine if it is a valuable source of 

plant fertilizer similar to “compost tea” and/or sulfur-free lignins.  If it is determined that 

there is commercial value after a cost-benefit analysis, the production of such value-

added products could generate revenue to mitigate the operating costs of industrial 

composting, while improving the efficiency and efficacy of the process.   
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Figure 5.1 Leachate from samples of source-separated organic waste treated with water (a) 

and leachate from samples treated with 10% aqueous ammonia (b). 

a 

b 
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APPENDIX 

Table A.1. Mean percent dry mass loss (± standard deviation) of SSO material after dry, 

water, aqueous ammonia (NH4OH), or sodium hydroxide (NaOH) treatment and 

subsequent incubation (n=24).  Letters indicate significant differences (P<0.05) with Least 

Square means within each week only (n=24).  Sodium hydroxide data was excluded from 

study as discussed in Chapter 2.  Note the negative values for sodium hydroxide indicate a 

gain of dry mass. 

Treatment 
Mean percent dry mass loss (± standard deviation) 

0 week 6 week 12 week 

Dry 0.2 ± 0.5
a
 24.7 ± 1.9

a
 28.6 ± 1.9

a
 

Water 9.9 ± 0.9
b
 26.5 ± 1.9

b
 33.4 ± 2.6

b
 

2% NH4OH 11.5 ± 1.0
c
 29.9 ± 1.4

c
 36.9 ± 1.7

c
 

10% NH4OH 12.7 ± 0.9
d
 31.3 ± 1.5

d
 36.6 ± 2.5

c
 

1.17 M NaOH
1
 0.2 ± 5.8 6.0 ± 4.3 13.6 ± 5.4 

5.62 M NaOH
2
 -51.4 ± 6.6 -31.4 ± 11.7 -19.7 ± 19.4 

Starting dry mass = 5.0 g 

1
 Equivalent molarity to 2% aqueous ammonia 

2
 Equivalent molarity to 10% aqueous ammonia 
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Table A.2. Ash content, expressed as mean percent ash dry mass (± standard deviation), of 

SSO material composted in the laboratory after dry, water, or aqueous ammonia (NH4OH) 

treatment and subsequent incubation (n=24). Letters indicate significant differences 

(P<0.05) with Least Square means within each week only (n=24).  Sodium hydroxide data 

was excluded from study as discussed in Chapter 2.   

Treatment 
Mean percent ash dry mass (± standard deviation) 

0 week 6 week 12 week 

Dry 21.8 ± 3.3
a
 29.3 ± 3.6

a
 35.1 ± 2.1

a1
 

Water 23.3 ± 4.8
a
 32.2 ± 4.0

b
 32.0 ± 2.6

bc
 

2% NH4OH 22.2 ± 2.7
a
 28.5 ± 2.5

a2
 34.2 ± 2.9

a
 

10% NH4OH 19.9 ± 1.9
b
 28.0 ± 2.8

a
 33.6 ± 3.3

ac3
 

1.17 M NaOH
4
 40.1 ± 3.5

2
 43.1 ± 5.5 44.3 ± 6.2 

5.62 M NaOH
5
 66.1 ± 2.6 56.9 ± 2.2

2
 55.5 ± 3.3 

Ash percent of starting SSO = 22.1% 

1
 n=22 

2
 n=23 

3
 n=18 

4
 Equivalent molarity to 2% aqueous ammonia 

5
 Equivalent molarity to 10% aqueous ammonia 


