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Executive Summary 

In modern agriculture, composting is crucial for managing different agricultural wastes, including 

livestock manure. However, ammonia emissions during manure composting pose significant challenges, 

such as odors, air pollution, human-health risks, and nitrogen loss. While various mitigation strategies have 

been developed, including physical, chemical, and biological methods, they often face limitations, 

particularly under high ammonia concentrations. Biochar, a by-product of biomass pyrolysis, has emerged 

as a promising solution due to its large surface area, high adsorption capacity, and ability to influence 

microbial activity, which can help reduce ammonia emissions. However, its full potential in enhancing 

existing ammonia removal techniques remains underexplored. Hence, this study investigates how biochar 

can improve the performance of two representative ammonia mitigation methods—additives during 

composting and biofilters—towards achieving zero ammonia emissions during composting. 

Biochar application during composting (co-composting) is valued for biochar’s large pore volume, 

oxygen-containing functional groups (OFGs), and nutrient content, which enhance NH3 adsorption and 

nitrification. However, the effectiveness of biochar depends on its production conditions, such as type of 

feedstock used and pyrolysis temperature. To maximize its performance, we investigated how biochar 

properties affect ammonia reduction during composting. Biochars were produced from dairy manure and 

Japanese larch at 300 and 800°C. The composting experiments were conducted by mixing biochar (12 g) 

with dairy manure (300 g). Biochars produced at 300°C were more effective in reducing ammonia emission 

during composting than those made at 800°C. This was attributed to their higher content of OFGs, cation 

exchange capacity, ash content, and lower pH, which enhance ammonia adsorption and nitrification. 

However, despite the effectiveness of biochar, some ammonia emissions remain unavoidable during 

composting, indicating that biochar addition may not be sufficient to achieve zero ammonia emissions 

during composting. 

Compost biofilters offer a promising solution for complete ammonia removal by combining 

adsorption with biological processes. However, during manure composting, high ammonia concentrations 

can inhibit microbial activity within biofilters, reducing their efficiency. Maintaining microbial activity is 

essential for continuous ammonia removal. To address this challenge, we added biochar to the compost 
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biofilters (co-biofiltration). We hypothesized biochar’s high adsorption capacity and large surface area can 

help capture ammonia directly, reducing its toxicity to microbes. We explored the effect of co-biofiltration 

using dairy manure biochar (produced at 300°C) at different ratios (0 to 50%) under ammonia 

concentrations of 1000 and 2000 ppm. All biochar-mixed biofilters showed improved ammonia removal at 

both concentrations, with the 25% biochar-mixed biofilter achieving the highest performance. Ammonia 

removal in biofilters occurred through NH3 adsorption, chemical precipitation, nitrification, and 

denitrification, all enhanced by biochar at 1000 ppm. However, at 2000 ppm, microbial activity was still 

inhibited even with biochar due to rapid ammonia accumulation. These findings suggest that compost 

biofilters can achieve continuous and complete ammonia removal at lower ammonia concentrations, which 

can be further enhanced by mixing biochar. Therefore, to ensure continuous complete removal of ammonia, 

it is crucial to reduce ammonia concentrations during composting. In this context, the integration of co-

composting and co-biofiltration may offer a promising approach in achieving zero ammonia emissions. 

The next phase of the study investigated the synergistic effect of co-composting and co-

biofiltration on ammonia removal during composting. Both biofilters (with or without biochar) achieved 

complete ammonia removal by reducing ammonia emissions during composting through co-composting. 

Co-biofiltration, in particular, enhanced the long-term reuse potential by improving nitrification during co-

composting. 

Overall, the findings of this study demonstrate that zero ammonia emissions can be achieved 

during manure composting, with biochar playing a pivotal role through the combined processes of co-

composting and co-biofiltration.  
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Chapter 1 General Introduction  
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1.1. Background 

1.1.1. Challenges for achieving sustainable food security 

Due to improved living standards and medical technology, the global population continues to surge, 

with an estimated 10 billion people by 2050 (UN, 2024). At the same time, livestock production has 

increased greatly to meet the demand for animal products. These products provide essential nutrients such 

as protein, vitamins, and minerals, contributing to achieving food security. However, as livestock 

production expands, substantial quantities of crops are required for animal feed. To meet this demand, 

significant amounts of chemical fertilizers are typically employed in the modern agricultural field. 

Chemical fertilizers provide readily available nutrients for plant growth, including nitrogen, phosphorus, 

and potassium. The rapid nutrient release and simple application of chemical fertilizers enable rapid 

increases in crop yields, thereby ensuring a steady feed supply (Feinerman and Komen, 2005). However, 

crops often cannot uptake all the nutrients from fertilizers due to fast release, leading to multiple 

applications of fertilizer to provide sufficient nutrients for crop growth. These excessive applications cause 

serious environmental problems including eutrophication, GHG emissions, and ecological balance 

destruction (Snyder et al., 2009). Therefore, it is necessary to minimize the reliance on chemical fertilizers 

while meeting the growing demand for food production. 

The increase in livestock production inevitably leads to significant manure generation. In fact, manure 

is rich in essential plant nutrients comparable to those in chemical fertilizer (Sharma et al., 2019), thus being 

considered an effective and sustainable alternative to chemical fertilizer. However, its direct use is often 

limited due to its high moisture content, odor nuisance, and pathogen risk (Moore et al., 2006). Thus, proper 

management is needed to address these problems and to make manure a useful, sustainable fertilizing option. 

In summary, we face the challenge of reducing reliance on chemical fertilizers and properly managing 

manure to achieve sustainable food security. 

1.1.2. Composting for sustainable food security and waste management 

Composting can effectively address the above issues. Composting is a natural process of recycling 

organic waste including manure into a valuable organic fertilizer called compost. In modern agriculture, 

composting has become a crucial component of sustainable agriculture. Most farmers manage manure 
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through composting in Japan, which accounts for 72% of total manure treatment processing (MAFF, 2021) 

since it can be started with very little capital and operating costs and is easy to implement (Bougnom et al., 

2014). During composting, the microbes convert the organic nutrients into plant-available form (ex., 

nitrogen in proteins into ammonium and nitrate), enhancing the quality as a fertilizer (Bernal et al., 2009). 

The microbial activity generates heat during composting that stabilizes the final compost by reducing the 

number of pathogens, and weed seed viability (Boulter et al., 2002; Eghball and Lesoing, 2000). 

Furthermore, unpleasant odors and moisture content are also reduced through composting, making the 

compost easier to store and transport. Thus, composting represents a sustainable and cost-effective solution 

for both food production and waste management in the agricultural sector. 

1.1.3. Ammonia emissions during composting  

However, despite the many merits of composting, a significant challenge must be addressed to expand 

its implementation and maximize its benefits. During composting, Ammonia is generated as a result of 

microbial decomposition of organic nitrogen present in manure (Bernal et al., 2009). Ammonia is readily 

volatilized under composting conditions such as high temperature and pH, leading to considerable ammonia 

emissions into the atmosphere. These emitted ammonia gases can contribute to air pollution, forming fine 

particulate matter that may pose health risks to humans and animals (Cheng et al., 2019; Wyer et al., 2022). 

The strong odor generated by ammonia can also be a significant nuisance, negatively impacting the quality 

of life for nearby residents (Kelsey and Vaserstein, 2000). Furthermore, the loss of nitrogen in the form of 

ammonia reduces the nutrient content of the compost, reducing its value as a fertilizer. Hence, ammonia 

emissions must be reduced to the greatest extent possible to maximize the environmental benefits of 

composting while ensuring its continued role in sustainable agriculture. 
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1.2. Literature review 

There are various methods to mitigate ammonia emissions during composting. These methods can be 

categorized into internal and external types (Fig. 1.1). The former focuses on optimizing the internal 

environment of the composting process to minimize ammonia generation. This includes the addition of 

physicochemical additives and microbial inoculation. On the other hand, the latter aims to prevent the 

release of ammonia into the atmosphere from outside the composting pile after it has been generated. This 

primarily includes physical, chemical, and biological processes. Here, a brief description of each technique 

is described below. 

1.2.1. Techniques to remove ammonia emissions during composting. 

1.2.1.1. Internal methods 

- Physicochemical additives 

Lignocellulosic biomass such as sawdust, wood chips, and straw with rich carbon sources and low 

moisture content is the most commonly used additive known as a bulking agent. Application of these 

materials can optimize the operating parameters including C/N ratio, pH, and moisture content, reducing 

ammonia generation during composting (Ren et al., 2022). 

Adding adsorbents including biochar, zeolite, and bentonite can effectively reduce ammonia emissions 

during composting (J. Chen et al., 2023). These materials have high ammonium adsorption capacity due to 

their large porous structure and high ion exchange capacity, which can hold the ammonia on their surface 

and inhibit ammonia volatilization (Shan et al., 2021). 

These additives can be easily mixed into the compost material without extensively modifying existing 

composting systems. This simplicity and cost-effectiveness make them frequently utilized by most livestock 

farms. However, high dosages of materials can incur costs, increasing the overall cost of the composting 

process. In addition, some additives might introduce unwanted minerals or heavy metals into the compost, 

potentially leading to toxicity issues for plants or soil. 

- Chemical additives 
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Ammonia readily volatilizes under high pH conditions, like those in manure. Therefore, reducing pH 

with acidic additives such as acetic acid, citric acid, and phosphoric acid can effectively suppress ammonia 

volatilization (Hussain et al., 2023; Pan et al., 2018). Additionally, lowering pH can enhance the conversion 

of ammonium into a less volatile form, such as nitrate, through nitrification (Hussain et al., 2023). However, 

some acids, such as sulfuric acid, can negatively impact microbial activity and compost maturity (R. Li et 

al., 2020) Furthermore, acids can be corrosive to composting equipment and infrastructure, leading to 

maintenance and replacement expenses. 

Metal salts, including calcium, magnesium, and phosphate salts, are utilized to reduce ammonia 

emissions during composting. Magnesium and calcium, combined with phosphorus salts, can chemically 

react with ammonium ions (NH4
+) in equimolar ratios to form crystalline compounds such as struvite 

(MgNH4PO4) and calcium ammonium phosphate (CaNH4PO4) (Witter and Kirchmann, 1989). This reaction 

can conserve more NH4
+‒N within the composting pile, minimizing ammonia volatilization. However, 

these salts can increase the salinity of the final compost product, potentially affecting the degradation of 

organic matter and limiting the application of the compost (Gondek et al., 2020). 

- Microbial inoculation 

Ammonia emissions during composting can be mitigated by directly introducing microorganisms to 

manure. This microbial inoculation typically involves either a single type of nitrifying microorganism or a 

complex microbial agent (J. Chen et al., 2023). These microbes help reduce ammonia production by altering 

enzyme activities, such as urease and protease, or by promoting nitrification or ammonia assimilation 

during composting (Tian et al., 2024, 2023; Zhao et al., 2020). However, ensuring consistent performance 

can be challenging because microbial growth and activity are highly influenced by environmental factors 

such as microbial composition, pH, moisture content, temperature. Additionally, the cost and complexity 

of developing and applying these microbial agents may pose practical challenges for large-scale composting 

operations (M. H. M. Zainudin et al., 2022). 

1.2.1.2. External methods 

- Physical method 
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The ammonia gas generated from compost material can be effectively removed through adsorption. 

Activated carbon is commonly used for this purpose, as it can adsorb odor compounds including ammonia 

when the odorous air stream passes through them (Tsutomu et al., 2004). This method offers advantages 

such as simple operation and low equipment costs. However, activated carbon has a low adsorption 

performance for basic gases like ammonia. As a result, it requires frequent replacement, leading to higher 

operating costs compared to chemical and biological methods (Miller et al., 2018). 

- Chemical 

Acid scrubbing presents a viable method for ammonia removal during composting. While ammonia is 

generally soluble in water, scrubbing with water alone is inefficient for handling large quantities. Therefore, 

acids, typically sulfuric acid, are often added to enhance the ammonia solubility by controlling a pH below 

4 (F. Estellés et al., 2011). Catalytic oxidation of ammonia into nitrogen using catalysts such as copper, 

silver, and gold is another option for removing highly concentrated ammonia in industrial contexts (Lippits 

et al., 2008). 

Nevertheless, these methods ensure sufficient ammonia removal (R. W. Melse and N. W. M. Ogink, 

2005), but necessitate costly materials (acids and catalysts) and specialized infrastructure, leading to 

escalated expenses (Estrada et al., 2011).    
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- Biological 

Biological methods offer eco-friendly solutions for ammonia removal through biological oxidation, 

primarily achieved via nitrification. Among the most prevalent biological techniques are biofilters and 

biotrickling filters (J. Chen et al., 2023). Biofilters utilize microorganisms attached to filter media like 

compost, sludge, peat, or bark to adsorb and break down pollutants, which can later be used as a fertilizer. 

In contrast, biotrickling filters employ inert media with a continuous trickle of nutrient solution, allowing 

for precise control of operational parameters. These methods typically incur lower operating costs than 

physical and chemical methods (Miller et al., 2018). However, like physical methods, frequent media 

replacement can increase overall operating costs. 

1.2.1.3. Limitations of Conventional Ammonia Mitigation Methods under High Concentrations  

While various technologies can effectively mitigate ammonia emissions under optimal conditions, their 

efficiency often diminishes in high-ammonia environments, such as those encountered during manure 

composting. Physical and chemical methods, such as scrubbing systems, acidification, and adsorbents, are 

effective but require frequent replenishment of materials and may produce harmful by-products (Mugwili 

et al., 2023). Biological methods, including biofilters, biotrickling filters, and microbial consortia, are 

considered more environmentally friendly, but their performance tends to decline under high ammonia 

concentrations due to the inhibitory effects on microbial activity (Pagans et al., 2005; Riis, 2007). 

With the continued expansion of intensive livestock production, addressing the environmental and 

health impacts of ammonia emissions has become a critical concern. In response, stricter global regulations 

on ammonia and odor emissions are driving the need for more robust and adaptable mitigation strategies. 

To keep pace with these developments, it is essential to improve the effectiveness of current methods, 

particularly under high ammonia conditions, to support sustainable and efficient composting practices.  
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Fig. 1.1. Methods of ammonia removal from the composting process 

1.2.2. Biochar application: a solution for improving the limitations of conventional methods 

Biochar, a carbon-rich material derived from the thermochemical processing of organic biomass, offers 

a transformative approach to managing organic waste. Produced from agricultural residues, forestry by-

products, and other organic materials, biochar not only reduces waste but also converts it into a valuable 

resource. This aligns with circular economy principles by promoting sustainable resource use and 

minimizing environmental impact. The high-temperature process used to create biochar decomposes 

organic components and forms a highly porous structure (Leng et al., 2021). This unique structure gives 

biochar exceptional adsorption capabilities, making it a powerful tool for soil remediation by trapping 

pollutants such as ammonia (Sha et al., 2019). Moreover, biochar’s ability to support the growth of 

beneficial microorganisms enhances soil health and accelerates restoration processes (Ji et al., 2022). 
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Given these properties, biochar presents a promising solution to the limitations of conventional 

ammonia removal methods. Its porous structure and acidic functionality enable the effective adsorption of 

ammonia, reducing its release into the environment (Godlewska et al., 2017). Moreover, the high adsorption 

capacity of biochar mitigates ammonia toxicity to microbes by limiting ammonia availability (Cai et al., 

2022). Beyond its physical properties, biochar supports microbial activity by serving as a habitat for 

beneficial microorganisms. This facilitates the microbial conversion of ammonia into less harmful 

compounds through processes like nitrification and denitrification (Q. Liu et al., 2024). These features allow 

microbial communities to thrive even under high ammonia concentrations. 

By addressing these challenges in an environmentally friendly and efficient manner, biochar holds the 

potential to achieve zero ammonia emissions during composting while promoting sustainability. 

1.3. Aims and Objectives 

This study aims to explore the potential role of biochar application as a sustainable solution to achieve 

zero ammonia emissions during composting by addressing the limitations of conventional ammonia 

mitigation methods. Accordingly, the objectives of this study are to: 

1. Investigate the effect of biochar addition on the ammonia removal performance of representative 

ammonia mitigation methods (adsorbent and biofiltration) and identify the mechanisms. 

2. Determine the appropriate production conditions including pyrolysis temperature and feedstock or 

mixing ratio to optimize the effect of biochar on the ammonia removal performance of each method. 

3. Investigate the most effective strategies for utilizing biochar to achieve sustainable, zero ammonia 

emission composting. 

1.4. Structure of the Thesis 

Chapter 1: This chapter gives the background of the study, a literature review of overall conventional and 

improved methods to remove ammonia emissions during composting, the research aims and objectives, and 

the structure of the thesis. 
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Chapter 2: This chapter will present the experimental study that evaluates the effect of biochars produced 

from two types of feedstocks (dairy manure and Japanese larch) at low (300 °C) and high (800 °C) 

temperatures on NH3 emissions during manure composting, and identify the mechanisms for reducing NH3 

emissions, depending on the different properties of biochars. 

Chapter 3: In this chapter, we will investigate the impact of mixing biochar with compost biofilter on the 

NH3 removal performance, identify the mechanisms of biochar mixed compost for improving removal 

performance, and understand the optimal mixing ratio of biochar with compost biofilter to achieve 

sustainable ammonia removal. 

Chapter 4: The focus of this chapter is to compare the effect of co-composting, co-biofiltration and their 

combined system on removing ammonia emissions during the real composting process. It will provide 

valuable insights into the most effective ways to utilize biochar for zero ammonia emissions. 

Chapter 5: In this last chapter, we will summarize key findings, explores strategies to enhance biochar’s 

effectiveness in ammonia removal and its broader applications, and provides recommendations for future 

research.  



11 
 

Chapter 2 Low-temperature biochars are more effective in reducing 

ammonia emissions through various mechanisms during manure 

composting 
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2.1. Introduction 

Among existing ammonia mitigation methods, the use of adsorbents is relatively easy to implement 

and cost-effective, making it a popular choice for most livestock farms. In recent years, significant attention 

has been given to the use of biochar as an adsorbent to reduce ammonia emissions during composting. 

Biochar improves the composting process and the quality of compost by enhancing aeration and moisture 

retention, accelerating decomposition, increasing nutrient content and reducing ammonia emissions during 

composting (Qian et al., 2023; Ravindran et al., 2022; Shan et al., 2021). The advantageous effects of 

biochar are attributed to its unique physicochemical properties, such as high specific surface area (SSA), 

high pore volume, abundant oxygen-containing functional groups (OFGs), and high nutrient content 

(Sanchez-Monedero et al., 2018). Due to these properties, biochar can adsorb NH3/NH4
+ and promote 

nitrification, effectively reducing ammonia emissions during composting (Chowdhury et al., 2014; 

Sanchez-Monedero et al., 2018; Steiner et al., 2010). However, the properties of biochar are highly 

dependent on its production conditions, especially the pyrolysis temperature and feedstock (Tomczyk et al., 

2020). The variation in biochar properties can affect its NH3/NH4
+ adsorption capacity and microbial 

growth, which, in turn, will affect ammonia mitigation by biochar (Mandal et al., 2018). Furthermore, 

biochar can stimulate ammonia emissions depending on its properties (Feng et al., 2022). Therefore, 

understanding the impact of the properties of biochar in reducing ammonia emissions during composting 

is crucial for mitigating ammonia effectively and determining optimal biochar production conditions, but 

few studies to date have investigated the influence of biochar produced under different conditions on 

ammonia emissions during composting. 

2.2. Material and Methods 

2.2.1. Material 

Four types of biochars (two feedstocks and two pyrolysis temperatures) were used as composting 

additives (Fig. 2.1). Japanese larch (Larix kaempferi Sarg.) and dairy manure were collected in Hokkaido, 

Japan, and from the experimental farm at Hokkaido University, Sapporo, Japan, respectively. The 

feedstocks were dried at 105 °C for 24 h and milled to less than 2-mm particles. Each feedstock was then 

packed in a crucible, sealed with a lid, and pyrolyzed in a muffle furnace (FO810; Yamato Scientific, Tokyo, 
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Japan) at 300 °C and 800 °C for 1 h at a heating rate of 10 °C min−1. The prepared dairy manure (treated at 

300 °C or 800 °C) and Japanese larch (treated at 300 °C or 800 °C) biochars were labeled DB300, DB800, 

JB300, and JB800, respectively. 

The collected dairy manure was also used as a composting material. The moisture content of fresh 

dairy manure was adjusted to around 60% on a wet basis (wb) by air drying at room temperature to aid the 

composting process, then packed in a plastic bag and kept in a freezer at −21 °C for storage. Prior to each 

treatment, the manure was thawed at room temperature overnight. 

This study investigated five composting treatments: dairy manure alone as a control (CK), dairy 

manure with DB300 (CDB300), dairy manure with DB800 (CDB800), dairy manure with JB300 (CJB300), 

and dairy manure with JB800 (CJB800). About 300 g of wet dairy manure (60% wb) and 12 g of dry biochar, 

corresponding to a mass ratio of biochar to dairy manure of 1:10 on a dry basis, were mixed and subjected 

to composting treatment (Fig. 2.2). Each treatment was conducted in duplicate. 

 

Fig. 2.1. Materials for the biochar preparation. (a) dairy manure, (b) japanese larch, and (c) biochar 

Fig. 2.2. Materials for composting. (a) dairy manure alone and (b) dairy manure with biochar 

  

a b c 

b a 
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2.2.2. Composting system 

A schematic diagram of the laboratory-scale composting system is shown in Fig. 2.3 (Saludes et al., 

2007). Each material was composted using a 0.5-L composting reactor with a lid and placed in an insulated 

chamber. Platinum resistance thermometers monitored the sample and chamber temperatures, and the 

chamber temperature was controlled by a microcomputer at 0.3 °C lower than the sample temperature, 

allowing full-scale composting to be reproduced in the laboratory. The airflow rate was maintained at 0.5 

L min−1 kg−1 on a dry and ash-free basis by an air compressor and airflow meter. Composting was conducted 

for 19 days, and distilled water was added to the composting material to readjust the moisture content to 

about 60% on day 9 as a turning process. The emitted ammonia during the composting process was 

evaluated by determining the ammonium concentration in a water trap and 4% boric acid solution (H3BO3). 

 

Fig. 2.3. Schematic diagram of composting system. A: air compressor; B: air receiver tank; C: air flowmeter; 

D: microcomputer; E: chamber temperature; F: sample temperature; G: sample; H: fan; I: heater; J: reactor; 

K: insulation chamber; L: water trap; M: boric acid solution for ammonia trap; N: silica gel; O: oxygen 

sensor.   
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2.2.3. Analysis 

2.2.3.1. Physicochemical properties 

The pH values of the generated biochar and compost in suspension were measured using a pH meter 

(HI9912N; HANNA, Chiba, Japan). The suspensions were made by adding the samples to distilled water 

in a ratio of 1:5 for biochar and 1:10 (w/v) for compost, then shaking for 30 min at 120 rpm. The cation 

exchange capacity (CEC) of each biochar was measured using the ammonium acetate (NH4OAc) extraction 

method (W. Song & Guo, 2012). The moisture content of each compost was determined by drying the 

sample at 105 °C for 24 h. The ash content of each biochar and compost was measured by heating the dry 

samples in a muffle furnace at 600 °C for 3 h, then calculating the amount of ash based on the residual mass. 

Total C, H and N of biochar and compost were determined using a CE440 Elemental Analyzer (Exeter 

Analytical, Chelmsford, MA, USA). The O content of biochar was determined by mass balance (O% = 100 

– C% – H% – N% – ash%). Total P, K, Ca and S in the samples were analyzed by digesting with an HNO3 

and H2O2 system, then conducting ICP-MS (ELAN DRC-e; Perkin Elmer, Waltham, MA, USA). For NH4
+–

N and NO3
––N determination, compost samples were extracted with 2 M KCl solution (Keeney and 

Nelson., 1982), the NH4
+ and NO3

– in the extracts were steam-distilled with magnesium oxide (MgO) and 

Devarda’s alloy, and the concentrations of NH4
+–N and NO3

––N in the distillates were determined using an 

Agilent 7100 CE system (Agilent Technologies, Inc., Santa Clara, CA, USA). The ammonia concentration 

in the water trap and boric acid solution were determined by back titration with 0.05 M or 0.005 M sulfuric 

acid. 

2.2.3.2. Specific surface area 

The specific surface area of the biochar was determined by the Brunauer–Emmett–Teller (BET) 

method. The N2 adsorption isotherm of each sample at −196 °C was obtained using a surface area and pore 

size analyzer (Belsorp Mini II; MicrotracBEL, Osaka, Japan). The samples were degassed at 150 °C for 2 

h before analysis to remove residual moisture using a Belprep Vac II (MicrotracBEL). 

2.2.3.3. FTIR 

Fourier transform infrared spectroscopy (FTIR) was used to determine the surface functional groups 

of biochar. Each biochar sample was passed through a 0.5-mm mesh sieve for analysis. Spectra from 128 
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scans were recorded by a JASCO FT/IR-6100 spectrometer with an attenuated total reflectance (ATR) 

accessory (ATR PRO450-S; Jasco International Co. Ltd., Tokyo, Japan) in the wavenumber range of 4000–

550 cm−1 with a 4 cm−1 resolution. The ATR crystal and pressure tip were cleaned with isopropanol before 

each measurement. A background scan was subtracted from the sample scans to eliminate the effects of 

room conditions. 

2.2.3.4. Phytotoxicity test 

The phytotoxicity of each compost was assessed by the germination index (GI) (Kebibeche et al., 2019) 

using cress (Lepidium sativum). Aqueous extracts were prepared by suspending solid samples in distilled 

water at 1:10 (w/v), shaking for 1 h, then filtered through 0.45 µm membrane filters. Ten seeds and 9 mL 

of extract (or distilled water for control) were added to Petri dishes containing a filter paper and incubated 

in the dark at 25 °C. After 3 days, the number of germinated seeds and the radicle lengths were measured. 

Seeds with root lengths longer than 5 mm were considered germinated. GI was calculated as follows: 

GI (%)=
SG

SG0

×
RL

RL0

×100 

where SG and SG0 are the number of germinated seeds in extract and distilled water, and RL and RL0 are 

the mean radicle lengths in extract and distilled water, respectively. 

2.2.3.5. Statistical analysis 

One-way analysis of variance (ANOVA) was performed to assess differences among the treatments. 

Two-way ANOVA was used to evaluate the effect of production conditions (feedstocks and pyrolysis 

temperature) of biochars on reducing NH3 emission and total nitrogen loss during composting. Where 

significant differences were observed, the Tukey HSD test was conducted at a 5% level (α < 0.05). All 

statistical analysis was performed using RStudio v. 1.4.1106 (RStudio team, 2021). 
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2.3. Results 

2.3.1. Physicochemical properties of biochars 

The physicochemical properties of biochars produced using different feedstocks and temperatures are 

presented in Table 2.1. The pH values of biochars derived from dairy manure were about 1.9 units higher 

than those of Japanese larch biochars generated using the same pyrolysis temperature. Dairy manure 

biochars had higher N, P, K, S and ash content compared to Japanese larch biochars, whereas Japanese larch 

biochars had higher C, H and O content and C/N ratios than dairy manure biochars. Low-temperature 

biochars showed higher CEC values than high-temperature biochars, with dairy manure biochar produced 

at 300 °C showing the highest value. The SSA of dairy manure and Japanese larch biochars significantly 

increased with increasing pyrolysis temperature. 

Table. 2.1. The physicochemical properties of biochars 

 

  

 

 

 

 

 

FTIR-ATR spectra of biochars produced using different conditions are shown in Fig. 2.4. The 

absorbance peaks between 2935 and 2885 cm−1 represent the asymmetric and symmetric C-H stretching of 

aliphatic functional groups (Cantrell et al., 2012; Domingues et al., 2017). The peaks at 1700 and 1600 

cm−1 were assigned to C=O stretching for carboxyl groups and aromatic C=C bonds, respectively (Cole et 

al., 2019; X. Liu & He, 2017). The peak at 1430 cm−1 was due to the in-plane bending of carbonyl (-COH) 

groups (Yuan et al., 2011). The peak at 1270 cm−1 was attributed to phenolic -OH stretching (Domingues 

et al., 2017). Given the higher ash content of DB300 compared to JB300 (Table 2.1), the broad peak at 1048 

Parameters DB300 DB800 JB300 JB800 

pH (H
2
O) 9.45 11.38 6.66 8.52 

C (%) 51.7 46.7 65.14 90.57 

H (%) 3.56 0.34 4.34 0.57 

N (%) 2.61 1.98 0.08 0.09 

O (%) 16.98 3.38 30.42 8.52 

P (%) 0.8 1.11 0.01 0.01 

K (%) 2.61 4.12 0.03 0.13 

S (%) 0.3 0.16 0.06 0.09 

Ash (%) 25.15 47.6 0.02 0.25 

C/N ratio 19.81 23.59 814.25 1006.33 

CEC (cmol
+
 kg

-1
) 73.8 38.7 40.3 31.7 

SSA (m
2
 g

-1
) 3.30 174.55 2.38 658 
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cm−1 could be attributed to the S=O bond of sulfoxide (Huang et al., 2019). In JB300, the peak at 1030 cm−1 

was assigned to the symmetric C-O stretching of cellulose, hemicellulose, and lignin (Cantrell et al., 2012; 

Domingues et al., 2017). 

Fig. 2.4. FTIR spectra of different biochars 
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2.3.2. Composting process 

2.3.2.1. Temperature 

All treatments resulted in a sharp increase in temperature and the maximum temperature was reached 

within 2 days (Fig. 2.5), then the temperature gradually decreased and stabilized. After the turning process 

on day 9, the temperatures of all samples increased to over 70 °C within 4 days and then decreased and 

became constant. 

Fig. 2.5. Temperature changes of composting materials during composting 

2.3.2.2. Properties of the composting materials 

The properties of the composting materials before and after composting are presented in Table 2.2. The 

initial moisture content of all materials was 58.40–60.19% and increased to 58.58–61.54% after composting. 

All composting materials initially were alkaline. The initial pH values of Japanese larch biochar-amended 

materials were significantly lower than those of the control (p < 0.05). Subsequently, the pH of all 

treatments decreased after composting. The initial C content was higher in biochar-amended materials than 

in the control and decreased after composting for all composting materials, from 40.12–46.78% to 38.15–

45.66%. In contrast, the initial total nitrogen (TN) content was lower in biochar-amended materials and 

increased after composting for all composting materials, from 1.91–2.22% to 2.34–2.76%. Biochar addition 

increased the initial C/N ratio of the composting material. However, there was no significant difference 

between the composting materials and the control (p > 0.05). As the composting process advanced, the C/N 
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ratio decreased to a range of 14.73–19.15 for all composting mixtures. The ash content increased for all 

composting materials from 11.33–16.67% to 14.00–21.33% after composting. 

Table. 2.2. The properties of composting materials before and after composting. Results represent the 

mean of two replicates and error bars indicate the standard deviation. Different letters indicate significant 

differences according to the Tukey test (p < 0.05) 

Treatment 

Moisture content 

(%) 
pH C/N C (%) N (%) Ash (%) 

Before After Before After Before After Before After Before After Before After 

CK 
60.19 ± 

1.46a 

61.54 ± 

0.63a 

10.04 ± 

0.05a 

8.76 ± 

0.04bc 

18.19 ± 

2.72a 

14.82 ± 

1.08a 

40.12 ± 

0.21a 

38.15 ± 

1.38b 

2.22 ± 

0.21a 

2.58 ± 

0.09a 

12.33 ± 

0.67a 

15.83 ± 

0.17bc 

CDB300 
58.60 ± 

1.75a 

59.84 ± 

1.65a 

9.99 ± 

0.02ab 

8.85 ± 

0.00b 

20.02 ± 

0.46a 

14.73 ± 

0.98a 

42.97 ± 

0.05a 

40.50 ± 

1.70ab 

2.15 ± 

0.05a 

2.76 ± 

0.07a 

12.67 ± 

1.00a 

17.24 ± 

0.43b 

CDB800 
58.42 ± 

0.00a 

59.71 ± 

0.42a 

10.01 ± 

0.01a 

9.35 ± 

0.04a 

19.58 ± 

1.08a 

15.54 ± 

0.09a 

43.07 ± 

3.71a 

40.45 ± 

1.23ab 

2.20 ± 

0.07a 

2.34 ± 

0.12a 

16.67 ± 

0.01a 

21.33 ± 

0.01a 

CJB300 
58.40 ± 

0.44a 

58.58 ± 

0.70a 

9.88 ± 

0.04b 

8.54 ± 

0.14c 

22.94 ± 

0.03a 

18.12 ± 

1.63a 

43.85 ± 

0.10a 

42.32 ± 

1.55ab 

1.91 ± 

0.01a 

2.60 ± 

0.09a 

11.33 ± 

0.33a 

14.00 ± 

0.00c 

CJB800 
58.88 ± 

0.58a 

60.32 ± 

0.76a 

9.87 ± 

0.01b 

8.94 ± 

0.08b 

24.08 ± 

6.53a 

19.15 ± 

2.62a 

46.78 ± 

6.61a 

45.66 ± 

2.04a 

1.98 ± 

0.26a 

2.40 ± 

0.22a 

11.71 ± 

0.40a 

15.67 ± 

1.00bc 



21 
 

2.3.3. Nitrogen dynamics 

2.3.3.1. Ammonia emissions 

The highest NH3 emissions were found on day 2 and gradually decreased for all composting materials 

(Fig. 2.6a). As shown in Fig. 2.6b, the cumulative NH3 emissions during composting in CK, CDB300, 

CDB800, CJB300 and CJB800 were 18.55, 10.73, 15.32, 11.19 and 14.74% initial TN, respectively. 

Biochar addition significantly reduced NH3 emissi ons during composting (p < 0.05), and low-

temperature biochar-amended materials showed lower cumulative NH3 emissions rates than high-

temperature biochar-amended materials. 

Fig. 2.6. (a) Daily and (b) cumulative %N emissions as NH3 during composting. The results represent the 

mean of two replicates and error bars indicate the standard deviation. Different letters indicate significant 

differences according to the Tukey test (p < 0.05). 
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2.3.3.2. NH4
+−N and NO3

−−N content 

Figure 2.7 shows that all biochar-amended composting materials had a lower initial NH4
+−N content 

than CK (p < 0.05) due to the low NH4
+−N content of biochars. The NH4

+−N content of composting 

materials decreased greatly during composting. Compost with biochars produced at 300 °C showed a 

relatively higher NH4
+−N content than other composts but the difference was not significant (p > 0.05). 

Biochar addition did not significantly affect the initial and final NO3
−−N content of the composting 

materials except for CJB300, which showed an increase in NO3
−−N from 34.5 to 41.5 mg/kg-manure after 

composting. 

Fig. 2.7. (a) NH4
+−N and (b) NO3

−−N content of composting materials before and after composting. The 

results represent the mean of two replicates and error bars indicate the standard deviation. Different letters 

indicate significant differences according to the Tukey test (p < 0.05) 
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2.3.3.3. TN loss 

The highest TN loss was observed in CK (20.82% of initial TN content; Fig. 2.8), whereas all biochar-

amended materials showed lower TN losses with 13.23, 16.97, 12.90 and 16.05% of initial TN content for 

CDB300, CDB800, CJB300 and CJB800, respectively. 

Fig. 2.8. Total nitrogen loss of composting materials during composting. The results represent the mean of 

two replicates and error bars indicate the standard deviation. Different letters indicate significant differences 

according to the Tukey test (p < 0.05). Total nitrogen loss (%) =100 × (initial TN − final TN)/initial TN 
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2.3.4. Phytotoxicity test 

As shown in Fig. 2.9, the GI of all composting materials significantly increased, from 64.3–67.7% to 

88.5–100.3% after composting. Biochar-amended composting materials showed higher GI values than CK, 

but the difference was not significant. 

Fig. 2.9. Germination index of composting materials before and after composting. The result represents the 

mean of two replicates and error bars indicate the standard deviation. Different letters indicate significant 

differences according to the Tukey test (p < 0.05)  
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2.3.5. Two-way ANOVA 

Two-way ANOVA for the effect of biochar pyrolysis temperature and feedstock on NH3 emissions and 

TN loss during composting is summarized in Table 2.3. Only the biochar pyrolysis temperature significantly 

affected the NH3 emissions and TN loss during composting. This study found no significant interaction 

effect on NH3 emissions between pyrolysis temperature and feedstock. 

Table. 2.3. Two-way ANOVA for the effect of biochar production temperature and feedstock on NH3 

emissions and TN loss during composting 

 

  

Factor 
Response variables 

NH3 emissions TN loss 

Temperature p = 0.0016 p < 0.001 

Feedstock p = 0.928 p = 0.231 

Temperature × 

Feedstock 
p = 0.388 p = 0.541 
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2.4. Discussion 

2.4.1. Different properties of biochar depending on pyrolysis temperature and feedstocks 

Low-temperature biochars showed higher CEC than high-temperature biochars, likely due to abundant 

OFGs on the surface of low-temperature biochars (Table 2.1). Cation exchange occurs through electrostatic 

attraction by OFGs on the surface of biochar (Huff et al., 2018) and thus CEC is positively correlated with 

the abundance of OFGs on biochar (Lago et al., 2021). FTIR analysis showed that most OFGs such as 

carboxyl, phenolic, carbonyl and sulfinyl groups disappeared from high-temperature biochars due to the 

release of surface oxygen (Sumaraj et al., 2020), resulting in the lower CEC of high-temperature biochars. 

Dairy manure biochars showed higher CEC than Japanese larch biochars produced at the same temperature, 

possibly due to the abundance of minerals such as P, K and S that could contribute to the formation of OFGs 

such as carboxylic and sulfinyl groups (Domingues et al., 2020; Mészáros et al., 2007). 

The pH of dairy manure-derived and high-temperature biochars was higher than that of Japanese larch-

derived and low-temperature biochars. The high pH of biochar is associated with a high ash content due to 

large amounts of carbonate in manure-based biochar compared with wood-based biochar, and carbonate 

levels are enhanced by high pyrolysis temperature (Mukome et al., 2013). 

A higher pyrolysis temperature greatly increased the SSA of biochar. The increased SSA of biochar is 

mainly due to the release of volatile matter and the formation of porous structures with increasing pyrolysis 

temperature (Tan et al., 2018). The increase in SSA was lower in dairy manure-derived biochar than in 

Japanese larch-derived biochar, possibly due to the higher ash content in manure biomass. The pores might 

be filled or blocked by ash during the pyrolysis process, which can inhibit the increase in SSA (Lee et al., 

2010). 

2.4.2. Effect of different biochars on the composting process and compost maturity 

All materials showed a typical temperature change pattern during composting (Fig. 2.5). The rapid 

increase in temperature at the beginning of composting is due to the consumption of easily decomposable 

compounds by microbes. All treatments resulted in a temperature increase above 55 °C for 1 to 2 days, 

which is necessary to effectively eliminate pathogens and toxic substances in manure (Bernal et al., 2009), 

indicating that all produced composts underwent a stabilization process. In this study, all composting 
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materials showed similar temperature changes regardless of biochar addition. This result contrasts with 

previous studies (Chowdhury et al., 2014; Steiner et al., 2010) which reported that biochar increased the 

temperature and maintained higher temperatures than the control without biochar. These previous studies 

suggested that biochar could decrease the initial moisture content of the composting material, leading to 

improved aerobic conditions and higher temperatures. However, in this study, the moisture content of the 

dairy manure was adjusted to around 60%, which is the optimal moisture content for composting, 

potentially reducing the impact of biochar on moisture content and subsequent temperature changes. 

Furthermore, adding biochar decreased the temperature more rapidly, perhaps due to the more intensive 

decomposition associated with increasing the initial C/N ratio of the composting material by biochar 

(Vandecasteele et al., 2016; Zhan et al., 2021), although the difference was not significant (Table 2.2). 

The effect on the initial and final pH of the composting material depended on the type of biochar (Table 

2.2). Japanese larch biochars significantly decreased the initial pH of the composting material, while, as 

mentioned above, dairy manure biochars did not decrease the initial pH due to their high ash content. These 

differences in the initial pH of the composting mixture could affect ammonia volatilization during 

composting (Liang et al., 2006) (This will be discussed in more detail in section 2.4.3). After composting, 

the pH decreased for all composts, due to NH3 volatilization and nitrification (Gao et al., 2010; Wong et al., 

2017). The addition of DB800 resulted in a compost with the highest pH, consistent with the report by Duan 

et al. (2019) that high alkaline biochar resulted in compost with a higher pH than compost without biochar 

at the end of the composting process. The amendment of alkaline compost is one effective option for 

improving plant growth and heavy metal stabilization in acidic soil (Neina, 2019), suggesting that the 

addition of dairy manure biochar is a promising strategy to address soil acidification.  

The C/N ratio is an indicator of compost maturity. In general, the C/N ratio of compost decreases during 

composting due to the different degradation rates between nitrogen and organic carbon (Zhan et al., 2021), 

and a value lower than 21 is considered indicative of matured compost (Khan et al., 2014). The C/N ratio 

for all composts decreased to less than 21 in this study (Table 2.2), indicating that all composts were 

stabilized even after adding biochar. 

The germination index (GI) is a broadly accepted indicator for evaluating the stability and maturity of 

compost. The GI of all composting materials significantly increased and reached over 80% after composting 
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(Fig. 7), reflecting the reduction of phytotoxic compounds such as organic acid (Hase and Kawamura, 2012). 

A GI value above 80% implies that negligible phytotoxic compounds are present in the compost (Tiquia et 

al., 1996), indicating that all composts produced in this study were matured. The phytotoxic test revealed 

that biochar does not have any adverse effect on seed germination. High ash content in compost is generally 

undesirable for plant growth because it can lead to high salinity that can suppress seed germination (Carpıcı 

et al., 2009). However, in this study, dairy manure-based biochars did not negatively affect seed germination 

despite their high ash content indicating that adding a small quantity of biochar produced from high ash 

biomass containing manure may not be detrimental to seed germination. 

2.4.3. Effect of different biochars on the composting process and compost maturity 

Our results demonstrated that biochar addition can reduce NH3 emissions during composting (Fig. 

2.6b). Low-temperature biochars mitigated NH3 emissions better than high-temperature biochars, possibly 

due to higher CEC (Table 2.1). CEC reflects the ability of biochar to adsorb positively charged ions such 

as NH4
+ (Sumaraj et al., 2020). Thus, as mentioned in section 2.4.1, the higher CEC of low-temperature 

biochars might allow the adsorption of more NH4
+ than high-temperature biochars and, as a result, could 

reduce NH3 emissions more during composting (Mandal et al., 2018). However, although JB300 (40.3 

cmol+ kg−1) had about 1.8 times lower CEC than DB300 (73.8 cmol+ kg−1), the addition of JB300 mitigated 

NH3 emissions similar to DB300, indicating that NH4
+ adsorption is not the only mechanism by which 

biochar reduces NH3 emissions during composting. Zhang et al. (K. Zhang et al., 2017) confirmed that the 

application of biochar can promote nitrification in soil, reducing NH3 emissions. We found that JB300 

addition increased the NO3
−−N content during composting (Fig. 2.7), suggesting that the nitrification 

process is promoted by adding JB300 (Bello et al., 2020). As mentioned in section 2.4.2, JB300 decreased 

the pH of the compost material (Table 2.2), which may increase the solubility of ammonia, and promote the 

nitrification and transformation of NH4
+ to NO3

− (X. Li et al., 2020). Zainudin et al. (M. H. Zainudin et al., 

2020) observed that the abundance of nitrifying bacteria was negatively correlated with the pH of 

composting materials in the range of 8.5 to 9.5. Previous studies (López-Cano et al., 2016; Zhang and Sun, 

2014) also suggested that biochar might improve the nitrification process by creating a favorable 

microenvironment, such as high SSA and optimal pH, for nitrifying bacteria. 
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A high SSA is reportedly required for biochar to be an effective composting amendment because high 

SSA may enhance adsorption capacity and microbial activity (Agyarko-Mintah, Cowie, Singh, et al., 2017; 

W. Chen et al., 2017; Jassal et al., 2015). High-temperature biochars with high SSA reduced NH3 emissions 

during composting (Table 2.1) but their performance was lower than that of low-temperature biochars 

despite their larger SSA. Previous studies (Cai et al., 2016; H. Zhang et al., 2017) reported that the surface 

area of biochar is less influential than CEC in determining NH4
+ adsorption capacity. Accordingly, in this 

study, the NH4
+ adsorption capacity of high-temperature biochar might be lower than that of low-

temperature biochar due to its lower CEC and thus have a lower mitigation effect on NH3 emissions during 

composting. In addition, the pores on the biochar surface can become partially blocked during composting 

(Kah et al., 2018). Pore blockage may interfere with the penetration of adsorbents and microorganisms into 

the biochar interior (Quilliam et al., 2013; J. Zhang et al., 2018), consequently limiting the potential of high 

SSA to mitigate ammonia emissions during composting. Furthermore, as the pyrolysis temperature 

increases, biochar becomes more aromatic (Wiedemeier et al., 2015), possibly decreasing the amount of 

carbon available to microbes and increasing toxicity (PAHs) (G. Zhang et al., 2018). These factors may 

decrease microbial activity during composting (Vijayanand et al., 2023). 

Most nitrogen losses were associated with NH3 emissions, which accounted for 81.23–91.57% of the 

nitrogen loss (Figs 2.6b and 8), indicating that biochar helps reduce TN losses by inhibiting NH3 

volatilization during composting. The effect of biochar addition in reducing NH3 emissions and TN losses 

during composting was influenced mainly by pyrolysis temperature rather than the feedstock (Table 2.3) 

because CEC, functionality, pH and aromaticity are more sensitive to pyrolysis temperature than to the 

feedstock (Mukome et al., 2013). 

In this study, we found that the effect of biochar on ammonia emissions during composting depends on 

the production conditions and have suggested different possible mitigation mechanisms due to the biochar 

properties. We recognize that the experimental design employed in this study, which involved two feedstock 

types and pyrolysis temperatures, may have provided a partial overview of the impacts of different biochars 

and their properties. However, we believe that this study addressed the influences of most of the key 

properties related to the reduction of ammonia emissions and provided valuable information on the optimal 

production conditions of biochar for reducing ammonia emissions during composting. 
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2.5. Conclusion 

This study investigated the effects of biochar production conditions (feedstock type and pyrolysis 

temperature) on reducing ammonia emissions during dairy manure composting. Abundant OFGs on the 

biochar surface contribute to high CEC, suppressing ammonia volatilization through NH4
+ adsorption. The 

high ash content of biochar also influences ammonia mitigation by forming OFGs such as sulfonyl groups, 

and low pH biochar suppresses ammonia volatilization by promoting nitrification. In contrast, high SSA 

was less effective in reducing ammonia emissions than the above biochar properties, possibly due to the 

removal of OFGs by a high pyrolysis temperature, pore-blockage during the composting process, and high 

aromaticity. These factors are more sensitive to pyrolysis temperature than to the feedstock and thus the 

pyrolysis temperature is more influential than the feedstock for the ammonia mitigation effect of biochar. 

Our findings suggest that the use of biochar produced at low temperatures as an additive is effective for 

reducing ammonia emissions during composting.  
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Chapter 3 Mixing biochar with compost biofilters to improve removal of 

ammonia   
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3.1. Introduction 

In the previous chapter, we demonstrated that adding biochar during composting can effectively reduce 

ammonia emissions.  However, this method primarily suppresses ammonia emissions within the compost 

pile; consequently, some emissions to the atmosphere remain unavoidable. This is a common limitation of 

internal methods. To address this, external methods are often employed. Among these, biotechnologies are 

considered more sustainable than physicochemical methods due to their lower energy consumption and 

reduced environmental impact, as their removal processes rely on microbial activity (Wang et al., 2021).  

Especially, compost biofilters have been used for the past several decades to sustainably and cost-

effectively remove undesired gaseous compounds such as ammonia from the air (Barbusiński et al., 2020; 

Zhong et al., 2020). Compost comprises a varied microbial population, abundant nutrients, and has a high 

adsorption capacity, allowing the effective removal of ammonia through biological oxidation (nitrification) 

and physicochemical adsorption (Pagans et al., 2007). Many studies have reported the high efficiency of 

compost biofilters for removing ammonia gas (Y. X. Chen et al., 2005; Hort et al., 2009; Pagans et al., 

2005). The removed ammonia can act as a valuable nitrogen source in compost, improving its quality as an 

organic fertilizer. However, biofilters are typically used to remove only low-concentration odorous gases 

due to their low removal efficiency at higher malodorous gas concentrations (Barbusiński et al., 2020). For 

example, Pagans et al. (2005) reported essentially 100% ammonia removal at ammonia concentrations of 

up to 650 mg-NH3 m–3, but a drastic decrease at concentrations above 2000 mg-NH3 m–3. Some nitrification 

is required to remove ammonia continuously through a biofilter, but high levels of toxic ammonia often 

inhibit the growth of nitrifying bacteria, limiting the performance of compost biofilters (Maia et al., 2012), 

thus impacting their utility, especially in composting facilities where ammonia emissions are highest at the 

beginning of the composting process. We therefore need to better understand the changes in microbial 

dynamics, and particularly of nitrifying bacteria, in biofilters as a function of ammonia concentration. 

Improved strategies to ensure stable operation at high ammonia concentrations are also necessary. 

Baquerizo et al. (2009) previously suggested that moistening the top of the biofilter during filtration might 

improve nitrification by washing out the ammonia, but this approach entails additional operating costs and 

the potential risk of pollution, such as by leaching. There is therefore a need for a more sustainable and 

efficient solution.  
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Biochar is produced by the pyrolysis of various types of biomasses under limited oxygen conditions 

and has recently found use as an additive in composting (Agyarko-Mintah, Cowie, Van Zwieten, et al., 

2017), wastewater treatment (Yu et al., 2020) and anaerobic digestion (Cai et al., 2022) to mitigate ammonia 

toxicity. Biochar can alleviate the inhibition of biological reactions by ammonia because it can improve the 

resistance of the microbial community to ammonia by providing a porous habitat for the growth and 

survival of microorganisms (Cai et al., 2022), and it has a high capacity for NH4
+ adsorption, which can 

reduce the level of ammonia toxicity to microbes (Zhu et al., 2017). Moreover, biochar can directly lower 

ammonia emissions by adsorbing ammonia during composting (Shin et al., 2024).  However, no study to 

date has examined the effect of biochar on the efficiency of ammonia removal by compost biofilters at 

various ammonia concentrations, although Das et al. (2019) investigated the effect of biochar addition on 

the removal efficiency of H2S (a toxic and odorous gas similar to NH3) by a compost biofilter at a high 

loading of H2S. They suggested that biochar can improve the H2S removal performance of biofilters due to 

its porous structure, thereby enhancing the surface retention of H2S, mitigating the toxicity of H2S to 

microbes and promoting microbial growth and overall removal efficiency. Similarly, mixing biochar into 

compost can alleviate the inhibitory effect of highly concentrated ammonia by adsorbing more ammonia 

and improving the growth of nitrifying bacteria. 

We anticipated that mixing biochar with compost would improve the ammonia removal performance 

of a compost biofilter by enhancing its adsorption capacity and nitrification. The objectives of this study 

were (1) to investigate the impact of mixing biochar on the NH3 removal performance of compost biofilters, 

(2) to identify the mechanisms by which biochar mixed compost improves removal performance, and (3) 

to determine the optimum mixing ratio of biochar with compost biofilter to achieve sustainable ammonia 

removal. We mixed dairy manure-derived biochar with dairy manure compost at different ratios (0, 10, 25, 

and 50%, dry basis) and evaluated their NH3 removal capacity at two ammonia concentrations (1000 and 

2000 ppm). Additionally, we analyzed changes in the properties, microbial communities, and the abundance 

of functional genes in the compost biofilters during biofiltration. 
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3.2. Materials & Methods 

3.2.1. Preparation of compost and biochar 

Matured dairy manure compost, obtained from a dairy farm in Hokkaido, Japan, was used as the filter 

medium. The compost was sieved to a particle size of less than 9.55 mm to ensure proper packing in the 

reactor. Raw dairy manure was collected from the Hokkaido University dairy farm for biochar production. 

The manure was oven-dried at 105 °C for 24 hours and then sieved to a particle size of less than 2 mm. The 

dried manure was placed in alumina crucibles with lids and pyrolyzed in a muffle furnace at 300 °C for 1 

hour using a heating rate of 10 °C per minute. The properties of the compost and the biochar are summarized 

in Table 3.1. 

Table. 3.1. Properties of compost and biochar 

  Compost Biochar 

pH 8.40 9.19 

C (%) 41.48 52.36 

N (%) 2.68 2.76 

P (%) 1.26 1.45 

K (%) 2.41 2.68 

Ca (%) 2.12 2.36 

Mg (%) 0.92 1.03 

Ash (%) 22.67 24.00 

SSA (m2 g−1) 2.42 4.13 

CEC (cmolc kg−1) 55.61 70.53 

3.2.2. Experimental setup 

The experimental setup is illustrated in Fig. 3.1. The laboratory-scale biofilter system consisted of an 

air compressor, airflow meter, ammonia solution, biofilter, and boric acid. The compost (400 g) or compost 

and biochar mixture (400 g) was enclosed in a cylindrical acrylic column (Ø100 x 200 mm). Biochar was 

mixed with the compost in ratios of 1:9, 1:4, and 1:1 (dry basis), corresponding to 18, 45, and 90 g of 

biochar, respectively. The mixtures were labeled B10, B25, and B50, with compost alone labeled as CB. 

The moisture content of the filter medium was adjusted to about 60% to standardize the effect of water 

content on ammonia removal. A perforated plate was placed at the bottom of the filter medium to support 
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the packing and ensure that the vapor stream containing ammonia was distributed uniformly. Air was 

provided to the biofilter using an air compressor and airflow meter, with an airflow rate of 124.1 mL/min. 

Ammonia gas was supplied by bubbling air through an ammonia solution. The target ammonia gas 

concentrations were 2000 and 1000 ppm and were controlled by adjusting the concentration of the ammonia 

solution. The empty bed resistance time (EBRT) and concentration range for the supplied ammonia are 

summarized in Table 3.2. The ammonia solution was replaced every day. The process was stopped when 

the outlet concentration of ammonia exceeded 20% of the inlet ammonia concentration. 

Each biofiltration experiment was conducted twice. The first experiment, performed in triplicate, was 

carried out without sampling to evaluate the ammonia removal performance of the biofilter. The second 

experiment, with sampling, was conducted in duplicate to understand the mechanism of ammonia removal 

by the biofilter and the effect of biochar on this mechanism. Samples were collected 5 cm above the bottom 

of the biofilter medium on days 0, 3, and 7 for the 2000 ppm system, and on days 0, 3, 7, 14, and 21 for the 

1000 ppm system. The samples were immediately stored at –20 °C until subsequent analysis of their 

physicochemical properties and DNA extraction.  

Fig. 3.1. Experimental set up of biofiltration system. (a) schematic diagram of the biofiltration system, (b) 

the external view of the system, and (c-e) filter medium: (c) CB, (d) B10, (e) B25, and (f) B50  
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Table. 3.2. Summary of biofiltration conditions 

Treatments Inlet NH
3
 concentration range, mg m

–3
 (ppm) EBRT (min) Mass loading rate (g-NH

3
 m

–3
 h

–1
) Average biofiltration time* (day) 

CB_2000 1044.7–1463.5 (1500–2100) 10.1 6.2–8.7 7 
B10_2000 1044.7–1742.3 (1500–2100) 9.8 6.4–9.0 8 
B25_2000 1044.7–1427.8 (1500–2050) 9.1 6.9–9.5 9 
B50_2000 1044.7–1463.5 (1500–2100) 9.6 6.6–9.2 8 
CB_1000 418.2–766.6 (600–1100) 10.1 2.5–4.5 24 
B10_1000 418.2–696.9 (600–1000) 9.8 2.6–4.3 27 
B25_1000 418.2–766.6 (600–1100) 9.1 2.8–5.1 28 
B50_1000 418.2–696.9 (600–1000) 9.6 2.6–4.4 27 

* Removal efficiency under 80% 

3.2.3. Gas sampling and assessment of biofilter performance 

The ammonia gas from the inlet and outlet ports of the biofilter system was collected daily using Tedlar 

bags, and the ammonia concentration was determined using a gas detector tube (Kitagawa, Japan) with a 

gas aspiration pump (Kitagawa, Japan).  

The performance of the biofilter was evaluated in terms of the inlet loading rate, the removal efficiency, 

total removal capacity of the biofilter, and the EBRT, estimated using the following equations: 

𝐼𝑛𝑙𝑒𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 (mg m−3 h−1) =
𝑄

𝑉
× 𝐶𝑖𝑛 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
(𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡)

𝐶𝑖𝑛

× 100 

𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (g m−3) = ∫
𝑄(𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡)

1000𝑉
d𝑡 

𝐸𝐵𝑅𝑇 (h) =
𝑉

𝑄
 

where Q is the gas flow rate (m3 h−1), V is the volume of the filter medium (m3) and Cin and Cout are the 

average inlet and outlet ammonia concentrations (mg m−3), respectively. The ammonia concentration is 

converted from ppm to mg m–3 using the equation provided by the manufacturer: 

(mg m−3) = (𝑝𝑝𝑚) ×  10−6  ×
17

22.4
×

273.15

(273.15+t)
 

where t is the ambient temperature (°C).  



37 
 

3.2.4. Microbial analysis 

3.2.4.1. DNA extraction 

DNA extraction was performed in duplicate for each sample using Quick-DNA Fecal/Soil Microbe 

Kits (Zymo Research, USA) following the manufacturer’s instructions. The DNA concentration and quality 

were determined using a Nanodrop ND-1000 Spectrophotometer (Thermo Scientific, USA). Equimolar 

amounts of the duplicate DNA samples were combined and stored at − 20 °C until quantitative polymerase 

chain reaction (qPCR) analysis and high-throughput sequencing. 

3.2.4.2. Real-time quantitative PCR (qPCR) 

The nitrification-related genes (amoA, encoding ammonia monooxygenase; nxrA, encoding nitrite 

oxidoreductase) were quantified in triplicate using a QuantStudio 3 Real-Time PCR system (Thermo Fisher 

Scientific, USA). The primers used for qPCR analysis are shown in Table 3.3. The reaction mixture 

consisted of 10 μL of 2 × GoTaq® Green Master Mix (Promega, USA), 1.0 μL of forward primers (4 pmol), 

1.0 μL of reverse primers (4 pmol), 4 μL sample DNA, and distilled water added to 20 μL. The qPCR 

reaction conditions were as follows: (1) 94 °C, 3 min; (2) 94 °C, 30 s, (3) annealing temperature, 45 s, and 

(4) 72 °C for 60 s. Specificity was confirmed by analyzing the melting curves. External standard curves 

were prepared using serial dilutions of a known copy number of pGEM-T Easy vector (Promega, USA) 

containing the amoA gene of Nitrosomonas europaea (NBRC 14298) and the nxrA gene of Nitrobacter 

winogradskyi (NBRC 14297). 

Table. 3.3. Primers for the amoA and nxrA genes 

3.2.4.3. High-throughput sequencing 

The 16S rRNA library gene was prepared using the 2-step tailed PCR method. The 16S rRNA primer 

sets used were 515F/806R and 2ndF/2ndR for the 1st and 2nd PCR respectively. After the 1st PCR reaction, 

the product was purified using VAHTS DNA Clean Beads (Vazyme, China), which were then used for the 

2nd PCR reaction. The concentration of the 1st and 2nd PCR products was determined using Synergy H1 

(BioTek, USA) with a QuantiFluor ds DNA system (Promega, USA). Equimolar amounts of the PCR 

Target genes Primer sequence (5'-3') Amplicon size (bp) Annealing temp (°C) Reference 

amoA 
amoA-1F: GGGGTTTCTACTGGTGGT 

amoA-2R: CCCCTCKGSAAAGCCTTCTTC 
491 61 Rotthauwe et al., 1997 

nxrA 
nxrA-1F: CAGACCGACGTGTGCGAAAG 

nxrA-2R: TCYACAAGGAACGGAAGGTC 
322 58 Poly et al., 2008 



38 
 

products were pooled and sequenced using the Illumina MiSeq platform with 2  300 base paired reads by 

Bioengineering Lab Co., Ltd., Japan. 

The barcodes and primers of the raw sequence data were trimmed, quality controlled, and then 

imported into QIIME2 (ver. 2023.7). Reads were de-noised, and representative sequences and amplicon 

sequence variants tables were generated using the DADA2 plug-in. Taxonomy assignment of representative 

sequences was performed using the feature-classifier plugin against SILVA (ver. 138) with a 99% similarity.  

3.2.5. Physicochemical analysis 

The moisture content of the compost was measured by drying the sample at 105 °C for 24 h. The ash 

content of each biochar and compost was measured by heating the dry samples in a muffle furnace at 600 °C 

for 3 h, then calculating the amount of ash based on the residual mass. The pH was measured using a pH 

meter (HM-40P; DKK-TOA, Japan) using an aqueous suspension of compost sample (1:10 w/v). The total 

C and N of the biochar and compost were determined using a CE440 Elemental Analyzer (Exeter Analytical, 

USA).  NH4
+–N were extracted with 2M KCl (1:10 w/v) and quantified using an Agilent 7100 CE system 

after steam distillation. NO2
––N, NO3

––N and water-extractable PO4
––P were extracted in distilled water 

(1:10 w/v) and determined using ion chromatography. Precipitated N was calculated by subtracting the 

NH4
+ extracted using 2 M KCl from the nitrogen extracted using 2 M KCl with 0.5 M HCl (Jiang et al., 

2016). Organic N was calculated by subtracting the NH4
+–N and precipitated N from the total nitrogen 

determined by the Kjeldahl method. Total P, K, Ca, Mg, and Na were determined using an ICP-OES-5900 

(Agilent, USA) after microwave digestion. The cation exchange capacity (CEC) was measured using the 

ammonium acetate (NH4OAc) extraction method. The specific surface area of each material was 

determined using a surface area and pore size analyzer (Belsorp Mini II; MicrotracBEL, Japan). 

3.2.6. Statistical analysis 

A one-way ANOVA was performed to assess overall group differences, followed by the Dunnett test 

to compare the compost-only biofilter and biochar-mixed biofilters. 
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3.3. Results 

3.3.1. Ammonia removal performance of compost biofilters 

The performance of the biofilters to remove different concentrations of ammonia is shown in Figs. 3.2 

and 3.3. All biofilters exhibited 100% removal efficiency, even at an NH3 concentration of 2000 ppm, for 

the first 5 days. However, at 2000 ppm, the removal efficiency gradually decreased, with the compost-only 

biofilter dropping below 80% by day 7, and the compost-biochar mixtures by days 8 or 9 (Fig. 3.2). At 

1000 ppm, all biofilters maintained 100% removal efficiency for a longer period compared to at 2000 ppm 

(Fig. 3.3). The average duration of biofiltration was 24 days for the compost-only biofilter, and 27, 28, and 

27 days for B10, B25, and B50, respectively (Table 3.1). 

Figure 3.4 shows the capacity of the biofilters for removing ammonia. At 1000 ppm it ranged from 

2.07 to 2.67 g m–3-biofilter, which is higher compared to at 2000 ppm, where the capacity ranged from 1.13 

to 1.70 g m–3-biofilter over 7 to 9 days. All biochar-mixed biofilters exhibited a higher removal capacity 

than the compost-only biofilter, with the 25% biochar-mixed biofilter (B25) showing the highest removal 

capacity at both concentrations of ammonia.   
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Fig. 3.2. NH3 removal performance of (a) compost-only biofilter and (b–d) biochar-mixed biofilters: (b) 

10% biochar, (c) 25% biochar and (d) 50% biochar at 2000 ppm (Trial 2 of 1st experiment) 

Fig. 3.3. NH3 removal performance of (a) compost-only biofilter and (b–d) biochar-mixed biofilters: (b) 

10% biochar, (c) 25% biochar and (d) 50% biochar at 1000 ppm (Trial 2 of 1st experiment) 
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Fig. 3.4. NH3 removal capacity of compost-only biofilter (CB) and biochar-mixed biofilters: B10 (10% 

biochar), B25 (25% biochar) and B50 (50% biochar) at 2000 and 1000 ppm (1st experiment). The results 

represent the mean of three replicates and error bars indicate the standard deviation. Asterisks indicate 

significant differences by the Dunnett test (*=p < 0.05, **=p < 0.01). 

3.3.2. Nutrient dynamics during biofiltration 

Figure 3.5 shows the change in the properties during biofiltration of the compost-only biofilters and of 

the biofilters mixed with 25% biochar. All the biofilters exhibited a huge increase in NH4
+ content regardless 

of the influent NH3 concentration during biofiltration (Fig. 3.5a). The biochar-mixed biofilter showed a 

significantly higher final NH4
+ content than the compost-only biofilter at 2000 ppm (p<0.05), while no 

significant difference was observed at 1000 ppm. Under the 2000 ppm condition, the NH4
+ content of the 

biochar-mixed biofilter was higher than that of the compost-only biofilter on day 7, whereas under the 1000 

ppm condition, even on day 21 the biochar-mixed and compost-only biofilters had similar NH4
+ levels. The 

NO2
––N content of both biofilters increased negligibly at 2000 ppm (Fig. 3.5b), whereas the NO3

––N 

content had slightly increased by the end of biofiltration (Fig. 3.5c). In contrast, at 1000 ppm, all biofilters 

showed a significant increase in NO2
––N and NO3

––N content, rising from 0.02 to 1.69 g-N kg–1-dry 

biofilter and from 0.63 to 1.45 g-N kg–1-dry biofilter in the compost-only biofilter, and from 0.03 to 0.79 

g-N kg–1-dry biofilter and from 0.36 to 2.07 g-N kg–1-dry biofilter in the biochar-mixed biofilter, 

respectively, during biofiltration. All the biofilters showed a substantial increase in both NO2
––N and NO3

–

–N content by day 7. At 2000 ppm, there were no significant differences in NO2
––N and NO3

––N content 

between the compost-only and biochar-mixed biofilter, whereas at 1000 ppm the biochar-mixed biofilter 

exhibited a significantly lower NO2
––N content from day 14 onwards while showing a higher final NO3

––
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N content on day 21 (p<0.05). The initial water-extractable phosphorus (WEP) content of the biofilters was 

significantly higher for the biochar-mixed biofilter than the compost-only biofilter (p<0.05) (Fig. 3.5d). All 

the biofilters showed a decrease in WEP after NH3 filtration, ranging from 638.25 to 409.18 g-P kg–1-dry 

biofilter for the compost-only biofilter and from 902.39 to 566.50 g-P kg–1-dry biofilter for the biochar-

mixed biofilter. The WEP in all biofilters slightly decreased by day 3, followed by an increase by day 7 

under the 2000 ppm conditions, with a similar trend being observed at 1000 ppm, with the WEP decreasing 

gradually after day 7. 

Fig. 3.5. Dynamics of (a) NH4
+–N, (b) NO2

––N, (c) NO3
––N, (d) water-extractable PO3

4––P content in the 

compost-only biofilter (CB) and 25% biochar-mixed biofilter (B25) during biofiltration at 2000 and 1000 

ppm (2nd experiment). The results represent the mean of two replicates and error bars indicate the standard 

deviation  
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3.3.3. Copy numbers of nitrifying genes 

The changes in copy number of nitrification genes targeting the amoA and nxrA genes in the biofilters 

are presented in Figure 6. During the filtration period, the amoA and nxrA copy numbers for all the biofilters 

ranged from 2.0 × 108 to 2.6 × 109 copies g−1 dry biofilter and 8.3 × 106 to 5.2 × 107 copies g−1 dry biofilter, 

respectively. Under the 2000 ppm condition, the copy number of amoA did not significantly change during 

filtration for all biofilters, whereas the copy number of nxrA increased slightly but not in a statistically 

significant manner. In contrast, at 1000 ppm, both biofilters showed a notable increase in amoA and nxrA 

levels during biofiltration, peaking on day 7 and then gradually decreasing, except that nxrA levels in the 

biochar-mixed biofilter remained high up to day 21. Biochar did not have a significant effect on the levels 

of either gene under the 2000 ppm condition, whereas at 1000 ppm the copy numbers increased by nearly 

61% and 57.3% for amoA and nxrA, respectively, compared to the compost-only biofilter on day 7. 

Fig. 3.6. Dynamics of (a) amoA and (b) nxrA gene copies in the compost-only biofilter (CB) and 25% 

biochar-mixed biofilter (B25) during biofiltration at 2000 and 1000 ppm (2nd experiment). The results 

represent the mean of two replicates and error bars indicate the standard deviation  
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3.3.4. Nitrogen mass balance after biofiltration 

Figure 3.7 shows the nitrogen mass balance in the composite biofilters as a function of the supplied 

NH3–N. Organic N comprised 14.2% of the total nitrogen in the compost-only biofilter and 11.9% of the 

total nitrogen in the 25% biochar-mixed biofilter, under the 2000 ppm condition. These percentages 

increased respectively to 17.2% and 15.4% under the 1000 ppm condition. NH4
+–N was the dominant form 

of removed nitrogen in both biofilters, particularly at 2000 ppm, where it accounted for 59.8% of the total 

nitrogen in the compost-only biofilter and 66.5% in the biochar-mixed biofilter. This proportion decreased 

to 42.0% and 40.9%, respectively, under the 1000 ppm condition. The proportion of NO2
––N was negligible 

in both biofilters at 2000 ppm, but increased to 13.1% and 5.0% for the compost-only biofilter and biochar-

mixed biofilter, respectively, at 1000 ppm. Similarly, both biofilters showed increased NO3
––N at 1000 ppm, 

reaching 11.2% and 6.9% for the compost-only and biochar-mixed biofilters, respectively, compared to 3.2% 

and 5.4% at 2000 ppm. In the compost-only and biochar-mixed biofilters at 2000 ppm, the proportion of 

precipitated nitrogen from the supplied nitrogen was similar, at 8.7% and 6.9%, respectively. In contrast, at 

1000 ppm, the biochar-mixed biofilter showed a significantly higher proportion of precipitated nitrogen, 

17.0%, compared to 9.2% in the compost-only biofilter. The fraction of unknown N (Unknown-N) was 

calculated by subtracting all the determined nitrogen forms from the supplied nitrogen. The unknown N 

form accounted for 7.6% and 7.5% at 2000 ppm in the compost-only and biochar-mixed biofilters, 

respectively, and increased slightly to 8.6% and 10.6% under the 1000 ppm condition. 

Fig. 3.7. Nitrogen mass balance in the compost-only biofilter (CB) and 25% biochar-mixed biofilter (B25) 

(2nd experiment). The values represent the mean of two replicates. 
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3.4. Discussion 

Biochar improved the ammonia removal performance of compost biofilters provided with a feedstock 

containing 2000 or 1000 ppm ammonia, regardless of the mixing ratio of biochar to compost (Fig. 3.3). 

Here, we discuss how biochar improves the performance of compost biofilters for removing ammonia, 

focusing on the underlying mechanism. 

3.4.1. NH4
+ adsorption 

We confirmed that all compost biofilters initially removed ammonia with 100% efficiency (Fig. 3.2 

and 3), likely due to NH4
+ adsorption onto the filter medium (Jun & Wenfeng, 2009). This is a major 

advantage of biofilters over other biological removal methods, such as bio-trickling filters. This adsorption 

increased the amount of NH4
+ in the biofilter (Fig. 3.5a), potentially inhibiting ammonia emission from the 

biofilter and limiting the availability of ammonia to the nitrifying bacteria (Y. Song et al., 2014). NH4
+ 

adsorption was the dominant mechanism by which the compost-only and biochar-mixed biofilters removed 

ammonia, regardless of the ammonia concentration (Fig. 3.7). The importance of adsorption is emphasized 

under the 2000 ppm condition because other ammonia transformation mechanisms are absent. Biochar 

could thus be effective in improving the removal of NH3 by biofilters due to its high adsorption capacity. 

At the end of the biofiltration experiment, the biochar-mixed biofilter contained significantly more NH4
+ 

than the compost-only biofilter at 2000 ppm (Fig. 3.5a), indicating that more ammonia was removed 

through adsorption when compost was mixed with biochar, perhaps because the biochar used in this study 

has a higher CEC compared to compost (Table 3.1). Oxygen-containing functional groups form on the 

biochar surface during biochar production (Banik et al., 2018), resulting in a high CEC, which enhances 

the ability of biochar to adsorb cations such as ammonium (Sumaraj et al., 2020). However, in contrast to 

the 2000 ppm condition, the biochar-mixed biofilter did not contain a higher level of NH4
+ than the 

compost-only biofilter at 1000 ppm. Ammonia is simultaneously microbially oxidized and adsorbed onto 

the biofilter (Pagans et al., 2007), which can prevent ammonia from accumulating. More nitrification 

occurred under the 1000 ppm condition than the 2000 ppm condition, and nitrification was enhanced by 

biochar (Fig. 3.6; detailed in Section 3.4.2), suggesting that the biochar-mixed biofilter was not saturated 

with ammonia, even on day 21 at 1000 ppm. 



46 
 

3.4.2. Biological processes 

Biological processes such as nitrification are essential for the sustained removal of ammonia by a 

biofilter. As we initially expected, the ammonia removal capacity of a biofilter was significantly lower at 

2000 ppm than at 1000 ppm (Fig. 3.4), perhaps due to inhibition caused by ammonia toxicity towards 

nitrifying bacteria. The 2000 ppm condition resulted in no notable changes in the expression levels of 

nitrification-related genes (Fig. 3.6) or in the by-product of nitrification during biofiltration, even in 

biochar-mixed biofilters (Fig. 3.5b and 3.5c), indicating negligible nitrification during biofiltration. Under 

the 2000 ppm condition used in this study, the ammonia loading rate was 6.2‒9.5 g-NH3 m–3 h–1 (Table 3.2), 

suggesting this range is adequate to inhibit nitrification, even in the presence of biochar. In contrast, Jun & 

Wenfeng (2009) reported that compost biofilters could remove ammonia through nitrification with nearly 

99% efficiency at a maximum loading rate of 12.1 g-NH3 m–3 h–1, which is higher than the loading rate 

observed in the present study at 2000 ppm. These conflicting results may be due to the gradual increase in 

ammonia concentration in their study, from 20 to 60 ppm for 60 days, corresponding to 1.0 to 12.1 g-NH3 

m–3 h–1, whereas we consistently supplied ammonia at a high loading rate. Their gradual supply of ammonia 

might have functioned similar to that of inoculation (Y. X. Chen et al., 2005), ensuring the growth of 

nitrifying bacteria and thus of a stable removal process (Villaverde, 2000). Gradually increasing the 

ammonia concentration or pre-supplying a low concentration might be necessary to further maximize the 

effect of biochar on the removal capacity of a biofilter at high ammonia concentrations. 

In contrast, at 1000 ppm the ammonia loading rate was 2.5‒5.1 g-NH3 m–3 h–1, which may represent 

less challenging conditions for nitrifying bacteria, allowing for more efficient ammonia removal than at 

2000 ppm. The biochar-mixed biofilter showed higher amoA and nxrA gene levels than the compost-only 

biofilter at 1000 ppm, suggesting that both nitritation and nitratation were enhanced by the addition of 

biochar, perhaps due to the higher specific surface area (SSA) of biochar compared to compost (Table 3.1), 

providing favorable sites for nitrifying bacteria to establish colonies (Y. Song et al., 2014). Consistent with 

the higher nxrA gene levels in biochar-mixed biofilter at 1000 ppm compared to the compost-only biofilter, 

the biochar-mixed biofilter removed more ammonia in the form of NO3
– (Fig. 3.7). On the other hand, the 

compost-only biofilter removed more ammonia as NO2
– through nitritation, probably because nitrite 

accumulated in the compost-only biofilter due to the selective inhibition of nitrite-oxidizing bacteria (NOB) 
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by free ammonia (Z. Wang et al., 2020) which was mitigated by biochar (Meng et al., 2022).  We conducted 

a next-generation sequencing analysis to examine the changes in the microbial communities in the biofilters 

during biofiltration (Fig. 3.2). Both biofilters contained representative ammonia-oxidizers, including 

Nitrocosmicus, Nitrososphaera, Nitrosospira and Nitrosomonas (Soliman & Eldyasti, 2018), with more 

noticeable changes in the relative abundance of ammonia-oxidizers in the biofilters during biofiltration at 

1000 ppm compared to at 2000 ppm. The rate of increase of Nitrosomonas was higher than that of other 

ammonia-oxidizing bacteria in both biofilters, indicating that Nitrosomonas likely plays a key role in 

ammonia oxidization during biofiltration. A similar result was reported by Posmanik et al. (2014), who 

observed that Nitrosomonas was the dominant ammonia-oxidizing bacteria (AOB) in compost biofilters 

exposed to high NH3 loads. They suggested that Nitrosomonas outcompetes other AOB for survival under 

high ammonia concentrations (Lin et al., 2017), a trend that might be enhanced by biochar, which provides 

additional surface area for colonization. In contrast, NOB was not observed in either biofilter, despite 

nitratation occurring during biofiltration, perhaps because heterotrophic NOB were more dominant than 

autotrophic NOB. Tsang et al. (2015) reported that the abundance of NOB significantly decreased in their 

bio-trickling filter when the ammonia loading was increased from 78 g m–3 h–1 to 140 g m–3 h–1, while the 

heterotrophic bacteria were less affected. Well-known NOB are typically autotrophic and are therefore 

highly sensitive to ammonia toxicity (Kouba et al., 2014), whereas heterotrophic bacteria are more resistant 

(Bae et al., 2015). Accordingly, heterotrophic NOB might dominate biofilters under high ammonia 

conditions. However, further research is required to better understand NOB, and especially heterotrophic 

NOB. 

We observed no leaching from the biofilters, suggesting that some of the unknown N in the nitrogen 

mass balance may be due to denitrification (Fig. 3.7). Previous studies indicated that compost biofilters 

release some of the removed ammonia as N2O, ranging from a minimum of 1.9% to a maximum of 19% 

(Maia et al., 2012; Shang et al., 2022; Yasuda et al., 2022). This is consistent with the range of 7.5 to 10.6% 

observed in the present study. Our results indicated that denitrification could have occurred in biofilters 

both at 1000 ppm and at 2000 ppm (Fig. 3.7). Denitrification is closely linked to nitrification, since 

nitrification increases the availability of nitrate, the primary substrate for denitrification. According to Kong 

et al. (2020), nitrification is the dominant pathway for N2O generation in ammonia removal biofilters. In 
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the present study, a higher amount of unknown N was present at 1000 ppm (1284.6 and 1632.6 mg-N kg–

1-dry biofilter in the compost-only and biochar-mixed biofilter) compared to 761.2 and 725.3 mg-N kg–1-

dry biofilter at 2000 ppm, respectively, possibly due to enhanced nitrification. For the same reason, the 

biochar-mixed biofilter sustained a significantly higher amount of unknown N than the compost-only 

biofilter at 1000 ppm (p<0.05). In addition, biochar could further support heterotrophic denitrification by 

promoting organic matter decomposition and accelerating electron transfer processes within the biofilter 

(Guo et al., 2022).  

3.4.3. Chemical precipitation 

We observed that the WEP for all biofilters decreased during biofiltration (Fig. 3.5d), possibly due to 

chemical precipitation of NH4
+ with PO4

3–. Generally, PO4
3– can combine with NH4

+ and Mg2+ or Ca+ in 

equimolar ratios to generate MgNH4PO4 or CaNH4PO4 complexes under high pH conditions (Witter & 

Kirchmann, 1989), potentially preserving the NH4
+ in the biofilter in crystalline form. We also confirmed 

that the amount of NH4
+ in all the biofilters increased when the ammonia was extracted with both KCl and 

HCl compared to extraction using KCl alone, regardless of the ammonia concentration (Table S1), again 

indicating that ammonia removal by the biofilters occurs at least in part through precipitation (X. Wang et 

al., 2016). Ammonia precipitation in the compost biofilter is not surprising, given that this system is highly 

conducive to ammonia precipitation due to the high pH and abundance of nutrient ions such as PO4
3–, K+, 

Ca2+, and Mg2+ (T. Zhang et al., 2009). Similarly, the biochar-mixed biofilter showed more precipitated N 

than the compost-only biofilter at 1000 ppm due to its higher ion content and pH compared to compost 

(Table 3.1), aiding the ammonia removal performance of the biofilter. However, biochar did not improve 

chemical precipitation at 2000 ppm, probably because the nutrient ions are released over time from the 

compost or biochar and then combine with ammonia. At 2000 ppm, unlike at 1000 ppm, there was probably 

insufficient time for this process to occur. 

3.4.4. Limitation and future work 

The typical EBRT ranges from 60 to 180 s (Kennes & Veiga, 2001), which is noticeably lower than the 

conditions used in this study. A lower EBRT is generally recommended to prevent the buildup of pollutants 

in biofilters. Practical limitations prevented us from using a typical EBRT in this study. In the future, it will 

be important to investigate the effect of biochar at lower EBRT values because the ammonia removal 



49 
 

efficiency of a biofilter is influenced by the EBRT, even at the same ammonia loading rate (Taghipour et 

al., 2008). 

Biochar improved the ammonia removal performance of the biofilter under the 2000 ppm ammonia 

condition but its effect on nitrification during biofiltration remained limited in this study. Further research 

is thus required to ensure effective nitrification for sustained ammonia removal at high ammonia 

concentrations. As discussed in section 3.4.2, the stepwise introduction of low levels of ammonia could 

help increase the resistance of nitrifying bacteria to ammonia toxicity. Reducing ammonia emissions from 

the composting process would also enhance the impact of biochar at high ammonia concentrations. 

3.5. Conclusion 

This study demonstrated that biochar can significantly enhance the capacity of compost biofilters to 

remove ammonia. We observed optimum performance at a 25% mixing ratio of biochar to compost. 

Biochar’s high adsorption capacity, large specific surface area, and nutrient content contribute to improved 

NH4
+ adsorption, which aids biological processes and enhances chemical precipitation during biofiltration. 

However, the effectiveness of biochar decreased at higher ammonia concentrations. These findings suggest 

that mixing biochar with compost is a promising strategy for improving the ammonia-removal performance 

of compost biofilters. Further research is needed to develop strategies to maintain the biological processes 

that occur in biofilters, and especially at high ammonia concentrations, to support sustained ammonia 

removal from compost biofilters.  
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Chapter 4 Combining system of co-composting and co-biofiltration with 

biochar for continuous zero ammonia emission during composting  
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4.1. Introduction 

In Chapter 3, the following key findings were confirmed 1) Compost biofilters achieved stable and 

complete ammonia removal when exposed to lower NH3 concentrations (≤ 1000ppm). 2) The addition of 

biochar (co-biofiltration) further enhanced the ammonia removal performance of the biofilter. 3) However, 

nitrification in the biofilter was inhibited even with biochar addition when NH3 concentrations were 

elevated (~2000 ppm). These findings emphasize that fundamentally reducing the ammonia concentration 

entering the biofilter is a critical factor for ensuring its long-term sustainability and effective ammonia 

removal performance 

Regarding ammonia reduction during composting, we demonstrated in Chapter 2 that biochar 

application in the composting process (co-composting) can significantly reduce ammonia emissions. Based 

on these results, we propose that integrating co-composting with co-biofiltration has the potential to achieve 

sustainable ammonia management. 

Therefore, we hypothesize that 1) biochar application in the composting process (co-composting) will 

enable biofilters to completely remove ammonia emissions during composting. and 2) mixing biochar with 

biofilter (co-biofiltration) will further enhance the ammonia removal efficiency of biofilter.  

4.2. Material and Methods 

4.2.1. Material 

Fresh dairy manure and compost were sourced from the Hosozawa dairy farm in Hokkaido, Japan. The 

dairy manure was used both as the composting material and as the feedstock for biochar production. The 

biochar was produced under the same conditions detailed in Chapter 3. Dairy manure compost served as 

the filter medium in the biofilter system. The properties of each material are summarized in Table 4.1. 

Table. 4.1. The properties of dairy manure, compost and biochar 

 

  Manure Compost Biochar 
pH 8.4 8.4 9.2 
C (%) 41.8 41.5 52.4 
N (%) 1.9 2.68 2.76 
Ash (%) 18.0 22.7 24.0 
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4.2.2. Experimental setup 

The experimental setup for the combined system is illustrated in Figure 4.1. Approximately 3 kg of 

wet dairy manure (80% wet basis) was mixed with 150 g of biochar for the composting process, 

corresponding to a biochar-to-dairy manure mass ratio of 1:4 on a dry basis. The composting process lasted 

for 14 days. Further details on the composting process are described in Chapter 2. 

For the biofiltration, 300 g of filter media consisting of either compost or a compost-biochar mixture 

was used. The compost-biochar mixture was prepared by mixing compost with biochar in a 3:1 ratio (dry 

basis), equivalent to 33.75 g of biochar. Further details on the biofiltration system are described in Chapter 

3. 

Fig. 4.1. Experimental setup of the combined system. (a) schematic diagram of the combined system, (b) 

the external view of the system, (c) the biofilter reactor containing compost, and (d) the interior of the 

composting reactor with dairy manure 
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4.2.3. Determination of emitted NH3 concentrations during composting  

The concentration of NH3 in the liquid phase was determined using a water trap by back titration with 

0.05 M or 0.005 M sulfuric acid. The concentration of NH3 in the gaseous phase was measured at the 

sampling port using a gas detector tube (Kitagawa, Japan) with a gas aspiration pump (Kitagawa, Japan).  

4.2.4. Assessment of biofilter performance 

The performance of the biofilter, including the inlet loading rate, removal efficiency, and total removal 

capacity, was evaluated as described in Chapter 3. 

4.2.5. Physicochemical analysis  

The moisture content of the manure and compost was determined by drying the samples at 105 °C for 

24 h. The ash content of each material was measured by heating the dry samples in a muffle furnace at 

600 °C for 3 h, then calculating the amount of ash based on the residual mass. The pH was measured using 

a pH meter (HM-40P; DKK-TOA, Japan). The total C and N were determined using a CE440 Elemental 

Analyzer (Exeter Analytical, USA). The NH4
+ and NO3

– contents were determined by extracting manure 

or compost with 2M KCl and distilled water, respectively. The KCl-extracted samples were further distilled 

to eliminate interference from K before NH4
+ determination. NH4

+ and NO3
– contents were then quantified 

using an Agilent 7100 capillary electrophoresis system. 
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4.3. Result 

4.3.1. Composting process 

4.3.1.1. Variation in temperature and pH in the composting pile during composting 

Figure 4.2 shows the temperature, pH, and moisture content changes during composting. All 

composting piles exhibited a rapid increase in temperature, reaching their peak within two days, regardless 

of biochar addition (Fig. 4.2a). The initial pH in the biochar-amended pile was 8.96, higher than the manure-

only pile at 8.44 (Fig. 4.2b). The pH of the manure-only pile showed a slight increase by the end of 

composting, while that of the biochar-amended pile remained nearly unchanged. The initial and final 

moisture content of the manure-only pile was 79.8% and 64.4%, respectively, while in the biochar-amended 

pile, it was reduced from 69.1% to 53.4%. 

Fig. 4.2. Variation in (a) temperature and (b) pH of the composting piles during composting 
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4.3.1.2. Variation in NH4
+ and NO3

– content in the composting pile during composting 

The initial NH4
+ content in the biochar-amended composting pile was significantly lower than in the 

manure-only pile (Fig. 4.3a). However, both piles showed substantial declines in NH44
+ content during 

composting, resulting in negligible differences in final NH4+ content between the manure-only and 

biochar-amended piles. Conversely, NO3
– content in both composting piles increased during composting 

(Fig. 4.3b). The manure-only pile exhibited a more pronounced increase in NO3
– content by day 7, although 

this difference became negligible by the end of the process.  

Fig. 4.3. Variation in (a) NH4
+ and (b) NO3

– contents in the composting piles during composting 
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4.3.2.3. The daily and cumulative ammonia NH3 emissions during composting 

For manure-only composting, the highest NH3 emissions were observed on day 3 (Fig. 4.4a), while for 

composting with biochar, the peak occurred on day 2 (Fig. 4.4b). In both conditions, emissions gradually 

decreased over time after reaching the peak, with a secondary peak observed after the turning process on 

day 7. The cumulative ammonia emissions during manure-only composting were 6353.5 mg kg–1 manure–

1-AFS in the liquid phase and 922.8 mg kg–1 manure–1-AFS in the gaseous phase (Fig. 4.4c). Adding biochar 

significantly reduced these emissions to 2741.8 mg kg–1 manure–1-AFS in the liquid phase and 361.5 mg 

kg–1 manure–1-AFS in the gaseous phase, representing reductions of 56.8 and 60.8 %, respectively. 

Ammonia emissions in the liquid phase were consistently higher than those in the gaseous phase throughout 

the composting process. 

Fig. 4.4. Daily ammonia emissions during (a) manure-only composting, (b) composting with biochar, and 

(c) cumulative ammonia emissions during both composting processes 
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4.3.2. Biofiltration 

4.3.2.1. NH3 removal performance of biofilters 

Figure 4.5 illustrates the NH3 removal performance of the biofilters during composting. During 

manure-only composting, both biofilters achieved 100% removal efficiency in the early stages (Fig. 4.5a). 

However, on day 6, the efficiency started to decline and eventually fell below zero. An efficiency of 0 or 

lower means that more ammonia is being emitted from the filter than is being introduced. In contrast, during 

biochar-amended composting, both biofilters consistently maintained 100% removal efficiency for the first 

14 days (Fig. 4.5b). To evaluate the reuse potential of the biofilters, the biofiltration experiment with 

biochar-amended composting was repeated multiple times using the same biofilters. During the second 

reuse, both biofilters nearly completely removed the supplied ammonia. However, during the third reuse, 

the removal efficiency of the compost-only biofilter started to decline on day 4, whereas the biochar-mixed 

biofilter sustained a stable 100% removal efficiency until the end of the composting process. 

Fig. 4.5. Ammonia removal performance of biofilters during (a) manure-only composting and (b) 

composting with biochar. 
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4.3.2.2. Ammonia removal capacity of biofilters 

The total ammonia removal capacity of the biofilters during manure-only composting was 1.12 g-NH3 

m-3-biofilter for the compost-only biofilter and 1.42 g-NH3 m-3-biofilter for the biochar-mixed biofilter (Fig. 

4.6). In biochar-amended composting, the removal capacities increased to 2.27 g-NH3 m-3-biofilter and 2.96 

g-NH3 m-3-biofilter for the compost-only and biochar-mixed biofilters, respectively. 

Fig. 4.6. Ammonia removal capacity of biofilters during composting with and without biochar (BC). 
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4.3.2.3. Variation in NH4
+ and NO₃⁻ content in biofilters 

Figure 4.7 illustrates the variation in NH4
+ and NO₃⁻ content in biofilters during the biofiltration process. 

Both biofilters showed an increase in NH4
+ content during manure-only composting. Similarly, both 

biofilters showed increased NH4
+ content during the first 14 days of biochar-amended composting. 

However, biochar-mixed biofilter showed significantly lower NH4
+ content than compost-only biofilter, 

which gradually increased throughout the biofiltration. The NO₃⁻ content in both biofilters increased 

significantly during the first co-composting phase and continued to rise throughout the co-composting 

process. In contrast, the increase in NO₃⁻ content was negligible during manure-only composting. 

Fig. 4.7. Variation in (a) NH4
+ and (b) NO3

– content in the biofilters during composting. 
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4.4. Discussion 

4.4.1. NH3 emissions during composting 

Biochar reduced ammonia emissions during composting by 56.9% in the aqueous phase and 60.8% in 

the gaseous phase (Fig. 4.4c). Previous studies have demonstrated that incorporating biochar into compost 

piles can reduce ammonia emissions by improving ventilation and providing microbial habitat, which 

enhances overall microbial activity including nitrification (J. Liu et al., 2024; W. Liu et al., 2017; López-

Cano et al., 2016; Zhou et al., 2021). In this study, the initial moisture content of raw dairy manure was 

about 80%, which decreased to around 70% with the addition of biochar. This reduction in moisture likely 

improved micro-aeration, supporting microbial activity, including nitrification, during composting (M. H. 

Zainudin et al., 2020). However, despite the significant reduction in ammonia emissions, the biochar-

amended compost pile did not exhibit higher NO3
– levels compared to the manure-only pile throughout the 

composting period (Fig. 4.3b). This may be due to the concurrent enhancement of denitrification, which 

converts nitrate to nitrogen gas, thereby reducing NO3
– accumulation (Agyarko-Mintah, Cowie, Van 

Zwieten, et al., 2017). Recent papers reported that biochar can increase the abundance of both nitrifying 

and denitrifying genes during composting (J. Liu et al., 2024; Zhou et al., 2021). Furthermore, Li et al. 

(2022) demonstrated biochar addition could improve the relative abundance of aerobic denitrifying bacteria 

such as Pusillimonas during composting. Accordingly, biochar may have promoted denitrification, further 

contributing to the ammonia reduction during composting. However, this study does not provide direct data 

on denitrification, highlighting the need for further analysis. 

4.4.2. NH3 removal performance of biofilters 

The biofiltration system failed prematurely during manure-only composting (Fig. 4.5a), consistent with 

a previous study that reported a decline in biofilter efficiency from 89.5% to 46.7% by day 4 during animal 

by-product composting under a peak ammonia loading rate of 67.1 g m-3 h-1 (Pagans et al., 2005). This 

premature failure is likely due to the inhibitory effects of high ammonia toxicity on nitrification (Niu et al., 

2023). In our previous study, nitrification in compost biofilters was inhibited at ammonia loading rates of 

6.2 to 9.2 g m-3 h-1, leading to early biofilter failure. Similarly, in this study, ammonia loading rates peaked 

at 21.16 g m-3 h-1 by day 3 of manure-only composting—well above the expected threshold for nitrification 

inhibition. The absence of a measurable increase in NO₃⁻ content further confirms that nitrification was 



61 
 

suppressed in the biofilter during manure-only composting. However, when biochar was added during the 

composting, ammonia loading rates were significantly reduced to a range of 1.7 to 6.4 g m-3 h-1, this 

reduction enabled substantial NH3 conversion to NO3
– via nitrification in both biofilters, achieving near-

complete ammonia removal even during their second reuse (Fig. 4.5b). By the third reuse, the biochar-

mixed biofilter maintained complete ammonia removal, whereas the compost-only biofilter began emitting 

ammonia, highlighting biochar’s role in enhancing biofilter reusability. In our previous study, the biochar-

amended biofilter did not show higher NH4
+ levels, even though biochar can improve NH4

+ adsorption 

when nitrification is active in the biofilter. This suggests that active nitrification prevented NH4
+ 

accumulation in the biofilter. This trend became even more apparent in this study, with lower NH4
+ 

accumulation and consistently higher NO₃⁻ levels in the biochar-amended biofilter compared to the 

compost-only biofilter (Fig. 4.7a and b). These findings suggest that biochar improves nitrification during 

biochar-amended composting. In addition to nitrification, the fluctuating trend of NO₃⁻ content throughout 

the biofiltration period indicates that denitrification, as observed in our previous study, may have 

contributed to ammonia removal. Since biochar could influence denitrification, further research is needed 

to clarify its role and evaluate its potential to enhance overall ammonia removal efficiency. 

4.5. Conclusion 

This study demonstrates the synergistic effects of co-composting and co-biofiltration with biochar in 

achieving sustainable ammonia management during composting. Adding biochar to the composting process 

effectively reduced ammonia emissions, enabling the biofilter to remove ammonia continuously. 

Furthermore, incorporating biochar into the biofilter enhanced its reusability by sustaining high removal 

efficiency over multiple uses. These findings highlight biochar’s dual role in reducing ammonia emissions 

during composting and improving biofilter performance, offering a practical and sustainable solution for 

ammonia management in agricultural waste treatment systems. 
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Chapter 5 General discussion and Future research  
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5.1. General Discussion 

In this study, we successfully achieved zero ammonia emissions during manure composting by 

integrating biochar with conventional ammonia removal methods. This section focuses on strategies to 

enhance the effectiveness of biochar application and explores its potential uses in agricultural practices. 

5.1.1. Improving the impact of biochar 

We demonstrated in Chapter 2 that the impact of biochar on ammonia removal varies significantly 

depending on its physicochemical properties. This highlights the potential for enhancing ammonia removal 

efficiency by producing biochar with tailored properties for specific applications. In this regard, biochar 

modification represents a promising strategy for enhancing ammonia removal efficiency in composting and 

biofiltration systems. A variety of modification techniques have been developed to selectively improve 

biochar properties, such as specific surface area, functionality, and pH, thereby boosting its ammonia 

adsorption capacity (Chen et al., 2021; Suliman et al., 2016; Xie et al., 2022).  A review by Zhang et al. 

(2020) reported that the average ammonium adsorption capacity of modified biochar was 22.79 mg N g-1, 

significantly higher than the 11.19 mg N g-1 observed in unmodified biochar. These advancements highlight 

the potential for incorporating modified biochar into composting systems and biofilters to achieve greater 

efficiency in ammonia management. In practical application, Hestrin et al. (2020) demonstrated that 

oxidized biochar reduced ammonia emissions by 64.4% compared to unmodified biochar, primarily due to 

its enhanced adsorption capacity. However, not all modification techniques yield positive results. For 

example, Cao et al. (2024) reported that NaOH-modified biochar did not improve even though the content 

of oxygen-containing functional groups was increased. This discrepancy may be due to alkali modification 

raising the biochar's pH, which can inhibit the activity of nitrifying and denitrifying bacteria, thereby 

hindering further ammonia oxidation and reduction. These findings highlight the significant potential of 

biochar modification to enhance its effectiveness, while also emphasizing the need to optimize modification 

techniques to maximize its impact. 

Achieving zero ammonia emissions during composting starts with reducing ammonia emissions, and 

modifying biochar presents a promising strategy for this. However, ammonia emissions can also be 

minimized by adjusting composting conditions such as pH, C/N ratio, and aeration rate (Bernal et al., 2009), 

which can, in turn, influence biochar’s effectiveness. For example, Chowdhury et al. (2014) found that 
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higher aeration rates resulted in increased ammonia emissions during composting, but the impact of biochar 

on reducing ammonia was more pronounced under a higher aeration rate than a lower aeration rate. 

Similarly, the initial moisture content of composting material plays a critical role in microbial activity, 

which in turn can influence biochar’s performance during composting (Li et al., 2021). Therefore, to 

maximize biochar's potential for ammonia mitigation, it is also crucial to comprehensively optimize both 

the production of biochar and the composting conditions. 

5.1.2. Potential applications of biochar 

Ammonia is a crucial compound in various industrial and environmental processes, but its management 

presents significant challenges. Depending on how it is treated, ammonia can either act as a harmful 

pollutant with adverse effects on ecosystems and human health or as a valuable resource with diverse 

applications. Therefore, developing sustainable and efficient methods for ammonia management has 

become important across multiple fields (Han et al., 2021). In this context, biochar may prove to be a 

promising solution. In wastewater treatment, for example, conventional ammonia removal techniques often 

rely heavily on chemical agents to achieve high removal efficiencies (Ulu and Kobya, 2020). However, the 

extensive use of chemicals not only raises operational costs but also introduces secondary environmental 

burdens, such as chemical waste and unintended ecological consequences (Farghali et al., 2024). In contrast, 

biochar can offer significant advantages in two ways: 1) Direct application: The direct application of 

biochar to wastewater enables the removal of ammonia, primarily through adsorption (Sun et al., 2021). 

Given the similarities between the removal mechanisms of biochar in wastewater and those in composting, 

it can be anticipated that our findings on the optimal biochar production conditions for ammonia reduction 

in the composting process will also contribute to optimizing its effectiveness in wastewater treatment. 

Furthermore, in addition to ammonia, biochar offers the added benefit of removing other pollutants, such 

as phosphorus, heavy metals, and biological contaminants (Xiang et al., 2020), making it a valuable tool 

for improving overall water quality. 2) Biochar-mixed biofilters: As demonstrated in our studies, biochar-

mixed biofilters not only achieve high ammonia removal efficiency but also offer long-term sustainability. 

The effectiveness of biochar-mixed biofilters can reduce the need for frequent replacements or maintenance, 

a common limitation of conventional systems. This durability and reduced reliance on chemical agents can 

lower operational costs and minimize environmental impacts. However, to remove ammonia from 
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wastewater using biofilters, it is necessary to volatilize ammonia through heat and pH adjustments 

(Luqmani et al., 2024). This step could introduce additional costs compared to the direct application of 

biochar. Despite this, the combination of high removal performance, environmental safety, and economic 

viability can make biochar-mixed biofilters a practical and sustainable option for ammonia management in 

wastewater treatment. 

Given the potential applications of compost in biofilters, it is also important to consider its role as a 

fertilizer. Although compost is widely valued for its fertilizing properties, the low availability of nutrients 

is a challenge (E. et al., 2024). This can lead to large application rates, which in turn might cause the 

accumulation of excessive salt in the soil and an increase in costs (Sikora, 1998). In this context, compost 

biofilters can offer a significant advantage by capturing and utilizing ammonia as a nitrogen source, thereby 

enhancing the fertilizer value of the compost. In Chapter 4, we confirmed a notable increase in total nitrogen 

levels in the compost after biofiltration. The increased nitrogen was mainly in the form of ammonium and 

nitrate, which are more readily available to plants (Messiga et al., 2020). This indicates the possibility of 

more efficient nutrient release, which could enhance the effectiveness of the biofilter as a fertilizer. However, 

excessive ammonia retained in the biofilter can be desorbed, potentially harming soil biota, or released into 

the atmosphere (Savci, 2012). Interestingly, adding biochar into the biofilter could help address some of 

these concerns. We found that biochar-mixed biofilters accumulated less ammonia than those with compost-

only biofilters while significantly boosting the nitrate content. This shift makes nitrogen more plant-

available and less toxic (Kim et al., 2019), offering a safer and more efficient fertilizer. Additionally, 

previous studies demonstrated that co-application of compost with biochar is more beneficial for soil 

fertility, soil microbial diversity, and plant growth than compost or biochar alone (Mikajlo et al., 2024; Wu 

et al., 2016). Accordingly, biochar addition in composting and biofilter can not only reduce ammonia 

sustainably but also improve the value of compost as a soil amendment. However, to date, no studies have 

fully explored the efficiency or safety of these systems in soil applications. Further research is needed to 

evaluate their full potential, particularly in balancing their benefits with any potential environmental risks. 

5.2. Suggestions for future studies 

Although we have achieved zero ammonia emissions during composting, we are still in the early stages 

of exploring how these findings can be applied to sustainable ammonia management in practice. Further 
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studies are necessary to optimize the system's impact and assess potential environmental risks before it can 

be recommended for field implementation. Key areas for future research include: 

• Optimization of conditions: Comprehensive studies to determine the most optimum conditions for 

biochar production including feedstock, pyrolysis temperature and modification, and composting 

process for minimizing ammonia emissions should be conducted to achieve zero ammonia 

emissions efficiently. 

•  Denitrification Mechanisms: The role of denitrification in the ammonia removal process within 

both composting and biofilter systems, along with the impact of biochar on denitrification, should 

be investigated to understand the specific ammonia removal mechanisms and evaluate the 

potential environmental risks associated with the use of biochar in these systems. 

• Broader applications: The potential of biochar and biofilters for ammonia removal in various 

environmental contexts, such as wastewater treatment and agricultural fertilization should be 

explored to expand their applicability and environmental benefits.  
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Appendix 

 

Table S1.Change in amount of precipitated NH4
+–N in the compost-only biofilter (CB) and 25% biochar-

mixed biofilter (B25) before and after biofiltration at 2000 and 1000 ppm. The values represent the mean 

of two replicates. 

 

  Day 0 Day 7 or 21 Precipitated NH4
+–N  

(mg/kg-dry biofilter)   KCl KCl+HCl KCl KCl+HCl 

CB_2000 337.2 452.4 6284.6 7271.9 872.1 

CB_1000 265.1 510.7 6575.3 8201.1 1380.2 

B25_2000 306.3 518.2 6768.7 7653.7 673.0 

B25_1000 365.8 549.6 6641.7 9428.8 2603.4 


