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ABSTRACT 

Biochar is a potential soil amendment that likely to reduce GHG emissions from land 

application to soil, but their properties depend on biomass types and pyrolysis temperature. In 

this study, biochars were produced from different biomasses (wet distiller grains (WDG), dry 

distiller grains (DDG), and corn stover (CS)) at two temperatures (low & high). Biochars were 

analyzed for pH, electrical conductivity, proximate and ultimate analysis, elemental analysis, and 

morphological structure. Also, biochar's efficacy on GHGs and ammonia (NH3) emission were 

measured from soil and manure incubated at 25℃ for 76 days. DDG and CS derived biochar 

properties outperformed other biochars. Manure treated with high-temperature DDG biochar 

emitted the lowest amount of N2O (0.09 mg N2O-N kg−1), and CH4 (0.04 mg CH4-C kg−1). 

Biochar application also reduced CO2 emission from 11 to 59%, but resulted in higher 

cumulative NH3 volatilization. Overall, biochars reduced GHG emissions when applied with N 

treatments. 
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1. INTRODUCTION 

The use of biochar has drawn much attention because of two major global issues: climate 

change and the realization of the need for more sustainable soil management (Chan et al., 2008). 

Globally biochar is evaluated as a soil amendment to improve soil properties (such as soil water 

holding capacity, nutrient retention, and microbial activity) and to mitigate climate change by 

sequestering carbon (C) from the atmosphere into the soil (Borhan et al., 2018; Jeffery et al., 

2011; Lehmann et al., 2011). Biochar is a carbon-rich product obtained by heating the biomass, 

inside a closed container, under no or limited air supply (Lehman and Joseph, 2009; Ok et al., 

2015). Incorporation of biochar into the soil is the strategy for enhancing soil fertility and crop 

productivity, increasing crop yield, reducing irrigation need, and reducing fertilizer demands, 

improving the efficiency of N fertilizer, and mitigating greenhouse gas (Ahmad et al., 2014; 

Lehman and Joseph, 2009; Li et al., 2017; Liu et al., 2018; Speratti et al., 2018).  Previous 

studies reported that biochar applied with mineral fertilizers increases nitrogen use efficiency 

(NUE) by approximately 21, 44 and 74% in wheat, maize, and rice, respectively, compared to 

the NUE observed when N fertilizers is used without biochar (Joseph et al., 2013; Zheng et al., 

2017; He et al., 2018; Puga et al., 2020). Studies assumed that the NUE values might be 

increased due to the gradual release of sorbed nutrients in biochar that reduced N leaching 

(Borchard et al., 2012; Clough et al., 2013, Mandal et al., 2016; Puga et al., 2020). Also, the 

combination of biochar with fertilizer and carbon storage function in soils would activate the 

microbial community, which may lead to nutrient release and fertilization causing an increase of 

the soil productivity (Steinbeiss et al., 2009). Therefore, along with fertilizer, biochar can be 

applied to soil to improve the quality of soil for crop production. 
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Similarly, emission of greenhouse gases (GHG) such as nitrous oxide (N2O), carbon 

dioxide (CO2), methane (CH4), chlorofluorocarbons (CFCs), hydrofluorocarbons (HFC), etc. are 

a major concern due to their contribution to global climate change (Maurer & Koziel., 2019). 

Especially, N2O, CO2, and CH4 are the main three GHGs linked with agriculture, where CH4 and 

N2O have 25 and 298 times higher global warming potentials (GWP), respectively, than CO2 

(Niraula et al., 2018; US EPA, 2020b). Recent studies estimated that soil derived GHGs from 

agricultural inputs contribute more than 13% of global anthropogenic GHG emission and 9.3% 

of total USA greenhouse gas emissions (Lal 2004; Zhao et al. 2016; Niraula et al., 2018; US 

EPA, 2020b). The input of nitrogen (N) from manure or synthetic fertilizer (e.g., Urea) 

applications increases gaseous emissions from soils (Niraula et al., 2018). Along with GHG 

emissions, N is also lost through ammonia (NH3) volatilization loss from the soil after the land 

application of fertilizer. Release of NH3 to the environment contributes to acidification and 

eutrophication of the ecosystems due to its deposition of the surface and water body, which leads 

to an adverse effect on the aquatic system and human health (Aneja et al. 2008; Niraula et al., 

2018). To meet the global food and fiber demand, agricultural production needs to increase 

without unduly opening new agricultural areas that are based on plant breeding, the use of 

pesticides, and the application of mainly nitrogen-based fertilizers (Smil, 2011, Zhang et al., 

2015; Puga et al., 2020). Increasing demand for food production leading to use more N fertilizer 

that may result in more GHG emissions and NH3 volatilization. Therefore, sustainable 

agricultural production is required that will ensure less emission of GHG and NH3. Biochar can 

play an important role in mitigating some of these concerns. However, biochar properties vary 

significantly based on biomass types and pyrolysis temperatures, which needs to be quantified. 
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The physical and chemical properties of biochar depend on the feedstock and pyrolysis 

conditions (e.g. residence time, temperature, heating rate, and reactor type) (Cheng et al., 2018). 

According to Feng et al. (2017), the effect of biochar on GHG emissions and NH3 volatilization 

depends on the interactions of several properties, including adsorb ability, pH, and the impact on 

nitrification that are associated with the physical and chemical properties of biochar.  Other 

researcher finds that biochar effects on GHG emission and NH3 volatilization also depend on 

biochar quality and application rate (Pal., 2015). Studies reported that biochar amendment to soil 

with high pH and rich carbon content is an effective management strategy to counteract soil 

acidification for sustainable agriculture while reducing soil GHG emissions (Wang et al., 2020). 

Biochar plays an important role in soil nitrification, denitrification, and organic matter 

mineralization that affects soil C and N cycling (Van Zwieten et al., 2010). Also, biochar can 

help to retain nutrients (NH3, NH4
+, NO3

−, etc.), absorb pollutants (heavy metals and 

agrochemical products), improve soil quality, and crop yield because of its stable quality, and 

excellent adsorption capacity. Thus, biochar likely to play a significant role in mitigating the 

environmental consequences caused by intensive agricultural production (Kookana et al., 2011; 

Cao et al., 2009; Sha et al., 2019). However, limited studies are focused on the efficacy of 

biochar on GHG and NH3 volatilization. 

The effect of biochar addition on soil GHG emission and NH3 volatilization are 

inconsistent (Wang et al., 2020; Zhu et al., 2020). Previous studies showed that in acidic soil, 

N2O emissions could be reduced significantly with biochar addition (Yanai et al., 2007; Wang et 

al., 2011; Cayuela et al., 2014; Nelissen et al., 2014). On the contrary, Zimmerman et al. (2011), 

Fungo et al. (2014) Maucieri et al. (2017), and Oo et al. (2018) observed that the biochar 

amendment soil increased CO2 and CH4 emissions. In terms of NH3 volatilization, Mandal et al. 
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(2016) observed a significant reduction of NH3 volatilization when added 5% biochar in non-

saline soil. In contrast, Feng et al. (2017) found that in non-saline paddy soils, NH3 volatilization 

did not significantly increase at low biochar treatment (0.5 wt%), while higher biochar treatment 

(3 wt%) significantly increased NH3 volatilization. Furthermore, in coastal saline soil, Sun et al. 

(2017) found that higher rates (>2%) of biochar application aggravated NH3 volatilization. Thus, 

there is limited information on the biochar impact on GHG emission and NH3 volatilization from 

the soil and need to be further investigated.  

Agriculture is a vital economic force in North Dakota, USA. In 2017, North Dakota 

produced 0.45 billion bushels of corn and produced approximately 1.5 million tons of dried 

distiller grains with solubles (DDGS) as a coproduct from corn-based ethanol industries which 

are widely used as an animal feed that supplies both energy and protein (Schroeder, 2003; Garcia 

and Taylor, 2006; Borhan et al., 2018). In recent years, wet distiller’s grains (WDG) are also 

included for animal feed, which can also be converted to biochar. Similarly, biomass residue as a 

stover (the non-grain portion of the corn plant) is produced in significant amounts from corn 

harvest. According to a recent study, North Dakota utilizes only 10-20% of the residue of corn 

(Schmer et al., 2017). Corn stover is rich in carbohydrates but low in nutrients. In most cases, 

agricultural wastes are used as feedstock for biochar production, which helps to reduce the 

number of agricultural wastes (Lehman and Joseph, 2009; Speratti et al., 2018). Corn stover and 

DDGS/WDG can be used as carbon conserving soil amendments by converting them to biochar 

that may ensure sustainable corn production in North Dakota (Borhan et al., 2018). Therefore, 

the main purpose of this study was undertaken to investigate the quality of biochar produced 

from corn stover and distiller grain and their effects on GHG and ammonia emission with 

following the objectives: 
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i) to produce biochars from two forms of distiller grains (e.g., dry and wet) and corn 

stover in low temperature (386°C) and high temperatures (500°C) 

ii) to characterize their physical, chemical, and surface characteristics, and 

iii) to quantify the effects of biochars on GHG and NH3 emission volatilization from soil 

incubation with manure and Urea. 
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2. LITERATURE REVIEW 

2.1. History of Biochar 

The history of biochar started from the Amazonian rain forests of Brazil (Pleasant, 2000). 

In the pre-Columbian era, the Amerindian communities first made dark earth soils using slash 

and char (Lehmann & Joseph, 2012) called terra preta (terra preta de Indio). The study of 

Pleasant (2000)found that Amazonian dark earth holds plant nutrients, including nitrogen (N), 

phosphorous (P), calcium (Ca), and magnesium (Mg), much more efficiently than unimproved 

soil. High carbon (C) content (150 g C/kg soil) of these soils are the main characteristics 

compared to the surrounding soil (20-30 g/ C/kg soil) (Glaser et al., 2002). It becomes hundreds 

of years of giving up those soils, but this increased carbon content is still found. That is the proof 

of the persistence of the organic matter in the terra preta soils. Therefore, the carbon persistence, 

soil fertility, and sustainability of biochars have drawn the attention of the researchers 

(Rajapaksha et al., 2016). Glaser et al. (2000) identified black carbon in terra preta soils that are 

a probable cause of sustainability and fertility of these soils. Besides, the organic matter in terra 

preta soil has a similar structure of biochar. That explains the reason for the high carbon content 

and fertility of terra preta (Glaser et al., 2000). 

In recent years, several works have been done to explore the knowledge about biochar. 

The objectives of those studies were mainly to know biochar properties, its effect on soil and 

mitigation of environmental pollution by using them. Lehmann et al. (2011) examined the 

influence of biochar on soil microorganisms, fauna and plant roots after the addition to soil. 

Shaaban et al. (2018) evaluated the strategic application of biochar to the soil that their effect on 

the soil properties and economic benefits. Ahmad et al. (2014), discussed the properties and key 

parameters (pyrolysis temperature, heating rate, feedstock type, etc.) of biochar to summarize the 
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current use of biochar as a sorbent for contaminant management in soil and water. El-Naggar et 

al. (2018) investigated the effect of biochars of different properties on the carbon mineralization 

and improvement of the quality of different textures soils.  Oliveira et al. (2017) explained the 

production and properties of biochar and the mechanisms involved in the removal of different 

types of organic and inorganic pollutants from the aqueous and gaseous phase. Aller et al. (2017) 

conducted an experiment to know more about the impact of fresh and aged biochar on plant 

available water and water use efficiency. In that study, fresh biochar increased plant available 

water. Li et al. (2017) conducted a study to explore the effects of apple branch biochar on the 

dynamic transformation of soil C, N, and P under different application rates and N conditions. 

Kammann et al. (2017) discussed the mechanisms and formation of two major greenhouse gases 

(N2O and CH4) in soil. That study explored the use of biochar to mitigate greenhouse gas 

emissions from agricultural land. Feng et al. (2018) investigated the effect of biochar on N2O 

emission from dry land at different moisture content. Martin et al. (2015) quantified the effect of 

biochar application on N2O emission within soil amended with anaerobic digestates from 

different feedstock. 

2.2. Biochar Production and Characteristics 

Biochar is the carbon-rich product obtained by heating the biomass, such as wood, 

manure, or leaves in a closed container under no or limited air supply. It is basically a soil 

amendment, which distinguishes it from charcoal (Lehmann & Joseph, 2012). Globally biochar 

is evaluated as a soil amendment to improve soil properties and to mitigate climate change by 

sequestering C (Jeffery et al., 2011; Lehmann et al., 2011). The potential biochar applications 

include carbon sequestration, soil fertility improvement, pollution remediation, and agricultural 

by-product/waste recycling (Ahmad et al., 2014). An increasing interest in the beneficial 
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application of biochar has opened up multidisciplinary areas for science and engineering. 

(Ahmad et al., 2014). Yet, very little is known about the mechanisms through which biochar 

affects the microbial abundance and community composition of the soil (Lehmann et al., 2011).  

2.2.1. Production of Biochar  

All three forms of carbonaceous materials (biochar, char, and charcoal) Biochar is 

typically produced by the pyrolysis process. In this process, Carbon bearing solid materials like 

agricultural and other waste is heated under oxygen-starved condition (Figure 1). Biochar is 

specifically produced for application to the soil for agronomic and/or environmental 

management and that makes it different from char and charcoal (Brown et al., 2015). The process 

of biochar production is not new; it has been used as an energy source for thousands of years for 

domestic and agricultural use. Anyone can easily understand the concept of biochar production. 

Thus, farmers can produce biochars on their farm by slow pyrolysis (1-20° C min-1) of 

agricultural wastes (Ok et al., 2015). 

 

 

 

 

 

Figure 1. Biochar production process 

2.2.2. Factors Affecting Quality of Biochar 

Types of feedstock and pyrolysis conditions affect biochar stability and production 

parameters differently. Pyrolysis temperature is the dominant parameter that determines biochar 

stability (Leng & Huang, 2018). Higher temperature (>550°C) produces stable and highly 
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aromatic biochars which have a large surface area. Lower temperature (<550°C) pyrolysis 

produces less condensed biochar structure that is expected to be more biodegradable and is less 

expensive (Ok et al., 2015). In addition, lower temperature pyrolysis has the environmental 

advantage that it emits fewer pollutants than the high temperature (Boyle, 2004). To enhance 

biochar stability at a lower temperature, long reaction residence time, slow heating rate, high 

pressure, co-pyrolysis with beneficial minerals, biomass feedstock of high-lignin content and 

large particle size are preferable (Leng & Huang, 2018). 

Besides temperature, biochar properties also depend on heating rates, types of biomass, 

and vapor residence times (Ronsse et al., 2013).  For agricultural use, slow pyrolysis is the most 

feasible production process to produce high‐quality biochar (Song et al., 2012). In slow 

pyrolysis, the biomass is burned in an oxygen-limited condition with typical heating rates 

between 1 and 30 °C min−1 (Lua et al., 2004). In the process, organic materials are heated by an 

external energy source at atmospheric pressure condition. Then organic material thermally 

decomposes and produces a solid residue and a vapor phase, and that solid residue is called 

biochar. (Laird et al., 2009). 

2.2.3. Characterization of Biochar 

The physical and chemical composition of biochar depends on the type of feedstock and 

pyrolysis conditions (e.g., residence time, temperature, heating rate, and reactor type); thus, not 

all biochars are the same and it is difficult to define the exact chemical composition of biochar. 

Biochars are mainly composed of carbon. The organic portion of biochar has a high carbon 

content and the inorganic portion mainly contains minerals such as Ca, Mg, K, and inorganic 

carbonates depending on its feedstock type (Rajapaksha et al., 2016). 
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Biochar composition can be crudely divided into relatively recalcitrant C, labile or 

leachable C and ash. The biochar organic carbon is often classified as recalcitrant C. When 

discussing biochar carbon, it is important to differentiate between total carbon and organic 

carbon. Studies of biochar used total carbon as a measure for carbon content. However, the use 

of organic carbon has been argued as a better measure of biochar C because upon pyrolysis some 

biochar has high carbonate content due to high ash content. The organic carbon of biochar is 

directly related to both the feedstock and the pyrolysis or gasification condition (Mukome et al., 

2015). The greater the proportion of aromatic C, the greater the chemical difference between 

biochar and other organic matter. The nature of these C structures is the main reason for the high 

stability of biochars; however, the precise mechanisms of the stability of the aromatic C 

structures in the soil is less clear (Lehmann et al., 2011). 

The mineral ash content reflects the inorganic content of the original feedstock. Common 

inorganic components include P, S, K, Ca, Mg, sodium (Na), iron (Fe) and zinc (Zn) which 

varies between the biochars due to the type of feedstocks. Ash content closely related to biochar 

pH., electrical conductivity (EC) and mineral composition. Knowledge of biochar ash content is 

important for several agronomic considerations (Mukome et al., 2015). 

One of the biochar properties with key agronomic considerations is pH. It is the measure 

of acidity or alkalinity. Most biochars are alkaline with a pH>7 and their use often raises the pH 

of acidic soil (liming effect) and affects the mobility of cations in the soil. Biochar pH depends 

on feedstock type, pyrolysis temperature, and production process. The influence of feedstock 

type is more than the pyrolysis temperature (Mukome et al., 2015). For example, even if biochar 

is produced at the same temperature, the non-wood feedstocks (manure, corn-Stover, and algae) 



 

11 
 

derived biochar generally have higher pH than wood feedstocks (Enders et al., 2012; Mukome et 

al., 2013). 

Cation exchange capacity (CEC) is a measure of exchangeable cations (e.g. Ca2+, Mg2+, 

K+, and Na+) and it is an important measure of soil quality and productivity. CEC also depends 

on biomass feedstock and pyrolysis conditions. Manure based biochar has a higher CEC than 

plant-based biochar. In addition, fast pyrolysis biochar shows higher CEC than a slow pyrolysis 

process. On the other hand, greater pyrolysis temperatures cause a decrease in CEC. It has also 

shown that biochar CEC increases with ages or weathers and with storage conditions (mc, 

temperature). Addition of biochar to soil increases soil CEC (Mukome et al., 2015)  

Electrical conductivity (EC) is a measure of the ability of a material to conduct an 

electrical current. It is commonly used as a proxy for the salinity in aqueous extracts and soil. 

Non-manure biochars typically have lower ash content and lower EC values than manure-derived 

biochars. The high EC values are associated with high amounts of soluble salts. A higher amount 

of soluble salt affects soil microorganisms that influence some important soil processes, such as 

nitrification and denitrification, organic matter decomposition and respiration. It can also affect 

soil structure through flocculation and can cause inhibited plant growth from ion toxicity and ion 

imbalance (Mukome et al., 2015). 

The specific surface area (SSA) of biochar is determined by The Brunauer-Emmet-Teller 

(BET) analysis and is called area per gram of sample (Mukome and Parikh, 2015). It is measured 

by exposing biochar surface to a defined gas atmosphere (N2 gas and CO2) at the temperature of 

liquid nitrogen (77k) and then the amount of absorbed gas is measured  (F. N. Mukome and 

Parikh, 2015; Weber and Quicker, 2018). The measurement of the SSA depends on different 

protocol parameters (e.g., sorption gas, degassing temperature and time (Keiluweit et al., 2010; 
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Kookana et al., 2011; Mukome and Parikh, 2015). Due to those parameters, the appropriate gas 

for the biochar SSA measurement has not been fixed yet (McLaughlin et al., 2012; Mukome and 

Parikh, 2015).  However, some studies suggested that CO2 gas is more accurate for the SSA 

measurement (McLaughlin et al., 2012; Mukome and Parikh, 2015). Biochar has a high surface 

area compared to soil (Mukome and Parikh, 2015). There are positive relations between the 

surface area and the pyrolysis temperature. However, some feedstock does not show the same 

relation (Keiluweit et al., 2010; Kookana et al., 2011; Mukome and Parikh, 2015). Sometimes 

the specific surface area is connected to some factors such as cation exchange capacity and/or 

water holding capacity (Mukome and Parikh, 2015; Weber and Quicker, 2018). During the 

carbonization process, the volatile gases escape from the biomass and that changes the porosity 

and the total surface area of the biomass (Weber and Quicker, 2018). The ability of biochar to 

provide microbial habitats, soil-aggregating nuclei, retaining water and added nutrients to soil 

depends on surface area (Mukome and Parikh, 2015). In addition, biochar’s role as a 

contaminant removal also depends on SSA. However, the mechanisms of biochar in soil have not 

been understood yet (Mukherjee and Lal, 2014; F. N. Mukome and Parikh, 2015). 

The bulk measure of size, shape, and structure of biochar is called morphology (Mukome 

and Parikh, 2015). Morphological characteristics of biochar obtained from the image of the 

biochar surface where numerous macro and micropores can be seen (Lee et al., 2010; Mukome et 

al., 2013; Mukome and Parikh, 2015). Usually, the surface image of the biochar is taken by the 

scanning electron microscopy (SEM). The surface images of biochars are different depending on 

the feedstock type and temperature (Lee et al., 2010; Mukome et al., 2013; Mukome and Parikh, 

2015; Özçimen and Ersoy-Meriçboyu, 2010). Mukome and Parikh, 2015, observed that biochar 

derived from pinewood at 900°C has large pores than the biochar obtained at 300°C.  
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2.3. Biochar Application to Soil 

Carbon sequestration in soil is essential for the enrichment of soil quality (Bruun et al., 

2015; Zhang et al., 2017). Thus, a carbon-rich amendment is necessary to improve the quality of 

the soil. Biochar is a carbon-rich, cost-effective amendment that is used mainly for soil 

management (Park et al., 2016). There is no need for extensive biomass material preparation or 

costly product isolation procedures for biochar production (Steinbeiss et al., 2009). For this 

reason, it has received massive interest in recent years (Rizwan et al., 2016). Researchers 

suggested that the incorporation of biochar into the soil is the strategy for enhancing soil fertility 

and crop productivity (Li et al., 2017). Biochar is applied to the soil to improve soil quality, 

increase crop yield, reduce irrigation and fertilizer application and mitigate greenhouse gas (Liu 

et al., 2018b). The combination of biochar with fertilizer and carbon storage function in soils 

would activate the microbial community, which may lead to nutrient release and fertilization 

causing an increase of the soil productivity (Steinbeiss et al., 2009). Though agricultural 

productivity often increases with biochar application, it depends on various factors, including 

types of feedstock, production conditions, type of soil application rates and the use of additional 

fertilizer (Blackwell et al., 2009; Sui et al., 2016). Therefore, it is difficult to predict the yield 

responses (Blackwell et al., 2009). 

2.3.1. Effects of Biochar as Soil Amendment 

The effects of biochar on soil biota have received much less attention than its effects on 

soil chemical properties (Lehmann et al., 2011). Sorption phenomena, pH, and physical 

properties of biochars such as pore structure, surface area, and mineral content play important 

roles in determining how different biochars affect soil biota (Lehmann et al., 2011).  
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2.3.1.1. Effects of Biochar on Soil Moisture and Soil Nutrients 

Soil fertility is the ability of soil to provide sufficient nutrients and water to plants in 

favorable environmental conditions (Havlin et al., 2005). Steinbeiss et al. (2009), has observed 

several studies that the addition of biochar to soils improved soil fertility and thus increased crop 

yield. Additionally, the huge surface area of the biochars increased water retention and cation 

exchange capacity of the soils that support fertility. In addition, biochar brings additional 

photosynthetic fixed carbon into the soil, which provides the opportunities to store carbon (C) in 

the soil for a longer period of time compared to other soil amendments (Sheng & Zhu, 2018; 

Steinbeiss et al., 2009).  Thus, it mitigates CO2 emission from agricultural lands (Steinbeiss et 

al., 2009).  

The application of biochar may change several soil properties like electrical conductivity 

(EC), pH, CEC, nutrient levels, porosity, bulk density, and microbial community structures. 

These changes in soil properties can alter soil fertility and crop productivity in various ways by 

improving nutrient levels and decreasing nitrogen (N) leaching in soils. Biochar also likely 

influences the microbial populations in a soil that makes the nutrients available for the plant 

(Shaaban et al., 2018). 

2.3.1.2. Management of Pollutant in Soil 

Soil is an essential resource for sustainable agriculture and food production; however, the 

risk of rapid soil degradation is rising globally (Symeonakis et al., 2016). To improve the soil 

quality and crop yield, farmers use fertilizers and pesticides. Most of the time, farmers do not 

know about the application rate, and they apply an excess amount of fertilizer and pesticides in 

the field. Extreme and inefficient use of pesticides imposes severe toxic effects on living 

organisms that result in serious soil and water contamination. Using environment-friendly 
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amendments for Soil remediation could be a suitable approach to solve this problem (Liu et al., 

2018a). Biochar is a cost-effective amendment for the management and rehabilitation of infertile 

and contaminates soils; it has received intensive interest in the last decade (Park et al., 2016; 

Rizwan et al., 2016).  

2.3.1.3. Biochar Effects on Greenhouse Gases 

Greenhouse gases are gases in the atmosphere that capture solar radiation and warm the 

surface of the earth (Massey & McClure, 2014). Carbon dioxide (CO2), methane (CH4), nitrous 

oxide (N2O), perfluorocarbons (PFCs), hydrofluorocarbons (HFCs), and Sulphur hexafluoride 

(SF6) are the major greenhouse gases (GHGs) that produce as a result of human activities such as 

energy production, agriculture, forestry, and land-use etc. ( Victor D. G et al., 2014). GHG 

maintains the temperature on the earth and makes it habitable (Ok et al., 2015). An average 

temperature of the earth is about 59 °F and without GHGs contribution, the earth temperature 

would be about -2°F (Massey & McClure, 2014). However, due to human activities, GHG 

emissions are increasing that resulting in increased earth temperature. That leads to adverse 

effects in the earth’s environment like sea-level rise, floods, droughts, adverse seasonal 

variations and melting of polar ice caps etc. (Ok et al., 2015).  

At present, CO2 contributes 76%; CH4 about 16%, N2O about 6%, and the combined 

Fluorinated gases (F-gases) are contributing about 2% of the total GHG emission ( Victor D. G 

et al., 2014). However, CH4 and N2O capture more heat in the atmosphere than CO2 (Massey & 

McClure, 2014). GHG emissions from agricultural activities happened through a variety of 

processes such as enteric fermentation in domestic livestock, livestock manure management, rice 

cultivation, agricultural soil management, liming, urea fertilization, and field burning of 

agricultural residues (US EPA, 2020c).In 2018, agricultural activities were responsible for 
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emissions of 9.3 percent of total U.S. greenhouse gas emissions (US EPA, 2020b). The major 

GHG emitted by agricultural activities are CH4, N2O, and CO2 (US EPA, 2020b). Agriculture is 

the main source of anthropogenic emissions of CH4 and N2O and agricultural activities 

particularly manure and slurry application to fields, contribute up to 60% of the global annual 

anthropogenic emissions (Martin et al., 2015). Application of biochar is a potential remedy for 

carbon sequestration (Feng et al., 2018) and decreasing N2O emission is reported to be one of the 

co-benefits of biochar when it is applied to soil (Martin et al., 2015). Feng et al. (2018), found 

that biochar made from rice straw at the temperature of 300℃ decrease N2O emission at the 

moisture content of 27% and 30%. The study of Yanai et al. (2007) showed,  applying 10% (wt 

basis) charcoal decrease 89% N2O emission from loam to clay loam soil when  73% and 78% of 

the soil pore space was filled by water. Rondon et al. (2006) conducted a glasshouse pot 

experiment where they applied charcoal at the soil and planted Soybeans and a tropical grass (B. 

humidicola). The N2O emission from soybean and the grass pots were reduced by 50% and 80%, 

respectively. The degree of the reduction of N2O emission depends on the feedstock used to 

produce biochar, type of soil, biochar application rate and soil moisture conditions (Martin et al., 

2015). Incorporating biochars to soil increases CH4 uptake from the soil that contributes to 

mitigating GHG emissions (Van Zwieten et al., 2009). Rondon et al. (2005) and (2006), showed 

that wood-derived biochar decreases CH4 emission from soil. Recent literature suggests that 

biochar may significantly reduce N2O and CH4  emissions when applied as  a soil ammendment 

(Kammann et al., 2017). However, limited understanding of the mechanisms through which 

biochar decreases CH4 and N2O emission (Van Zwieten et al., 2009). Thus, there is a need to 

study the effects of biochar on GHG emissions under different conditions. 
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3. MATERIALS AND METHOD 

3.1. Feedstock Collection and Charring Biochar 

In this study, two types of distiller grains: wet distiller grains (WDG) and dry distiller 

grains (DDG) were collected in 2018 from the Tharaldson Ethanol, Fargo, ND, USA. The corn 

stover (CS) was collected from Carrington Research and Extension Center of North Dakota State 

University (NDSU). Wet distiller grains were dried at ambient temperature to prevent any 

spoilage before charring. All distiller grains were ground on a milling machine (W6H Schutte 

Buffalo Hammer Mill, Buffalo, NY) to reduce its size 3-4 mm. 

Biochars were produced at two different temperatures such as low temperature (about 

386°C) and high temperature (at 500°C) for 45 minutes. In this study, a smaller diameter paint 

container was used as a retort and a larger paint container used as a pyrolysis chamber to provide 

uniform heat for charring (Figure 2). To release headspace gas during the charring process, five 

small openings (0.25 mm) were made at the top of each container. Additionally, four holes were 

made at the bottom side of the large container. A conventional heater was used to provide heat 

for burning. Two-third of the small container filled with feedstock and then the top of the 

container was sealed and placed on the heater. The larger container covered the smaller one to 

provide uniform heating. Also, inside of the larger container was paired with plaster-of-Paris to 

provide some insulation to prevent heat loss during the charring process.  
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Top view of the pyrolysis chamber 

 
Section view of the pyrolysis chamber 

Figure 2. 3-D diagram of the pyrolysis process used in this study 
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Sectional view of the whole experimental unit 

 
A transparent 3-D view of the pyrolysis chamber showing the arrangement of containers of the 

experimental unit 

Figure 2. 3-D diagram of the pyrolysis process used in this study (Continued) 
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On the other hand, for the high temperature (500 °C), a temperature-controlled benchtop 

muffle furnace (Thermolyne FB141M, Thermo Fisher Scientific, Waltham, Mass.) was used. An 

identical container similar to the low-temperature charring process was filled with ¾ full of 

biomass and placed on a muffle furnace. The furnace was closed, and the biomass was heated at 

500°C for 45 minutes. In both processes, the container was allowed to cool down and biochar 

was removed from the container and kept them at room temperature. After that, subsamples were 

collected and stored for analysis. 

3.2. Analysis of Biochar Properties 

In this study, different properties of biochar were measured. The pH and EC were 

determined following procedures described previously (Ahmedna et al., 1997; Mary et al., 2016; 

Borhan et al., 2018). Briefly, a 1% (w/w) suspension of biochar in deionized water was prepared 

and heated at 90°C for 20 min while continuously stirring. When the suspension was cooled to 

room temperature, the pH and EC (µS cm-1) were measured using a benchtop pH/MV/ISE/EC 

meter (HI4522, Hanna Instruments, Ann Arbor, Mich.).  

Biochar’s ultimate (e.g., total moisture, volatile matter, ash, fixed carbon, total carbon, 

hydrogen, nitrogen, total sulfur, and oxygen) and proximate analysis (e.g., total moisture, ash, 

carbon, hydrogen, nitrogen, total sulfur, and oxygen by difference) were done in Minnesota 

Valley Testing Laboratories, Inc., Bismarck, ND, USA, following EPA 6010D test method (U.S 

EPA, 2018). The chemical components (Ca, Mg, Na, K, Al, Cu, Fe, Mn, and Zn) of the biochars 

were also determined in Minnesota Valley Testing Laboratories, Inc., Bismarck, N.D following 

the EPA 3051A method (U.S. EPA, 2007). 

The surface morphological properties, such as changes in texture and structure, of the 

three-feedstock and 6-biochar samples after pyrolysis were quantified using scanning electron 
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microscopy (JSM-6490LV SEM, JEOL USA, Inc., Peabody, Mass.) paired with energy 

dispersive x-ray spectroscopy (EDXS). Initially, three levels of magnifications (500x, 750x, and 

1500x) were tried to achieve better-quality images for visual evaluation of biochar surfaces and 

textures. A magnification level of 1500x was chosen for better clarity of the micrographs. EDXS 

was performed on each image by randomly selecting three locations. 

3.3. Soil Assortment and Laboratory Incubation Preparation 

Soils for the laboratory incubation study were collected from the North Dakota State 

University (NDSU) research field in Fargo, ND. The soil was dark-grey very fine sandy loam 

(75% sand, 13% silt, and 12% clay) soil. A composite sample of soil core (0-0.15 m) were 

collected from at least three different locations on the same field from a previously cultivated 

surface.  After collecting, the soil was then air-dried for three days, thoroughly mixed, and finely 

ground down to ~2 mm size using an oscillating stainless-steel sieve in a Wiley mill mechanical 

grinder (Thomas Scientific, Swedesboro, NJ). The water holding capacity (WHC) of the sieved 

soil was determined by saturating 10 g of soil with deionized water inside a funnel. Then, the soil 

was drained for 4 h and WHC was determined gravimetrically by drying soil at 105°C to a 

constant weight (Bowden et al., 1998; Niraula et al., 2018). Soil bulk density was determined by 

soil core collection and gravimetric method (Blake and Hartge, 1986). The pH and EC of the soil 

were determined by following the procedures described by (Thomas, 1996) and (Rhoades, 1996) 

respectively. The main properties of air-dried soil and manure are presented in Table 1 and 2 

respectively. 
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Table 1. Physical and chemical properties of soil and manure used in the study. 

Properties Soil 

pH 8.1±0.06[a] 

EC (dSm-1) 1.21±0.09[b] 

 CEC (meq/100g) 22.71±0.23 

 Bulk density (g/cm3) 1.1 

NO3-N (%) 0.002±0.0[c] 

NH4-N (%) 0.002±0.0[c] 

  Sand (%) 75 [d] 

  Silt (%) 13 [d] 

  Clay (%) 12 [d] 

P (%) 0.001±0.0[c] 

K (%) 0.004±0.0[c] 

Total N (%) 0.14±0.01[c] 

 Total C (%) 3.12±0.07[c] 

  OM (%) 2.1±0.0 
[a] soil pH determined in 1:2 soil/water extraction (Thomas, 1996) 

[b] Soil EC determined in 1:1 soil/water extraction (Rhoades, 1996) 

[c] CEC, P, K, Total C, Total N, and Dry matter content obtained from NDSU Soil Testing Lab., Fargo, 

North Dakota. 

[d] Sand, silt, clay obtained by mechanical Analysis by Hydrometer Method from NDSU Soil 

Testing Lab., Fargo, North Dakota. 

 Table 2. Physical and chemical properties of manure used in the study 

Properties Manure 

pH 7.65±0.02[a] 

EC (dSm-1) 3.71±0.31[b] 

NO3-N (%) 0.01±0.0 [c] 

NH4-N (%) 0.42±0.03[c] 

P (%) 0.5±0.02[c] 

K (%) 1.2±0.13[c] 

Total N (%) 2.2±0.03[c] 

Total C (%) 30.44±0.51 
[a] Manure pH determined in 1:2 water extraction (Wolf and Peters, 2003) 

[b] Manure EC determined in 1:2 water extraction (Wolf, 2003) 

[c] P, K, Total C, Total N, NO3-N, NH4-N, and Dry matter content obtained from NDSU Soil Testing 

Lab., Fargo, North Dakota. 

3.4. Manure Collection and Preparation 

Wheat straw-bedded solid beef manure (M) were collected from the manure stockpile 

outside the NDSU Beef Cattle Research Complex, Fargo, ND, USA, following the procedure of 
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(Niraula et al., 2018). The average temperature and the wind speed at the time of manure sample 

assortment was 28°C and 6.35 ms-1. The manure stockpile remained uncovered and exposed to 

atmospheric conditions before sample collection. Six subsamples from different depth (avoiding 

surface crust) and locations of a pile was collected in a 10-gallon bucket and mixed thoroughly. 

Then, manure sample was air-dried, finely ground all the way down to ~2 mm, and mixed 

thoroughly before use. The EC and pH of the manure were measured at 1:2 manure to water 

suspension using Accumet AB pH meter (Fisher Scientific, Hampton, NH) (Wolf and Peters, 

2003; Wolf, 2003). Some of the properties of the air-dried manure was conferred in table 3.1. 

3.5. Soil Incubation Experimental Set-up 

Laboratory incubation study was conducted in 1-L clear glass mason jar of 0.00466 m2 

(area=46.6 cm2) and each jar was filled with 150 g of sieved soil following the procedure 

presented by Mukome et al., (2013) and Niraula et al., (2018). Soil inside mason jars was 

compacted to the height of 30 mm to achieve a  bulk density similar to field bulk density (1.1 g 

cm-3).  

A completely randomized factorial (5 × 3 × 3) experiment with five treatments including 

manure (M), Nitrogen (Urea), Manure-Biochar, Nitrogen-Biochar and no Treatment (control) 

and subplot of three biochars (DDG, WDG and CS) were used. Three replications were used for 

each treatment. Thus, a total of 45 jars were used.   

The N application rates within the incubation jar was established by supporting the 

typical N application rate (215 kg N ha-1) for corn (Zea mays L.) as recommended for the 

Eastern North Dakota. For each jar, nitrogen, manure, and biochar application rates were at 204 

mg, 11 g, and 8 g per 150 g soil (equivalent to 215 kg N ha-1, 7.5 ton acre-1, 10.5 ton acre-1, 

respectively), respectively. After mixing soil in a jar, deionized water (60 mL) was added evenly 
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over the surface with a pipette to bring the soil moisture content to 40% WHC to ensure WHC 

similar to a field. Every jar was weighed soon after the setup and the water lost through 

evaporation was replaced by adding deionized water during sampling days. Jars were sealed with 

airtight lids, fitted with gas sampling ports (butyl rubber septum), and incubated at 25 ± 1 °C for 

73 days. 

3.5.1. Measurement and Analysis of Greenhouse Gases  

Headspace air samples (20 mL) were collected from the mason jars on days  0, 10, 40, 

59, and 76  days after incubation, following the procedure described by (Awale & Chatterjee, 

2015; Mukome et al., 2013 Niraula et al., 2018). Headspace gas sampling was done by inserting 

a gas-tight luer lock syringe into the jar. Once sampling, jars were left open for an hour for 

aeration.  Immediately after collecting, air samples were analyzed for CH4, CO2, and N2O using 

a greenhouse gas chromatograph (GC) (Model No. 8610C, SRI Instruments, 20720 Earl St., 

Torrance, CA 90502) equipped with a flame ionization detector (FID) and an electron captured 

detector (ECD) following the procedure described by Rahman et al. (2012). A gas sample of 10 

mL from the syringe was injected into the GC for the GHG measurements. Before injecting any 

sample into the GC, the FID and ECD detector temperature was raised to 110°C. The system was 

operated on a nitrogen carrier at 20 PSI for the ECD, whereas hydrogen and air were supplied to 

the FID/methanizer using a built-in air compressor at 20 PSI. During this system, the ECD 

detector detects N2O, whereas the FID/methanizer detector detects both CH4 and CO2. Gas 

chromatographs were recorded and analyzed with the Peak Simple Chromatography Data 

System Software (Version 3.72, SRI Instruments, 20720 Earl St., Torrance, CA 90502). Before 

and after sample analysis, calibration gases were used to ensure that the GC was functioning 

properly. Blank samples were also run between samples using the same procedure to check any 
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contamination from the previous analysis. To generate calibration equations, three points 

calibration were conducted for CH4 (5, 10, and 20 ppm), CO2 (1000, 1500, and 2500 ppm), and 

N2O (5, 10, and 100 ppm) gases.  

The N2O, CO2, and CH4 concentrations were converted into mass units assuming ideal 

gas relations and expressed as micrograms N2O-N, milligrams CO2-C, and micrograms CH4-C 

produced between sampling dates per kilogram of soil, respectively. The headspace 

concentration of gas samples measured between the sampling dates were divided by the elapsed 

time to obtain daily N2O (mg N2O-N kg–1 moist soil d–1), CH4-C (mg CH4-C kg–1 moist soil d–1), 

and CO2 fluxes (mg CO2–C kg–1 moist soil d–1) using the following equation described by 

(Niraula et al., 2018):  

𝐹𝑙𝑢𝑥 =
P ×  Ct (Vh +  Vw)  ×  M

 R ×  T ×  W ×  t 
  

Where, Ct is the gas concentration in the gas phase (μL gas L−1 ), Vh is the volume of the headspace 

(mL), Vw is the volume of water in the soil (mL); M is the atomic weight of C or N (g mol−1 ), P 

is the standard atmospheric pressure (101.325 kPa), R is the universal gas constant (8.31451 L kPa 

mol-1 K -1 ), T is the temperature in Kelvin (295.15°K), W is the oven dry mass of soil (g), and t is 

the time between the 1st and 2nd sample collection. Cumulative mg N2O-N, mg CO2-C, or mg 

CH4-C emission per kg-1 soil during the incubation period was calculated by summing the gas 

emissions during each sampling period. Emissions were calculated as N2O-N, CO2-C, and CH4-C, 

however, for simplicity flux is herein referred to as N2O, CO2, and CH4, respectively.  

3.5.2. Measurement and Analysis of Soil Inorganic N  

At the end of the incubation, 6.5 g of soil samples from each treatment (total of 45 soil 

samples) were collected and extracted with 25 mL of 2 M potassium chloride (KCl) solution (1:5 

soil/extractant ratio), after shaking for 30 min in a reciprocal shaker (Maynard et al., 2007; 
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Niraula et al., 2018). The soil suspension was then centrifuged for 5 min and filtered through a 

Whatman no. 2 filter paper. The KCl extracts were analyzed for soil inorganic N (NH4
+ + NO3

-) 

using the Timberline TL2800 Ammonia Analyzer (Timberline Instruments, Boulder, CO).  

3.5.3. Measurement and Analysis of NH3 Volatilization  

Ammonia (NH3) volatilization losses from each experimental jar were measured using 

the phosphoric acid (H3PO4) traps placed inside the headspace of the screw-top mason jar (Khan 

et al., 2001; Niraula et al., 2018). In order to facilitate the capture of NH3, 15 mL of 0.5 M 

H3PO4 was placed inside a 50 mL cup and hung above the soil surface using a metal wire from 

the lid. Following gas sampling, acid traps were collected and replaced with freshly prepared 15 

mL H3PO4 solution to facilitate NH3 trapping until the next sampling day. The traps were 

extracted with 25 mL of 2M KCl, sealed and frozen at -18°C in polypropylene vials, until 

analysis within 2 d using the automated timberline TL2800 ammonia analyzer (Timberline 

Instruments, Boulder, CO). Daily NH3 volatilization loss (mg NH3–N kg -1 soil d–1) was 

calculated by dividing the NH3-N emitted between the sampling dates by the elapsed time. In 

addition, NH3 volatilization losses during each sampling period were summed to obtain the 

cumulative NH3-N losses (mg NH3–N kg–1) of the entire incubation period. The final ammonia 

volatilization loss between sampling dates was estimated using the mean loss from the replicated 

jars. Cumulative NH3 volatilization loss (mg NH3–N kg–1) over the entire sampling period was 

calculated by summing the amount of NH3 volatilized during each sampling event. 

3.6. Overview of the Study 

 The overall work presented in this study can be divided into a couple of segments. 

Therefore, for better understanding, the overall study is shown in figure 3. 
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Figure 3. Overview of the study 
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3.7. Statistical Analysis 

Duplicate samples were used for all measurements, except pH and EC analysis, where 

three replicates were used. The averages of each treatment were compared using the PROC 

ANOVA procedure in SAS 9.3 software (SAS Institute Inc., Cary, NC, USA). The null 

hypothesis was treatments had no effects on biochar characteristics, pH and EC at 95% (P = 

0.05) significance level. Then, variables were separated using Duncan’s Multiple Range Test if 

the main effect (temperature) using F-test was significant at P = 0.05. 

Three replications were used for the measurements of the effect of N fertilizers on GHG 

emissions (N2O, CO2, and CH4), NH3 volatilization, and soil inorganic N. The Residuals of daily 

GHG emissions and NH3 volatilization were evaluated for homogeneity of variance and 

normality using the UNIVARIATE procedure of SAS 9.3 software SAS Institute Inc., Cary, NC, 

USA). The effects of N-fertilizers on cumulative GHG emissions, NH3 volatilization, and soil 

inorganic N were analyzed using the PROC ANOVA procedure in SAS 9.3 software (SAS 

Institute Inc., Cary, NC, USA) to test the relative significance of different treatments through 

calculation of their mean differences. Significant differences among means were determined by 

Duncan's multiple range test at P<0.05 level.  
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4. RESULTS AND DISCUSSIONS 

4.1. Characterization of Biochar 

4.1.1. pH and EC of Biochars 

Figure 4 shows the variations of pH among the three-biochar produced at two different 

pyrolysis temperatures. Bars with the same letter indicate they are not significantly different at 

p<0.05. All biochars were alkaline (pH ranged between 7.76 and 10.63) in nature and pH values 

in this study were similar to biochars produced from beef feedlot manure (9.81 to 10.10), dairy 

manure (10.45 to 10.76), DDG (8.11 to 8.72), CS (9.65 to 10.15) wheat straw (pH 8.2 to 9.2), 

peanut shells (pH 9.3 to 9.9), and corn straw (pH 10.2 to 10.4) that reported similar pH ranges 

(Gai et al., 2014; Gaskin et al., 2008; Spokas et al., 2012; Borhan, et al., 2018).  

The pH value of all biochars, however, decreased with the increase in temperature. 

According to the previous report, biochars are persistent soil additives that carry out the benefit 

of carbon sequestration, which influences the soil pH (Chintala et al., 2014; Lehmann, 2007; Xu 

et al., 2006). Alkaline biochars, when applied to acidic soil, may decrease the soil’s acidity and 

increase its nutrient sorption capacity, thus establishing a more conducive environment for many 

plants and microbes (Sohi et al., 2010; Borhan et al., 2018). In addition, major GHG such as N2O 

is a byproduct during nitrification and that process depends on the soil pH (7 to 8), aeration, 

temperature (25-35°C) water filled pore space etc. (Pal. 2015). Biochar can alter the soil aeration, 

gas diffusivity and moisture content and reduce N2O emissions via denitrification. Nitrification 

produces H+ ions that results in a decrease in the soil pH. Biochar with higher pH can promote 

the last step of denitrification to produce N2 rather than N2O resulting the reduction of N2O 



 

30 
 

production (Cayuela et al., 2013 & Pal. 2015).  In addition, by enhancing soil O2 diffusion, 

biochar can hinder CH4 production. (Spokas et al., 2009 & Pal. 2015).  

 

 

 

 

 

 

   

  

  

  

  

  

  

Figure 4. pH of biochars samples pyrolyzed at 386°C and 500°C 

Note: DDG= Dry Distiller Grain; WDG= Wet Distiller Grain; CS=Corn Stover 

Vertical bars are standard deviation (n=3). 

Similarly, the variations of EC among the three-biochar produced at two different 

temperatures (Figure 5). The EC of biochar produced from CS at both temperatures varied 

significantly than the biochar produced from the DDG and WDG. The EC of biochar samples 

except CS increased with the increase of pyrolysis temperature. The EC of the biochar 

determines the exchange of ions and reflects the total amount of dissolved salts or the total 

amount of dissolved ions in the sample. This study supports the previous reports (except CS) that 

EC generally increases with higher pyrolysis temperature (Gai et al., 2014, Borhan et al., 2018). 

In both pyrolysis temperature (high and low) WDG has the highest EC and the values were 

1242.67 S cm-1 and 995.1 S cm-1 for the high and low temperature, respectively. The CS 

showed the lowest EC for both temperatures. For low temperature, the value was 538.87 S cm-1 

and it decreased to 208 S cm-1 with the increase of temperature. The EC for CS-derived biochar 

(327 S cm-1) is comparable with a recent study (Borhan et al., 2018). Except for CS, the EC 
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increased with increasing pyrolysis temperature that supports previous reports (Cantrell et al., 

2012; Rajkovich et al., 2012, Borhan et al., 2018). 

 

 

 

 

 

 

 

 

 

Figure 5. Electrical conductivity (EC) of biochars samples pyrolyzed at 386°C and 500°C. 

Note: DDG= Dry Distiller Grain; WDG= Wet Distiller Grain; CS=Corn Stover. 

Vertical bars are standard deviation (n=3). 

4.1.2. Proximate and Ultimate Analysis 

The overall biochar ash content varied from 16.12 to 28.06%. Among all the biochars, the 

highest ash content was found in the CS (19.54 to 28.06%), followed by DDG (17.85 to 23.17) 

and WDG (16.12 to 22.69%) (Table 3). The results are in contrast with Borhan et al., (2018), 

where the ash content for CS was about 10.6%, 12.6%, and 10.8% for 1, 2, and 3 h, respectively, 

at 400℃. Increasing the charring temperature from 386 °C to 500°C causes a substantial 

decrease in ash content. The low ash content of WDG biochar was due to the low mineral 

content in the feedstock and high ash content in CS and DDG derived biochar is due to the build-

up of different inorganic components (Wang et al., 2013; Borhan et al., 2018; Pariyar et., al 

2020). Like ash, total moisture, fixed carbon (FC), and carbon (C) content reduced due to the 

increase in pyrolysis temperature.  Unlike ash content, the highest FC resulted in WDG (~57%), 

followed by DDG (~56%), and CS (~52%) biochars (table 4.1). The higher FC in the WDG, 
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DDG, and CS biochars was likely due to the lignin content as reported by Borhan et al. (2018) in 

a similar study. However, lignin content was not measured in this study. The higher fixed carbon 

(FC) content results in higher biochar yield and better carbon sequestration (Borhan et al., 2018). 

Rajkovich et al., (2012) observed lower FC value (42%) for CS derived biochar under a similar 

charring condition in a commercial pyrolizer and he found that FC decreased with the increase in 

temperatures. The heat release and volatile matter (VM) of the biochars increased with an 

increase of temperature. DDG released the highest amount of heat that is ranged from 9892 to 

10676 BTU/lb. on the other hand, WDG showed highest amount VM i.e. 45.35 wt. %. 

Table 3. Mean and standard deviation of proximate analysis (n = 2).  

Feedstock Treatments TM (wt. %) Ash 
VM  (wt. 

%)   
FC (wt. %) BTU/lb 

DDG 

L 2.11±0.1a* 23.17±0.41a 20.77±1.89b 56.08±1.48a 9892 ± 136a 

H 1.68±0.02b 17.85±0.1b 39.34± 0.34a 42.82± 0.44b 10676±132a 

WDG 

L 3.18±0.06a 22.69±0.53a 19.94±1.51b 57.39±0.99a 10082 ± 58a 

H 1.48±0.27b 16.12±0.7b 45.35± 3a 38.54±2.3b 10667±104a 

CS 

L 2.07±0.03a 28.06±1.71a 19.5 ± 0.82a 52.45±2.53a 9023 ± 363a 

H 1.11±0.01b 19.54±0.07a 37.08±0.48a 43.39±0.55a 10518± 49a 

Note: L=Low pyrolysis temperature (386°C); H=High pyrolysis temperature (500°C); DDG= 

Dry Distiller Grain, WDG= Wet Distiller Grain; CS=Corn Stover; TM = Total moisture; FC 

=Fixed carbon; VM = Volatile matter; BTU/lb= British thermal unit per pound. 

*= Means in the same column with the same alphabet(s) are not significantly different at P= 

0.05. 

4.1.3. Ultimate Analysis 

Table 4 shows the result of the ultimate analysis of the biochars obtained from different 

feedstock in different temperatures. Like FC content, the highest C was obtained with WDG, 

followed by CS, and DDG biochars (table 4.1) and C content of biochars decreased with 
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increased temperature. The C contents of CS, DDG and WDG obtained at 386℃ temperature 

were 0.09%, 2.08% and 4.42% higher, respectively, than the values obtained at the temperature 

500℃. The C content of CS in this study was similar to Rajkovich et al., (2012) observed 

(68.7%) under a similar pyrolysis condition. The presence of Nitrogen (N), total Sulphur (TS), 

Hydrogen (H), and oxygen (O) increased with the pyrolysis temperature. The highest 

concentration of TS obtained with WDG (1.15% to 1.58%), followed by DDG (0.74% to 1.17%) 

and CS (0.37% to 0.44%) biochars (Table 4.2). Similarly, DDG showed the highest nitrogen (N) 

content, followed by CS, and WDG biochars. The average N contents of DDG, WDG, and CS 

biochars ranged approximately from 6.78% to 7.55%, from 6.75% to 7.41%, and from 6.22% to 

7.47%, respectively (Table 4.2). Nitrogen is the most sensitive to heating (Shenbagavalli and 

Mahimairaja, 2012; Tryon, 1948); thus, biomass type, heating time, and temperature have 

profound impacts on N content (Borhan et al., 2018). On the other hand, C/N ratio varied 

between 8.3-10.1 (Table 4.2), and CS had the highest C/N ratio, followed by the DDGS, and CS 

biochars. The optimum C/N ratio for soil microorganisms is 24:1 (USDA, 2011). However, C/N 

ratio of biochars in this study is lower indicates higher N content. A higher or lower C/N ratio 

indicates a nitrogen deficit or excess nitrogen in the biochar, respectively. Thus, when applying 

biochar to soil, attention must be given to the soil N content (Borhan et al., 2018).  The highest 

hydrogen concentration was obtained with WDG (1.84% to 4.25%), followed by DDG (1.97% to 

3.89%), and CS (1.54% to 3.87%), biochars. Overall, hydrogen showed an increasing trend with 

increased temperature for all six biochars (table 4.1). The oxygen contents were comparable 

among the biochars and WDG showed the highest O content (7.8%) (table-4.1). In this study, the 

oxygen content of the biochar was determined by the difference method. However, according to 

Borhan et al., (2018), oxygen content determined by the difference method is more prone to 
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measurement error. Previous studies mainly focused on the feedstock types and the pyrolysis 

conditions (temperature and duration) that reported that C/N ratio of feedstock has a positive 

relationship with the reduction of N2O production from soil (Cayuela et al., 2014). Pal. (2015) 

suggested that biochar feedstock has C/N ratio ≥30 can reduce GHG emission by C and N 

immobilization.  

Table 4. Mean and standard deviation of ultimate analysis (n = 2).  

Feedstock Treatments TS (wt. %) C (wt. %) H (wt. %) N (wt. %) 

O (wt. %) 

(by 

difference) 

C/N 

(calculated) 

DDG 

L 0.74±0.07b* 65.67±0.27a 1.97±0.15b 6.78±0.12b 1.69±0.35b 9.68±0.17 

H 1.17±0.03a 63.59±0.01b 3.89±0.01a 7.55±0.02a 5.96±0.03a 8.35±0.09 

WDG 

L 1.15±0.02b 67.29±0.05a 1.835±0.12b 6.75±0.17a 0.3±0.22b 9.46±0.75 

H 1.58±0.03a 62.87±0.34b 4.25±0.38a 7.41±0.21a 7.79±0.22b 8.50±0.28 

CS 

L 0.37±0.03a 61.17±2.29a 1.54±0.05b 6.22±0.11a 2.66±0.61b 10.1±0.42 

H 0.44±0.01a 61.26±0.23a 3.87±0.01a 7.47±0.06a 7.43±0.36a 8.47±0.37 

Note: H=High pyrolysis temperature (500°C), L=Low pyrolysis temperature (386°C), DDG= 

Dry Distiller Grain, WDG= Wet Distiller Grain, CS=Corn Stover TS = Total sulpher, C = 

Carbon, H = Hydrogen N = Nitrogen, O = Oxygen, C/N = Carbon Nitrogen ratio. 

*= Means in the same column with the same alphabet(s) are not significantly different at P≤ 

0.05. 

4.1.4. Chemical Properties of Biochar 

The results of the chemical properties of biochars are listed in Table 5. Calcium (Ca), 

magnesium (Mg), sodium (Na), potassium (K), aluminum (Al), copper (Cu), iron (Fe), 

manganese (Mn), and zinc (Zn) concentration decreased with the increases of pyrolysis 

temperature except for DDG. CS showed the highest concentration of Ca (41950 to 60350 μg/g) 

and biochar from all feedstocks from the two temperatures are significantly different (p<0.05) 
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from each other. Similar to Ca content, CS also showed maximum concentration for Mg, Al, Fe, 

Mn, and B that is ranged from 17250 to 22750 μg/g, 376 to 753 μg/g, 617 to 1630 μg/g, 165.5 to 

202.5 μg/g, and 49 to 56.45 μg/g, respectively. Except for Mg and B, six biochar derived from 

CS, DDG, and WDG at two temperatures were significantly different (p<0.05) from each other. 

Unlike CS, WDG contained the highest concentration of Na, K, Cu, Mo, and Zn i.e 14350 to 

19400 μg/g, 13.35 to 15.5 μg/g, 6.09 to 7.35 μg/g, and 152.5 to 198.5 μg/g, respectively. In 

DDGs and CS, the concentration of Mo increased with the increase of pyrolysis temperature. In 

both pyrolysis conditions, CS derived biochar has the highest concentration of Ca and Mg but 

has the lowest concentration of Na. Previous studies reported that oxygen containing organic 

functional groups, mineral deposits such as Calcium carbonate , and ample quantities of soluble 

base cations in biochar can be released rapidly into the soil and increase soil pH that results into 

the completion of denitrification process and finally causes the reduction of N2O production 

(Cayuela et al., 2013 & Pal. 2015). However, the relation of the chemical properties of biochars 

to the GHG gases is not known yet. 
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Table 5. Chemical properties of biochars (n=3) 

Feedstock Treatment 
Ca 

(μg/g) 

Mg 

(μg/g) 

Na 

(μg/g) 

K 

(μg/g) 

Al 

(μg/g) 

Cu 

(μg/g) 

Fe 

(μg/g) 

Mn 

(μg/g) 

Mo 

(μg/g) 

Zn 

(μg/g) 

B 

(μg/g) 

DDG 

L 35900±1000a* 16150±450a 11350±450a 37900±700a 487±9 a 11.14±1.7a 1300±108a 108±2a 6.075±0.6a 145±5a 35.45±1a 

H 18250±150b 12150±250b 12050±150a 33700±500b 103±7 b 13.25±0.2a 461±8b 55.65±0.1b 6.94±0.4a 134.5±1.5a 39.65±1a 

WDG 

L 6180±860b 19000±200a 19400±200b 52800±600b 138±1.5b 15.5±0.3a 1120±10b 73.85±0.5a 7.35±0.05a 198.5±3.5a 39.75±1.35a 

H 807.5±10.5a 14350±650a 14850±850a 41700±1800a 24±0.8a 13.35±1.5a 332±8.5a 51.65±3.5b 6.09±0.7a 152.5±9.5b 39.2±0.7a 

CS 

L 60350±850a 17250±250a 4570±70a 30800±100a 376±16a 12.8±0.3a 617±26.5a 164.5±1.5a 6.94±0.9a 123.5±3.5b 49±0.5b 

H 41950±1050b 22750±850b 6420±40b 41550±1150b 753±18.5b 12.5±1.1a 1630±40b 202.5±1.5b 6.02±0.1a 145.5±1.5a 56.45±1.4a 

Note: L=Low pyrolysis temperature (386°C); H=High pyrolysis temperature (500°C); DDG= Dry Distiller Grain; WDG= Wet 

Distiller Grain; CS=Corn Stover; Ca = Calcium; G= Magnesium; Na = Sodium; K = Potasium; Al = Aluminum; Cu =Copper; Fe 

= Iron; Mn = Manganese; Mo = Molybdenum; Zn = Zinc; B = Boron.  

*= Means in the same column with the same alphabet(s) are not significantly different at P≤ 0.05. 
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4.1.5. Surface Characteristics of Biochar 

The pore structures, as shown in SEM micrographs showed changes in the biochar particles 

due to pyrolysis.  Figure 4.3 showed the SEM micrographs of different biochar samples pyrolyzed 

at low (386°C) and high (500°C) for the three-biomass types. Biochar particles from two 

temperatures for a given biochar were randomly selected to acquire the SEM micrographs.  

Overall, the biochars preserved the macrocellular morphology of the original feedstock 

particles. Pyrolysis produced biochar particles with rough surfaces and multiple tiny pores, thus 

achieved a larger surface area. Biochars with a larger surface area can be used as sorbent 

materials (Borhan et al., 2018). The SEM micrographs of the biochars showed that increasing the 

temperatures from low to high at 45 mins caused significant changes in the surface microporosity 

and morphological structure of the biomass (Figure 6). The variations of the surface morphology 

of biochar samples indicated the decrease of moisture and ash content with the increase of 

pyrolysis temperature. The SEM micrographs of DDG biochar showed that micro particles with 

a regular folded structures changed into an irregular layer (Figure 6 a & b). The CS biochar 

showed a soft structure with pores that indicated the presence of high ash content, showed 

opposite changes of the DDG biochar (e, and f in Figure 6) (Borhan et al., 2018). On the other 

hand, the WDG biochar contained high moisture at low temperature, and the micrograph showed 

more pores as the pyrolysis process progressed (Figure 6 c & d). Similar to other studies, with 

pyrolysis temperature increasing, more pores and cracks were generated (Ma et al., 2016). 

Generally, these biomass types contained low lignin and high volatile matter contents, which 

affected the pore formation (Lehmann et al., 2011; Mary et al., 2016, Borhan et al., 2018). In 

addition, the previous report also said that a well-developed pore structure and pore size 

distribution in biochar could adsorb ammonium (NH4
+-N) when NH4

+-N or NH3 is a concern 
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(Gai et al., 2014; Sun et al., 2013, Borhan et al., 2018). In general, the biochars mainly consisted 

of aggregated microspheres 2 to 10 μm in diameter with aliphatic bromo and aromatic structures 

and the presence of carboxyl and hydroxyl functional groups (Borhan et al., 2018). 

  

(a) DDG- 386°C  (b) DDG-500°C 

  

 

 (c) WDG- 386°C (d) WDG- 500°C 
  

(e) CS- 386°C (f) CS- 500°C 
Figure 6.  SEM micrographs of different biochar samples pyrolyzed at 386°C and 500°C. 

Note: DDG= Dry Distiller Grain; WDG= Wet Distiller Grain; CS=Corn Stover 
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Analysis of the elemental composition using EDXS  revealed that the biochars were 

composed of a wide range of valuable minerals, including sodium, aluminum, calcium, silicon, 

phosphorus, potassium, carbon, oxygen, chlorine, sulfur, and magnesium (Figure 7). EDX 

spectrographs of the six biochars show that CS has the more significant number of minerals (C, 

O, Na, Al, Si, P, S, Cl, K, Ca, and Mg) followed by DDG (C, O, Na, Al, Si, P, S, Cl, K, and Mg) 

and WDG (C, O, Na, Mg, P, S, Cl, and K). These mineral agglomerates were close to the values 

reported previously (Varela Milla et al., 2013; Borhan et al., 2018). However, the carbon content 

of the biochars was CS > DDG > WDG.  

 

 

 

 

 (a): DDG- 386°C  (b): DDG- 500°C 

 

 

 

 
 (c): WDG- 386°C  (d): WDG- 500°C 

Figure 7. Showing EDX spectrograms elements of different biochar samples pyrolyzed at 

386°C and 500°C. 
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 (e): CS- 386°C (f): CS- 500°C 

Figure 7. Showing EDX spectrograms elements of different biochar samples pyrolyzed at 

386°C and 500°C (continued). 

     Note: DDG= Dry Distiller Grain; WDG= Wet Distiller Grain; CS=Corn Stover 

4.2. Biochar Effects on Greenhouse Gases and Ammonia Volatilizations 

4.2.1. Effects of Biochar on N2O Emission 

Until 10 days, N2O concentrations were very low in all treatments (≤0.01 mg N kg−1) 

(Figure 8), indicating that nitrification rates were high in the soil that supports a previous study 

(Nelissen et al., 2014). The daily mean of N2O emissions ranged from 0.01 to 2.12 mg N2O-N 

kg−1 d -1, with the highest daily emission from Urea amended soil (Figure 8). There was no 

significant (p≤ 0.05) N2O emission until day 10. After that, a significant (p≤ 0.05) amount of 

N2O emission occurred from Manure, Urea, and UDDG until 59th day.   

The cumulative N2O emission from N treatments with biochar followed the decreasing 

order of UDDG > Urea > UCS > UWDG > UHDDG > UHCS > Control > UHWDG > Manure > 

MHWDG > MHCS > MCS > MDDG > MWDG > MHDDG, indicating that biochar conditions 

favor lower N2O emission when applied with manure (Table 6). UDDG showed significantly 

higher N2O concentration than other treatments. Biochar suppressed the N2O emission while 

comparing the application with manure and Urea. Biochar pyrolyzed at 500° significantly 

reduced cumulative N2O (UHWDG 70%, and UHCS 51%, UHDDG 41%) emission than the 

Urea. Application of high-temperature biochar with Urea produced from DDG, WDG, and CS 
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resulted in reducing N2O by 44, 62, and 38%, respectively, than biochar obtained at low 

temperature. This is in agreement with a previous study where reductions of N2O emission was 

significantly higher at high temperatures (≥550°C) compared to low pyrolysis temperatures 

(<550°C) (Nelissen et al., 2014).  

Figure 8. Daily soil N2O emission after N fertilizers over 76 days of incubation.  

Note: MDDG = Manure with  low  temperature Dry Distiller Grain biochar; MWDG = Manure 

with  low  temperature Wet Distiller Grain biochar; MCS = Manure with  low  temperature 

Corn Stover biochar; MHDDG = Manure with  High  temperature Dry Distiller Grain biochar; 

MHWDG = Manure with  High  temperature Wet Distiller Grain biochar; MHCS = Manure 

with  High  temperature Corn Stover biochar; Urea = Soil with Urea; UDDG = Urea with  low  

temperature Dry Distiller Grain biochar; UWDG = Urea with  low  temperature Wet Distiller 

Grain biochar; UCS = Urea with  low  temperature Corn Stover biochar; UHDDG = Urea with  

High  temperature Dry Distiller Grain biochar; UHWDG = Urea with  low  temperature Wet 

Distiller Grain biochar; UHCS = Urea with  low  temperature Corn Stover biochar. 

Also cumulatively, Urea treated soil showed significantly higher N2O−N concentrations 

(on average 4.17 mg N2O-N kg−1) compared to the manure (0.26 mg N2O-N kg−1) and control 

treatment (1.29 mg N2O-N kg−1) (Table 6). In general, when biochar is applied with manure, 

irrespective of biochar types, N2O emission decreased between 82 to 93% as compared to 

control. Overall, the application of biochar decreased N2O emission 9 to 66% and 20 to 70% 

compared to the manure and urea treatments, respectively. 
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Table 6. Cumulative N2O emission and residual inorganic N presents from N fertilizers over 76 

days of incubation (n=3). 

Treatments 
N2O emission 

(mg N2O-N kg−1) 

Soil residual inorganic N 

(mg kg−1 soil) 

Control 1.29±0.06def 2.2±0.3cd 

M 0.26±0.14ef 3.5±0.5bcd 

MDDG 0.17±0.15ef 7.2±5.5bcd 

MWDG 0.17±0.07ef 7.5±5.9bcd 

MCS 0.19±0.10ef 3.4±0.2bcd 

MHDDG 0.09±0.04f 3.3±1.2bcd 

MHWDG 0.24±0.23ef 3.9±1.1bcd 

MHCS 0.21±0.10ef 3.2±0.3bcd 

Urea 4.17±0.92ab 16.0±0.1a 

UDDG 4.37±0.51a 1.8±0.2d 

UWDG 3.27±1.37abc 9.9±4.2abc 

UCS 3.34±1.73abc 2.2±0.2cd 

UHDDG 2.47±1.67bcd 6.5±6.6bcd 

UHWDG 1.24±0.64def 7.5±3.2bcd 

UHCS 2.06±0.84cde 10.3±4.1ab 

Note: Control = Soil; M = Manure with soil; MDDG = Manure with  low  temperature Dry 

Distiller Grain biochar; MWDG = Manure with  low  temperature Wet Distiller Grain biochar; 

MCS = Manure with  low  temperature Corn Stover biochar; MHDDG = Manure with  High  

temperature Dry Distiller Grain biochar; MHWDG = Manure with  High  temperature Wet 

Distiller Grain biochar; MHCS = Manure with  High  temperature Corn Stover biochar; Urea = 

Soil with Urea; UDDG = Urea with  low  temperature Dry Distiller Grain biochar; UWDG = 

Urea with  low  temperature Wet Distiller Grain biochar; UCS = Urea with  low  temperature 

Corn Stover biochar; UHDDG = Urea with  High  temperature Dry Distiller Grain biochar; 

UHWDG = Urea with  low  temperature Wet Distiller Grain biochar; UHCS = Urea with  low  

temperature Corn Stover biochar. 

* Means in the same column with the same alphabet(s) are not significantly different at P≤ 

0.05. 

4.2.2. Effects of Biochar on CH4 Emission  

The daily mean CH4 emission from all treatments ranged from 0 to 0.91 mg CH4-C kg−1 

d -1, whereas at day 40 every treatment except UWDG showed the highest peak of CH4 
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production (0.91 mg CH4-C kg−1 d -1) from Urea amended soil (Figure 9). Daily CH4 emission 

trend is somewhat similar to N2O emission and there was no significant (p ≤0.05) emission 

measured until day 10th when Control treatment resulted in significant emission. However, on 

day 40th, a significant CH4 emission was observed from Manure, Urea, and UDDG treatments 

compare to control. After that, CH4 emission reduced with some treatments. 

Figure 9. Daily soil CH4 emission after N fertilizers over 76 days of incubation. 

Note: Control = Soil; Manure = Manure with soil; MDDG = Manure with  low  temperature 

Dry Distiller Grain biochar; MWDG = Manure with  low  temperature Wet Distiller Grain 

biochar; MCS = Manure with  low  temperature Corn Stover biochar; MHDDG = Manure with  

High  temperature Dry Distiller Grain biochar; MHWDG = Manure with  High  temperature 

Wet Distiller Grain biochar; MHCS = Manure with  High  temperature Corn Stover biochar; 

Urea = Soil with Urea; UDDG = Urea with  low  temperature Dry Distiller Grain biochar; 

UWDG = Urea with  low  temperature Wet Distiller Grain biochar; UCS = Urea with  low  

temperature Corn Stover biochar; UHDDG = Urea with  High  temperature Dry Distiller Grain 

biochar; UHWDG = Urea with  low  temperature Wet Distiller Grain biochar; UHCS = Urea 

with  low  temperature Corn Stover biochar. 

 

The cumulative CH4 emission ranged between 0.04 mg CH4-C kg−1 from MHDDG and 

1.87 mg CH4C kg−1 from UDDG (Table 7), indicating that soil amended with N treatments were 

the net emitter of the CH4 gas that confirms a previous study (Niraula et al., 2018). When soil 

amended with manure and biochar, CH4 emission decreased by 82% to 93%, whereas MHDDG 
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treatment resulted in the highest reduction of CH4 emission (93%) than the control. Although, 

soil amended with Urea and biochar resulted in a higher amount of CH4 emissions than control 

and manure treatments, UHWDG treated soil decreased CH4 emission by 4% compared to 

control. It is likely that soils can be a source or sink of CH4 emission (Bowden et al., 1998; 

Hutsch, 2001; Van den Pol-van Dasselaar et al., 1998; Whalen and Reeburgh, 1996). In 

anaerobic conditions, methanogens degrade hydrocarbons in soil organic matter to produce CH4 

and CO2 and that reflects on our results that on the 40th day the highest amount of CH4 emitted 

from the soils due to anaerobic conditions (figure 9). On the other hand, soil consumes CH4 

under aerobic conditions, where CH4 is oxidized to CO2 by methanotrophs (Topp and Pattey, 

1997). Previous reports suggested that methanotrops can survive under extreme acidic and saline 

conditions but their optimum activity ranged from a pH of 5-7.5. HDDG and HWDG showed the 

highest suppression of CH4 emission (both had the pH of 7.8) following the studies reflecting 

that methanotrops was active well due to that pH range (Dalal et al., 2008). In addition, 

according to previous studies, biochar application may cause enhanced soil aeration by affecting 

soil macro and micro porosities that decrease CH4 production.  Overall, biochars with manure 

and Urea reduce CH4 emission comparing with manure and urea treatment only that support a 

previous study where CH4 emission reduced 51% when a paddy soil amended with biochars 

obtained from bamboo and rice straw pyrolyzed at 600°C (Liu et al. 2011).  
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Table 7. Cumulative CH4, CO2 emission from N fertilizers over 76 days of incubation (n=3). 

Treatments 
CH4 emission 

(mg CH4-C kg−1) 

CO2 emission 

(mg CO2-C kg−1 ) 

Control 0.55±0.02def* 133.40±13.71a 

M 0.11±0.06ef 122.71±2.64ab 

MDDG 0.07±0.07ef 118.93±14.37abc 

MWDG 0.07±0.03ef 117.63±9.70abc 

MCS 0.08±0.04ef 133.42±3.21a 

MHDDG 0.04±0.02f 107.47±12.47abc 

MHWDG 0.10±0.10ef 118.99±10.88abc 

MHCS 0.09±0.04ef 105.46±15.32abc 

Urea 1.79±0.39ab 94.06±20.84bc 

UDDG 1.87±0.22a 80.67±5.87cd 

UWDG 1.40±0.59abc 81.03±33.97cd 

UCS 1.43±0.74abc 82.80±13.30cd 

UHDDG 1.06±0.71bcd 85.90±23.60bcd 

UHWDG 0.53±0.28def 87.66±7.51bcd 

UHCS 0.88±0.36cde 54.32±23.37a 

Note: Control = Soil; M = Manure with soil; MDDG = Manure with  low  temperature Dry 

Distiller Grain biochar; MWDG = Manure with  low  temperature Wet Distiller Grain biochar; 

MCS = Manure with  low  temperature Corn Stover biochar; MHDDG = Manure with  High  

temperature Dry Distiller Grain biochar; MHWDG = Manure with  High  temperature Wet 

Distiller Grain biochar; MHCS = Manure with  High  temperature Corn Stover biochar; Urea = 

Soil with Urea; UDDG = Urea with  low  temperature Dry Distiller Grain biochar; UWDG = 

Urea with  low  temperature Wet Distiller Grain biochar; UCS = Urea with  low  temperature 

Corn Stover biochar; UHDDG = Urea with  High  temperature Dry Distiller Grain biochar; 

UHWDG = Urea with  low  temperature Wet Distiller Grain biochar; UHCS = Urea with  low  

temperature Corn Stover biochar. 

*Means in the same column with the same alphabet(s) are not significantly different at P≤ 0.05. 

4.2.3. Effects of Biochar on CO2 Emission 

Carbon dioxide (CO2) emission generally followed about a mixture of W and M-shaped 

patterns and the trend was unstable unlike the N2O and CH4. The daily mean CO2 emission 

ranged from 5.5 to 36.03 mg CO2-C kg−1 d -1 (Figure 10), and MCS amended soil had the highest 
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cumulative CO2 emission (Table 4.4). The daily average CO2 emission showed that some 

biochars daily emitted more CO2 than the control and showed unstable trends. The unstable trend 

may support a previous study where the author reported that biochar applications to soil produce 

an initial pulse of CO2 due to enhanced microbial respiration and decomposition of liable C 

fraction (Pal, 2015). However, no significant differences in CO2 emission were observed in this 

study. 

Figure 10. Daily soil CO2 emission after N fertilizers over 76 days of incubation. 

Note: Control = Soil; Manure = Manure with soil; MDDG = Manure with  low  temperature 

Dry Distiller Grain biochar; MWDG = Manure with  low  temperature Wet Distiller Grain 

biochar; MCS = Manure with  low  temperature Corn Stover biochar; MHDDG = Manure with  

High  temperature Dry Distiller Grain biochar; MHWDG = Manure with  High  temperature 

Wet Distiller Grain biochar; MHCS = Manure with  High  temperature Corn Stover biochar; 

Urea = Soil with Urea; UDDG = Urea with  low  temperature Dry Distiller Grain biochar; 

UWDG = Urea with  low  temperature Wet Distiller Grain biochar; UCS = Urea with  low  

temperature Corn Stover biochar; UHDDG = Urea with  High  temperature Dry Distiller Grain 

biochar; UHWDG = Urea with  low  temperature Wet Distiller Grain biochar; UHCS = Urea 

with  low  temperature Corn Stover biochar. 

Cumulative CO2 emission followed an order as MCS > Control > Manure > MHWDG > 

MDDG >MWDG > MHDDG > MHCS > Urea > UHWDG > UHDDG > UCS > UWDG > 

UDDG > UHCS (Table 7). That order indicates that biochars did not favor CO2 emission. In this 
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study, the cumulative CO2 emission (except MCS) decreased 11 to 59% than control while we 

added biochar. In addition, Urea emitted 29% less CO2 than control that indicates that urea-

biochar-amended soils emitted more CO2 than Urea amended soil. Therefore, some biochar-

amended soil emitted more CO2 than manure and Urea that supports some previous studies. 

According to those studies, biochar may stimulate soil microorganisms due to the priming effect 

to decompose the organic matter and provide a readily available substrate for denitrifying 

microorganisms (Bünemann et al. 2006; Blagodatskaya and Kuzyakov 2008; Smith et al. 2010; 

Nelissen et al. 2012; Ameloot et al. 2013; Sun et al. 2014). Then that mineralizes the labile 

biochar C fraction by biotic or abiotic ways in soil that increase CO2 emissions (Kolb et al. 2009; 

Zimmerman et al. 2011). However, others also observed that in the long term biochar is expected 

to sequester C and principally emit negligible quantities of CO2 (Pal. 2015). For example, 

Kuzyakov et al. (2014) found that only 6% of initially added biochar mineralized to CO2 during 

eight and half years. 

4.2.4. Effects of Biochar on NH3 Volatilization  

The daily mean NH3 volatilization loss ranged from 0.07 to 8.36 mg NH3-N kg-1 soil 

(Figure 11). The cumulative soil NH3 volatilization loss ranged from 0.75 to 24.7 mg NH3-N 

kg−1 soil, with the highest loss from UHWDG amended soils, and the lowest from Control (Table 

8). NH3 volatilization fluxes sharply increased, peaked on the 10th day except for UHWDG and 

UHCS, and then most treatments decreased rapidly. On day one, control, UDDG, UHWDG, and 

UHCS treatment lost a significant amount of NH3 compared to other treatments and continued 

until day 10. After that, ammonia emission reduced for all treatments except UHDDG until day 

59.  In the present study, soil receiving N amendments had significantly higher NH3 

volatilization compared to control (P≤0.05), which is most likely due to the addition of NH4
+ 
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containing substrate that increased the soil pH during hydrolysis as observed by Niraula et al. 

(2018).  

Figure 11. Daily soil NH3 volatilization after N fertilizers over 76 days of incubation.  

Note: Control = Soil; SM = Solid Manure; MDDG = Manure with  low  temperature Dry 

Distiller Grain biochar; MWDG = Manure with  low  temperature Wet Distiller Grain biochar; 

MCS = Manure with  low  temperature Corn Stover biochar; MHDDG = Manure with  High  

temperature Dry Distiller Grain biochar; MHWDG = Manure with  High  temperature Wet 

Distiller Grain biochar; MHCS = Manure with  High  temperature Corn Stover biochar; Urea = 

Soil with Urea; UDDG = Urea with  low  temperature Dry Distiller Grain biochar; UWDG = 

Urea with  low  temperature Wet Distiller Grain biochar; UCS = Urea with  low  temperature 

Corn Stover biochar; UHDDG = Urea with  High  temperature Dry Distiller Grain biochar; 

UHWDG = Urea with  low  temperature Wet Distiller Grain biochar; UHCS = Urea with  low  

temperature Corn Stover biochar. 

The soil used in this study had an initial pH of 8.1. When NH4
+ containing fertilizers 

were added, the NH4 + ⇄ NH3 equilibrium during hydrolysis reaction may have shifted to the 

right due to consumption of H+ , thus favoring more NH3 volatilization from N amended soils 

(Overrein & Moe, 1967; Al-Kanani et al., 1991; Rochette et al., 2009; Niraula et al., 2018). In 

this study, biochar amendment influences the NH3 volatilization rate when fertilized with N that 

followed the previous study that reported that biochar application did not change NH3 

volatilization fluxes pattern after N fertilization (Feng et al,. 2016). Overall, biochar treatments 
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showed relatively higher cumulative NH3 volatilization than that of control, which may be due to 

pH of soil and biochar. 

Table 8. Cumulative NH3 volatilization loss from N fertilizers over 76 days of incubation (n=3). 

Treatments 
NH3 volatilization 

(mg NH3-N kg−1) 

Control 0.37±0.04e 

SM 5.00±1.48de 

MDDG 3.15±1.13de 

MWDG 2.71±0.25de 

MCS 1.97±1.36de 

MHDDG 4.70±0.04de 

MHWDG 3.65±1.52de 

MHCS 5.48±2.39de 

Urea 9.31±1.47bcd 

UDDG 17.24±1.33ab 

UWDG 14.40±9.79bc 

UCS 10.09±5.81bcd 

UHDDG 8.50±4.37cde 

UHWDG 24.22±4.20a 

UHCS 14.64±0.88bc 

Note: Control = Soil; SM = Solid Manure; MDDG = Manure with  low  temperature Dry 

Distiller Grain biochar; MWDG = Manure with  low  temperature Wet Distiller Grain biochar; 

MCS = Manure with  low  temperature Corn Stover biochar; MHDDG = Manure with  High  

temperature Dry Distiller Grain biochar; MHWDG = Manure with  High  temperature Wet 

Distiller Grain biochar; MHCS = Manure with  High  temperature Corn Stover biochar; Urea = 

Soil with Urea; UDDG = Urea with  low  temperature Dry Distiller Grain biochar; UWDG = 

Urea with  low  temperature Wet Distiller Grain biochar; UCS = Urea with  low  temperature 

Corn Stover biochar; UHDDG = Urea with  High  temperature Dry Distiller Grain biochar; 

UHWDG = Urea with  low  temperature Wet Distiller Grain biochar; UHCS = Urea with  low  

temperature Corn Stover biochar. 

*Means in the same column with the same alphabet(s) are not significantly different at P≤ 0.05. 
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5. CONCLUSION AND FUTURE STUDY 

5.1. Conclusion 

Biochar properties depend on the feedstock types and pyrolysis temperatures. Biochars 

were alkaline (pH ranged 10.65 to 7.89) in both temperatures. Biochar from DDG and CS had a 

high concentration of calcium (Ca), magnesium (Mg) and potassium (K) ranged between 60350 

to 35900 μg/g compared to WDG (6180 μg/g) at 386°C and decreased dramatically with the 

increase of temperature. The SEM analysis of biochar showed that the porous structure of 

biochars also changed significantly and different from each other. Corn stover biochar contained 

the highest number of minerals and the highest concentration of (C, O, C, Na, Mg, Al, Si, P, S, 

Cl, K, Ca, and Mg) on the surface than the other. Biochars pH, total moisture, ash, FC, C, Ca, 

Mg, Na, K, Al, Cu, Fe, Mn, and Zn decreased with the increase of pyrolysis temperature. 

The concentration of GHG emissions were related to N treatments. For example, the 

emission of N2O from soil mixed with Urea and urea-biochar treatments were always higher than 

the emission from manure and manure-biochar treatments. The cumulative N2O emissions were 

reduced significantly as compared to manure and Urea. In addition, CH4 emission from manure 

treated with biochar resulted in 7 to 18% less emission than the control treatment, but urea-

biochar amended soil emitted 38 to 71% more CH4 than urea treatment. However, UHWDG 

treatment emitted 4% less CH4 than control. Considering, CO2 emission, all treatments except 

MCS emitted less CO2 than control. Comparing manure and urea treatmnents, urea-biochar 

treatments  produced 20 to 48% less CO2 than manure-biochar treatment. In addition, urea-

biochar amended soils emitted 7 to 42% less CO2 than Urea amended soil. Therefore, the CO2 

emission reduced while biochar was applied. However, the trend of daily emission was not 

stable. So, a long run of study may be needed to understand the trend of CO2 emission. Ammonia 
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(NH3) volatilization from biochar amended soil were more than control, which is likely due to 

the pH of soil and biochar. Overall, the effects of biochar on gaseous emission influenced by the 

biochar types and their characteristics. Therefore, further study is needed at a different 

application rate of biochar to understand what combination of treatment is influencing more on 

the reduction of gaseous emission. Also, the microbial analysis will generate further knowledge 

to address some of the gaps. Overall, biochars reduced major GHG emissions when compared 

with the N treatments. Thus, the application of biochar may have environmental benefits.  

5.2. Future Study 

- The study provided information about biochar properties based on feedstock types and at 

two temperatures. In the future, charing can be done at both temperatures for a longer 

duration to quantify the variation of the same properties.  

- In addition, biochar properties can also be compared using a mixture of biomasses as 

feedstock. Additionally, different pyrolysis chambers could be made and calculate the 

efficiencies of the designs and yield of biochar.  

- Moreover, a study can be conducted to observe the effects of biochars on the properties 

of soil. 

- This study also revealed that biochar could be used as an amendment for reducing N2O, 

CH4, and CO2 from fertilizer application to soil. Further study can be done with different 

soils and application rates of biochar to establish a relationship between the effects of 

biochar on GHG emission with soil properties.  

- A study can be done with different N treatments to observe their influence on the effect 

of biochar on soil. 
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- A long term study could be done to observe the effects of biochar on CO2 emission to 

understand the mechanism of it. 

- Since no field studies were done in this study, to support the incubation study a field 

study is needed to ensure sustainable agricultural production without harming our 

environment. 

  



 

53 
 

REFERENCES 

Ahmad, M., Rajapaksha, A.U., Lim, J.E., Zhang, M., Bolan, N., Mohan, D., Vithanage, M., Lee, 

S.S., Ok, Y.S.J.C. (2014). Biochar as a Sorbent For Contaminant Management in Soil and 

Water: A Review. 99, 19-33. 

Ahmedna, M., Clarke, S. J., Rao, R. M., Marshall, W. E., Johns, M. M. (1997). Use of Filtration 

and Buffers in Raw Sugar Color Measurements. Journal of the Science of Food and 

Agriculture, 75(1), 109–116. 

Aller, D., Rathke, S., Laird, D., Cruse, R., Hatfield, J.J.G. (2017). Impacts of Fresh and Aged 

Biochars on Plant Available Water and Water Use Efficiency. 307, 114-121. 

Aneja, V. P., Blunden, J., James, K., Schlesinger, W. H., Knighton, R., Gilliam, W., & Cole, S. 

(2008). Ammonia Assessment from Agriculture: Us Status and Needs. Journal of 

Environmental Quality, 37(2), 515-520. 

Awale, R., & Chatterjee, A. (2015). Soil Moisture Controls The Denitrification Loss Of Urea 

Nitrogen From Silty Clay Soil. Communications in Soil Science and Plant Analysis, 

46(16), 2100-2110. 

Bani Shahabadi, M., Yerushalmi, L., Haghighat, F. (2009). Impact of Process Design on 

Greenhouse Gas (GHG) Generation by Wastewater Treatment Plants. Water Research, 

43(10), 2679-2687. 

Blackwell, P., Riethmuller, G., Collins, M. (2009). Biochar Application to Soil. Biochar for 

Environmental Management: Science and Technology, 1, 207–226. 

Blake, G. R., K. H. Hartge (1986). Bulk Density1. In: A. Klute, editor, Methods of Soil Analysis: 

Part 1—Physical and Mineralogical Methods, SSSA Book Ser. 5.1. SSSA, ASA, 

Madison, WI. p. 363-375. doi:10.2136/sssabookser5.1.2ed.c13 



 

54 
 

Borchard, N., Wolf, A., Laabs, V., Aeckersberg, R., Scherer, H. W., Moeller, A., & Amelung, 

W. (2012). Physical Activation of Biochar and Its Meaning for Soil Fertility and Nutrient 

Leaching–A Greenhouse Experiment. Soil Use and Management, 28(2), 177-184. 

Borhan, M. S., Rahman, S., Sarker, N. C. (2018). Characterizing Corn and Cattle Manure 

Derived Biochars Relevant to Their Use as Soil Additives. Transactions of the ASABE, 

61(4), 1335–1349. 

Bowden, R. D., Newkirk, K. M., & Rullo, G. M. (1998). Carbon Dioxide and Methane Fluxes 

By A Forest Soil Under Laboratory-Controlled Moisture and Temperature Conditions. 

Soil Biology and Biochemistry, 30(12), 1591-1597. 

Brown, R., Del Campo, B., Boateng, A.A., Garcia-Perez, M. (2015). Fundamentals of biochar 

production Ondrˇej Mašek. In: Biochar for Environmental Management, Routledge, pp. 

71-94. 

Bruun, E. W., Ambus, P., Egsgaard, H., & Hauggaard-Nielsen, H. (2012). Effects of Slow and 

Fast Pyrolysis Biochar on Soil C and N Turnover Dynamics. Soil Biology and 

Biochemistry, 46, 73-79. 

Bruun, T. B., Elberling, B., de Neergaard, A., Magid, J. (2015). Organic Carbon Dynamics in 

Different Soil Types after Conversion of Forest to Agriculture. Land Degradation & 

Development, 26(3), 272–283. 

Cao, X., Ma, L., Gao, B., & Harris, W. (2009). Dairy-Manure Derived Biochar Effectively Sorbs 

Lead and Atrazine. Environmental science & technology, 43(9), 3285-3291. 

Cayuela, M. L., Van Zwieten, L., Singh, B. P., Jeffery, S., Roig, A., Sánchez-Monedero, M. A. 

(2014). Biochar’s Role in Mitigating Soil Nitrous Oxide Emissions: A Review and Meta-

Analysis. Agriculture, Ecosystems & Environment, 191, 5–16. 



 

55 
 

Chan, K. Y., Van Zwieten, L., Meszaros, I., Downie, A., Joseph, S. (2008). Agronomic Values 

of Greenwaste Biochar as a Soil Amendment. Soil Research, 45(8), 629–634. 

Cheng, H., Jones, D. L., Hill, P., Bastami, M. S., Tu, C. long. (2018). Influence of Biochar 

Produced From Different Pyrolysis Temperature on Nutrient Retention and Leaching. 

Archives of Agronomy and Soil Science, 64(6), 850–859. 

Chintala, R., Schumacher, T. E., McDonald, L. M., Clay, D. E., Malo, D. D., Papiernik, S. K., ... 

& Julson, J. L. (2014). Phosphorus Sorption and Availability from Biochars and Soil/B 

iochar Mixtures. CLEAN–Soil, Air, Water, 42(5), 626-634. 

Clough, T. J., Condron, L. M., Kammann, C., & Müller, C. (2013). A Review of Biochar and 

Soil Nitrogen Dynamics. Agronomy, 3(2), 275-293. 

Crutzen, P. J., Mosier, A. R., Smith, K. A., & Winiwarter, W. (2016). N2O Release From Agro-

Biofuel Production Negates Global Warming Reduction By Replacing Fossil Fuels. 

In Paul J. Crutzen: A Pioneer on Atmospheric Chemistry and Climate Change in The 

Anthropocene (pp. 227-238). Springer, Cham. 

El-Naggar, A., Lee, S.S., Awad, Y.M., Yang, X., Ryu, C., Rizwan, M., Rinklebe, J., Tsang, D.C., 

Ok, Y.S.J.G. (2018). Influence of soil properties and feedstocks on biochar potential for 

carbon mineralization and improvement of infertile soils. 332, 100-108. 

Enders, A., Hanley, K., Whitman, T., Joseph, S., Lehmann, J.J.B.t. (2012). Characterization of 

biochars to evaluate recalcitrance and agronomic performance. 114, 644-653. 

Feng, Y., Sun, H., Xue, L., Liu, Y., Gao, Q., Lu, K., & Yang, L. (2017). Biochar applied at an 

appropriate rate can avoid increasing NH3 volatilization dramatically in rice paddy 

soil. Chemosphere, 168, 1277-1284. 



 

56 
 

Feng, Z., Sheng, Y., Cai, F., Wang, W., Zhu, L. (2018). Separated Pathways for Biochar to 

Affect Soil N2O Emission Under Different Moisture Contents. 645, 887-894. 

Fungo, B., Guerena, D., Thiongo, M., Lehmann, J., Neufeldt, H., & Kalbitz, K. (2014). N2O and 

CH4 Emission from Soil Amended With Steam‐Activated Biochar. Journal of Plant 

Nutrition and Soil Science, 177(1), 34-38. 

Gai, X., Wang, H., Liu, J., Zhai, L., Liu, S., Ren, T., & Liu, H. (2014). Effects of feedstock and 

pyrolysis temperature on biochar adsorption of ammonium and nitrate. PloS one, 9(12), 

e113888.Garcia, A., Taylor, G. (2006). Economics of Feeding Distillers Grains to Dairy 

Cows. Retrieved from http://openprairie.sdstate.edu/extension_extra/123. 

Garcia, A., Taylor, G. (2006). Economics of Feeding Distillers Grains to Dairy Cows. Retrieved 

from htt Gaskin, J. W., Steiner, C., Harris, K., Das, K. C., & Bibens, B. (2008). Effect of 

low-temperature pyrolysis conditions on biochar for agricultural use. Transactions of the 

ASABE, 51(6), 2061-2069.p://openprairie.sdstate.edu/extension_extra/123. 

Glaser, B., Balashov, E., Haumaier, L., Guggenberger, G., Zech, W.J.O.G. (2000). Black Carbon 

in Density Fractions of Anthropogenic Soils of the Brazilian Amazon Region. 31(7-8), 

669-678. 

Glaser, B., Lehmann, J., Zech, W. (2002). Ameliorating Physical and Chemical Properties of 

Highly Weathered Soils in the Tropics with Charcoal - A Review. Biology and Fertility 

of Soils, 35(4), 219-230. 

Havlin, J.L., Beaton, J.D., Tisdale, S.L., Nelson, W.L. (2005). Soil Fertility And Fertilizers: An 

Introduction To Nutrient Management. Pearson Prentice Hall Upper Saddle River, NJ. 



 

57 
 

He, T., Liu, D., Yuan, J., Luo, J., Lindsey, S., Bolan, N., & Ding, W. (2018). Effects of 

Application of Inhibitors and Biochar to Fertilizer on Gaseous Nitrogen Emissions from 

an Intensively Managed Wheat Field. Science of the Total Environment, 628, 121-130. 

IPCC (2006). IPCC (Intergovernmental Panel on Climate Change), (2006). N2O Emissions from 

Managed Soils and CO2 Emissions from Lime And Urea Application. Chapter 11. In: 

IPCC Guidelines for National Greenhouse Gas Inventories. Vol. 4: Agriculture, Forestry 

and Other Land Use. Institute for Global Environment Strategies, Hayama, Japan. 

Jeffery, S., Verheijen, F. G. A., van der Velde, M., Bastos, A. C. (2011). A Quantitative Review 

of the Effects of Biochar Application to Soils on Crop Productivity Using Meta-Analysis. 

Agriculture, Ecosystems & Environment, 144(1), 175–187. 

Joseph, S., Graber, E. R., Chia, C., Munroe, P., Donne, S., Thomas, T., & Li, L. (2013). Shifting 

Paradigms: Development of High-Efficiency Biochar Fertilizers Based On Nano-

Structures and Soluble Components. Carbon Management, 4(3), 323-343. 

Kammann, C., Ippolito, J., Hagemann, N., Borchard, N., Cayuela, M.L., Estavillo, J.M., Fuertes-

Mendizabal, T., Jeffery, S., Kern, J., Novak, J.J.J.o.E.E., Management, L. (2017). 

Biochar as a Tool to Reduce the Agricultural Greenhouse-Gas Burden–Knowns, 

Unknowns and Future Research Needs. 25(2), 114-139. 

Keiluweit, M., Nico, P. S., Johnson, M. G., Kleber, M. (2010). Dynamic Molecular Structure of 

Plant Biomass-Derived Black Carbon (Biochar). Environmental Science & Technology, 

44(4), 1247–1253. 

Khan, S. A., Mulvaney, R. L., & Hoeft, R. G. (2001). A Simple Soil Test for Detecting Sites 

That Are Nonresponsive to Nitrogen Fertilization. Soil Science Society of America 

Journal, 65(6), 1751-1760. 



 

58 
 

Kookana, R. S., Sarmah, A. K., Van Zwieten, L., Krull, E., & Singh, B. (2011). Biochar 

Application to Soil: Agronomic and Environmental Benefits and Unintended 

Consequences. In Advances in Agronomy (Vol. 112, pp. 103-143). Academic Press. 

Laird, D.A., Brown, R.C., Amonette, J.E., Lehmann, J.J.B., Bioproducts, Biorefining. 2009. 

Review of the Pyrolysis Platform for Coproducing Bio‐Oil and Biochar. 3(5), 547-562. 

Lal, R. (2004). Carbon Emission from Farm Operations. Environment international, 30(7), 981-

990 

Lee, J. W., Kidder, M., Evans, B. R., Paik, S., Buchanan Iii, A. C., Garten, C. T., Brown, R. C. 

(2010). Characterization of Biochars Produced From Cornstovers For Soil Amendment. 

Environmental Science & Technology, 44(20), 7970–7974. 

Lehman, J., Joseph, S. (2009). Biochar for Environmental Management. Science and 

Technology. Earth Scan, 1–12. 

Lehmann, J. (2007). Bio‐energy in the black. Frontiers in Ecology and the Environment, 5(7), 

381-387. 

Lehmann, J., & Joseph, S. (Eds.). (2012). Biochar for Environmental Management: Science and 

Technology. Routledge. 

Lehmann, J., Rillig, M. C., Thies, J., Masiello, C. A., Hockaday, W. C., Crowley, D. (2011). 

Biochar Effects on Soil Biota–A Review. Soil Biology and Biochemistry, 43(9), 1812–

1836. 

Leng, L., Huang, H.J.B.t. 2018. An Overview of the Effect of Pyrolysis Process Parameters on 

Biochar Stability. 



 

59 
 

Li, S., Liang, C., Shangguan, Z. (2017). Effects of Apple Branch Biochar on Soil C 

Mineralization and Nutrient Cycling Under Two Levels of N. Science of the Total 

Environment, 607, 109–119. 

Liu, Y., Lonappan, L., Brar, S.K., Yang, S.J.S.o.T.T.E. (2018a). Impact of Biochar Amendment 

in Agricultural Soils on the Sorption, Desorption, and Degradation of Pesticides: A 

Review. 645, 60-70. 

Liu, Y., Yang, S., Lu, H., Wang, Y.J.S., Research, T. (2018b). Effects of Biochar on Spatial and 

Temporal Changes in Soil Temperature in Cold Waterlogged Rice Paddies. 181, 102-109. 

Lua, A.C., Yang, T., Guo, J.J.J.o.a., pyrolysis, a. (2004). Effects of Pyrolysis Conditions on the 

Properties of Activated Carbons Prepared from Pistachio-Nut Shells. 72(2), 279-287. 

Mandal, S., Thangarajan, R., Bolan, N. S., Sarkar, B., Khan, N., Ok, Y. S., & Naidu, R. (2016). 

Biochar-Induced Concomitant Decrease in Ammonia Volatilization and Increase in 

Nitrogen Use Efficiency by Wheat. Chemosphere, 142, 120-127. 

Martin, S.L., Clarke, M.L., Othman, M., Ramsden, S.J., West, H.M.J.b., bioenergy. (2015). 

Biochar-Mediated Reductions in Greenhouse Gas Emissions from Soil Amended With 

Anaerobic Digestates. 79, 39-49. 

Mary, G. S., Sugumaran, P., Niveditha, S., Ramalakshmi, B., Ravichandran, P., Seshadri, S. 

(2016). Production, Characterization and Evaluation of Biochar from Pod (Pisum 

Sativum), Leaf (Brassica Oleracea) and Peel (Citrus Sinensis) Wastes. International 

Journal of Recycling of Organic Waste in Agriculture, 5(1), 43–53. 

Massey, R., McClure, H.J.A. (2014). Agriculture and Greenhouse Gas Emissions. 



 

60 
 

Maucieri, C., Zhang, Y., McDaniel, M. D., Borin, M., & Adams, M. A. (2017). Short-Term 

Effects of Biochar and Salinity on Soil Greenhouse Gas Emissions from a Semi-Arid 

Australian Soil after Re-Wetting. Geoderma, 307, 267-276. 

Maurer, D. L., & Koziel, J. A. (2019). On-Farm Pilot-Scale Testing of Black Ultraviolet Light 

and Photocatalytic Coating for Mitigation of Odor, Odorous Vocs, and Greenhouse 

Gases. Chemosphere, 221, 778-784. 

Maynard, D. G., Kalra, Y. P., & Crumbaugh, J. A. (2008). Nitrate and Exchangeable Ammonium 

Nitrogen. Section 6 in MR Carter and EG Gregorich, eds. Soil Sampling and Methods of 

Analysis. Boca Raton, FL: Canadian Soc. of Soil Sci. CRC Press; p. 71–80. 

McLaughlin, H., Shields, F., Jagiello, J., Thiele, G. (2012). Analytical Options for Biochar 

Adsorption and Surface Area. In North American Biochar Conference, Sonoma, CA. 

Mukherjee, A., Lal, R. (2014). The Biochar Dilemma. Soil Research, 52(3), 217–230. 

Mukherjee, A., Zimmerman, A. R. (2013). Organic Carbon and Nutrient Release from a Range 

of Laboratory-Produced Biochars and Biochar–Soil Mixtures. Geoderma, 193, 122–130. 

Mukome, F. N., Six, J., & Parikh, S. J. (2013). The Effects of Walnut Shell and Wood Feedstock 

Biochar Amendments on Greenhouse Gas Emissions from a Fertile Soil. Geoderma, 200, 

90-98. 

Mukome, F. N., Zhang, X., Silva, L. C., Six, J., & Parikh, S. J. (2013). Use of Chemical And 

Physical Characteristics to Investigate Trends In Biochar Feedstocks. Journal of 

Agricultural and Food Chemistry, 61(9), 2196-2204. 

Mukome, F.N., Parikh, S.J.J.B.P., Characterization, Applications, Ok, Y., Ed. (2015). Chemical, 

Physical, and Surface Characterization of Biochar. 68-96. 



 

61 
 

Nelissen, V., Saha, B. K., Ruysschaert, G., Boeckx, P. (2014). Effect of Different Biochar and 

Fertilizer Types on N2O and NO Emissions. Soil Biology and Biochemistry, 70, 244–

255. 

Niraula, S., Rahman, S., & Chatterjee, A. (2018). Release of Ammonia and Greenhouse Gases 

along Moisture Gradient from Manure and Urea Applied Fargo Silty Clay Soil. Applied 

Engineering in Agriculture, 34(6), 939-952. 

NOAA. (2017). Causes | Facts – Climate Change: Vital Signs of the Planet. Retrieved March 31, 

2020, from https://climate.nasa.gov/causes/ 

Ok, Y. S., Uchimiya, S. M., Chang, S. X., Bolan, N. (2015). Biochar: Production, 

Characterization, and Applications. CRC press. 

Oliveira, F. R., Patel, A. K., Jaisi, D. P., Adhikari, S., Lu, H., & Khanal, S. K. (2017). 

Environmental Application of Biochar: Current Status and Perspectives. Bioresource 

technology, 246, 110-122. 

Oo, A. Z., Sudo, S., Akiyama, H., Win, K. T., Shibata, A., Yamamoto, A., & Hirono, Y. (2018). 

Effect of Dolomite and Biochar Addition on N2O and CO2 Emissions from Acidic Tea 

Field Soil. PloS one, 13(2). 

Özçimen, D., Ersoy-Meriçboyu, A. (2010). Characterization of Biochar and Bio-Oil Samples 

Obtained from Carbonization of Various Biomass Materials. Renewable Energy, 35(6), 

1319–1324. 

Pal, P. (2015). Biochar effects on greenhouse gas emissions (pp. 359–386). 

Pariyar, P., Kumari, K., Jain, M. K., & Jadhao, P. S. (2020). Evaluation of change in biochar 

properties derived from different feedstock and pyrolysis temperature for environmental 

and agricultural application. Science of The Total Environment, 713, 136433. 



 

62 
 

Park, J.-H., Ok, Y. S., Kim, S.-H., Cho, J.-S., Heo, J.-S., Delaune, R. D., Seo, D.-C. (2016). 

Competitive Adsorption of Heavy Metals onto Sesame Straw Biochar in Aqueous 

Solutions. Chemosphere, 142, 77–83. 

Pleasant, B. (2000). Make Biochar-This Ancient Technique Will Improve Our Soils. 

Puga, A. P., Grutzmacher, P., Cerri, C. E. P., Ribeirinho, V. S., & de Andrade, C. A. (2020). 

Biochar-Based Nitrogen Fertilizers: Greenhouse Gas Emissions, Use Efficiency, and 

Maize Yield in Tropical Soils. Science of the Total Environment, 704, 135375. 

Rahman S, Lin D, Zhu J (2012) Greenhouse Gas (GHG) Emissions from Mechanically 

Ventilated Deep Pit Swine Gestation Operation. J Civil Environment Engg 2:104. 

doi:10.4172/2165-784X.1000104. 

Rajapaksha, A. U., Mohan, D., Igalavithana, A. D., Lee, S. S., & Ok, Y. S. M. (2016). 

Definitions and Fundamentals of Biochar. Biochar: Production, Characterization, and 

Applications, 4-17. 

Rajkovich, S., Enders, A., Hanley, K., Hyland, C., Zimmerman, A. R., & Lehmann, J. (2012). 

Corn growth and nitrogen nutrition after additions of biochars with varying properties to 

a temperate soil. Biology and Fertility of Soils, 48(3), 271-284. 

Rhoades, J. D. (1996). Salinity: Electrical conductivity and total dissolved solids. Methods of 

Soil Analysis Part 3—Chemical Methods, 417-435. 

Rizwan, M., Ali, S., Qayyum, M. F., Ibrahim, M., Zia-ur-Rehman, M., Abbas, T., Ok, Y. S. 

(2016). Mechanisms of Biocharmediated Alleviation of Toxicity of Trace Elements in 

Plants: A Critical Review. Environmental Science and Pollution Research, 23(3), 2230–

2248. 



 

63 
 

Rondon, M., Ramirez, J., Lehmann, J. (2005). Greenhouse Gas Emissions Decrease With 

Charcoal Additions to Tropical Soils. Proceedings of the 3rd USDA Symposium on 

Greenhouse Gases and Carbon Sequestration, Baltimore, USA. 

Rondon, M.A., Molina, D., Hurtado, M., Ramirez, J., Lehmann, J., Major, J., Amezquita, E. 

(2006). Enhancing the Productivity of Crops and Grasses While Reducing Greenhouse 

Gas Emissions through Bio-Char Amendments to Unfertile Tropical Soils. 18th World 

Congress of Soil Science. pp. 9-15. 

Ronsse, F., Van Hecke, S., Dickinson, D., Prins, W.J.G.B. (2013). Production and 

Characterization of Slow Pyrolysis Biochar: Influence of Feedstock Type and Pyrolysis 

Conditions. 5(2), 104-115. 

Schmer, M. R., Brown, R. M., Jin, V. L., Mitchell, R. B., Redfearn, D. D. (2017). Corn Residue 

Use by Livestock in the United States. Agricultural & Environmental Letters, 2(1). 

Schroeder, J. W. (2003). Distillers Grains as a Protein and Energy Supplement for Dairy Cattle. 

Sha, Z., Li, Q., Lv, T., Misselbrook, T., & Liu, X. (2019). Response of Ammonia Volatilization 

to Biochar Addition: A Meta-Analysis. Science of the Total Environment, 655, 1387-

1396. 

Shaaban, M., Van Zwieten, L., Bashir, S., Younas, A., Nunez-Delgado, A., Chhajro, M.A., 

Kubar, K.A., Ali, U., Rana, M.S., Mehmood, M.A., Hu, R. (2018). A Concise Review of 

Biochar Application to Agricultural Soils to Improve Soil Conditions and Fight Pollution. 

J Environ Manage, 228, 429-440. 

Shenbagavalli, S., & Mahimairaja, S. (2012). Characterization and effect of biochar on nitrogen 

and carbon dynamics in soil. International journal of advanced biological research, 2(2), 

249-255. 



 

64 
 

Sheng, Y., Zhu, L. (2018). Biochar Alters Microbial Community and Carbon Sequestration 

Potential across Different Soil pH. Science of the Total Environment, 622-623, 1391-

1399. 

Smil, V. (2011). Nitrogen Cycle and World Food Production. World Agriculture, 2(1), 9-13. 

Sohi, S. P., Krull, E., Lopez-Capel, E., & Bol, R. (2010). A review of biochar and its use and 

function in soil. In Advances in agronomy (Vol. 105, pp. 47-82). Academic Press. 

Song, W., & Guo, M. (2012). Quality Variations of Poultry Litter Biochar Generated at Different 

Pyrolysis Temperatures. Journal of analytical and applied pyrolysis, 94, 138-145. 

Speratti, A. B., Johnson, M. S., Sousa, H. M., Dalmagro, H. J., Couto, E. G. (2018). Biochar 

Feedstock and Pyrolysis Temperature Effects on Leachate: DOC Characteristics and 

Nitrate Losses From a Brazilian Cerrado Arenosol Mixed with Agricultural Waste 

Biochars. Journal of Environmental Management, 211, 256–268. 

Spokas, K. A., Cantrell, K. B., Novak, J. M., Archer, D. W., Ippolito, J. A., Collins, H. P., ... & 

Lentz, R. D. (2012). Biochar: a synthesis of its agronomic impact beyond carbon 

sequestration. Journal of environmental quality, 41(4), 973-989. 

Spokas, K. A., Koskinen, W. C., Baker, J. M., & Reicosky, D. C. (2009). Impacts of woodchip 

biochar additions on greenhouse gas production and sorption/degradation of two 

herbicides in a Minnesota soil. Chemosphere, 77(4), 574-581. 

Steinbeiss, S., Gleixner, G., Antonietti, M. (2009). Effect of Biochar Amendment on Soil Carbon 

Balance and Soil Microbial Activity. Soil Biology and Biochemistry, 41(6), 1301–1310. 

Sui, Y., Gao, J., Liu, C., Zhang, W., Lan, Y., Li, S., Tang, L. (2016). Interactive Effects of 

Straw-Derived Biochar and N Fertilization on Soil C Storage and Rice Productivity in 

Rice Paddies of Northeast China. Science of the Total Environment, 544, 203–210. 



 

65 
 

Sun, H., Lu, H., Chu, L., Shao, H., & Shi, W. (2017). Biochar Applied With Appropriate Rates 

Can Reduce N Leaching, Keep N Retention and Not Increase NH3 Volatilization in a 

Coastal Saline Soil. Science of the Total Environment, 575, 820-825. 

Sun, L., Wan, S., & Luo, W. (2013). Biochars prepared from anaerobic digestion residue, palm 

bark, and eucalyptus for adsorption of cationic methylene blue dye: characterization, 

equilibrium, and kinetic studies. Bioresource technology, 140, 406-413. 

Symeonakis, E., Karathanasis, N., Koukoulas, S., & Panagopoulos, G. (2016). Monitoring 

Sensitivity to Land Degradation and Desertification with the Environmentally Sensitive 

Area Index: The Case of Lesvos Island. Land Degradation & Development, 27(6), 1562-

1573. 

Thomas, G. W. (1996). Soil pH and Soil Acidity. Methods of Soil Analysis Part 3—Chemical 

Methods, 475-490. 

Tryon, E. H. (1948). Effect of charcoal on certain physical, chemical, and biological properties 

of forest soils. Ecological Monographs, 18(1), 81-115. 

U.S EPA. (2018). Method 6010D (SW-846): Inductively Coupled Plasma—Optical Emission 

Spectrometry. Washington, DC. Retrieved from 

https://www.epa.gov/sites/production/files/2015-12/documents/6010d.pdf 

U.S. EPA. (2007). Method 3051A (SW-846): Microwave Assisted Acid Digestion of Sediments, 

Sludge, and Oils. Washington, DC. Retrieved from 

https://www.epa.gov/sites/production/files/2015-12/documents/3051a.pdf 

U.S. EPA. (2020a). Introduction. In: Inventory of US Greenhouse Gas Emissions and Sinks: 

1990–2018. US Environmental Protection Agency Washington, DC. 



 

66 
 

U.S. EPA. (2020b). Agriculture. In: Inventory of US Greenhouse Gas Emissions and Sinks: 

1990–2018. US Environmental Protection Agency Washington, DC.  

Van Zwieten, L., Singh, B., Joseph, S., Kimber, S., Cowie, A., & Chan, K. Y. (2009). Biochar 

and Emissions of Non-CO2 Greenhouse Gases from Soil. Biochar for Environmental 

Management: Science and Technology, 1, 227-250. 

Van Zwieten, L., Singh, B., Joseph, S., Kimber, S., Cowie, A., Chan, K.Y.J.B.f.e.m.s., 

technology. 2009. Biochar and Emissions of Non-CO2 Greenhouse Gases from Soil. 1, 

227-250. 

Varela Milla, O., Rivera, E. B., Huang, W. J., Chien, C., & Wang, Y. M. (2013). Agronomic 

properties and characterization of rice husk and wood biochars and their effect on the 

growth of water spinach in a field test. Journal of soil science and plant nutrition, 13(2), 

251-266. 

Victor D. G., D. Zhou, E. H. M. Ahmed, P. K. Dadhich, J. G. J. Olivier, H-H. Rogner, K. 

Sheikho, and M. Yamaguchi, (2014): Introductory Chapter. In: Climate Change 2014: 

Mitigation of Climate Change. Contribution of Working Group III to the Fifth 

Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 

University Press, Cambridge, United Kingdom and New York, NY, USA. 

Wang, H., Yi, H., Zhang, X., Su, W., Li, X., Zhang, Y., & Gao, X. (2020). Biochar Mitigates 

Greenhouse Gas Emissions from an Acidic Tea Soil. Polish Journal of Environmental 

Studies, 29(1). 

Wang, J., Zhang, M., Xiong, Z., Liu, P., Pan, G. (2011). Effects of Biochar Addition on N2O and 

CO2 Emissions from Two Paddy Soils. Biology and Fertility of Soils, 47(8), 887–896. 



 

67 
 

Wang, Y., Hu, Y., Zhao, X., Wang, S., & Xing, G. (2013). Comparisons of biochar properties 

from wood material and crop residues at different temperatures and residence times. 

Energy & fuels, 27(10), 5890-5899. 

Weber, K., Quicker, P. (2018). Properties of Biochar. Fuel, 217, 240–261. 

Wolf, N. (2003). Determination of Manure Electrical Conductivity (EC). Recommended 

Methods of Manure Analysis; Peters, J. (ed.); Cooperative Extension Publication A, 

3769, 50-51. 

Wolf, N., & Peters, J. (2003). Determination of Manure pH. Recommended Methods of Manure 

Analysis; Peters, J. (ed.); Cooperative Extension Publication. A, 3769, 48-49. 

Yanai, Y., Toyota, K., Okazaki, M. (2007). Effects of Charcoal Addition on N2O Emissions from 

Soil Resulting From Rewetting Air‐Dried Soil in Short‐Term Laboratory Experiments. 

Soil Science & Plant Nutrition, 53(2), 181–188. 

Yao, Y., Gao, B., Zhang, M., Inyang, M., Zimmerman, A. R. (2012). Effect of Biochar 

Amendment on Sorption and Leaching Of Nitrate, Ammonium, and Phosphate in a Sandy 

Soil. Chemosphere, 89(11), 1467–1471. 

Zhang, R., Zhang, Y., Song, L., Song, X., Hänninen, H., Wu, J. (2017). Biochar Enhances Nut 

Quality of Torreya Grandis and Soil Fertility Under Simulated Nitrogen Deposition. 

Forest Ecology and Management, 391, 321–329. 

Zhang, X., Davidson, E. A., Mauzerall, D. L., Searchinger, T. D., Dumas, P., & Shen, Y. (2015). 

Managing Nitrogen for Sustainable Development. Nature, 528(7580), 51-59. 

Zhao, X., Liu, S. L., Pu, C., Zhang, X. Q., Xue, J. F., Zhang, R., & Chen, F. (2016). Methane and 

Nitrous Oxide Emissions under No‐Till Farming in China: A Meta‐Analysis. Global 

change biology, 22(4), 1372-1384. 



 

68 
 

Zheng, J., Han, J., Liu, Z., Xia, W., Zhang, X., Li, L., & Pan, G. (2017). Biochar Compound 

Fertilizer Increases Nitrogen Productivity and Economic Benefits but Decreases Carbon 

Emission of Maize Production. Agriculture, Ecosystems & Environment, 241, 70-78. 

Zhu, H., Yang, J., Yao, R., Wang, X., Xie, W., Zhu, W., & Tao, J. (2020). Interactive Effects of 

Soil Amendments (Biochar and Gypsum) and Salinity on Ammonia Volatilization in 

Coastal Saline Soil. Catena, 190, 104527. 

Zimmerman, A. R., Gao, B., & Ahn, M. Y. (2011). Positive and Negative Carbon Mineralization 

Priming Effects Among A Variety of Biochar-Amended Soils. Soil biology and 

biochemistry, 43(6), 1169-1179. 




