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Abstract 

 

Biochar is a product of pyrolysis, which is the thermal decomposition of materials at 

elevated temperatures (300 - 900 °C) in an oxygen-limited atmosphere. Biochar has been 

recognized as a potentially vital tool to help reduce the climate change impact. It has been 

used in the agricultural sector as an addition to reduce greenhouse gas emissions in several 

animal husbandry settings. The application in the animal sector is an important point to 

reduce the overall amount of greenhouse gases released as this sector produces many 

greenhouse gases. Though not in every case a reduction of emissions was the result of the 

addition of biochar. This study analysed five feedstocks (peat, peat fibre, fine urban green 

waste and two types of brewery waste) and the resulting biochars to evaluate how 

pyrolysis at various temperatures affects the properties of the resultant biochars and how 

those different properties influence the potential of biochars to adsorb emissions from 

manure. Increasing pyrolysis temperature has been noted to lead to a decrease in volatile 

matter content for all feedstocks used, whereas the surface area and the fixed carbon 

content of the resultant biochars were shown to lead to an increase. This suggests that 

higher production temperatures are optimal to produce more stable biochars, which makes 

biochars an excellent material to sequester carbon, but this comes at a cost in energy 

demand and environmental terms. The study has examined the application of the resultant 

biochars in the regulation of greenhouse gas emissions associated with piggery manure 

management and was able to demonstrate the optimal configurations of biochar type and 

production process in regulating associated GHG emissions from the manure used in this 

study, which came from Germany. In addition, the biochars were used and able to adsorb 

dissolved organics from water. The results found here broaden the knowledge about the 

characterisation of biochars, and their applications and can potentially be used to include 

more biochar applications into policy.  
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1. Introduction 

Climate change is a natural process influenced by factors such as changes in the sun's 

intensity and processes within the climate system including changes in ocean and 

atmospheric circulation. More recently, due to emissions of greenhouse gases through 

human activities, climate change is being accelerated (Allen et al., 2018; Eyring et al., 

2021). In 2018, the Intergovernmental Panel on Climate Change (IPCC), stated that 

human influence on climate has been the dominant cause of observed warming since the 

mid-20th century (Allen et al., 2018). Examples of human activities contributing to 

climate change include carbon dioxide (CO2) emissions through burning fossil fuels such 

as coal, oil, gas and peat, as well as methane (CH4) and nitrous oxide (N2O) emissions 

from agriculture (EPA, 2018).  

EU directives require the member states to reduce their GHG emissions by more than 

40% in 2030 (European Commission, 2020). An estimated 23% of total anthropogenic 

GHG emissions (2007-2016) derive from Agriculture, Forestry and Other Land Use 

(AFOLU) (Shukla et al., 2020). AFOLU activities account for around 13% of CO2, 44% 

of CH4, and 81% of N2O emissions from human activities globally during 2007 – 2016, 

making up the estimated 23% of total net anthropogenic emissions of GHGs (Shukla et 

al., 2020). In the past decades, there have been many attempts to find the best solution to 

reduce GHG emissions in many fields of everyday life (e.g., transport, agriculture, and 

housing). A summary of negative emissions technologies (NETs) describes biochar as a 

biogenic removal and storage strategy with a low biodiversity risk and medium cost as 

well as a medium rating for carbon removal (McGeever et al., 2018). To give an example, 

GHG management of agricultural wastes such as manure associated with Ireland’s 

intensive animal production sector presents a special challenge. In 1990, 1904.53 

kilotonnes of CO2 equivalent were produced in Irish manure management, whereas in 
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2018, 1969.73 kilotonnes were emitted. The levels were decreasing until 2011 (1736.19 

kilotonnes) but started rising afterwards. Therefore, optimal GHG management of 

manure-mediated emissions for this sector is important to reduce the emissions as 

required by law without cutting productivity. This is an example which applies to a lot of 

countries and could therefore have a great impact.  

1.1  Rationale 

The literature presents a broad range of materials used for pyrolysis as well as possible 

applications. Though it does leave a gap regarding biochar production from peat 

compared to defined other sources as well as their specific end applications, the regulation 

of GHG in manure management or their use in the field of adsorption of organics. Peat-

based biochar and biochars produced from other waste sources can be added to manure 

management systems to reduce GHG emissions. However, the mechanisms behind this 

process are highly variable and very much case-dependent. Understanding the processes 

at play is a challenge, yet this understanding remains critical to developing tailor-made 

solutions to GHG control in these settings. This work seeks to explore the processes in 

biochar production in a way that aids understanding of the relationship between 

feedstock, production processes and specified end-use applications. The literature in this 

area remains incomplete. Hence, this project will provide new knowledge and insights 

into the use of Irish peat, spent brewery grains and urban green waste materials as a 

feedstock in the production of biochar. The project explores and contextualises the 

production of biochar and its application in agriculture in terms of GHG efflux regulation 

from swine manure management systems by way of example. The project defines the 

chemo-physical nature of the biochar production system using defined organic waste 

feedstocks (green waste and brewery waste) and compares this to biochars produced using 

peat from Irish peatlands. 
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1.2  Aim & objectives 

 

This works aims to provide a deeper understanding of how slow pyrolysis changes a range 

of defined feedstocks.  It also seeks to explore the potential to develop applications of the 

biochars in regulating GHG emissions from manure and the adsorption of model organic 

compounds. The research questions helping to achieve this aim are the following:  

• How does the chemo-physical nature of the Biomass-Biochar production system 

change using waste materials like brewery grain or fine green waste in comparison 

to a peat-based feedstock from drained Irish ombrotrophic peatlands?  

• Do Peat-based Biochars and Biochar produced from other biomass feedstocks 

have the potential to control the efflux of carbon dioxide (CO2), methane (CH4) 

and ammonia (NH3) from swine manure and what are the processes controlling 

this potential?  

• Are the biochars used in this study able to adsorb organic pollutants that are 

present in the run-off waters from the manure management cycle? 

To address this aim and answer the questions the following objectives were identified: 

• Develop protocols for biochar production from fresh and dried material 

• Undertake extensive chemo-physical analysis of biochars 

• Apply biochars to swine manure of defined composition in different 

concentrations to measure the effect on GHG emissions 

• Apply biochars to organic dye-water mixes to evaluate the potential ability of the 

biochars to adsorb organic pollutants  
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2. Literature review 

2.1 Manure management and emission reduction 

Taking action on climate change is increasingly urgent, and sequestration in biomass 

and soil could play an important role. The conversion of biomass to biochar is a C 

sequestration strategy that can contribute to "negative emissions" (Cowie et al., 2015). 

2.1.1 Animal husbandry and the influence on greenhouse gas emissions 

The EU-27 has a substantial population of livestock with 143 million pigs, 77 million 

bovine animals and 74 million sheep and goats in 2019 (Eurostat, 2020). Most of those 

pigs and bovine animals are located in just a few member states. The EU produced a 

provisional 22.8 million tonnes of pig meat in 2019 (Eurostat, 2020), with an output from 

the agricultural industry of 418 billion Euro. About two-fifths (38.6 %) of total output 

came from animals and animal products (EUR 161.4 billion), a majority coming from just 

milk and pigs (9.5 %) (Eurostat, 2020). These numbers indicate the importance of 

research looking into the impact of pig farming on climate change and greenhouse gas 

emissions. Within the EU the agricultural sector produced 11.4 % of the total GHGs 

produced (Figure 1). As an example, in 2019, the agricultural sector was responsible for 

35.4% of GHG emissions in Ireland, out of which 10.6% came from manure management  

(Duffy et al., 2021). 
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Figure 1: Greenhouse gas emissions by source sector in the EU in 2020 (Eurostat, 2020) 

 

2.1.2 Manure management 

Manure is the second-largest source of GHG emissions from dairy farms (Aguirre-

Villegas and Larson, 2017). Aguirre-Villegas and Larson (2017) also compared practices 

based on farm size and related these practices to GHG emissions.  Their findings suggest 

that manure systems and management practise vary depending on farm size with larger 

farms handling liquid manure and using long-term storage, while smaller farms tend to 

deal with solid manure and land-apply daily (Aguirre-Villegas and Larson, 2017). They 

also report that storing liquid manure for long periods without processing is one of the 

major contributors to GHG emissions from this waste source. When implementing 

manure processing, permitted techniques can reduce emissions significantly, mostly 

through anaerobic digestion. Small farms keep their emissions lower than large farms due 

to the daily handling of solid manure and land-application manure (Aguirre-Villegas and 

Larson, 2017). Depending on the practice of storing and spreading the manure and farm 

size, GHG emissions per ton of manure range from 2200 to 12,000 g CO2-eq for 

collection, 200 to 2400 g CO2-eq for transportation, 16,000 to 84,000 g CO2-eq for 

storage, and 16,400 to 33,500 g CO2-eq for land application. They concluded that GHG 
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and NH3 emissions occur mostly during manure land application in small farms, but 

during manure storage in large and permitted facilities (concentrated animal operations 

that are regulated due to their size of >1000 animal units), highlighting the importance of 

adopting further mitigation practises in these manure handling stages (Figure 2). 

 

Figure 2: GHG emissions from cattle manure from the a) low emitting, b) reference and c) high emitting scenarios per 

farm size and management practise (Aguirre-Villegas and Larson, 2017) 

As an example, pig farms are required to have 26 weeks’ storage capacities in 

Ireland to make sure that pig manure will not be spread on land during the prohibited 

spreading period and is not permitted outside of the prohibited period if weather or ground 

conditions are unsuitable and there is a risk that the nutrients in the fertilisers might run 

off into surface water and groundwater (Department of Agriculture, 2018). The same 

storage capacity is applied for digestate. Similar requirements are in place in other 

European countries (Bundesministerium für Ernährung und Landwirtschaft, 2021). 
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A study from Ireland (Zhang et al., 2021) calculated the CH4 emission factor 

(EFCH4) for pig manure storage for a farm in Ireland. The EFCH4 for pig manure storage 

was calculated according to IPCC guidelines (IPCC, 2019). 

EFCH4 =VS × 365 × B0 × 0.67kg m-3 × MCF× MS  

where EFCH4 is the emission factor of CH4 during pig manure storage in kg CH4/ sow/yr. 

VS is volatile solids excreted by breeding pigs on farms in kg VS/ sow/d. B0 is the 

maximum pig manure methane production capacity in m3 CH4/kg VS, which is 0.26 m3 

CH4/kg VS (Dennehy et al., 2016). 0.67 is the factor converting CH4 from m3 to kg. MCF 

is the manure methane conversion factor during storage in %, which is 10% at an annual 

average temperature of 10 ◦C in Ireland. And MS is the fraction of pig manure handled 

by storage (dimensionless). The calculated EFCH4 is 9.38 kg CH4/sow/yr, corresponding 

to 15.8% of the total CH4 produced from mono-digestion of pig manure (Xie et al., 2017). 

Possible ways to reduce GHG and NH3 emissions are anaerobic digestion and 

solid-liquid separation, which have been shown to reduce GHG emissions for storage and 

land application by 25 % and 31 % respectively in comparison to untreated manure (Holly 

et al., 2017). Another possibility is the use of biochar in the abatement of GHG effluxes 

in the manure management cycle (Hani et al., 2012; Troy et al., 2013; Gai et al., 2014). 

2.1.3 Emission reduction through biochar application  

Woolf et al. (2010) present an analysis which shows that sustainable global 

implementation of biochar can potentially compensate a maximum of 12 % of current 

anthropogenic CO2 -C equivalent (CO2 -Ce) emissions (i.e., 1.8 Pg CO2 - Ce per year of 

the 15.4 Pg CO2 -Ce emitted annually) (Woolf et al., 2010). The relative climate-

mitigation potentials of biochar depend on the fertility of the soil amended as well as the 

type of biomass used (Woolf et al., 2010). A study published in 2017 reports that biochar's 
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global maximum carbon sequestration potential is 2.27 Pg C year-1 (M.R. Yadav et al., 

2017).  

Brennan et al. evaluated the impact of land-spreading of biochars on GHG emissions 

(Brennan et al., 2015). Biochar was derived from wood shavings (2 mm diameter), 

pyrolysed in a muffle furnace at 650 °C for 4.5 h and applied at a rate equivalent to 3.96 

m3 ha-1. The amendments were added to the slurry and mixed rapidly using a blender 

before simulated land application. Slurry and amended slurry were applied directly to the 

surface of the intact grassed soil at a rate equivalent to 33m3 slurry ha-1 (Brennan et al., 

2015). Significant reductions in CO2 efflux were observed upon biochar addition, with an 

84 % reduction in cumulative CO2 emissions. Biochar addition resulted in a reduction of 

63 % in cumulative N2O loss and a reduction of NH3 emissions by 77 % compared to the 

slurry control which could lead to a reduction of atmospheric pollution and eutrophication 

after deposition caused by loss of reactive nitrogen. Only the CH4 emissions did not show 

a significant change compared to the slurry control after the addition of biochar (Brennan 

et al., 2015). It was concluded that the amendment of slurry with biochar can significantly 

reduce global warming potential following land application of dairy cattle slurry 

(Brennan et al., 2015). This point could also apply to pig manure, as the result showed an 

emission reduction during manure composting after adding biochars (Wang et al., 2013; 

Vu et al., 2015; Yang et al., 2020). These studies found that the addition of biochar, either 

on its own or in a mix, to pig manure during composting can lead to a reduction in CO2, 

N2O, NH3 or CH4 emissions. 

Table 1 presents a range of studies that used biochars produced from various 

biomasses for emission reduction in different agricultural settings. Table 1 also presents 

the potential emission reductions. They have been derived from application in manure 

lagoons, in soil, as well as for (co-)composting.  
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Table 1:  Summary of results found in the literature regarding emission reduction after biochar application 

Author  Feedstock  Addition to 

biochar 

Target  Applied to Result  

(Martin 

et al., 

2015)  

Bought from 

BioRegional 

HomeGrown, 

Surrey, UK 

Anaerobic 

digestates 

(different 

feedstocks) 

Ammonification, 

nitrification and 

N2O flux 

Sandy loam 

soil  

Reduced N2O 

emissions by 

around half 

with higher 

biochar 

concentration 

(Janczak 

et al., 

2017)  

Willow 

woodchips 

 NH3 reduction in 

composting 

Poultry 

manure 

mixed with 

wheat straw 

Reduced NH3 

emissions of 

up to 44% wet 

weight 

(Troy et 

al., 

2013)  

1.Pig manure 

after 

anaerobic 

digestion, 

Sitka Spruce 

sawdust 

2.Sitka Spruce 

wood  

Pig manure Quantify effect 

of CO2, N2O and 

CH4 

acid brown 

earth 

Increased CO2 

and N2O 

emissions 

from manure-

amended 

treatments 

(W. 

Chen et 

al., 

2017)  

Cornstalk, 

bamboo, 

wood, layer 

manure, coir 

sawdust CH4 and NH3 

mitigation 

Layer hen 

manure 

composting 

NH3 

production 

(up to -24.8%) 

and CH4 

emissions (up 

to -26.1%) 

reduced 

 

The use of biochar to counter nitrogen pollution was investigated by Gai et al. This 

was done under the aspect of the effects of various feedstocks and temperatures on 

characteristics of biochars and their adsorption ability for ammonium N (NH4
+-N) and 

nitrate N (NO3
--N) being present in different concentrations (10, 30, 50, 70, 100, 150, 

300, 500 mg NH4
+ (or NO3

-)L-1 (Gai et al., 2014). Their results showed that biochar yield 

and contents of N, H and O decreased as pyrolysis temperature increased from 400 ˚C to 

700˚C, whereas contents of ash, pH and carbon increased with higher pyrolysis 

temperature. All biochars could sorb considerable amounts of NH4
+-N, and the adsorption 

amount decreased with higher pyrolysis temperature (Gai et al., 2014). In comparison to 
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that, none of NO3
--N was adsorbed to biochars at different NO3

- concentrations. Instead, 

some NO3
--N was even released from the biochar materials (Gai et al., 2014). 

GHG reduction with the help of biochar was not only investigated in terms of its 

application to the soil but to manure and animal husbandry as well. A review article 

published in 2017 considered biochar as a tool to reduce the agricultural GHG burden in 

multiple areas such as composting additives, and feed in husbandry, to name just a few 

(Kammann et al., 2017). In Germany, Austria and Switzerland about 90% of the traded 

biochar is used in animal husbandry as a feed additive using a dosage of 1% of the animal 

feed (Kammann et al., 2017). Studies to date have focused on toxin adsorption, digestion, 

blood values, feed-use efficiency and so forth (Kammann et al., 2017). They suggest that 

there are limited published studies on GHG emissions in animal housing and in terms of 

the emissions of manure pits associated with animals where biochar is in the food mix. It 

was shown that biochar amendment can reduce NH3 volatilisation, especially in materials 

containing a high level of nitrogen such as sludge or manure (Steiner et al., 2010; 

Malińska et al., 2014). Beyond that, it is concluded that biochar, depending on the rate of 

application (10 or 20 % w/w) can reduce CH4 and N2O emissions by up to > 50 % subject 

to the material on which it is used (chicken manure, organic waste, municipal solid waste) 

(Kammann et al., 2017). Co-composting is the addition of biochar to the initial 

composting feedstock (Kammann et al., 2017). 

The effect of the amendment of biochar to slurry and its mitigation of NH3 emissions 

was investigated. In the study, three biochars were used out of which two were untreated 

and the third was treated with a phosphoric acid solution. They mixed 5 L of dairy cow 

slurry with 200 g of biochar. Before the experiments, the slurry was diluted with water at 

a ratio of 1:2, slurry to water. The measurements were carried out using a Dynamic 

Chamber (DC) system in a large environmental chamber with regulated temperature (20 
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°C) and humidity (60 %) (Hani et al., 2012). The inflowing and outgoing gas 

concentrations of the dynamic chamber were measured and recorded. It was found that 

the untreated biochars changed the emissions to 75-105 % of the control and the treated 

one reduced the emission down to < 3 % of the control sample, showing that not just the 

pH of the biochar but combinations of characteristics determine the results (Hani et al., 

2012). This suggests that a variety of NH3 emission reduction behaviours can be expected 

depending on the feedstock, pyrolysis process and post-treatment of the biochar (Hani et 

al., 2012).  

A short report on the effects of biochar addition on manure composting and associated 

N2O emissions was published (Jia, Yuan and Ju, 2015), which indicated that reduced N2O 

emissions were primarily attributed to high porosity and surface area of biochar which 

enables absorption/adsorption and retention of water, NH3 or water-soluble NH4
+. This 

study was focused on solid manure but similar dynamics are to be expected regardless of 

the source of NH3 / NH4
+.  

The influence of biochar in regulating emissions from manure has been considered in 

several settings. Inter alia the role of biochar in chicken manure composting and the 

associated methane and carbon dioxide emission was investigated (Jia et al., 2016). It was 

found that the addition of biochar reduced the CH4 emission peak by 54.9 % but increased 

the CO2 emission peak by 148 % when compared to the control without biochar. 

Calculating the global warming potential of these results (CH4: 25, CO2: 1) (UNFCCC 

Process, 2007), it can be said that the emissions were reduced by around 1500 CO2 

equivalents (CO2eq). Furthermore, it was found that the addition of biochar increased the 

pH as well as the composting rate. Adding to the above, Gronwald et al. found no 

evidence of a clear and consistent reduction of NH3 volatilization from cattle slurry or 

poultry manure through the addition of biochar (Gronwald et al., 2018).  
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2.2 Adsorption of organics from water 

Biochar can not only be used in liquid manure management but also the treatment of 

other liquid environments. One example of the usage of biochar for liquid environmental 

purposes is wastewater remediation. The adsorption of dyes onto biochars can be used as 

a proxy indicator of the efficacy of biochars in removing a range of organics from water 

as might be relevant in the water discharges in manure management. If biochar can reduce 

emissions in manure management, it might also help to reduce the amount of other 

organics leaching from manure. Various dyes and concentrations have been used as 

chemical proxies to examine the ability of biochars produced from varied materials to 

adsorb chemicals. The ability of biochars and activated carbon to adsorb dye has been 

well recognised (Chan et al., 2012; Leng et al., 2015; Rawat and Singh, 2018; Sumalinog, 

Capareda and de Luna, 2018).  

Studies published on dye adsorption investigated their behaviour using the Freundlich 

and Langmuir isotherms as well as Pseudo-first and Pseudo-second order (PFO, PSO) 

kinetics. The Langmuir isotherm accounts for the surface coverage by balancing the 

relative rates of adsorption and desorption (Ayawei, Ebelegi and Wankasi, 2017). It is 

used to describe the equilibrium between adsorbate and adsorbent, where the adsorbate 

adsorption is limited to one molecular layer (Liu et al., 2019). It states that each site can 

hold only one adsorbate species and all sites are energetically equivalent. This model 

suggests that there are no relationships between the adsorbate species (Chen et al., 2018). 

The Freundlich isotherm on the other hand is used to explain adsorption processes onto 

heterogonous surfaces (Chan et al., 2012; Sewu, Boakye and Woo, 2017). This model 

describes multilayer adsorption where the energy is distributed unevenly over the 

heterogeneous surface and where the adsorption ability will increase along with the 

increase of adsorbate concentration (Chen et al., 2018). The PFO is based on the 
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assumption that physical adsorption limits the rate of adsorption of compounds onto the 

adsorbent (PFO), while the PSO sets the chemisorption as the limiting mechanism for the 

process (Sumalinog, Capareda and de Luna, 2018). 

Dyes used for adsorption are cationic and anionic dyes like Congo red (CR), malachite 

green (MG), methylene blue (MB), crystal violet (CV) or methyl orange (MO) (Leng et 

al., 2015; Sewu, Boakye and Woo, 2017; Rawat and Singh, 2018; Sumalinog, Capareda 

and de Luna, 2018). It was found in some studies that cationic dyes seem to have higher 

adsorption onto biochars than anionic dyes (Leng et al., 2015; Sewu, Boakye and Woo, 

2017; Wang and Wang, 2019; Li et al., 2020). Results for maximum adsorptive capacity 

(Qm) for the Langmuir isotherm ranges from around 4.2 – 1153.8 mg g-1 for different dyes 

used with biochars produced from various materials and applied at different 

concentrations (Leng et al., 2015; Sewu, Boakye and Woo, 2017; Chen et al., 2018) and 

from around 10.0 – 4117.7 mg g-1 for the malachite green in particular (Leng et al., 2015; 

Chen et al., 2018; Rawat and Singh, 2018). Studies show that Langmuir seems to be more 

suitable than Freundlich for some biochars, whereas others report a better fit using the 

Freundlich isotherm (Sewu, Boakye and Woo, 2017; Chen et al., 2018). This indicates 

that biochars provide one-layer adsorption as well as adsorption to heterogeneous 

surfaces depending on which feedstock is used for biochar production.  

Throughout the literature, the PFO values for the amount of adsorbate adsorbed at 

equilibrium (Qe) range from 4.44 to 379.9 mg g-1 (Sewu, Boakye and Woo, 2017; Park et 

al., 2019). The Qe of PSO results varies between 4.37 and 390.9 mg g-1 (Sewu, Boakye 

and Woo, 2017; Park et al., 2019). R2 values reported in the literature range from 0.449 

to 1.0, showing that not all results calculated using PFO or PSO equations are a good fit 

for the kinetic models used (Sewu, Boakye and Woo, 2017; Park et al., 2019). The results 

show that for dyes like MG, CV or MB, the PSO is a better fit, which means adsorption 
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is driven by chemical interactions between the dye and the biochar (Leng et al., 2015; 

Sewu, Boakye and Woo, 2017; Chen et al., 2018; Rawat and Singh, 2018; Sumalinog, 

Capareda and de Luna, 2018; Park et al., 2019).  

2.3 Biochar 

Biochar is a product generated through a process in which biomass is heated with 

limited or no air to above 250°C (Lehmann and Joseph, 2015). The temperature 

conversion efficiency of biomass to biochar ranges across different mixtures of materials 

and heating rates (Figure 3). Biochar is commonly enriched in carbon (C) and other 

elements such as phosphorus (P), calcium (Ca) or nitrogen (N) (Lehmann and Joseph, 

2015). Pyrolysis, gasification and hydrothermal carbonization are three major 

thermochemical processes used to produce biochar (Lehmann and Joseph, 2015; Singh et 

al., 2022). Carbonisation is the process of converting a feedstock into biochar through 

reductive thermal processing. The process involves a combination of time, heat and 

pressure exposure factors that can vary between processors, equipment, and feedstocks. 

There are two main processes of carbonisation of dry feedstocks: pyrolysis and 

gasification (International Biochar Initiative, 2018). If the feedstock has a high moisture 

content, hydrothermal carbonisation (HTC) can be used to produce biochar. HTC is also 

working with high pressure in an aqueous environment, whereas the pyrolysis process 

does not work with pressure and in a “dry” environment (Rodriguez Correa et al., 2019; 

Zhou et al., 2021). Furthermore, pyrolysis and gasification produce biochars in a 

temperature range of 400 – 1000 °C and HTC in a range of 180 – 250 °C (Rodriguez 

Correa et al., 2019). Here the focus will be on the pyrolysis of biomass or other feedstocks 

to obtain biochar. To produce biochar, any material such as organic waste, wood or 

manure can be used (Lehmann and Joseph, 2015). A European Biochar Certificate (EBC) 

was established in 2012 to provide a standard and definition regarding the name, method 
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of production and quality, as well as properties of the final material. The EBC certificate 

defines these standards and regulates the production of biochar. Producers wishing to 

produce an EBC-certified biochar have to go through the certification programme 

provided by q.inspecta (EBC, 2012). 

Globally the International Biochar Initiative (IBI) has produced a separate set of 

standards (International Biochar Initiative, 2015). The standards include terms and 

definitions, feedstock material and best management practices for biochar production, 

material tests, as well as general protocols and restrictions (International Biochar 

Initiative, 2015). These standards serve as the basis for the IBI Biochar Certification 

Program and are intended for use and adaptation to local conditions and regulations by 

any nation or region. Standards are used to establish a common definition for biochar, 

and standardised testing and measurement methods for selected physicochemical 

properties of biochar materials have been developed (International Biochar Initiative, 

2015). The IBI standards as well as the standards used for the EBC are informed by the 

latest research findings and updated regularly and therefore are similar to each other. 

Though not each testing method is required for both, such as bulk density, germination 

inhibition or the water holding capacity. 
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Figure 3: Conversion efficiency of biomass, C, N and P during pyrolysis ((data from Enders et al. (2012); typical losses 

followed by range in brackets) by Lehmann and Joseph, 2015) 

2.4 Applications of biochar  

Per definition circular economy is a model of production and consumption, which 

involves sharing, leasing, reusing, repairing, refurbishing and recycling existing materials 

and products as long as possible. In this way, the life cycle of products is extended 

(European Parliament, 2022). In practice, this implies reducing waste to a minimum, 

which is where biochar can help. When a product reaches the end of its life, its materials 

are kept within the economy wherever possible (e.g. biochar production), thereby creating 

further value (European Parliament, 2022). The aim of a circular economy is aligned with 

achieving many of the sustainability goals, set by the United Nations (Figure 4) (The 

global goals, 2022). As the topic of the circular economy becomes more and more 

important, it becomes evident to also see biochar as a potential part of it. Biochar has 

gained popularity in the environmental sector as it is a versatile material for waste 

reduction and increasing the efficacy of the circular economy (Singh et al., 2022). It has 

demonstrated possibilities towards environmental impact, battling climate change, and 

creating an efficient circular economy model (Singh et al., 2022). Biochar can upcycle 

waste materials and then use them towards the betterment of the environment. It can be 

used in agriculture, wastewater treatment, anaerobic digestion and various other sectors 
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thereby proving its multidimensional role towards the protection of the environment and 

successfully building up a circular economy-based environmental management model 

(Singh et al., 2022). As biochar can be an example of a circular economy, it can play an 

important role in reaching sustainability goals as well.  

 

Figure 4: The 17 sustainability and development goals as stated by the United Nations (The global goals, 2022) 

 

In recent years there has been considerable interest in the various environmental 

applications of biochar (BC), such as carbon sequestration, soil amendment or pollutant 

removal (Oliveira et al., 2017). It was stated that pyrolysis is one of the most promising 

technologies for the conversion of biomass into high-value products such as syngas, bio-

oil or biochar (Qambrani et al., 2017). The durable nature of biochar captures carbon from 

the atmosphere, providing a carbon sink to terrestrial ecosystems while improving water 

and soil quality (Lehmann et al., 2009). Its stable nature leads to a slower degradation of 

the biochar, which slows the rate at which photosynthetically fixed carbon (FC) is 

returned to the atmosphere (Woolf et al., 2010). Carbon in biochar can persist in soils 

over long time scales (International Biochar Initiative, 2018), therefore, being able to 

reduce carbon released to the atmosphere in comparison to carbon sequestration by 

photosynthesis (Figure 5).  
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Beyond the carbon sequestered in the form of biochar itself, biochar incorporated in 

soils also offers numerous other potential climate benefits. Biochar can improve soil 

fertility, stimulating plant growth, which then consumes more CO2 in a positive feedback 

effect as well as reducing emissions of N2O and CH4 from agricultural soils (International 

Biochar Initiative, 2018). Apart from the positive effects on the soil, converting 

agricultural and forestry waste into biochar can avoid CO2 and CH4 emissions otherwise 

generated by the natural decomposition or burning of this waste (International Biochar 

Initiative, 2018). Biochar can reduce the need for chemical fertilisers, resulting in reduced 

emissions of GHG from fertiliser manufacture and application (International Biochar 

Initiative 2018). Another benefit is the potential to increase the biomass of soil microbial 

life, resulting in more carbon storage in soil (International Biochar Initiative 2018). In 

addition, biochar yields several potential co-benefits (Woolf et al., 2010). It is a source 

of renewable bioenergy; it can improve agricultural productivity, particularly in low-

fertility and degraded soils; it reduces the losses of nutrients and agricultural chemicals 

in run-off; it can improve the water-holding capacity of soils (Johannes Lehmann and 

Joseph, 2009; Lehmann and Joseph, 2015). Additionally using feedstocks that are waste 

material means biochar production represents an effective waste management strategy 

which can prevent further land-use change to produce energy. 
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Figure 5: carbon cycle with and without biochar application (Lehmann, 2007; Bahuguna, Sharma and Dadarwal, 2021)  

 

Of the possible strategies to remove CO2 from the atmosphere, biochar is notable, if 

not unique, in this regard. It can store CO2 in the soil and when applied to soil, landfill 

covers or manure, biochar can reduce GHG emissions from these sources as well 

(Johannes Lehmann and Joseph, 2009; Brennan et al., 2015; Sadasivam and Reddy, 

2015). Biochar can be produced at scales ranging from large industrial facilities down to 

individual farm units (Johannes Lehmann and Joseph, 2009), making it applicable to a 

variety of socioeconomic situations. Various pyrolysis technologies are commercially 

available that yield different proportions of biochar and bioenergy products, such as bio-

oil and syngas (Woolf et al., 2010). The outputs of the pyrolysis process serve to provide 

energy, avoid emissions of GHG such as CH4 and N2O, and amend agricultural soils and 

pastures. Bioenergy is used to offset fossil-fuel emissions while returning about half of 

the C fixed by photosynthesis to the atmosphere (Woolf et al., 2010). The biochar stores 
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carbon in a resistant form that can increase soil water- and nutrient-holding capacities, 

which typically results in increased plant growth. The intensified production further 

enhances the amount of CO2 removed from the atmosphere (Woolf et al., 2010). 

Although the literature presents a wide range of feedstocks and applications for 

biochar, there remains limited information on the use of peat as a feedstock and 

consequently the use of this type of biochar as an additive to slurry or liquid manure 

management. Yet the demands for new ways to reduce the emissions of GHG in the 

agricultural sector remain as pressing as ever. Various feedstocks have been used and do 

show promise in terms of emission reduction when applied to soil or during composting 

(Vu et al., 2015; Kammann et al., 2017; Gronwald et al., 2018; Yang et al., 2020). 

 

2.5  Production and characterisation of biochars  

2.5.1 Pyrolysis  

The pyrolysis process is described as a transformation of organic materials into their 

gaseous components, a solid residue (biochar), and a liquid called bio-oil. Pyrolysis 

systems use kilns, retorts, and other specialized equipment to contain the baking biomass 

while excluding oxygen. The reaction vessel is vented to allow pyrolysis gases to escape. 

Pyrolysis gases are often called “syngas”. The process becomes self-sustaining as the 

syngas produced is combusted, and heat is released (International Biochar Initiative, 

2018). Pyrolysis itself can be divided into two types of processes: slow and fast pyrolysis.  

Slow pyrolysis is usually carried out within a range of 350 – 400 °C and residence 

times of minutes up to hours while fast pyrolysis is carried out between 450 – 550 °C 

with a residence time of seconds (Shackley and Sohi, 2010). The biochar yields of the 

processes vary between 25 – 35 % oven-dry feedstock mass for slow and 10 – 25 % for 
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fast pyrolysis (Shackley and Sohi, 2010). The yield varies depending on the heating rate, 

maximum temperature, type and composition of the feedstock, particle size and reactor 

conditions (Qambrani et al., 2017). Low heating rates and long residence times favour 

high yields of biochar while high heating rates and short residence times result in a higher 

oil yield and therefore less biochar (Shackley and Sohi, 2010). Another important factor 

is the final carbonisation temperature or the highest treatment temperature (Babinszki et 

al., 2021). This was found to be the most important factor influencing the biochar yield 

when comparing yields for the same feedstock. A biochar yield of 21 – 29% was obtained 

when using milled debarked spruce and birch samples at temperatures between 400 – 700 

°C (Babinszki et al., 2021). Generally, it can be said that higher treatment temperatures 

result in lower biochar yields (Mašek et al., 2013; Ronsse et al., 2013; Greco et al., 2020; 

Zhang et al., 2020; Babinszki et al., 2021). It was found that to obtain one kilogram of 

biochar produced from green waste, around 1 – 5 kg of feedstock would be needed 

(Ronsse et al., 2013). For peat, it would be around 2 – 3 kg (Sutcu, 2007) and from 

brewery grain 1.2 – 5 kg would be needed (Olszewski et al., 2019).  

Production methods vary throughout the literature as widely as materials used. 

Biochars can be produced using a furnace, a fixed-bed reactor, a rotary furnace, a fluidised 

bed reactor, a tube furnace or a muffle furnace (Qambrani et al., 2017). All these different 

ways of producing biochar require adaptations depending on the required outcome. The 

muffle furnace is one of the more common methods used in biochar production 

(Abrishamkesh et al., 2015; Zhao, Coles and Wu, 2015; Hernandez-Soriano et al., 2016; 

Domingues et al., 2017; Xiaofeng et al., 2017). Production parameters of particular 

significance include the heating rates (change of temperature with time), residence times 

(minutes to hours) as well as final temperatures (Table 2). Crucibles are the preferred 
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container used for biochar production in a (muffle) furnace (Jindo et al., 2014; 

Abrishamkesh et al., 2015; Hernandez-Soriano et al., 2016; Xiaofeng et al., 2017).  

Table 2: Production parameter of biochars produced using a muffle furnace 

 (Xiaofeng et 

al., 2017)  

(Abrishamke

sh et al., 

2015) 

(Zhao, Coles 

and Wu, 

2015)  

(Hernandez-

Soriano et 

al., 2016)  

Heating rate (°C min-1)  0.25-0.3 20 7.5 

Final temperature (°C) 250-650 250-500 450 450 

Residence time (min) 120 30-225 60 120 

 

2.5.2 Characterisation of biochars  

The properties of the biochar obtained vary depending on the feedstock as well as on 

the process conditions used during production (Figure 6). To characterise the biochars, 

chemical and physical properties need to be measured. Although the chemical properties 

such as pH, elemental composition, ash content and fixed carbon (FC) are not presented 

in every study a more complete understanding requires this information to be available. 

This also applies to physical properties such as density or CEC.  
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Figure 6: Conversion of biomass into biochars, fuels and other products presented by Richard L. Bain at the 

DOE/NASLUGC Biomass and Solar Energy Workshops in 2004 (Bain, 2004) 

It was found that variations in the physical properties of the biochars are obvious 

and can be easily observed with visualisation, particularly when the biochar is in a loose, 

granular, or pelleted form (Amin et al., 2016). The range of chemical properties is as wide 

as the variation of physical properties but not as visible and only detectable through 

careful laboratory analysis (Amin et al., 2016). To determine the chemical characteristics 

of biochar, various analytical techniques can be used such as elemental analysis, 

thermogravimetric and derivative thermogravimetric analysis (TGA-DTG), Fourier 

transform infrared spectroscopy (ATR-FTIR), scanning electron microscopy (SEM), and 

analytical techniques for PAHs analysis. A van Krevelen diagram is often used to 

underline the selective loss of elements during pyrolysis by comparing atomic ratios of 

H/C and O/C (Oliveira et al., 2017) (Figure 7). Typically, the formation of biochar results 

in a decrease in H/C and O/C ratios (Figure 7). 
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Figure 7: Van Krevelen diagram showing changes in O/C and H/C ratios from feedstocks to biochars (Oliveira et al., 

2017)  

As noted earlier biochar properties are influenced by the process parameters such 

as particle size, residence time, heating rate and pyrolysis temperature among others 

(Amin et al., 2016; Zhao et al., 2018). Depending on these parameters as well as on the 

input material, different yields and qualities of biochar can be expected. Generally, it has 

been reported that temperature is one of the more significant influential factors affecting 

the morphology, structural surface area and functional chemistry of biochars (Amin et al., 

2016). At the same time, a higher lignin content within the feedstock used leads to a 

higher yield which can be explained by the structural stability of lignin itself (Cantrell et 

al., 2012). 

In terms of elemental composition, Zhang et al. (2017) reviewed several biochars 

produced at temperatures from 350°C up to 900°C and from four different feedstocks 

(oak and pine chips, sugarcane residue and peanut shell) through slow pyrolysis. The 

biochars concerned were analysed by proximate analysis, for their elemental composition, 

pH and electrical conductivity (Zhang et al., 2017). Results showed that yield and volatile 

matter (VM) were reduced whereas fixed matter and electrical conductivity were 

increased for the samples produced with higher temperatures. The biochars from all four 

feedstocks showed a general rise in carbon content with higher temperatures although this 
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was not that clearly visible above 750°C. The hydrogen (H) and oxygen (O) content of 

all biochars behave in an opposite way to the carbon (C) content (Zhang et al., 2017). 

However, even if pyrolysis temperature has a big influence on biochar composition, the 

most important factor is the feedstock. Feedstocks with a similar CHO content will 

produce biochars with similar contents if pyrolysed at the same temperature (Zhang et al., 

2017). The oak and pine chip samples pyrolysed in the study proved this statement by 

starting with a carbon content of 71 and 72 % respectively after being pyrolysed at 350 

°C and ending with a content of 83 and 84 % at 900 °C (Zhang et al., 2017). 

Residues from biogas production were pyrolysed and characterised (Stefaniuk and 

Oleszczuk, 2015). The biochars were produced at a range of 400 – 800 °C and analysed 

for their physicochemical and surface properties such as moisture and ash content, 

elemental composition and surface properties. Depending on the temperature conditions 

during the biogas process and the type of residue (separated/ unseparated), as well as the 

substrate used to feed the biogas plant, the individual parameters such as surface area 

varied. Separated residues from biogas production presented higher values for the surface 

area (2.4 – 2.8 m2 g-1) than unseparated residues (1.6 m2 g-1). No significant differences 

were found within the separated materials, even when using different types of feedstock 

digestion including thermophilic or mesophilic processes, (Stefaniuk and Oleszczuk, 

2015). The surface areas of the biochars generated did not demonstrate a visible trend. 

Despite no trend being found for the surface area, it was generally found that pH, ash and 

macro- and micronutrient content increased with higher temperatures while the yield and 

quantity of H, N and O decreased (Stefaniuk and Oleszczuk, 2015).  

Wood samples were pyrolysed within a temperature range of around 350 – 600 

°C and 190 °C min-1 for 30 min (Suliman et al., 2016). These were analysed using a wide 

range of methods like elemental and proximate analysis (TGA), SEM, pH, EC and CEC 
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among others to assess how feedstock source and pyrolysis temperature affect surface 

properties of biochars (Suliman et al., 2016). Results show increased ash and fixed carbon 

content with increasing temperatures and a declining yield at the same time. As the 

temperature increased it was noted that the surface area also increased (up to 250 %) as 

well as both the pore size volume (up to 200 %) and the mineral content (50 - 300 %). No 

clear thermally related trend was visible across all three feedstocks in terms of pH  

However, EC did show an increased value with higher process temperatures ranging from 

around 0.0 - 0.1 dS m-1 to around 0.05 - 0.35 dS m-1 depending on the sample (Suliman 

et al., 2016). It is concluded that physicochemical properties are affected by feedstock 

and pyrolysis temperature and that by using combinations of temperature and feedstock 

source it is possible to produce biochars with a wide range of physicochemical properties 

(Suliman et al., 2016). Therefore, in designing biochars with desirable end qualities or 

for specific treatment scenarios the challenge remains to coordinate the most appropriate 

production protocol using the most appropriate feedstock source. 

The influence of feedstock type and the rate of pyrolysis and associated conditions 

has been evaluated in several settings. (Ronsse et al., 2013) reported that the fixed carbon 

(FC) content (wt%) strongly depended on the duration and temperature of treatment. They 

noted increased amounts of FC with higher temperatures as well as with longer residence 

times for wood, straw and green waste samples. The pH was also reported to rise with 

treatment temperature, like the total carbon content (wt%).  

It can be concluded that biochar properties such as pH, FC or surface area can be 

influenced by controlling the production conditions of pyrolysis. Higher temperatures 

lead to higher pHs, more FC and slightly higher surface area (Shackley and Sohi, 2010), 

The resulting biochars are more stable and demonstrate a higher potential to interact with 

the environment within which they are set.  
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2.6 Biochar feedstocks and applications 

As biochar can be made from biomass waste materials; biochar production should not 

create competition for land with any other land-use options, such as food production or 

leaving the land in its original state (Johannes Lehmann and Joseph, 2009). Biochar can 

be made from any source material or feedstock with high carbon content (Jirka and 

Tomlinson, 2014). Biomass can be subdivided into unprocessed feedstocks (for example, 

wood chips or corn stover) and processed feedstocks (Jirka and Tomlinson, 2014). The 

latter are those feedstocks that have undergone chemical (e.g., paper pulp sludge) or 

biological (e.g., digestion to produce animal manures or sludge from waste effluent 

treatment) processing (Jirka and Tomlinson, 2014). Biomass waste materials appropriate 

for biochar production include crop residues (field residues and processing residues such 

as nutshells, fruit pits, and bagasse), yard, food and forestry wastes, and animal manures 

(International Biochar Initiative, 2018). Large amounts of agricultural, municipal and 

forestry biomass are currently burned or left to decompose and release CO2 and CH4 back 

into the atmosphere (Brassard, Godbout and Raghavan, 2016; Kern et al., 2017; Panwar, 

Pawar and Salvi, 2019). 

Using these materials to make biochar not only removes them from a pollution cycle 

– but biochar also produces energy-like heat from this biomass during pyrolysis. 

Feedstocks must not contain unacceptable levels of toxins such as heavy metals, which 

can be found in sewage sludge and industrial or landfill waste (Johannes Lehmann and 

Joseph, 2009). The chemical composition of biochar (i.e. the amount of carbon, nitrogen, 

potassium, calcium, etc.) depends on the feedstock used and the duration and temperature 

of pyrolysis (International Biochar Initiative, 2018). However, pyrolysis conditions 

greatly affect the nutrient content of the biochars and so biochar should be tested on a 

batch-by-batch basis to determine specific properties (Chan and Xu, 2009). While a wide 
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range of feedstocks can be converted into biochar, several issues limit the practicality of 

using some feedstocks (Jirka and Tomlinson, 2014). Firstly, feedstock conversion 

challenges can arise due to the physical properties of the feedstock such as size or 

moisture content, or chemical properties such as high silica content. While the feedstock 

can be mechanically or chemically processed to facilitate the conversion, the added 

expense of pre-processing makes the cost prohibitive (Jirka and Tomlinson, 2014). 

Secondly, serious safety concerns can arise from the presence of contaminants in the 

feedstock. For example, municipal solid waste (MSW) or biomass grown on 

contaminated soils may contain plastics or heavy metals which can lead to the 

concentration, formation, or emission of environmental pollutants during the conversion 

process and in the final product (Jirka and Tomlinson, 2014).  

The feedstocks offering the best chance of financial viability are derived from biomass 

residues such as by-products from agriculture, forestry, livestock rearing, food production 

and processing, and related industries. In many cases, residues present waste management 

challenges (in terms of disposal) – therefore, their use in biochar production can be 

viewed as a win-win solution. Indeed, many municipalities around the world currently 

pay to incinerate and landfill urban green waste with all the associated environmental and 

GHG impacts. Yet the use of urban green waste in biochar production represents a viable 

feedstock source and would greatly offset these negative impacts (Jirka and Tomlinson, 

2014). Perhaps the greatest limitation to using any feedstock is the ability to procure it in 

large and continuous quantities and at a viable cost, including harvesting and transport 

costs. While biochar producers may find feedstocks that are low cost, free, or even bring 

in money due to tipping fees, as soon as the demand for feedstocks increases, – as it would 

with an established biochar industry – the price of feedstocks can be expected to rise in 

line with the economic principles of supply and demand. Biochar producers will have to 
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factor this into their business models until feedstocks reach equilibrium price points (Jirka 

and Tomlinson, 2014). Therefore, it is important to study all the aspects of feedstock 

supply before setting up a biochar operation. Feedstock availability can vary from year to 

year and within years (J. Lehmann and Joseph, 2009). The choice of feedstock will be 

affected by the biomass resources in the immediate area and availability and of course the 

intended end use. Due to the associated collection, transport, and storage costs of 

feedstocks, local sources are often seen as the best economic option. There is a wide range 

of costs and benefits to consider with feedstock choices (Table 3) (McCarl et al., 2009). 
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Table 3: Costs and benefits of biochar feedstocks  (McCarl et al., 2009)  

sector cost benefit 

Feedstock production 

and collection 

• Economic issue?  

→ waste or purposely 

grown for the production of 

biochar (e.g., switchgrass) 

• possible costs and inputs 

needed for the growing and 

harvesting of the crop 

• Revenue/tipping 

fees from 

certain waste 

feedstocks? 

Use Trade-off • Nutrient value lost? 

→ biochar production vs. 

Fertiliser use 

• Biochars can 

add and help 

retain nutrients 

• Bio-oil and 

syngas could be 

sold 

Feedstock transport • transportation costs can be 

very high 

 

• Densifying the 

biomass by 

chipping or 

pelletising 

before transport 

as a solution? 

Feedstock storage and 

pre-treatment 

• feedstocks might need 

drying 

• drying process 

could occur 

passively 

through careful 

storage or may 

need more 

intervention 

(drier → 

requiring 

energy and 

labour) 
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Biochar can be applied and used in many different fields of everyday life including 

agriculture, the building sector, as a decontamination agent and in biogas production as 

well as applications in textiles (Schmidt, 2012). Here, the focus will be on the agricultural 

sector in particular manure management applications in animal farming. Many of the 

effects of adding biochar in agricultural settings are considered positive. These typically 

include aspects such as an improvement in soil condition, plant growth promotion, 

remediation of contaminated soil or as a factor helping to reduce GHG emissions. 

However, there are also some potentially negative consequences such as being a source 

of soil contamination, altering soil biota or causing a rise in CO2 emissions due to soil 

priming or the extra decomposition of native soil organic matter (Qadeer et al., 2017). 

Notwithstanding the potential limitations associated with the application of 

biochar in agriculture, it has been well-recognised that one of the more significant roles 

of biochar is environmental remediation (Oliveira et al., 2017). Indeed, Oliveira et al 

(2017) have described biochar applications for remediation in solid, liquid and gaseous 

phases, remediation of toxic gases, removal of miscellaneous pollutants from the liquid 

and solid phases, as well as kinetic studies associated with environmental applications of 

biochar and the possibility of climate change mitigation.  

The organic compounds of biochars were analysed and it was found that their 

interactions with the mineral compounds of biochars, like amalgamation, carbon 

structures or distribution of minerals inside the porous structure of biochars, were 

significantly influenced by thermal treatment (Taherymoosavi et al., 2017). Interactions 

like the distribution of mineral phases, which are rich in Ca, P and Fe, inside the porous 

structure and Si/Al-based phases on the surface of the biochar particle would suggest 

considerable interactivity between these phases at higher pyrolysis temperatures 

(Taherymoosavi et al., 2017). They also analysed the change in elemental composition 
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and found that the carbon and nitrogen content increases after pyrolysis while the 

hydrogen content decreases (Table 4). As has already been noted the elemental 

composition of the feedstock has a significant bearing on the quality of the resulting 

biochar. This is particularly significant for C/H ratios in feedstocks commonly associated 

with different wood species. Indeed, the C/H ratios that occur in these feedstocks are 

heavily linked to the yield of biochar and the resulting by-products. A higher C/H content 

in wood has been associated with a higher yield of biochar and a reduced tar yield, 

whereas a feedstock wood species with a lower C/H ratio tends to produce lower biochar 

yields and higher gas and tar yields (Hu et al., 2019).  

Table 4: Comparison of the elemental composition of feedstocks and biochars (Taherymoosavi et al., 2017; Hu et al., 

2019) (%db = %on a dry basis) 

  (Hu et al., 2019) (Taherymoosavi 

et al., 2017) 

  Poplar Acacia Pine Cedar Ailanthus 

altissima 

Municipal solid 

waste 

C 

(%db) 

Feedstock 46.6 46.3 47.3 16.4 45.8 54.6 

Biochar 79.7 72.9 80.6 81.5 76.6 68.6-80.7 

H 

(%db) 

Feedstock 6.1 6.4 6.6 6.2 6.3 5.88 

Biochar 5.2 5.0 5.4 4.9 8.6 4.33-2.64 

N(%db) Feedstock 0.30 0.61 0.27 0.49 0.37 5.36 

Biochars  - 0.57 - 0.57 6.09-5.79 

 

Different combinations of applications of biochars with various materials are 

possible. In this case, hardwood biochar combined with dairy manure (Table 5) was 

applied to soil in a laboratory incubation experiment to determine the effect of biochar–

manure co-application on soil water content, nutrient concentrations, and other effects in 

relation to the priming effect (Ippolito et al., 2016). It was found that the application 

improved the soil water content, and increased soil organic carbon content as well as 
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plant-available iron (Fe) and manganese (Mn). Though the CO2 respiration rate was not 

greatly influenced by increasing biochar application rates and stable manure rates. 

Regarding this project, the soil application, and the effects it creates are of less interest 

than the chemical analysis of the hardwood biochar as well as the dairy cattle manure 

(55.3% solids) (Table 5) as they are not part of the project. The more or less similar 

respiration rates with rising biochar application rates could indicate that biochar 

applications do not influence CO2 emissions from manure. 

  



41 
 

Table 5: properties of hardwood biochar and manure used in the study (Ippolito et al., 2016) 

 

Units Biochars Manure 

pH  6.8 8.8 

Ash % 14 Not determined 

Total C % 66.2 26.4 

Total N % 0.32 2.15 

Surface area m2g-1 0.75 Not determined 

NO3-N mg kg-1 1.5  80.6 

NH4-N mg kg-1 1.2 220 

K  mg kg-1 3400 13,500 

Ca mg kg-1 3700 22,000 

Mg mg kg-1 1500 8230 

Na mg kg-1 200 3750 

P  mg kg-1 300 4080 

Fe mg kg-1 1400 4480 

Zn mg kg-1 14.1 167 

Mn mg kg-1 118 169 

Cu mg kg-1 16.8 76.5 

Ni mg kg-1 4.9 3.4 

Cd mg kg-1 <0.05 0.34 

Pb mg kg-1 2.0 1.9 

B mg kg-1 12.3 27.3 

  

The focus of a study from 2014 was on polycyclic aromatic hydrocarbons (PAHs), 

heavy metals and mineral elements (Luo et al., 2014). Biochars were produced from corn 

stalks and sewage sludge using slow pyrolysis within a temperature range of 200 – 700 

°C with 100 °C increments, a heating rate of 5 °C min-1 and a peak temperature being 

held for 6 hours. The total concentration of PAHs and heavy metals in most of the 

biochars was below the control standards (e.g. IBI standards, EBC) of sludge for 
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agricultural use in China, the USA, and Europe (Luo et al., 2014). These findings are 

inconsistent with results obtained from biochars produced using residues of biogas 

production (Stefaniuk, Oleszczuk and Bartmiński, 2016). Stefaniuk et al., (2016) used 

separated or unseparated residues from thermo- or mesophilic operating biogas plants to 

produce the biochars. Their findings revealed that with increasing pyrolysis temperature 

the content of PAHs and certain heavy metals increased as well (Stefaniuk, Oleszczuk 

and Bartmiński, 2016).  

2.7 Peat and brewery grain 

2.7.1 Peat  

Peat is defined as sedentarily accumulated material of which at least 30% (dry mass basis) 

is dead organic matter (Tanneberger et al., 2017). It is an organic material with < 25% by 

weight mineral matter that ranges in colour from blond to black (Girardello et al., 2013). 

The deposit of organic matter can reach thicknesses of several metres and occupy large 

areas, forming a peatland (Girardello et al., 2013). Ireland is covered with peatlands, 

making up around 21% of its country area (Tanneberger et al., 2017). The country with 

the highest percentage of peatland area per country area is Finland, followed by Ireland 

(Table 6) (Tanneberger et al., 2017). 

Table 6: peatlands in Finland, Ireland, the UK and the whole of Europe (Tanneberger et al., 2017)  

Country  Country area 

(km2) 

Peatland area 

estimate (km²) 

Peatland area % of the 

country area 

Finland 337010 900001 26.71 

Ireland  69825  14664.72  21.00  

UK 242495  26838.3  11.07 

Total   ≈ 593727  

1 > 0 cm of peat,2 ≥ 45 cm of peat if undrained and ≥ 30 cm of peat if drained  
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The largest areas of peatlands are found in Canada, Alaska, Northern Europe, 

Western Siberia, Southeast Asia and parts of the Amazon basin (Kern et al., 2017). In 

2013, 13.2 % of these peatlands were in Europe, covering an area of around 525,668 km2. 

Peatlands are a naturally occurring carbon sink but due to anthropogenic impact, this 

system is altered. The removal of peat can lead to increased CH4 or organic carbon release 

if the water table drops (Kern et al., 2017). Most of the extracted peat is used for energy 

generation or growing media production.  

Peat samples from an ombrotrophic peat bog in Switzerland were analysed by 

Zaccone et al.. The ash contents vary from around 0.41-6.83 %, while the C content 

ranges from around 48.18 to 57.77 %. As the samples were taken from different depths, 

it is shown that ash content stays more or less constant while the C and H content increases 

and the O content decreases with depth, indicating a higher microbial activity in the upper 

layers (Zaccone, Miano and Shotyk, 2007).  

Samples of ombrotrophic peat coming from Bord na Móna have already been 

pyrolysed and analysed by the UK Biochar Research Centre (UKBRC). Two types of peat 

were pyrolysed at two different temperatures (450 °C, and 600 °C). The feedstock itself 

was analysed for metal content (Table 8). Comparing the CHO analysis for the two 

pyrolyzed Irish peat samples (Table 7) with other pyrolyzed peat (Sutcu, 2007) (Table 9), 

for example, shows that the carbon content can vary between 51.85 and 92.45 % 

depending on the origin and composition of the material used. The results shown in the 

tables below were provided by Bord na Móna. 
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Table 7: peat-based biochar analysis done by UKBRC (%db = % dry basis), data provided by Bord na Móna 

 Yield (%) Carbon 

(%db) 

Hydrogen 

(%db) 

Oxygen 

(%db) 

PAH (total 

EPA 16) 

Hort peat 450°C 33 68.37 2.10 2.72 0.36 

Hort peat 600°C 30 74.46 1.80 1.85 0.62 

Fuel peat 450°C 50 51.85 2.02 2.62 0.7 

Fuel peat 650°C 29 68.32 1.92 1.94 0.26 

 

Table 8: metal analysis results of moss peat samples (UKBRC), data provided by Bord na Móna 

Metals 

Moss peat sample 1 Moss peat sample 2 

mg kg-1 mg kg-1 

Arsenic 0.81 0.49 

Cadmium 0.09 0.11 

Chromium 1.15 16 

Copper 2.37 4.69 

Mercury 0.05 0.06 

Nickel 0.72 7.12 

Lead 8.47 7.39 

Selenium 0.02 >0.01 

Zinc 12.6 15.7 

Molybdenum <0.01 1.57 

Fluoride <10 16 

 

A study focussing on pyrolysis of peat, biochar yield and characterisation was 

published in 2007 (Sutcu, 2007). In the study, the samples were air-dried, ground and 

sieved into different groups before being pyrolysed at 350, 450, 550 and 650 °C at heating 

rates of 5 and 20°C min-1, and a residence time of one hour. For both heating rates, the 

results showed a decline in the biochar yield from around 50% to 35% with lower yields 

for the 20°C min-1 heating rate. The proximate and ultimate analysis (Table 9) revealed 
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the chemical properties of the biochars, produced at two different heating rates to show 

high similarity (Sutcu, 2007). 

Table 9: Proximate and ultimate analysis of peat (0.5-2.0mm sieve size) and biochars obtained from varying heating 

rates (df, %) (Sutcu, 2007) 

 

Peat  5°C min-1 20°C min-1 

  350°C 450°C 550°C 650°C 350°C 450°C 550°C 650°C 

Asha 6.51 10.88 11.47 12.57 13.34 10.35 11.85 13.54 14.33 

VMa 69.15 33.67 27.05 18.49 15.21 35.26 28.14 19.16 17.08 

FCa 24.34 55.45 61.21 68.94 71.45 54.39 60.01 67.30 68.59 

Cb 56.38 76.30 80.19 85.30 91.04 77.80 80.93 84.50 92.45 

Hb 5.98 3.85 3.18 2.99 2.65 3.71 3.20 2.87 2.51 

Nb 1.43 1.23 1.21 1.15 1.15 1.22 1.21 1.18 1.14 

Sb 0.52 0.31 0.35 0.37 0.36 0.32 0.33 0.37 0.37 

Oc 35.69 18.31 15.07 10.19 4.80 16.95 14.33 11.08 3.53 

a= df%, b= daf%, c= 100- (C+H+N+S) 

 

Furthermore, it was found that as the particle size of the peat increased, so did the 

yield (Sutcu, 2007). Increases in the sweeping gas flow rate led to a slightly decreased 

biochar yield but it was stated that neither the increased flow rate nor the particle size had 

an explicit effect on the results of proximate and ultimate analysis of the biochars (Sutcu, 

2007). Nevertheless, one difference noted was that biochars obtained by pyrolysis of peat 

at 450 °C, and a heating rate of 20°C min-1 for the four varying sizes (0.5, 0.5-1.0, 1.0-
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2.0, above 2.0 mm) had lower ash contents than those obtained in other pyrolysis 

conditions (Sutcu, 2007). 

The effects of CO2 on the pyrolysis of peat instead of using N2 as a sweeping gas 

have also been investigated (Lee et al., 2017). The samples were ground and dried before 

pyrolysis which was carried out at 700°C with a heating rate of 10°C min-1 and a gas flow 

rate of 500 ml min-1 for N2 and CO2. Proximate and ultimate analysis and morphological 

and spectral analysis were conducted for peat and biochar, while thermo-gravimetric 

analysis was carried out for peat on its own. Elemental analysis showed that biochar 

produced in the N2 environment contained more C, H, and S than biochar produced in the 

CO2 environment. On the other hand, they contained more O and N than the ones from 

the N2 environment, indicating that the pyrolysis atmosphere affects the elemental 

composition of biochars. Additionally, biochar produced in CO2 has a larger surface area 

than in N production, suggesting that CO2 had a distinct role in promoting pore formation 

on the biochar surface (Lee et al., 2017). A larger surface might lead to higher adsorption 

and if applied in manure GHG emission reduction. 

The amelioration of soil acidity and P scarcity of weathered soils using manure 

biochar was addressed by using peat biochar produced from peat collected from Fushun 

in Liaoning Province, China (Kamran et al., 2018). The peat was then air-dried at room 

temperature and ground to pass a 2 mm sieve. To produce the char the peat was placed in 

ceramic crucibles, covered with a fitting lid and pyrolysed under oxygen-limited 

conditions in a muffle furnace. The furnace temperature was raised to 400 °C at 20 °C 

min-1, and then kept constant for 4 h. Afterwards, the biochars were cooled at room 

temperature and then passed through a 0.2 mm sieve giving a C/N value of 15.6 (Table 

10).  
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Table 10: properties of peat biochar produced at 400°C for 4h 

 pH EC  

(mS min-1) 

VM 

 (g kg-1) 

Ash 

 

FC 

 

Total 

C 

(%) 

Total 

N 

(%) 

Total 

H 

(%) 

C/N 

Peat  6.43±0.04 0.359±0.01 185.4±0.9 678.2±1.1 136.4 22.1 1.4 1.4 15.6 

 

Studies using peat as a feedstock solely focused on the use of peat as a single feedstock 

without using multiple feedstocks in the same study, leaving a gap in the literature.  

2.7.2 Brewery grain 

 

Brewery grain could present a possible, more eco-friendly alternative to the use of peat 

as a biochar feedstock. Beer was the fifth most consumed beverage in the world in 2017 

(Sperandio et al., 2017). In 2020, global beer production amounted to about 1.82 billion 

hectoliters. And it still has a rising popularity in the last years around the world and is 

therefore producing tons of spent grain, which could be used for biochar production. 

Biochars from brewery grain have already been produced to increase the value of the 

spent grain. The biochars were produced for energy purposes, wastewater treatment, to 

study pyrolysis kinetics and to develop screen-printed electrodes (Yinxin, Jishi and Yi, 

2015; Sperandio et al., 2017; Cancelliere et al., 2019; Olszewski et al., 2019). Spent grain 

is a resource usually given to animals as feed or to improve the texture of compost to 

avoid having to send it to a landfill. Using the grain for biochar production could give 

another use to the quantities of spent grains produced as a by-product of the brewing 

industry.  
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3. Methodology and methods 

 

This chapter specifies the methodological approach used as well as the methods used 

(Figure 8, Table 11). The biochars were produced and analysed using qualitative methods. 

The interpretation of the data was done using statistical analysis (section 3.15). To 

investigate the influence of biochar on the release of carbon dioxide, methane and 

ammonia emissions from manure, laboratory-scale emission trials were carried out. The 

same applies to the adsorption of dye trials. 

 

Figure 8: methodological flowchart of the thesis 
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Table 11: Overview of methods and equipment used to analyse the biochars 

Analysis  Software/ equipment Protocol  

Dry matter 

content 

Oven (UN55, memmert, Lennox VDLUFA Method 

Handbook Vol. 3, DIN 

EN12880:2001-02, chapter 

3.1 

pH pH meter (pH700, EUTECH 

Instruments) 

VDLUFA Method 

Handbook Vol. 3, DIN 

EN12880:2001-02, chapter 

3.1 

TGA Mettler-Toledo TGA/DSC2 established protocol from 

the literature (Buss and 

Mašek, 2014) 

BET Quantachrome NOVATouch LX4  

SEM Hitachi SU6600 FESEM  

FT-IR / ATR Perkin Elmer Spectrum 100 FTIR with 

a Perkin Elmer Universal ATR 

accessory (Perkin Elmer, USA) 

 

PAH content  established protocols from 

the literature (Hilber et al., 

2012; Buss et al., 2016; 

Frišták, Pipíška and Soja, 

2018) 

Raman Horiba Jobin Yvon LabRAM HR 800  

CHNS Carlo-Erba 1108 elemental analyser 

EA1108 

 

ICP ICP – MS (7900 ICP-MS, Agilent 

Technologies) 

Microwave digestion: US 

Environmental Protection 

Agency (EPA) Method 

3051A 
  

 

3.1. Origin of organic feedstocks 

In this study, five different materials were used (Table 12, Table 13). The materials were 

obtained from the Bord na Móna (BnM) facility in Kilberry, Co. Kildare. The feedstocks 

used in this study were all defined by the research partner (BnM). This research was 

designed to assess and examine the potential use of defined sources available to the 

industry partner. 
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Table 12: Feedstocks used in the project as well as their sample date and origin 

Material Date of sampling Origin  

Raw peat 14.03.2018 Bord na Móna composting facility, 

Kilberry, Ireland 

Peat fibre 14.03.2018 Bord na Móna composting facility, 

Kilberry, Ireland 

Fine urban green waste 14.03.2018 Bord na Móna composting facility, 

Kilberry, Ireland 

Brewery grain black 20.03.2018 Bord na Móna composting facility, 

Kilberry, Ireland 

Brewery grain white 20.03.2018 Bord na Móna composting facility, 

Kilberry, Ireland 

 

The peat and the peat fibre came from a drained Irish ombrotrophic peatland in the 

Midlands. The peat was used as the producer (BnM) wanted to explore the extent to which 

value could be added to mid-profile peat from a drained raised-bog mid-way through its 

extraction cycle. The peat fibre was obtained by separating the finer peat, used for 

growing media, from fibrous materials or chunks of organic material present in the peat. 

Both spent brewery grains were delivered to the composting facility in a pre-dried state 

carried out by the brewery. The difference between the two grains is their treatment during 

the brewing process. While the fine urban green waste was the result of a separation of 

composted green waste into different sections sorted by size, carried out at the composting 

facility.  
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Table 13: Feedstocks used for biochar production and exemplarity biochars produced from these feedstocks 

Feedstock Material name Biochar  

 

peat 

 

 

Peat fibre 

 

 

Fine urban green waste 

 

 

Brewery grain black 

 

 

Brewery grain white 

 

 

3.2. Preparation of materials 

A part of each feedstock was dried in an oven (UN55, memmert, Lennox) at 105 °C for 

24 hrs before being used for the production of biochars. The other part was used as 

collected to determine the influence of pre-treatment on feedstocks. Before being used 

the materials were stored in a cold room at around 4 °C to ensure the continuity of the 

properties of the feedstocks. 
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3.3. Production of biochars 

Biochars were produced using a muffle furnace (SNOL 13/1100) and ceramic 

crucibles with lids. The biochars were produced at 450 – 750 °C using fresh or pre-dried 

material with a residence time of 20 min and a heating rate of 7.5 °C min-1 (Table 14). 

After production, the biochars were left to cool down overnight in a desiccator (250 mm 

Desiccator, Vacuum - Lennox) before their weight was recorded. The yield was 

determined on a fresh and dry matter basis as a product of the biochar weight in relation 

to the weight of the materials before pyrolysis. Around 20 – 61 g of fresh and around 7 – 

30 g of dried feedstock was used per crucible for biochar production. 

Table 14: Conditions of biochar production ranging from 450 – 750 °C 

Material Temperature (°C) Residence time 

(min) 

450 550 650 750 20 

Raw peat X X X X X 

Peat fibre X X X X X 

Fine urban green waste X X X X X 

Brewery grain black X X X X X 

Brewery grain white X X X X X 

 

 

3.4. Chemical analysis – pH, dry matter and moisture content 

Chemical characterisation of the feedstocks and biochars was performed with the 

following methods (Table 15). 

Table 15: Analytical methods used for the chemical characterisation of feedstocks and biochars 

Parameter Method 

pH  According to VDLUFA Method Handbook Vol. 3, DIN 

EN12880:2001-02, chapter 3.1 

Dry matter (DM) According to VDLUFA Method Handbook Vol. 3, DIN 

EN12880:2001-02, chapter 3.1 
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pH was measured with de-ionised water. Biochar and feedstock pH values are 

obtained in triplicate using a ratio of 1g of biochar and feedstock in 10 mL deionised 

water (1:10 w/v). The solution is placed on a shaker (MaxQ2000, Thermo Scientific) and 

left there for 60 min at 150 rpm to ensure sufficient equilibration between solution and 

material surfaces. After shaking, the solution was left standing for 30 min before 

measuring using a pH meter (pH700, EUTECH Instruments). 

To determine the dry matter (DM) content of the feedstocks, they were placed in an 

oven (UN55, memmert, Lennox) at 105 °C for 24 h. The weights were recorded before 

and after drying to calculate the DM and moisture content of each feedstock. DM was 

calculated as an equation of dry weight to the total weight. The moisture content is the 

difference in the weight before and after drying. To confirm that 24 h was sufficient time 

for drying, the feedstocks were dried for around 48h as well and it was seen that DM 

content stayed the same. 

3.5. Thermo-gravimetric analysis (TGA) 

Thermo-gravimetric analysis (TGA) was used to quantify fixed carbon in the biochars 

with a Mettler-Toledo TGA/DSC2. The samples were ground using a quartz mortar and 

pestle before storage in small glass containers. To start the analysis, 2.0 - 2.5 mg were put 

in a crucible (Buss and Mašek, 2014). First, the moisture was evaporated by heating the 

sample to 110 °C at 25 °C min-1. Then, the temperature was held at 110 °C for 10 min. 

Next, the volatiles were driven off by heating to 900 °C using the same heating rate as 

before. This temperature is also held for 10 min. Both steps are performed using a nitrogen 

gas flow rate of 30 ml min-1. As the machine (TGA/DSC2 STARe System, Mettler 

Toledo) conducting the analysis could not switch automatically from nitrogen to air a 

second run was performed using air as a flow gas to oxidise the carbon left in the sample 

and thereby determine the ash content. The amount of carbon combusted is the amount 
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of fixed carbon present in the sample. In this run, the steps were similar to the nitrogen 

flow, but the samples were held for 20 min at 900 °C and not for 10 min, as described in 

the original method. Each sample was processed in triplicate using 2.0 - 2.5 mg. A blank 

sample was run before the experiment to account for weight changes in the crucible.  

To convert some properties (here the fixed carbon (FC) content) from one basis to 

another, the following general formula was used (Riley, 2007): 

𝑃𝑤𝑎𝑛𝑡𝑒𝑑 = 𝑃𝑔𝑖𝑣𝑒𝑛 ∗ 𝑓𝑐 

where Pwanted is the property based on a wanted basis, Pgiven is the property based 

on a given basis, and fc is the conversion factor. To calculate the conversion factor for a 

conversion from a dry basis to a dry ash-free basis the FC content on a dry basis is divided 

by the difference of FC (wt%, db) – ash (%, db) (Cai et al., 2017). 

3.6. Nitrogen physisorption (BET) 

Nitrogen physisorption was used to determine the surface and pore properties of the 

biochar samples. Physisorption was carried out in a Quantachrome NOVATouch LX4 at 

- 196 °C. Before analysis, the samples were degassed in a vacuum oven at 200 °C 

overnight and then in the instrument degassing stations at 300 °C for 12 h. The surface 

area of the samples was determined by the Brauner-Emmet-Teller (BET) method. The 

micropore surface area and volume were determined by the t-plot method. The total pore 

volume was determined from the total nitrogen adsorption at P/P0 = 0.99. 

3.7. Scanning electron microscopy (SEM) 

Images are produced using a beam of electrons generated at the top of the microscope 

(Hitachi SU6600 FESEM). The beam passes through electromagnetic fields and lenses, 

which focus and shape the beam down towards a sample. Once the beam hits the sample, 

electrons and X-rays are ejected from it (Figure 9, Figure 10). Detectors collect these X-
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rays, backscattered electrons and secondary electrons and convert them into a signal that 

is sent to a screen, where the image appears. The microscope is held under a vacuum 

throughout the process. SEM pictures from the samples were taken to characterise their 

surfaces. To do so, a few milligrams were placed on a conducting sticky pad and placed 

into the sample chamber of the SEM.  

 

Figure 9: Reaction after the incident beam reaches the sample 

 

 

Figure 10: Scheme of a scanning electron microscope 
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3.8. Fourier Transform Infrared spectroscopy/Attenuated total reflection 

(FT-IR/ATR) 

The FTIR spectra were collected using a Perkin Elmer Spectrum 100 FTIR with a Perkin 

Elmer Universal ATR accessory (Perkin Elmer, USA). For the ATR, first, a background 

was measured before applying the sample to the measuring crystal. Transmission and 

absorption were measured for each run, conducted in duplicate. 250 mg of each sample 

was placed on top of the ATR accessory.  

3.9. Polycyclic aromatic hydrocarbons (PAH) 

Polycyclic aromatic hydrocarbon (PAH) extraction of the biochars was carried out using 

established protocols (Hilber et al., 2012; Buss et al., 2016; Frišták, Pipíška and Soja, 

2018). The biochars were first dried at 40 °C overnight and then ground to 0.75 mm with 

mortar and pestle and sieved to the correct size. Toluene (100%) was used as a starting 

solvent for the Soxhlet extractions. The extractions were run for 36 h and the sample size 

was 1g. After the extractions, the resulting liquid was run through a rotary evaporator to 

recover the toluene. The remaining liquid was run through a gas chromatograph (GC) to 

detect the PAHs. The GC – MS used was an Agilent 6890N gas chromatograph and an 

Agilent 5975 mass spectrometer. 

A standard containing 16 EPA PAHs, which are designated High Priority Pollutants 

(HPP) by the Environmental Protection Agency (EPA), was used as a reference to identify 

the PAHs in the biochars. A blank of pure toluene was run to exclude any signs of toluene 

or its chemical components from the GC chromatograms. 

 



57 
 

3.10. RAMAN spectroscopy 

The RAMAN analysis was performed using a Horiba Jobin Yvon LabRAM HR 800. 

A 532 nm laser line (max power 50 mW) was employed at 10% power to avoid sample 

degradation. Spectra were recorded with an x50 objective (spot size of approx. 4um) with 

an acquisition time of 10s and averaging 3 accumulations. The internal optical set-up 

consisted of a 600 ln/mm grating with a 532 nm edge filter. 

3.11. Elemental analysis (CHNS) 

The biochars were also analysed for their CHNS content using a Carlo-Erba 1108 

elemental analyser EA1108. All samples were ground before the analysis. Samples for 

CHNS analysis were prepared by adding 1-2 mg sample and 3-5 mg oxidiser (vanadium 

pentoxide, V2O5) to a tin crucible which was then closed and inserted into the analyser. 

Before analysis, sulphanilamide was used as a calibration standard. The oxygen content 

was calculated as the difference (O = 100-C-H-N-S-ash). 

3.12. ICP-MS 

Samples were digested, filtered and diluted before being inserted into the ICP-MS. 

Microwave digestion was carried out according to US Environmental Protection Agency 

(EPA) Method 3051A (Jeong, Lee and Kim, 2020). In the method, 0.5 g of biochar was 

inserted into a microwave vessel and mixed with 10 ml of concentrated nitric acid. The 

microwave digestion programme included a ramp of 5.5 min up to 175 °C, a holding time 

of 4.5 min and a cooling-down time of 30 min. After cooling, the vessels were vented in 

a fume hood before uncapping. The samples were quantitatively transferred to a 100 ml 

volumetric flask and topped up with ultra-pure water. This mix was then filtered into 

another acid-cleaned flask. 5 ml of the filtered sample was made up to 50 ml in a 

volumetric flask (1:10) and 1 ml of the diluted sample was made up to 100 ml with diluent 
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(1:1000). These dilutions were made to account for the different concentrations of the 

tested elements. The diluent contains 2% HNO3 and 0.5% HCl in ultra-pure water.  

The samples were analysed for As, B, Ca, K, Mg, P, S, Pb, Ni, Cu, Co, Cd, Na, Zn, Fe, 

and Mn using ICP – MS (7900 ICP-MS, Agilent Technologies). 

3.13. Manure emission experiments 

To determine the CH4 and CO2 emission reduction potential of the biochars they were 

mixed with slurry in different ratios to see which combination leads to the best results 

(Table 16). Each mixture was against a blank control (0 % biochar). 

Table 16: biochar - slurry mixtures for emission reduction trials 

 Mixture 

 0 % 0.25 % 0.5 % 1.0 % 

Biochar  X X X X 
 

3.13.1. Manure 

The manure used in this study was collected from a pig farm in Flegessen, 

Germany.  The pigs were fed with single feed for carrying sows (12,2 MJ ME / 13,5 % 

XP) (see tables below). 

Table 17: Ingredients of pig feed 

feedstock TM Part % 

Agravis Ergänzer Sauen Brand 880 20 

Wheat 879 28.50 

Spelt 880 50 

Soy oil 999 0.5 

Beer yeast 893 1.0 

 

Table 18: Weender Analysis of ingredients of the pig feed 

ingredient unit  minimum content  88% dry mass 

Dry matter % 88 88.04 88 

Metabolizable energy (ME) pig (2010) MJ 13 12.89 12.88 

Starch  %  41.88 41.86 

Crude fibre % 5 7.01 7.01 

Crude protein % 16.5 15.59 15.58 
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The manure had a pH of 7.05 – 7.15 and a dry matter content of 0.70 – 8.06 %DM (Table 

19). The manure was collected on a regular schedule every two weeks to ensure 

consistency in terms of its age profile. 

Table 19: chemical analysis of pig manure used for emission trials 

parameter unit  

pH  7.05 – 7.15 

DM % 0.70 – 8.06 

COD mg/l 95140 

NH4-N mg/l 208 

NO3-N mg/l 3.03 

Acid capacity mmol/l 70.8 

PO4 mg/l 1820 

 

3.13.2. Gas emission experiment set-up 

The emission experiments were run in triplicate, with one set of triplicates 

collected in a biogas bag (Restek, USA) (Figure 11). Each experiment was run at room 

temperature (20 – 22 °C). And the manure was mixed before being poured into the glass 

bottles to ensure homogeneity. The biochars were then applied to the manure and the 

setup was left without stirring for 72 hours in a sealed flask. This flask was attached to a 

biogas bag used to extract treated gas emissions for analysis. Each biochar manure 

experiment was carried out with three different concentrations of biochar using 250 ml of 

manure mixture for each experiment. The biochars were applied in concentration values 

of 0.25, 0.5 and 1% w/v. These concentrations were chosen to simulate feasible 

concentrations in bigger tanks, while still having enough biochar present to generate a 

viable effect relevant for subsequent upscaling. A syringe was then used to insert the gas 

samples from the bags into the gas chromatograph (GC) (Shimadzu GC-2014 with packed 
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column (2.1 m, HayesepQ)). The gas was injected into the GC at a temperature of 110°C. 

The analysis was carried out using helium 5.0 with a flow of 27 mL min-1 and a thermal 

conductivity detector (TCD).  

 

Figure 11: Experimental set-up of the emission trials run with swine manure and biochar 

 

3.14. Dye adsorption experiments 

3.14.1. Experimental arrangement 

Cationic dye was chosen as the most suitable dye for adsorption analysis (Sewu, 

Boakye and Woo, 2017). As the biochars produced in this study were alkaline the use of 

a cationic dye should favour adsorption because of the negative surface charge. Malachite 

green was chosen as the cationic dye for this trial. Malachite green dye was mixed with 

de-ionised water to create solutions of various concentrations. The dilutions were 

prepared in the following mixtures 1:10, 1:20, 1:50 and 1:100 (Table 20). As a next step, 

10 mg biochar was weighed into a centrifuge tube and 30 mL of the dye solution was 

added and the mixture was left for 48h to 60h to observe adsorption. In the end, 3 ml of 

the mixture was taken from the middle of the filled volume, to analyse the dilutions with 

a spectrophotometer (DR 6000, HACH). The dilutions were analysed by the 

spectrophotometer before and after the experimental run, to calculate the adsorption rate. 

The Langmuir and Freundlich models were employed to characterise adsorption. To be 

able to calculate the kinetics with pseudo first (PFO) and second order (PSO), biochar 
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was mixed at a rate of 0.5 % w/v. This means that 0.0125 g of biochar was mixed with 

2.5 mL of the solution. The solution was analysed using a Cary 60 spectrophotometer 

(Agilent Technologies, Inc., USA). 

Table 20: dilutions used in the adsorption experiments with the respective initial concentration of dye in mg L-1 (ppm) 

dilution C0 (mg L-1) 

1:10 10 

1:20 5 

1:50 2 

1:100 1 

 

3.14.2. Adsorption isotherm models 

Two adsorption isotherm models were used in the adsorbate-adsorbent interaction 

analysis to identify the adsorption mechanism (Sewu, Boakye and Woo, 2017; Chen et 

al., 2018). The effect of different biochar concentrations (0.1, 0.5 and 1.0%w/v) was 

investigated for the adsorption process. The dye adsorption process by biochar was 

described by the Langmuir and Freundlich isotherm.  

The Langmuir model can be expressed as:   

𝐶𝑒

𝑄𝑒
=

𝐶𝑒

𝑄𝑚
+

1

𝑄𝑚𝐾𝐿
 

where Ce is the equilibrium concentration of dye (mg L−1), which is the concentration of 

adsorbate solution (mg/L) after adsorption equilibrium. Qe is the amount of dye adsorbed 

per mass of biochar (mg g−1), which is the difference in adsorbance to the pure dye 

solution divided by the amount of biochar used. Qm is the maximum adsorption capacity 

of biochar (mg g−1), which is 1 divided by the slope of the function. And KL is the 
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Langmuir constant (L mg−1), which can be expressed by dividing the intercept with the 

y-axis of the function by Qm. The Langmuir adsorption isotherm is used to describe the 

equilibrium between adsorbate and adsorbent, meaning that it shows how much one 

adsorbate can be adsorbed of a certain adsorbent. 

The Freundlich model is described as:  

log 𝑄𝑒 = log 𝐾𝐹 +
1

𝑛
log 𝐶𝑒 

where KF is the Freundlich adsorbent capacity, where the log of Kf is the intercept of the 

function with the y-axis and nF is the heterogeneity factor (Chen et al., 2018). The model 

shows the relationship between the concentration of a solute (dye) adsorbed onto the 

surface of a solid (biochar) and the concentration given in the liquid phase. 

3.14.3. Adsorption kinetics – Pseudo-First Order and Pseudo-Second Order 

The linearized PFO and PSO models are given in the equations below where qe is 

the calculated equilibrium adsorption capacity (mg g-1) and qt (mg g-1) is the adsorption 

capacity at time t (min); and, k1 (min-1) and k2 (g mg-1 min-1) are the PFO and PSO rate 

constants, respectively (Sumalinog, Capareda and de Luna, 2018). 

PFO: 

𝑞𝑡 = 𝑞𝑒  (1 − 𝑒−𝑘1𝑡) 

or 

ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘1 ∗ 𝑡 

PSO: 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2

+
1

𝑞𝑒
 𝑡 
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3.15. Statistical analysis 

The statistical analysis was carried out using Excel and Prism Software. Both 

programs were used to calculate means, standard deviations and significances between 

the samples using ANOVA tests (p<0.0001, p<0.001, p<0.01, p<0.05). 
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4. Results  

4.1. Biochar yield 

Depending on the biochar used, the yield of the biochar produced varies between 

11.72 – 36.94 %FM (Table 21) and between 27.65 – 60.58 %DM (Table 23). Table 21 

shows the biochar yield for all materials produced from fresh matter (FM) calculated in 

%FM, whereas Table 22 presents the yield of fresh materials calculated on a DM basis. 

The yield of the peat materials is in the middle of the overall range. Biochars produced 

from brewery grains have the highest yield, reflected by their high dry matter content. 

The biochar yield for peat decreases from 21.26 to 14.09 %FM. Peat fibre has a similar 

yield whereas the brewery grain yield varies between 36.94 and 25.84 %FM for the two 

materials. 

Table 21: Biochar yield (%FM) calculated for different production temperatures as described in section 3.3 

 450 °C 550 °C 650 °C 750 °C 

Raw peat 21.26±1.55 16.98±0.19 15.23±0.26 14.09±0.17 

Peat fibre 23.67±0.99 20.38±1.50 18.56±0.31 16.61±0.74 

Fine urban green waste 17.59±0.18 14.18±0.01 12.89±0.37 11.72±0.50 

Brewery grain black 36.94±0.33 33.97±0.01 31.62±0.12 30.44±0.05 

Brewery grain white 30.86±0.64 29.10±0.38 26.96±0.59 25.84±0.15 

 

 

 

 

 

 



65 
 

Table 22: Biochar yield of fresh materials (%DM) calculated for different production temperatures as described in 

section 3.3 

 450 °C 550 °C 650 °C 750 °C 

Raw peat 53.18±3.88 42.47±0.48 38.09±0.65 35.24±0.43 

Peat fibre 49.01±2.05 42.19±3.11 38.43±0.64 34.39±1.53 

Fine urban green waste 62.78±0.64 50.61±0.04 46.00±1.32 41.83±1.78 

Brewery grain black 39.06±0.35 35.92±0.01 33.43±0.13 32.18±0.05 

Brewery grain white 33.39±0.69 31.49±0.41 29.17±0.64 27.96±0.16 

 

 

Table 23: Biochar yield (%DM) calculated for different production temperatures as described in section 3.3 

 450 °C 550 °C 650 °C 750 °C 

Raw peat 51.43±0.98 45.20±0.23 41.37±0.16 35.89±0.13 

Peat fibre 51.03±1.08 44.60±0.44 40.75±0.29 38.58±0.98 

Fine urban green waste 62.16±0.20 57.72±0.24 53.64±0.58 52.64±0.25 

Brewery grain black 39.01±0.19 35.80±0.05 33.86±0.09 33.39±0.08 

Brewery grain white 34.13±0.38 31.12±0.28 31.14±2.57 27.87±0.17 

 

A more even picture can be seen for all twenty biochars produced from dried 

material (Table 23). Biochars produced from dried fine urban green waste (fine ugw) have 

the highest yield across all the temperatures, whereas biochars from brewery grains have 

the lowest yield but still reach a yield of around 30 %DM across all the temperatures.  

When comparing the yield loss of fresh materials with pre-dried materials it can be 

seen that the dried materials have a slightly smaller loss in yield. It was determined that 

the temperature has a significant influence on the production process of biochar from 

dried material (p<0.05). While the peat samples have a yield of around 20 %FM, the 
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urban waste biochars show a slightly lower yield (17.59 – 11.72 %FM). The highest yield 

was observed by the brewery grain samples (36.94 %FM). Comparing these findings to 

the ones calculated from dried materials on a dry matter basis, the lowest yield was 

observed for the brewery grain samples (27.87 – 39.01 %DM), whereas fine ugw 

presented the highest yield (62.16 %DM).  

As there is not much difference between the yield of fresh material calculated on a dry 

matter basis and the yield of the dried material, for the rest of this study, biochars 

produced from dried materials will be used. This will ensure the comparability of the 

results found here with the ones produced in the literature. 

4.2. Feedstock analysis – dry matter & moisture content, pH  

The results show a dry matter (DM) content of the peat materials between 39.98 and 

48.30 % FM and a content of 28.02 %FM (fine ugw) to 94.58% FM (brewery black) for 

the other materials (Figure 12). It can be observed that similar materials (e.g. brewery 

grain black and white) have similar DM contents and therefore also similar moisture 

contents. 
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Figure 12: Dry matter (DM) and moisture content of feedstocks used for biochar production in %FM 

The pH results of all feedstocks vary between 4.64 and 6.07 (Table 24). In 

comparison to that, the pH values of the biochars are higher at all temperatures than the 

untreated feedstock and keep increasing with higher treatment temperatures. The pH of 

raw peat biochars increases from 5.76 to 9.17 while the fresh material has a pH of 4.87 

(Table 25). The rise of pH with increasing treatment temperatures varies depending on 

the material used. 

Table 24: dry matter, moisture content and pH results obtained from feedstocks used for biochar production 

 DM (%FM) Moisture content (%FM) pH 

Raw peat 39.98±1.39 60.02±1.39 4.82±0.06 

Peat fibre 48.30±2.06 51.70±2.06 4.64±0.11 

Fine urban green waste 28.02±1.02 71.98±1.02 7.50±0.06 

Brewery grain black 94.58±0.27 5.42±0.27 5.71±0.02 

Brewery grain white 92.41±0.22 7.83±0.69 6.07±0.01 
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Table 25: pH values of feedstocks in comparison to biochars produced at 450 - 750 °C from fresh material 

 pH 

 feedstock 450 °C 550 °C 650 °C 750 °C 

Surface peat 4.87 5.76 7.47 8.46 9.17 

Peat fibre 4.64 6.56 7.58 8.45 9.27 

Brewery grain black 5.71 9.54 10.75 10.89 11.49 

Brewery grain white 6.07 8.98 9.55 10.22 10.91 

Fine urban green waste 7.50 9.17 10.33 10.12 11.20 

 

The pH values of biochars produced from pre-dried materials are higher (Table 

26). Here the pH values of biochars produced at 450 °C vary between 6.50 and 9.93, 

whereas the pH of biochars produced from fresh materials at the same temperature varies 

between 5.76 and 9.54 (Table 25).  

Table 26: pH values of biochar produced from pre-dried material 

 pH 

 450 °C 550 °C 650 °C 750 °C 

Surface peat 6.55 7.78 8.74 9.63 

Peat fibre 6.50 7.72 8.32 9.59 

Brewery grain black 9.52 11.04 11.57 11.09 

Brewery grain white 9.93 11.37 10.72 10.87 

Fine urban green waste 8.65 10.41 10.50 10.54 
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4.3. TGA results 

The results of the volatile matter (VM) content analysis range from 11.46 wt%, d.b. 

to 36.31 wt%, d.b. (Figure 13). The moisture content of biochars obtained by the TGA is 

not as linear as the VM content for all the materials. Most of the materials have a higher 

moisture content at 750 °C than at lower temperatures though the decrease of moisture 

for the temperatures of 450 to 650 °C is quite linear. The content ranges from 4.89 %DM 

to 2.66 %DM (Table 27). Overall biochars produced from brewery black grains have the 

lowest VM content and the highest FC content (Figure 14). Whereas biochars from peat 

have the highest VM contents and the lowest ash contents. Biochars from fine ugw 

contain more ash than FC (Table 27). One thing all materials and biochars have in 

common is that the VM content decreases with higher treatment temperature and most 

biochars contain more FC than ash (Figure 15). Though this is not true for biochars 

produced from fine ugw.  
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Figure 13: Volatile matter content of biochars produced from pre-dried materials obtained from samples heated up 

to 900°C under nitrogen flow 
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Figure 14: Fixed carbon content of biochars produced from pre-dried materials obtained at 900°C under nitrogen flow 
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Figure 15: Ash content of biochars produced from pre-dried materials obtained at 900°C under airflow 
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Table 27: results obtained by thermo-gravimetric analysis of all five materials 

Material  Temperature (°C) Moisture (%)  VM (wt%, db) FC (wt%, db) Ash (%, db) 

Peat  450 4.69±0.52 36.31±0.15 54.86±0.83 4.14±0.28 

550 3.76±0.14 26.96±0.63 62.74±0.92 6.40±0.09 

650 2.87±0.08 20.74±0.49 69.36±0.73 7.42±0.50 

750 3.60±0.5 16.69±0.80 73.16±0.55 7.18±0.71 

P fibre 450 4.89±0.11 34.08±0.46 55.40±0.10 5.99±0.22 

550 4.08±0.07 25.81±0.48 62.21±0.64 7.59±0.63 

650 3.03±0.90 19.52±0.40 69.43±0.01 8.54±0.94 

750 2.73±0.81 17.22±0.12 71.99±0.61 8.25±0.92 

Fine ugw 450 3.96±0.30 30.42±1.77 20.97±6.21 44.52±2.86 

550 3.21±0.36 25.31±1.61 29.36±3.14 43.14±0.84 

650 2.94±0.24 23.16±0.85 24.87±0.33 49.58±1.20 

750 3.35±0.36 21.21±1.63 19.35±5.53 54.97±4.68 

B black 450 3.18±0.22 25.80±0.57 57.26±2.11 14.25±1.63 

550 2.66±0.34 15.11±4.63 65.17±1.29 13.89±0.76 

650 2.39±0.20 14.02±0.36 71.27±0.10 12.59±0.35 

750 3.14±0.36 11.46±0.28 71.53±0.55 13.96±0.54 

B white  450 3.78±0.11 26.87±0.36 53.46±0.09 15.94±0.33 

550 2.98±0.12 18.68±0.36 61.64±0.35 16.86±0.21 

650 3.10±0.28 16.79±0.32 60.92±0.12 19.26±0.13 

750 4.36±1.65 15.62±5.16 67.16±0.44 17.65±0.74 
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Table 28: Fixed carbon content calculated on a dry ash-free basis using the formula published by (Riley, 2007) 

Material  Temperature (°C) Conversion factor FC (% db, ash-free) 

Peat  450 1.08 59.34 

550 1.11 69.87 

650 1.12 77.67 

750 1.11 81.12 

P fibre 450 1.12 62.12 

550 1.14 70.85 

650 1.14 79.17 

750 1.13 81.31 

Fine ugw 450 -0.89 -18.67 

550 -2.13 -62.56 

650 -1.01 -25.03 

750 -0.54 -10.51 

B black 450 1.33 76.23 

550 1.27 82.83 

650 1.21 86.56 

750 1.24 88.88 

B white  450 1.42 76.17 

550 1.38 84.85 

650 1.46 89.09 

750 1.36 91.10 

 

Weight changes of one of the b black samples (Figure 16) analysed using TGA 

and for one of the fine ugw samples (Figure 17) are examples of the change of weight all 
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samples undertake during TGA analysis. It can be seen as well that each material is 

reacting differently during the analysis. At the different temperatures, the changes in 

weight leading to the results below can be clearly seen. In the first part of the graph up to 

110 °C the biochar is losing its moisture. When the heat is rising to 900 °C the volatiles 

are driven off. The ash fraction of the samples was produced in a second run under O2 

conditions and can therefore not be presented in the same graph. The 20 biochars 

produced in this study contain 11.46 – 36.31 wt%, d.b. VM (Figure 13), 4.14 – 54.97 %, 

d.b. ash (Figure 15) and 19.35 – 73.16 wt%, d.b. of fixed carbon (Figure 14).  
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Figure 16: TGA plot of biochar produced from b black at 450°C; Graph goes till the end of N2 run at the TGA 
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Figure 17: TGA plot of biochar produced from fine ugw at 750°C; Graph goes till the end of N2 run at the TGA 

 

4.4. BET results 

The surface area (m2 g-1) of all biochars increased with higher treatment temperatures 

(Figure 18). The highest surface area of biochars produced from pre-dried materials was 

reported for peat biochar produced at 750 °C (442.43 m2 g-1). The brewery white biochars 

have a surface area of only 8.50 – 94.91 m2 g-1. In general, the surface area of biochars 

produced in this study at 750 °C increased 7 – 119 times from those produced at 450 °C. 

The micropore area follows the same trend as the surface area (Figure 19). The peat 

biochar produced at 750 °C has the highest micropore area, whereas the brewery white 

biochar produced at the same temperature displays the lowest area of all biochars 

produced at 750 °C. For lower temperatures, fine ugw and brewery black present the 

lowest values. While the surface area, the micropore area as well as the total pore volume 
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increase with treatment temperatures up to 650 °C. A slight decrease can be observed for 

the numbers at 750 °C.  
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Figure 18: surface area of biochars produced from pre-dried materials 
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Figure 19: micropore area of biochars produced from pre-dried materials 
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Figure 20: average pore size of biochars produced from pre-dried materials 

 

The results of the BET analysis are presented as follows: the average pore size in nm 

and the total pore volume in cm3 g-1 of the biochars produced from dried materials (Figure 

20, Figure 21). The pore size reduces with higher treatment temperature while the total 

pore volume slightly increases. The total pore volume ranges from 0.00 – 0.21 cm3 g-1 

(Figure 21) and the average pore size from 0.92 – 9.12 nm (Figure 20).  
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Figure 21: total pore volume of biochars produced from pre-dried materials 
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4.5. SEM results 

SEM images taken from feedstocks and biochars show the impact pyrolysis has on 

the materials. It is shown that the material became more porous and the outline of the 

surface also changed (Figure 22, Figure 23). Biochars produced from peat at 600 °C for 

2h exhibited a porous structure. Further comparison of feedstocks with the respective 

biochars showed that biochars produced at 450 – 750 °C produced porous profiles for 

most of the materials used (Figure 24 - Figure 27). Only biochars produced from fine ugw 

were comparatively less porous. The porosity of peat (Figure 23) can be visibly compared 

to brewery grain (Figure 25) and is a reasonable explanation for the high surface area 

(Figure 18). 

 

Figure 22: SEM picture of dried peat without treatment showing a smooth surface 
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Figure 23: SEM picture of biochar produced from peat at 750 °C with the porous surface 

 

 

Figure 24: SEM image of dried brewery grain white showing a smooth surface before pyrolysis 



79 
 

 

Figure 25: SEM image of biochar produced from brewery grain white at 550°C with the porous and irregular 

surface 

 

 

Figure 26: SEM image of dried fine urban green waste showing a smooth surface 



80 
 

 

Figure 27: SEM image of biochar produced from fine urban green waste at 650°C 

 

4.6. ATR / FT-IR results 

An overview shows the results obtained through ATR analysis of biochars produced 

from brewery grain black and peat at four different temperatures (Figure 28, Figure 29,). 

Biochars produced from the other three materials at 750 °C did not contain functional 

groups at the surface. In general, with an increase in pyrolysis temperature, the number 

of functional groups on the surface decreases, and some peaks are detected with a lower 

intensity. Biochars produced at 450 °C showed peaks between 2200 and 770 cm-1 

depending on the material used. At the same time, biochars produced at 550 °C and 650 

°C showed peaks between 2200 – 740 cm-1, and between 3200 – 1010 cm-1 depending on 

the material used, showing how the pyrolysis temperature influences the functional 

groups on the surface of the biochars. The functional groups at the surface of the biochars 

are carbonate, hydroxide (O-H) bendings, carbonyl (C=O), alcohol (C-O), C=C, C-C 

stretchings and aromatic hydrocarbons (C-H). In other settings peaks of between 3400 to 
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3410 cm−1 signify H-bonded O–H stretching vibrations of hydroxyl groups from alcohols, 

phenols, and organic acids. Peaks at 2850 to 2950cm−1 show C–H stretching of alkyl 

structures at 1620–1650 cm−1 aromatic and olefinic C=C vibrations, C=O in amide (I), 

ketone, and quinone groups and at 1580 to 1590 cm−1 COO− asymmetric stretchings. 

Peaks at 1460 cm−1show C–H deformation of the CH3 group, while peaks at 1280–

1270cm−1 present O–H stretchings of phenolic compounds and three bands around 460, 

800, and 1000–1100 cm−1 stand for bending of Si–O stretchings (Jindo et al., 2014). 

The figures below (Figure 28 and Figure 29) show how the peaks and therefore functional 

groups get removed from biochars with rising production temperatures. Figure 28 shows 

the removal of peaks A at around 2168 cm-1 correlating with C – H stretching, B at around 

1570 cm-1 correlating with COO− asymmetric stretching, C at around 1370 cm-1 

correlating with CH deformation modes in alkenes and D at around 1113 cm-1 correlating 

with bending of Si–O stretching. Figure 29 shows the removal of peaks E at around 1590 

cm-1 correlating with COO− asymmetric stretching and F at around 1156 cm-1 correlating 

with bending of Si–O stretching. 
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Figure 28: ATR results of biochars produced from b black at various temperatures
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Figure 29: ATR results of biochars produced from peat at various temperatures 
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4.7. PAH results 

The chromatograph obtained for the standard containing the 16 PAHs for which the 

biochars were tested as well is presented below (Figure 30). All 16 PAHs are visible, 

showing that the machine (Agilent 6890N gas chromatograph and Agilent 5975 mass 

spectrometer) can detect them (Figure 30). Exemplary results out of all biochars from this 

study do not contain any of the 16 PAHs (Figure 31). The peaks seen in the 

chromatograph can be attributed to products of the toluene extraction. The ten samples 

run in this study do not contain traceable amounts of PAHs.  

 

Figure 30: chromatograph of 16 PAHs reference with total ion count mass spectrometer detector 
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Figure 31: PAH results of GC chromatograph of peat 750 biochar sample 

 

4.8. RAMAN spectroscopy results 

The figure below (Figure 32) shows the maxima of the D- and G- bands obtained from 

the biochars prepared in this study. All twenty biochars exhibit clear D- and G- bands in 

the ranges reported in the literature (Figure 32). The FWHM (full-width half maximum) 

of the bands could not be determined as the peaks did not show a clear enough separation 

between them (Figure 32).  
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Figure 32: RAMAN results overview of all 20 biochars
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To show the results obtained and presented above in more detail, the appendix 

includes figures which present the RAMAN data obtained for biochars produced from b 

black at four temperatures (see appendix). The higher the treatment temperatures the 

lower the intensity of the peak at wavenumbers in the ranges of 800 – 1100 cm-1 and 1700 

– 1900 cm-1. The position of the D and G bands changes for all twenty samples (Figure 

33). The D band slightly decreases with rising treatment temperature for all five materials. 

The G band on the other hand does not present those clear trends, leading to an increase 

in the ratio of the intensity of the D to G peak with increasing pyrolysis temperatures, 

indicating changes in the chemical structure of the pyrolysed feedstock (Figure 34 – 

Figure 37). 

 

 

Figure 33: D and G band changes throughout the samples 
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Figure 34: D/G intensity ratio in relation to production temperature for b white biochars 

 

 

Figure 35: D/G intensity ratio in relation to production temperature for b black biochars 
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Figure 36: D/G intensity ratio in relation to production temperature for peat fibre biochars 

 

 

Figure 37: D/G intensity ratio in relation to production temperature for peat biochars 

The results above show that it is worth considering Raman spectroscopy as a screening 

method for the surface chemistry of biochars as Raman can show the changes in the 

chemo-physical nature of biochars. Certainly, the correlation between the D/G intensity 

ratio and HTT is worth further investigation. 
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4.9. CHNS results 

Figure 38 - Figure 41 and Table 29 present a summary of how the materials react to higher 

treatment temperatures concerning their elemental composition. The figures give a clearer 

picture of how temperature influences the elemental contents in the biochars. While the 

carbon and hydrogen contents show clear trends indicating a change in the chemo-

physical nature of the biomass used, the nitrogen and oxygen contents do not present clear 

trends throughout treatment temperatures. A possible reason for the findings is that 

sampling can lead to a more heterogeneous sample and therefore less probability to 

produce clear trends throughout the elements, which is supported by standard deviations 

of up to around 20.32 %. The carbon (C) content (Figure 38) presents the same trend as 

the fixed carbon content of the biochars. It is increasing with higher temperatures for 

every material except for the biochars produced from fine ugw, which can be explained 

by the high relatively high VM and ash content presented in section 4.3. Those biochars 

have a lower carbon content and higher oxygen (O) content (Figure 41) with rising 

treatment temperatures (Table 29). For the other materials, it can be said that the carbon 

content is increasing, while the hydrogen (H) (Figure 39), nitrogen (N) (Figure 40), 

sulphur (S) and oxygen content are decreasing with higher treatment temperatures.  

  



91 
 

Table 29: CHNS results from all twenty biochars 

Biochar 

material 

Production 

temperature 

(°C) 

C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) Ash (%,db) 

Peat 

 

450 62.89±8.24 3.22±0.15 1.19±0.54 0.05±0.07 24.27±3.00 3.90±0.06 

550 68.18±10.99 2.81±0.17 1.32±0.73 0.05±0.07 16.47±1.99 4.56±0.22 

650 70.09±12.48 2.08±0.16 2.46±1.84 0.04±0.05 14.00±3.42 5.07±0.03 

750 78.75±0.82 1.40±0.08 1.03±0.60 0.03±0.05 11.54±2.75 6.74±2.40 

Peat 

fibre 

 

450 65.63±7.85 3.17±0.11 1.08±0.67 0.03±0.04 21.39±1.36 3.27±0.17 

550 75.28±7.04 2.59±0.07 1.48±0.72 0.05±0.07 20.40±1.54 3.88±1.46 

650 71.26±14.36 1.96±0.15 1.25±0.88 0.10±0.07 10.69±4.02 4.33±0.38 

750 73.63±6.11 1.22±0.09 1.04±0.78 0.04±0.05 13.57±2.06 5.27±0.11 

Fine 

ugw 

 

450 47.75±5.20 2.20±0.22 2.72±0.29 0.05±0.07 1.25±0.36 43.64±0.77 

550 43.61±6.71 1.60±0.03 2.54±0.49 0.05±0.07 6.33±0.93 50.14±0.62 

650 38.65±5.79 1.15±0.11 1.84±0.21 0.06±0.08 11.85±3.5 51.53±1.49 

750 33.66±3.39 0.71±0.09 1.36±0.82 0.07±0.07 6.06±2.54 61.74±1.71 

B black 450 52.32±4.62 2.93±0.19 1.59±0.43 0.00±0.00 30.60±3.01 10.23±0.88 

550 54.56±20.23 2.29±0.16 1.21±0.41 0.00±0.00 18.24±1.90 9.53±0.66 

650 54.22±11.29 1.54±0.21 0.83±0.48 0.00±0.00 23.65±0.44 11.91±0.41 

750 54.90±3.70 1.01±0.10 0.66±0.47 0.01±0.02 28.23±2.89 12.79±1.24 

B white 450 58.24±8.63 2.93±0.10 3.16±0.85 0.18±0.26 18.10±1.96 17.80±9.82 

550 56.50±8.09 2.28±0.20 2.94±0.74 0.09±0.12 18.27±4.42 14.68±0.64 

650 56.43±3.21 1.78±0.08 2.20±0.36 0.09±0.09 26.02±3.18 15.04±1.23 

750 60.96±5.47 1.09±0.05 2.07±0.59 0.00±0.00 17.47±6.14 17.62±0.33 

 

Figure 38 - Figure 41 also present insights into how significantly different the elemental 

content of each biochar is from another one produced from the same material at a different 

temperature. The results were obtained using ANOVA. The symbols in the figures are 

used as follows: The nitrogen contents (Figure 40) of all the samples do not present any 

significant differences which can be because of the small overall values, whereas the 

hydrogen contents (Figure 39) present significance for nearly every sample. The carbon 
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contents presented significant differences for biochars produced from fine ugw and b 

black (Figure 38). A significance was found for the relation of biochars produced at 450 

°C to higher temperatures and the significance varied between p<0.05 and p<0.001. 

Comparing the carbon and fixed carbon content, it can be seen that the values for peat, 

peat fibre and partially for fine ugw align with the trends of the fixed carbon content 

(Table 27). The oxygen content presented significant differences (p<0.05) between peat 

450 and 750 as well as b black 450 and 550 (Figure 41). Though it has to be kept in mind 

that the actual values might differ slightly as the oxygen content is calculated by 

difference so it might contain some error and should not be taken as absolute. Even though 

the results of the analysed biochars present standard deviations of up to 20.32 %, 

significant differences between some of the samples could be found. 

 

Figure 38: Carbon content of biochars produced at four different temperatures from five different materials (**** 

p<0.0001, *** p<0.001, ** p<0.01, * p<0.05 for samples which are significantly different from the biochar produced 

at 450 °C; ++++ p<0.0001, +++ p<0.001, ++ p<0.01, + p<0.05 for samples which are significantly different from 

the biochar produced at 550 °C; and ---- p<0.0001, --- p<0.001, -- p<0.01, - p<0.05 for samples which are significantly 

different from the biochar produced at 650 °C) 
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Figure 39: hydrogen content of biochars produced at four different temperatures from five different materials (**** 

p<0.0001, *** p<0.001, ** p<0.01, * p<0.05 for samples which are significantly different from the biochar produced 

at 450 °C; ++++ p<0.0001, +++ p<0.001, ++ p<0.01, + p<0.05 for samples which are significantly different from 

the biochar produced at 550 °C; and ---- p<0.0001, --- p<0.001, -- p<0.01, - p<0.05 for samples which are significantly 

different from the biochar produced at 650 °C) 
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Figure 40: nitrogen content of biochars produced at four different temperatures from five different materials (**** 

p<0.0001, *** p<0.001, ** p<0.01, * p<0.05 for samples which are significantly different from the biochar produced 

at 450 °C; ++++ p<0.0001, +++ p<0.001, ++ p<0.01, + p<0.05 for samples which are significantly different from 

the biochar produced at 550 °C; and ---- p<0.0001, --- p<0.001, -- p<0.01, - p<0.05 for samples which are significantly 

different from the biochar produced at 650 °C) 
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Figure 41: oxygen content of biochars produced at four different temperatures from five different materials (**** 

p<0.0001, *** p<0.001, ** p<0.01, * p<0.05 for samples which are significantly different from the biochar produced 

at 450 °C; ++++ p<0.0001, +++ p<0.001, ++ p<0.01, + p<0.05 for samples which are significantly different from 

the biochar produced at 550 °C; and ---- p<0.0001, --- p<0.001, -- p<0.01, - p<0.05 for samples which are significantly 

different from the biochar produced at 650 °C)  

 

The biochars produced in this study exhibit H/C ratios up to 0.67 and O/C ratios 

of 0.18 – 1.45 (Table 30). The Van Krevelen diagrams are presented to determine the 

degree of aromaticity and maturation in the biochar structure (Figure 42 - Figure 43). One 

of the diagrams shows the trends throughout all materials tested in this study (Figure 43), 

whereas the other figure presents the general trend of all 20 biochars (Figure 42). Three 

out of five materials show a clear trend, whereas biochars produced from b white and fine 

ugw do not present a clear trend (Figure 43). A decrease in H/C ratios can be observed 

with rising treatment temperatures for all five materials (Table 30). Most of the biochars 

produced showed a slight decrease in O/C ratios with higher production temperatures. 
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Only biochars produced from fine ugw did not follow that trend. Their O/C ratios increase 

with higher treatment temperatures. 

Table 30: H/C and O/C ratios of biochars produced between 450-750°C from five different materials 

Biochar material Production temperature (°C) H/C O/C 

Peat 

 

450 0.60±0.03 0.27±0.04 

550 0.46±0.00 0.17±0.02 

650 0.34±0.01 0.14±0.04 

750 0.22±0.03 0.11±0.03 

Peat fibre 

 

450 0.56±0.02 0.23±0.02 

550 0.43±0.02 0.22±0.03 

650 0.29±0.03 0.10±0.04 

750 0.17±0.02 0.13±0.02 

Fine ugw 

 

450 0.55±0.09 0.00±0.02 

550 0.44±0.06 0.04±0.11 

650 0.39±0.05 0.18±0.16 

750 0.24±0.00 0.09±0.06 

B black 450 0.66±0.02 0.42±0.07 

550 0.42±0.02 0.20±0.03 

650 0.34±0.02 0.29±0.01 

750 0.21±0.02 0.37±0.05 

B white 450 0.56±0.02 0.21±0.02 

550 0.46±0.03 0.23±0.07 

650 0.39±0.00 0.36±0.06 

750 0.21±0.03 0.22±0.10 

* One of the results, which was produced in triplicates, showed very different amounts from the other two. Therefore, the results 

presented here are just duplicates, not triplicates. 
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Figure 42: Van Krevelen diagram of all twenty biochars produced from five materials at four temperatures with EBC 

and IBI limits for H/C and O/C molar ratios (International Biochar Initiative, 2015; EBC (2012-2022), 2022) 
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Figure 43: Van Krevelen Diagram trends throughout the materials for biochars produced at four temperatures
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4.10. ICP-MS results 

The results by ICP-MS are presented in the following tables (Table 31, Table 32) and 

figures (Figure 44-Figure 48). The results vary between the materials used for biochar 

production as well as between the production temperatures. The contents of the tested 

elements vary between <0.00 and 21952.79 mg kg-1 (21.95 g kg-1). While elements like 

Co, As and Cd are barely or not at all traceable, other elements like P, Mg and K are there 

at quite elevated levels. 

Table 31: ICP-MS results of all biochars analysed in a 1:1000 dilution, part 1 

sample 

B 

mg/kg  

Co 

mg/kg  

Ni 

mg/kg  

Cu          

mg/kg  

As 

mg/kg  

Cd 

mg/kg  

Pb  

mg/kg  

peat 450 89.16 0.41 15.52 17.58 0.05 0.32 3.07 

peat 550 5.19 0.52 <0.00 <0.00 0.40 0.56 1.43 

peat 650 <0.00 0.05 <0.00 <0.00 <0.00 0.10 0.29 

peat 750 22.77 0.583 6.55 8.55 <0.00 0.19 3.92 

p fibre 450 87.38 0.521 <0.00 22.04 <0.00 0.56 3.57 

p fibre 550 <0.00 0.44 <0.00 <0.00 0.14 0.22 1.67 

p fibre 650 2.00 0.51 <0.00 0.863 <0.00 0.34 3.70 

p fibre 750 14.63 0.99 68.61 79.88 1.16 0.90 3.80 

fine ugw 450 63.92 5.07 9.82 69.28 3.34 0.37 44.20 

fine ugw 550 14.05 3.21 <0.00 16.99 3.82 0.58 46.12 

fine ugw 650 39.36 3.44 0.52 18.47 4.13 0.53 58.10 

fine ugw 750 31.29 4.09 38.73 73.27 5.64 2.48 45.47 

b black 450 29.35 0.25 <0.00 25.55 0.09 0.86 2.88 

b black 550 <0.00 <0.00 <0.00 <0.00 <0.00 0.28 <0.00 

b black 650 <0.00 0.07 <0.00 <0.00 <0.00 0.17 <0.00 

b black 750 23.70 0.507 51.42 61.30 0.02 0.52 7.31 

b white 450 31.90 0.377 <0.00 8.40 <0.00 0.38 <0.00 

b white 550 <0.00 0.137 <0.00 <0.00 0.34 0.19 <0.00 

b white 650 <0.00 0.17 <0.00 <0.00 <0.00 0.25 <0.00 

b white 750 3.39 0.537 18.69 27.70 0.23 0.97 2.68 

 

Table 32: ICP-MS results of all biochars analysed in a 1:1000 dilution, part 2 

sample 

P 

mg/kg  

Ca  

mg/kg  

Mn 

mg/kg  

Fe 

mg/kg  

Zn 

mg/kg  

Na 

mg/kg  

Mg 

mg/kg  

K 

mg/kg  

peat 450 353.02 5199.79 15.05 530.90 424.48 259.93 1673.31 394.97 

peat 550 271.39 2158.14 15.11 1033.07 <0.00 <0.00 2547.82 <0.00 

peat 650 182.26 707.84 8.17 469.92 <0.00 <0.00 1378.63 <0.00 

peat 750 245.79 7046.35 11.74 1131.25 14.40 496.10 2181.05 1203.20 

p fibre 450 1023.29 2443.69 32.71 780.10 <0.00 <0.00 2086.45 390.09 

p fibre 550 372.86 1577.21 28.28 1192.75 <0.00 <0.00 1907.59 39.12 

p fibre 650 586.68 1602.87 32.66 1246.16 <0.00 <0.00 2110.32 288.18 

p fibre 750 504.66 8612.96 38.09 1162.45 810.61 4695.62 2493.03 9174.11 

fine ugw 450 6573.89 15271.89 505.18 8623.07 40.83 404.78 5799.49 11795.24 

fine ugw 550 5639.78 13077.64 526.82 10257.83 <0.00 <0.00 4408.37 9289.69 

fine ugw 650 7232.01 15452.38 459.24 7806.05 <0.00 <0.00 4563.72 9120.06 

fine ugw 750 5190.17 17502.21 404.83 6950.06 599.45 1369.88 4545.04 10809.53 

b black 450 3977.15 <0.00 41.80 253.55 131.81 31.12 1299.31 16480.54 

b black 550 6029.21 <0.00 62.84 22.73 <0.00 <0.00 1830.50 19970.7 

b black 650 5207.34 <0.00 43.35 <0.00 <0.00 <0.00 1702.48 21952.79 

b black 750 6718.85 1952.90 83.95 448.46 2630.75 510.39 1781.07 20285.25 

b white 450 7448.69 1016.30 68.89 238.97 <0.00 <0.00 2442.78 18351.52 

b white 550 8816.82 716.26 84.55 372.10 <0.00 <0.00 2912.92 20545.38 

b white 650 7174.75 2051.00 57.40 269.33 <0.00 <0.00 1983.83 15474.64 

b white 750 6531.89 5093.92 62.57 385.91 1305.09 3038.29 2204.73 15784.72 
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Germany's Federal Soil Protection Act (Bundes-Bodenschutzverordnung or BBodSchV, 

2020) (BMUV, 2020), and Switzerland's Chemical Risk Reduction Act (Schweizerische 

Chemikalien-Risikoreduktions-Verordnung or ChemRRV, 2005) are used as the 

reference guidelines when it comes to the maximum values for heavy metals in biochars 

(EBC, 2012). The respective thresholds refer to the biochar's total dry mass (DM). The 

European Biochar Initiative distinguishes between basic grade biochars with limits for 

heavy metals of Pb < 150 mg kg-1 DM; Cd < 1,5 mg kg-1 DM; Cu < 100 mg kg-1 DM; Ni 

< 50 mg kg-1 DM; Zn < 400 mg kg-1 DM and premium grade with thresholds of Pb < 120 

mg kg-1 DM; Cd < 1 mg kg-1 DM; Cu < 100 mg kg-1 DM; Ni < 30 mg kg-1 DM; Zn < 400 

mg kg-1 DM (EBC, 2012). The biochars produced in this study were within range of the 

premium grade biochar for most of the elements stated, only Ni and Zn values were higher 

than the threshold in some biochars (Table 31, Table 32). Though it can be seen in the 

figures below, that some materials produce biochars with fewer trace metals than others 

(Figure 44 – 50). Especially biochars produced from fine ugw contain more trace metals 

in comparison to the others irrespective of the pyrolysis temperature linking into the 

composition of the feedstock. This shows that for example heavy metals are present in 

urban green waste during composting and their percentage after pyrolysis will be higher 

in comparison to the percentage of organic matter. The trends are normally to be expected, 

if the metal is not volatile, the trend should be proportional to the temperature because 

the metals are being concentrated in a smaller mass of char at higher temperatures used 

in pyrolysis. The exception is when the metals start to become volatile at higher pyrolysis 

temperatures, then a lower than proportional increase in concentration as the temperature 

in pyrolysis increases is visible. With these biochars, those clear trends throughout the 

temperatures are not clearly visible. It could be that a too small amount of the sample is 

analysed to get a representative picture of the whole material. Likely the difficulty in 

having representative subsamples for analysis may have caused a certain error in the 
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obtained results as already mentioned in the bulk elemental analysis (4.9.) Figure 48 

supports earlier results (Figure 44), that there are appreciable levels of Cu and Pb in 

biochars produced from fine ugw. It also can be seen that there are minimal levels of Cu, 

As, Cd, Ni and Pb in either the peat or the grain biochars (Figure 48).  

 

Figure 44: ICP-MS results for 1:1000 dilution of low concentrations elements in mg kg-1 

 

 

Figure 45: ICP-MS results for 1:1000 dilution of high concentration elements in mg kg-1 
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Figure 46: ICP-MS results of the 1:10 dilution for P in mg kg-1 

 

 

Figure 47: ICP-MS results of the 1:10 dilution for Mn and Zn in mg kg-1 
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Figure 48: ICP-MS results of the 1:10 dilution 

 

4.11. Gas emission experiment results 

 

 

Figure 49: NH4 remaining in the filtered manure/biochar including the amount of NH4 remaining in the control (black 

line); tested with cuvette test 
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NH3 emission was detected by evaluating the NH4
+ remaining in the manure with or 

without biochar (Figure 49). The black line in the figure above (Figure 49) represents the 

amount of NH4-N remaining in the manure after the emission trials without biochar. The 

amount of NH4 left in manure without biochar addition was calculated over 14 samples. 

The amounts ranged from 693 – 1120 mg L-1 with an average value of 890 mg L-1. Only 

a few biochars (e.g. peat 650 or 750) were able to retain NH4-N in the manure, whereas 

most manures contained less NH4-N being exposed to biochar after the experiment than 

without biochar addition. Biochars produced from peat or peat fibre were able to retain 

more NH4-N than biochars produced from the other three materials (fine ugw, b. black, b 

white). In the cases of peat or peat fibre application to manure, the 0.5 %w/v shows the 

best retention results (Figure 49). A trend which is not that clearly visible for the other 

materials. As within the other materials, eight out of twelve times the 0.25 %w/v 

application rate presents the best results. Another trend, which is reflected by the 

characterization is that biochars from peat and peat fibre produced at 650°C seem to be 

able to retain the most NH4 in the manure. 
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Figure 50: A screenshot of one of the chromatographs taken during GC analysis of the gas emission samples; 1st peak 

air (N2 and O2), 2nd peak CH4, 3rd peak CO2 (two repetitions) 

 

 

Figure 51: GC results for the CH4 content of gases released from biochar manure mixtures after three days in mg/L 
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The gases collected in the bags were analysed using GC (Figure 50). It is noticeable that 

the emissions associated with biochar application to the manure show a wide range of 

response patterns (Figure 51 and Figure 52) The addition of biochar reduces the amount 

of CH4 released from pig manure in many cases if compared to the amount of CH4 

released by the manure itself, which is 0.87 mg L-1 (black line). It can be seen that 

especially lower amounts of biochar added to manure (0.25 %w/v) can reduce the amount 

of CH4 emissions released when the focus is on biochars produced from peat or peat fibre. 

Biochars from fine ugw or any brewery grain present a less homogeneous picture as no 

clear trend is visible. An overall trend regarding production temperatures is not visible 

throughout all the samples. Though biochars produced from peat (fibre) at low 

temperatures which are then added to manure in low concentrations show the best results 

for the reduction of CH4 emissions in these experiments.  

The average amount of CO2 produced without biochar addition was 0.13 mg L-1 (Figure 

52). This value is above two-thirds of the results obtained (Figure 52). Results obtained 

show that most of the biochar–manure mixtures containing 0.25 %w/v release less than 

the average amount of 0.13 mg L-1 CO2 (Figure 52). However, the relationship between 

biochar addition to manure and the emission of CO2 is potentially complex and is highly 

dependent on the feedstock source and the production temperatures but it is also 

dependent on the intended end use as the composition of the manure itself is a factor in 

this dynamic (Figure 52).  
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Figure 52: GC results for the CO2 content of gases released from biochar manure mixtures after three days in mg/L 
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Figure 53: Milligram of malachite green adsorbed onto one gram of biochar 

 

Here, the Langmuir isotherm seems to be a better fit than the Freundlich isotherm (Table 

33, Figure 54, Figure 55). In the experiments run, the QM obtained varies around 7.13 – 

47.39 mg g-1. The experiments show that biochars with a low surface area were able to 

adsorb the most dye. These results are supported by the high R2 numbers.  

Table 33: Adsorption of malachite green onto biochars at different dilutions 

Material 

 

Temperature 

(°C) 

Langmuir Freundlich 

QM  

(mg g-1) 

KL  

(L mg-1) R2 

nF 

 

KF 

(mg g−1) (L 

mg−1)1/n 

R2 

 

Peat 450 7.5930 0.0702 0.9843 1.546 1.444 0.9649 
 550 9.6712 0.0134 0.93 3.068 4.154 0.9646 

 650 11.522±2.26 0.009±0.00 0.977±0.00 2.414±0.05 4.765±1.06 0.931±0.00 

 750 8.9526 0.0110 0.9924 1.931±1.32 3.598±0.84 0.998±0.00 
Peat fibre 450 7.126±0.77 0.064±0.01 0.974±0.02 1.824±0.28 1.708±0.38 0.921±0.00 

 550 9.6339 0.0069 0.9844 2.709 4.612 0.9613 
 650 12.192±5.68 0.020±0.02 0.910±0.04 2.216±0.03 4.327±2.53 0.968±0.04 

 750 13.6612 0.0029 0.9979 2.081 5.715 0.9944 

Fine ugw 450 37.7358 0.0008 0.9503 1.282±0.28 21.544±8.37 0.993±0.01 
 550 47.3934 0.0012 0.8739 1.180±0.13 10.631±2.31 0.982±0.02 

 650 36.3636 0.0191 0.9933 1.361 9.253 0.9937 

 750 35.760±9.10 0.001±0.00 0.941±0.06 1.610±0.45 13.109±3.84 0.944±0.06 
B black 450 21.6920 0.0023 0.9973 1.812 8.696 0.9754 

 550 40.000 0.0007 0.998  1.434±0.05 13.989±5.51 0.973±0.02 

 650 42.1941 0.0010 0.9886 1.323 14.517 0.9812 
 750 30.200±2.19 0.002±0.00 0.967±0.02 1.487±0.03 8.414±0.65 0.993±0.01 

B white 450 18.1818 0.0049 0.9928 1.302±0.53 4.079±2.65 0.868±0.12 

 550 18.1159 0.0027 0.9663 0.595 7.987 0.9562 
 650 20.4918 0.0016 0.9522 2.340 9.979 0.9967 

 750 17.9856 0.0021 0.9941 1.616±0.86 5.469±4.51 0.922±0.07 
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Figure 54: Langmuir plots of adsorption experiments conducted with biochars produced at 750 °C 

 

 

Figure 55: Freundlich plots of adsorption experiments with biochars produced at 750 °C 
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data obtained in this study fit the PFO and PSO kinetic model. There is only a small 

variance between the results per sample for different dilutions. This applies mostly to the 

PFO results, while there are slightly bigger differences in the PSO results. Furthermore, 

PSO seems to be a better fit for the analysed samples as their R2 values are higher and 

closer to 1. 

Table 34: Adsorption kinetics of malachite green onto biochars at different dilutions 

 

material 

 Temperature (°C) 

dilution 

 

PFO PSO 

qe 

(mg g-1) 

k1 

(min–1) 

R2 

 

qe 

(mg g-1) 

k2 

(g mg–1 

min–1) 

R2 

 

peat 450 1 to 10 0.065 5.350 0.858 0.066 11.502 1.000 

1 to 20 0.061 3.064 0.977 0.062 3.636 1.000 

1 to 50 0.061 3.785 0.884 0.063 4.264 0.998 

peat 650 1 to 20 0.094 3.231 0.992 0.097 1.044 0.999 

1 to 50 0.087 3.183 0.995 0.091 1.020 0.999 

peat  750 

 

1 to 10 0.084 3.336 0.902 0.087 1.222 0.999 

1 to 20 0.078 3.215 0.969 0.081 1.663 1.000 

1 to 50 0.031 3.493 0.963 0.033 5.109 0.995 

1 to 100 0.064 3.037 0.942 0.068 1.892 0.999 

peat fibre  450 1 to 10 0.064 0.001 0.963 0.064 4.738 1.000 

1 to 20 0.069 0.035 0.898 0.070 5.488 1.000 

peat fibre  
 

 

 

650 
 

 

 

1 to 10 0.088 3.248 0.904 0.090 1.413 0.998 

1 to 20 0.087 2.980 0.913 0.090 0.997 0.998 

1 to 50 0.050 3.125 0.968 0.055 1.576 0.994 

1 to 100 0.068 2.980 0.904 0.072 1.426 0.998 

peat fibre  

 
 

 

750 

 
 

 

1 to 10 0.09±0.00 3.36±0.62 0.93±0.02 0.08±0.02 1.44±0.61 1.00±0.00 

1 to 20 0.09±0.01 2.98±0.55 0.95±0.00 0.09±0.00 1.72±1.88 1.00±0.00 

1 to 50 0.07±0.02 3.25±0.24 0.94±0.05 0.14±0.07 0.68±0.85 0.99±0.02 

1 to 100 0.03±0.03 2.73±0.38 0.98±0.01 0.064 0.832 0.985 

fine ugw  

 

 
 

450 

 

 
 

1 to 10 0.09±0.01 2.65±0.42 0.97±0.02 0.10±0.01 0.60±0.42 0.98±0.02 

1 to 20 0.52±0.60 2.83±0.04 0.91±0.06 0.10±0.00 1.09±0.11 1.00±0.00 

1 to 50 0.08±0.01 2.76±1.19 0.93±0.02 0.21±0.19 0.61±0.84 1.00±0.00 

1 to 100 0.08±0.00 3.05±0.12 0.98±0.00 0.08±0.00 1.28±0.20 1.00±0.00 

fine ugw  

 
 

 

550 

 
 

 

1 to 10 0.096 3.209 0.978 0.099 1.446 1.000 

1 to 20 0.088 3.004 0.949 0.092 1.539 0.999 

1 to 50 0.074 2.997 0.983 0.078 1.230 1.000 

1 to 100 0.051 3.456 0.975 0.054 2.518 0.997 

b black 

 

 

 

450 

 

 

 

1 to 10 0.093 3.531 0.913 0.095 2.278 1.000 

1 to 20 0.092 0.031 0.936 0.093 3.259 0.999 

1 to 50 0.073 3.579 0.867 0.078 3.591 0.991 

1 to 100 0.029 3.640 0.906 0.034 2.189 0.952 
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Figure 56: PFO kinetics calculated for fine ugw 450 in a 1-10 dilution of malachite green 

 

 

Figure 57: PSO kinetics calculated for fine ugw 450 in a 1-10 dilution of malachite green 
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5. Discussion  

5.1. Chemo-physical analysis of biochar produced from waste materials in 

comparison to a peat-based feedstock from drained Irish ombrotrophic 

peatlands 

Biochar yields from here are comparable with results obtained from the literature. In 

the literature values of between 51.44-36.19 %DM for peat-based biochar samples 

produced at 5 °C min-1 (Sutcu, 2007) as well as values for two kinds of peat (horticultural 

and fuel peat) at temperatures of 450 – 650 °C analysed by the UKBRC (29 – 50 %d.b.) 

(Table 7) are presented- Those are mostly lower than the peat-based biochar yields 

obtained here (41.37 – 51.43 %DM), making the material used here more favourable for 

production in terms of yield. It has been reported that biochars produced at 450 °C vary 

between 63.00 – 28.4 %DM, depending on the heating rate and residence time (Ronsse 

et al., 2013; Abrishamkesh et al., 2015; Domingues et al., 2017; Zhang et al., 2017), but 

they also show that the yield obtained here is within the range reported in the literature. 

As already reported by others and seen here as well, the biochar yield (%) tends to decline 

with higher treatment temperatures (Sutcu, 2007; Ronsse et al., 2013; Gai et al., 2014; 

Suliman et al., 2016; Zhang et al., 2017). 

Looking more at the chemo-physical changes made during pyrolysis, the pH is an 

important factor to look at. The change in pH becomes important when the biochar is 

applied to another medium such as soil as it will affect its pH (Xiaofeng et al., 2017). 

Biochars from different materials exhibit pH between 3.18 and 10.85 with production 

temperatures of 200 to 650 °C (Stella Mary et al., 2016; Feola Conz et al., 2017; Huang 

et al., 2018; Dejene and Tilahun, 2020). These values align with the results found here 

for biochars produced within the same temperature range. Furthermore, it is also shown 

that higher treatment temperatures produce biochars with higher pH values. 
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Pyrolysis increases the pH of all materials used, making the biochars more 

alkaline than the original feedstock. Higher pH can be explained by the temperature effect 

on the release of volatile matter consisting of acid functional groups and concentrated ash 

contents, therefore elevating the pH (Enders et al., 2012). Furthermore, it was found that 

biochars produced at higher temperatures are more alkaline, because of a higher relative 

abundance of non-pyrolysed inorganic elements or aromatic basal planes (Novak et al., 

2009) (Table 25, Table 26). Li et al. also found that the increase in pH was predominantly 

due to the splitting and breakage of weaker bonds, like hydroxyl bonds, within the biochar 

structure at a high pyrolysis temperature (Li et al., 2018). This also aligns with the 

findings of Enders et al. (2012) regarding the effect of the release of volatile matter from 

biochars at higher treatment temperatures.  

Looking at the thermochemical side it was found that when comparing the 

findings made here with results in the literature depending on which material the biochars 

were produced from, the results vary quite a bit. Biochars examined using the same 

method as here have ash contents of 1.4 – 55.1 wt%, d.b., FC contents of 3.1 – 83.4 wt%, 

d.b. or 73.67 -85.05 %daf and VM contents of 11.8 – 52.9 wt%, d.b. or 7.47 – 85.33 %daf, 

respectively (Buss and Mašek, 2014; Mašek et al., 2018; Rathnayake et al., 2020). 

Volatiles found in biochars, reported by the literature, can be benzene, toluene, 

ethylbenzene, PAHs or phenols (Rathnayake et al., 2020). All of which can be present in 

different ratios at different production temperatures. 

Biochars reported in the literature have moisture contents of 2.6 – 3.4 %d.b., ash contents 

of 72.7 – 76.8 %d.b., VM 11.9 – 6.3 %d.b. and FC of 12.6 – 14.3 %d.b. (Taherymoosavi 

et al., 2017) for municipal solid waste. Rapeseed stem biochars produced between 200 –

700 °C present moisture contents of 0.66 – 1.88 %, VM contents 81.81 – 9.28 %, FC 

13.30 –75.18 % and ash contents of 3.02 –14.10 % (Zhao et al., 2018). Other biochars 
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produced from 300 – 600 °C present volatile matter, ash and FC contents of 76.87 – 86.09 

%,d.b., 6.42 – 13.07 %, 7.49 – 10.17 %, d.b. (He et al., 2018). 

The proximate analysis conducted here shows that four out of five materials can produce 

biochars with high FC contents. Even more so when calculated on an ash-free basis (Table 

28). These contents can be used as a stability indicator as FC is closely related to stable C 

content (Leng et al., 2019), indicating that biochars with high FC contents are more stable 

than those with lower FC contents. Furthermore, a higher FC yield can present a higher 

potential as a climate change mitigation tool (Brassard, Godbout and Raghavan, 2016). 

Biomass converted to biochars with high FC contents can help to sequester C from the 

atmosphere for a longer time than if those biomasses would be brought to a landfill or 

burned and produced CO2 and CH4 during this process. It is also reported that as VM and 

FC are values as a percentage of the total biochar and the ash content varies dramatically 

between different feedstocks used for biochar production, therefore a comparison 

between FC or VM values of biochars from different materials would probably not be 

accurate in providing precise stability information (Leng et al., 2019), This is making it 

harder to compare and evaluate the results found and to give precise overall information 

on the longevity of biochars in general. Though a comparison on a dry-and ash-free basis 

could help to eliminate that bias. Giving a better indication of the biochar’s stability. 

Another important factor to discuss is the surface area. The surface area, the 

micropore area as well as the total pore volume increase with treatment temperatures up 

to 650 °C for biochars produced in this study. A slight decrease can be observed for the 

numbers at 750 °C (Figure 18, Figure 19). The resulting “peak” at 650°C has already been 

reported in the literature (Y. Chen et al., 2017; Dieguez-Alonso et al., 2018; Ji et al., 

2019). However, there is some uncertainty attached to this outcome as it may be an 
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artefact of N2 measurements, as the peak could not be confirmed by CO2 analysis 

(Maziarka et al., 2021). 

The total pore volume has been commonly reported as ranging between 0.016 – 0.083 

cm3 g-1 and when a fitting precursor and suitable pyrolysis parameters are chosen (Leng 

et al., 2021), the volume can be increased to 0.25 cm3 g-1 (Yang et al., 2016; Leng et al., 

2021) (Figure 21). These results show that most of the biochars produced in this study 

must have been prepared under suitable pyrolysis conditions, as even the surface area of 

half of the samples produced was found to be higher than the range of 8 – 132 m2 g-1 

(Leng et al., 2021). Biochars with a similar surface area as those produced in this study 

were produced from corn straw, poplar leaves, bamboo waste, coconut shells, sugarcane 

bagasse, or others at 250 – 950 °C. They exhibit surface areas of 0.65 – 465.02 m2 g-1 

(Yang et al., 2016; Xiaofeng et al., 2017; Batista et al., 2018; Cabriga et al., 2021), setting 

the biochars produced in this study and the conditions of the production in a fitting 

context. 

The surface area of biochars has been widely reported as ranging between 2.57 – 

590.00 m2 g-1 and the micropore areas vary between 9.46 – 53.6 m2 g-1, while the 

micropore volumes have been reported with values ranging from 0.012 – 0.231 cm3 g-1, 

whit production temperatures of between 300 – 900 °C (Angin and Şensöz, 2014; 

Chowdhury et al., 2016; Hung et al., 2017; Mendonça et al., 2017; Batista et al., 2018; 

Leng et al., 2021). In terms of biochars produced from peat feedstock, the reported surface 

areas vary from 2.5 m2 g-1 to 346 m2 g-1 where production temperatures ranged between 

300 and 700 °C (Wang et al., 2017; Kim, Lee and Khim, 2019). These results suggest 

that the surface area results produced in this study for peat biochars (Figure 18) can not 

only be found in other production settings but that the materials used in this study result 

in higher surface area values (442.43 m2 g-1). The total pore volumes were detected within 
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the range of 4.1 × 10−8 – 0.083 cm3 g-1 (Angin and Şensöz, 2014; Hung et al., 2017; 

Batista et al., 2018; Leng et al., 2021). 

These overall reported values from the literature align with the results obtained in this 

study, showing that the feedstocks used here are suitable for biochar production and 

present valuable results. This is likely to be a consequence of an increase in pyrolysis 

temperature as this can enhance the aromaticity and the calcination of main minerals like 

calcite as more micro- and mesopores are generated, aiding the development of a higher 

surface area (Hung et al., 2017). Furthermore, the observed increase in surface area can 

also be explained by the decomposition of amorphous organic content within carbon 

structure inducing the formation of pores where the walls are based on broken aromatic 

structures (Mendonça et al., 2017). 

SEM images taken from feedstocks and biochars show the impact pyrolysis has on the 

materials. It is shown that the material became more porous and the outline of the surface 

also changed (Figure 22 - Figure 27). Biochars produced from peat at 600 °C for 2h 

exhibited a porous structure which could indicate a large specific area and high porosity 

(Wang et al., 2017). Results found by Wang et al. align with results found here, showing 

that peat as a biochars feedstock is producing biochars with a high surface area. 

Further comparison of feedstocks with the respective biochars showed that biochars 

produced at 450 – 750 °C produced porous profiles for most of the materials used (Figure 

23 - Figure 27). Only biochars produced from fine ugw were comparatively less porous. 

A less porous structure is probably associated with devolatilization which occurs during 

pyrolysis and is supported by low values of volatile matter (Tasim et al., 2019), a fact 

which is contradicted by the results in this study (see 4.3). This might suggest low volatile 

matter contents do not necessarily lead to less porous structures (Figure 25). The porosity 
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of biochar from peat (Figure 23) can be visibly compared to the biochar from brewery 

grain (Figure 25) and is a reasonable explanation for the high surface area (Figure 18). 

An overview of ATR results (Figure 28, Figure 29) shows that biochars produced from 

the other three materials at 750 °C did not contain functional groups at the surface. In 

general, with an increase in pyrolysis temperature, the number of functional groups on 

the surface decreases, and some peaks are detected with a lower intensity. It was also 

found that increasing treatment temperatures lead to a reduction in the intensity of peaks 

and a reduction of functional groups on the surface in general (Nair, Mondal and 

Weichgrebe, 2020). It has been widely reported that with biochars produced at 750 °C 

most of the organic functional groups present in the biochar structure were lost 

(Domingues et al., 2017), an outcome that is consistent with the findings in this study. 

Focussing on other groups which can be present in biochars, the group of PAHs is 

important to look at. The United States Environmental Protection Agency (USEPA) lists 

16 polycyclic aromatic hydrocarbons (PAHs) as priority pollutants based on their high 

concentrations in the environment and their mutagenic and carcinogenic properties (Patel 

et al., 2020; Han et al., 2022) (Table 35). Because of their inherent properties, PAHs are 

persistent pollutants that have a wide range of biological toxicity and the remediation of 

PAHs from the environment has been a global concern for some time (Patel et al., 2020). 

PAHs are toxic to humans, other wildlife, and soil (Honda and Suzuki, 2020; Patel et al., 

2020). Contaminants such as PAHs can be formed during biochar production and remain 

in the biochar (Kamali et al., 2021). The concentration of PAHs is greatly influenced by 

feedstock type, production temperature and residence time (Dissanayake et al., 2020).  
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Table 35: sixteen PAHs which have been designated High Priority Pollutants by the Environmental Protection 

Agency (EPA); in no specific order 

1. naphthalene (NAP) 

2. acenaphthylene (ACY) 

3. acenaphthene (ACE) 

4. fluorene (FLU) 

5. phenanthrene (PHEN) 

6. anthracene (ANTH) 

7. fluoranthene (FLTH) 

8. pyrene (PYR) 

9. benzo[a]anthracene (B[a]A) 

10. chrysene (CHRY) 

11. benzo[b]fluoranthene (B[b]F) 

12. benzo[k]fluoranthene (B[k]F) 

13. benzo[a]pyrene (B[a]P) 

14. benzo[g,h,i]perylene (B[ghi]P) 

15. indeno[1,2,3-c,d]pyrene (IND) 

16. dibenz[a,h]anthracene (D[ah]A) 

 

Furthermore, it was found that biochars produced by slow pyrolysis contain fewer PAHs 

compared to those produced through fast pyrolysis. A probable reason could be the longer 

residence time during slow pyrolysis as compared to fast pyrolysis (Hilber et al., 2017; 

Dissanayake et al., 2020). Exemplary results out of all biochars from this study do not 

contain any of the 16 PAHs (Figure 31). The peaks seen in the chromatograph can be 

attributed to products of the toluene extraction. The ten samples run in this study do not 

contain traceable amounts of PAHs, whereas other biochars analysed in the literature 
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contain collective amounts of the 16 commonly tested priority PAHs of  0.82 to 355.295 

μg gbiochar
−1 (Hilber et al., 2012; Stefaniuk, Oleszczuk and Bartmiński, 2016; Frišták, 

Pipíška and Soja, 2018; Weidemann et al., 2018). 

When moving on to RAMAN spectroscopy, it has been reported elsewhere that 

biochars show two reoccurring bands, which depending on the material or production 

temperature are clearly distinguishable (Mohanty et al., 2013; Smith et al., 2016; 

Mendonça et al., 2017). Raman spectra of biochars show two characteristic bands that are 

located at about 1350 – 1370 cm-1 (D band) and 1580 – 1600 cm-1 (G band) (Chia et al., 

2012; Zhao et al., 2013; Stefaniuk and Oleszczuk, 2015; Guizani et al., 2017). These two 

bands correlate correspondingly to the in-plane vibrations of sp2 -bonded carbon 

structures with structural defects (D band) and the in-plane vibrations of the sp2 -bonded 

graphitic carbon structures (G band) (Zhao et al., 2013; Stefaniuk and Oleszczuk, 2015; 

Guizani et al., 2017). And when there is a material with a high proportion of amorphous 

carbon structures, like in the case of biochars, these two bands can overlap. This overlap 

is due to the contribution of the amorphous carbon structures to the Raman signal in the 

region between 1400 and 1550 cm-1 called the valley region “V” (Guizani et al., 2017).  

All twenty biochars produced here exhibit clear D- and G- bands in the ranges 

reported in the literature (Figure 32). The FWHM (full-width half maximum) of the bands 

could not be determined as the peaks did not show a clear enough separation between 

them (Figure 32). Nevertheless, there is no large background signal and therefore no 

fluorescence is visible in the spectra (Figure 32). This can indicate that no PAHs are 

present on the surface of the biochars and this supports the results presented in section 

4.7.  

To show the results obtained and presented above in more detail, the appendix includes 

figures which present the RAMAN data obtained for biochars produced from b black at 
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four temperatures (see appendix). The higher the treatment temperatures the lower the 

intensity of the peak at wavenumbers in the ranges of 800 – 1100 cm-1 and 1700 – 1900 

cm-1, this is related to the change in chemical structure (Guizani et al., 2017; Mendonça 

et al., 2017). It has been reported that a decrease in the D band position, is corresponding 

to an increase in the G band position in the Raman spectrum of carbon materials. This 

could reflect an increase in the order degree of carbon structure (Potgieter-Vermaak et 

al., 2011; Wang et al., 2018; Yu et al., 2018; Xu et al., 2020). Raman spectroscopy has 

the potential to evaluate the properties of biochars rapidly (Xu et al., 2020). As shown 

here, an increase in the ratio of the intensity of the D to G peak with increasing pyrolysis 

temperatures is indicating changes in the chemical structure of the pyrolysed feedstock 

(Figure 34 – Figure 37). Thus, RAMAN may be an easy non-destructive method to test 

the influence of production methods on biochars. Raman can be used as a probe for the 

chemical composition at a surface. It is simple and fibre optic spectrometers are becoming 

popular. The results above show that it is worth considering Raman spectroscopy as a 

screening method for the surface chemistry of biochars as Raman can show the changes 

in the chemo-physical nature of biochars. Certainly, the correlation between the D/G 

intensity ratio and HTT is worth further investigation. 

Another important factor to consider is the change in the elemental composition of the 

biochars during pyrolysis. Here, the carbon (C) content (Figure 38) presents the same 

trend as the fixed carbon content of the biochars. It is highly increasing with higher 

temperatures for peat and peat fibre and a bit for grains. For biochars produced from fine 

ugw, it is not increasing, which can be explained by the high relatively high VM and ash 

content presented in section 4.3. Those biochars have a lower carbon content and higher 

oxygen (O) content (Figure 41) with rising treatment temperatures (Table 29). For the 

other materials, it can be said that the carbon content is increasing, while the hydrogen 
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(H) (Figure 39), nitrogen (N) (Figure 40), sulphur (S) and oxygen content are decreasing 

with higher treatment temperatures. This trend has been reported for biochars produced 

under various temperatures, showing how pyrolysis is influencing the chemical formula 

of the biomass (Feola Conz et al., 2017; Li et al., 2019). Though not every study cited 

above tested for all the elements determined in this study.  

Biochars produced from cellulose, corn stover and hardwood at temperatures ranging 

from 300 to 600°C using slow pyrolysis were analysed for their elemental content. Their 

elemental analysis results show C contents of 52 – 96 %, H contents of 2 – 3.82% and N 

contents of 0.18 -1.65% (Fidel et al., 2017). The results of this study for the C, H and N 

values are broadly consistent with that reported by (Fidel et al., 2017), though some 

biochars generated in this study have a higher N content. It was stated that as hydrogen 

and oxygen contents decrease in biochars produced from rising temperatures, 

carbonisation, and aromatisation of carbon structures during pyrolysis reaction are 

indicated (Feola Conz et al., 2017). This is reflected in the lower reactivity of biochars as 

temperature increases (Chan and Xu, 2009), which could influence the ability to absorb 

CH4, CO2 or dye. 

The H/C and O/C ratios are important factors as well. Biochars are expected to 

help sequester carbon if the O/C is below 0.2 and the H/C ratios are lower than 0.7 

(Brassard et al., 2017). Based on values, some of the biochars produced in this study 

would be usable for the mentioned purposes. Generally, it can be said that all biochars 

produced in this study are within proposed IBI and EBC limits (≤ 0.7 H/C and ≤0.4 O/C) 

and therefore classify as stable biochars (International Biochar Initiative, 2015; EBC 

(2012-2022), 2022). The Van Krevelen diagrams are presented to determine the degree 

of aromaticity and maturation in the biochar structure (Figure 42, Figure 43). Three out 

of five materials show a clear trend, whereas biochars produced from b white and fine 
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ugw do not present a clear trend (Figure 43). An explanation for this could be the 

heterogeneity of the elemental analysis results, which in turn could be explained by the 

heterogeneity of the feedstocks and the amount of sample used for analysis. A decrease 

in H/C ratios, indicating an increase in aromaticity (Windeatt et al., 2014), can be 

observed with rising treatment temperatures for all five materials (Table 30). Most of the 

biochars produced showed a slight decrease in O/C ratios, indicating a reduction in 

polarity (Windeatt et al., 2014), with higher production temperatures. Only biochars 

produced from fine ugw did not follow that trend. Their O/C ratios increase with higher 

treatment temperatures, which can suggest an increased polarity of those biochars. 

Generally, the molecular ratio of H/C decreased faster than the O/C ratio with increasing 

treatment temperatures, indicating that H is more easily lost at lower pyrolysis 

temperatures than oxygen (Rodriguez et al., 2020). The results generated in this study are 

largely consistent with values presented in the literature (Enders et al., 2012; Pariyar et 

al., 2020; Rodriguez et al., 2020) this gives new insights into the elemental composition, 

aromaticity, and polarity of biochars produced from those materials (Table 12). 

ICP-MS is another analysis focussing on the elemental composition of biochars. Biochars 

from different types of cow manure, which were analysed using similar methods (US 

EPA Method 3052 and US EPA Method 3051A), have generated values of 4137 – 5963 

mg kg-1 for P, 7251 – 15415 mg kg-1 for K, < 0.1 mg kg-1 for Cd, <10 mg kg-1 for Pb, 43 

– 152 mg kg-1 for Cu, 109.3 – 166.9 mg kg-1 for Mn and 3.61 – 7.42 mg kg-1 for Ni (Guo 

et al., 2021). While biochars produced from food waste and sewage sludge and different 

mixtures of those materials at temperatures of 300 – 500 °C have exhibited heavy metal 

contents of 1437.4 mg kg-1 Zn, 738.5 mg kg-1 Cu, 37.6 mg kg-1 Cr, 22.1 mg kg-1 Pb, 2.8 

mg kg-1 As, and 1.9 mg kg-1 Cd (Jeong, Lee and Kim, 2020) when analysed with the same 

method as used in this study. The values obtained for K and Ca collected through ICP-
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MS of 5.8 – 10.8 g kg-1 Ca and 2.9 – 75.5 g kg-1 K, which are partially higher (Mohanty 

et al., 2013) than some of the ones captured here (e.g. peat 650). Others tested biochars 

using ICP-OES, collecting results of 3 – 880 mg kg-1 for elements like Fe, Zn, Mn, Na, 

Cu and Ni (Onorevoli et al., 2018). 

The elemental composition and especially the content of toxic elements like heavy metals 

is important to consider when thinking about what to do with the biochars produced. 

Therefore, Germany's Federal Soil Protection Act (Bundes-Bodenschutzverordnung or 

BBodSchV, 2020) (BMUV, 2020), and Switzerland's Chemical Risk Reduction Act 

(Schweizerische Chemikalien-Risikoreduktions-Verordnung or ChemRRV, 2005) are 

used as the reference guidelines when it comes to the maximum values for heavy metals 

in biochars (EBC, 2012). The respective thresholds refer to the biochar's total dry mass 

(DM). The European Biochar Initiative distinguishes between basic grade biochars with 

limits for heavy metals of Pb < 150 mg kg-1 DM; Cd < 1,5 mg kg-1 DM; Cu < 100 mg kg-

1 DM; Ni < 50 mg kg-1 DM; Zn < 400 mg kg-1 DM and premium grade with thresholds 

of Pb < 120 mg kg-1 DM; Cd < 1 mg kg-1 DM; Cu < 100 mg kg-1 DM; Ni < 30 mg kg-1 

DM; Zn < 400 mg kg-1 DM (EBC, 2012). The biochars produced in this study were within 

range of the premium grade biochar for most of the elements stated, only Ni and Zn values 

were higher than the threshold in some biochars (Table 31, Table 32). Though it can be 

seen that some materials produce biochars with fewer trace metals than others. Especially 

biochars produced from fine ugw contain more trace metals in comparison to the others 

irrespective of the pyrolysis temperature linking into the composition of the feedstock. 

The trends are normally to be expected, if the metal is not volatile, the trend should be 

proportional to the temperature because the metals are being concentrated in a smaller 

mass of char at higher temperatures used in pyrolysis. The exception is when the metals 

start to become volatile at higher pyrolysis temperatures, then a lower than proportional 
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increase in concentration as the temperature in pyrolysis increases is visible. With these 

biochars, those clear trends throughout the temperatures are not clearly visible. It could 

be that a too small amount of the sample is analysed to get a representative picture of the 

whole material. Likely the difficulty in having representative subsamples for analysis may 

have caused a certain error in the obtained results as already mentioned in the bulk 

elemental analysis (4.9.)  

To summarize, increasing pyrolysis temperature lead to a decrease in volatile matter 

content for all feedstocks used, whereas the surface area and the fixed carbon content of 

the resultant biochars were shown to increase (Table 36). This suggests that higher 

production temperatures are optimal to produce more stable biochars, which makes 

biochars an excellent material to sequester carbon, but this comes at a cost in energy 

demand and environmental terms. Furthermore, biochars produced here did not contain 

PAHs or heavy metals above the regulatory limits, making them a safe product for various 

applications. 

Table 36: a schematic overview of the impact of rising production temperatures on the characteristics of biochar 

Production 

temperature 

(°C) 

yield pH VM FC ash Surface 

area 

Micropore 

area 

        

 

5.2. Potential control of CO2, CH4 and NH3 from swine manure  

Adsorbing emissions or retaining them in the manure can help to improve the GHG 

impact of agriculture. In this study, only a few biochars (e.g. peat 650 or 750) were able 

to retain NH4-N in the manure used in this study, whereas most manures contained less 

NH4-N being exposed to biochar after the experiment than without biochar addition. 

Biochars produced from peat or peat fibre were able to retain more NH4-N than biochars 

produced from the other three materials (fine ugw, b. black, b white). In the cases of peat 
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or peat fibre application to manure, the 0.5 %w/v shows the best retention results (Figure 

49). A trend which is not that clearly visible for the other materials. As within the other 

materials, eight out of twelve times the 0.25 %w/v application rate presents the best 

results. Another trend, which is reflected by the characterization is that biochars from peat 

and peat fibre produced at 650°C seem to be able to retain the most NH4 in the manure. 

This is consistent with a high surface area and micropore area. Biochars produced from b 

black or white have a smaller surface area and micropore area and can retain less. Future 

work could include a possible way to confirm the results found here by increasing the 

dose of biochars added to the manure for all materials. The dominant process driving 

NH4
+ adsorption onto biochars is likely their cation exchange capacity (CEC) (Clough et 

al., 2013), which will be needed to be tested in the future. 

However, the relationship between biochar addition to manure and the emission of CO2 

and CH4 is potentially complex and is highly dependent on the feedstock source and the 

production temperatures but it is also dependent on the intended end use as the 

composition of the manure itself is a factor in this dynamic. It can be seen that especially 

lower amounts of biochar added to manure (0.25 %w/v) can reduce the amount of CO2 

and CH4 emissions released when the focus is on biochars produced from peat or peat 

fibre (Figure 51, Figure 52). Biochars from fine ugw or any brewery grain present a less 

homogeneous picture as no clear trend is visible. An overall trend regarding production 

temperatures is not visible throughout all the samples. Though biochars produced from 

peat (fibre) at low temperatures which are then added to manure in low concentrations 

show the best results for the reduction of CO2 and CH4 emissions in these experiments. 

An explanation for these findings can be the structure of the feedstock as seen in Section 

4.5. Peat and peat fibre have been decomposing for a long time before they were brought 

to use, whereas fine ugw and grain are a fresh material and therefore can contain a higher 
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content in labile components, which might influence the structure of the biochars, which 

can also explain the lower surface area found in section 4.4.  

It has been reported that an increase in biochar addition to chicken manure compost 

decreased the detectable CH4 emission (Jia et al., 2016). This was explained by the high 

porosity of the biochar which enhanced the supply of oxygen and therefore restricted the 

activity of methanogenic organisms and enabled better adsorption or retention of CH4 (Jia 

et al., 2016). And finally, the addition of biochar to the compost changed the pH leading 

to a reduction in the activity of the methanogenic microorganisms, this is consistent with 

the response patterns and data emerging elsewhere (Vu et al., 2015). 

It was reported that the biochar addition to chicken manure compost increased the CO2 

emissions by 148% in comparison to the control (Jia et al., 2016). It suggests that because 

of the high porosity of the biochar the oxygen supply was increased, which benefited 

aerobic microorganisms. This is a trend that could not be observed in this study, but this 

might also be the case for pig slurry which is typically produced and retained in a wetter 

environment than chicken manure. Clearly, swine manure which was the focus of this 

study differs from chicken manure, but the case highlights the potential for high 

variability in responses obtained and sets out the challenges in developing and tailoring 

biochars for defined end uses.  

In a similar study, biochars were able to adsorb CO2 but not CH4 which may have been a 

consequence of the competition between the two gases and the pore size of the biochars 

(Sethupathi et al., 2017). This explanation, together with the reasons given elsewhere, 

like high porosity and high pH of biochars restricting the activity of methanogenic 

microorganisms (Jia et al., 2016) may explain the finding in this study. This would mean 

that if biochars have a certain pore size (0.33 to 0.40 nm) to capture the CH4 (Adinata, 

Wan Daud and Aroua, 2007) but also have a large surface area (Figure 18) to bind CO2 
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through physisorption and are added to manure which does not allow for a high O2 intake, 

CO2, as well as CH4 emissions, could be reduced. This model fits with the findings in this 

study as biochars produced from peat or peat fibre exhibit the highest surface area and 

the smallest amounts of CO2 emitted.  

As seen in the result sections above the biochars produced in this study react 

differently to the adsorption of gas onto their surfaces. Peat and peat fibre biochars 

performed well in the reduction of GHG emissions. These results can be explained by the 

physicochemical structure of the biochars. Biochars need a certain pore size to capture 

the CH4 (Adinata, Wan Daud and Aroua, 2007) as well as large surface areas to bind CO2 

through physisorption. It was noted the biochars produced from peat and peat fibre 

exhibited this pore size and surface area character.  

The focus of this part was to find out if biochars have the potential to reduce emissions 

from this specific manure. And the results found in this study show that from a technical 

point of view, biochars can adsorb emissions from this specific manure (Figure 58). 

Though the economical side has to be evaluated more. 

 

Figure 58: Schematic showing what is needed to reduce GHG emissions through biochar application 

 

5.3. Potential adsorption of organics like dye and therefore potentially other 

contaminants from water 

The data in the literature has shown that both Langmuir and Freundlich can be an 

analytical fit for dye adsorption onto biochars. In this case, the Langmuir isotherm seems 

to be a better fit than the Freundlich isotherm (Table 33, Figure 54, Figure 55). The 
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maximum adsorption capacity (QM) for adsorption isotherms of malachite green found in 

the literature range from 15 to 4117.7 mg g-1 for the Langmuir isotherm (Hameed and El-

Khaiary, 2008; Leng et al., 2015; Beakou et al., 2017; Chen et al., 2018; Rawat and Singh, 

2018; Yang et al., 2019). The initial concentrations (C0) vary around 20 - 500 mg L-1 and 

0.005 – 2.0 g biochar was used for the experiments reported. The variations in the 

concentration of dye and the amount and type of biochar used, show again how wide the 

range of biochar application is and how important it is to add results using less biochar to 

the knowledge already present. This can help to provide a better understanding of how 

biochars can be used in the field of adsorption of pollutants. 

In the experiments run, the QM obtained varies around 7.13 – 47.39 mg g-1. Biochars 

which have the highest surface area and were therefore thought to be able to adsorb the 

most dye, do not necessarily have that highest adsorption capacity. The experiments show 

that biochars with a low surface area were able to adsorb the most dye. These results are 

supported by the high R2 numbers. A possible explanation for this is that the biochars 

with a high surface area have many micropores through which the water solution is not 

able to enter and therefore the dye is not able to be adsorbed. This shows that biochars 

produced from fine ugw or b black, which did not perform well at the GHG emission test 

are better suited to adsorb dye and possibly other pollutants from aqueous solutions, 

widening the field of application for biochars produced in this study. To adsorb the dye a 

lower surface area with fewer micropores is considered favourable. 

The exemplary plots of the kinetics calculated for biochar produced from fine ugw at 450 

°C in a 1 – 10 dilution of malachite green show that there is only a small variance between 

the results per sample for different dilutions. This applies mostly to the PFO results, while 

there are slightly bigger differences in the PSO results. Furthermore, PSO seems to be a 

better fit for the analysed samples as their R2 values are higher and closer to 1. Something 
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which also can be observed in the literature (Beakou et al., 2017; Park et al., 2019). 

Published values for the qe parameter for PFO and PSO  tend to be higher than the ones 

obtained in this study (Rajgopal et al., 2006; Leng et al., 2015; Beakou et al., 2017; Park 

et al., 2019). And values for k1 of 0.006 - 0.35 min–1 and for k2 of 1.144 * 10−6 - 0.27 g 

mg–1 min–1 for malachite green adsorption have been reported (Leng et al., 2015; Beakou 

et al., 2017; Chen et al., 2018; Yang et al., 2019), which are lower than the ones calculated 

in this study. Though the values of qe obtained here for PFO and PSO are smaller, the R2 

values especially those obtained from PFO are higher which means the PFO and PSO 

calculated from the kinetics in this study are a better fit for the first and second-order 

equations than some reported in the literature as the linear relationship is stronger (Leng 

et al., 2015; Sewu, Boakye and Woo, 2017; Yang et al., 2019).  

 

5.4. Future work 

 

In the future, emission experiments using higher concentrations of biochars could be 

undertaken to compare and evaluate the results generated in this study and establish an 

equilibrium point beyond which further addition of biochars would have little effect on 

the reduction of emissions from swine manure. Additionally, it may be possible to 

evaluate if the swine manure reacts differently to the biochars throughout the year. 

Looking at the dye adsorption and the different influences which affect it, a 

hydrophobicity test could be run to give more insights into how the dye is adsorbed onto 

the biochars and as well how well they would perform in the water. This could help to 

explain why some biochars perform better or worse than others. Furthermore, a higher 

concentration of MG could be used to see how much dye can be adsorbed under different 

conditions.  
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6. Conclusion 

 

At the start of this study, the following questions were asked. How does the chemo-

physical nature of the Biomass-Biochar production system change when using 

conventional feedstocks in comparison to a peat-based feedstock from drained Irish 

ombrotrophic peatlands? Do Peat-based Biochars and Biochar produced from other 

conventional biomass feedstocks have the potential to control the efflux of carbon dioxide 

(CO2), methane (CH4) and ammonia (NH3) from swine manure and what are the processes 

controlling this interaction? And how and to what extent the generated biochars were able 

to adsorb organics like dye and therefore likely other contaminants from water. The 

methods and tests used in this work provide a new understanding of the relationship 

between manure GHG emission control using readily available biochars vs peat-based 

biochars. The results presented give a deeper insight into how pyrolysis affects the 

chemo-physical nature of different biomass materials used as feedstock (viz peat, brewery 

wastes and urban green waste). The biochars produced have been characterised by 

reference to production systems and their chemo-physical structure. It was shown that 

thermal treatment increased the pH of the tested materials irrespective of the type of 

feedstock and irrespective of whether the feedstock was pre-dried or used fresh, making 

the biochars more alkaline than the original materials. The purity of peat and grain was 

confirmed as no heavy metals or PAHs were found in the biochars. It was also noted that 

the biochar surface area increases with treatment temperature, and it was found to be 

much bigger for peat in comparison to other materials used. Additionally, it was shown 

that the D/G intensity ratio increases with the treatment temperature which can be used 

as a screening method for further applications. A reduction of volatile matter content and 

an increase of the fixed carbon content with rising treatment temperatures was noted to 

result in more stable biochars, which makes biochars an excellent material to sequester 
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carbon in comparison to untreated biomass due to their longevity. For biochar 

applications, stability is a particularly important factor, so higher pyrolysis temperatures 

for the feedstocks selected are more likely to lead to the production of a more stable 

product. 

Adding to the existing knowledge about biochars, this study suggests that using these 

feedstock sources with the given characteristics can lead to the production of biochars 

that can help reduce GHG emissions in piggery manure management. These outcomes 

are associated with the high pH, surface area and amounts of fixed carbon as well as the 

low amounts of volatile matter of the biochars which are all favourable characteristics 

when it comes to GHG emission reduction. 

The second question concerned the issue of whether Peat-based Biochars and Biochar 

produced from other conventional biomass feedstocks have the potential to control the 

efflux of GHG emissions from swine manure. The results of this study suggest that 

biochars do have the potential to influence GHG effluxes in piggery management. The 

emission tests regarding fluxes of CH4 and CO2 from this swine manure treated with the 

designed biochars showed that around 12 to 13 biochars reduced the amount of gases 

emitted. It was further demonstrated that biochars produced from peat were able to 

decrease the CH4 and CO2 emissions from the manure better than some of the other three 

materials used. Furthermore, it was noted that by adding biochars produced from peat or 

peat fibre to the manure system resulted in elevated values for the level of NH4 remaining 

in manure after emission trials. In contrast, the biochars produced from the other three 

materials reduced the level of NH4 remaining in the manure and therefore promoted NH3 

efflux. These results could be driven by the CEC of the biochars as reported elsewhere 

(Clough et al., 2013). Though further testing will be required to confirm this proposed 

explanation.  
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Finally, this study also sought to examine to what extent the biochars produced for 

this study could adsorb organics from water. It was shown that the biochars produced in 

this study were indeed able to adsorb organics from water, giving these biochars a broader 

spectrum of applications. The detailed analysis of the biochars produced and used in this 

study helps to understand the way pyrolysis influences the physicochemical properties of 

biochars. These understandings, also raise the potential for new treatment procedures 

using biochars that can be developed to address pollutants commonly occurring in liquid 

manure or water treatment. 

To conclude, it can be said that this research has shown that biochars produced from 

peat and waste materials can reduce GHG emissions from this specific piggery manure 

as well as adsorb organics like dye from aqueous solutions. This might have the potential 

for further agricultural applications or the adsorption of other organic contaminants from 

water. However, the results presented here only apply to this specific manure. To 

generalise the findings further testing with different manures needs to be done. As well 

as adsorption of other organics needs to be tested. 
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Table 37: D- and G- band values of biochars obtained through Raman analysis 

Material Temperature (°C) D band (cm-1) G band (cm-1) 

Peat  450 1368.08 1582.39 

550 1357.2 1590.32 

650 1346.09 1587.24 

750 1341.32 1591.87 

Peat fibre 450 1364.91 1587.02 

550 1358.79 1590.32 

650 1339.5 1596.27 

750 1341.32 1590.32 

Fine ugw  450 1366.72 1570.25 

550 1358.57 1587.02 

650 1355.62 1594.95 

750 1344.27 1582.39 

B black 450 1379.39 1591.87 

550 1358.79 1588.78 
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650 1350.85 1594.95 

750 1350.63 1590.11 

B white 450 1355.62 1582.61 

550 1360.38 1584.15 

650 1344.27 1587.02 

750 1350.85 1581.06 
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