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Abstract 

The depletion of world´s mineral resources increases the cost of production of chemical 

fertilisers for agriculture, due to the need for extraction of raw materials in poorly accessible 

and inconvenient sites. An enhancement of the circular economy by means of reprocessing 

clean nutrient-rich waste materials will also address environmental challenges associated with 

the low use efficiency of the nutrients, which leads to pollution of water, soil and air due to the 

excessive fertilisation of fields to maintain crop yields and provide enough foodstuff. This 

thesis investigates the treatment of anaerobic digestate with wood ash and commercial acids 

(i.e. sulphuric, hydrochloric, nitric and lactic acids) for the preparation of a stable slow-released 

fertiliser and mineral products, such as ammonium sulphate. The extraction of the biogas from 

the anaerobic digestate implies the mineralisation of some organic nutrients (e.g. organic 

nitrogen; Norg), thus becoming more available for plants (e.g. formation of ammoniacal 

nitrogen; NH4
+-N). The application of this material to land represents a problem due to the 

volatilisation of ammonia and leaching of nitrate (after nitrification of ammonium in the soil) 

and phosphate. The role of the wood ash as sorbent could be used to control the availability of 

the nutrients already present in the anaerobic digestate. Moreover, the wood ash provides 

additional phosphorus to generate a more balanced organic fertiliser, according to the type of 

crop. The investigation of the wood ash treatment of the anaerobic digestate under different 

pHs was necessary to find the best blending conditions of these two waste streams. A food 

waste digestate (FWD) and a post-harvest vegetable waste digestate (PVWD) were the two 

types of organic material considered. A wood fly ash (WFA) and a wood bottom ash (WBA) 

were the two types of sorbents employed and they were produced in the same combined heat 

and power plant. Among these samples, the best controlled-release soil organic amendment 

was found to be produced by blending the PVWD, which has a lower ratio NH4
+-N/Norg, and 

the WFA, which is the finer fraction of the ashes with more black carbon content and surface 

area to enhance the sorption processes. The pH of zero charge of WFA (11.90 ± 0.50) was 

found to be the optimum and it could be attained by mild acidification with HCl, maintaining 

a blending ratio lower than 3 g total solids (TS) WFA/g TS FWD or using non-invasive H2SO4 

acidification (i.e. closed chamber) to recover the NH3 volatilised. The solid-liquid separation 

of the blend of wood ash and anaerobic digestate was performed as part of the analyses of the 

availability of the nutrients (N, C and P). Nevertheless, a more detailed study needs to be 

conducted on whether this share of wood ash is enough to produce a granular fertiliser with 

sufficient mechanical properties (e.g. durability) for packaging commercialisation.
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PVWD. Initial N stands for the calculated N in the system based on the initial characterisation 

of the samples (Table 5.1). Final N was calculated as the sum of the empirical masses of WS 

N and WI N. The average values of the N recovery effectiveness over the 144 hours of 

incubation for each sample are stated in the graphs (Moure Abelenda et al., 2021b). .......... 318 
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1. Introduction, research aim and objectives, and outline of the 

thesis 

The growth of human population and the change in the diet (e.g. more consumption of animal 

products) implies to devote more land for food production at an alarming rate (Banwart, 2011). 

The problem of the current agricultural practices is not limited to the land management but also 

to the unsustainable consumption of essential nutrient for plants, such as phosphorus (P) (Elser 

& Bennett, 2011; Vaccari, 2009). In terms of mineral resources, the total amount of raw 

materials in the earth crust are known as deposits; however, only the economically and 

technically exploitable deposits at a given time are regarded as reserves (Roberts & Stewart, 

2002). This means that the depletion of some reserves encourages the search for new ores which 

augments the available deposits and reserves (USA Geological Survey, 2021). The fluctuation 

of the prices helps to preserve the long term availability of these mineral resources (Cordell et 

al., 2009). On the other hand, this idea is opposite to the general understanding that the free 

market of the capitalism economic system, in absence of any government regulation, does not 

help to reduce the consumption of materials (Korczynski, 2005). In the present situation, the 

development of profitable strategies for the utilisation of the waste materials is the only way to 

achieve a sustainable development of the society (Hsu, 2021). 

1.1. Waste management system 

The recycling technologies are alternatives to resource-intensive processes and prevent the 

depletion of raw materials (Dela Piccolla et al., 2021). They are components of the waste 

management systems (Figure 1.1) and can be divided into physical, biological and thermo-

chemical treatments. It is important to highlight that when designing a waste management 

system, prevention and minimisation of waste should be considered before any reprocessing 

technology (Demirbas, 2011). The industrial symbiosis in Kalundborg (Denmark) is an 

example of a waste management system which was designed to reduce the disposal materials 

while enhancing the economy of the process (Chertow, 2000). Once a material is regarded as 

waste, its utilisation is constrained by the regulations (European Parliament, 2018). In Europe, 

all the waste-derived products need to comply with the Directive 2018/851 but there are short 

cuts to achieve the end-of-waste (EoW) status. Generally, when a residue is produced in large 

amounts and has a composition suitable for a particular application, the European parliament 

rules EoW regulations do not need to be transposed by the governments of each member state 

and they are directly in force (Saveyn & Eder, 2014). The European Commission estimated 
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that production of both manure and slurry in the EU27, before Croatia’s accession in 2013, was 

about 1.4 billion tonnes per year (AMEC Environment & Infrastructure UK limited, 2014). 

Production of digestate and compost were around 180 and 17.3 million tonnes per year 

respectively, in the EU28, before the UK withdrawal in 2020 (Corden et al., 2019). In 2009 

(Blumenthal, 2014), the EU27 produced 256 million tonnes of municipal solid waste (MSW). 

Much more animal manure is applied to land as soil amendment than anaerobic digestate, 

because of the high capital expenditure (CAPEX) and operational expendinture (OPEX) 

associated with the implementation of the anaerobic digestion (AD) in the farms (Hou et al., 

2018). In the UK, 7.5 million tonnes of anaerobic digestate and 2.7 million tonnes of compost 

were produced in 2018 (Victor, 2020). A common policy is being developed to improve the 

management of all nitrogenous materials employed as soil amendments (Wood et al., 2020). 

In total about 95 – 97 % of the world’s bioenergy is currently produced by direct combustion 

of biomass. It was estimated that approximately 480 million tonnes of biomass ash could be 

generated worldwide annually if the burned biomass is assumed to be 7 billion tonnes, hence 

this quantity is comparable to that of coal ash, namely 780 million tonnes (Vassilev et al., 

2013). The wood ash production in the UK could be estimated considering that the 1 % of the 

wood incinerated is left as ash (Pitman, 2006). According to the UK Forestry Commission 

(2016), 2.68 million tonnes of woodfuel were used in 2016. Even if the combustion of other 

types of biomasses is considered, the amount of biomass ash currently produced in the UK is 

lower than the one coming from the coal power plants. In 2016, the amount of coal ash 

produced in the UK was around 6 million tonnes (UK Quality Ash Association, 2016). 

However, this scenario is changing and by the 2025 is expected the amount of biomass ashes 

to be greater than that of coal ash (UK Quality Ash Association, 2021). In 2007, Sweden 

produce 0.3 million tonnes of wood ash and most of this material was disposed in landfills 

(Andersson, 2007). 

After the end of the Brexit (Britain’s exit of the European Union) transition period (i.e. 1st 

January 2021), the UK kept the EU regulations on iron, steel and aluminium scrap, glass cullet 

and copper scrap. The UK Government has also produced quality protocols with the same 

purpose of easing and speeding up the utilisation of these materials and preventing its 

accumulation (UK Government, 2021b). For example, the UK Government created the quality 

protocol of poultry litter ash (QPPLA), since this type of ash is produced in large amounts and 

is suitable to be used as fertiliser due to its high content of P and low content of pollutants 

(Codling et al., 2017; Fahimi et al., 2020; WRAP, 2012a). Developing countries aspire to have 
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similar waste management systems with reprocessing technologies for clean, source segregated 

materials (Demirbas, 2011). Nevertheless, technologies with great potential to enhance the 

circular economy, such as AD, are yet to be fully widespread in Europe due to the high capital 

investment (Hou et al., 2018). 

Reduction of the total amount of 

waste

Characterisation of waste

Source separation

Collection & transport

Recycling, reprocessing and 

treatment

Re-introduction into the natural 

cycle or appropriate disposal

Prevention

Minimization

Re-use

Physical

Biological

Thermo-chemical

 

Figure 1.1. Components of a waste management system. Elaborated from Demirbas (2011) 

and European Parliament (2018). 

1.2.Anaerobic digestion (AD) 

The biological treatment of organic residues via AD is a promising technology for energy 

recovery, in the form of biogas, and for the production of fertilisers (Holm-Nielsen et al., 2009). 

The AD was firstly applied to deal with the sewage sludge (SS) produced during the primary 

and secondary treatment of wastewater but its use to deal with the agrowaste and with the MSW 

with around 70 % of organic material has been subsequently encouraged (Bond & Templeton, 

2011; Dagnall, 1995). The AD technology fits with the current trends of using the biorefinery 

to sustainably satisfy the needs of the society, which used to be covered by the petrochemical 

industry (Madsen et al., 2011). 
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The AD process is also known as biogasification due to the intervention of the microorganism 

to convert the components of the organic matter (OM) to methane (CH4) and carbon dioxide 

(CO2). The most accepted model on how the reactions take place in the anaerobic digester in 

the absence of oxygen describes 4 different stages: hydrolysis, acidogenesis, acetogenesis and 

methanogenesis (Figure 1.2) The limiting step is the hydrolysis, whilst the methanogenesis is 

quick therefore, preventing the accumulation of the volatile fatty acids (VFAs) in the system. 

In this way, the concentration of VFAs in the anaerobic digestester could be used as an indicator 

of the correct stationary operation of the bioreactor (Madsen et al., 2011). 
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Figure 1.2. Breakdown of the AD process. Modified from Madsen et al. (2011). 

1.3.Utilisation of anaerobic digestate as fertiliser in the UK 

AD is a waste recovery operation; therefore, it must comply with the waste management 

controls and the environmental regulations. The Waste and Resources Action Programme 

(WRAP), in collaboration with the UK Government, has produced the quality protocol of 

anaerobic digestate (QPAD) to rule the utilisation of this material and the products obtained 
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after simple processing (i.e. separated liquor and separated fibre) as soil amendments (WRAP, 

2014b). The specifications of the products obtained via advanced processing and 

supplementation of the anaerobic digestate are out of the scope of the QPAD. According to the 

QPAD (WRAP, 2014b): 

“1.3.4. If digestate which is compliant with this Quality Protocol is mixed with non-waste 

materials the blend will not, as a result of that, be waste. 

1.3.5. If digestate, which is compliant with this Quality Protocol, is mixed with a waste, the 

resulting blend will all be waste.” 

Thereby, if the quality digestate is mixed with a waste material (e.g. wood ash) to improve the 

nutrient profile, it would be required to conduct a self-assessment of the blend as specified by 

the Environment Agency (2021) before the utilisation of these materials as soil conditioners. 

The detailed specifications for a certified anaerobic digestate were published by the WRAP 

(2014b) and is regarded as the British Standards Institution’s Publicly Available Specification 

110 (BSI PAS 110:2014). The QPAD sets the framework for the application of the BSI PAS 

110:2014 (Figure 1.3), which states the upper limit of the parameters that needs to be measured 

in the digestate. According to the BSI PAS 110:2014, a pasteurisation or equivalent treatment 

(able to reduce plant pathogen indicator species) is required for the anaerobic digestate to be 

regarded as fertiliser. The pasteurisation step requires to heat all the material to at least 70 °C 

for one hour. The pasteurised material might contain beneficial or harmless microorganisms 

(WRAP, 2014a). The protocol for conducting the residual biogas potential (RBP) test to 

characterise the stability of the anaerobic digestate needs to be found elsewhere (Banks et al., 

2013). The term stability refers to amount of biogas that remains in the AD. The BSI PAS 

110:2014 states an upper limit of 0.45 L biogas/g volatile solid (VS) and any anaerobic 

digestate releasing a greater amount of biogas should undergo further anaerobic fermentation 

before being applied to land. The reason is that the biogas contains approximately 60 % in 

volume (vol.%) CH4 and 40 vol.% CO2 (Herout et al., 2011), which are both greenhouse gases 

(GHGs). 
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Figure 1.3. EoW criteria for digestate in the UK. Elaborated from WRAP (2014b). 

1.4.GHGs emissions associated with agriculture 

The agriculture contributes to approximately 30 % of the GHG total emissions (Lal, 2021). In 

addition to CH4 and CO2, the nitrous oxide (N2O) is considered another big contributor to 

climate change. Ammonia (NH3,) is an atmospheric pollutant and it is considered that 1 % of 

the emissions of ammonical nitrogen (NH4
+-N) and nitrogen oxides (NOx-N) are converted to 

N2O after dry and wet depositions (IPCC, 2019). It should be noted that the N2O is a GHG with 

298 times greater global warming potential than the CO2 (Kavanagh et al., 2019). 

The Clean Air Strategy that was established in 2019 in the UK identified the agriculture sector 

as the main source of NH3 (UK Government, 2019): 88 % of the total emission of NH3 are 

associated with storage and land-spreading of manures, slurries and anaerobic digestates in 

2016 (UK DEFRA, 2018). For this reason, there is a requirement of full implementation of 

low-emission spreading equipment (i.e. trailing shoe, trailing hose or soil injection) by 2025 

and covering the slurry and digestate stores by 2027 (UK Government, 2019). In line with this 

strategy is the Slurry Investment Scheme that offers subsidies to enable the implementation 

and compliance with the Agricultural Transition Plan (UK DEFRA, 2020a, 2020b). 

The AD is able to degrade approximately the 20 – 95 % of the OM, depending on the 

composition of the feedstock. This biological transformation technology stabilises the 

anaerobic digestate, since less GHGs remain to be lost during the subsequent stages of storage 

and land application of the organic soil amendment. It should be noted that the less than 1 % 
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of the NH4
+-N is volatilised in the biogas stream during the AD (Möller & Müller, 2012). 

Thereby, the emissions of NH3 still need to be tackled using the measurements proposed by the 

UK Government (UK DEFRA, 2020a, 2020b) or the additives investigated by Teagasc 

(Agriculture and Food Development Authority of Ireland, 2021; Brennan et al., 2015; 

Kavanagh et al., 2019, 2021). 

The degradability of the AD feedstock determines the extent of the mineralisation of complex 

organic nitrogen (Norg) compounds, thus the increase in the share of ammoniacal nitrogen 

NH4
+-N and the decrease of the carbon (C) content. There is no clear evidence that the increase 

in NH4
+-N content in anaerobic digestate, compared to the feedstock, would ensure higher 

nitrogen (N) uptake efficiency and greater savings in mineral fertiliser (Möller & Müller, 

2012). An excess of application of organic manures, such as anaerobic digestate, to reach the 

targeted crop yields leads contamination of surface and underground waters due to phosphate 

and nitrate leaching (European Commission, 2020; Sogn et al., 2018). Efforts are being made 

to improve the performance of the anaerobic digestate as fertiliser by supplementing this 

material with nitrification inhibitors (Pereira et al., 2010) and biomass ash to improve the 

availability of P (Richards et al., 2021). 

1.5.Context of this PhD project for developing a suite of novel land conditioners and plant 

fertilisers from the waste streams of biomass energy generation 

This PhD project is in line with the activities that were conducted as part of the Adding Value 

to Ash and Digestate (AVAnD) project (Lancaster University, 2020). The aim of the AVAnD 

project was to produce fertilisers, by means of blending bioenergy waste streams, that provides 

similar crop yields to that of the mineral fertilisers whilst inducing neutral or positive effects 

in the plant-soil system (Richards et al., 2021). This would be a way of enhancing the circular 

economy and minimising the consumption of resources (Lag-Brotons et al., 2020; Marshall et 

al., 2020). The participants of the AVAnD project were the Lancaster Environment Centre, the 

School of Engineering of Lancaster University, the James Hutton Institute, AquaEnviro Ltd 

and Stopford Projects Ltd as industrial partners. This project received financial support 

(Reference: NE/L014122/1) from the UK Natural Environment Research Council (NERC, 

2021) and the Resource Recovery from Waste programme (Lancaster University, 2017). 

The AVAnD project focused on screening anaerobic digestates derived from source-segregated 

organic waste (mainly food) and biomass ash fractions (mainly derived from wood). It made a 

preliminary screening of six different types of ash, including fly and bottom ash fractions 
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collected in each site, and six different types of anaerobic digestates. The deliverables of the 

AVAnD project were divided into three work packages (WP) going from characterisation of 

the samples in the laboratory and formulation of the blends (WP1) to subsequent testing 

laboratory/greenhouse scale (WP2) and mesocosms under field conditions (WP3). In this way, 

one of the main outcomes derived from AVAnD WP1 was the selection of those samples with 

better characteristics to produce a blended fertiliser. The samples selection criteria primarily 

implied presence of desired components (plant nutrients; total N-P content) and absence or low 

content of pollutants (e.g. heavy metals). During the three years of the project, the tests focused 

primarily on the role of the blends as potential fertilisers/soil conditioners, yet did also consider 

potential undesired effects (e.g. leaching potential). The blended fertilisers of anaerobic 

digestates and wood ashes intended to have a nutrient ratio N/P/K of 3/1/1, but only 2 nutrients 

out of 3 were able to be controlled in the preparation of the blends. The attained N/P of 3/1 was 

in agreement with the commonly reported wheat fertilisation practice (N-P ratios) informed by 

wheat nutritional requirements (UK AHDB, 2021a), which was convenient for the cultivation 

of winter wheat (Triticum aestivum sp.) in the UK. The ratio was based on total N and total P 

available in the wood ashes and the anaerobic digestates, thus not only the water-soluble (WS) 

readily available forms (e.g. NH4
+-N and PO4

3--P) were taken into account. In this thesis, the 

term availability is used to refer to how likely is for a nutrient to be absorbed by plants. This 

means that the most available nutrients are those that are more reactive and more susceptible 

to be lost via leaching and volatilisation. Due to time constraints, a simple mixing approach 

was taken in the AVAnD WP2 & WP3, which led to limitations in the scope of the study. For 

example, this simplification of the experimental design implied uncertainty surrounding N-P 

dynamics because the losses during the preparation of the blended fertilisers and the stability 

within ash-digestate mixtures were not properly characterised. 

The AVAnD project contributed to a policy briefing to inform the regulators and local 

authorities on the benefits of recycling the wood ash and the anaerobic digestate (UK 

Government, 2017). The divulgation of the results of the investigation was important because 

of the general concern about the use of the biomass ash (Vassilev et al., 2013, 2014) and the 

suitability of the anaerobic digestate as a fertiliser (García-Sánchez et al., 2015). The re-

introduction of these elements into the natural cycle is part of the last element of the waste 

management system (Figure 1.1). The anaerobic digestates selected in the AVAnD project 

were certified by the BSI PAS 110:2014, thus could be applied to land as soil amendment. 

However, reaching the EoW status of the wood ashes (fly and bottom fractions) was a more 
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challenging task since there was no straightforward Quality Protocol available for type of waste 

and the QPPLA was not directly applicable (WRAP, 2012a). An individual self-assessment of 

the wood ashes according to the Environmental Agency (2021) would be more tedious and 

time-consuming. The lengthy bureaucratic procedures limit the interest of the combined heat 

and power (CHP) plants, where the wood ashes are produced, the agroindustry and other 

stakeholders involved in the valorisation of wood ash, for the utilisation of these materials as 

fertilisers and liming agents. The utilisation of wood ash and anaerobic digestate as valuable 

resources in agriculture reduces the ecological impact and the regulatory burden of the 

industries where these residues are produced and reinforce the green credentials of agriculture 

(Fivelman, 2013). Otherwise, it could be expected high demand for synthetic inorganic 

fertilisers and ullage in the renewable energy production resulting from the combustion of 

biomass and the biogasification (Laohaprapanon et al., 2010). 

In addition to this PhD scholarship, the outcomes of the AVAnD project were included in the 

following funding proposals: (1) Global Challenges Research Fund (GCRF) – Economic and 

Social Research Council (Reference: ES/P010857/1, 2017-22): Growing Research Capability 

to Meet the Challenges Faced by Developing Countries. Driving Eco-Innovation in Africa: 

capacity building for a safe circular water economy. (2) International Opportunities Fund 

(Reference: NE/R005230/1; 2018-20). Bioenergy waste residues as alternatives to 

conventional inorganic fertilisers for sustainable food production in sub-Saharan Africa 

(including partners from Nigeria, Ghana, Kenya and Malawi). (3) GCRF Global Research 

Translation Award (Reference: EP/T015608/1; 2019-2021). Accelerating the adoption of 

circular sanitation demonstration systems for improved health outcomes (ACTUATE), with 

partners in Nigeria and Ghana. 

1.6.Novelties of this PhD thesis 

Before this PhD thesis, the preparation of a blend of organic manure and ash to enhance the 

circular economy has been addressed in the literature from several points of view: 

- To enhance the AD process (Guerrero et al., 2019). 

- To improve the properties of the soil (Fernández-Delgado Juárez et al., 2013). 

- To promote the crop growth (Ibeto et al., 2020, 2022). 

- To control the release of the nutrients (Fenton, 2011). 

- To prevent gaseous emissions and leaching during storage and land application 

(Brennan et al., 2015). 
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- To achieve a better dewatering of the digestate (Zheng et al., 2016). 

- To promote the self-hardening and granulation of the digestate (Pesonen et al., 2016). 

In addition, the previous AVAnD project intended to formulate a blend of digestate and ash to 

commercialise a novel fertiliser, based on crop yield results obtained from field and pot 

experiments (Richards et al., 2021). 

This PhD thesis was inspired by the AVAnD project concept and outcomes but, especially, by 

the uncertainties and research directions derived from WP1: Improving the nutrient profile of 

the digestate might be a way of increasing its value and decrease the cost of transportation. The 

contribution to the knowledge of this PhD scholarship, which was funded by the Engineering 

and Physical Sciences Research Council (EPSRC; Reference: EP/N509504/1) for 3.5 years 

(i.e. from October 2016 to April 2020), was the elucidation of the underlying chemistry of 

blends of wood fly ash (WFA) and wood bottom ash (WBA) with food waste digestate (FWD) 

and post-harvest vegetable waste digestate (PVWD). The conditions of the wood ash-based 

treatment of the anaerobic digestate were optimised to reduce the cost and consumption of 

reagents, improve the stability of the soil organic amendment, enhance the nutrients use 

efficiency and reduce the contamination of the environment. The concept of pH of zero-point 

of charge (pHzpc) was applied for first time to the preparation of a blend of wood ash and 

anaerobic digestate. The experimental and analytical setup of the static chamber with a 

sulphuric acid trap (H2SO4 trap) was modified to allow the better characterisation of the 

blending process, particularly in terms of reaction kinetic and mass transfer models of NH3 

(Chapter 6). This thesis directly addresses the findings of the primary and secondary market 

research, which highlights the importance of the organic manures to the farm economy (Moure 

Abelenda & Amaechi, 2022) and the urgent challenge of mitigating the pollution associated 

with the handling of nitrogenous materials (Wood et al., 2020). 

1.7.Research aim and objectives 

As a continuation of the AVAnD project, the research aim of this thesis was to explore the 

efficacy of wood ash as a treatment for anaerobic digestate with the purposes of stabilisation, 

to minimise the release of GHGs, and preparation of a slow-released fertiliser for an effective 

management of the nutrients to prevent the eutrophication of underground waters. In order to 

achieve this aim, the following experiments of increasing complexity and difficulty were 

defined as primary and secondary objectives: 
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1) Characterise the two samples of wood ash and the two samples of anaerobic digestate 

selected in the AVAnD project, in terms of C, N, P and trace elements. 

o With regard to organic carbon (Corg) and Norg are essential nutrients for microbes 

and plant. 

o In relation to P, it is important to evaluate the fate of this element because there 

is an increasing concern about its sustainable supply for the manufacturing of 

the fertilisers. 

2) Evaluate the combination of the raw (i.e. untreated) samples to meet the targeted 

nutrient ratio in terms of the speciation of C, N and P. This implies to: 

o Characterise the WS extract to assess the availability of the nutrients and the 

potential losses via leaching of the two blends of three samples. 

o Select the best samples for the preparation of two blends of two components, 

which and lead to the correct availability of the nutrients to minimise pollution 

during storage and land application, hence maximise the crop growth. 

3) Titrate each sample of anaerobic digestate and wood ash to determine the amount of 

acid that is required for conditioning before the preparation of the two blends at the 

desired pH. In order to expand the understanding of the acidification process, it was 

necessary to: 

o Employ the most widely used commercial acids in the agroindustry to decrease 

the pH of the samples of anaerobic digestates and wood ashes: sulphuric acid 

(H2SO4), hydrochloric acid (HCl), nitric acid (HNO3) and lactic acid 

(CH3CH(OH)COOH). 

4) Characterise the interaction of the acidification agents with the samples of anaerobic 

digestate and wood ash by means of performing computer simulation and modelling of 

the titrations of the samples with various acids. 

o The software Visual MINTEQ will allow elucidating the role of the anions 

provided by the acids. Determine the best acidification agent to prepare two 

blends of wood ash and anaerobic digestate at the targeted pH. 

5) Evaluate the speciation of C, N and P in the best blend of wood ash and anaerobic 

digestate, prepared with several acidification agents at the target pH. This evaluation 

will require to: 

o Establish the mass balances of C, N and P considering the analyses of the WS 

fraction and the water-insoluble (WI) fraction of the acidified blend. 
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6) Use a closed chamber with a H2SO4 trap to account directly the ammonia volatilisation 

during the preparation of the acidified and the unacidified blends. This will allow to: 

o Compare the wood ash treatment against other nutrient management 

technologies, such as nitrification. 

o Determine the kinetics of ammonia volatilisation and the feasibility of recovery 

of the NH4
+-N via reactive stripping with the H2SO4 trap. 

o Establish the mass balance of N considering amount of this element in the WS 

and WI fraction and in the H2SO4 trap. 

1.8.Structure of the thesis 

This thesis is presented in the classic structure with the following chapters: 

- Chapter 1 introduces the motivation for the research, novelty, aim and objectives, and 

outline of the thesis. 

- Chapter 2 is a literature review section that is focused on relevant processes, physico-

chemical phenomena and reactions involving wood ash, anaerobic digestate and/or any 

of the components of these materials to achieve the stabilisation, reduce the gas 

emissions and the leaching of nutrients. This literature review justifies the novelty and 

the experiments that were conducted to achieve the objectives of this PhD thesis. 

- Chapter 3 assesses two blends of anaerobic digestate and wood ash without 

acidification (two samples of each type). This chapter includes the characterisation of 

the samples that were employed in this PhD project, particularly focussing on the WS 

species. 

- Chapter 4 determines the optimum pH for the preparation of the blends of anaerobic 

digestates and wood ashes: severe acidification and pHzpc. 

- Chapter 5 evaluates a blend of anaerobic digestate and wood ash with acidification (a 

sample of each type). This chapter introduces the analysis of the WI phase of the 

blended fertiliser. 

- Chapter 6 evaluates a blend of anaerobic digestate and wood ash in a closed chamber. 

This setup with a H2SO4 trap allows to measure the NH4
+-N in the gaseous fraction of 

the blended fertiliser. Furthermore, the comparison of the nutrient profile is done with 

respect to the first point of each measured in the incubation rather than initial 

characterisation containing parameters determined by the external laboratory. 



Chemical stabilisation of anaerobic digestate via wood ash-based treatment 

43 

- Chapter 7 is a kinetic study on the release of ammonia from a blend of anaerobic 

digestate and wood ash in a closed chamber. The low dose of WFA allows to reach the 

pHzpc. 

- Chapter 8 assesses the feasibility of the recovery of the ammonia release from a blend 

of anaerobic digestate and wood ash in a closed chamber. 

- Chapter 9 includes concluding remarks from each of the previous chapters of the thesis 

and recommendations for future work. 

- Appendix contains supplementary material cited in the chapters of this thesis. 

1.9.Statement of authorship 

The results presented in this thesis correspond with excerpts from the following articles: 

- Chapter 2 is based on the published article: Moure Abelenda, A. and Aiouache, F. 

(2022) Wood Ash Based Treatment of Anaerobic Digestate: State-of-the-Art and 

Possibilities, Processes, 10(1), 147. https://doi.org/10.3390/pr10010147. 

- Chapter 3 is based on the published article: Moure Abelenda, A., Semple, K. T., Lag-

Brotons, A. J., Herbert, B. M. J., Aggidis, G., & Aiouache, F. (2021). Effects of wood 

ash‑based alkaline treatment on N, C and P availability in food waste and 

agro‑industrial waste digestates. Waste and Biomass Valorization, 12(6), pp. 3355–

3370. https://doi.org/10.1007/s12649-020-01211-1. 

- Chapter 4 is based on the article published: Moure Abelenda, A., Semple, K. T., 

Herbert, B. M. J., Aggidis, G., & Aiouache, F. (2022). Strategies for the production of 

a stable blended fertiliser of anaerobic digestates and wood ashes. Nature-Based 

Solutions, 100014. https://doi.org/10.1016/j.nbsj.2022.100014. 

- Chapter 5 is based on the published article: Moure Abelenda, A., Semple, K. T., Lag-

Brotons, A. J., Herbert, B. M. J., Aggidis, G., & Aiouache, F. (2021). Impact of 

sulphuric, hydrochloric, nitric, and lactic acids in the preparation of a blend of agro-

industrial digestate and wood ash to produce a novel fertiliser. Journal of 

Environmental Chemical Engineering, 9(1), 105021. 

https://doi.org/10.1016/j.jece.2020.105021. 

- Chapter 6 is based on the article published: Moure Abelenda, A., Semple, K. T., 

Herbert, B. M. J., Aggidis, G., & Aiouache, F. (2022). Valorization of agrowaste 

digestate via addition of wood ash, acidification, and nitrification. Environmental 

Technology & Innovation. 28, 102632. https://doi.org/10.1016/j.eti.2022.102632. 
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- Chapter 7 is based on the published aarticle: Moure Abelenda, A., Semple, K. T., Lag-

Brotons, A. J., Herbert, B. M. J., Aggidis, G., & Aiouache, F. (2021). Kinetic study of 

the stabilization of an agro-industrial digestate by adding wood fly ash. Chemical 

Engineering Journal Advances, 7, 100127. https://doi.org/10.1016/j.ceja.2021.100127. 

- Chapter 8 has been published as Moure Abelenda, A., Semple, K. T., Lag-Brotons, A. 

J., Herbert, B. M., Aggidis, G., & Aiouache, F. (2021). Alkaline wood ash, turbulence, 

and traps with excess of sulphuric acid do not strip completely the ammonia off an agro-

waste digestate. Edelweiss Chemical Science Journal, 4(1), 19–24. 

https://doi.org/10.33805/2641-7383.127. 

1.10. Publication history 

The studies for developing the wood ash-based treatment of the anaerobic digestate, to achieve 

the chemical stabilisation (Figure 2.4), were carried out following an increasing level of 

complexity. This was considered to be the best methodology for elucidating the underlying 

chemistry of the blend of wood ash and anaerobic digestate and design a holistic process for 

the preparation of the stable soil organic amendment that minimised the capital and operating 

costs. Each study, which helped to improve the conceptualisation and design of the process, 

was made available to the public domain as described in Table 1.1. The same batches of WFA 

and WBA, which were sampled at the CHP plant of a sawmill, were used to conduct all the 

experiments. The wood ash samples were stored at room temperature to minimise the contact 

with the open atmosphere. On the other hand, fresh samples of the anaerobic digestate were 

procured to conduct the experiments of Chapter 6 onwards. The anaerobic digestates were 

stored in jerry can at 3 ºC to prevent the volatilisation of NH3. In compliance with the research 

ethics, the confidential information of the suppliers of the samples was not disclosed in any of 

the articles in the public domain. The Chapter 2 of literature review was the last article to be 

prepared, once all the possibilities for the wood ash-based treatment of the anaerobic digestate 

were understood, since a short literature review was included in each of the previous articles. 

Table 1.1. The publication history of the seven articles included in this PhD thesis 

Chapter Title Journal Published 

4 

Effects of wood ash‑based alkaline treatment 

on nitrogen, carbon, and phosphorus 

availability in food waste and agro‑industrial 

waste digestates 

Waste and 

Biomass 

Valorization 

(Springer) 

27/08/20 

6 
Impact of sulphuric, hydrochloric, nitric, and 

lactic acids in the preparation of a blend of 

Journal of 

Environmental 

Chemical 

31/12/20 
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Chapter Title Journal Published 

agro-industrial digestate and wood ash to 

produce a novel fertiliser 

Engineering 

(Elsevier) 

8 
Kinetic study of the stabilization of an agro-

industrial digestate by adding wood fly ash 

Chemical 

Engineering 

Journal Advances 

(Elsevier) 

05/05/21 

9 

Alkaline wood ash, turbulence, and traps with 

excess of sulfuric acid do not strip completely 

the ammonia off an agro-waste digestate 

Edelweiss 

Chemical Science 

Journal 

(Edelweiss) 

28/08/21 

2 
Wood ash based treatment of anaerobic 

digestate: State-of-the-art and possibilities 
Processes (MDPI) 11/01/22 

5 

Strategies for the production of a stable 

blended fertiliser of anaerobic digestates and 

wood ashes 

Nature-Based 

Solutions 

(Elsevier) 

03/03/22 

7 

Valorization of agrowaste digestate via 

addition of wood ash, acidification, and 

nitrification 

Environmental 

Technology & 

Innovation 

(Elsevier) 

16/05/22 

 

1.11. Other outputs of this PhD 

1.11.1. Other related articles published during this period 

 Moure Abelenda, A., Semple, K. T., Aggidis, G., & Aiouache, F. (under review). 

Dataset on the solid-liquid separation of anaerobic digestate by means of wood ash-

based treatment. Data in Brief. Retrieved July 8, 2022, 

https://track.authorhub.elsevier.com/?uuid=8a4802ca-82d4-4140-8175-cb76ee707fe8 

 Moure Abelenda, A., & Amaechi, C. V. (2022). Manufacturing of a Granular Fertilizer 

Based on Organic Slurry and Hardening Agent. Inventions, 7(1), 26. 

https://doi.org/10.3390/inventions7010026 

 Moure Abelenda, A., Semple, K. T., Aggidis, G., & Aiouache, F. (2022). Circularity 

of Bioenergy Residues : Acidification of Anaerobic Digestate Prior to Addition of 

Wood Ash. Sustainability, 14(5), 3127. https://doi.org/10.3390/su14053127 

 Amaechi, C. V., Amaechi, E. C., Amechi, S. C., Oyetunji, A. K., Kgosiemang, I. M., 

Mgbeoji, O. J., Ojo, A. S., Moure Abelenda, A., Milad, M., Adelusi, I., & Coker, A. 

O. (2022). Management of Biohazards and Pandemics: COVID-19 and Its Implications 

in the Construction Sector. Computational Water, Energy, and Environmental 

Engineering, 11(01), 34–63. https://doi.org/10.4236/cweee.2022.111003 

https://track.authorhub.elsevier.com/?uuid=8a4802ca-82d4-4140-8175-cb76ee707fe8
https://doi.org/10.3390/inventions7010026
https://doi.org/10.3390/su14053127
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1.11.2. Featured articles 

 Government website: Moure Abelenda, A., Semple, K. T., Lag-Brotons, A. J., 

Herbert, B. M. J., Aggidis, G., & Aiouache, F. (2021). Effects of Wood Ash-Based 

Alkaline Treatment on Nitrogen, Carbon, and Phosphorus Availability in Food Waste 

and Agro-Industrial Waste Digestates. U.S.A Department of Agriculture. Retrieved 

January 21, 2022, https://pubag.nal.usda.gov/catalog/7372720 

 Citation in a review article: Venkateswarlu, K. (2021). Ashes from organic waste as 

reagents in synthetic chemistry: a review. Environmental Chemistry Letters, 19(5), 

3887–3950. https://doi.org/10.1007/s10311-021-01253-4 

 Moure Abelenda, A. (2022). Wood Ash Based Treatment of Anaerobic Digestate. 

Scholarly Community Encyclopedia. Retrieved January 21, 2022, 

https://encyclopedia.pub/19875 

 Moure Abelenda, A., Semple, K. T., Aggidis, G., & Aiouache, F. (2022). Circularity 

of Bioenergy Residues: Acidification of Anaerobic Digestate Prior to Addition of Wood 

Ash. Ideas. Retrieved May 16, 2022 

https://ideas.repec.org/a/gam/jsusta/v14y2022i5p3127-d766025.html 

 Citation of 1 article in primary research article: Yu, L., Wen, Y., Luo, X., Xiang, Y., 

Yuan, X., Pang, S., Ma, X., & Li, X. (2022). Effects of Biogas Residues on Dissipation 

of Difenoconazole in Paddy Sediment System Under Field Conditions. Frontiers in 

Environmental Science, 10, 1–8. https://doi.org/10.3389/fenvs.2022.814438 

 Citation of 2 articles in primary research article: Centorcelli, J. C., Luyben, W. L., 

Romero, C. E., & Baltrusaitis, J. (2022). Dynamic Control of Liquid Biomass Digestate 

Distillation Combined with an Integrated Solar Concentrator Cycle for Sustainable 

Nitrogen Fertilizer Production. ACS Sustainable Chemistry & Engineering, 10(22), 

7409–7417. https://doi.org/10.1021/acssuschemeng.2c02019 

 Direct citation in a primary research article: Gómez-Muñoz, B., Müller-Stöver, D., 

Hansen, V., Stoumann Jensen, L., & Magid, J. (2022). Nutrient interactions and salinity 

effects on plant uptake of phosphorus from waste-based fertilisers. Geoderma, 422, 

115939. https://doi.org/10.1016/j.geoderma.2022.115939 

1.11.3. Conference oral presentation 

 Moure Abelenda, A., Semple, K. T., Lag-Brotons, A. J., Herbert, B. M. J., Aggidis, 

G., & Aiouache, F. (2017). Design and modelling of the production of waste derived 

fertilisers from digestates and ashes. Conference of the School of Engineering of 

https://pubag.nal.usda.gov/catalog/7372720
https://doi.org/10.1007/s10311-021-01253-4
https://encyclopedia.pub/19875
https://ideas.repec.org/a/gam/jsusta/v14y2022i5p3127-d766025.html
https://doi.org/10.3389/fenvs.2022.814438
https://doi.org/10.1021/acssuschemeng.2c02019
https://doi.org/10.1016/j.geoderma.2022.115939


Chemical stabilisation of anaerobic digestate via wood ash-based treatment 

47 

Lancaster University. In person presentation. Second prize award to the best 

presentation. https://doi.org/10.13140/RG.2.2.25158.40001 

 Moure Abelenda, A., Semple, K. T., Lag-Brotons, A. J., Herbert, B. M. J., Aggidis, 

G., & Aiouache, F. (2018). Study of the acidification of the digestate before adding 

ashes to produce a blended fertiliser. Conference of the School of Engineering of 

Lancaster University. In person presentation. 

https://doi.org/10.13140/RG.2.2.31869.28649 

 Moure Abelenda, A., Semple, K. T., Lag-Brotons, A. J., Herbert, B. M. J., Aggidis, 

G., & Aiouache, F. (2019). Blend of digestate and ash as soil organic amendment. 

Conference of the School of Engineering of Lancaster University. In person 

presentation. https://doi.org/10.13140/RG.2.2.21802.95685 

 Moure Abelenda, A. (2021). Stabilisation of anaerobic digestate by adding wood ash. 

COP26 early careers presentation event organised by the Lancaster Environment Centre 

of Lancaster University. Online presentation. 

https://doi.org/10.13140/RG.2.2.10897.76648 

1.11.4. Policy briefing 

 Moure Abelenda, A. (2019). Achega para a Lei do sistema integrado para a xestión 

de dexeccións gandeiras xeradas nas explotacións da Comunidade Autónoma de 

Galicia. https://doi.org/10.13140/RG.2.2.35632.84483/1 

 Moure Abelenda, A. (2020). Highlighting the importance of the chemical 

amendmentsto tackle greenhouse gas (GHG) emissions from manure and slurry. 

Environmental Land Management and the agricultural transition - Committees - UK 

Parliament. Retrieved June 9, 2022, 

https://committees.parliament.uk/writtenevidence/21876/html/?msclkid=f221205cbda

011ec83b6b0420accb9a0 

1.11.5. Research proposal 

 Moure Abelenda, A., Coca, M., Rubio García, R. (2020). OWAS (Organic Waste 

Adsorption Stabilisation) project. Unpublished. Retrieved January 9, 2022, 

https://euraxess.ec.europa.eu/jobs/hosting/msca-if-2020-%E2%80%93-chemical-and-

biochemical-processes-group-chembiopro-%E2%80%93-expressions 
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 Moure Abelenda, A. (2021). OWAS (Organic Waste Adsorption Stabilisation) project. 

Unpublished. Retrieved February 4, 2022, https://rse.org.uk/funding-

collaboration/award/enterprise-fellowships/ 

 Moure Abelenda, A. (2022). OWAS (Organic Waste Adsorption Stabilisation) project. 

Unpublished. Retrieved February 4, 2022, https://conceptionx.org/overview/ 

1.11.6. Presentation in outreach events 

 Moure Abelenda, A., Holden, C., Reeves, K. (2020). Pint of Science: Scientific 

outreach during COVID-19. Retrieved January 9, 2022, 

https://www.lancaster.ac.uk/lec/about-us/blogs/pint-of-science-scientific-outreach-

during-c-19 

 Moure Abelenda, A. (2021). Presentation for public engagement at the Swindon 

Science Festival 2021 (Festival of Tomorrow). Retrieved January 9, 2022, 

https://whova.com/embedded/speaker/festi1_202102/14107187/ 

 Moure Abelenda, A., Sarkar, B. (2021). Air Quality briefing for COP26 of Lancaster 

University. COP26 international outreach event at Lancaster University. 

https://doi.org/10.13140/RG.2.2.34385.86883 

 Moure Abelenda, A. (2022). Presentation for public engagement at the Swindon 

Science Festival 202 (Festival of Tomorrow). Retrieved February 7, 2022, 

https://www.festivaloftomorrow.com/about 

1.11.7. Multimedia material outputs 

 Moure Abelenda, A. (2020). Video about the business idea of commercialisation of 

the technology. Kickstarter Challenge 2020 organised by the enterprise Team of 

Lancaster University (Work In Progress). Retrieved January 9, 2022, 

https://www.youtube.com/watch?v=oDIJVlm5rks&t=8s 

 Moure Abelenda, A. (2021). Video about the prototype for stabilisation of organic 

manures. UK Pint of Science. Retrieved January 9, 2022, 

https://www.youtube.com/watch?v=6bM9fVIaOow&t=1s 

 Moure Abelenda, A., López García, I. (2021). Video on air quality for COP26 of 

Lancaster University. COP26 international outreach event at Lancaster University. 

Retrieved January 9, 2022, https://www.youtube.com/watch?v=VfILqFYaLnI 
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1.11.8. Volunteering 

 Moure Abelenda, A. (2020). Presentation of the OWAS (Organic Waste Adsorption 

Stabilisation) project. PowerPoint party organised by the Buddy Programme of the 

Graduate College of Lancaster University. 

https://doi.org/10.13140/RG.2.2.22222.38726 

1.11.9. Awards 

 Second best oral presentation among the first year PhD students of the School of 

Engineering of Lancaster University. Engineering PGR Conference 2017. Retrieved 

January 9, 2022, https://www.linkedin.com/in/alejandromoureabelenda/detail/overlay-

view/urn:li:fsd_profileTreasuryMedia:(ACoAAA3KkkQBY5GrJDpZHJfsh8PqtptEu8

Uz8Ow,1635479253641)/ 

 Awarded with 10,000-euro funding for the support of a business mentor to conduct the 

primary research market and a financial viability study as part of the EU project SPIN 

UP. Retrieved January 9, 2022, https://spinup-project.eu/ 

 Certificate of achieving the status of associate fellow (AFHEA) awarded by Advanced 

Higher Education Institution of the United Kingdom in 2021. Retrieved January 9, 

2022, https://www.linkedin.com/in/alejandromoureabelenda/detail/overlay-

view/urn:li:fsd_profileTreasuryMedia:(ACoAAA3KkkQBY5GrJDpZHJfsh8PqtptEu8

Uz8Ow,1635479257180)/ 

 Gold Lancaster Award (2021). Retrieved January 9, 2022, 

https://www.linkedin.com/in/alejandromoureabelenda/detail/overlay-

view/urn:li:fsd_profileTreasuryMedia:(ACoAAA3KkkQBY5GrJDpZHJfsh8PqtptEu8

Uz8Ow,1635479253654)/ 

1.11.10. Primary market research 

 Moure Abelenda, A., (2020). Online survey for stakeholders of the agro-industry 

participating in the Northern Real Farming Conference 2020. Retrieved January 9, 

2022, https://forms.gle/B9GCNbVbBk8r7h926 

 Moure Abelenda, A., Turnes Abelenda, A., Meana, S. (2020). Application to the C-

Voucher circular economy open call. Project Acronym OWAS (Organic Waste 

Adsorption Stabilisation) project. https://doi.org/10.13140/RG.2.2.22222.38726. 

https://doi.org/10.13140/RG.2.2.22222.38726
https://www.linkedin.com/in/alejandromoureabelenda/detail/overlay-view/urn:li:fsd_profileTreasuryMedia:(ACoAAA3KkkQBY5GrJDpZHJfsh8PqtptEu8Uz8Ow,1635479253641)/
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1.11.11. Other conferences attended 

 Lancaster Environment Centre winter conference (online). Retrieved January 21, 2022, 

https://www.lancaster.ac.uk/lec/about-us/events/next-steps-in-research-lec-winter-

conference-2022 

 Jornadas Latinoamericanas en Digestión Anaerobia. Uruguay 22nd October 2020, 

Brazil 29th October 2020, Chile 5th November 2020 and Mexico 12th November 2020. 

Online conference. Retrieved January 9, 2022, 

https://www.youtube.com/channel/UC7u1LNfdpMsMKVn316b-4cA 

 Ramiran. 15th September 2020 Cambridge (UK). Online conference hosted by ADAS 

Ltd. Retrieved January 9, 2022, https://www.ramiran2020.org/ 

 Engineering PGR conference. 29th and 30th June 2021. MS teams online conference. 

Retrieved January 9, 2022, https://web.microsoftstream.com/video/cb660033-dda9-

4b7d-9232-928d42665522 

 Nothern Real farming Conference. 28th September to 10th October 2020.MS Teams 

online conference. Retrieved January 9, 2022, 

https://www.northernrealfarming.org/schedule/ 

 Faculty of Science and Technology of Lancaster University annual conference. 2016, 

2017, 2018, 2019, 2020 and 2021. Retrieved January 9, 2022, 

https://www.lancaster.ac.uk/events/fst-annual-conference 

1.11.12. Participation in workshops 

 Postgraduate research training workshops of the Faculty of Science and Technology of 

Lancaster University (in person and online). Retrieved January 21, 2022, 

https://lancaster-

uk.libcal.com/calendar/PGResearchTraining?cid=6200&t=d&d=0000-00-

00&cal=6200&inc=0 

https://www.lancaster.ac.uk/lec/about-us/events/next-steps-in-research-lec-winter-conference-2022
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https://www.northernrealfarming.org/schedule/
https://www.lancaster.ac.uk/events/fst-annual-conference
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2. Literature review on stabilisation of anaerobic digestate via the 

addition of wood ash 

This literature review is presented in an organised manner that includes (a) the role of the wood 

ashes to enhance the biogas production in the AD, (b) the use of wood ashes in the downstream 

processing of anaerobic digestate (e.g. nutrient recovery and dewatering) and (c) the impact of 

the wood ashes in the performance of the anaerobic digestate as soil organic amendment. The 

results of both fractions of the wood ashes (fly and bottom) were considered to design a 

synergistic process that makes the most of the wood ash as alkaline agent and sorbent, to isolate 

the nutrients and improve the properties of the anaerobic digestate as slow-release fertiliser. 

The downstream processing also includes the destruction of pathogenic microorganism and the 

inoculation of biofertilisers that enhance the availability of the nutrients, once the blended 

fertiliser is applied to land. The literature review focussed primarily on the fate of C, N and P 

because these are the key elements that boost the microbial growth. Furthermore, the fate of 

these elements is associated (a) to the GHGs (CH4, CO2, N2O) and ammonia (NH3) emissions 

that contaminate the atmosphere and (b) to the leachates (NO3
- and PO4

3-) responsible of the 

eutrophication of surface and underground waters. Despite the Corg is not widely employed by 

plants, in this thesis, C is regarded as a nutrient because it is the substrate of the microbes in 

the AD and in the soil. Due to the limited literature found on the use of additives for 

stabilisation of anaerobic digestate, the studies involving other type of soil organic amendments 

(e.g. animal manure, slurry, MSW, SS, urine, wastewater and compost) were assessed to further 

build the knowledge of the underlying chemistry of the stabilisation. This chapter also includes 

the review of other additives different from the wood ashes and commercial acids (e.g. H2SO4 

and HCl) that are used with the same purpose of stabilising the soil organic amendments, 

including anaerobic digestate. This literature review includes coal fly ash (CFA), MSW ash, 

SS ash and other type of biomass ash, biochar or charcoal (Brennan et al., 2015), activated 

carbon (AC), lime (i.e. mixture of CaO, Ca(OH)2 and CaCO3), dolomite (CaMg(CO3)2) and 

waste magnesite dust. 

2.1.State-of-the-art of AD 

The AD process consists in the controlled fermentation of the OM. There is no agreement in 

the biochemical mechanisms taking place and there are models going from two to nine steps 

(García-Ochoa et al., 1999). The widest accepted mechanism consist of four steps (Figure 1.2): 

hydrolysis, acidogenesis, acetogenesis and methanogenesis (Madsen et al., 2011). Since the 
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AD is carried out by microorganisms, the fermentation is done at atmospheric pressure in an 

airtight reactor. Depending on the type of microbial consortium used, the AD can take place in 

psychrophilic (between 0 and 20 °C; (Madani-Hosseini et al., 2015)) mesophilic (35 °C; (M. 

Kim et al., 2002)) or thermophilic (55 °C; (M. Kim et al., 2002)) conditions. Both the 

mesophilic and the thermophilic temperatures are the conditions most widely used to carry out 

the AD (Ward et al., 2008). Despite the psychrophilic temperatures can be used for the main 

digestion (Madani-Hosseini et al., 2015), these conditions are preferred for the storage of the 

digestate because of the low cost of keeping the storage tank at ambient temperature without 

insulation, heating, or cooling (Nohra et al., 2003). In this way, the storage is also an important 

part of the stabilisation of the organic waste (UK Government, 2016). 

A step-wise process (Figure 2.1) is the most efficient way of performing the anaerobic 

fermentation (Boe et al., 2009; Fang et al., 2011; Lemmer & Krümpel, 2017). Figure 2.1 shows 

the typical block flow diagram of a biogas plant. Not all the steps involve the anaerobic 

degradation of the OM. This is the case of the first step, which is the pre-treatment or 

conditioning of the feedstock. The operations included in this step can go from the simple 

removal of any indigestible material (Dumitru, 2014), such as stones and other impurities, to 

complex hydrolysis treatments. There are available biological, thermal, mechanical and 

chemical methods (Carrère et al., 2010) to hydrolyse the non-fermentable compounds of the 

feedstock and to improve the yield of the remaining steps of the digestion system (Shah et al., 

2015). For example, the alkaline pre-treatment with wood ash can ease the fermentation of the 

substrates. It should be noted that the alkaline pre-treatment is less inhibitory for fermentation 

than the acid pre-treatment (J. S. Kim et al., 2016; Miyafuji et al., 2003). 

DIGESTER
(1ST STEP)

POST-DIGESTER
(2ND STEP)

STORAGE TANKFEEDSTOCK DIGESTATEPRETREATMENT

 

Figure 2.1. Stages of a digestion system. Elaborated based on the descriptions provided by J. 

S. Kim et al. (2016), Boe et al. (2009) and Madani-Hosseini et al. (2010). 

The remaining three steps involve the use of anaerobes. These microbes are mostly active in 

the main digestion and the post-digestion. This is how they are called the first 2 steps of AD in 

the case of using continuous stirred tank reactors (CSTRs) in series (Tambone et al., 2009). 

The most important parameter for the design and operation of the anaerobic digester (Linke, 
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2006; Nathalie Bachmann, 2013) is the organic loading rate (OLR; Equation 2.1). The Equation 

2.1 was adapted from Bachmann (2013): 

𝑂𝐿𝑅 (𝑘𝑔
𝑉𝑆

𝑚3𝑑𝑎𝑦
) =

𝐼𝑛𝑝𝑢𝑡 (
𝑘𝑔 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑑𝑎𝑦
) × 𝐿𝑎𝑏𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 (

𝑘𝑔 𝑉𝑆
𝑘𝑔 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

)

𝑁𝑒𝑡 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚3)
 

 

 

Equation 2.1 

OLR, organic loading rate expressed as VS fed to each m3 of anaerobic digester per day. 

Input, could be expressed as mass or volume of substrate fed to the anaerobic digester each 

day. 

Labile matter, expressed as share of VS in the feedstock of AD. 

The last stage of the digestion system is the storage of the digestate in psychrophilic conditions 

at room temperature (Madani-Hosseini et al., 2015; Nohra et al., 2003). The tank is covered 

by an air-tight membrane or lid to collect the biogas release. The aim of this stage is to continue 

with the maturation (Figure 2.9) of the digestate although the biogas released is often not 

recovered (Gioelli et al., 2011). The length of the stages of the digestion system follows the 

order: pre-treatment < digestion & post-digestion < storage (Table 2.1). 

Table 2.1. Duration of the stages of the digestion system. 

Stage Length Reference 

Pre-treatment From 1.5 seconds (ultrasounds) 

To 7 days 

(Carrère et al., 2010; Gavala et 

al., 2003; Xie et al., 2007) 
aPrimary 

digestion 

Minimum of 10 days to avoid the 

washout of microbes 

To 30 – 40 days 

(Eder & Schulz, 2012; Tambone 

et al., 2009) 

aPost-

digestion 

From 5.3 days 

To 50 days 

(Boe et al., 2009; Tambone et al., 

2009) 
aStorage From 4 months (UK) to 10 months 

(Sweden) 

(Hermann & Hermann, 2019; 

Holm-Nielsen et al., 2009; 

Lukehurst et al., 2010; Nordberg, 

1999) 
aIn the case of using manure or wastewater as feedstock of AD, the three last stages of the 

digestion process (i.e. primary digestion, post-digestion and storage) can be combined in a 

process so-called in-storage-psychrophilic-anaerobic-digestion with a duration ranging from 

100 to 300 days (Madani-Hosseini et al., 2015; Nohra et al., 2003). 

Reducing the storage capacity is important to lower the cost of handling the anaerobic digestate 

(Nohra et al., 2003). This can be achieved by developing processing technologies to obtain 

novel fertilisers (e.g. granular) derived from the digestate (Fivelman, 2013). The length of the 

storage of the digestate is determined by: 

1. The degree of stability of the digestate leaving the post-digestion: This parameter can 

be determined by a biochemical methane potential (BMP) test. In the UK, the BSI PAS 

110:2014 establishes that the RBP test should be applied for this purpose (Saveyn & 
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Eder, 2014). The upper limit of the total amount of gas release under the conditions of 

the test and the threshold value for the preliminary screening were set as described in 

Table 2.2: 

Table 2.2. Different threshold values to measure the stability of the anaerobic digestate 

available in the BSI PAS 110:2014 (WRAP, 2014a) and the RBP test (Banks et al., 2013; 

Walker et al., 2010). 

aUpper limit RBP test bUpper limit screening Reference 

0.45 L biogas/g volatile 

solids (VS) 

0.774 g chemical oxygen 

demand (COD)/g VS 

PAS 110 (WRAP, 2014a) 

0.25 L biogas/g VS 0.43 g COD/g VS RBP test (Banks et al., 2013; 

Walker et al., 2010) 
aUpper limit for the total amount of gas release by the end of the RBP test (28 days). 
bUpper limit for the preliminary screening of the samples before doing the test. 

As described in Table 2.2, the anaerobic digestate should have a content lower than 

0.774 g COD/g VS to perform the RBP test successfully. Figure 2.2 shows typical 

profiles of biogas release from healthy (blue line) and inhibited (red line) RBP tests 

(Walker et al., 2010). A healthy RBP test shows the total release of biogas within the 

28 days that lasts the RBP test. An inhibited RBP test can lead to regard a sample as 

stable using a 28-day test, even when it can release more gas than the established upper 

limit (Figure 2.2). According to Walker et al. (2010), “some of the results showed a 

long lag phase where, after deduction of the gas produced by the inoculum, the net 

biogas production from the tests is negative”. Walker et al. (2010) further explained 

the biochemical reason for which the red line in Figure 2.2 goes below zero: 

Negative net biogas production is generally associated with some inhibition of the 

inoculum by the substrate (digestate), either because of a component already 

present in the substrate or due to rapid fermentation of a readily degradable material 

producing acidic conditions (Walker et al., 2010, p. 26). 
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Figure 2.2. Heatlhy RBP test (blue line) released all the biogas during the first 28 days of the 

incubation. Inhibited RBP test (red line) by high COD concentration can lead to regard samples 

as stable when they are still releasing more gas than the established upper limit. This example 

is a modification of Figure 17 of the RBP test methodology (Banks et al., 2013; Walker et al., 

2010). 

2. Nutrient quotas: The utilisation of soil organic amendments (e.g. anaerobic digestate, 

animal manure and slurry) is only allowed during certain periods of the year (Hermann 

& Hermann, 2019). In countries like Sweden, it is compulsory to have a storage 

capacity for the digestate between 6 and 10 months (Holm-Nielsen et al., 2009; 

Lukehurst et al., 2010). On the other hand, in Italy, because of the warmer climate with 

fewer precipitations (resulting in higher crop growth, better nutrient uptake and less 

nutrient runoff), the required storage capacity for the digestate is between 3 and 6 

months. During the growing season of the crops, the plant is ready to uptake the 

nutrients and there is less leaching and runoff to underground waters (Lukehurst et al., 

2010). The time of maximum crop growth is from late winter (i.e. February) through 

spring and summer. The application during autumn leads to large amounts of N being 

lost, unless the crop (e.g. oilseed rape) requires N at this time (WRAP, 2012b). The 

load of N onto the fields has been regulated since 1991 in Europe and in the UK by The 

Nitrates Directive 91/676/EEC (European Commission, 2020). This directive aims to 

decrease water pollution due to the leaching of the agricultural fertilisers. The 
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maximum allowed application rate of organic manures (e.g. anaerobic digestate) is 170 

kg N/ha/year, although this depends on the type of crop and the location. After the 31st 

December 2020 (i.e. end of transition period for Brexit), the UK has established 

different nitrogen quotas for the Nitrate Vulnerable Zones in its territory (UK 

Government, 2021a) and a rate of application of organic manure up to 250 kg N/ha/year 

can be acceptable. In warmer countries, such as Ghana, that requires less amount of N 

to promote the crop growth, the recommended rate of application of organic manures 

is lower and around 60 kg N/ha/year (Essel et al., 2020). 

2.2. Use of wood ash as an additive for enhancing the AD 

The addition of wood ash to the feedstock of AD can be understood as a way of promoting the 

stabilisation of the anaerobic digestate: the more the biogas is released during the AD, the lesser 

the emissions of CH4 and CO2 during storage and land application of the soil organic 

amendments (Appels et al., 2011). It is also important to mention that the OM could be used 

as stabilising agent by enhancing the degradability of substrates during the AD, hence less 

GHG could be expected after land application of these recalcitrant wastes (Raman et al., 2017). 

For example, Acosta et al. (2021) explained that cow manure can be used to promote the 

degradation of cocoa waste in an anaerobic co-digestion process. To authors’ knowledge 6 

studies have been reported on the topic of anerobic co-digestion involving wood ash. Alavi-

Borazjani et al. (2020) provided an insight into the feasibility of the utilisation of biomass ashes 

in AD and biogas upgrading. According to Alavi-Borazjani et al. (2020), biomass ashes are a 

cheap source of alkali suitable to control the excessive acidification of anaerobic digesters. The 

metal oxides present in the ashes could react with moisture and CO2 of the biogas, leading to a 

decrease of alkalinity due to formation of hydroxides and carbonates (CO3
2-), respectively 

(Demeyer et al., 2001). These types of absorption reactions (e.g. neutralisation, carbonation, 

etc.) are widely used for cleaning the biogas (Mulu et al., 2021; Papurello et al., 2022) and 

even flue gases (Ahmaruzzaman, 2010). In addition to attain the upgrading of the biogas with 

a content of CH4 from 60 vol.% to ≥ 90 vol.% (ie. biomethane grade), the neutralised ashes 

would be more suitable as a source of nutrients because avoid the pH shock (Bachmaier et al., 

2021; Belviso, 2018; Huotari et al., 2015; Voshell et al., 2018) of the microbial consortium in 

the anaerobic digester. Biomethane (~ 98 vol.% CH4) can be used in the same infrastructure of 

natural gas (Da Costa Gomez, 2013; Ryckebosch et al., 2011). 
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Biogas production is enhanced also due to the supplementation with the macro and 

micronutrient present in biomass ashes, which are required for the anaerobic microbes. The 

first experiments on the enhancement of AD via addition of wood ash were conducted by 

Adeyanju (2008) and Onwosi & Okereke (2009). Whilst Adeyanju (2008) used pig waste and 

cassava peel as substrate, Onwosi & Okereke (2009) prepared the brewery spent grains with 

rumen liquor as inoculum. Adeyanju (2008) combined organic material (25 %) with distilled 

water (75 %) as feedstock and Onwosi & Okereke (2009) confirmed that greater dilution of the 

organic material would reduce the biogas production. Adeyanju (2008) found that seeding the 

anaerobic digester with ash of Bauhina monandrina plant increase more than twice the biogas 

production during the 45-day incubation. Interestingly, Adeyanju (2008) reported that the pH 

of the digester sown with wood ash was 4.40 but the methanogen archaea were able to adapt 

to the acidic conditions of the digester media. According to Adeyanju (2008), the biodigester 

containing 25 % of pig waste and 75 % distilled water with a pH of 7.91 produced less amount 

of biogas because the methanogens in these experiments thrive better in non-alkaline 

conditions (Adeyanju, 2008). Onwosi & Okereke (2009) obtained the greatest release of biogas 

when the digestate was amended with wood ash than when poultry litter or urea were used as 

additives. High quality manure resulted from the AD process since the N content of the 

stabilised biowaste increase by the end of the fermentation (Onwosi & Okereke, 2009). 

The most widely cited articles on the enhancement of the AD are compared in Table 2.4, from 

the points of view of the wood ash type and dose, the impact of the ash addition on the 

microbes, the biogas production and the final composition of the amended anaerobic digestate 

before land application of this material. Podmirseg et al. (2013) conducted a full study on the 

use of WBA as amendment to AD of cattle slurry. The authors considered the previous work 

of Lo et al. (2009) on the use of MSW ash to build their understanding of the impact of ash on 

AD. A similar stabilisation process can be considered for MSW landfilling (Lo et al., 2009) 

and in this case, the gas and the leachate are collected via pipelines at the top of the landfill and 

at the bottom liner, respectively. Bauer et al. (2022) highlighted that their study was the first 

work on the co-digestion of WFA with thickened WWTP sludge and subsequent land 

application of the amended digestate. Cimon et al. (2020) tested wood ash and biochar as 

additives to temperature-phased AD of wastewater sludge and they acknowledge the previous 

work of Podmirseg et al. (2013). 
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Table 2.4. Summary of the most cited articles related to the use of wood ash in the AD. 

Study Type of ash and incinerator. 

Type of substrate. 

Type of anaerobic digester. 

Ash dose. 

Impact on the biogas production. 

Effect on the composition of the 

anaerobic digestate. 

Lo et al. 

(2009). 

 

This article 

was cited by 

the 3 articles 

below 

employing 

wood ash in 

AD. 

MSW fly ash from an industrial 

incinerator, 850 – 1050 ºC. The flue 

gases were treated with semi-dry 

scrubber using Ca(OH)2 as flushing 

agent, powdered C and filter bag. 

Synthetic MSW substrate and 

anaerobic sludge seeding 

35 ºC leaching/percolate (100 

mL/day) bed reactor. 

0, 10 and 20 g MSW fly ash/L MSW 

(equivalent to 0.2 and 0.4 g/g VS or 

0.17 and 0.33 g/g TS, respectively).  

Lo et al. (2010) tested 100 g MSW 

bottom ash/L MSW, 2 g MSW 

bottom ash/g VS or 1.67 g MSW 

bottom ash/g TS. 

Drop in the pH due enhancement of 

the hydrolytic and acidogenic 

processes. After the 84 days of 

operation, decrease of VS and 

accumulation of the VFAs due to 

decrease of methanogenic activity. 

Biogas production rate in ash-added 

digesters was higher than in control 

experiment (i.e. unamended BMP) 

but total yield followed the trend: 

20 g/L > 0 g/L > 10 g/L > 100 g/L 

(Lo et al., 2010). 

Podmirseg et 

al. (2013). 

Wood bottom ash WBA (2-mm 

sieved and 105 ºC dried). 

2-mm sieved cattle slurry (5 weeks 

AD). 

1 L; 37 ºC; 50 revolutions per minute 

(rpm); 20-day retention time. 

0 and 0.5 g ash/g TS, which is 

equivalent to 0.96 g wood ash/g VS 

or 9.65 g bottom ash/L digested 

cattle slurry. 

Biogas stopped after the addition of 

ash and higher rates of production 

were found when the doe of ash 

decreased down to 0.25 g/g TS 

(0.48 g/g VS or 4.83 g/L digested 

cattle slurry). The biogas increased 

the content of CH4. The NH4
+-N 

was not affected by the ash 

amendment but VS increased. With 

excessive ash dose, C/N increase 

due to accumulation of VFAs. 

Bauer et al. 

(2022). 

WFA from CHP plant using wood 

residues as fuel of a fluidised bed 

incinerator. 

Thickened WWTP sludge. 

37 ºC for 4 weeks. 

0, 0.4, 0.7 and 1 g ash/g VS or 0, 

0.28, 0.49 and 0.70 g ash/g TS or 0, 

0.008, 0.015 and 0.022 g ash/L, 

respectively. 

The elevated pH at the beginning of 

the AD was the responsible of the 

longer lag phase when adding the 

wood ash to the digester. After 3 to 

5 days the production of biogas is 

comparable to the control 

experiment because the 

accumulation of VFAs decreases 

the pH. 

Cimon et al. 

(2020). 

Boiler ash granular (0.85 – 4.75 mm) 

and powdered (< 0.075 mm): 

Conventional fixed grate biomass 

combustion system fueled by pine, 

spruce and fir bark and some dry 

wood shavings. 

Fermented WWTP sludge. 

Wood ash increase the lag phase of 

AD and decreased the total biogas 

produced. Wood ash accelerated 

the biodegradation of propionic and 

butyric acids. Even at a rate of 2.2 g 

ash/g VSsubstrate the wood ash poorly 

contributed to the total alkalinity, 

thus the authors recommend the use 
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Study Type of ash and incinerator. 

Type of substrate. 

Type of anaerobic digester. 

Ash dose. 

Impact on the biogas production. 

Effect on the composition of the 

anaerobic digestate. 

Wood ash doses ranging from 0.16 to 

3.7 g/g VS fermented WWTP sludge, 

which is equivalent to 0.14 and 3.2 g 

ash/g TS or 5.72 and 133.94 g ash/L, 

respectively. 

of a buffer (e.g. 20 mmol/L Na2CO3 

& KHCO3 even when adding the 

ash). The authors found that the 

granular wood ash was able to 

remove NH4
+-N from the liquid 

phase due to adsorption via cation 

exchange. 

 

2.3.Downstream processing of the anaerobic digestate via the addition of wood ash 

The wood ash can be added to the anaerobic digestate after the biodigester, to ease the 

management of this material by developing a process complying with the green chemistry 

principles, with the minimum input of energy and resources due to all the synergies involved. 

The role of the wood ash as sorbent is essential to produce a controlled-release fertiliser derived 

from the anaerobic digestate (Moure Abelenda & Aiouache, 2022; Szymula et al., 2021). The 

sorption (adsorption and/or absorption; (Laohaprapanon et al., 2010)) will take place since the 

moment in which the ash gets in touch with the anaerobic digestate, hence this phenomenon is 

implicitly involved in each step of the process of Figure 2.3. 

4 % TS Anaerobic 

Digestate

98 % TS WA

Blending ratio:

5 g TS WA/g TS 

Digestate;

Blend: 20 % TS

24 h 

Pasteurisation & 

NH3 Stripping: 

Turbulent Mixing 

+ H2SO4 trap

40 – 60 % 

(NH4)2SO4(aq)

Acidification & 

Dewatering 

(Cationic 

Surfactant)

80 % TS

H2O

Self-hardening

(24 h) & 

granulation

Sorption

 

Figure 2.3. Block flow diagram of the proposed downstream processing of the anaerobic 

digestate with wood ash to produce a granular organic fertiliser (% TS = percentage of total 

solids). Elaborated considering the different treatments, synergies and technologies that can be 

implemented with a blend of wood ash and anaerobic digestate (Bauer et al., 2022; Cimon et 

al., 2020; Limoli et al., 2016; Lo et al., 2009; Pesonen et al., 2016; Podmirseg et al., 2013; 

Vaneeckhaute et al., 2017; Zheng et al., 2016). 
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The dose of wood ash depends on the intended properties of the fertiliser to be manufactured. 

The following are some of the considerations that were taken into account to establish the 

optimum blending ratio of 5 g TS wood ash/g TS anaerobic digestate (Figure 2.3): 

(a) Enhancement of AD could be achieved by preparing the feedstock with up to 2.0 % 

CFA (Abbas et al., 2021). 

(b) Precipitation of struvite (MgNH4PO4·6H2O) and adsorption of phosphate achieved by 

preparing a suspension with up to 2.8 % ash in swine wastewater (Huang et al., 2017). 

(c) Application to land of both raw materials following a blending of up to 7.2 % of wood 

ash (Bougnom et al., 2012). 

(d) Mitigation of CH4, CO2, NH3, N2O associated with the storage of cattle slurry with 4.6 

% TS content by adding charcoal or biochar at a rate of 4.3 % (Miranda et al., 2021) 

and around 10.7 vol.% (Brennan et al., 2015). 

(e) Adjustment of the pH to 5.5 of untreated pig slurry and co-digested pig slurry by adding 

2.0 and 3.4 % of powdered aluminium sulphate (Al2(SO4)3), respectively (Regueiro, 

Coutinho, & Fangueiro, 2016; Regueiro, Coutinho, Gioelli, et al., 2016). 

(f) Supplementation of the anaerobic digestate by means of wood ash dose up to 10.0 % 

or 3.1 g TS ash/ g TS digestate to improve the nutrient ratio (C/N/P), the availability of 

P and the microbial activity in the soil (Richards et al., 2021). 

(g) Agreement with the regulations in terms of the maximum content of heavy metals 

present in the anaerobic digestate (WRAP, 2012a, 2014a). The share of wood ash 

should not be greater 13.4 % in the blend with the anaerobic digestate or 1.5 g TS PLA/g 

TS AD. These values were obtained by considering the content of zinc as limiting 

factor. See more assumptions for these calculations in the section A.1. 

(h) Prevention of a large volume of dewatered digestate obtained via filtration by using as 

much CFA as the TS of the digestate (i.e. 1 g TS CFA/g TS digestate) to assist the 

dewatering process (Zheng et al., 2016). 

(i) Alkaline stabilisation of SS via liming with a dose of CaO as high as 28.6 % or 8 g TS 

CaO/g TS SS to decrease the pathogens (Méndez et al., 2002). A dose of 3.82 g TS 

CaO/g TS digestate or 224.5 g CaO/L digestate (5.5 % dry matter, DM) was required 

for reaching a pH 12 and removing the 51.2 % of the NH4
+-N due to NH3 volatilisation 

(Limoli et al., 2016). Limoli et al. (2016) reported that a low dose of 45 g/L increased 

42.7 % the TS content of the manure digestate. If the organic material have higher DM 

content (e.g. 25.4 %), a dose of 50 g CaO/kg SS represent an increase in the TS content 
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of approximately 30 % and just 2 units of pH, but still might be enough to produce a 

liming effect and the availability of heavy metals (Jamali et al., 2008). 

(j) The reduction of phosphate availability by adding 5.6 kg of CFA to each kg of dairy 

slurry (Brennan et al., 2011) could present a dose of greater 110 g TS CFA/g TS slurry, 

if the moisture content of the organic manure is 95 %. 

(k) Preparation of granules with 100 % biomass ash showed the best mechanical properties. 

Decreasing the content to 80 % bio-ash and 20 % dewatered SS (45 % moisture), 

significantly affected the compressive strength of the pellets (Pesonen et al., 2016). The 

lowest dose of bio-ash and Ca(OH)2 that Pesonen et al. (2016) tested was corresponded 

to a 5.19 g TS bio-ash+Ca(OH)2/g TS hygienised SS. 

Ideally the dose of wood ash would be optimum to achieve of the the different levels of stability 

(Figure 2.4), as defined below: 
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Figure 2.4. Different levels of stabilization of organic slurry with 95 % moisture (Moure 

Abelenda & Amaechi, 2022). 

2.3.1. Pasteurisation and sterilisation 

According to the animal by-product regulations for biogas plants in the UK (UK Government, 

2020), unless the AD is done in the conditions of Table 2.5, pasteurisation (70 ºC for 1 hour) 

of the digestate is required before using the digestate for any application (WRAP, 2014a). A 

considerable reduction in the amount of pathogens can be achieved during the fermentation, 

especially if it is done in thermophilic conditions (Madsen et al., 2011). Also, the best control 
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of the digester was obtained in the one-stage non-mixing thermophilic reactor (M. Kim et al., 

2002). 

Table 2.5. Conditions to produce a sanitised digestate when using ABP as feedstock in AD 

(UK Government, 2020). 

Minimum temperature Minimum time Maximum particle size 

57 °C 5 hours 50 mm 

 

Greater doses of wood ash than that used to improve the performance of the AD (Table 2.4) 

need to be employed with pasteurisation and sterilisation purposes. While the sterilisation 

implies the destruction of all life forms in the anaerobic digestate, the pasteurised material 

might contain beneficial or harmless microorganisms (WRAP, 2014a). The aim is to keep the 

pH of the organic manure above 12 for at least 2 hours (Tchobanoglous et al., 2014, pp. 1501-

1502; UK Government, 2018). This is often achieved using a rate of application of wood ash 

to organic material of 0.1 g Ca(OH)2 per g TS (J. S. Kim et al., 2016; Tchobanoglous et al., 

2014, p. 1501). It should be noted that calcium (Ca) represent approximately the 18 % of the 

total weight of the wood ash (Demeyer et al., 2001), thus this element is one of the main 

components of this material (Ribbing, 2007). This alkaline treatment, like the use of lime, 

reduces the time of storage of organic manures by 3 months while still preventing the 

contamination of the crops by pathogens (Nag et al., 2021; UK Government, 2016). The shares 

of the calcium as oxide, hydroxide and CO3
2- in the wood ashes are mainly determined by the 

temperature of incineration and storage conditions. Under 500 ºC CO3
2- and bicarbonates 

predominate, while oxides require temperatures around 1,000 ºC (Demeyer et al., 2001). Also, 

during storage the reaction with the moisture and the CO2 in the atmosphere lead to the 

formation of hydroxides and CO3
2- although the conversion to CaO is possible via calcination 

of the ashes at temperatures over 500 ºC (Al-Mallahi et al., 2020; Sakthivel et al., 2012). 

2.3.2. N recovery processes 

This subsection only describes processes of NH3 stripping, struvite precipitation and sorption 

of the N in the soil organic amendments, for the exploitation of this element as fertiliser. The 

aforementioned technologies are the most convenient for the implementation with the wood 

ashes. Biological N removal processes, such as nitrification/denitrification, were not 

considered despite these technologies are suitable for the anaerobic digestate with low 

COD/NH4
+-N (L. Liu et al., 2015), before the addition of the wood ash. Traditional 

nitrification/denitrification technology, as expressed in Equation 2.4, is expensive due to high 

cost of oxygen supply (Equation 2.7) and external Corg source addition (Scaglione et al., 2013; 
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Tian & Yu, 2020) as donor of electrons (Equation 2.12). The nitrification of the reduced N is 

a two-step process which can be done by several type of bacteria (Prosser, 2005). With regard 

to the first step (Equation 2.5), most of the oxidation of NH4
+ (or NH3) to nitrite is done by 

Nitrosomonas. Similarly, the final oxidation of nitrite to nitrate (Equation 2.6) is mainly carried 

out by Nitrobacter (International Plant Nutrition Institute of Canada, 2017b). The nitrification 

can be employed for the better preservation of N in the anaerobic digestate during the wood 

ash-based treatment, in the same way is applied before drying (Botheju et al., 2010). However, 

this might affect the quality of the fertiliser due to the source of N, although none of this forms 

of N is very stable after land application (Cowan et al., 2019). 

𝑁𝐻4
+
(𝑎𝑞)

+ 3/2𝑂2(𝑔) → 𝑁𝑂3
−
(𝑎𝑞)

+ 4𝐻+
(𝑎𝑞) + 4𝑒− Equation 2.2 

𝑁𝑂3
−
(𝑎𝑞)

+ 6𝐻+
(𝑎𝑞) + 5𝑒− → 1 2⁄ 𝑁2(𝑔) + 3𝐻2𝑂(𝑙) Equation 2.3 

𝑁𝐻4
+
(𝑎𝑞)

+ 3 2⁄ 𝑂2(𝑔) + 2𝐻+
(𝑎𝑞) + 𝑒− → 1 2⁄ 𝑁2(𝑔) + 3𝐻2𝑂(𝑙) Equation 2.4 

 

𝑁𝐻4
+
(𝑎𝑞)

+ 𝑂2(𝑔) → 𝑁𝑂2
−
(𝑎𝑞)

+ 4𝐻+
(𝑎𝑞) + 2𝑒− Equation 2.5 

𝑁𝑂2
−
(𝑎𝑞)

+ 𝐻2𝑂(𝑙) → 𝑁𝑂3
−
(𝑎𝑞)

+ 2𝐻+
(𝑎𝑞) + 2𝑒− Equation 2.6 

𝑁𝐻4
+
(𝑎𝑞)

+ 3 2⁄ 𝑂2(𝑔) → 𝑁𝑂3
− + 4𝐻+

(𝑎𝑞) + 4𝑒− Equation 2.7 

 

𝑁𝑂3
−
(𝑎𝑞)

+ 2𝐻+
(𝑎𝑞) + 2𝑒− → 𝑁𝑂2

−
(𝑎𝑞)

+ 𝐻2𝑂(𝑙) Equation 2.8 

𝑁𝑂2
−
(𝑎𝑞)

+ 2𝐻+
(𝑎𝑞) + 𝑒− → 𝑁𝑂(𝑎𝑞) +𝐻2𝑂(𝑙) Equation 2.9 

𝑁𝑂(𝑎𝑞) + 𝐻+
(𝑎𝑞) + 𝑒− → 1 2⁄ 𝑁2𝑂(𝑔) + 1 2⁄ 𝐻2𝑂(𝑙) Equation 2.10 

1 2⁄ 𝑁2𝑂(𝑔) + 𝐻+
(𝑎𝑞) + 𝑒− → 1 2⁄ 𝑁2 + 1 2⁄ 𝐻2𝑂(𝑙) Equation 2.11 

𝑁𝑂3
−
(𝑎𝑞)

+ 6𝐻+
(𝑎𝑞) + 5𝑒− → 1 2⁄ 𝑁2(𝑔) + 3𝐻2𝑂(𝑙) Equation 2.12 

Pseudomonas aeruginosa is capable of perform complete denitrification (Arat et al., 2015; 

International Plant Nutrition Institute of Canada, 2017a), hence this bacteria is able to provide 

the enzymes: nitrate reductase (Equation 2.8), nitrite reductase (Equation 2.9), nitric oxide 

reductase (Equation 2.10) and nitrous oxide reductase (Equation 2.11). 

The autotrophic N removal process involving partial nitrification (Equation 2.13) and 

anammox (i.e. anaerobic ammonium oxidation; Equation 2.17) with 85 – 90 % N removal 

efficiency are still applicable to the anaerobic digestate with low COD/NH4
+-N (Scaglione et 

al., 2015). Nevertheless, this technology in not interesting for this section of the literature 

review about N recovery processes. In a wastewater treatment plant, the anammox process 

reduces SS production and energy consumption but high capital investment is required due to 

the control and automation equipment. Several bacteria of the phylum Planctomycetes, like 

Brocadia, are able to assist the anammox process. The SS is traditionally employed as a 
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feedstock of AD, hence reducing the production of this material could be regarded as a strategy 

for improving the management of the anaerobic digestate and the nutrients. 

𝑁𝐻4
+
(𝑎𝑞)

+ 𝑂2(𝑔) → 𝑁𝑂2
−
(𝑎𝑞)

+ 4𝐻+
(𝑎𝑞) + 2𝑒− Equation 2.13  

2𝑁𝑂2
−
(𝑎𝑞)

+ 2𝐻+
(𝑎𝑞) + 𝑒− → 𝑁𝑂(𝑎𝑞) + 𝐻2𝑂(𝑙) Equation 2.14  

𝑁𝑂(𝑎𝑞) +𝐻+
(𝑎𝑞) + 𝑒− → 1 2⁄ 𝑁2𝑂(𝑔) + 1 2⁄ 𝐻2𝑂(𝑙) Equation 2.15 

1 2⁄ 𝑁2𝑂(𝑔) +𝐻+
(𝑎𝑞) + 𝑒− → 1 2⁄ 𝑁2(𝑔) + 1 2⁄ 𝐻2𝑂(𝑙) Equation 2.16 

𝑁𝐻4
+
(𝑎𝑞)

+ 𝑁𝑂2
−
(𝑎𝑞)

→ 𝑁2(𝑔) + 2𝐻2𝑂(𝑙) Equation 2.17 

 

2.3.2.1.NH3 stripping processes from the anaerobic digestate enhanced with the use of wood 

ash 

Limoli et al. (2016) tested the addition of the CaO to the anaerobic digestate to increase the pH 

and promote the volatilisation of NH3. These authors described a stepwise mechanism 

involving the ammonium dissociation (NH4
+ → NH3 + H+) and the mass transfer in the water-

air interface. Since the wood ash primarily consists of Ca and other alkaline elements (Demeyer 

et al., 2001), this material can be used to increase the pH of the anaerobic digestate and promote 

the volatilisation of NH3. The reason of the costly amount of alkali required is the fact that 

there are 3 buffer equilibriums responsible of the pH in the anaerobic digestate: NH4
+ ↔ NH3; 

CO2 ↔ HCO3
- ↔ CO3

2-; CH3COOH ↔ CH3COO- (Möller & Müller, 2012). It is noteworthy 

to highlight that 2 of these equilibria are connected by the precipitation of (NH4)2CO3 and 

NH4HCO3 which naturally increases the pH of the anaerobic digestate (Georgacakis et al., 

1982). Drapanauskaite (2021) designed a process for the manufacturing of the NH4HCO3 from 

the liquid digestate. Unlike the open-loop strategy of the ammonia stripping, which requires 

H2SO4 for the manufacturing of the (NH4)2SO4, the reagents for the preparation of the 

(NH4)2CO3 and NH4HCO3 are components of the anaerobic digestate (Drapanauskaite et al., 

2021). Less than 1 % of the NH4
+-N is volatilised as part of the biogas release during the AD 

(Möller & Müller, 2012). It is important to consider the cost of the alkaline agent when 

designing the process for stripping the NH3 off the anaerobic digestate (Limoli et al., 2016; L. 

Liu et al., 2015). Basic cations (e.g. Ca2+ and K+) increase the pH because the electric charge 

of the liquid digestate needs to be neutral, thus the concentration of H+ is lower (Möller & 

Müller, 2012). Mu et al. (2018) also considered the role of sulphide (S2-) and phosphate in the 

control of the pH of the anaerobic digestate. The addition of iron removes the sulphide and the 

phosphate and acidifies the medium (Möller & Müller, 2012), according to Equation 2.18 and 

Equation 2.19. This increases the amount of wood ash that needs to be added to the anaerobic 
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digestate, since this element might be present in trace amounts in this waste stream (Demeyer 

et al., 2001). 

𝐻2𝑆(𝑎𝑞) + 2𝐹𝑒3+(𝑎𝑞) → 𝑆(𝑠) + 2𝐹𝑒2+(𝑎𝑞) + 2𝐻+
(𝑎𝑞) Equation 2.18 

𝐻𝑛𝑃𝑂4
𝑛−3

(𝑎𝑞)
+ 𝐹𝑒3+(𝑎𝑞) → 𝐹𝑒𝑃𝑂4(𝑠) + 𝑛𝐻+

(𝑎𝑞) Equation 2.19 

 

Limoli et al. (2016) highlighted that the CaO required 40 minutes to reach the target pH while 

the NaOH has instantaneous impact on the pH, owe to the hydration reaction leading to the 

formation of Ca(OH)2. Moreover, a higher dose of CaO than that of NaOH is required to reach 

the target pH. On the other hand, the increase of the temperature in the anaerobic digestate 

upon the addition of CaO due to the exothermic reactions was greater than the NaOH 

amendment. Limoli et al. (2016) proposed that this was due to the heat absorbed by the solids, 

thus less heat was lost to the surrounding environment. It should be noted that the volatilisation 

of NH3 is enhanced at higher temperature (Drosg et al., 2015). The Ca(OH)2 subsequently 

reacted with the residual CO2 present in the digestate leading to the formation of insoluble 

CO3
2- salts (Limoli et al., 2016). This could be the reason for which the addition of CaO was 

directly related to the increase of the TS content in the anaerobic digestate. A way of 

minimising the increase of the TS and the amount of CaO necessary would be by removing the 

residual CO2 via extensive aeration. For this purpose, L. Liu et al. (2015) employed a closed 

system including the air recirculation to avoid discharging any gas to the atmosphere. Their 

batch system operated in 2 stages: firstly, the depletion of the CO2 is done by bubbling air in 

the anaerobic digestate; secondly, the CaO is added to the anaerobic digestate to promote the 

volatilisation of NH3. In both stages the air goes through 2 traps: one containing an alkaline 

solution and the second with H2SO4 (L. Liu et al., 2015). The removal of the CO2 can be done 

by adding HCl to the anaerobic digestate (Podmirseg et al., 2013) but in this case an increase 

in the pH of the anaerobic digestate will not be observed. The aeration of the anaerobic 

digestate amended with CaO would promote the removal of Ca via precipitation of CaCO3 

(Malinowski et al., 2021). 

The traditional air-stripping systems can be categorised as packing columns, bubble-aeration 

setups and water-sparged reactors (L. Liu et al., 2015). Limoli et al. (2016) reported that, unlike 

the addition of NaOH to the anaerobic digestate, the addition of the CaO leads to an increase 

in the TS of the anaerobic digestate. The authors concluded that the CaO needs to be used in 

combination with a turbulent mixing because the conventional gas-liquid contacting systems 

are not able to handle anaerobic digestates with high TS content, low degree of fluency and 
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tendency to foul the equipment. Limoli et al. (2016) claim that the turbulent mixing procedure 

is easy to implement in farms due to the low capital investment and low cost of maintenance 

(Hou et al., 2018). Limoli et al. (2016) obtained similar NH4
+-N removal efficiencies (around 

90 %) with the turbulent mixer as the data available in the literature concerning the performance 

of air diffusers. However, Limoli et al. (2016) did not consider how much of this N ends up in 

a trap containing a sulphuric acid. The resulting 40 – 60 % ammonium sulphate ((NH4)2SO4) 

solution used can be as commercial-grade fertiliser (Equation 2.20), although this will depend 

on the organic contamination of the liquid fertiliser (Cavalli et al., 2017; Limoli et al., 2016). 

2𝑁𝐻3(𝑔) + 𝐻2𝑆𝑂4(𝑎𝑞) → 2𝑁𝐻4(𝑎𝑞)
+ + 𝑆𝑂4(𝑎𝑞)

2− → (𝑁𝐻4)2𝑆𝑂4(𝑠) Equation 2.20 

 

Considering the limitation of the volume of air to be employed for the stripping process, the 

use of a hydrodynamic cavitation reactor can enhance the amount of NH3 volatilised (Taşdemir 

et al., 2020). Another way of minimising the amount of air that goes through the H2SO4 trap is 

with a thermal vacuum stripping system using temperatures between 50 and 100 ºC, thus only 

the vapours released from the anaerobic digestate need to be in touch the with H2SO4 trap 

(Ukwuani & Tao, 2016). The combination of the thermal vacuum with a hollow fibre 

membrane to recirculate the H2SO4 solution in the trap has also been tested to avoid the use of 

air as vector to enhance the transfer phenomena of the NH3 (Chen et al., 2021). In line with 

avoiding both increase the pH of the digestate and blowing air during the stripping is the 

electrochemical system developed by Lee et al. (2021), which is able to accumulate the NH3 

neutral species in the cathode. The systems of Ukwuani & Tao (2016), Chen et al. (2021) and 

Lee et al. (2021) can be implemented as part of two-stage AD process, to avoid the NH3 

inhibition in the second stage of AD and to recover more biogas from the substrate, hence 

achieving very low C/N ratio. Even Limoli et al. (2016) proposed that the stripping could 

operate at pH 10 to prevent sodium concentrations greater than 5 g/L in the anaerobic digester 

that might inhibit the second stage AD (L. Zhang et al., 2012; L. Zhang & Jahng, 2010) and 

still achieve removals of NH4
+-N greater than 40 %. Limoli et al. (2019) explain the 25 % drop 

in the soluble COD during the stripping process was due to the volatilisation of organic 

compounds (e.g. VFAs) at pH greater than 9. As per the results of Ukwuani & Tao (2016), the 

H2SO4 trap can absorb volatile organic compounds like cyclohexene, although they reported 

that the crystals of (NH4)2SO4 were free of this compound (Equation 2.20). According to 

Limoli et al. (2016), the NH3-depleted organic amendment is used in agriculture after 

neutralisation with H2SO4. 
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2.3.2.2.Struvite (MgNH4PO4·6H2O) isolation using the wood ash a source of magnesium 

(Mg) 

Another strategy to remove the excess of NH4
+-N from the anaerobic digestate using the wood 

ash is via isolation of struvite (Drosg et al., 2015). However, the production of this slow-release 

fertiliser is expensive due to the cost of the source of Mg and the alkaline agent that is needed 

to reach the target pH for the crystallisation of this material (Al-Mallahi et al., 2020; Huang et 

al., 2017; Sakthivel et al., 2012). Huang et al. (2017) reported that 0.31 USA Dollar/kg PO4
3--

P can be saved if straw ash is employed instead of NaOH to regulate the pH. Both Sakthivel et 

al. (2012) and Huang et al. (2017) recovered more than the 96 % of the phosphate in the 

ureolysed urine and swine wastewater, respectively, by means of using different doses of wood 

ash. While Sakthivel et al. (2012) employed 2.7 mol Mg/mol P, Huang et al. (2017) used 1.2 

mol Mg/mol P. This might be related to the fact that only the 50 % of Mg in the wood ash of 

Sakthivel et al. (2012) was water-soluble (WS), thus only this amount was available for the 

formation of struvite. It would be possible to increase the availability of the Mg via calcination 

of the wood ash at temperatures higher than 600 ºC (Sakthivel et al., 2012). Other option would 

be to perform aeration at the time of adding the wood ash to the anaerobic digestate to remove 

the carbonic carbon (CO3
2--C), following the same procedure developed by Huang et al. 

(2017). Drosg et al. (2015) explained that the Mg should be added in excess, according to the 

molar ratio 1.3:1:0.9 for Mg:N:P. This also agrees with the dose of Mg proposed by Miles & 

Ellis (2001) 1.25:1:1 and both nutrient ratios recommended for the precipitation of struvite are 

slightly different from the stoichiometry of the chemical reaction (Equation 2.21). It should be 

noted that Equation 2.21 implies the release of H+ (Campos et al., 2019; Möller & Müller, 

2012) but there are other authors that prefer to represent the drop of the pH as consumption of 

OH- (Drosg et al., 2015). According to Drosg et al. (2015), materials such as anaerobic 

digestate contain more amount of NH4
+-N hence the addition of orthophosphoric acid (H3PO4) 

to reach the target nutrient ratio (Drosg et al., 2015). Escudero et al. (2015) studied how the 

removal of water-soluble ammonium (WS NH4
+) from anaerobically treated effluents was 

affected by the source of water-soluble orthophosphate (WS PO4
3-) and Mg2+ and the nutrient 

ratio. The found a WS NH4
+ removal of 95 % in 30 seconds when using a molar ration Mg:N:P 

of 1:1:1 (Escudero et al., 2015). 

𝑁𝐻4
+
(𝑎𝑞)

+𝑀𝑔2+(𝑎𝑞) + 𝐻𝑛𝑃𝑂4
𝑛−3

(𝑎𝑞)
+ 6𝐻2𝑂(𝑙)

→ 𝑀𝑔𝑁𝐻4𝑃𝑂4 ∙ 6𝐻2𝑂(𝑠) + 𝑛𝐻+
(𝑎𝑞) 

Equation 2.21 

Source of Equation : (Campos et al., 2019) 
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Sakthivel et al. (2012) reported that their solid precipitate was not pure struvite due to the high 

content of CaCO3 in the wood ash. They found a P content of 3 % in the precipitate that is 

lower than the one of the struvite (13 %) or the diammonium phosphate (46 %). Although the 

P content in the precipitate was greater than in the initial wood ash, the estimated value of the 

precipitate was lower than the wood ash because 60 % of the potassium (K) initially present in 

the wood ash remained in dissolved in the phosphate-depleted ureolysed urine (Sakthivel et al., 

2012). Huang et al. (2017) reported the competition reaction between struvite (Figure 2.5) and 

K-struvite (MgKPO4·6H2O). These authors reported the greater share of K-struvite at pH 10, 

which is higher than pH 7.5 to 9 for the optimum for the precipitation of struvite (Campos et 

al., 2019). According to Huang et al. (2017), at a pH 9.5 and with a dose of plant ash of 6 mol 

K/mol NH4
+-N, the amounts of struvite and K-struvite are the same. Sakthivel et al. (2012) 

informed that the content of heavy metal in the precipitate should be determined by the initial 

composition of the wood ash. Thereby, the use of wood ash as P-enhanced conditioner for 

acidic soils should be based on the threshold values of the fertiliser regulations. According to 

the X-ray diffraction (XRD) measurements of Sakthivel et al. (2012), the struvite was the main 

phosphate compound produced during some of their experiments. Calcium phosphate 

compounds such as hydroxylapatite (Ca5(PO4)3OH) or octacalcium phosphate 

(Ca8H2(PO4)6·5H2O) were regarded as transient compounds that were formed due to the CaO 

dissolution since they were not found in the precipitate (Sakthivel et al., 2012). According to 

W. Shi et al. (2021), the CaO in the wood ash might interfere in struvite crystallisation and lead 

to the formation of calcium phosphates. 
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Figure 2.5. Structure of the struvite represented by Prywer et al. (2019): the Mg (green) is 

surrounded by 6 molecules of water (oxygen in red and hydrogen in white) and the N (blue) 

and the P (yellow). Using the coordinate system adopted by Prywer et al. (2019) and the 

hydrogen-bond network marked with dotted lines. Reproduced with the permission of Crystals 

(MDPI). 

2.3.3. Use the wood ash as a sorbent to improve the properties of the anaerobic digestate as 

slow-release fertiliser 

According to Laohaprapanon et al. (2010), sorption is a method with high capacity to isolate 

nutrients. Laohaprapanon et al. (2010) investigated WFA as low-cost sorbent to remove 

organic pollutants from wastewaster. The wastewater resulting from cleaning the machinery of 

the wood floor industry contains a lot of pollutants that impair the municipal wastewater 

treatment. For this reason, Laohaprapanon et al. (2010) proposed a simple on-site pre-treatment 

before discharging into a sewerage system. In order to pursue the simplest, cheapest and most 

practical method to be implemented under normal working conditions, the experiment was 

performed initially without applying any pre-treatment to the WFA. The authors explained that 

there are more than 1,000 different organic compounds in wastewater. Rather than identify 
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each individual unknown organic compounds, lumping is required to ease the characterisation 

of the wastewater while ensuring an effective removal of pollutants. COD, biological oxygen 

demand (BOD) and total organic carbon (TOC) are well-known conventional parameters and 

non-specific (proxy) indicators used to detect the presence of organic compounds in wastewater 

(Laohaprapanon et al., 2010). Laohaprapanon et al. (2010) recommended the investigation 

with an adsorption column before large scale implementation. The equipment has simple 

design and is easy to operate and maintain at large scale. Although there are 10 to 15 % losses 

of sorbent during its regeneration, this is only a problem when employing costly materials such 

as the AC (Leechart et al., 2009). Depending on the C content of the wood ash, the 

physicochemical properties of this material could be like the ones of the commercial AC, hence 

the wood ash can be safely used as alternative. 

According to Laohaprapanon et al. (2010), the impurities in the unwashed WFA are likely to 

compete later on with the pollutants for the sorption sites (Kaczala et al., 2009), resulting in 

lower removal of pollutants from the wastewater. Washing could be also employed as 

conditioning of the wood ashes to remove heavy metals (Liodakis et al., 2009). A similar 

procedure was employed by Bauer et al. (2022), using five times more water than WFA to 

obtain the leachate. The main difference was that they neutralised the leachate with H2SO4 

before adding it to the blend of SS and digested sludge to improve the AD process. 

Furthermore, Laohaprapanon et al. (2010) used a much higher dose (up to 75 % of washing 

water was mixed with 25 % of wastewater), compared to the 100 µL of neutralised leached per 

litre of sludge employed by Bauer et al. (2022) to undergo AD. According to Mall et al. (2006), 

the sorption rate is dependent on the pH and the number of sorption sites available. 

Laohaprapanon et al. (2010) did not neutralise the washing waters because they aimed the 

reaction between the dissolved oxides and the organic load and the subsequent increase the pH 

to values around 5 to 8 in which the Al2(SO4)3 present in the wastewater would coagulate and 

remove the pollutants. M. Fan et al. (2005) prepared a complex coagulant containing Al2(SO4)3 

(Equation 2.22) and Fe2(SO4)3 (Equation 2.23) from the CFA and reported a reduction in 

turbidity, arsenic and COD concentrations in water treated with the CFA-derived coagulant. 

𝐴𝑙2𝑂3 + 3𝐻2𝑆𝑂4 → 𝐴𝑙2(𝑆𝑂4)3 + 3𝐻2𝑂 Equation 2.22 

𝐹𝑒2𝑂3 + 3𝐻2𝑆𝑂4 → 𝐹𝑒2(𝑆𝑂4)3 + 3𝐻2𝑂 Equation 2.23 

In order to assess the EoW status of the WFA, Laohaprapanon et al. (2010) analysed 12 trace 

metals in the treated wastewater and they only found concentrations greater than < 0.0005 mg/L 

in chromium, zinc, barium and lead. Usually cadmium is one of the main heavy metals leaching 
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from the wood ashes (Narodoslawsky & Obernberger, 1996) but Laohaprapanon et al. (2010) 

reported a concentration < 0.0005 mg/L. The highest concentration of 3 mg/L corresponded to 

chromium despite this element is often a minor constituent in the wood. Laohaprapanon et al. 

(2010) suggested that its high concentration might be due to the treatment of the wood with 

preservatives containing chromates (e.g. painted wood) or the co-combustion with coal. 

Generally, chromium is oxidised in the combustion to produce the hexavalent form (Cr-VI) 

that can be dissolved in the leachate. The disposal of wood ash in an inert landfill is only 

allowed if the leachate does not exceed 0.05 mg/L of this element (Pohlandt-Schwandt et al., 

2002). The tolerance is greater for non-hazardous waste (1 mg/L) and for hazardous waste (7 

mg/L) but also the cost of disposal (James et al., 2012; Pöykiö et al., 2011). In addition to 

promote the sorption properties, the washing can also be conceived as a treatment to decrease 

the heavy metal content of the WFA, before its use as fertiliser. Liodakis et al. (2009) revealed 

that more metals can be removed by washing with acidic aqueous solutions of pH 1 than when 

using an extractant with a pH 6, but they still found that even with a pH-6-wash, the 95 % of 

the Cr was removed from the wood ash. Pohlandt-Schwandt et al. (2002) developed a method 

to remove the Cr-VI from the WBA using aqueous formaldehyde solutions. The wastewater 

treated by Laohaprapanon et al. (2010) contained formaldehyde and this might be the reason 

for which they detected high extraction of Cr-VI. According to Pohlandt-Schwandt et al. 

(2002), the alkaline conditions promoted by the wood ash could promote the decomposition 

via disproportionation of the formaldehyde (Equation 2.24). 

𝐻𝐶𝐻𝑂(𝑎𝑞) + 𝐻𝐶𝐻𝑂(𝑎𝑞) + 𝐻2𝑂(𝑙) → 𝐶𝐻3𝑂𝐻(𝑎𝑞) + 𝐻𝐶𝑂𝑂𝐻(𝑎𝑞) Equation 2.24 

Source of this reaction taking place under strong alkaline conditions: (Akgül & Kruse, 2013) 

Fomenko & Sokolov (2015) removed the phosphates in the wastewater using a mixture of the 

fraction of wood ash with granular sizes ranging from 0.08 to 2 mm and with a composition of 

38.68 % CaO, 12.85 % MgO, 9.93 % SiO2, 7.44 % SO3, 3.75 % Fe2O3, 2.58 % K2O, 2.31 % 

Al2O3, 0.45 % Na2O, 0.44 % TiO2, 0.40 % P2O5 and 17.11 % calcination loss (e.g. H2O and 

C). It should be noted the low content of P was expressed as anhydrous orthophosphoric acid 

(P2O5 +3H2O → 2H3PO4) initially present in the wood ashes (Fomenko & Sokolov, 2015). 

Compared to the composition of the WFA reported by Laohaprapanon et al. (2010) with 

approximately 50 % unburned C, the wood ash employed by Fomenko & Sokolov should be 

less efficient adsorbent due to its lower C content (Leechart et al., 2009). Pyrolysed biomass 

with a C content higher than 50 % is recognised as biochar, otherwise it is called pyrochar (W. 

Shi et al., 2021). The differentiation of the adsorbent materials could also be made from the 
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point of view of the manufacturing process. For example, the hydrochar produced via 

hydrothermal carbonisation presents lower porosity and surface specific area than the biochar 

(usually > 400 m2 per gram of biochar). Furthermore, biochar presents greater content of 

condensed polyaromatic structures, which makes this material a good adsorbent for various 

contaminants. Nevertheless, due to the presence of oxygen-rich functional groups on the 

surface of hydrochar, its adsorption capacity is also high (W. Shi et al., 2021). All these 

technologies to improve the management of the nutrients of the organic soil amendments are 

grouped as STRUBIAS (STRUvite, BIochar and ASh). 

The silica particles in water can interact with the impurities to bear both negative and positive 

charges on the basal faces and on the lateral faces, respectively (Grekov et al., 2021). Awad et 

al. (2019) reported the influence of the pH on the charge of the surfaces of the silicates. It 

should be noted that Fomenko & Sokolov (2015) did not adjust the pH to conduct the sorption 

kinetic and equilibrium experiments, and the pH was approximately 11.6. The extraction of 

negatively charged phosphate anions in sols and solutions was also possible as result of their 

interaction with metal cations to give aluminium phosphate and calcium and magnesium 

hydroxyapatites (Equation 2.25, Equation 2.26 and Equation 2.27). Furthermore, cations of 

trivalent iron can also extract phosphates from solutions by forming poorly soluble FePO4 

(Fomenko & Sokolov, 2015). In fact, it is possible to enhance the efficiency of phosphate 

precipitation with Ca and Mg by combining any of these elements with iron (H. Liu et al., 

2021; D. Wu et al., 2021). 

𝐴𝑙2(𝑆𝑂4)3(𝑠) + 2𝑃𝑂4
3−

(𝑎𝑞)
→ 2𝐴𝑙𝑃𝑂4(𝑠) + 3𝑆𝑂4

2−
(𝑎𝑞)

 

 

Equation 2.25 

5𝐶𝑎2+(𝑎𝑞) + 4𝑂𝐻−
(𝑎𝑞) + 3𝐻𝑃𝑂4

2−
(𝑎𝑞)

→ 𝐶𝑎5(𝑂𝐻)(𝑃𝑂4)3(𝑠) + 3𝐻2𝑂(𝑙) 

 

Equation 2.26 

5𝑀𝑔2+
(𝑎𝑞)

+ 4𝑂𝐻−
(𝑎𝑞) + 3𝐻𝑃𝑂4

2−
(𝑎𝑞)

→ 𝑀𝑔5(𝑂𝐻)(𝑃𝑂4)3(𝑠) + 3𝐻2𝑂(𝑙) 

 

Equation 2.27 

Fomenko & Sokolov (2015) reported phosphates removal of 77.8 % after 5 minutes, 87.99 % 

after 30 minutes and greater than 97.1 % after 3 hours in synthetic wastewater of initial 

concentrations of 100 – 600 mg K2HPO4/L. According to Fomenko & Sokolov (2015), the high 

rate of adsorption indicates a possible mechanism of physical adsorption (i.e. physisorption) 

caused by the van der Waals intermolecular interaction forces. The profile of the kinetics of 

removal of phosphate ions was like that found by Laohaprapanon et al. (2010) for the COD 

removal. The results of Fomenko & Sokolov (2015) proved the good equilibrium-kinetic 
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properties of the wood ash as sorbent and the authors suggested that this material could be used 

without any additional processing for purification of water (> 80 % removal of phosphate ions). 

On the other hand, Laohaprapanon et al. (2010) found around 35 % removal of COD. The 

measurement of the concentration of adsorbate in equilibrium with the saturate sorbent is done 

after the solid liquid separation. In the case of Fomenko & Sokolov (2015), Laohaprapanon et 

al (2010) and Leechart et al. (2009) the saturated sorbent was separated from the solution via 

filtration. Fomenko & Sokolov (2015) acknowledged that aluminium or iron salts and lime are 

often used as coagulant for the chemical precipitation of the phosphates. The problems of these 

chemicals are their costs and the fact that the precipitates formed are highly humid with a 

limited application. Fomenko & Sokolov (2015) claimed that it is possible to utilise the spent 

adsorbent as a phosphate-saturated component of soils at green farms. According to W. Shi et 

al. (2021), the calcium phosphates have better fertilising properties than the phosphate 

compounds including aluminium and/or iron that completely reduce the availability of 

phosphate. In fact, both aluminium and iron are employed to prevent the eutrophication of 

underground waters due to the expressing of soil organic amendments, such as animal manure 

and slurry (Kavanagh et al., 2021; Regueiro, Coutinho, Gioelli, et al., 2016). The Al2(SO4)3 

and the iron chloride (FeCl2 and FeCl3; Equation 2.28) are among the best acidifying additives 

for the stabilisation of animal slurry anaerobic digestate (Drosg et al., 2015; Kavanagh et al., 

2019, 2021). Furthermore, considering that the acidification also promotes the solid-liquid 

separation of the anaerobic digestate (Limoli et al., 2016), the acid treatment should also 

improve the stability of the solid and the liquid fractions resulting from the separation (Zeshan 

& Visvanathan, 2014), hence avoiding the pollution swapping (Fangueiro et al., 2015; 

Mohankumar Sajeev et al., 2018). 

𝐹𝑒3𝑂4(𝑠) + 8𝐻𝐶𝑙(𝑎𝑞) → 𝐹𝑒𝐶𝑙2(𝑠) + 2𝐹𝑒𝐶𝑙3(𝑠) + 4𝐻2𝑂(𝑙) Equation 2.28 

 

2.3.4. Acidification of the anaerobic digestate and activation of the wood ash 

The most common approach for the solid and the liquid fractions obtained after the separation 

is their use as fertiliser. There is particular concern about the emission form the resulting solid 

fraction (Dinuccio et al., 2012, 2019; Dinuccio, Balsari, et al., 2008; Dinuccio, Berg, et al., 

2008; Gioelli et al., 2011, 2016), due to the higher area for gas exchange compared to the liquid 

fraction (Figure 2.6). While the gaseous emitting area of the slurry is the horizontal cross-

section of the storage tank, the shape of the pile of dried organic manure was described by 
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Dinuccio et al. (2012), Dinuccio, Balsari, et al. (2008) and Dinuccio, Berg, et al. (2008) as 

truncated cone heap with greater area to volume ratio. 

 

 

(a) (b) 

Figure 2.6. (a) The surface area of the liquid slurry (3.9 % TS) in an open storage pond (Balsari 

et al., 2007). Reprinted with the permission of Biosystems Engineering (Elsevier). (b) Surface 

area of dewatered pig slurry (65.4 % TS after composting without a bulking agent) (Pampuro 

et al., 2017). Reprinted with the permission of Powder Technology (Elsevier). 

Regueiro, Coutinho, Gioelli, et al. (2016) concluded that the Al2(SO4)3 was able to reduce the 

gaseous emissions (NH3, CO2, CH4 and N2O) even after the solid-liquid separation (i.e. 

dewatering of the solid fraction) of raw and co-digested pig slurries. The Al2(SO4)3 increases 

the TS in the liquid fraction but has the opposite effect in the solid fraction, obtained after the 

solid-liquid separation. Regueiro, Coutinho, & Fangueiro et al. (2016) attributed this fact to the 

role of the sulfate (Gioelli et al., 2016) and explained that the increase of the TS in the liquid 

fraction via formation of low molecular weight carbohydrates derived from the acid hydrolysis 

of cellulose or hemicellulose. The acid pH provided by the Al2(SO4)3 enhances the retention of 

nutrients in the liquid fraction, minimising the gaseous emissions from the solid fraction. It 

should be noted that the nutrients are more stable in the liquid fraction than in the solid fraction, 

due to the high moisture content (i.e. lower concentration) and lower surface area. Kavanagh 

et al. (2019) explained that a slurry with 4 % TS is more stable than the undiluted slurry with 

7 % TS. Thereby, the lower amount of TS in the solid fraction, the lesser the gaseous emissions. 

Regueiro, Coutinho, Gioelli, et al. (2016) found that the gaseous emissions were also 

minimised in the liquid fraction, due to its lower pH compared to the liquid fraction obtained 

from the solid-liquid separation without acidification. It should be noted that the content of N, 

expressed in grams of N per gram of TS, decreased in the solid and in the liquid fractions due 



Chemical stabilisation of anaerobic digestate via wood ash-based treatment 

75 

to the increase of the TS, which resulted from the addition of Al2(SO4)3 (Regueiro, Coutinho, 

Gioelli, et al., 2016). 

The commercial acids, such as H2SO4, HCl, HNO3 and H3PO4, or easily fermentable 

compounds which ultimately lead to the formation of organic acids due to the microbial 

metabolism, such as the lactic acid (C6H12O6 → 2 CH3CH(OH)COOH) or acetic acid (C6H12O6 

→ 3 CH3COOH), represent the most obvious choice to reduce the pH of the organic manures 

(Anukam et al., 2019; Fangueiro et al., 2015; Mao et al., 2015). However, better stabilisations 

have been reported with the use of salts such as Al2(SO4)3 (Regueiro, Coutinho, Gioelli, et al., 

2016), FeCl2 (Brennan et al., 2015) and FeCl3 (Hjorth et al., 2009) and CaCl2 (Y. Shi et al., 

2001; Vandré & Clemens, 1996). Miranda et al. (2021) found that the direct addition of H2SO4 

to a 4.3 % blend of biochar and cattle slurry mitigated less the NH3 emissions than just applying 

the 0.3 mL H2SO4 (98 %) to 50 g of cattle slurry to reach a pH 5.5. These acid salts can be 

produced by neutralising ores or ashes with commercial acids (Equation 2.22, Equation 2.23, 

Equation 2.28 and Equation 2.29). These salts are widely employed in the wastewater treatment 

for coagulation and precipitation of compounds (Drosg et al., 2015; Regueiro, Coutinho, 

Gioelli, et al., 2016). This use is in line with the properties of wood ash as sorbent (Fomenko 

& Sokolov, 2015; Hamidi et al., 2021; Mosoarca et al., 2020; Rosenfeld & Henry, 2001). The 

activation of the raw materials (e.g. ores and ashes) for the manufacturing of the salts might be 

the reason for which they are able to decrease the pH of the organic manures. The calcium 

chloride (CaCl2) does not necessarily need to be produced with quicklime (CaO; Equation 2.29) 

but with slaked lime (Ca(OH)2), limestone (CaCO3) or a mixture of these compounds that might 

be present in the wood ash. 

𝐶𝑎𝑂(𝑠) + 2𝐻𝐶𝑙(𝑎𝑞) → 𝐶𝑎𝐶𝑙2(𝑠) + 𝐻2𝑂(𝑙) Equation 2.29 

 

The CaCl2 is one of the key components of the specially formulated products to stabilise the 

organic manures (Kavanagh et al., 2021) and this compounds is also widely used as extracting 

agent for soil analysis. A solution of 0.01 M of CaCl2 provides with the same ionic strength 

(Houba et al., 2000) as the average salt concentration in many soil solutions (i.e. the medium 

in which surface and aqueous solution reactions occur in the soil). The rationale of solubilising 

the elements to minimise the gaseous emissions agrees with the higher of the stability of the 

organic manures with higher moisture content. On the other hand, when manures are diluted 

with water, most of the H+ ions tend to remain attracted to the solid particles and are not 
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released to the aqueous fraction. The simple dilution of a manure with water reduces the 

emissions (Kavanagh et al., 2019) but does not acidify the medium. 

Leechart et al. (2009) developed the properties (i.e. greater surface area, the porosity and the 

surface charge of the carbon-based adsorbent) of the WBA by means of 2 different treatments. 

Each treatment consisted in suspending 100 g of WBA in 1 L of deionised water (WBA/H2O) 

or 1L of 0.1 N H2SO4 (WBA/H2SO4) and stirring for 1 hour. Subsequently, the WBA was 

washed with an excess of double distilled water until the pH of the washing solutions reached 

constant values of ~ 11 and ~ 10 for the WBA/H2O and the WBA/H2SO4 treatments, 

respectively. The WBA contained initially 4 % moisture, 29 % ash and it had pHs 12.3 and 

11.6 in when soaking in 10 % suspensions with H2O and 0.1 N H2SO4, respectively. These 

treatments were compared against the untreated WBA and the AC of coconut shells in terms 

of efficiency of adsorption of the azo reactive dye red 141 from synthetic and industrial 

wastewater. It should be noted that the use of H2O as extracting agent resulted in a more 

alkaline pH because the dissolved alkali and alkaline metals of the WBA were not neutralised 

as in the case of using 0.1 N H2SO4 as extractant. According to Leechart et al. (2009), the 

reason for the alkaline pH when soaking the WBA in H2O are the following reactions (Equation 

2.30, Equation 2.31 and Equation 2.32): 

2𝐾(𝑠) + 2𝐻2𝑂(𝑙) → 2𝐾𝑂𝐻(𝑎𝑞) + 𝐻2 (𝑔) Equation 2.30 

2𝐶𝑎(𝑠) + 2𝐻2𝑂(𝑙) → 𝐶𝑎(𝑂𝐻)2 (𝑎𝑞) + 𝐻2 (𝑔) Equation 2.31 

2𝑀𝑔(𝑠) + 2𝐻2𝑂(𝑙) → 2𝐾𝑂𝐻(𝑎𝑞) + 𝐻2 (𝑔) Equation 2.32 

 

Based on the Scanning Electron Microscope Energy-Dispersive X-ray Spectroscopy (SEM-

EDX) results, Leechart et al. (2009) recognised the presence of oxides in the surface of WBA. 

The redox reactions (Equation 2.30, Equation 2.31 and Equation 2.32) are unlikely upon adding 

the WBA to an aqueous solution because the alkali and alkaline earth metals are very good 

reducers. These elements would have donated their valence electrons to form the corresponding 

oxides during the combustion or during the storage the oxygen available in the atmosphere. 

Moisture (H2O) and CO2 in the atmosphere will further promote the formation of hydroxides 

and CO3
2- in the wood ash. Since oxides, hydroxides and CO3

2- are the most common forms of 

the metals in the wood ashes (Demeyer et al., 2001), the reactions of the WBA in water, 

involving the alkali and alkaline metals, should be (Equation 2.33 to Equation 2.38): 

𝐾2𝑂(𝑠) + 𝐻2𝑂(𝑙) → 2𝐾(𝑎𝑞)
+ + 𝑂(𝑎𝑞)

2− + 𝐻2𝑂(𝑙) → 2𝐾(𝑎𝑞)
+ + 2𝑂𝐻(𝑎𝑞)

−  Equation 2.33 
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𝐶𝑎𝑂(𝑠) + 𝐻2𝑂(𝑙) → 𝐶𝑎(𝑎𝑞)
2+ + 𝑂(𝑎𝑞)

2− + 𝐻2𝑂(𝑙) → 𝐶𝑎(𝑎𝑞)
2+ + 2𝑂𝐻(𝑎𝑞)

−  Equation 2.34 

𝑀𝑔𝑂(𝑠) + 𝐻2𝑂(𝑙) → 𝑀𝑔(𝑎𝑞)
2+ + 𝑂(𝑎𝑞)

2− + 𝐻2𝑂(𝑙) → 𝑀𝑔(𝑎𝑞)
2+ + 2𝑂𝐻(𝑎𝑞)

−  Equation 2.35 

After the dissociation of the alkaline oxide, the oxide anion (O2-) rapidly react with water 

(Barrett, 2007, pp. 98–123; Zumdahl, 2018), leading to the formation of hydroxide anion     

(OH-). 

𝐾2𝐶𝑂3(𝑠) + 𝐻2𝑂(𝑙) → 2𝐾(𝑎𝑞)
+ + 𝐶𝑂3 (𝑎𝑞)

2− + 𝐻2𝑂(𝑙) → 

→ 2𝐾(𝑎𝑞)
+ + 𝐶𝑂2 (𝑔) + 2𝑂𝐻(𝑎𝑞)

−  

Equation 2.36 

𝐶𝑎𝐶𝑂3(𝑠) + 𝐻2𝑂(𝑙) → 𝐶𝑎(𝑎𝑞)
2+ + 𝐶𝑂3 (𝑎𝑞)

2− + 𝐻2𝑂(𝑙) → 

→ 𝐶𝑎(𝑎𝑞)
2+ + 𝐶𝑂2 (𝑔) + 2𝑂𝐻(𝑎𝑞)

−  

Equation 2.37 

𝑀𝑔𝐶𝑂3(𝑠) + 𝐻2𝑂(𝑙) → 𝑀𝑔(𝑎𝑞)
2+ + 𝐶𝑂3 (𝑎𝑞)

2− + 𝐻2𝑂(𝑙) → 

→ 𝑀𝑔(𝑎𝑞)
2+ + 𝐶𝑂2 (𝑔) + 2𝑂𝐻(𝑎𝑞)

−  

Equation 2.38 

It is important to mention that the shift of the reversible equilibrium of the carbonate ion 

Equation 2.39) is promoted via aeration and CO2 stripping under acid conditions (Podmirseg 

et al., 2013). 

𝐶𝑂2(𝑔) + 𝐻2𝑂(𝑙) ↔ 𝐻𝐶𝑂3
−
(𝑎𝑞)

+ 𝐻+
(𝑎𝑞) ↔ 𝐶𝑂3

2−
(𝑎𝑞)

+ 2𝐻+
(𝑎𝑞) Equation 2.39 

Another way of promoting the CO2 release and the increase of the pH of the aqueous suspension 

of the WBA is by increasing the temperature, since the gases are less soluble in the liquids at 

higher temperatures. The increase of the temperature can be also used to promote the 

decomposition of the CO3
2- and the formation of more soluble and reactive oxides (Equation 

2.40, Equation 2.41 and Equation 2.42). The CO3
2- salts have lower solubility and reactivity 

that the oxides. 

𝐾2𝐶𝑂3(𝑠)
∆
→𝐾2𝑂(𝑠) + 𝐶𝑂2 (𝑔) Equation 2.40 

𝐶𝑎𝐶𝑂3 (𝑠)
∆
→ 𝐶𝑎𝑂(𝑠) + 𝐶𝑂2 (𝑔) Equation 2.41 

𝑀𝑔𝐶𝑂3 (𝑠)
∆
→𝑀𝑔𝑂(𝑠) + 𝐶𝑂2 (𝑔) Equation 2.42 

 

Calcination at temperature greater than 600 ºC would be required for the decomposition of the 

CO3
2- (Galan et al., 2013). It is noteworthy to mention that the opposite process, the 

carbonation, could be regarded as an activation treatment of the adsorbents, since this 

technology increases the C content and decreases the basicity of this material. Unlike 

acidification, the carbonation uses CO2 rather than commercial acids to decrease the pH of the 

adsorbent. In addition to the reagents, the suitability of each activation treatment depends on 

the origin of the adsorbent and the primarily mechanism for capturing the nutrients (Table 2.6). 

Laohaprapanon et al. (2010) reported that the sieving the WFA just below 1 mm, rather than 
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below 2 mm, increased the removal of BOD and TOC from 24.5 and 0 % to 33.3 and 15.9 %, 

respectively (Laohaprapanon et al., 2010). The authors reported that no increase in the removal 

efficiencies of COD and TOC after reducing the particle size from < 1 mm to < 0.5 mm because 

the fraction < 1 mm also contains < 0.5 mm particles. The removal efficiencies were lower than 

the ones obtained with the AC but the WFA still represent a low-cost material alternative for 

wastewater treatment due to its availability. 

Table 2.6. Implications of the activation treatments that affect the suitability for a particular 

application (e.g. preparation of a slow-release fertiliser, liming agent, recovery of nutrients 

from wastewater, etc.). Elaborated by considering the descriptions provided by Al-Mallahi et 

al. (2020), Janiszewska et al. (2021), Leechart et al. (2009), Yagi & Fukushi (2012), Latham 

et al. (2021) and Lü et al. (2022). 

Activation 

procedure 

C content pH Reactivity 

Carbonisation Increase, due to loss of 

volatile compounds 

containing H, O, S and N 

Slightly increase, due to 

the accumulation of ash 

with alkali and alkaline 

elements 

Decrease. Mainly 

charred materials 

and recalcitrant 

compounds 

Carbonation Increase, in the form of 

inorganic carbon 

Decrease, due to the 

neutralisation of the 

alkaline element with 

carbonic acid 

Decrease, because 

CO3
2- are less 

soluble than oxides. 

Calcination Decrease, since all 

volatile compounds have 

already been lost in the 

carbonisation 

Increase, due to the 

release of CO2 

Increase, due to the 

formation of oxides 

Acidification Decrease, due to the 

dissociation of the CO3
2--

C and subsequent CO2 

emissions 

Decrease, due to the 

dissociation of the 

commercial acids 

aSlightly increase 

Wash Slightly decrease, due to 

the removal of impurities 

Slightly decrease, due to 

the solubilisation of 

alkalis 

Slightly decrease, 

due to extraction of 

oxides 
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Activation 

procedure 

C content pH Reactivity 

Milling and 

sieving 

Slightly increase. Might 

enhance carbonation 

reactions during storage 

Slightly increase. Might 

enhance the reaction for 

acidic and alkaline salts 

Increase, due to 

greater availability 

of the elements 

aThe oxides of the alkaline elements are more soluble and reactive than the CO3
2-. It is 

considered that the acidification of the alkaline oxides (e.g. CaO) with commercial acids, rather 

than with CO2, surpasses the preparation of adsorbents (e.g. CaCO3) and lead to the formation 

of coagulants and flocculants (e.g. CaCl2; Equation 2.29). 

Leechart et al. (2009) used the Brunauer, Emmett and Teller (BET) isotherm to determine the 

sorptive surface area. It should be noted that the BET isotherm considers the possibility that 

the monolayer in the Langmuir adsorption isotherm could act as a substrate for further 

adsorption. The N adsorption-desorption isotherm employed for the BET study of these 

adsorbents was characterised by clear hysteresis loops due to the capillary condensation 

occurring in the mesopore range (Leechart et al., 2009). The H2O treatment removed some tars 

and led to a higher development of porosity and surface area than the treatment with 0.1 N 

H2SO4. The WBA/H2O still had lower surface area than AC. The average pore diameter of 

WBA, WBA/H2O and WBA/H2SO4 was of mesoporous size (i.e. 20 – 500 Å) whilst the AC 

had micropores. All adsorbents (WBA, WBA/H2O, WBA/H2SO4 and AC) were ground and 

sieved to the size of 0.75 µm before drying at 105 ºC for 4 hours (Leechart et al., 2009). WBA, 

WBA/H2O, WBA/H2SO4 and AC removed 57, 73, 87 and 97 % of a recalcitrant azo dye with 

sulfonate groups (D-SO3Na) from a solution with an initial concentration of 400 mg/L 

wastewater, when these adsorbents were applied at a dose of 2 %. It is important to mention 

that the WBA/H2SO4 removed more reactive dye than the WBA/H2O despite the WBA/H2SO4 

had less BET surface area and its pore size was greater. In the aqueous solution, the sulphonate 

groups are dissociated and converted to the anionic dye ion (Mall et al., 2005): D-SO3Na → 

D-SO3
- + Na+. The precipitation of aggregation complexes needed an abundant Ca2+ ion 

surrounding. Divalent Ca2+ ions can reduce the negative zeta potential on molecules more than 

monovalent Na+ ions, at a fixed ionic strength (Awad et al., 2019). Leechart et al. (2009) 

reported that only ~ 14 % of the dyes were removed despite the Ca2+ ion in solution was not 

entirely consumed and its concentration decreased from ~ 80 mg/L to ~ 45 mg/L. Removal of 

the D-SO3Na was attributed to a combination of dye aggregation and adsorption. Leechart et 

al. (2009) reported that in addition to reduce the colour of the wastewater, the WBA based 

adsorbent was able to reduce the high level of COD. The adsorption of the D-SO3Na increased 
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by increasing the temperature. Leechart et al. (2009) explained that this might be due to the 

greater mobility of large dye ions at higher temperature. The endothermic process involved 

both chemical adsorption and precipitation with Ca. 

The effect of the initial pH on the D-SO3Na removal was explained by the amphoteric character 

of WBA/H2O and WBA/H2SO4. Depending on the system pH, the surfaces of the adsorbents 

might be positively or negatively charged and this would have direct influence on electrostatic 

interactions. Leechart (2009) estimated the charge on the surface of the adsorbent particles (Q; 

Equation 2.43) by means of a titration method, which unlike the measurement of the zeta 

potential does not require specialised equipment and both parameters can be used 

interchangeably (Schwarz et al., 2000). The zeta potential is the electrical voltage at the 

interface that separates mobile fluid from the fluid that remains attached to the particle surface. 

The pH of zero-point charge (pHzpc) is defined as the pH that neutralises the surface charge of 

sorbents. The pHzpc could be identified by plotting Q versus the pH and determining the 

minimum value of the quadratic regression (Figure 2.7). 

𝑄 =
1

𝑊
(𝐶𝑎 − 𝐶𝑏 − [𝐻+] + [𝑂𝐻−]) Equation 2.43 

Q (mol/L/g sorbent), surface charge. 

W (g/L), mass of WBA based adsorbent in the aqueous system (i.e. analyte). 

Ca (mol/L), concentration of the acid titrant in the aqueous system. 

Cb (mol/L), concentration of the basic titrant in the aqueous system. In the case of the wood 

ashes, the addition of alkali is not required to determine the pHzpc and this parameter is equal 

to zero. 

[H+] & [OH-], concentration of H+ and OH- resulting from the direct measurement of the pH in 

the aqueous system (pH=-log([H+]); [H+]·[OH-]=10-14). 
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Figure 2.7. Determination of the pHzpc of the WBA representing the surface charge of the 

WBA adsorbent, Q, as a function of the titrate aqueous solution (Moure Abelenda & Aiouache, 

2022). Elaborated from the description provided by Leechart et al. (2009) and Shah et al. 

(2015). 

In the case of the WBA, WBA/H2O, WBA/H2SO4 and AC the pHzpcs were 10.8, 10.9, 10.9 and 

9.5, respectively (Leechart et al., 2009). While the systems had a lower pH than the pHzpc the 

surface of the WBA-based adsorbents becomes positively charged (Equation 2.44), favouring 

the adsorption of anionic species. Furthermore, since the pH of minimum solubility of CaO 

and MgO are 11.0 and 12.4, the surface of CaO and MgO could support the adsorption of the 

dye when the pH of the system was greater than pHzpc. The adsorption of the D-SO3Na 

increased by increasing the temperature. Leechart et al. (2009) explained that this might be due 

to the greater mobility of large dye ions at higher temperature. The endothermic process 

involved both chemical adsorption and precipitation with Ca. 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒(𝑛−1)
+ +𝑂𝐻−

←   
+𝐻+
→  𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑛

0(𝑠)⏟        
𝑝𝐻𝑧𝑝𝑐

+𝑂𝐻−

←   
+𝐻+
→  𝑆𝑢𝑟𝑓𝑎𝑐𝑒(𝑛+1)

−  Equation 2.44 

The plus (+), zero (0) and minus (-) represent the oxidation state of the surface. 

The “n” represents whether the surface is available: (n+1) corresponds 2 surfaces attached and 

(n-1) represents 1 sorptive site available 
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Leechart et al. (2009) concluded that the WBA/H2O used more heterogeneous surface than the 

WBA/H2SO4 for the adsorption of the D-SO3Na. The adsorption behaviour of WBA/H2O was 

less favourable than WBA/H2SO4 and AC. Both WBA/H2SO4 and AC could be regarded as 

weakly irreversible adsorbents with very low desorption rates of the D-SO3Na. According to 

the dye loading experiments and subsequent elution studies, dyes adsorbed to WBA/H2O and 

WBA/H2SO4 were very difficult to desorb, hence these dye-loaded adsorbent could be safely 

disposed. This implies that the WBA might be suitable to produce a controlled-release fertiliser 

in combination with the anaerobic digestate. 

2.3.5. Use of wood ash to enhance the dewatering of the anaerobic digestate 

The dewatering of the anaerobic digestate is required to reduce the cost of storage, 

transportation and land application (Victor, 2020; Wood et al., 2020). Although the AD plants 

are located in strategic site, usually with several farms around and with plenty of nearby areas 

to apply the anaerobic digestate to land, the transportation of this material to remote locations 

is still required once the nutrient quotas is reached in the fields around the plants 

(Drapanauskaite et al., 2021; Ronga et al., 2020). A costly membrane treatment with a final 

step of reverse osmosis is able to produce an effluent that meets the specification to be 

discharge to the local rivers. The greater the efficiency of the solid-liquid separation applied to 

the anaerobic digestate, the more expensive is the treatment (Drosg et al., 2015). The sorption 

and precipitation processes are investigated as a way of reducing the cost of the purification of 

the water and prevent the eutrophication of underground water. Yagi & Fukushi (2012) studied 

the mechanisms of adsorption and precipitation of calcium phosphate onto monohydrocalcite 

(CaCO3·H2O). The clean effluent obtained by of Yagi & Fukushi (2012) could be coupled with 

air or CO2 bubbling to remove any trace of Ca2+ ion via precipitation of CaCO3 (Courtney et 

al., 2021). Similarly, Brennan et al. (2015) tested whether the addition of lime to the cattle 

slurry minimised the emission of NH3, N2O, CH4 and CO2 and the leaching of WS PO4
3-. 

Commercial acids are also employed to activate the ash and the preparation of a cheap and 

sustainable sorbent (Equation 2.22, Equation 2.23, Equation 2.28 and Equation 2.29). For 

example, as described by Mor et al. (2016), who used the calcination at 500 ºC and HCl to 

activate the rice husk ash. Mor et al. (2016) reported an increase in the adsorption of the WS 

PO4
3- with a maximum removal (91.7 %) of WS PO4

3- at pH 2 and the lowest removal at pH 

10. According to Mor et al. (2016), this is because at high pH there are more OH- interacting 

with the surface, thus decreasing the WS PO4
3- adsorption. Ma et al. (2011) described a more 

complicated activation procedure for producing an adsorbent based on wheat straw. They 
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reported how the pH and the level of hydration affect to the adsorption of WS NH4
+ and WS 

PO4
3- (Ma et al., 2011). According to the results of Ma et al. (2011), the optimum pH for the 

adsorption of these ions is between 4 and 8. The explanation that Ma et al. (2011) provided for 

the trend of the WS NH4
+ is that at acidic pH, the H+ ions will compete with the WS NH4

+ for 

the anionic groups in the wheat straw derived adsorbent. On the other hand, at alkaline pH the 

more NH4
+ will be in the form of NH3 that will escape from the aqueous solution. According 

to Ma et al. (2011), the adsorption of WS PO4
3- showed less dependence on the pH. Ma et al. 

(2011) described the impact of the pH and the swelling capacity (i.e. hydration) of the 

performance of the wheat straw derived adsorbent. The high swelling of the wheat straw 

derived adsorbent obtained at pH 3 and above was associated with high diffusion of the water 

and ions into the pores and through the internal skeleton of the adsorbent. The highest swelling 

was obtained at a pH 7 because in acidic and alkaline solutions, the higher concentration of H+ 

and OH- ions reduce the difference of ion concentration between inside and outside the porous 

network structure of the wheat straw derived adsorbent (Ma et al., 2011). As described by 

Awad et al (2019), the swelling phenomenon is often associated with an increase in the 

adsorption of the organic materials in the WS phase. This can also be seen in the structure of 

the struvite (Figure 2.5), in which the nutrients NH4
+ and PO4

3- remain attached to the 

magnesium hexaaqua (Mg2+(H2O)6). 

The studies of Ma et al. (2011) and Mor et al. (2016) provided opposite results in terms of how 

the pH and the level of swelling/hydration affect the adsorption. The dehydration without 

acidification was tested by Zheng et al. (2016). They used a cationic surfactant 

(cetyltrimethylammonium bromide; CTAB) together with CFA to ease the filtration of the 

anaerobic digestate. The CTAB neutralised the negative charges on the surface of the flocs of 

the anaerobic digestates, reduced the electrostatic repulsion between the flocs and promoted 

the coagulation-flocculation. Moreover, the neutralisation of the charges allowed the release of 

the extracellular polymeric substances (EPS) of the cells and fibre of the digestates and bound 

water molecules. The proteins and polysaccharides are components of the EPS that largely 

contributed to enhance the binding ability of water to the flocs of the digestate. Award et al. 

(2019) divided the EPS in subgroups of mains source of C, N and P. An example of EPS 

containing P fraction would be the nucleic acids (Awad et al., 2019). After the release of the 

hydrated EPS from the flocs surface, the bound water that was coordinated with the EPS 

became free water (Zheng et al., 2016). On the top of that, the CFA acted as a rigid lattice to 
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reduce the filter cake compressibility and to provide drainage pathways for water to exit the 

filter cake (Figure 2.8). 

 

Figure 2.8. The mechanism proposed by Zheng et al. (2016) for the flocculation of the 

anaerobic digestate by adding a cationic surfactant (CTAB) and subsequent filtration using coal 

fly ash (CFA) to improve the drainage of the filter cake to achieve the dewatering. The CTAB 

neutralised the surface charges of the flocs of the anaerobic digestate and enable the release of 

the hydrated extracellular polymeric substances (EPS). The CFA acted as a physical 

conditioner and skeleton builder of the filter cake and enhanced the mechanical solid-liquid 

separation by decreasing the compressibility of the filter cake. Reprinted with the permission 

of Separation and Purification Technology (Elsevier). 

The improvement in the filterability and the solid-liquid separation of the anaerobic digestate 

can be also attained by neutralising the anaerobic digestate with H2SO4 after the addition of 

NaOH to perform the NH3 stripping (Limoli et al., 2016). Based on the results of the capillary 

suction time and the specific resistance to filtration, Limoli et al. (2016) concluded that the 

increase in the sludge dewaterability was due to change in the structure of the flocs and 

microbes and variation of the properties of the particle surface. A more suitable technique for 

determining the changes it the surface of the particles is the zeta potential because is a measure 

of the surface charge (Zheng et al., 2016). As consequence of improving the filterability the 

overall amount of EPS in the filtrate/supernatant was greater (Zheng et al., 2016), unless the 
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EPS were retained in the filter cake. In addition to contaminate the supernatant with CTAB, it 

should be noted that the EPS increased the COD of the filtrate. Their approach was different 

from enhancing the adsorption but Zheng et al. (2016) recognised that the surface of the CFA 

was coarse and porous, which could aid particle adsorption. It could be expected that enhancing 

the filtration by means of vacuum leads to NH3 volatilisation during this mechanical separation 

step that needs to be recovered (Ukwuani & Tao, 2016). The efficiency of the solid-liquid 

separation was not as high as if pure water was obtained after the filtration and the effluent 

cannot be directly discharged to the local river. Thereby, wastewater treatment is still required 

for this liquid fraction of the anaerobic digestate (Drapanauskaite et al., 2021; Drosg et al., 

2015). It is important to remark that the solid-liquid separation needs to be done in a way (e.g. 

using the appropriate additives) that it does not affect negatively the stability of the resulting 

solid and liquid fractions in order to holistically improve the management of the anaerobic 

digestate (Zeshan & Visvanathan, 2014). 

The maximum dose of CFA recommended by Zheng et al. (2016) is as much TS provided by 

the anaerobic digestate, otherwise a very large mass of filter cake will be obtained. Limoli et 

al. (2016) reported that after filtration, the solid fraction was 20 – 25 % TS and that those solids 

were able to trap NH3 in their surface, reducing the volatilisation of this compound. In terms 

of the mass of CTAB used to prepare the blend before the filtration, Zheng et al. (2016) 

recommended not to exceed half of the amount of dry matter (DM; Equation 2.45) in the 

digestates. According to Zheng et al. (2016), CTAB was mixed with the digestates for 20 

minutes at 200 rpm after which the ash was added and the stirring at 300 rpm continues for 10 

minutes. Although they tested higher doses of ash, for practical reasons they recommended to 

use as much ash as the DM of the digestate, since using greater dose of ash would generate an 

excessive amount of dewatered material. Laohaprapanon et al. (2010) also proposed to use the 

wood ash as a sorption media/filter. 

𝐷𝑀(%) =
𝑇𝑆( 𝑔/𝐿)

10
 

Equation 2.45 

DM, dry matter 

TS, total solids 

The technology developed by Zheng et al. (2016) is not limited to filtration and it could be 

applicable to any system of mechanical solid-liquid separation (e.g. screw press) since the role 

of the ash is to provide drainage pathways for water to exit. The acidification promote the 

dehydration of the solids (Limoli et al., 2016) but there is no clear evidence in literature whether 
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this is always associated with an increase in the adsorption (Ma et al., 2011; Mor et al., 2016) 

and the optimum conditions might depend on the type of adsorbent. In the structure of the 

struvite (Figure 2.5), the Mg2+ is able to coordinate with the WS PO4
3- and the WS NH4

+ despite 

being surrounded by six water molecules arranged according to an octahedral geometry. 

Nevertheless, the removal of PO4
3- (N. Park et al., 2021) and the NH4

+ (Escudero et al., 2015) 

from the WS phase via struvite crystallisation is not promoted at acidic pH. The dose of acid 

needs to be as much as is required to reach the pHzpc without further decrease (Leechart et al., 

2009). 

It might be possible to apply the mechanism of formation of struvite for the activation of the 

wood ash as sorbent. Due to the complexity of the composition of the bulk wood ash and the 

presence of carbonaceous compounds, this sorbent material could be more versatile than if only 

the available Mg were provided by the wood ash. The rate of dehydration of the wood ash 

loaded with organic compounds (e.g. urea; CO(NH2)2) is a key factor to minimise the amount 

of NH3 that might be lost (Simha et al., 2020). The thermal drying of the anaerobic digestate 

is well-known for the NH3 emissions, particularly if the alkaline pH is generated by the wood 

ash (Simha et al., 2018) to enhance the evaporation process (Ukwuani & Tao, 2016). There are 

options available to proceed with the dewatering of the anaerobic digestate by means of this 

energy-intensive technology, such as the acidification before drying to pH 5.5 (Pantelopoulos 

et al., 2016) or the use of a H2SO4 scrubber to recover the NH3 from the exhaust (Awiszus et 

al., 2018). It would be also possible to perform the nitrification before providing the conditions 

for the evaporation of water (Botheju et al., 2010). Alkaline conditions at low temperature (< 

40 ºC) prevent the volatilisation of NH3 and can be provided with Ca(OH)2 or wood ash at a 

total cost of 0.03 to 0.04 Euros/L urea (Riechmann et al., 2021). 

2.3.6. Production of granular fertiliser with wood ash and anaerobic digestate 

The features of the process of Limoli et al. (2016) employing CaO and H2SO4 and the process 

of Zheng et al. (2016) using CFA and CTAB were compared against processes implementing 

the granulation, as this step could improve the aesthetic properties of the blended fertiliser of 

wood ash and anaerobic digestate to be retailed (Table 2.7). There is a lack of holistic approach 

in the processes described above as none of them complies with the entire of the following 

objectives: 

- Using of the most cost-efficient way of achieving the solid-liquid separation. 
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- Finding the optimum nutrient profile of the main stream coming out of the process, 

intended to be used as organic amendment. 

- Self-hardening to provide this material with the best mechanical properties before and 

after the granulation. 

- Minimising any waste streams with valuable nutrients or other pollutants that need to 

be removed before disposal. 
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Table 2.7. Identification of the synergies and possibilities in processes involving the mixture of anaerobic digestate or SS with wood ash or alike 

materials. 

Process Raw Materials Blending Ratio Advantages Disadvantages 

Limoli et 

al. (2016). 

Anaerobic 

digestate, CaO 

and H2SO4. 

> 95 % moisture of anaerobic 

digestate. 

Dose of CaO to operate the 

stripping at pH 10. 

Recovery of the NH3 volatilised. 

Enable the self-hardening and 

granulation of the NH3-depleted organic 

amendment. 

Low fluency to be employed in a 

traditional stripping column (i.e. 

packed tower). 

High COD content of the filtrate. 

Zhengh et 

al. (2016). 

Anaerobic 

digestate, CFA 

and CTAB. 

> 93 % moisture of anaerobic 

digestate. 

Mass of CTAB up to half of 

the TS of the digestate. 

Mass of CFA up to the TS of 

the digestate. 

Reduce the energy consumption of the 

filtration of anaerobic digestate. 

Possible to enhance the mechanical 

separation with adsorption. 

Presence of CTAB and heavy 

metals of the CFA in the filtrate. 

High COD content in the filtrate. 

RecoPhos 

(Weigand 

et al., 

2013). 

SS and H3PO4. Incineration to produce SS ash. 

Reaction of the SS ash with the 

H3PO4 using P molar ratio 1:12 

of SS ash:H3PO4. 

Marketable granular product with 

similar properties to the triple 

superphosphate. 

The NH3 volatilised during the 

drying is not recovered. 

Emission of NOx during 

incineration. 

ADFerTech 

(Fivelman, 

2013). 

Anaerobic 

digestate, 

dolomite 

(CaMg(CO3)2), 

Solid-liquid separation of the 

anaerobic digestate. 

Dolomite was added to the 

liquid fraction (> 91 % 

Improve the aesthetic properties of the 

liquid fraction of anaerobic digestate. 

Decrease the cost of transportation and 

storage. 

Additives of the liquid fraction of 

the anaerobic digestate might not 

be suitable for land application. 
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Process Raw Materials Blending Ratio Advantages Disadvantages 

organic binders 

and coating. 

moisture) in a dose ranging 

from 10 to 200 g/L. 

Pesonen et 

al. (2016). 

SS, wood-peat 

ash and 

Ca(OH)2. 

Up to 40 % of SS (45 % 

moisture) and up to 30 % 

Ca(OH)2. The dose of ash can 

go up to 100%. 

No need to including Ca(OH)2 to have a 

high compressive strength. 

Low presence of heavy metals. 

Dewatering and sanitation 

The NH3 released is not captured. 

Jewiarz et 

al. (2018). 

Anaerobic 

digestate and 

woody 

biomass. 

18 – 20 % moisture of the 

anaerobic digestate. 

Up to 75 % wood ash. 

Save in energy for drying the anaerobic 

digestate by thermal drying in fueling 

the drum drier with the biomass to 

produce the ash. 

The NH3 released is not captured. 

Not possible to include the 

biofertiliser together with the ash 

due to the high pH. 
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2.3.7. Inoculation of biofertilisers in the blended fertiliser prepared with anaerobic digestate 

and wood ash 

The composition of the digestate also depends mainly on the composition of the feedstock used 

for AD. The content of primary macronutrients (N, P, K), secondary macronutrients (Ca, Mg, 

Na and S), micronutrients (B, Co, Cu, Cl, Fe, Mn, Mo, Ni, Se and Zn) and heavy metals (Pb, 

Cr, Cd and Hg) remains the same (European Parliament, 2003, 2019; Lukehurst et al., 2010). 

This is because, despite the mass of the feedstock reduces up to 15 % during AD due to the C 

release in the form of biogas, the volume is approximately the same (Pell Frischmann 

Consultants Ltd, 2012). Frost & Gilkinson (2010) reported a concentration of 3.5 g of N per kg 

of feedstock (dairy cow slurry) and 3.6 g of N per kg of anaerobic digestate. The slightly 

increase in the concentration could be explained by the fact that the biogas contains trace 

amounts of N so most of it remains in the digestate. It is worth to mention that, in their study 

(Frost & Gilkinson, 2010), the concentration of NH3 increased significantly from 2.0 g NH4-

N/kg in the feedstock (dairy cow slurry) to 2.4 g NH4-N/kg in the digestate. The mineralisation 

of N containing organic compounds, e.g. proteins, is well known to happen during AD (Möller 

& Müller, 2012). The changes of the organic molecules that occur during AD, enhance the 

bioavailability of nutrients to crops (Lukehurst et al., 2010). 

After the removal of the pathogens by processing the anaerobic digestate with wood ash (USA 

EPA, 2000), it is possible to inoculate microbial species (Rajendran & Devaraj, 2004) which 

enhance the fertilising effect of the blended fertiliser (Jewiarz et al., 2018). In the UK, the 

laboratory test for the determination of the microorganism present in the digestate should be 

done in accordance to the Biofertiliser Certification Scheme (Renewable Energy Assurance 

Ltd, 2015) and the appointed laboratories (Renewable Energy Assurance Ltd, 2017). These 

microbes regarded as biofertilisers are divided in four categories (S. C. Wu et al., 2005). The 

following are some examples of microbial species that can improve the fertilisation in the 

rhizosphere: 

1. Vascular Arbuscular Mycorrhiza fungus. 

o Glomus mosseae (Aseri et al., 2008; S. C. Wu et al., 2005). 

o Glomus intraradices (S. C. Wu et al., 2005). 

o Glomus fasciculatum (Aseri et al., 2008). 

2. N-fixer bacterias can be symbiotic and non-symbiotic. 

o Azotobacter chroococcum (Aseri et al., 2008; Mahfouz & Shamf-Eldin, 2007; 

S. C. Wu et al., 2005). 
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o Azospirillum lipoferum (Mahfouz & Shamf-Eldin, 2007). 

o Azospirillum brasilense (Aseri et al., 2008; Mahfouz & Shamf-Eldin, 2007). 

3. PO4
3--solubilising bacteria. 

o Bacillus megatherium (Mahfouz & Shamf-Eldin, 2007; S. C. Wu et al., 2005). 

4. K-solubilising bacteria. 

o Bacillus mucilaginous (S. C. Wu et al., 2005). 

Mahfouz & Shamf-Eldin (2007) concluded that the growth of the plant Fennel (Foeniculum 

vulgare Mill.) was greater when using half of the recommended dose of the NPK mineral 

fertiliser (i.e. synthetic material containing N, P and K) and a mixture of Azotobacter 

chroococcum, Azospirillum lipoferum and Bacillus megatherium, compared to the full NPK 

dose. The total carbohydrates in the dry plant material were impacted by the use of the mixture 

of biofertilisers. Similarly, the biofertilisers also increase the yield of essential oil in the plant 

(Mahfouz & Shamf-Eldin, 2007). According to Brar et al. (2015), the best physical properties 

of the soil (e.g. water infiltration) and highest crop yield in maize-wheat rotation were obtained 

by means of a balanced application of NPK fertilisers and organic farmyard manure (Singh 

Brar et al., 2015). 

In addition to greater crop growth, better fertilisation is also associated with less GHG 

emissions, since the nutrients are employed more efficiently once the organic material is 

applied to the soil. Johansen et al. (2013) evaluated compared the raw and digested animal 

slurry and a green manure (e.g. grass-clover) in terms of their impact in the soil microbiota and 

fertility because organic farmers are concerned about the lower C/N of the anaerobic digestates. 

Johansen et al. (2013) found that anaerobic digestates increased 30 40 % the amount of NO3
- 

in the soil, compared to when raw slurry was applied. On the other hand, the green manure 

provided 4 times more degradable Corg than the digested and undigested slurries. The green 

manure caused an increase in the microbial population in the soil and led to the depletion of 

the oxygen associated to any type of eutrophication. Therefore, the green manure increased 

approximately 10 times the emissions of CO2 and N2O during the 9 days of the incubation 

(Johansen et al., 2013). The study of Johansen et al. (2013) confirmed the AD as a climate 

mitigation technique upon land application of the organic amendments. 

2.4.Land application of a combination of anaerobic digestate and wood ash 

Usually, the studies about the performance of the organic amendments in the soil evaluate the 

transformation of C, N and P. The K does not become part of structural components in the 
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crops and remains dissolved in the plants’ cell sap. In fact, this is the reason for which this 

element is found in manures and digestates (Möller & Müller, 2012). The higher NH4
+-N 

content of digested slurries, compared to the undigested ones, does not guarantee an 

improvement in the uptake efficiency of the slurry-N and better savings in fertiliser-N. 

Contradictory results regarding the phytotoxicity of the anaerobic digestate can be found in 

literature, particularly associated to the NH4
+-N and acid concentrations (Möller & Müller, 

2012). Organic farmers are concerned about how this organic manure with a greater share of 

ready available N and lower content of Corg might affect the soil microbiota, fertility and 

contamination of the environment via lixiviation and gaseous emissions (Johansen et al., 2013). 

According to Möller & Müller (2012), negative phytotoxic effects of any kind will decrease 

shortly after land application of the anaerobic digestate. 

There are a number of processes that are triggered by the application of anaerobic digestate to 

the soil, such as priming effects and inorganic-N immobilisation. A significant negative 

correlation between the net N mineralisation and the mineralised C has been reported (Möller 

& Müller, 2012). The carbon use efficiency (CUE) or the metabolic quotient (qCO2) can be 

used to account the priming effect upon application of an organomineral amendment to land 

(Dijkstra et al., 2015; Fernández-Delgado Juárez et al., 2015). The CUE measures the fraction 

of C employed for microbial growth (i.e. g biomass-C synthesised/g substrate-C consumed 

(Dijkstra et al., 2015)) and which is not lost as part of the microbial respiration (i.e. C 

mineralisation). On the other hand, the qCO2 is focussed on the basal respiration and it is 

calculated by dividing the mineralised C by the microbial C, which is usually determined as 

TOC in the extract of a soil sample with a 0.5 M K2SO4 solution after fumigation with 

chloroform. 

The interactions with the elements present in the soil should be considered at the time of 

preparing the blend. Nevertheless, the assessment of the enhancement of the microbial activity 

and the C fate needs to be done in field experiments. Bougnom et al. (2012) employed three 

different rates of wood ash (0, 1 and 3 t/ha) together with manure digestate (67 t/ha) as fertiliser 

for pastures. The corresponding dose of wood ash relative to the anaerobic digestate would be 

lower than 5 %. They did not find significant difference in terms of C assimilation by the 

microbes in the soil compared to the application of the same doses of ash with undigested 

manure (74 t/ha). Similarly, Fernández-Delgado Juárez et al. (2013) concluded that the C 

assimilation was not affected by the dose of wood ash (0, 1 and 3 t/ha), but in their study lower 

losses of C due to microbial respiration were found when using the manure digestate (52 t/ha) 
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as organic amendment compared to the undigested cattle manure (41 t/ha). These would 

correspond to dose of wood ash was roughly 5 and 7 % for the anaerobic digestate and the 

undigested cattle manure, respectively. 

The characterisation of the WS extract of the blend before land application (i.e. without dilution 

with the elements of the soil), represents a more conservative scenario to assess the readily 

available nutrients, since more leaching and volatilisation are expected due to higher 

concentration of nutrients. Insam et al. (2009) reported that the wood ash tested in three 

different rates (0, 8.2 and 24.7 t/ha), together with vermiculite (24.6 t/ha), did not reduce the 

nitrate leaching resulting from the application of 96 t/ha thermophilic digestate (of manure, 

apple residues and rice husk) during the fertilisation of a 350 kg/ha mixture of seeds (85% grass 

and 15% legume). The dose of wood ash, relative to the anaerobic digestate, employed by 

Insam et al. (2009) was around 21 %. From the point of view of logistics to be managed in 

place, the characterisation of the blend alone could clarify how long before the land application 

the mixture should be prepared, the type of storage and whether advance processing (e.g. 

removal of heavy metals) would be required to achieve the end-of-waste status. 

2.4.1. Biological stability and maturity of the soil organic amendment 

In some of the UK and European regulations, the term stability and maturity are used 

indistinctly to describe the properties of a soil organic amendment (Saveyn & Eder, 2014; UK 

Government, 2012; WRAP, 2011). The biological stability is related to the reactions affecting 

the fate of C, which is the most abundant element in the organic materials, and the maturity 

focuses on all the other elements (Figure 2.9). Some of them are nutrients necessary for the 

plant growth (e.g. N, P, K, etc.), while others are phytotoxic compounds (e.g. Cd, Hg, Pb, etc.) 

that limit seed germination and root development. It is important to mention that the excess of 

any type of nutrients has detrimental effect on the soil biota. Because the N is the most abundant 

of these nutrients, its mineralised form, the NH4
+-N, could be a measurement of the maturity 

(Alburquerque et al., 2012; Astals et al., 2013; Bernal et al., 2009). 
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Biological stability: Utilisation of the organic carbon after 
land application

Maturity: Utilisation of the other elements after 
land application

CUE=mol C microbes synthesized/mol C substrate consumed
Labile and stable C is a resource for microbes, not for plants

Inert organic matter is not susceptible to undergo any 
degradation

Increase NH4
+-N/Initial NH4

+-N
Changes in concentration of NH4

+-N are 
representative of assimilation and mineralisation 

of all the other nutrients

Microbial biomass

Leaching of low molecular weight compounds

Respiration

CO2

Biogas High

Low

Low CUE Poor maturity

High microbial 
activity

High CUE

High microbial 
activity

Low microbial 
activity

Good maturity

 Composition of an organic amendment expressed as using the ratio C/N

AD

Land 
application

NH4
+-N Inhibition Good maturity

Land 
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Figure 2.9. Evaluation of the quality of an organic amendment in terms of biological stability 

and maturity. Elaborated based on the information provided by Alburquerque et al. (2012), 

Astals et al. (2012), Dijkstra et al. (2015), Geyer et al. (2016), Manzoni et al. (2012) and 

Sinsabaugh et al. (2013). 

The aim of the determining the stability is to find out what is the fate of the C present in the 

labile and stable OM, since the inert OM will not suffer any degradation (Strosser, 2011). As 

displayed in the Figure 2.9, the C could be (a) assimilated by the microorganisms for their 

growth, (b) lost via respiration, also known as C mineralisation, and in less extent (c) lost due 

to leaching of the low organic molecular weight compounds. The CUE only accounts the C 

used for the microbial growth, hence this parameter, could be a direct measurement of the 

stability of an organic amendment for a more efficient management of nutrients. However, the 

most common way of determining the stability is by measuring the losses via respiration 

(Banks et al., 2013; Saveyn & Eder, 2014; WRAP, 2014a) although the test is not carried out 

in similar conditions to the land application but in AD conditions as per the BMP protocol. 

In a BMP test of an organic amendment (Figure 2.10), the release of biogas due to microbial 

activity depends on the composition expressed as the carbon to nitrogen ratio (C/N) and the 

relative amount of this material with respect to the microbial biomass (i.e. substrate-to-

inoculum ratio, S/I), expressed as organic loading rate (OLR) in a continuous reactor. The 
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highest CUE, and therefore the highest stability of the organic amendment, were obtained at 

the lowest C/N (Figure 2.10), because the microbes have all the nutrients that they need to build 

their cell structures and do not need to get rid of the excess of C (Cimon et al., 2020; Sinsabaugh 

et al., 2013). Similarly, with low amounts of organic waste (OLR < 6), the microbes would be 

in starvation mode processing more efficiently the C for their growth, compared to higher 

OLRs in which more C is lost in microbial respiration due to the excessive microbial activity 

(Figure 2.10). Since less C ends up in the microbial biomass, which is measured as part of the 

VS, the CUE decreases. Despite the different physiology of the terrestrial microorganisms from 

the consortium of the AD, the trend of CUE measured in an aerobic environment is useful to 

explain the fate of C during batch and continuous AD operations (Figure 2.10). There are 

similar processes involved in the nutrient turnover in the AD and once the soil organic 

amendment is applied to land. 

 

Figure 2.10. Application of the concept of CUE from soil science to the AD process. The 

relation between the CUE and the C/N for terrestrial decomposers was taken from Figure 1a 

by Sinsabaugh et al. (2013). The relation between the biogas yield, the methane yield and the 

VS removal with the C/N for the operation of a discontinuous reactor was taken from Figure 3 

by X. Wang et al. (2012), who carried out 30-day AD experiments with a S/I of 0.5 (expressed 

in terms of VS). The scale of the OLR for the operation of a continuous reactor, equivalent of 

the S/I in a batch reactor, was taken from Figures 4 and 5 by Rincón et al. (2008), who reported 
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similar trends of biogas release and VS removal. In their article, the OLR was expressed in 

COD basis, however it is recommended to use the VS instead (Angelidaki et al., 2009). 

Microbes get rid of any nutrient in excess available in the medium, hence the composition of 

the organic amendment should be as similar as possible to the composition of the microbes. If 

C is in excess (C/N ≥ 35), the microbes get rid of it via respiration or EPS segregation (Mannina 

et al., 2020). That is the reason for which supplementing the AD feedstock with ashes (Romero-

Güiza et al., 2016a). The composition of the AD feedstock has been traditionally measured 

using the ratio C/N and this parameter has been employed for other types of fermentations, 

such as composting and land application of the organic soil amendment (Richards et al., 2021). 

Möller & Müller (2012) emphasised that a more representative ratio to express the composition 

of the organic soil amendment would be the Corg to Norg ratio. Some researchers reported C as 

the main component of the wood ashes (Laohaprapanon et al., 2010; Leechart et al., 2009). 

According to Forbes et al. (2006), the continuum of combustion products such as char, ash and 

charcoal are referred to as black carbon (BC). This feature makes the properties of the wood 

ashes more suitable to be employed as land amendment, to restore the soil as C sink, maintain 

an adequate microbial activity in the soil, appropriate management of the nutrients to boost 

crop growth and prevent the pollution via leaching and gaseous emissions. The addition of 

wood ash to the feedstock of AD initially leads to an increase in C content, due to the 

accumulation of the VFAs (Bauer et al., 2022; Cimon et al., 2020; Lo et al., 2009; Onwosi & 

Okereke, 2009; Podmirseg et al., 2013). Once the methanogenesis reaches a stationary state, 

the C/N decreases and lead to the formation of an organic manure with better fertilising 

properties that the initial feedstock of AD. 

According to the BSI PAS 110:2014 (WRAP, 2014a), the upper limit for a stable organic 

amendment in the 28-day test is 450 mL biogas/g VS (Table 2.2), which is in agreement with 

Figure 2.10. It should be noted that this threshold value was established in the conditions of no 

inhibition of the test (e.g. Figure 2.2), which could be related to an inappropriate S/I (i.e. 

OLR>10 g VS/L/d) and/or low nutrient content (i.e. C/N > 35). It is important to highlight that 

N plays a role in enhancing the biogas production but supplementing the organic amendment 

with other nutrients is advised (Menon et al., 2017). Equation 2.46 represents how the 

heterotrophic microbial biomass (C5H7NO2) is built from C6H12O6, as a source of Corg, and 

NH3, as a source of N. In this way, the maximum theoretical CUE is 55 % in an aerobic 

fermentation (Tchobanoglous et al., 2014, p. 576), in agreement with Figure 2.10. The reason 

because in AD technology the stability is measured as release of biogas is because there is no 
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accurate quantification of the microbial biomass available in the biodigester as this is measured 

as suspended VS. Less common is the measurement the ATP or phospholipids to quantify only 

the active cells in the anaerobic digester. The CUE measured in soil science is a more 

straightforward technique that relies in the in the extraction of the microbial C with a solution 

0.5 M K2SO4 after fumigation with chloroform. 

3𝐶6𝐻12𝑂6(𝑠) + 8𝑂2(𝑔) + 2𝑁𝐻3(𝑔)

→ 2𝐶5𝐻7𝑁𝑂2(𝑠) + 8𝐶𝑂2(𝑔) + 14𝐻2𝑂(𝑙) 

Equation 2.46 

Source: Tchobanoglous et al. (2014, p. 576); C6H12O6 is the molecular formula of glucose and 

C5H7NO2 is the empirical molecular formula of the SS microbes (Hoover & Porges, 1952). 

For a high protein feedstock (C/N ≤ 20) containing Norg, as the AD progresses, the labile 

fraction of C in the system decreases, because of microbial growth and biogas release, and the 

excess of Norg is converted to NH4
+-N. It should be noted that the co-digestion of substrates 

with high Norg could be understood as supplementation of the main feedstock of AD to produce 

a more stable digestate. In a deficit of C, the CUE increases as most of Corg is employed in 

creating cell structures. At the time of the preparation of the blended fertiliser, any increase in 

stability cannot be at the expense of excessive maturity (Figure 2.9). Otherwise, toxic effect on 

soil biota, lower fertility (Johansen et al., 2013), losses via volatilisation and leaching during 

storage and after land application could be expected due to the high availability of the nutrients. 

Figure 2.11 shows that only when X. Wang et al. (2012) used a feedstock with a composition 

of C/N 20 or 35, correct maturity was obtained, at a C/N 15, there would be an excess of NH4
+-

N in the anaerobic digestate. On the other hand, at C/N of 25 and 30 the microbes assimilated 

and immobilised all the NH4
+-N in the microbial biomass, hence there would be a lack of 

supply of this preferred source of N for the crops. 
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Figure 2.11. Experimental values of maturity based on the work of X. Wang et al. (2012) about 

trying to optimising the feedstock composition for a greater methane production during the 

anaerobic co-digestion of dairy manure, chicken manure and wheat straw (Moure Abelenda & 

Aiouache, 2022). 

Bhogal et al. (2018) reported the relevance of the stable fraction of the OM that remains in the 

biologically stabilised organic wastes, via AD or composting, to restore the soil as a natural C 

sink. The results of their study show that the application of food waste compost to land over a 

period of 9 years increased the soil Corg as much as the application of farmyard manure for 20 

years. However, when looking at the C speciation in the soil, the C immobilised in microbial 

biomass was more than twice in the case of manure. Thus, the stable OM prevented the 

excessive growth of microbes in the soil. It is important to mention that in the study of Bhogal 

et al. (2018), the food waste digestate offered similar results to the compost when these soil 

organic amendments were applied for 3 years. The land spreading of livestock slurry for 20 

years provided with a lower increase in soil Corg compared to the same rate of application of 

manure but with the same relative increase in the microbial growth. Although controlling 

diseases, pathogens and odours is not among the main concerns of farmers (Hou et al., 2018), 

the procedures for combating antibiotic resistance are regulated and demanded by governments 

(UK Government, 2016). 

Since agricultural soils have been identified as one of the major sources of the GHG, N2O 

(Butterbach-Bahl et al., 2013; Murphy et al., 2022), a number of regulations and technologies 

has been developed to address emission to the atmosphere. The designation of Nitrate 
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Vulnerable Zones as per the Nitrate Directive (91/676/EEC) or its corresponding legislation 

for countries outside of the European Union such as United Kingdom (Northern Ireland 

Department of Agriculture Environment and Rural Affairs, 2019), aims to limit the rate of 

application to 170 kg N/ha/y. The development of nitrification inhibitors aims to address this 

environmental (Recio et al., 2018) as well as economic problems, since crops generally prefer 

NH4
+-N to grow (Kiba & Krapp, 2016). Advocates for organic agriculture claim that the excess 

of N is also responsible of health issues as the high crop yields lead to food containing less 

nutrients in the human diet (Coelho et al., 2007). 

The wood ash-based technology enables the easier handling (i.e. store, transport and spread to 

land) of organic waste. This technological solution is in agreement with the perception of 

farmers and other stakeholders such as public authorities, agricultural advisors and consultants 

(Hou et al., 2018). At both sides of the supply and demand of organic slurry, these groups see 

the pressure from environmental policies as the main stimulant for the adoption of organic 

waste processing technologies. Moreover, they have identified the lack of capital investment 

and the high processing costs as the most important barriers for wider implementation of 

technologies. The CATNAP (cheapest available technology narrowly avoiding prosecution) 

approach aims to bridge the gaps, preventing the efficient recycling of nutrients. Both in the 

EU and the UK regulatory frameworks, there is flexibility to design the national or regional 

action programmes in order to comply with the Emission Ceiling Directive (2001/81/EC) or 

the Clean Air Strategy and agricultural transition plan (UK DEFRA, 2020b, 2020a; UK 

Government, 2019), respectively. 

2.5.Conclusions 

The valorisation of the anaerobic digestate via wood ash treatment offer many possibilities. 

The challenge relies on choosing the appropriate blending ratio to maximise the number of 

synergies that can be attained by combining these 2 waste streams during the manufacturing of 

novel fertilisers. The reduction of the cost of processing these 2 raw materials, in terms of 

requirements for additional resources (e.g. commercial acids and surfactants) and energy (e.g. 

dewatering via mechanical solid-liquid separation) is key for encouraging the energy industries 

to take advantage of these materials. Furthermore, from the point of view of the properties of 

the slow-release soil organic amendment, the optimum blending ratio should enhance the 

nutrient use efficiency, thus minimising the pollution and demand of the agroindustry for 

chemical fertilisers. 
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3. Stability of the blends of anaerobic digestates and wood ashes 

under alkaline conditions 

3.1.Introduction 

The management of digestates and ashes represents a problem for the industries where they are 

produced. Whilst both issues are operational expenditure challenges, for ashes it is 

predominantly related to the gate-fee for disposal in landfills. For both digestates and the ashes, 

large spaces with special conditions (i.e. collection of gases and leachate) are required for the 

storage of these waste streams (UK Government, 2019). The use of low-pollutant digestates as 

an organic soil amendments is limited because of transportation (due to the moisture content 

higher than 90 %), the season of application, the N quota (Northern Ireland Department of 

Agriculture Environment and Rural Affairs, 2019). Whole digestates (i.e. which have not 

undergone any solid-liquid separation) are usually employed when nutrients are expected to be 

safely stored in the soil or effectively uptaken by the plants. Organic slow-release fertilisers 

are known for having low nutrient availability, which is typically enough for the utilisation by 

the soil biota while preventing important losses due to runoff waters and gas exchange (Rop et 

al., 2018). 

The use of ashes as soil amendment is largely dependent on their nature. In the UK, only poultry 

litter ash can be directly applied to soil, under the conditions indicated by the Quality Protocol 

(WRAP, 2012a), due to their low content of pollutants (e.g. heavy metals). On the other hand, 

the direct use of biomass ashes is also accepted as alkaline and liming agent, and/or as a source 

of K comparable to the K-chemical fertilisers (Demeyer et al., 2001). Digestates and ashes 

could be combined to improve the handling of these wastes and to enhance their properties as 

fertilisers (e.g. nutrient profile). 

The term stability is applied in literature indistinctly to several parameters which provide 

completely different information about waste materials. In this thesis, the differences between 

biological, chemical and physical stabilities have been established as follows (Figure 2.4). The 

biological stability (Tambone et al., 2019) of organic wastes is a critical factor when deciding 

on the land application of these materials and this parameter is not limited to the pathogen 

content. According to the UK regulations, it is determined by the amount of C mineralised as 

biogas or CO2 release due to microbial respiration, depending on the methodology used 

(Walker et al., 2010; WRAP, 2011). Steenari and Lindqvist (1997) employed the term chemical 
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stabilisation of the biomass ashes to refer to the process of self-hardening which is achieved by 

adding water or other suitable binders. However, since one of the objectives of employing this 

phenomenon is to improve the mechanical properties of the granules and pellets produced with 

ashes, in this thesis it is regarded as physical stabilisation (Figure 2.4). The term chemical 

stability is employed in this thesis to refer to changes in composition of the waste streams 

overtime, due to volatilisation and solubilisation of nutrients (i.e. N, C and P). The three types 

of stability are interrelated since the availability of the nutrients, which is the key parameter for 

determining chemical stability, also impacts on the microbial growth and the hardening 

process. Below, a discussion is offered on how ashes can be employed to maximise the 

stabilisation of digestates to produce a novel fertiliser. 

First of all, there is evidence that the use of ash as source of nutrients affects the C utilisation 

during the AD of organic waste (Romero-Güiza et al., 2016b). Guerrero et al. (2019) tested 

doses up to 200 mg of thermoelectric fly ash per litre of digester prepared with 2 g of COD of 

secondary sludge and 2.5 g of volatile suspended solids of inoculum. Similarly, Huiliñir et al. 

(2017) studied how concentrations of CFA up to 500 mg/L would enhance the digestion of SS 

in a bioreactor containing 5.87 ± 0.87 g soluble COD/L of substrate and 2.2 ± 0.42 g soluble 

COD/L of inoculum. If these doses were expressed as gram of ash per gram of SS, they would 

be slightly higher because of the water and the inoculum added to carry out the AD. 

Nevertheless, the highest doses are associated with other type of anaerobic systems, such as 

landfills. Lo et al. (2009) employed up to 20 g of MSW fly ash per kg of MSW (94 % moisture) 

to enhance the biogas production (Table 2.4). 

The biological stabilisation in not limited to improve the C utilisation in the soil but high doses 

of ashes could be used prior to land application, to reduce the number of pathogens in the 

organic waste. The lime stabilisation of liquid sludge is described to occur at pH above 12 

when it is operated for at least two hours (UK Government, 2018), for which is required a dose 

of 3.9 g Ca(OH)2 per kg of SS (1.3 % TS) (Tchobanoglous et al., 2014, p. 1501). Jamali et al. 

(2008) reported a ratio of 50 g CaO per kg SS, although they only reached a pH 9.1 due to the 

25 % TS. It should be noted the moderate (i.e. ~ 18 %; although this depends on the amount of 

bark containing most minerals used as fuel) Ca content of biomass ashes (Demeyer et al., 2001; 

Steenari & Lindqvist, 1997), at the time of proposing the amounts of these materials to be 

added to the organic wastes. Ca and Mg are not very soluble (Table A.5) that is why the sorption 
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of the OM takes place onto these elements. Thereby the chemical stability also increases 

because of the lower availability of nutrients (Figure 2.4). 

Fivelman (2013) employed the adsorption technology to enhance the solid-liquid separation of 

the liquid fraction (i.e. liquor) of the digestate (ADFerTech; Table 2.7). The main powder 

adsorbent that they added was dolomite (CaMg(CO3)2) in doses ranging from 10 to 200 g/L 

(mixed for 5 min at 20 ºC), which was able to retain around 250 mg N and 300 mg P per gram 

of dolomite. Biomass ashes are a source of Mg which can be used to decrease the availability 

of nutrients like N and P in the digestate due to the formation of MgNH4PO4·6H2O (Figure 

2.5). The adsorption is faster than the precipitation and it requires less amount of soluble 

nutrients. However, these two processes can take place simultaneously in a range of 

concentrations of the adsorbate (Yagi & Fukushi, 2012). Similarly, the concentration of 

adsorbent also determines the predominant phenomenon. Mor et al. (2016) found the greatest 

adsorption in a 10 mg PO4
3-/L synthetic wastewater when using 2 g activated rice husk ash per 

litre. They tested higher ash doses, up to 4 g/L, but resulted in less PO4
3- removed from the 

wastewater because of the aggregation of the adsorbent and the consequent decrease in the 

number of active sites. This fact does not agree with the results of Ma et al. (2011), who tested 

concentration of adsorbent (prepared from wheat straw) in doses up to 6 g/L. They found that 

for a 25 mg PO4
3-/L solution, the greatest adsorption was obtained when using the highest dose 

of adsorbent. However, the adsorption in a 50 mg NH4
+/L solution followed the opposite trend. 

In the soil, the adsorption phenomena could be coupled with the microbial growth to 

immobilise the nutrients which further reduce the leaching and enhance the chemical stability 

(Figure 2.4). The characterisation of the WS extract of the blends digestates and ashes before 

land application represents a more conservative approach to assess the potential losses of 

nutrients, since more leaching and volatilisation are expected in the blended fertiliser due to 

the higher concentration of nutrients than that in the amended soil. Furthermore, the 

characterisation of the blend, is less subjective to decrease the availability of the elements due 

to microbial assimilation. The assessment of the availability of nutrients in the blend could 

provide with key information to optimise the processing towards minimisation of resources 

and better properties of the waste-derived fertiliser. The most common approach in the 

adsorption studies is to focus on the removal of adsorbate from the WS phase rather than 
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monitoring the change of composition of the adsorbent (Ma et al., 2011; Mor et al., 2016; Yagi 

& Fukushi, 2012). 

The doses of ash added to organic waste that results in a pH beyond 13, also lead to chemical 

hydrolysis (Randall et al., 2016), which has a negative impact on the chemical stability to the 

liquid blend (Figure 2.4). This effect is desired for purposes that are different from the 

production of a fertiliser. Concentrations between 50 and 150 g Ca(OH)2 per kg biomass (5 to 

20 % TS) are usually employed as caustic pre-treatment of the bioconversion of lignocellulosic 

biomass in the ethanol production (J. S. Kim et al., 2016). The solubilisation of Corg (Tavakkoli 

et al., 2015) enhances the subsequent fermentation (Huiliñir et al., 2017), although it is 

necessary the previous neutralisation with an acid agent to reach an appropriate pH for 

microbial activity. The physical stabilisation (Figure 2.4) of the organic wastes to produce a 

granular fertiliser is achieved even with higher doses of ashes (Mudryk et al., 2018; Pesonen 

et al., 2016), but the moisture level of the final pellets should be less than around 3 % 

(Fivelman, 2013; Pesonen et al., 2016), which reduces the extent of the hydrolysis of the OM. 

Steenari and Lindqvist (1997) explained that the self-hardening of 1 g of wood ash when adding 

between 0.3 and 0.5 g of water as binder depends on a number of on-going reactions which can 

last from days to months. The hydration of CaO to produce Ca(OH)2 is the main responsible 

of the curing since the subsequent formation of CaCO3 is a much slower reaction due to the 

mass transfer resistance, which limits diffusion of CO2 from the atmosphere. In addition to the 

solidification, Steenari and Lindqvist (1997) claimed that other reason for which the curing of 

ashes would be necessary is the presence of the reactive oxides and soluble salts which might 

have adverse effects in plants (e.g. pH shock and burn crop tissues). Moilanen et al. (2013) 

studied the use of self-hardened wood ash before and after granulation in the forest. They 

concluded that the amount of nutrients provided to soil is the most important factor to enhance 

the tree growth, despite the lower solubilisation rates of the self-hardened ash and the 

granulated ash with regard to the untreated powder ash. Thereby, advanced manufacturing (e.g. 

pelletisation) is encouraged to make easier spreading (i.e. prevent the formation of dust during 

land application) and to avoid excessive leaching of nutrients after land application. 

Pesonen et al (2016) reported the smell of ammonia during the granulation of a fertiliser based 

on biomass ash and dewatered sludge. Although they included Ca(OH)2 in the blends, the 

compressive strength of the granules did not increase. Mudryk et al. (2018) assessed three 

agglomeration techniques for blends ranging from 0.33 to 3 g of waste wood ash per gram of 
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dewatered digestate, with moisture content of 10 %, 15 % and 18 % required for binding. Based 

on the results of Mudryk et al. (2018), Jewiarz et al. (2018) proposed the entire process for the 

production of this granular fertiliser. In this process, the combustion of biomass is used to dry 

up the digestate until acceptable levels for the subsequent granulation of the blend with the ash. 

This is an example of synergies which need to be implemented to achieve the process 

intensification because there is a lack of a holistic approach when proposing the manufacturing 

of the blended fertiliser (Figure 2.3). 

This chapter evaluates how high doses of biomass ashes of wood origin affect the availability 

of N, C and P in household food debris and post-harvest vegetable waste digestates to be able 

to propose further connected processing steps for the production of a novel fertiliser. In this 

way, the samples were blended without previous dewatering to promote the interaction between 

the components of the ashes and the digestates. This allowed focussing on the initial stages of 

the production of a blended fertiliser rather than on the self-hardening and granulation, which 

will be addressed in future studies. It was expected to identify and potentially take advantage 

of any ongoing phenomenon to minimise the cost of isolating nutrients to produce an organic 

fertiliser. 

3.2.Materials and methods 

3.2.1. Materials 

The samples were obtained from a variety of sources, including food waste digestate (FWD), 

post-harvest vegetable waste digestate (PVWD), woody biomass derived fly ash (WFA) and 

woody biomass derived bottom ash (WBA). The description of each sample from various 

sourced plants is illustrated in Table 3.1. The FWD was produced in compliance with the BSI 

PAS 110:2014, thus fulfilled the criteria towards the end-of-waste status according to the UK 

regulations (WRAP, 2014a). It is important to highlight that the composition of the FWD was 

variable due to the different foods consumed during the different seasons of the year. Similarly, 

the maize was only fed from October to June as plant feedstock for the preparation of the 

PVWD. The sampling of the digestates and the ashes for this chapter took place on September 

2016. 

Each digestate sample consisted in 5 kg of material, which was sourced at the end of the process 

line of the AD plant with a jerry can. Cooling down of the samples was allowed before placing 

them in suitable containers with ice for their transport by courier. Once received by the staff of 

Lancaster University, the samples were stored in a cold room (< 4 ºC) until further use. These 
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were considered “fresh” samples. A subsample of each digestate was sent out externally to 

Natural Resource Management (NRM) certified laboratory for determination of 

complementary analyses (N, P and trace elements). 

Each ash sample received consisted in 10 kg of material, which was sent by the producer in a 

sealed plastic box to minimise the contact with the open atmosphere. Once at the university, 

each sample was milled to pass a 1 mm mesh, sieved and placed in zip bags which were left 

under room temperature until further use. These were considered “fresh” samples. 

Table 3.1. Description of the samples used in this thesis (Moure Abelenda et al., 2021c). 

Sample Plant production and feedstock composition 

FWD 17600 t/year source segregated food waste (mainly household). 

PVWD Maize Silage (10,000 t/year), vegetables waste (5,000 t/year), sweet-corn 

waste (15,000 t/year), aerobically treated food waste (10,000 t/year) and 

biodegradable sludge (2,000 t/year). 

WFA and 

WBA 

Virgin wood bark and chipped timber (generally 85 % Sitka spruce and 15 

% larch, but the blending ratio depended on the availability of these 

materials) to produce 256 t/year of WFA and 295 t/year of WBA. 

 

The samples were blended in order to achieve ashes-to-digestates ratios of 1/4.6 and 1/2.3 

(Table 3.2). Usually, alkaline stabilisation requires a ratio of g Ca(OH)2/g solid of 1/10 (J. S. 

Kim et al., 2016). It should be noted the significant amount (~ 10 %) of Ca presented in the 

wood ashes (Table A.3) and the low DM of the digestates (Table 3.3) when comparing the 

blending ratios. The blends of these samples (Table 3.2) have a nutrient profile around C/N/P 

10/1/1 (Table 3.4), hence low C mineralisation would be expected after land application. The 

ashes were used directly without any prior treatment/activation (e.g. Table 2.6) to enhance the 

sorption process. 
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Table 3.2. Mass percentage of each fresh sample for the preparation of approximately 3 g of 

each blend (Moure Abelenda et al., 2021c). The procedure for the calculation of the error 

propagation is described in the section A.2 and section A.3. 

Share Blend 1 Blend 2 

Sample Average St. deviation Average St. deviation 

FWD/(%) 65.03 3.03 - - 

PVWD/(%) 17.13 3.23 67.49 3.14 

WFA/(%) 17.84 1.89 16.03 1.97 

WBA/(%) - - 16.48 2.87 

Digestates:Ashes/(-) 4.60 0.60 2.08 0.30 

Total/(g) 3.28 0.17 3.27 0.24 

g TS Ash/g TS Dig. 2.99 0.59 6.01 1.00 

 

3.2.1. Methods 

The preparation of the 3 g of each mixture was done in 50-mL Corning® flasks (Figure 3.1) 

by following the mass percentages shown in Table 3.2. Therefore, the closed system had a 

headspace of ~ 47 mL which allowed the gas exchange of the blends during incubation. The 

factors assessed in the experiments were (a) the type of blend (composition of Blend 1 and 

Blend 2 shown in Table 3.2) and (b) the length of the incubation at 22 °C (0, 0.5, 1, 3, 6 and 

10 hours). Under such working conditions and incubation time, the changes in the composition 

of the blend because of the microbial activity were assumed to be negligible compared to the 

physicochemical phenomena. Up to sixteen repetitions in each of the twelve conditions (i.e. 

two blends and six incubation times) were done. 

The assessment of the WS fraction of each material was considered since most of the short-

term physicochemical transformation would be reflected in this phase and also because was 

the phase where risks (e.g. nutrients leaching) could be better understood (Schwab, 2011). The 

parameters measured were the pH, EC, WS NH4
+-N (i.e. N in the form of NH4

+
(aq) or NH3(aq)), 

WS NO3
--N (includes N in the form of NO3

-
(aq) or NO2

-
(aq)), WS PO4

3--P, WS N and WS C. 

Two steps were required for the isolation of the WS extract (Figure 3.1). 
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Figure 3.1. Stepwise methodology for the characterisation of the WS extract of the blends after 

the 10-h incubation at 100 rpm and 22 ºC (Moure Abelenda et al., 2021c). The WS extract was 

prepared following a sample-to-extractant ratio (S/E) of 1 part of sample and 10 parts of 

ultrapure [milli-Q] water (1/10). 

The procedures available in the literature for the determination of pH and electric conductivity 

(EC) mainly differ in the dilution ratio used (Table A.4). The values of pH and EC are generally 

reported for the leachates. The digestate samples did not require addition of water for the 

measurement of pH and EC (Alburquerque et al., 2012) but it was performed to match the 

procedure employed for the characterisation of the ashes. In agreement with the procedure used 

by NRM laboratory, the WS extract was prepared following a sample-to-extractant ratio (S/E) 

of 1 part of sample and 10 parts of ultrapure [milli-Q] water (1/10). In this way, after the 

incubation, each blend of 3 g was mixed with 30 mL of ultrapure milli-Q water. The 50-mL 

tubes were placed horizontally in the rotary shaker for 1 hour at 100 rpm. Finally, the lixiviation 

was achieved via centrifugation for 5 min at 4,000 rpm and subsequently filtered down to pass 

3 µm. 

The measurement of the pH and the EC of the WS extracts of the blends were done with a 

Mettler Toledo® Seven CompactTM S220 pH/Ion meter and a Jenway® 4510 bench 

conductivity/total dissolved solids meter, respectively. The determination of the concentrations 

of WS NH4
+-N (methods DIN 38406 and ISO/DIN 11732), WS NO3

--N (methods DIN 38405 

and ISO/DIS 13395) and WS PO4
3--P (methods DIN/EN/ISO 15681-2) was done with the 

AutoanalyzerTM (AA3, SEAL analytical), by using the colorimetry based on the salicylate, 
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hydrazine and molybdate reactions, respectively. On the other hand, the concentrations of WS 

N and WS C were measured with the TOC-L Shimadzu® via combustion of the sample and 

detection of CO2 and NO gases. The C of all the samples and the N of the ashes (Table 3.3 and 

Table A.3) were measured in the elemental analyser (Elementar Vario EL cube®) in dried and 

ground samples. For the digestates, it was considered that there was no losses of C during the 

drying at 105 ºC. The N of the digestates together with the P of all the samples were determined 

by the NRM laboratory. The estimated expanded uncertainty calculated as per the NORTEST 

537 method was 10 % for the values provided by NRM. 

In order to build the mass balance of N, the initial N of the blends at time zero (Table 3.4) was 

divided into the actual N that remains in the blend (Nblend), ammonia nitrogen gas lost (NH3-N; 

N in the form of NH3(g)) and nitrous oxide nitrogen gas lost (N2O-N; Equation 2.10). 

Furthermore, the Nblend was divided into WI N and WS N. It is important to highlight that 

although the WI Norg of the digestates presented different availability (i.e. different 

solubilisation rates) than the WI N of the ashes, this distinction was not considered in this 

chapter. With regard to the WS N, the following fractions were considered as the fate of N in 

the WS extract: WS Norg, WS NH4
+-N and WS NO3

--N. The WS Norg was calculated as the 

difference between the WS N and the sum of WS NH4
+-N and WS NO3

--N (Urgun-Demirtas 

et al., 2008). A widely used procedure is the calculation of the NH3(g) volatilisation based on 

the decrease of the concentration of NH4
+-N in the digestates (Ndegwa et al., 2009; Whelan et 

al., 2010). In the chapter, the increase in the formation of NH3(g) was accounted for the decrease 

in all the other forms of N, with the exception of WS NO3
--N, for which the decrease was 

expressed as an increase of the N2O(g). In this way, the rate of formation of NH3-N during the 

incubation of the samples was calculated based on reduction of the Nblend for both blends, since 

the variation in the concentration of the WS NH4
+-N was not representative of N lost because 

of the pool of both WS Norg and WI Norg, for example due to reactions such as Equation 3.1 or 

abiotic mineralisation. The approach of Ukwuani & Tao (2016) to this problem was to begin 

the calculation of the NH3-N volatilised once the WS NH4
+-N has started to decrease. In their 

study about the development of a vacuum thermal stripping up, the WS NH4
+-N increased 

during the first hour of heating up the digestates and the content of the WS NH4
+-N started to 

decrease progressively once reached the desired operating temperature for the next 4 hours 

which lasted the ammonia stripping. 

𝑁𝑜𝑟𝑔(𝑎𝑞)
𝐴𝑚𝑚𝑜𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 & 𝑀𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛
→                          𝑁𝐻4

+ − 𝑁(𝑎𝑞) Equation 3.1 
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Whether the experimental results were referred to the S/E ratio 1/10 WS extract (i.e. no units 

for pH and dS/m for EC) or were expressed in terms of the fresh base (i.e. mg of WS NH4
+-N, 

WS NO3
--N, WS PO4

3--P, WS N or WS C per kg fresh blend), the average value of all the 

measurements in each condition and the standard deviation were calculated. The procedure for 

the calculation of the concentration of WS species in the fresh samples is on the Equation A.11. 

The single-factor analysis of variance (ANOVA) was performed with MS excel (p < 0.05) to 

decide whether the measured parameters remained constant during the incubation period. For 

this purpose, it was necessary to assume that the data obtained for each blend during the 10-h 

incubation followed a normal distribution. The determination of the outlier values was done 

following the procedures of interquartile range and z-score. 

3.3.Results and discussions 

3.3.1. Initial characterisation 

The characterisation of the samples, in terms of the parameters concerning this thesis, is shown 

in Table 3.3. While the values for the samples were determined empirically, the 

characterisation of the blends at time zero (Table 3.4) was estimated based on the data of each 

sample and their share in each blend (Table 3.2). The low reproducibility of the results (i.e. 

standard deviations greater than the 10 % of the average value) was related to the heterogeneity 

of the samples. 

The digestates were the main source of N in the blends. The NH4
+-N, which was higher in the 

FWD because of the higher protein content, was an important contributor to the EC 

(Shcherbakov et al., 2009), together with other elements (Table A.5), such as sodium (Na+). 

Although there was no significant difference between the pH values of the digestates, it was 

expected that the FWD would have greater buffer capacity to prevent the increase of the pH 

when adding the ashes because of the greater content of NH4
+-N (Equation 3.2). 

𝑁𝐻4(𝑎𝑞)
+

𝑁𝑒𝑢𝑡𝑟𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛
→           𝑁𝐻3(𝑎𝑞) + 𝐻(𝑎𝑞)

+  Equation 3.2 

The ashes were the main source of WI P and they were also loaded with alkali and alkaline 

earth metals (Table A.3), which confered them high pH. It should be noted that less than 1 % 

of the P contained in the ashes was soluble (Table 3.3) because it was in the form of insoluble 

calcium compounds, such as hydroxyapatite (Ca5(PO4)3OH) (Steenari & Lindqvist, 1997). The 

fate of most of the phytotoxic elements, such as heavy metals (e.g. As, Cd, Pb and Zn (Steenari 

& Lindqvist, 1997)), usually are the finer fractions of ashes. The reason could be that the fly 
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ash account for most ashes (~ 80 %) generated during combustion, although the exact mass 

distribution depends on the type of incinerator. It is important to highlight that there are 

different fractions of fly ash, each separated at different stages (e.g. cyclone ash, electrostatic 

precipitator ash, filter ash, etc.) of the flue gas treatment system, depending on the particle size 

(Dahl et al., 2010, 2009; Pöykiö et al., 2011, 2009; Strand et al., 2002). The ashes employed 

were generated in a grate combustion chamber, thereby the bottom ash represented the main 

fraction (Table 3.1) and more pollutants could end up in the WBA. The samples of both ashes 

were collected on the same day, but the WFA presented more surface area, which made it more 

reactive (Chindaprasirt et al., 2009) and fostered faster kinetic and greater extent of the water 

sorption during the storage. This could be the reason for which the WFA had higher moisture 

content (i.e. lower DM and TS; Equation 2.44) than the WBA. Similarly, the neutralisation and 

carbonation, that took place during storage, were enhanced in the WFA, leading to a greater C 

and lower pH of the WFA compared to the WBA (Table 3.3). Values with an uncertainty 

greater than 10 %, such as the C of the WBA, are explained by the heterogeneity of the samples. 

It could be possible that the WBA was cooled down via quenching, as this fraction was reported 

by the producer as wet ash (Table 3.1), and it was subsequently dried. Firstly, adding water to 

the WBA promoted hydration and in this process the alkalinity of the WBA decreased because 

the oxides of the alkaline metals were converted to hydroxides. Secondly, the alkalinity was 

further reduced because of the lower mass transfer resistance of the atmospheric CO2 towards 

the alkaline aqueous solution, leading to the formation of CO3
2- (Steenari & Lindqvist, 1997). 

Thirdly, the drying at high temperature decreased the moisture content, restored the alkalinity, 

due to the decomposition of CO3
2- and even hydroxides (Demeyer et al., 2001), and would be 

responsible of the clumping and formation of greater particle size compared to the WFA. 

The EC of the ashes was measured following the same procedure as for the digestates, in the 

S/E ratio 1/5 WS extract (Table 3.3). The higher content of K+ explained the higher 

conductivity of the WBA in spite of its lower moisture content (Table A.3). Generally, the EC 

of the ashes increases with the moisture content but beyond the water sorption saturation level, 

which corresponds to a S/E 1/0.4 (Sakai et al., 2005; Wei & Li, 2005), the EC decreases 

because of the dilution effect and the lack compaction. It is important to mention that Maresca 

et al. (2019) reported a decrease in the EC during the first 20 days of the self-hardening of the 

WFA and the WBA, using a S/E 1/5. Under the conditons of this experiment (i.e. S/E 1/10 and 

10-h incubation), the level of self-hardening of the ashes did not impacted on the measurement 

of the EC, which was determined by the amount of mobile ions. According to Karoline (2012), 
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SO4
2-, Cl- and PO4

3- were the main anions provided by the wood ash. While the low WS PO4
3- 

in the ashes of this thesis (Table 3.3) was associated with the low solubility of Ca2+ and Mg2+ 

(Table A.5), the SO4
2- and the Cl- were the counter ions associated with the K. K-salts are very 

soluble and are rarely related to the hardening phenomenon, with the exception of 

K2Ca(SO4)2·H2O (Steenari & Lindqvist, 1997). 
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Table 3.3. Characterisation of the four samples in terms of the relevant parameters for this thesis (Figure 3.1). The average and standard deviation 

(n=3) for all the measurements are expressed in fresh weight (Moure Abelenda et al., 2021c). 

Sample 

 

FWD PVWD WFA WBA 

Parameters Units Average St. dev. Average St. dev. Average St. dev. Average St. dev. 

pH - 8.80 0.01 8.84 0.01 12.89 0.02 13.38 0.01 

EC dS/m 8.59 0.08 2.37 0.04 20.60 0.56 57.90 0.96 

DM % 6.27 0.50 7.57 0.32 90.01 0.45 98.90 0.58 

C mg/kg 21,332.30 805.14 31,959.34 43.60 41,398.70 575.23 22,069.71 1,145.77 

WS C mg/kg 4,073.55 251.97 2,041.50 87.73 3,773.59 515.97 1,824.97 113.57 

aN mg/kg 8,500.00 850.00 3,800.00 380.00 1,061.23 152.58 831.58 191.62 

WS N mg/kg 8,799.54 246.61 2,062.70 18.89 61.07 3.34 46.58 13.88 

WS NH4
+-N mg/kg 3,402.85 117.58 689.74 86.78 4.12 0.21 4.29 0.77 

WS NO3
--N mg/kg 1.70 0.23 18.94 0.65 6.78 0.12 1.30 0.02 

aP mg/kg 1,004.00 100.40 1,119.00 111.90 23,848.16 2,384.82 11,123.10 1,112.31 

WS PO4
3--P mg/kg 54.87 3.71 38.99 2.74 22.49 0.22 22.25 1.51 

aParameters measured by NRM: the estimated expanded uncertainty calculated as per the NORTEST 537 method was 10 %. 
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Table 3.4. Characterisation of the two types of blends (Table 3.2) in terms of the relevant 

parameters for this chapter (Table 3.3). The average and standard deviation (n=3) for all the 

measurements are expressed in fresh weight (Moure Abelenda et al., 2021c). A description of 

the calculation of the error propagation is offered in the section A.4. 

Sample 

 

Blend 1 Blend 2 

Parameters Units Average St. dev. Average St. dev. 

pH - 8.89 0.00 9.01 0.00 

EC dS/m 9.67 0.49 14.44 1.72 

DM % 21.43 1.77 35.83 3.36 

C mg/kg 26,733.11 1,543.14 31,843.05 1,454.60 

WS C mg/kg 3,671.89 245.40 2,283.48 151.82 

N mg/kg 6,367.59 626.27 2,871.90 287.47 

WS N mg/kg 6,086.28 318.12 1,409.67 66.12 

WS NH4
+-N mg/kg 2.331.65 131.09 466.90 62.45 

WS NO3
--N mg/kg 5.55 0.65 14.08 0.75 

P mg/kg 5,120.81 629.13 6,633.57 737.20 

WS PO4
3--P mg/kg 46.37 3.25 33.59 2.36 

 

Figure 3.2 represents all the possible blends fulfilling the above criteria employed to define the 

Blend 1 and the Blend 2 (Table 3.2). Similar representations have been employed to describe 

the biomass ash composition (Ribbing, 2007; Vassilev et al., 2010, 2021). The evaluation of 

the chemical stabilities of Blend 1 (65.03 ± 3.02 % FWD, 17.13 ± 3.23 % PVWD and 17.84 ± 

1.89 % WFA) and Blend 2 (67.49 ± 3.14 % PVWD, 16.03 ± 1.97 % WFA and 16.48 ± 2.87 % 

WBA) provides important information to understand the underlying chemistry and to optimise 

of the blended fertiliser. Mixture 1 and 2 represent the edges of the system in which was studied 

the interaction between the share of ash in the blend and the volatilization of ammonia, which 

is mainly provided by the FWD. 
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Figure 3.2. Quaternary diagram (i.e. triangular pyramid with 100 % of one component in each 

vertex) representing all the blends (i.e. dashed line between 1 and 2; Table 3.2) that were 

expected to fulfil the criteria of biological, chemical and physical stability (Figure 2.4) (Moure 

Abelenda, Semple, Aggidis, et al., 2022). 

3.3.2. pH and EC profiles 

As illustrated in Figure 3.3, the Blend 2 had a higher pH and EC than the Blend 1 because of 

the higher share of ashes, which were the driving force for the change of the composition of 

the digestates. Moreover, the Blend 1 had higher content of NH4
+-N (Table 3.4) with buffer 

effect, which prevented a drastic increase of the pH. These two characteristics (i.e. content of 

ashes and NH4
+-N of the blends) were responsible for the more time required for the Blend 1 

to reach a steady level of pH and EC than that for the Blend 2. In fact, the one-way ANOVA 

test (p < 0.05) indicated that the EC of the Blend 2 was constant during the whole incubation 

period. The larger error bars of the EC of the Blend 2 (Figure 3.3b) could be related to the 
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greater particle size of the WBA that made this sample more susceptible to be affected by 

sampling errors and, therefore, less homogenous than the WFA. Moreover, as the EC of the 

WBA was higher than the one of WFA (Table 3.3), any change in the composition of the 

bottom ash had greater impact on the EC of the blend. It should be noted that only the Blend 2 

contained WBA while WFA had a similar share in both blends (Table 3.2). 

The mobility of H+ ions, explained by the Grotthuss mechanism, is almost twice as those of 

OH- ions (Agmon, 1995). Thereby, strongly acidic solutions have more EC than the highly 

basic ones. At the pH of the blends (Figure 3.3a), the amount of H+ was negligible compared 

to the OH-. Therefore, the higher the pH, the higher the EC. Following the same reasoning, 

moderate alkaline pH reduces the amount of ions (Fangueiro et al., 2015), such as NH4
+, Na+ 

and K+, but greater basicity could even promote the solubilisation of OM (López Torres & 

Espinosa Lloréns, 2008). The EC of both blends matched > 4 dS/m of saline soils (Conklin, 

2014, p. 188; Daliakopoulos et al., 2016), which could give an idea of their potential purposes. 

It is possible that the dose of ashes used to prepare the Blend 1 fell in the range of chemical 

alkaline stabilisation while the behaviour of the Blend 2 was ruled by the chemical hydrolysis. 

Both blends had high pH which is desired to decrease microbial growth in the blend (Randall 

et al., 2016). 

  

Figure 3.3. Changes of the pH (a) and the EC (b) of the ~ 30 mL WS extracts (S/E 1/10) of 

each of the blends (Table 3.2) obtained after the incubation at 100 rpm and 22 ºC (Moure 

Abelenda et al., 2021c). 
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The straightforward comparison of the pH and EC values obtained for the WS extracts of the 

incubated blends (Figure 3.3) with the pH and EC values of the initial characterisation (Table 

3.4) was not possible because different S/Es were used for the preparation of the WS extract. 

The increase of the EC of the digestates when the ashes were added, was less significant than 

the increase of the pH, considering the wider range for the variation of EC. Garfí et al. (2011) 

reported a value of EC as low as 6.88 10-3 dS/m for digested guinea pig manure determined 

with a standard method for the characterisation of wastewater (Table A.4). On the other hand, 

Walker et al. (2010), using a standard method for the characterisation of waste, found 145 dS/m 

in a digestate based on agricultural waste and animal slurry. Unlike the pH, the EC was very 

dependent on the S/E used to produce the WS extract (Karoline, 2012). The pH was less 

affected by the dilution (i.e. 1/5 to 1/10) because the decrease of the concentration of H+
(aq) was 

smoothed by the logarithmic calculation. On the other hand, the measurement of the resistance, 

which was a proxy of the EC, was directly related to the concentration of ions. 

3.3.3. WS NH4
+-N profiles 

The amount of WS NH4
+-N in Blend 1 was greater than in the Blend 2 (Figure 3.4a) in 

agreement with the higher share of digestates (Table 3.2) and the large concentration of these 

species in the FWD (Table 3.3). The results of the single-factor ANOVA for both blends were 

that F > Fcrit = 2.36. Thereby, it was possible to claim with a 95 % of certainty (p < 0.05) that, 

during the 10 hours of incubation at 22 ºC, the concentration of WS NH4
+-N in both blends was 

not constant. 
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Figure 3.4. Concentration of WS NH4

+-N (a) and WS NO3
- & WS NO2

- (b) in 3 g of each of 

the blends (Table 3.2) measured after the incubation at 100 rpm and 22 ºC (Moure Abelenda et 

al., 2021c). 

The large error bars of the first time-point of WS NH4
+-N, at the zero hours of incubation of 

the Blend 1 (Figure 3.4a), was due to the fact that data from 2 different set of experiments was 

considered to present more generalised trends. It is important to mention that this was applied 

to all the other time-points and all the other parameters measured in the blends. The subsequent 

fluctuations of the concentration of WS NH4
+-N in both blends in the remaining time-points 

(Figure 3.4a) could be related to the mineralisation of the Norg due to abiotic factors (Equation 

3.1). Given the high concentration of Ca in the ash samples (Table A.3), the hydrolysis with 

the exchangeable calcium was possible (Jones et al., 2007). Subsequently, the NH4
+ would be 

released and then neutralised into NH3(aq) owing to the high pH of the medium as per the 

reaction pathway (Equation 3.2). The formation of NH3(aq) implies the acidification of the 

medium, which could be one of the reasons explaining the lower pH of the Blend 1 (Figure 

3.3a), since the FWD had more WS NH4
+-N, together with the lower share of ashes compared 

to the Blend 2 (Table 3.2). Furthermore, the FWD had a greater pool of NH4
+

(aq) than the 

PVWD, in agreement with the higher concentration of WS NH4
+-N in the Blend 1 during the 

incubation (Figure 3.4a), confirming a the greater protein content of the materials used as 

feedstock for AD. The WS NH4
+-N could build up at the first hour of incubation because the 

rate of hydrolysis of the Norg was faster than the volatilisation of NH3(g). At a pH value of 11, 

all WS NH4
+-N in the blends would be in the form of NH3(aq) (Fangueiro et al., 2015). Thereby, 

it was considered that what limited the flux of NH3(aq) from the blends to the air was the mass 

transfer step Equation 3.3. 
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𝑁𝐻3(𝑎𝑞) + 𝐻(𝑎𝑞)
+

𝑀𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟
→          𝑁𝐻3(𝑔) +𝐻(𝑎𝑞)

+  Equation 3.3 

The theoretical content of WS NH4
+-N in the blends (Table 3.4) was higher than the content of 

WS NH4
+-N measured at time zero (Figure 3.4a). Blend 1 and Blend 2 lost 37.26 ± 9.13 % 

(Figure 3.6a) and 10.36 ± 3.82 % (Figure 3.6b) of the N content at the time of blending the 

samples. It was considered that a minimum amount of N was lost during the storage of the 

digestates at (< 4 ºC). The optimum pH for the formation of indophenol during the 

determination of the NH3(aq) content in the blends via the salicylate method is 12 (Verdouw et 

al., 1978), which is a modification of the Berthelot’s reaction. This pH was meant to be 

achieved after the WS extract (S/E 1/10) interacted with the reagents for the development of 

the blue colour, thus the initial pH of the samples affected the determination. Moreover, it is 

worth to mention that low molecular weight ammines could react like NH3(aq), resulting in an 

overestimation of the concentration of WS NH4
+-N (SEAL Analytical, 2012). 

Méndez et al. (2002) reported a 4.99 % loss of NH4
+-N when adding 600 g of quicklime (81.5 

% CaO) to 2 kg municipal wastewater sludge after 2 hours of incubation at 300 rpm and 20 ºC 

in an open system. They did not provide information on how the measurement was performed, 

which would be required to understand how much of the WS NH4
+-N was adsorbed and why 

there were no losses in the closed systems. Although the size of their system was 1000 times 

bigger than the 3-gram blends of this chapter, the concentration of WS NH4
+ & WS NH3 in 

their wastewater sludge was 1,000 times lower (i.e. 0.12 mg NH4
+-N/kg sludge) than the ones 

of the blends in this chapter (Table 3.4). Whelan et al. (2010) reported a loss of 1,500 mg WS 

NH4
+-N in 120 g of digestate (mixture of ruminant slurry and food waste) during three weeks 

of incubation at 25 ºC. The initial WS NH4
+-N content was 4,490 mg/kg digestate and the 

enhancement in the release of NH3 was given by a 10 mL 1 M H2SO4 trap placed in the 1 L 

headspace of the kilner jar for trapping the NH3(g). The amount of NH3(aq) volatilised in their 

system with the H2SO4 trap for more than 3 weeks, was like the loss of NH3(aq) in the Blend 1 

at time zero (2348 mg NH3(aq)/kg blend; Figure 3.6a). On the other hand, in this chapter their 

model has been used to predict that ~ 6 % of the initial WS NH4
+-N would be lost at the time 

of blending. It is important to mention that mass transfer coefficients of environmental models 

were employed for this calculation. It was considered that the conditions of turbulence would 

be a more similar approach to represent the enhancement of NH3(aq) volatilisation given by the 

addition of the ashes to the digestates. The NH3(aq) volatilisation was also estimated using the 

values of the vapour pressure tables available for the aqua ammonia (NH4OH) solutions 
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(Eggeman, 1992). For the calculation, it was considered that the concentration of NH3(aq) in the 

blend was 10 % (i.e. approximately 10 times higher compared to the initial composition of the 

blends; Table 3.3), to take into account the enhancement in the volatilisation of NH3(aq) because 

of the addition of the ashes. The calculated losses at the time of blending were 1.9 % and 9.5 

% of the initial WS NH4
+-N in the Blend 1 and Blend 2, respectively. 

Other possible routes for the decrease of concentration of WS NH4
+-N would be adsorption 

and precipitation. This would be reflected by a translocation of a share of the N from the WS 

phase to the WI phase. However, it was expected that only Blend 2 increases the WI N at the 

time of the preparation (Figure 3.6). Ma et al. (2011) studied the removal of NH4
+-N and PO4

3-

-P from water with concentrations up to 200 and 250 mg/L, respectively. In their study, the 

optimum pH required for adsorption in a 40 mg NH4
+-N/L solution was between 3 and 9, and 

higher pH could lead to losses via NH3(aq) volatilisation. With regard to the precipitation, the 

formation of struvite could explain a share of the decrease in the concentration of WS NH4
+-

N. Changes in the concentration of NH4
+-N lower than 15 % have been reported by Sakthivel 

et al. (2012), during the incubation at 25 ºC of 11.4 g of wood ash with 1 litre of ureolysed 

urine with an initial content of 2,720 mg NH4
+-N per litre. Similarly, Huang et al. (2017) tested 

the dose of plant ash up to 28.5 g per litre of swine wastewater with 410 mg NH4
+-N per litre. 

Although the precipitation of the 97 % of the 105 mg PO4
3--P/L in a 500 mL swine wastewater 

was found after 1 hour using a dose of plant ash of 12.5 g/L, they did not report which share of 

PO4
3--P in the precipitate corresponded to struvite. This information was necessary for the 

calculation of the amount of precipitated NH4
+, since in their study the PO4

3- also precipitated 

with the Ca, as hydroxyapatite, and with the K, as K-struvite. 

3.3.4. WS NO3
--N profiles 

In both blends, the same levels of WS NO3
--N were constant (1.36 ± 0.11 mg/kg Blend 1 and 

1.37 ± 0.11 mg/kg Blend 2) during the incubation (Figure 3.4b). The low values of WS NO3
--

N could be associated with the low reactivity of these species at low concentrations (Fanning, 

2000). Other explanation for the constant levels of WS NO3
--N in both blends during the 

incubation could be the detection limit of the analytical procedure. It should be noted that the 

concentration of WS NO3
--N shown in the Figure 3.4b is expressed in terms of fresh base of 

the blend (Table A.5), and the concentration in the WS extract (S/E 1/10) was 0.13 ± 0.03 mg 

WS NO3
--N/L. This concentration is much greater than the detection limit of the method used, 

which is 0.23 µg WS NO3
--N/L (SEAL Analytical, 2012). 
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Similarly to WS NH4
+-N, there was a loss of the WS NO3

--N at the time of blending. It was not 

very likely that the nitrate remained in the system adsorbed in the ashes (Öztürk & Bektaş, 

2004) or in the digestates fibres (Stjepanović et al., 2019), since these materials have not been 

activated for that purpose, for example, with the procedures described in Table 2.6. Also, the 

biological desnitrification (Johansen et al., 2013) should not be possible in the blends due to 

the high pH and short incubation (Figure 3.3a). However, the N2O(g) has been reported as the 

main product of abiotic reduction of WS NO3
- (Y. Wang et al., 2017) and WS NO2

- (Buchwald 

et al., 2016) under presence of iron around pH 7 ± 1. The reducing effect of the alkali and 

alkaline earth metals depended on the forms in which these elements were presented in the 

ashes (Table A.3), which were set by the temperature of incineration and the conditions of 

storage. In the Chapter 5, the WBA was combined with HNO3 before addition to the acidified 

PVWD and an increase in the NH4
+-N of the WBA was observed due to the abiotic 

denitrification (Figure 5.5a). 

3.3.5. WS N and WS C profiles 

The blends had opposite trends both for the WS N and the WS C (Figure 3.5). The Blend 2 had 

a more constant WS N during the whole incubation period (883.88 ± 147.16 mg/kg), while its 

WS C significantly increased (4,917.95 ± 1,380.46 mg/kg). On the other hand, the Blend 1 had 

a decrease in the WS N during the first 3 hours of incubation (2,857.75 ± 594.73 mg/kg) and 

the WS C increased less than the Blend 2 (4,742.81 ± 931.26 mg/kg). These trends could be 

explained by the initial composition of the samples. The higher protein content of the feedstock 

used to prepare the FWD provided with a fraction of Norg more easily converted to WS NH4
+-

N via abiotic mineralisation in the conditions of chemical alkaline stabilisation that were tested. 

The Norg could be an important component of both, the WI N and the WS N, and it was taken 

into account to explain the changes in the concentrations of WS NH4
+-N and WS N, in both 

blends (Figure 3.6). 

The content of WS NH4
+-N in the blends was between one and two orders of magnitude greater 

than the WS NO3
--N (Table 3.4). Therefore, the loss of WS N at the time of blending was 

mainly given by the reduction of the concentration of WS NH4
+-N in both blends (Figure 3.6). 

In an open system (e.g. after applying the blended fertiliser to land), the leaching of WS Norg 

could be the main way of losing N (Perakis & Hedin, 2002). Because of the high concentration 

of WS NH4
+-N in the Blend 1, resulting from the conversion of the Norg, it took longer to reach 

a stable level (Figure 3.4a). 
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Figure 3.5. Concentration of WS N (a) and WS C (b) in 3 g of each blend (Table 3.2) measured 

after the incubation at 100 rpm and 22 ºC (Moure Abelenda et al., 2021c). 

C losses via gas exchange (e.g. CO2 release), were considered minimal given the high pH of 

the blends. On the other hand, the increase of C content of the blends because of the absorption 

of the CO2 available in the atmosphere during the incubation and the analysis of the WS extract 

(S/E 1/10) was assumed to be negligible considering the high amount of C presented in the 

blends (Table 3.4). 

The trends found for the WS C of both blends (Figure 3.5b) could be explained based on the 

type of C containing compounds in each sample and the blending ratio. While the FWD 

contained more easily degradable labile OM, the stable fraction of OM abounded in the PVWD 

(Ahmed et al., 2016). The initial WS C of Blend 1 was therefore higher than the initial WS C 

of the Blend 2 in spite of the lower C content of the Blend 1 (Table 3.4). The BC provided by 

the ashes was less reactive (i.e. less soluble) and can be regarded as the inert fraction of the 

OM (Strosser, 2011). Furthermore, since both blends had similar share of the WFA, the 

increase of the WS C because of the CO3
2- is similar for both blends. Only the Blend 2 further 

included the WBA to promote the hydrolysis of the stable OM of the PVWD (Tambone et al., 

2019), leading to a greater increase of the WS C. Under the conditions of chemical alkaline 

stabilisation attained in the Blend 1, the Ca2+ could promote the neutralisation and sorption of 

OM (Tavakkoli et al., 2015). In this way, the organic acids could undergo saponification 

reactions (Handojo et al., 2018) which increased the yield of the WI material. These organic 

salts were expected to remain in the WI material due to the low solubility of Ca and Mg (Table 

A.5). The slight increase in the WS C of Blend 1 (Figure 3.5b) with respect to the initial (Table 
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3.3) could be explained by the short chains of low molecular weight organic compounds that 

ended up in the WS extract because they were not absorbed by the alkali metals. 

3.3.6. N profile 

Based on the empirical results obtained for N, the speciation of Blend 1 and Blend 2 were 

represented in Figure 3.6. A detailed description of the assumptions made for this simulation 

is offered in the methodology section of this chapter. Based on the empirical data (Figure 3.4 

and Figure 3.5), it was only possible to include a mechanism of N translocation from the WS 

phase to the WI phase when preparing the Blend 2 of the incubation of the blend (Figure 3.6b). 

This could be related to sorption or precipitation processes, although the wood ashes have not 

been activated. In the case of the Blend 1, the poor retention of N in the WI phase (Figure 3.6b) 

could be due to an underestimation of the WI N. The higher concentration of WI N in the Blend 

2 (Figure 3.6b) compared to the Blend 1 (Figure 3.6a), was in agreement with the lower NH3-

N losses in the Blend 2. The N2O(g) emissions were higher in the Blend 2 than in the Blend 1, 

but any of these losses were negligible compared to the NH3(aq) volatilisation. In this way, 

NH3(g) was the main form in which the N was lost, with the highest volatilisation rate of NH3(aq) 

at the time of blending the samples (Figure 3.7a). However, the determination of the rate of 

volatilisation of NH3(aq) at time zero was not possible because of the negligible time interval. It 

took 6 hours to have similar rates of NH3-N volatilisation in both blends (81.55 ± 0.93 

mg/kg/hour), which will continue to decrease after the 10 hours of incubation until reaching a 

minimum NH3(aq) concentration (it is not shown in the Figure 3.6). Ukwuani and Tao (2016) 

found similar volatilisation rates, ranging from 151 to 1,284 mg NH3-N/kg digestate/hour, in 

15 L municipal sludge digestate and 10 L retrentate of landfill leachate, respectively. In their 

experiment, the incubation of each waste took place for 2 hours at 65–70 ºC and 25.3–34.7 kPa 

of absolute pressure. Other NH3(aq) volatilisation rates available in the literature were lower 

than the values found for the two blends (Figure 3.7a). Whelan et al. (2010) found a rate of 

volatilisation of 2.6 mg NH3-N/kg digestate/hour during the first two weeks of incubation. 

Besides, it was possible to calculate a rate of volatilisation of 2.3 µg NH3-N/kg sludge/hour 

with the results of Méndez et al. (2002). 
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Figure 3.6. Calculated profiles of N species in 3 g of Blend 1 (a) and 3 g of Blend 2 (b) during 

the incubation at 100 rpm and 22 ºC (Table 3.2) (Moure Abelenda et al., 2021c). 

3.3.7. WS PO4
3--P profile 

The result of the single-factor ANOVA for Blend 1 was that F = 8.03 > Fcrit = 2.35. Thereby, 

it was possible to claim with a 95 % of certainty (p < 0.05) that, during the 10 hours of 

incubation at 22 ºC, the concentration of WS PO4
3--P of Blend 1 increased (Figure 3.7b). The 

reason for the lower concentration of WS PO4
3--P in both blends, compared to their initial 

characterisation (Table 3.3), would be the gradual process of adsorption and precipitation, as 

described by Yagi & Fukushi (2012). The kinetic of adsorption was faster than precipitation, 

therefore the continuous 100 rpm shaking prevented the formation of new crystals. Millero et 

al. (2001) found that the optimum pH for the adsorption of WS PO4
3--P onto aragonite (i.e. a 

form of CaCO3) was 8.6 at 25 ºC. Considering the high content of Ca of both types of ash 

(Table A.3), similar pH would be desired in both blends to promote the adsorption. Unlike the 

increase of the content of WS NH4
+-N (Figure 3.4a), the raise of WS PO4

3--P in Blend 1 (Figure 

3.7b) was due to desorption rather than chemical hydrolysis. The kinetic control of the 

desorption was only seen in the solubilisation of PO4
3--P in Blend 1 (Figure 3.7b), which had 

a pH slightly higher than 10 but lower than the Blend 2 (Figure 3.3a). Therefore, the greater 

decrease in the WS PO4
3--P found in the Blend 2 (Figure 3.7b) because of the twice more 

content of ashes compared to Blend 1 (Table 3.2), in spite of its higher pH and its higher ionic 
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strength of the solution (i.e. greater salinity due to higher content of ashes). These are factors 

that affect negatively the adsorption process but still precipitation of calcium phosphate species 

was possible (Cerozi & Fitzsimmons, 2016). This conclusion is in agreement with the results 

of Pesonen et al. (2016), who obtained the greatest WS P when the lowest amount of ash (40 

%) was used to prepare the blend with dewatered SS (30 %) and Ca(OH)2 (30 %). 

  
Figure 3.7. (a) Calculated rate of NH3-N volatilised in each blend. (b) Concentration of WS 

PO4
3--P in 3 g of each blend (Table 3.2) measured after the incubation at 100 rpm and 22 ºC 

(Moure Abelenda et al., 2021c). 

Mor et al. (2016) had the greatest adsorption of WS PO4
3--P at pH 2. On the other hand, Ma et 

al. (2011) found that the pH required for the adsorption in a 10 mg PO4
3--P/L solution was 

between 4 and 11. In the study of Huang et al. (2017), the pH of the 500 mL swine wastewater 

rose from 7.1 to > 9 after they added 14.25 g of plant ash followed by 30-minute mixing and 

30-minute precipitation. Sakthivel et al. (2012) reported an increase of the pH, from 8.77 to 

9.21, of the ureolysed urine with an initial content of WS PO4
3--P of 225 mg/L after 15 minutes 

of mixing and 4 hours of settling. They used an ash-to-urine ratio of 1/88, which is lower than 

the dose of wood ashes used in this chapter (Table 3.2), in spite of the higher concentration of 

PO4
3--P in their urine solution compared to the digestates used for the experiments of this thesis 

(Table 3.3). They only considered the WS fractions of the elements to achieve the ratio 1.5 mol 

(Mg+Ca)/mol P for the production of struvite and octacalcium phosphate (Ca8H2(PO4)6·5H2O), 

without taking into account the excess of WS NH4
+-N in the urine. The 53 % of the Mg in their 
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wood ash was soluble. According to Drosg et al. (2015), a nutrient ratio of Mg/N/P 1.3/1/0.9 

is necessary to maximise the precipitation of struvite. Because of the high ammonium content 

of the digestates, the addition of magnesium oxide and phosphoric acid is a common procedure 

(Drosg et al., 2015). The Mg/N/P total nutrient ratios 1.92 ± 0.47/1/0.80 ± 0.13 and 4.50 ± 

1.01/1/2.31 ± 0.35 correspond to the Blend 1 and Blend 2, respectively. The low solubility of 

the Mg (Table A.5) justifies the excess of this element to attain the precipitation of struvite in 

the Blend 2. 

By comparing the values of Figure 3.7 (b) with the initial characterisation (Table 3.3), it was 

possible to conclude that both doses of ashes used in this chapter (Table 3.2) decreased the 

availability of P. The amounts of WS PO4
3--P sorbed were 29.84 ± 5.09 and 31.85 ± 2.39 mg/kg 

for Blend 1 and Blend 2, respectively. As per the reversible solubilisation of PO4
3--P that can 

be seen in Figure 3.7b, indicating a physisorption mechanism rather than chemisorption (Mor 

et al., 2016). On the other hand, 307.28 ± 1,349.55 and 284.73 ± 92.59 mg WS NH4
+-N/kg 

Blend 1 and the Blend 2, respectively (Figure 3.4a), were discounted at the time of preparation 

of the blend. It is important to mention that the reason for the large error bars for the average 

value of the WS NH4
+-N of Blend 1 at time zero (Figure 3.4a) was that the data was obtained 

from 2 different set of experiments, which were considered to provide more overarching 

results. Although approximately the 77 % of the K of the ashes was soluble, the formation of 

either struvite or K-struvite in the blends was unlikely because less than 1 % of Mg provided 

by the ashes was soluble (Table A.5). Moreover, given the high content of Ca of the ashes, it 

was expected that the decrease of the WS PO4
3- was due to a mixture of sorption and 

precipitation reactions (Tunesi et al., 1999). However, since less than 1 % of the Ca of the 

ashes was soluble, the precipitation of a calcium phosphate compound was less feasible. 

Sakthivel et al. (2012) reported calcite (CaCO3) as the main compound in the precipitate and 

struvite as the only phosphate compound detected. Other compounds such as hydroxyapatite 

and octacalcium phosphate were described as intermediates because they were not found in the 

precipitate. According to Yagi and Fukushi (2012), calcium phosphates with lower 

concentrations than 1 % could not be detected from the XRD patterns. Yagi & Fukushi (2012) 

studied the adsorption and precipitation by adding 100 mg monohydrocalcite (CaCO3·H2O) to 

50 mL solutions ranging from 0.37 to 7.83 mg PO4
3--P/L under continuous stirring for 6 to 216 

hours. The higher sulibility and reactivity of the CaCO3·H2O make this material more reactive 

and more suitable for decreasing the availability of the WS PO4
3-. The initial pH of their blend 

of 10.3, decreased until 8.3–8.8 after 24 hours due to the diffusion of the atmospheric CO2. 
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They reported a decrease of 88 % in the concentration of WS PO4
3- after 120 hours. Sakthivel 

et al. (2012) reported a decrease of WS PO4
3--P in less time (i.e. 87 % removal after 0.5 hours, 

97 % removal after 1.5 hours and 99.5 % removal after 4 hours of adding the ash). In this 

chapter, reductions of the concentration of the WS PO4
3--P of 64.34 ± 11.86 % and 94.81 ± 

9.75 % were achieved at the time of preparing the Blend 1 and the Blend 2, respectively (Figure 

3.7b). 

In the study of Yagi & Fukushi (2012), the most effective way of removing the PO4
3- from the 

WS phase was via precipitation rather than adsorption onto Ca. In order to promote the 

precipitation of calcium phophates, they used a concentration of WS PO4
3--P higher than 4.10 

mg/L and a soluble sorptive agent, such as CaCO3·H2O. Other process parameter that could 

reduce the availability of the WS PO4
3- is the operating temperature. Yagi and Fukushi (2012) 

found the greatest removal of the WS PO4
3- at the highest temperature that they tested (15, 25 

and 35 ºC). On the other hand, Mor et al (2016) found that the removal of WS PO4
3- was better 

at 30 ºC than at any of the other temperature that they tested (25, 35 and 40 ºC). Moreover, it 

is necessary to take into account that the increase of the temperature of the blends could lead 

to higher NH3(aq) volatilisation (Ukwuani & Tao, 2016). 

P was not expected to be lost via gas exchange under the conditions of incubation of this chapter 

(i.e. 10 hours at 100 rpm and 22 ºC) and the total initial amount would thereby be expected to 

remain split into the WS phase and the WI phase of each blend. P in the ashes was in the form 

of PO4
3- (Maresca et al., 2017), whether it was part of the WS P or the WI P. On the other hand, 

the P of the digestates was a mixture PO4
3-, polyphosphates and phosphorus associated to 

organic molecules (Porg). Unlike the WS Norg, the WS Porg is minimal (i.e. less than 25 % of the 

WS P) in organic amendments (Sharpley & Moyer, 2000). In this way, the determination of 

the dissolved reactive P, which is the WS PO4
3--P that responds to the molybdate colorimetric 

test without previous hydrolysis (Pote & Daniel, 2000), could give a good idea of the WS P in 

the blends. It should be noted that some of the particulate P and WS Porg were anticipated to be 

hydrolysed easily (Tiecher et al., 2012), even with the reagents of the improved colorimetric 

method of Murphy and Riley (Pote & Daniel, 2000), which was used in this thesis. 

3.4.Conclusions 

The changes in the availabilities of N, C and P in food waste and agrowaste digestates due to 

the addition of wood ashes, were monitored for 10 hours of incubation. It was proposed that 

the NO3
--N was lost as N2O(g) due to the reducing effect of the alkali and alkaline earth metals 
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contained in the ashes. This was confirmed in the Chapter 5 of this thesis, which reports the 

decrease in N after the addition of HNO3 directly to the WBA (Figure 5.5 and Figure A.18). 

The high pH of the blends (> 10) promoted the volatilisation of NH4
+-N and the solubilisation 

of C. A ratio around 3 g TS wood ash/g TS digestate was considered the most convenient for 

the subsequent chapters of the thesis. The extents of the physicochemical phenomena were also 

related to the composition of the digestates and the ashes. The greatest loss of N took place at 

the time of blending and during the first three hours after the preparation of the mixtures. On 

the other hand, the loss of C via CO2 release was regarded as negligible at the high pH of the 

blends. In terms of P availability, the sorption kinetic and equilibrium of the WS PO4
3- of the 

digestates were determined by the amount of ashes in the blends. Herein, it was possible to 

identify the best samples for the preparation of a slow-release fertiliser. Digestates with high 

content of NH4
+-N or other easily converted forms, such as FWD, were anticipated to have 

greater losses via NH3(aq) volatilisation. In this way, the PVWD was the most suitable digestate 

for the production of a controlled-release fertiliser. In terms of ashes, the WFA could be 

preferred due to its better properties as sorbent (i.e. smaller particle size and greater 

concentration of Ca and Mg; Table A.3 and Table A.5). On the other hand, the WBA was the 

main fraction produced in grate combustion chamber, hence using this fraction would have a 

greater positive impact on the circular economy, since the utilisation of this resource is more 

urgent than that of WFA. Furthermore, the higher pH of WBA could be used to enhance the 

NH3(aq) stripping from the digestates which would be recovered with a H2SO4 trap. Although 

the pH of WFA is lower, still required the use of acid to prevent the loss of N and the C 

solubilisation. Finally, since ashes are an important source of nutrients (i.e. the WFA was richer 

in P while WBA was richer in K), the blending ratio should not be entirely based on reducing 

the availability of the components of organic wastes to improve the dewatering and to produce 

slow-release fertilisers nor on the self-hardening to improve the granulation process.
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4. Determination of the optimum pH for the preparation of the 

blends of anaerobic digestates and wood ashes 

4.1.Introduction 

The use of biologically stabilised organic waste as soil amendment is a common practice in the 

agroindustry. The mineralisation involved in biological treatments (e.g. AD and composting) 

increases the nutrients availability, hence these processes could lead to pollution of the 

environment. There is a range of additives that have been tested to improve the management 

of organic soil amendments, by means of minimising the losses of nutrients during storage and 

land application. The nature of these materials goes from special formulated cocktails of 

microorganisms (Bastami et al., 2016; Van der Stelt et al., 2007) to commercial acidifiers 

(Kavanagh et al., 2019; Regueiro, Coutinho, & Fangueiro, 2016). Materials widely handled in 

farms, such as lime (Brennan et al., 2015) or agricultural residues (Kavanagh et al., 2021), have 

been investigated for the same purpose, in order to minimise the cost of handling the organic 

manures. Even CFA has been tested to minimise the losses of P via leaching (Brennan et al., 

2011; Zhou et al., 2020). However, the nature of these additives needs to be taken into account 

as they might be a source of toxic elements (e.g. heavy metals) for crops. Biomass ashes are 

regarded as a clean waste stream and have been used to improve the performance of anaerobic 

digestates as fertiliser by providing additional nutrients (Fernández-Delgado Juárez et al., 

2013; Insam et al., 2009). In terms of chemical stabilisation (Figure 2.4), the wood ash has 

been employed as a source of Mg for precipitation of struvite in urine (Sakthivel et al., 2012) 

and swine wastewater (Huang et al., 2017). The struvite (NH4
+Mg2+(H2O)6PO4

3-) is a well-

known controlled-release fertiliser in which Mg2+ is surrounded by six molecules of water 

(Prywer et al., 2019) arranged in an octahedral geometry (Figure 2.5). In the literature, there is 

evidence about how the acidification promotes the dehydration (Limoli et al., 2016; Ma et al., 

2011) because the H+ ions act as a cationic surfactant (Zheng et al., 2016). According to 

Leechart et al. (2019), the surfaces of the adsorbents might be positively or negatively charged 

depending on the system pH and this would have direct influence on electrostatic interactions. 

The pH of zero-point of charge (pHzpc) is defined as the pH that neutralises the charge of the 

sorbents (Equation 2.44). 

The activation of ashes as sorbents via acidification (Table 2.6) aims to reduce the availability 

of all elements (Kocatürk-Schumacher et al., 2017) in the soil organic amendments, which 

increases the properties of these materials as slow-release fertilisers. When the blend has a 
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lower pH than the pHzpc, the surface of the ash-based adsorbents becomes positively charged 

(Equation 2.44), favoring the adsorption of anionic species. The removal of PO4
3- (N. Park et 

al., 2021) and the NH4
+ (Escudero et al., 2015) from the water-soluble (WS) phase via struvite 

crystallisation is not promoted by working at acidic pH and the dose of acid or alkali reagents 

need to be as much as it is required to reach the pHzpc (Leechart et al., 2009). In the previous 

Chapter 3, the WFA and WBA were employed to achieve the alkaline stabilisation of FWD 

and PVWD. The acidification is regarded among the best available techniques to reduce 

ammonia emissions (European Commission, 2017) and including the wood ash in the treatment 

aims to further improve the chemical stability of the organic manure (Figure 2.4). Acidification 

of organic slurries alone (i.e. without the addition of wood ashes) increases the losses of 

nutrients in runoff waters (Fangueiro et al., 2015) whilst the ash-based treatment could prevent 

them (Richards et al., 2021). In addition to sorption processes, several other mechanisms are 

involved in the chemical stabilisation of organic manures. The precipitation of calcium 

phosphate can be used in combination with sorption processes to improve the stability of the 

organic manure (Leechart et al., 2009; W. Shi et al., 2021). The main component of the wood 

ashes is Ca (Ribbing, 2007; Vassilev et al., 2017), which is in the form of oxide, hydroxide or 

CO3
2-, depending on combustion temperature and storage conditions (Demeyer et al., 2001). 

Particularly, the WFA sampples that have been used in the experiments of this thesis have a 

content of Ca around 27 % (Table A.5). 

This chapter optimises the wood ash-based treatment of anaerobic digestate and offers insights 

into the possibilities of this technology. This processing of organic manures is in agreement 

with the existing infrastructure in the agroindustry and requires low capital investment, hence 

it might be easily adopted by farmers (Hou et al., 2018). This chapter contains the results 

corresponding to the evaluation of 3 different studies that aimed the preparation of blends of 

anaerobic digestates and wood ashes. These outcomes represent the first step for understanding 

the techno-economic viability of achieving the chemical stabilisation of the anaerobic digestate 

by means of adding wood ash at appropriate pH. 

4.2.Materials and methods 

The characterisation of WFA, WBA, PVWD and FWD can be found in the previous chapter 

(Table 3.3). Only a subsample of WFA was sent to the external NRM laboratory for 

determination of the content of trace elements (Table A.5), due to the concern about high 

content of heavy metals and impurities (Dahl et al., 2010, 2009; Pöykiö et al., 2011, 2009) and 
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how they impact in the sorption capacity of the finer fraction of the ashes. The pH was 

monitored, as proxy of other parameters (i.e. nutrient speciation), to follow up the underlying 

chemistry of the samples. The measurement was performed with the same equipment described 

in the methodology section of Chapter 3. The WS fraction was generated using an approximate 

sample to solvent ratio of 1/10 in the case of the anaerobic digestate and 1/40 in the case of the 

wood ash. This was achieved by mixing approximately 20 mL of fluidising agent with 2 g of 

anaerobic digestate and 0.5 g of wood ash in 50-mL Corning® flasks. For the incubation at 21 

ºC and 100 rpm, the 50-mL closed tubes were placed horizontally in an orbital shaker. The 

acidifying agents were prepared with ultrapure milli-Q® water and analytical grade H2SO4, 

HCl, HNO3 and CH3CH(OH)COOH. These acids were selected because they are widely used 

to decrease the pH of animal slurry (Fangueiro et al., 2015). Following the methodology of 

Regueiro, Coutinho, & Fagueiro (2016), the doses were expressed as milliequivalents of acid 

per gram of waste sample (mEq/g). The procedures for the three studies are slightly different 

as described below. 

4.2.1. First strategy: Characterisation of the acid neutralising capacity of the ash and 

digestate samples 

The titrations of WFA, WBA, PVWD and FWD were performed to determine the pHzpc and 

the OH (H2CO3), P (HCO3
-) and M (CO3

2-) alkalinities of each sample. The OH alkalinity is 

also known as caustic alkalinity, the P alkalinity or partial alkalinity is a measurement of the 

bicarbonate concentration and the M alkalinity or total alkalinity corresponds to the 

dissociation of VFA and CO3
2- (Jantsch & Mattiasson, 2003). In this way, the amount of acid 

that would need to be added to each sample before the mixing to achieve a pH 5.5 in the blends 

was determined. A pH 5.5 ensures that all the NH4
+-N is in the form of ammonium (Fangueiro 

et al., 2015). Moreover, the low pH prevents microbial degradation of the OM before 

application to land of the manure (Regueiro, Coutinho, Gioelli, et al., 2016). The analytes were 

prepared by adding 20 mL of milli-Q® water to approximately 2 g of digestate or 

approximately 0.5 g of ash for measuring the initial pH after 1 hour shaking at 100 rpm. The 

four titrants employed were: 18.29 M H2SO4, 11.81 M HCl, 15.21 M HNO3 and 11.99 M 

CH3CH(OH)COOH. These concentrated acids were used in steps of 10 µL to avoid a change 

in the size of the analytes and to determine the minimum amount of acid that is required to 

meet the desired pH. The addition of titrant was followed by incubation at 21 ºC and 100 rpm 

before measuring the pH. The acid was only added when the pH of the sample was constant 

for 30 minutes. It took 530 hours to reach the endpoint of the titrations (pH < 2) after consuming 
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all the alkalinities (i.e. OH, P and M) of the samples. The pHzpcs of the sorbents were estimated 

following a modification of the procedure described by Leechart et al. (2019) and Shah et al. 

(2015), as described in the section of acidification of Chapter 2. The pHzpc was determined by 

(1) plotting the charge of the sorbents (Q; Equation 2.43) versus the pH, (2) selecting the best 

second order fittings (generic form Q=a(pH)2+b(pH)+c) among the 4 acid titrants and (3) 

identifying the pH associated with the minimum empirical values of Q (Figure 2.7). The 

calculation of the error propagation was conducted with the Equation A.8, Equation A.9 and 

Equation A.10. 

Simulations of the titrations were performed with the software Visual MINTEQ (version 3.1) 

by using the compositions of the samples determined in-house (Table A.3) and reported in 

NRM (Table A.5). Tuning the composition of the analytes (i.e. testing different shares of CO3
2-

, bicarbonate and Corg of the samples) was done to reach the closest similarities between the 

predicted and empirical titration curves. In this way, the pH profiles of the simulations were 

compared against the experimental results to confirm the trends found for the 4 acids and to 

elucidate the underlying chemistry. The profiles of the anion concentrations of the acids (SO4
2-

, Cl-, NO3
- and CH3CH(OH)COO-) in the WS phase of the analytes were used to elucidate the 

interaction of the acids with the samples. 

4.2.2. Second strategy: Addition of the ashes to the acidified digestates 

Given the low amount of acid required to reach the pHzpc (determined in during the 

characterisation of the first strategy), the second study assessed whether the doses employed in 

the agroindustry (Eriksen et al., 2012; Sørensen & Eriksen, 2009) would be suitable to attain 

the pHzpc upon addition of wood ashes to the acidified digestates, to obtain an stable blended 

fertiliser. The acidification conditions 0.00, 0.08, 0.16, 0.24, 0.32 and 0.40 mmol H+/g digestate 

are widely used to decrease the pH of the animal slurry and manure (Table A.6). These nominal 

conditions (Table A.7) were monitored for up to 2 weeks before the addition of the ash, which 

according to Regueiro, Coutinho, & Fangueiro (2016) is the minimum time to ensure a constant 

pH has been reached in animal slurry. Moreover, after the addition of the ash, the pH was 

measured for more than 4 weeks. The blends consisted of 80 % of one digestate type and 20 % 

of one ash type. The PVWD was grouped with the WBA (i.e. PVWD+WBA) because these 

were the less reactive samples with the best properties for the intended slow-release fertiliser. 

On the other hand, the blend of the FWD with the WFA (i.e. FWD+WFA) was also studied 

because more stabilisation processes were expected from the interaction of these samples. The 

WFA had smaller particle size and greater surface area that the WBA, hence more sorption 
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processes were anticipated (Laohaprapanon et al., 2010). The FWD had approximately 5 times 

more NH4
+-N than the PVWD (Table 3.3). In this way, the 3 factors investigated in the second 

strategy were (a) the components of the blend, (b) the acidification dose and (c) the time of 

incubation. The first factor had two levels, which were the 2 blends that were tested (i.e. WBA 

+ PVWD and WFA + FWD). The second factor had 21 levels, corresponding to 5 doses of 

each of the 4 acids employed and the 1 experimental blank (i.e. no acidification). The third 

factor had 11 levels, as the pH was measured 7 times in the acidified digestates and 4 times 

after the addition of the ashes. To ensure the reproducibility of the results, three replicates (n = 

3) per condition were made. The average values and the standard deviations were plotted in 

scatter charts to assess trends and behaviors using descriptive statistics. Furthermore, the two-

way ANOVA test (p < 0.001) was used to identify significantly differences among the dose-

response curves. 

4.2.3. Third strategy: Wash the ashes with water to reduce their basifying power 

The wood ashes were washed 7 times with ultrapure milli-Q® water to reduce the acid required 

to reach the pHzpc in the blends with the anaerobic digestates. By washing the ashes before 

adding them to the digestates, most impurities and alkali metals (e.g. Na and K; (El-Nahas et 

al., 2021)) would be removed while leaving the less soluble elements (e.g. Ca, Mg and C; Table 

A.5 and Table 3.3), which could act as sorbents, upon addition to the anaerobic digestates. The 

pH was measured at the time of adding the 20 mL of ultrapure milli-Q® water to approximately 

0.5 g of ash and after 24-h incubation at 21 ºC under 100 rpm continuous shaking. 

Subsequently, the 4,000 rpm centrifugation allowed to discard the WS extract via decantation 

and fresh 20 mL of milli-Q® water were mixed with the depleted ash for the next iteration. 

The seventh extraction was followed by a 264-h of incubation to evaluate whether the reduction 

in the pH of the ashes was maintained. The two-way ANOVA test (p < 0.001) was used to 

compare the kinetics of pH reduction in the WFA (n = 3) and the WBA (n = 3). 

4.3.Results and discussion 

4.3.1. First strategy: Acidification of the samples separately before the blending 

4.3.1.1.Experimental results of the titrations 

Figure 4.1 shows the experimental results and simulation of the titrations of the samples with 

H2SO4, HCl, HNO3 and CH3CH(OH)COOH. The titration curves of the digestates (Figure 

4.1a,b) were smoother than the ones of the ashes (Figure 4.1c,d). In the case of the wood ashes 

(Figure 4.1c,d), the variable kinetics of neutralisation made difficult to predict when the 
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equilibria of the on-going neutralisation reactions were going to be achieved, before adding the 

next dose of acid to the samples. The reasons for the fluctuations in the curves obtained for the 

ashes (Figure 4.1c,d) were the high complexity (i.e. speciation of metal oxides, hydroxides and 

CO3
2-) and high buffer capacity of these materials compared to the ones of the digestates 

(Figure 4.1a,b). Despite the fluctuations in the titration curves of WFA (Figure 4.1c) and WBA 

(Figure 4.1d), it was possible to identify the OH, P and M alkalinities, corresponding to the 

three equivalence points found at pH ranges of 13 – 11, 10 – 8 and 7 – 2. Some of the chemical 

species that provided acid neutralising capacity to the digestates were different from the 

components which play that role in the ashes. First of all, there was no OH alkalinity because 

of the initial pH of the FWD (8.45 ± 0.02; Figure 4.1a) and PVWD (7.85 ± 0.12; Figure 4.1b). 

The M alkalinity was greater in the FWD than in the PVWD, in agreement with the higher 

content of NH4
+-N (Table 3.3). The doses of H2SO4, HCl and HNO3 to finish the P alkalinities 

of the FWD and the PVWD were around 0.75 and 0.25 mEq/g, respectively (Figure 4.1a,b). 

Vandré & Clemens (1996) needed around 0.25 mEq HCl/g cattle slurry to consume the P 

alkalinity and reach the endpoint of the titration at a pH value of 2. It should be noted the 

exception of the CH3CH(OH)COOH to neutralise the M alkalinity of all the samples, due to 

the pKa 3.86 of this acid (Regueiro, Coutinho, & Fangueiro, 2016). The plateau observed in 

the titration curves using the CH3CH(OH)COOH as titrant was the result of the dissociation 

equilibrium of this molecule that allow the sorption of CH3CH(OH)COO- and release of H+ 

ions. The amount of H+ provided by the lactic acid was up to 30 times lower than the protons 

provided by the nitric acid to reach a pH below 2 in the WFA (Figure A.1). The use of lactic 

acid was regarded as the most expensive procedure to decrease the pH of the samples. The 3 

strong acids (H2SO4, HCl and HNO3) concur in the doses for the OH, P and M alkalinities 

around 2.5 mEq/g WFA, 7.5 mEq/g WFA and 20 mEq/WFA (Figure 4.1c). The dose-response 

curves which resembled the most, were the ones of the HCl and the HNO3, thus similar doses 

of these acids were required to acidify the samples. Etiégni and Cambel (1991) found that 

around 8, 16 and 22 mEq HCl/g were required to finish the alkalinities of wood ash and reach 

a pH below 2. It should be noted that the valence of H2SO4 is 2 (Regueiro, Coutinho, & 

Fangueiro, 2016), hence less moles of this acid than that of HCl or HNO3 are required to 

provide the same level of H+ to the samples (Table A.7). 
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Figure 4.1. Experimental results (n = 3) of the titration of analytes prepared by mixing 20 mL 

of milli-Q® water with (a) 2.11 ± 0.09 g of FWD, or (b) 2.20 ± 0.10 g of PVWD, or (c) 0.52 ± 

0.02 g of WFA, or (d) 0.52 ± 0.02 g of WBA (Moure Abelenda, Semple, Lag-Brotons, et al., 

2022). The titrants (18.29 mol H2SO4/L, 11.81 mol HCl/L, 15.21 mol HNO3/L and 11.99 mol 

CH3CH(OH)COOH/L) were employed in volumes ≤ 200 µL per dose-point, with the exception 

of CH3CH(OH)COOH that required volumes up to 10 times higher per dose-point to reach the 

titration end-point (pH < 2). 
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The reaction of wood ash with HCl could be used to produce CaCl2 (Equation 2.29), which is 

a widely used chemical stabiliser of animal slurry (Kavanagh et al., 2021; Y. Shi et al., 2001; 

Vandré & Clemens, 1996). The chemical stabilisation with CaCl2 relies on the solubilisation 

of nutrients, which are more stable in the WS fraction of the organic manures. For example, 

Kavanagh et al. (2019) concluded that cattle slurry with a 7 % DM releases more atmospheric 

pollutants (NH3, N2O, CH4 and CO2) during storage than a cattle slurry with 4 % DM. The DM 

of the cattle slurry is directly related to the content of OM and nutrients. In addition to the 

higher nutrient concentration, the chemical instability of (dewatered) solid manures could be 

explained by the large surface area (Figure 2.6), which enhances the mass transfer (e.g. 

volatilisation of ammonia) compared to the liquid slurry (Dinuccio et al., 2012). The use of 

alum (Al2(SO4)3) as acidifying agent can reduce the gaseous emissions even after the solid-

liquid separation of the pig slurry (Regueiro, Coutinho, Gioelli, et al., 2016). The aluminum is 

present in the wood ashes (Table A.3), hence the alum could be manufactured as described by 

Equation 2.22 (M. Fan et al., 2005). Moreover, the presence of BC (Forbes et al., 2006; Liang 

et al., 2010) in the wood ashes (Table 3.3) could serve as a lattice structure that enhances the 

sorbent properties of Ca (Kocatürk-Schumacher et al., 2017; Yagi & Fukushi, 2012). 

4.3.1.2.Visual MINTEQ results of the titrations 

The software Visual MINTEQ assumes instantaneous thermodynamic equilibrium free of 

chemical kinetic limitations (Gustafsson, 2014), hence there were no fluctuations in the 

titration curves and it was possible to clearly identify the OH, P and M alkalinities (Figure 4.2). 

The theoretical titrations of the anaerobic digestates (Figure 4.2a,b) confirmed that the greater 

M alkalinity measured experimentally in the FWD (Figure 4.1a) was due to the greater NH4
+-

N content, compared to the PVWD (Figure 4.1b). The acetic acid (pKa of 4.75 at 25 ºC), which 

is often the main VFA in anaerobic systems (Mao et al., 2015), was not considered to be 

responsible of the inflexion point corresponding to the M alkalinity in the pH range 4.75 to 

4.25 (Mu et al., 2018). Despite the chemistry of the acetic acid was not implemented in the 

simulation model, approximately 10 times higher doses of the 3 strong acids were required in 

the simulations to finish the M alkalinity of the FWD and the PVWD (Figure 4.2a,b) than in 

the real titrations of the digestates (Figure 4.1a,b). The initial pHs of the FWD and the PVWD 

in the Visual MINTEQ simulations (Figure A.4a,b) are in accordance with the empirical data 

(Figure 4.1a,b) and with the results of Vandré & Clemens (1996), who needed to add NaOH to 

cattle slurry to observe the P alkalinity. 
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According to the simulation carried out with the in-house characterisation of the wood ashes 

(Table A.3), the WFA (Figure 4.2c) had more alkalinity than the WBA (Figure 4.2d). This fact 

cannot be appreciated in the experimental results (Figure 4.1c,d). The simulations did not 

account factors such as the greater particle size of the WBA, which decreased its reactivity 

compared to the WFA (Laohaprapanon et al., 2010; Leechart et al., 2009). These simulations 

significantly (p < 0.001) underestimated the dose of the strong acids to consume the M 

alkalinity in the WFA (~ 12.5 mEq/g; Figure 4.2c), with respect the empirical titrations of WFA 

(~ 20 mEq/g; Figure 4.1c). On the other hand, the values for the OH and P alkalinities were 

found to be roughly 2.5 mEq/g WFA and 7.5 mEq/g WFA, respectively, both in the 

experimental (Figure 4.1c) and the theoretical (Figure 4.2c) results. The results of the 

simulations considering the characterisation of WFA provided by an external laboratory (Table 

A.5) better matched the empirical data depicted in the Figure 4.1c, in terms of the dose required 

to reach the titration end-point (~ 20 mEq/g; Figure A.2a). However, this better correlation of 

the empirical (Figure 4.1c) and theoretical (Figure A.2a) total alkalinity of WFA, affected 

negatively the OH and the P alkalinities, which were found to be approximately 10 mEq/g and 

15 mEq/g, respectively. 



Chemical stabilisation of anaerobic digestate via wood ash-based treatment 

137 

  

  
Figure 4.2. Theoretical results (n = 3) of the titration of analytes prepared by mixing 20 mL of 

milli-Q® water with (a) 0.52 ± 0.02 g of WFA, or (b) 0.52 ± 0.02 g of WBA, or (c) 2.11 ± 0.09 

g of FWD, or (d) 2.20 ± 0.10 g of PVWD. Up to 1 mL of titrants (18.29 mol H2SO4/L, 11.81 

mol HCl/L, 15.21 mol HNO3/L and 11.99 mol CH3CH(OH)COOH/L) employed were in 

volumes of 10 µL per dose-point. The simulations were conducted using the composition of 

the samples determined in-house (Table A.3). The Dissolved Inorganic Carbon model was used 

for the wood ashes. Molecules of glycine and glyphosate were used to represent the Corg, Norg 

and Porg of the anaerobic digestates (Moure Abelenda, Semple, Lag-Brotons, et al., 2022). 

Other deviation between the empirical results (Figure 4.1) and the modelling (Figure 4.2) was 

found in the dose of H2SO4 required to reach the titration endpoint (pH < 2). The actual impact 

of the sorption of SO4
3- (Figure A.3) on the reduction of the pH (Figure 4.1) was greater than 

that in the predictions (Figure 4.2). The number of moles of SO4
2- that remained in solution by 
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the end of the titration was less than a fifth of the number of moles of either Cl- or NO3
- (Figure 

A.3), due to dissociation equilibrium of the second proton and the sorption of the SO4
3-. The 

same phenomena was involved in the acidification with lactic acid, as per the similar profile of 

CH3CH(OH)COO- and SO2
- in the Figure A.3, due to the dissociation equilibria of these acids 

and the formation of chemical species such as calcium lactate and calcium sulfate (Figure A.4) 

in the form of gypsum and anhydrite. This could be an indication that the SO4
2- and the 

CH3CH(OH)COO- limit the sorption processes due to complexation and attachment to active 

sites that hinder the interaction between the nutrients of the wood ashes and the anaerobic 

digestates. The increase of the WI fraction when using sulphuric and lactic acids to acidify the 

samples, particularly the wood ashes, was observed in the next chapter (Figure A.13d). The 

lower amount of exogenous H+ that needed to be provided by the H2SO4 and 

CH3CH(OH)COOH to decrease the pH of the samples could be related to the sorption of their 

anions. The concentration of the Cl- and NO3
- ions increased progressively in the WS fraction 

of the titrate without reaching saturation (Figure A.3 and Figure A.4). The concentration of 

SO4
2- and CH3CH(OH)COO- did not increase beyond a certain level and even decreased upon 

addition of more acid (Figure A.3). The Norg, Corg and Porg were taken into account in the 

simulations of the titrations of the anaerobic digestates in the form of glycine and glyphosate. 

These organic molecules affected negatively the sorption of SO4
2- and CH3CH(OH)COO-, as 

can be seen in Figure A.3. This fact and the pKa2 1.99 could explain why the H2SO4 did not 

finish the titration of the anaerobic digestates sooner than all the other acids (Figure 4.1a,b), as 

it happened with the wood ashes (Figure 4.1c,d). Unlike the results of the ashes, the trends (i.e. 

order in which the acids reached a pH < 2) in the titration curves of the digestates found 

experimentally (Figure 4.1a,b) agree with the simulations (Figure 4.2a,b). 

4.3.1.3.Calculation of the pHzpc 

Considering the role of the wood ashes as sorbents and the negative impact that severe 

acidification could have on the role of the wood ashes to prepare a slow-release fertiliser, mild 

acidification conditions were thought to be optimal for this purpose. In addition to enhance the 

sorption of the WS nutrients of the anaerobic digestates onto the wood ashes, mild acidification 

implies a saving in acid reagents in the preparation of the blended fertilisers. The best fitted 

quadratic correlations of Q and the pH were obtained with the HCl and the HNO3 (Figure 4.3). 

According to Figure 4.3, the pHzpc of the WFA (11.90 ± 0.50) was lower than the one of the 

WBA (12.43 ± 0.06). The R2 of the Q profiles obtained with H2SO4 and the CH3CH(OH)COOH 

were below 0.9 (Figure A.5). Leechart et al. (2009) reported a pHzpc of 10.8 for the WBA and 
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10.9 after soaking this material with H2SO4 or deionised water and subsequent washing with 

double-distilled water. 

The same methodology was applied to the digestate but the profile of Q (Equation 2.43) 

consistently increased with the acidification (Figure A.6 and Figure A.7). This means that the 

addition of any amount of acid increases the surface changes in the anaerobic digestates 

(Equation 4.1; (Leechart et al., 2009)). It would be necessary to test the alkalinisation of the 

anaerobic digestates to enhance sorption of WS nutrients onto the fiber, although the 

neutralisation of the charge of the ammonium (Equation 3.2) might lead to losses of the 

aqueous ammonia via mass transfer to the gaseous phase (Equation 3.3). The addition of the 

wood ash to the anaerobic digestate would avoid the requirement for basic titrants. 
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Figure 4.3. Calculation of the pHzpc of the WFA using as titrants (a) 11.81 mol HCl/L or (b) 

15.21 mol HNO3/L. Calculation of the pHzpc of the WBA using as titrants (c) 11.81 mol HCl/L 

or (d) 15.21 mol HNO3/L (Moure Abelenda, Semple, Lag-Brotons, et al., 2022). 
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the buffer capacity of PVWD and FWD can be observed in Figure 4.4 and Figure 4.5, 

respectively, during the first 200 hours of incubation before the addition of the ashes. Different 

responses were found for all the acids in spite of being applied at the same rates (i.e. 0.00, 0.08, 

0.16, 0.24, 0.32 and 0.40 mmol H+/g digestate). Large volumes of concentrated 

CH3CH(OH)COOH were required to meet the target acidification doses, expressed as mEq/g 

(Table A.7). This explains the low levels of pH achieved with this acidifying agent in spite of 

being considered a weak organic acid. Unlike the high acidification with oxidising agents such 

as HNO3 and H2SO4, the severe acidification with the CH3CH(OH)COOH was not a problem 

because this is an acid already present in anaerobic digestates (Mao et al., 2015) and it does 

not damage the OM of the soil amendment (Regueiro, Coutinho, Gioelli, et al., 2016). The 

dose-response curves of the H2SO4 were used as reference to establish the buffer capacity of 

the digestates, for being the strongest acid and the most widely employed in the agroindustry 

(Regueiro, Coutinho, Gioelli, et al., 2016). In agreement with the results of the first strategy 

(Figure 4.1b), the PVWD (< 0.16 mEq H2SO4/g; Figure 4.4a) had lower buffer capacity than 

the FWD (0.49 mEq H2SO4/g; Figure 4.5a) due to the lower content of NH4
+-N (Table 3.3). It 

should be noted the self-acidification of the experimental blanks of PVWD and FWD before 

the addition of the WBA (Figure 4.4) and WFA (Figure 4.5) at the 240 hours and the 330 hours 

of incubation, respectively. This was due to the fermentation carried out by the endogenous 

microbes of the anaerobic digestate under the incubation conditions (Clemens et al., 2002). In 

both blends, the heat released at the time of mixing the samples of wood ash and anaerobic 

digestate resulted in increasing the temperature of the mixtures by approximately 1 ºC. A clear 

pattern of flocculation, settling and dewaterability (Figure A.8) was not identified but excessive 

formation of foam was only found when the ashes were added to the digestates acidified with 

CH3CH(OH)COOH (Figure A.9). 
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Figure 4.4. Acidification of 2.18 ± 0.09 g of PVWD (n = 3) with 20.56 mL of titrants (Table 

A.7) which were prepared with (a) H2SO4, (b) HCl, (c) HNO3 and (d) CH3CH(OH)COOH in 

6 different doses and subsequent addition of 0.55 ± 0.04 g of WBA (n = 3) after 200 hours of 

incubation (Moure Abelenda, Semple, Lag-Brotons, et al., 2022). 

The pH of the blend PVWD+WBA was 12.25 ± 0.54 (Figure 4.4), despite the acidification 

with H2SO4, HCl and HNO3. It was not possible to appreciate any buffer effect due to the 

volatilisation of ammonia but the concentration of WS NH4
+-N was reduced by 500 mg/kg 

PVWD+WBA (Figure 5.3a). According to the two-way ANOVA (p < 0.001), the 6 doses tested 
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for each acid provided the blend PVWD+WBA with a different pH. This could be seen clearly 

in the case of the H2SO4 (Figure 4.4a) and CH3CH(OH)COOH (Figure 4.4d), where the pH 

level was in agreement with the severity of the acidification. Although these differences of pH 

cannot be fully appreciated in the treatments with HCl (Figure 4.4b) and HNO3 (Figure 4.4c), 

the same trends were found at the end of the incubations. 

  

  
Figure 4.5. Acidification of 2.15 ± 0.08 g of FWD (n = 3) with 20.56 mL of titrants (Table 

A.7) which were prepared with (a) H2SO4, (b) HCl, (c) HNO3 and (d) CH3CH(OH)COOH in 

6 different doses and subsequent addition of 0.55 ± 0.04 g of WFA (n = 3) after 200 hours of 

incubation (Moure Abelenda, Semple, Lag-Brotons, et al., 2022). 
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The pH of the blend FWD+WFA was 10.49 ± 0.76 (Figure 4.5), despite the acidification with 

H2SO4, HCl and HNO3. The pH profile corresponding to the preparation of FWD+WFA 

without acidification (Figure 4.5) was the result of the mass transfer resistance that limited the 

NH3(aq) volatilisation (Palakodeti et al., 2021). At a pH above 10 (Fangueiro et al., 2015), most 

of the NH4
+-N is in the form of NH3, hence the volatilisation of ammonia decreased the pH of 

the blend FWD+WFA because the H+ remained in the WS fraction. The reason for the higher 

pH at the 500 and 700 hours of incubation of the blend was that the volatilisation of ammonia 

was limited, due to the liquid-gas mass transfer resistance (Equation 3.3 and Figure 3.4a). As 

more NH3 was lost by the end of the incubation, the dissociation of NH4
+ was greater (i.e. Le 

Chatelier’s principle) and the pH decreased. On the contrary, the sorption of the WS NH4
+ onto 

the WFA aided the rising of the pH over a value of 11, because the H+ ions were removed from 

the WS fraction of the blend FWD+WFA. This was the only possible explanation for obtaining 

a higher pH when acidifying the FWD before the addition of the WFA, apart from the scenario 

evaluating the use of CH3CH(OH)COOH (Figure 4.5d). The greatest increase in pH was 

achieved when HCl or HNO3 were used at a rate of 0.31 (Figure 4.5b) and 0.34 mEq/g FWD 

(Figure 4.5c), respectively. In the case of the H2SO4, the extent of this phenomenon was lesser 

and the greatest sorption of NH4
+ onto the WFA was achieved at a higher dose (0.49 mEq/g 

FWD; Figure 4.5a) than in the case of using HCl and HNO3. This can be explained by 

complexation and attachment of the ion SO4
2- to some of the active sites of the ash (Figure 

A.13d), in agreement with the Equation 2.44. Leechart et al. (2009) described the formation of 

ternary sulfate complexes of surface-sulfate-cations (Ca2+, Mg2+) when the WBA is treated 

with 0.1 N H2SO4. 

The acid dose had a role in the sorption of the WS NH4
+ onto the WFA but this phenomenon 

mainly took place at a pHzpc, which was above 10 (Figure 4.5). The optimum pH of the 

precipitation of struvite is between 7.5 and 9 (Campos et al., 2019), although the Mg2+ 

hexaaqua is stable up to pH 11.4 (Barrett, 2007, pp. 124–159). The dose of acid needs to be as 

much as is required to reach the pHzpc without further decrease (Leechart et al., 2009). 

However, since the pH of minimum solubility of CaO and MgO are 11.0 and 12.4, the surface 

of CaO and MgO could support the adsorption when the pH of the system was greater than 

pHzpc (Leechart et al., 2009). The acidification of the FWD prevented the volatilisation of 

ammonia and the primary mechanism of removal of the NH4
+ from the WS fraction, after the 

addition of the WFA, was sorption. This procedure for the preparation of the blended fertiliser 

minimises the loss of N. The more sorptive sites available in the WFA agree with the greater 
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sorption of NH4
+-N when preparing the blend FWD+WFA with HCl or HNO3 (Figure 4.5b,c). 

This technology is in line with the investigation of Simha et al. (2018, 2020, 2021), who tested 

several alkaline materials, including wood ash, as substrates for preventing the volatilisation of 

NH3 during the dehydration of urine. 

4.3.3. Third strategy: Wash the ashes with water to reduce their basifying power 

In order to maximise the sorptive sites available and reduce the consumption of acid reagents, 

the washing of the wood ashes with ultrapure milli-Q® water was evaluated. Figure 4.6 shows 

that the greatest decrease of the pH of both ashes took place in the first WS extraction and the 

subsequent washes were less effective in reducing the pH. This could be related to the depletion 

of the most WS elements and the impurities present in the wood ashes. The greater pH of the 

WBA, compared to the one of the WFA, could be justified by the greater content of K of the 

coarser fraction of the ashes. Although the content of sodium was higher in the WFA than in 

the WBA, this element was in lesser amount than other alkali and alkaline earth metals in the 

wood ashes (Table A.3 and Table A.5). It should be noted that the pH of WFA reached a plateau 

with less extractions than the WBA (Figure 4.6). This could be related to the greater particle 

size of the WBA that limited the mass transfer (Laohaprapanon et al., 2010; Leechart et al., 

2009). According to the two-way ANOVA test (p < 0.001), the kinetics of reduction of the pH 

in WFA and WBA differ significantly. More number of 24-h extractions (i.e. more volume of 

water) were required to remove the alkali elements from the WBA, compared to the WS 

extraction of these elements from the WFA. Since the pH increased after the seventh extraction, 

the savings in acid were not expected to be great, in order to have a pH 5.5 in the blend of 

anaerobic digestate and wood ash. The overall pH decrease after 432 hours of washing were 

4.69 ± 0.29 % and 5.30 ± 0.66 % for the WFA and the WBA, respectively (Figure 4.6). 
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Figure 4.6. Seven washes of approximately 0.5 g of WFA and the WBA with 20 mL of milli-

Q® water (n = 3). The pH was measured straight after adding the extractant and after 24 hours 

of incubation at 21 ºC and 100 rpm. The last measurement which was made after 264 hours of 

incubation (Moure Abelenda, Semple, Lag-Brotons, et al., 2022). 

As washing is a common step in the synthesis of adsorbents (Zhou et al., 2020), it would be 

interesting to test the impact of this pretreatment of the ashes on the sorption of the WS 

elements of the commercially acidified digestates. Unless the washing is performed, the 

impurities of the wood ashes are likely to compete with the WS nutrients for the active sites 

(Laohaprapanon et al., 2010). The extraction of impurities could be improved by boiling the 

ashes and water at 95 ºC for 1 hour (Laohaprapanon et al., 2010). The ionic product of water 

increase as the temperature increase, while in the subcritical region (Loppinet-Serani & 

Aymonier, 2014), hence the dissolution of impurities in the eluate. The washing could be used 

to remove the pollutants such as heavy metals; for example, Liodakis et al. (2005) reported the 

removal of 95 % of the chromium of the wood ash by using a solution of pH 6. On the other 

hand, Leechart et al. (2009) explained the importance of the basic solution that is generated 

due to the dissolution of the alkali element of the wood ashes. According to them (Leechart et 

al., 2009), the high pH enabled the removal of tar and improved and surface area more than 

soaking the WBA in a solution of 0.1 N H2SO4. The dissolution of the metal oxides embedded 

in the frame, which was made primarily of C and oxygen, increased the porosity because these 
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elements had a weak attachment to the carbonaceous structure. It should be noted that the C 

was the fourth most important element in the WFA and the WBA employed in this thesis (Table 

A.3), after Ca, Mg and K. After the washing and before adding the clean ash to the 

commercially acidified digestate, the procedure described by Leechart et al. (2009) of drying 

the wood ashes at 105 ºC and sieving (< 0.75 µm) should be implemented. Although this ash 

pre-treatment is simple, implementation at pilot plant level is required to appraise its economic 

viability (Laohaprapanon et al., 2010). 

4.4.Conclusions 

The deep acidification was more convenient for the stabilisation of the PVWD with the WBA, 

since these waste streams required less amount of acid to reach the target pH of 5.5 in the blend. 

The determination of the pHzpc allowed to reduce the consumption of acid reagent for the 

preparation of PVWD+WBA and FWD+WFA at pHs 12.25 ± 0.54 and 10.49 ± 0.76, while 

maximising sorption processes that increased the stability and the properties of the soil organic 

amendment as controlled-release fertiliser. The acidification of the anaerobic digestates with 

commercial doses before the addition of the wood ashes was found particularly promising for 

the preparation of the blend of FWD with WFA. The HCl and HNO3 offered better performance 

than H2SO4 and CH3CH(OH)COOH. As one of the purposes of stabilisation is to improve the 

holistic management of N, the HCl was deemed as more suitable, since the excess of the ion 

NO3
- would lead to leaching and potentially N2O emissions. The extent of the sorption of the 

WS NH4
+-N onto the WFA needs to be characterised by determining the increase in N content 

in the WI fraction of the blend FWD+WFA. The washing of the ashes was not sufficient to 

reduce significantly the demand of reagents for deep acidification (pH ~ 5), as part of the wood 

ash-based treatment of the organic manures. However, the washing might be enough to reach 

the pHzpc and enhance the sorption capacity of the ashes and their suitability as chemical 

stabiliser. Thereby, the impact of adding the depleted ashes to the raw digestates or 

commercially acidified digestates should be evaluated. Also, acid wash may improve the 

extraction of alkali metals and the sorption capacity of the wood ashes.
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5. Preparation of the blend PVWD+WBA under acid conditions, 

employing sulphuric, hydrochloric, nitric and lactic acids 

5.1.Introduction 

Moving from a linear to a circular economy requires better resource management and a 

reduction of waste, placing less of a burden on the environment. Within the resource recover 

from waste paradigm, the valorisation of organic waste via AD is widely accepted as a reliable 

source of renewable energy which can be implemented in the geographic points (i.e. 

decentralised treatment) at which the organic wastes are produced (Khalid et al., 2020). 

Moreover, the resulting anaerobic digestate potentially has a significant role to play in 

recycling key plant nutrients (e.g. N and P) back to land (Lag-Brotons et al., 2020; Marshall et 

al., 2020). The use of this organic amendment with low pathogen content offers opportunities 

to restore the soil as a natural C sink as well as promoting soil health and fertility for greater 

crop yield (Bhogal et al., 2018). However, the high moisture content of digestate poses 

problems of high capital investment and operational costs (i.e. storage and haulage) due to the 

large volume of this material (Fuchs & Drosg, 2013). Dewatering of digestate has become a 

critical step in the processing of this soil amendment, similarly to organic wastes (e.g. animal 

manure and slurry, and SS), and the performances of several technologies have been evaluated 

(Fuchs & Drosg, 2013). In operations such as flotation, centrifugation and filtration the 

enhancement of the solid-liquid separation relies on the use of flocculating and precipitating 

agents. However, the nature of these additives might limit the application of the solid and liquid 

streams produced from chemo-mechanical separation (Dinuccio et al., 2012; Popovic et al., 

2017) and further downstream treatment technologies may be required. Hence, most farm 

businesses can only afford the use of low-efficiency separation equipment (e.g. screw press) 

before applying their organic residues to land (Fuchs & Drosg, 2013). In the case of the 

agroindustrial digestate, the fibres can be employed as bedding material for animals while the 

liquor requires expensive low emission spreading techniques, such as soil injection (Lanigan 

et al., 2018). 

Additives, such as Al2(SO4)3, FeCl3, CH3COOH and H2SO4, can be used to minimise the 

release of atmospheric contaminants during storage (Kavanagh et al., 2019) and application 

(Brennan et al., 2015) of animal manure and slurry to soil. This technology aims to ease the 

handling of agroindustrial residues and might improve their performance in terms of crop 

growth, but farmers continue to rely on NPK chemical fertilisers (Tur-Cardona et al., 2018). 
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For this reason biomass ashes have been used to supplement the nutrients of digestate (Lag-

Brotons et al., 2020; Marshall et al., 2020). This is not the only potential benefit provided by 

ashes but rather contributing to dewatering by decreasing the compressibility of the cake 

formed during the filtration (Figure 2.8). Zheng et al (2016) found that the effectiveness of the 

filtration was higher when a cationic surfactant was included in the blend of agroindustrial 

digestate and CFA, as this resulted in a release of the water which was bounded to the fibre of 

digestate. Instead of using chemicals of questionable suitability for land application, 

commercial acids can be employed as cationic surfactants to enhance the dewatering of the 

anaerobic digestate (Limoli et al., 2016) and prevent the NH3 volatilisation. 

The granulation processes proposed so far (Table 2.7) for SS (Pesonen et al., 2016) and 

digestate (Mudryk et al., 2018) together with biomass ashes have been investigated with the 

purpose of obtaining an user-friendly product with superior aesthetic properties. The steps 

involved in the processing of digestates with ash – to favour a balanced nutrient content, to 

enhance dewatering and to enable the granulation – have been studied individually but have 

not been connected in order to reduce the consumption of energy and resources. This chapter 

is in line with the development of a manufacturing and synergistic process to achieve the three 

levels of stabilisation (Figure 2.4): (a) chemical stabilisation based on the adsorption of 

nutrients to reduce their availability and allow economically viable solid-liquid separation; (b) 

physical stabilisation relying on the self-hardening of the blend after the dewatering and prior 

to the granulation; and (c) biological stability based on the moderate fermentation in the soil 

avoiding nutrient losses due to excessive mineralisation (e.g. N2O emissions and NO3
- 

leaching). 

Particularly, this chapter contains two studies about the chemical stabilisation of the PVWD by 

means of blending it with the WBA under different acidification conditions (i.e. different moles 

of H+ and anions supplied). The intended role of the wood ash was not only to increase the 

nutrient content (e.g. P) of the digestate but to decrease the availability of all elements in order 

to enhance the properties of the blends of these organic wastes as slow-release fertiliser 

(Szymula et al., 2021). The role of the acids would be to prevent the release of NH3 and to 

promote dehydration in order to reduce the requirements of storage (e.g. covered facilities) and 

land application. The availabilities of P, C and N were monitored before and after blending the 

two waste streams, under different acidification conditions. 
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5.2.Materials and methods 

5.2.1.1.Materials 

The WBA was selected because it represented the main share of the ashes generated in the 

grate combustion chamber of the sawmill cogeneration plant (Table 3.1). Generally, the bottom 

ash fraction contains fewer and/or less available toxic elements than the fly ash fraction, thus 

it is comparatively considered less hazardous waste (Pöykiö et al., 2011). It should be noted 

that the fate of pollutants (e.g. heavy metals) in ashes depends on the type of input resource 

(e.g. coal, biomass, etc.) and the configuration of incinerator (N. D. Park et al., 2012). The 

PVWD was selected based on its moderate amount of NH4
+-N (Table 3.3) resulting from the 

limited degradation undergone by fibrous vegetable material during the AD (Chojnacka et al., 

2020). Table 5.1 contains the initial characterisation of the blend PVWD+WBA calculated 

using the experimental composition (Table 3.3) of the samples in the blend (2.59 ± 0.55 g 

PVWD and 0.87 ± 0.40 g WBA; n=3). A detailed description of the procedure for the 

estimation of the propagation of uncertainty in the calculation of the parameters of a bi-

component blend is shown in the section A.7. 

Table 5.1. Initial characterisation was expressed in a fresh basis of the blend PVWD+WBA 

employed in Chapter 5 (Moure Abelenda et al., 2021b), which was calculated using the 

experimental composition (Table 3.3) of the samples in the blend (2.59 ± 0.55 g PVWD and 

0.87 ± 0.40 g WBA; n=3). 

Sample PVWD+WBA 

Parameter Units Average St. deviation 

pH - 8.97 0.06 

EC dS/m 16.28 5.49 

DM % 30.45 9.40 

C mg/kg 29,482.21 3,687.73 

WS C mg/kg 1,987.27 260.86 

N mg/kg 3,058.58 369.11 

WS N mg/kg 1,557.71 195.37 

WS NH4
+-N mg/kg 518.05 65.66 

WS NO3
--N mg/kg 14.52 1.90 

P mg/kg 3,624.80 1,094.33 

WS PO4
3--P mg/kg 34.80 4.44 
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The WS fraction of P, N and C were measured using S/E 1/10. A detailed explanation of the 

calculations to express the concentration of the WS species in fresh basis is presented in the 

section A.4, section A.9 and section A.10. As in Chapter 3, the characterisation of the samples 

during their incubation at 100 rpm and 20 ºC, and their blending at the 96 hours, were compared 

to the initial characterisation (Table 5.1). This made possible to elucidate any undergoing 

phenomena which might have affected the masses of the WS and WI fractions of the blend or 

the availability the P, N and C. 

The samples were blended in order to achieve an approximate C/N/P of 10:1:1 (Table 5.1). The 

PVWD was the main source of N (93.18 ± 29.21 %) and C (81.25 ± 25.61 %) in the blend 

(Table 3.3). On the other hand, the WBA was the main source of P (76.86 ± 32.14 %), alkali 

and alkaline-earth metals (Table A.3). The EC of WBA was higher because of the greater 

content of Na+ and K+, since both Ca and Mg had lower effect on the EC due to their low 

solubility (Table A.5). 

5.2.1.2.Methodology 

In order to develop the technology of stabilisation of the PVWD with the WBA a series of 

increasingly complexity studies were to carry out, in favour of minimising the cost of the 

processing and expand the knowledge on the underlying chemistry. This would allow (a) to 

find the cheapest technologies to reduce the nutrient availability in the organic wastes in order 

to improve their properties as controlled-release fertiliser, in case this material is applied 

directly to the soil; (b) to reach a more efficient solid-liquid separation using cheap 

technologies (e.g. sedimentation), as part of the first manufacturing operation. Chapter 3 has 

already evaluated the scenario of dispensing with the acid medium. 

In the present two studies, several acidification conditions were tested to enhance the sorption 

processes that take place in the blend of PVWD and WBA. It is important to highlight that the 

WBA was used directly without any further treatment or activation. It would be expected that 

a prior activation via milling and sieving, acid wash and calcination would further enhance 

sorption capacity of WBA but would also lead to a more energy and resource intensive process 

(Table 2.6). 

5.2.1.2.1. Factorial design of each study of this chapter 

The two factors which were assessed in both experiments were the conditions of acidification 

and the time of incubation, although the levels are different. Each experimental unit assessing 

the preparation of the blended fertiliser was comprised by certain masses of the PVWD, the 
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WBA and an acid solution which acted both as acidifying agent and extractant at the same time 

(Table 5.2). Because of the destructive sampling procedure used in the first and second studies, 

210 experimental units were prepared (i.e. 7 blends, each with 3 replicates, to be measured over 

10 incubations times) and 90 (i.e. 5 blends, each with 3 replicates, to be measured over 6 

incubations times), respectively. 

In the first study of this chapter, the acid doses for PVWD (Table 5.2) were based on 

information taken from the literature relating to the treatment of manure and slurry (Table A.6) 

since digestates have been traditionally treated in the same way (Sommer & Husted, 1995). 

The WBA was not acidified before mixing with the PVWD. The composition of the samples 

was measured at 0, 24, 48, 72, 96 (before and after adding the WBA), 120, 144, 168 and 192 

hours of incubation. In the second study of this chapter, the dose of each acid (Table 5.2) was 

based on preliminary titrations of the PVWD and the WBA (Figure 4.1b,d), to ensure that the 

target pH value around 5.5 (Miranda et al., 2021; Pantelopoulos et al., 2016; Regueiro, 

Coutinho, & Fangueiro, 2016) was reached after the blending the acidified samples. The 

composition of the samples was measured at 0, 24, 48, 96 (before and after blending) and 144 

hours of incubation. 
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Table 5.2. Blends were characterised during the incubation at 100 rpm shaking and 20 ºC in 

the two studies (Moure Abelenda et al., 2021a). 

Study WBA Extractant WBA PVWD Extractant PVWD 

First/(g) 0.51 ± 0.05 a5 2.24 ± 0.09 a20.5 

Solutions/ 

(mmol 

H+/g 

WBA) 

H2SO4 
0 

(mmol H+/ 

g PVWD) 

0.08 

0 0.24 

HCl 
0 0.08 

0 0.24 

HNO3 
0 0.08 

0 0.24 

- 0 0 

Second/(g) 1.28 ± 0.15 10.50 ± 0.22 3.40 ± 0.20 30.19 ± 0.20 

Solutions 

(mmol 

H+/g 

WBA) 

H2SO4 6.29 

(mmol H+/ 

g PVWD) 

0.12 

HCl 15.21 0.19 

HNO3 11.97 0.14 

CH3CH(OH)COOH b0.16 b0.03 

- 0 0 

aMass of the extractants added to the samples using a dispenser to a achieve the WS extraction 

following a S/E 1/10. The specific amount added to each experimental unit was not recorded. 

bIt should be noted the large volume of commercial (~ 90 %) CH3CH(OH)COOH required to 

reach these proton concentrations of the extractant solutions (Table A.7). 

Two-factor ANOVA with replication was performed with Microsoft® Excel 2013 (p < 0.05) 

for the balanced design of experiments (i.e. each blending condition studied has the same 

number of observations) to identify any significant change in the variables measured over the 

incubation time and to decide whether the trends found for the samples were significantly 

different. This analysis interrogated any changes in the composition of the samples during the 

incubation under the different acidification conditions and the impact of the blending operation 

on the availability of P, N and C. Furthermore, this statistical analysis enabled the rigorous 

selection of the best acidifying agent and optimum concentration to be used. The data obtained 

in the two studies was considered to follow a normal distribution, in order to apply the ANOVA 

test. 
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5.2.1.2.2. Blend preparation and fractionation 

A detailed description of the amount of each sample and extractants used for the preparation 

of the blends is shown in the Figure A.8, Figure A.11 and Figure A.12. The volume of the 

extractant (i.e. acidifying agent) that was added to each sample before blending, followed an 

approximate S/E 1/10 (Table 5.2). Chapter 3 has proven that adding the extractant before the 

incubation did not significantly affect the composition of 2.5 g blend undergoing 10-h 

incubations at 100 rpm and 20 ºC in closed 50-mL Corning® tubes. The acid solutions prepared 

with ultrapure milli-Q water and reagent grade H2SO4, HCl, HNO3 and CH3CH(OH)COOH 

had several purposes: (a) fluidise both waste streams to make easier the blending process and 

reduce the losses after weighting the samples, (b) enhance the contact between the components 

of the WBA and the PVWD, (c) control the pH and (d) extract nutrients for fractionation of the 

samples and the blend. The term fractionation refers to the analytical solid-liquid separation 

with higher performance that what would be expected for farm processing equipment. The 

fluidised samples and blends were incubated (i.e. extraction) at 100 rpm and 20 ºC in closed 

50-mL Corning® tubes with stopper (Figure 5.1). It is important to highlight that in the first 

study of this chapter, the incubation of the 0.51 ± 0.05 g of WBA with the 5 mL milli-Q® was 

not monitored before mixing with the acidified 2.24 ± 0.09 g PVWD. 

After the incubation of each destructive sample, the solid-liquid separation was performed via 

5 minutes centrifugation at 4,000 rpm and filtration of the supernatant using Whatman® No 44 

filter paper (3-µm pore size). The gravity was the driving force of the filtration rather than 

vacuum to minimise the release of the gases (e.g. NH3) solubilised in the WS extract, since the 

gaseous fraction of the samples after the incubation was not characterised in the experiments 

of this chapter. For the isolation of the WI material, both the pellet and the cake that remained 

in the filter paper were dried at 105 ºC for 24 hours (Figure 5.1). 
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Figure 5.1. Stepwise methodology for the characterisation of the WS extract and the WI 

material of the samples and their blend after the incubation at 100 rpm and 20 ºC (Moure 

Abelenda et al., 2021b). 

In the first study of this chapter, the initial volumes of the WS extracts of the blends were 

determined considering the moisture of each sample and the blend (Table 3.3 and Table 5.1), 

in addition to the volume of extractant used to prepare the blends (Table 5.2). For this 

calculation, it was considered a density of 1 g/mL for both the moisture of the samples and the 

extractant. The initial masses of WI materials were assumed to be the DM of the blend (Table 

5.1). For the second study of this chapter, the final WI material recovered after the incubation 

was weighed. The experimental WS extract was calculated by substracting the empirical WI 

material from the initial mass of the sample and adding the amount of extractant used as 

fluidising agent. The comparisons between the initial and the final masses of WS extracts and 

WI materials of the second study are shown in Figure A.13. 

5.2.1.2.3. Characterisation of the fractions of the samples and the blend 

The two studies rely on measurement of the availability (i.e. distribution between WS and WI 

fractions) of P, N and C to elucidate any reaction mechanism and kinetics. Elements present in 

the WS phase were more available to the soil biota and more prone to be lost via leaching and 

volatilisation. It is important to mention that the content of P in the WI material was not 

measured in the first study of this chapter. 

The parameters measured in the WS extract were mass, pH, NH4
+-N, NO3

--N, PO4
3--P, N and 

C. Measurement of WS extract pH was performed with a Mettler Toledo® Seven CompactTM 

S220 pH/Ion meter. Determination of concentrations of WS NH4
+ & NH3 and WS NO3

- & NO2
- 

(methods DIN 38405 and ISO/DIS 13395 for both parameters), and WS PO4
3- (methods 

DIN/EN/ISO 15681-2) was done with the AutoanalyzerTM (AA3, SEAL analytical), by using 
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colorimetry based on salicylate, hydrazine and molybdate reactions, respectively. The 

standards used were ammonium sulphate, potassium nitrate and potassium dihydrogen 

phosphate. All chemicals were analytical grade. On the other hand, WS N and WS C were 

measured with the TOC-L Shimadzu® via combustion of the sample and detection of CO2 and 

NO gases. Thus, the WS Norg could be calculated as the difference between the WS N and the 

WS NH4
+-N + WS NO3

--N (Urgun-Demirtas et al., 2008). Although digestates could contain 

significant amounts of bicarbonate buffer (Lin et al., 2013), most of the C of the PVWD was 

present as Corg. On the other hand, a greater proportion of CO3
2--C was expected in the WBA 

with regard to the BC. 

The characterisation of WI material was made in terms of mass WI P, WI C and WI N. The 

calculation procedure of the WS and the WI species is offered in the section A.9 and section 

A.10. The samples of WI material were milled before doing any analysis. Measurement of WI 

N and WI C was done in elemental analyser (Elemental vario EL cube) using acetanilide as 

standard. Sulphuric-peroxide digestion of the WI material at 400 ºC for 2 hours was done 

following the method described by Grimshaw (Grimshaw, 1987) to obtain the phosphate-rich 

extract which was measured in the AutoanalyzerTM to determine the WI P. 

5.2.1.2.4. Empirical and theoretical concentrations and mass balances of each element 

Whether the experimental results were referred to the WS extract (S/E 1/10) without units for 

pH, or were expressed in terms of fresh base (mg of WS PO4
3--P, WS NH4

+-N, WS NO3
--N, 

WS N, WS C, WI P, WI N and WI C, per kg fresh samples), the average value of the 3 

repetitions of each condition and their standard deviation (n=3) were calculated and plotted in 

scatter charts. Besides, the average value and standard deviation (n=3) of the masses of P, C 

and N WS and WI species were calculated to represent the mass balances of these elements in 

the Appendix (Figure A.9, Figure A.10, Figure A.15, Figure A.17 and Figure A.19). The 

calculation of concentrations and masses of the chemical species in the first study was based 

on the initial masses of the WS extracts and WI materials; for this reason, they are regarded as 

theoretical concentrations and mass balances. On the other hand, the results of the second study 

rely on the final WS extracts and WI materials recovered for each blend after the incubation; 

hence they are regarded as empirical concentrations and mass balances. The reason for the 

different calculation procedures of the two studies was that the procedure of the first study was 

improved for the second one, because it was considered more accurate the use of the final 

masses of the WS extracts and WI materials obtained after the analytical solid-liquid 
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separation. This would allow to identify more easily non-ideal behaviours (e.g. sorption 

processes) of the samples and the blend during the incubation. 

Losses during the blending process were estimated via comparison of the total amounts (i.e. 

sum of WS and WI species) of P, C and N recovered for each blend over the incubation period 

against the initial amount of each element (Table 3.3 and Table 5.1) Particularly, the average 

recovery effectiveness, which was expressed as mass percentage for each acidification 

condition and sample type, was calculated as the final amount of an element divided by the 

initial one. 

5.3.Results and discussion 

5.3.1. First study 

5.3.1.1.pH, WS PO4
3--P and C speciation 

The decrease of the pH in the PVWD due to acidification (Figure 5.2a) promoted processes 

such as the solubilisation of P before the addition of the WBA (Figure 5.2b) and the depletion 

of the C from the WS phase (Figure 5.2d). The different doses of acidification did not affected 

significantly (p < 0.05) to the WI C of the PVWD (Figure 5.2e), therefore it was not possible 

to claim that the acidification promoted the sorption of some of the WS C onto the solid fraction 

(i.e. fibre). On the other hand, the different doses of acidification reduced significantly (p < 

0.05) the amount of C retained in the WS phase. The CO3
2--C was lost as CO2 and the Norg was 

not solubilised due to the lack of alkaline conditions (Ohno et al., 2019). It should be noted that 

the excessive solubilisation of P would lead to eutrophication of inland and coastal waters 

(Fangueiro et al., 2015; Leip et al., 2015). 

Despite the acidification of the PVWD, the addition of the WFA at the 96 hours of incubation 

drastically increased the pH to a value of 12.69 ± 0.14, which remained constant until the end 

of the incubation (Figure 5.2a). This agrees with the results of the second strategy tested in the 

previous chapter (Figure 4.4). Moreover, these results are in line with the description provided 

by Wróbel et al. (2018), who informed that only 3 hours of stabilisation after the blending of 

agricultural waste digestate and biomass ash is required before pelletisation. It is important to 

mention that for the preparation of the blend, Wróbel et al. (2018) employed dewatered 

digestate in order to have a final blend with a moisture content of 18 %. The stabilisation that 

Wróbel et al. (2018) referred to in their study was regarded in this thesis as physical 

stabilisation (Figure 2.4), which is mainly the result of the hydration of oxides to hydroxides 

and, to a lesser extent, later the subsequent formation of CO3
2-. In this way, this self-hardening 
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process which is required prior to the granulation relies on the alkalinity of the ashes and 

specially on the Ca content (Steenari & Lindqvist, 1997). 

 

  

  

Figure 5.2. Characterisation in terms of (a) pH, (b) WS PO4
3--P, (c) zoom in WS PO4

3--P, (d) 

WS C and (e) WI C, 2.24 ± 0.09 g of PVWD acidified with 2 dose (0.08 and 0.24 mmol H+/g 

PVWD) of 3 acids (H2SO4, HCl and HNO3) and without acidification, followed by the addition 

of 0.51 ± 0.03 g of WBA in the middle (at the 96 hours) of the 192-h incubation (Moure 

Abelenda et al., 2021b). 

Ca also plays a key role in the chemical stabilisation as it precipitates the P effectively while 

the blend remains at pH above 8.5 (Cerozi & Fitzsimmons, 2016; Leechart et al., 2009; W. Shi 

et al., 2021). In the blend PVWD+WBA of the first study of this chapter, most of the P was in 
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the WI fraction, remaining only 1.56 ± 1.22 mg WS PO4
3--P/kg blend. Figure 5.2c illustrates 

how acidification promoted the sorption of WS PO4
3--P onto the WBA. Similarly, the effect of 

acidification on the WS C could be seen even after the addition of the WBA. As per the alkaline 

solubilisation, increases in pH resulted in greater amounts of C in the WS fraction of the blend. 

Although there was significant difference (p < 0.05) in terms of WI C of the blend due to the 

doses of acid, no clear trend was identified that could be explained by sorption processes. It 

should be noted that the decrease in the amount of C in the WI fraction was due to the lower 

content of C of the WBA, which was the main contributor to the DM of the blend (Table 5.1). 

As can be seen in the theoretical C balances (Figure A.9) the average recovery effectiveness of 

C for all the acidification conditions was 105.47 ± 16.01 %. The reason was that the WI C was 

the main form of C in the samples and the blend, thus the losses WS C in the form of CO2 were 

regarded as negligible. This could be related to the weak acidification or to the fact that the C 

was predominantly in forms different from CO3
2--C (Strosser, 2011; Tambone et al., 2019), 

such as Corg and BC in PVWD and WBA, respectively. Both these forms of C are important to 

maintain a healthy soil and maximise crop productivity (Amoah-Antwi et al., 2020; Liang et 

al., 2010). 

5.3.1.2.N speciation 

The content of WS NH4
+-N progressively increased (p < 0.05) during the first 96 hours of 

incubation (a), especially with the acidification. The reason could be the abiotic mineralisation 

(Equation 3.1) via hydrolysis of Norg under the acid conditions or ammonification due to 

microbial activity (Cossu et al., 2018; Romillac, 2019; Strock, 2008). Abiotic mineralisation 

processes such as the photolysis (Y. Zhang et al., 2021) were not considered significant under 

the conditions of the incubation. It should be noted that these levels of WS NH4
+-N in the 

PVWD were slightly overestimated because the samples would require further dilution to fit in 

the calibration range of the AutoanalyzerTM. This explains why that the concentrations of WS 

NH4
+-N in Figure 5.3a were like the WS N in Figure 5.3c, since the WS N should include as 

well other forms of N, such as the WS Norg. 

High levels of WS NO3
--N (246.63 ± 28.75 mg/kg PVWD) were only found when using HNO3 

for acidification (Figure 5.3b). A lower concentration of WS NO3
--N (4.75 ± 2.31 mg/kg 

PVWD) was found for all the other conditions. The measurement of the concentration of WS 

NO3
--N in the PVWD acidified with HNO3 affected the characterisation of the PVWD acidified 

with H2SO4 and HCl, leading to an apparent increase in the concentration overtime due to the 
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carry-over error in the AutoanalyzerTM (Broughton, 1984). It should be noted that the best 

conditions for nitrification include a neutral pH (Wong-Chong & Loehr, 1975), therefore it was 

unlikely that the progressive increase in the concentration of WS NO3
--N for the H2SO4 and 

HCl acidifications was due to this biological process. Only the HNO3 acidification affected 

significantly WS N of PVWD (Figure 5.3c) but the impact on the WI N of the PVWD was less 

significant (Figure 5.3d). 

The addition of the WBA at the 96 hours of incubation significantly decreased the 

concentration of all forms of N in the blend. Only the dose 0.24 mmol H+-HNO3/g PVWD did 

not show significant decrease in the level of WS NO3
--N, because the concentration was out of 

the calibration range of the AutoanalyzerTM. This also explains why a greater difference of the 

concentration of WS N was found for the doses 0.08 and 0.24 mmol H+-HNO3/g PVWD in 

Figure 5.3c. The values of WS N provided by the TOC-L Shimadzu® were used to establish 

the N mass balances (Figure A.10). The average recovery effectiveness found was 68.62 ± 

36.67 % because of the decrease of the N content of the PVWD after adding the WBA at the 

96 hours of incubation, which was explained by the volatilisation of NH3. Only when the HNO3 

was used, the losses of N due to N2O release need to be considered as well. The N2O is product 

of the denitrification (Equation 2.10; (Velthof & Oenema, 1993)), although this compound coul 

be generated due to the abiotic reduction of WS NO3
- & NO2

- (Buchwald et al., 2016), given 

the reducing effect of the alkaline metals contained in the WBA (Leechart et al., 2009). It could 

be considered as well that the denitrification yielded N2 as well, since the reduction potentials 

for the NO3
-/NO2

-, NO2
-/NO, NO/N2O and N2O/N2 are 0.94, 1.00, 1.59 and 1.77 V (Harvey, 

2021). Hence, the conversion of N2O to N2 is not a limiting step as the more positive the 

reduction potential, the more spontaneous is reaction (Flowers et al., 2019). 
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Figure 5.3. Characterisation in terms of (a) WS NH4
+-N, (b) WS NO3

--N, (c) WS N and (d) 

WI N, 2.24 ± 0.09 g of PVWD acidified with 2 dose (0.08 and 0.24 mmol H+/g PVWD) of 3 

acids (H2SO4, HCl and HNO3) and without acidification, followed by the addition of 0.51 ± 

0.03 g of WBA in the middle (at the 96 hours) of the 192-h incubation (Moure Abelenda et al., 

2021b). 

In terms of N management, biomass ash should act as sorbent of NH4
+-N (Szymula et al., 2021) 

under the acid conditions of processing and minimising the nitrification/denitrification once in 

the soil, due to the reduced availability of this inorganic form of N. Although considering the 

increase in pH of the PVWD after the addition of the WBA, acidification might be better 

performed after carrying out the ammonia stripping following the strategy evaluated by Limoli 
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et al. (2016). Other procedure for activation of the ashes would be the synthesis of zeolites 

prior to addition to digestates to produce a slow-release fertiliser. Nevertheless for this purpose, 

coal ash is better suited than wood ash due to its higher content in aluminosilicates and lower 

content of Ca which prevent the crystallisation of the zeolite structure during the cooling stage 

of the hydrothermal synthesis (Elliot & Zhang, 2005). Although the levels of toxic elements 

(e.g. heavy metals) in the coal ash might limit the application as fertiliser. 

5.3.2. Second study 

5.3.2.1.pH, P and C speciation 

The acidification of the WBA before its addition to the PVWD prevented the increase in the 

pH above a value of 8 (Figure 5.4a). It should be noted that in spite of the high dose of each 

acid, the pH of the WBA progressively increased during the first 96 hours of incubation due to 

the high content of alkaline elements of this material (Table A.3). This resulted in a decrease 

of WS PO4
3--P (Figure A.14), which had been solubilised due to the severe acidification of the 

WBA (Figure 5.4b). After the blending at the 96 hours of incubation, the pH was not constant 

under all acidification conditions because there was not enough time for the chemical 

stabilisation of the WBA before the blending. The final concentration of WS PO4
3--P in the 

blends at the 144 hours of incubation was 74.53 ± 52.43 mg/kg blend (Figure 5.4a). This 

concentration was higher than what was found in the first study of this chapter (1.56 ± 1.22 mg 

WS PO4
3--P/kg blend; Figure 5.2c), due to the lower pH of the blends at the end of incubation. 

This level of P availability would provide the crops with enough PO4
3--P while preventing the 

excessive leaching. In fact, most P in the blend was in the form of WI P (Figure 5.4c), since 

the WBA was the main source of P and the main contributor to the WI fraction (Table 5.1). 

The mass balances (Figure A.15), show that only 38.76 ± 11.67 % and 22.20 ± 10.20 % of the 

P initially present in the WBA and the PVWD, respectively, were measured in all conditions 

(i.e. with and without acidification). The low average recovery effectiveness could be related 

to other forms of WS P different from PO4
3--P (e.g. Porg) which were not determined. 

Furthermore, similarly to the mass balances of C and N, the losses of WI material and WS 

extract during the fractionation of the samples and the blend would affect the recovery 

effectiveness of P. Nevertheless, only the WBA acidified with H2SO4 and CH3CH(OH)COOH 

showed significant deviations from the ideal behaviour (Figure A.13). It was particularly 

noteworthy the increase in the WI material and the decrease in the WS fraction of the WBA 

due to the adsorption of the CH3CH(OH)COOH. 
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Figure 5.4. Characterisation in terms of (a) pH, (b) WS PO4
3--P, (c) WI P, (d) WS C and (e) 

WI C of 1.28 ± 0.27 g of WBA and 3.40 ± 0.20 g of PVWD acidified with 4 acids (i.e. H2SO4, 

HCl, HNO3 and CH3CHCOOH) and without acidification before and after blending (at the 96 

hours) during the 144-h incubation (Moure Abelenda et al., 2021b). 

The high concentration of the WS C due to the acidification of the ash with CH3CH(OH)COOH 

(259,917 ± 94,320 mg/kg WBA; Figure A.16a) might be responsible of the carry-over error in 

the measurement of the experimental blank WBA (i.e. no acidification) and the WBA acidified 

with H2SO4 (Figure 5.4d). It should be noted that this type of analytical error is less likely to 

happen in the TOC-L Shimadzu® than in the AutoanalyzerTM because of the type of 

determination (i.e. combustion rather than colorimetry) and because the washing of the probe 
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between the samples is done for longer time. The base line and the analytical blanks of the 

TOC-L Shimadzu® were less affected by the high concentration of analyte, given by the severe 

acidification with CH3CH(OH)COOH. Of all acidifications, the H2SO4 gave to the WBA and 

the PVWD the highest pH. Similarly to the samples that were not acidified (i.e. experimental 

blank), this could explain the greater content of WS C, since less C would not be lost as CO2 

due to the limited dissociation of the carbonic acid in water at low pH (Equation 2.39). 

The results of WI C obtained in the second study (Figure 5.4d) agree with the data of the first 

study (Figure 5.2c). The WI C found for the WBA without any acidification during the first 96 

hour of incubation (28,965 ± 6,320.1 mg WI C/kg WBA; (Figure 5.4e) was significantly higher 

than the value of the initial characterisation (20,245 ± 1,032 mg WI C/kg WBA; Table 5.1). 

There is not possible carry-over error in the measurements of the WI C with the elemental 

Anayser (Elementar Vario EL cube®), despite the high amount of C which ended up in the WI 

fraction of the WBA acidified with CH3CH(OH)COOH (679,467 ± 253,462 mg/kg; Figure 

A.16b) due to adsorption. Both the moderate acidification of the PVWD and the severe 

acidification of the WBA significantly decreased the C content in the WI fraction due to the 

release of of CO2. The trends of WS C in the PVWD and WI C in the WBA could be used for 

the estimation of the share of CO3
2--C in these samples (Huang et al., 2017; Podmirseg et al., 

2013). According to Figure 5.4d, PVWD lost the 48.49 ± 16.20 % of the WS C in the PVWD 

due to the acidification with H2SO4, HCl and HNO3. It is important also to mention the 120.53 

± 69.82 % increase in the WI C of the PVWD under that acidification conditions (Figure 5.4e). 

With regard to the WBA, the data of Figure 5.4d needs to be used cautiously due to the carry 

over of the CH3CH(OH)COOH affecting the increase of WS C of the control PVWD and the 

H2SO4-WBA. Although the quatification is not possible, it can be clearly seen that the WS C 

in the case of the control WBA is always greater than that of the acidified (H2SO4, HCl and 

HNO3). Since the WI C of the WBA also decreased due to the acidification (Figure 5.4e), the 

share of the C in the WBA is CO3
2--C should be at least 85.64 ± 12.48 %. 

After the blending at the 96 hours, the level of WI C raised (Figure 5.4e) to a similar level as 

in the first study of this chapter (Figure 5.2d), despite the final pH of the blends of the second 

study was lower than 8 (Figure 5.4a). Nevertheless, these lower levels of the WI C in the WBA 

acidified with H2SO4, HCl and HNO3 were reflected in their mass balance for C (Figure A.17) 

with an average recovery effectiveness (40.41 ± 41.50 %), which was lower than the 114.02 ± 

24.57 % recovery of C in the WBA that was not acidified. It should be noted that there was not 

significant difference (p < 0.05) in the concentration of WI C in each blend by the end of the 
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144-h incubation, with the exception of the blend acidified with CH3CH(OH)COOH. The 

average value of 18,810 ± 11,468 mg WI C/kg blend (Figure 5.4e) found in the second study 

was like the one found in the first study (24,380 ± 3,821 mg WI C/kg blend; (Figure 5.4d). 

The cheapest option for restoring the levels of C in the soil is via restoration with vegetation. 

This strategy can be applied in remote areas which are not subjected to intensive agricultural 

practices (Bai et al., 2020). Even on farm land, the use of cover crops is considered as a valuable 

resource, although reduced tillage is not widely applied in the agroindustry (Powlson et al., 

2012). Primary market research carried out by Hou et al. (2018) exposed the level of readiness 

of producers and users of manure and slurry to employ AD and even solid-liquid separation, 

despite transport not being seen as a burden for the utilisation of these organic wastes. 

The phases of development of the technology for processing organic wastes with the ash 

address the current needs and fit in the machinery employed in the fertilisation of agricultural 

soils for the cultivation of crops. Although the chemical stabilisation is essential to enhance the 

separation of the fractions of organic waste and ash blends, this step does not rely on the 

physical stabilisation to prevent the release of GHG during application to land (Figure 2.4). 

The wood ash-based additive can improve the utilisation of the whole anaerobic digestate or 

the liquor without modification of the traditional splash plate. In fact, there are a number of 

chemicals and materials that have been investigated to minimise loss of GHGs due to the 

broadcast spreading (Brennan et al., 2015) and open storage of manure and slurry (Kavanagh 

et al., 2019). An analysis made by the Teagasc Greenhouse Gas Working Group (Lanigan et 

al., 2018) on the strategies for the abatement of this problem, highlighted that the low emission 

spreading techniques (e.g. soil injection) coming into force (UK DEFRA, 2020b; UK 

Government, 2019) are the most expensive technologies. The farmers need to hire these 

equipment due to the lack of capital investment (Hou et al., 2018). Furthermore, the use of 

these machineries is economically inefficient since their operation cost are more expensive 

than reasonable C prices (Lanigan et al., 2018). 

Wróbel et al. (2018) proposed an economical way of achieving the granulation of the organic 

wastes treated with wood ashes by means of creating a mobile granulation unit (i.e. 

decentralised plant). In order to reduce the use of energy and resources, it is necessary to 

reinforce the synergies between the underlying phenomena responsible of the chemical and the 

physical stabilisation (Figure 2.4) in the process of production of a granular organic amendment 

(Table 2.7). If the dewatering is achieved by thermal drying and the active ash could be 
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produced onsite from the combustion of virgin wood. It should be noted that the reactivity and 

the sorption capacity of biomass ash decrease from the moment it is produced because of 

reactions with atmospheric moisture and CO2. On the other hand, the CO2 produced during the 

combustion might be enough to be used as an acidifying agent to promote the adsorption onto 

the ashes of the WS elements of the organic waste, while preventing the volatilisation of NH3. 

Even if the solid-liquid separation of the digestate is done prior to the blending with biomass 

ash, acidification would be required to prevent NH3 volatilisation (Pantelopoulos et al., 2016). 

5.3.2.2.N speciation 

In the second study, the levels of WS NH4
+-N in the PVWD (Figure 5.5a) were in agreement 

with the initial characterisation (689.74 ± 86.78 mg/kg; Table 5.1), because appropriate dilution 

of the samples was done for the measurement in the AutoanalyzerTM. The acidification of the 

PVWD made a clear difference in preserving the WS NH4
+-N with regard to the control 

PVWD. The effect of acidification could not be seen in the WS N (Figure 5.5c) due to the 

impact of the samples acidified with HNO3 in the measurements (Figure A.18c). While it was 

confirmed that the carry-over error occurred in the first study using the AutoanalyzerTM, the 

values of the WS N in the second study are less likely to be affected by the carry over. 

The concentrations of WS NO3
--N in the PVWD before and after the blending found in the 

second study (1.60 ± 2.46 mg/kg; Figure 5.5b), with the exception of the blend prepared with 

HNO3, agree with the values found in Chapter 3 (1.11 ± 0.05 mg WS NO3
--N /kg blend; Figure 

3.4b) and in the first study of this chapter (1.49 ± 2.34 mg/kg sample; Figure 5.3b). The 

characterisation of the WBA in terms of WS NO3
--N was not possible due to interactions with 

the reagents of the colorimetric procedure employed by the AutoanalyzerTM. The undesired 

reactions also affected the PVWD and reduced the replicates of some conditions. Therefore, 

the two-way ANOVA test for balanced design experiments could not be applied to know 

whether the concentration of WS NO3
--N in the CH3CH(OH)COOH extract was significantly 

different form the other conditions used to prepare the blend of the WBA with the PVWD 

(Figure 5.5b). 

The amount of WI N in the PVWD was greater than in the WBA (Figure 5.5d), except when 

the acidification was done with HNO3, because of the adsorption of the WS NO3
--N onto the 

WBA (Figure A.18c). This phenomenon could not be seen significantly (p < 0.05) in the first 

study (Figure 5.3d) and the losses as N2O were the main effect observed (Figure 5.3c). Herein 

the procedure followed to prepare the blend (i.e. whether the WBA is acidified before mixing 
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with the PVWD) determined the fate of the N. This explains the greater N recovery 

effectiveness found for the blend prepared with HNO3 in the second study (Figure A.19c). It 

should be noted that the N2O release due to abiotic mineralisation (Equation 2.8, Equation 2.9 

Equation 2.10) could be also present in the second study, as per the progressive decrease in the 

WS N shown in Figure A.18b for the WBA acidified with HNO3. On the other hand, the WBA 

acidified with the HNO3 showed a significant concentration of WS NH4
+-N (Figure 5.5a). The 

reason would be the reducing effect of the WBA and the high oxidation capacity of the WS 

NO3
--N. Furthermore, the approximate decrease of 30,000 mg WS N/kg WBA Figure A.18b) 

could be related to the respective increase in the WI N (Figure A.18c). The greater levels of 

WI N obtained when acidifying the WBA with H2SO4 or CH3CH(OH)COOH are not 

considered to be related to an enhancement in the sorption of the WS N but due to the greater 

yield of the WI material (Figure A.13d), which affected the calculation of the concentration of 

WI N (section A.9). 
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Figure 5.5. Characterisation in terms of (a) WS NH4
+-N, (b) WS NO3

--N, (c) WS N and (d) 

WI N of the 1.28 ± 0.27 g of WBA and 3.40 ± 0.20 of PVWD before and after blending (at the 

96 hours), under 4 acidification conditions (i.e. H2SO4, HCl, HNO3 and CH3CHCOOH) and 

no acidification, during the 144-h incubation (Moure Abelenda et al., 2021b). 

The mass balances of the 3 elements (Figure A.15, Figure A.17 and Figure A.19) show that 

only for the N, the WS fraction was present in similar amounts to the WI fraction in both the 

PVWD and the blend with the WBA. The same distribution of nutrients (i.e. the N is the most 

available element) was found in the mass balances of the first study for C and N (Figure A.9 

and Figure A.10; respectively). Therefore, the treatment of the PVWD with the acids and the 

WBA needs to be improved to reduce the availability of N as much as all the other elements, 

0

200

400

600

800

1,000

0 50 100 150

W
S

 N
H

4
+
-N

/(
m

g
/k

g
 s

am
p

le
s)

Incubation/(h)(a)

-1

1

3

5

7

9

11

0 50 100 150

W
S

 N
O

3
- -

N
/(

m
g
/k

g
 s

am
p

le
s)

Incubation/(h)(b)

-500

0

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000

4,500

0 50 100 150

W
S

 N
/(

m
g
/k

g
 s

am
p

le
s)

Incubation/(h)

-2,000

-1,000

0

1,000

2,000

3,000

4,000

0 50 100 150

W
I 

N
/(

m
g
/k

g
 s

am
p

le
s)

Incubation/(h)
(d)



Chemical stabilisation of anaerobic digestate via wood ash-based treatment 

169 

in order to reduce losses of N before and after land application. The sorption capacity of the 

WBA was not enhanced significantly via treatment with HCl before being added to the PVWD, 

in a similar way the Ca(OH)2 is prepared with HCl to produce CaCl2 (Equation 2.29). The 

activation with HNO3 would result in the formation of Ca(NO3)2, which may increase the 

denitrification to produce N2O after land application, due to the excessive content of N in the 

blended fertiliser (Vandré & Clemens, 1996). In addition to Ca, the WBA contained other 

elements such as Mg and BC (Table A.3) that might be responsible of sorption processes as 

well. The treatment of the WBA and the PVWD with H2SO4 and CH3CH(OH)COOH might 

have not prevented the sorption of WS N significantly (p < 0.05). The higher amounts of WI 

N found when the WBA was acidified with H2SO4 and CH3CH(OH)COOH (Figure 5.5d) could 

be explained by the greater amount of WI material obtained with these 2 acids (Figure A.13d) 

and the procedure for the calculation of the concentration of WI N (section A.10). 

According to this project agricultural advisors (i.e. primary and secondary market research), 

even in high clay soils where the adsorption of NH4
+-N is common, the organic slurry injected 

under very dry conditions (i.e. with cracks in the soil or more than 1 m depth) could potentially 

run down through and end up in the ground water. The intensification of the manufacturing 

process of the organic amendment to include the physical stabilisation and palletisation (Figure 

2.4) can improve the control of excess of N in the soil because of the easier and more accurate 

spreading (Wróbel et al., 2017). The study of Hou et al. (2018) suggested the willingness of 

the farmers in using processed organic fertiliser due to the increasing cost of industrial 

fertilisers and the need to facilitate the export of manure from farms. 

The utilisation of the ash to treat the organic waste has also been proposed as technology to 

achieve the biological stabilisation organic waste before (i.e. killing of pathogens) and after 

application to land (i.e. promoting beneficial microbial activity in the soil to ensure the supply 

of nutrient to the crops). In fact, Jewiarz et al. (2018) could not include a biofertiliser (fungal 

strains of Trichoderma spieces) in the blend agricultural waste digestate and biomass ash 

because the microbes would not thrive. Ideally the blend would be pasteurised rather than 

sterilised, to allow the presence of unharmful microorganism (WRAP, 2014a). On the other 

hand, it is expected beneficial microbes will proliferate around the granules of the fertiliser 

once applied to the soil to improve the fermentation and the supply of nutrients in the rhizome. 

That is the reason for which the improvements in C and N use efficiency have been investigated 

when applying simultaneously digestate and wood ash (Bougnom et al., 2012; Fernández-

Delgado Juárez et al., 2013, 2015; Insam et al., 2009). Taking into account the nutrient profile 
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of the ashes, another objective of the treatment was to make the organic waste more competitive 

with chemical NPK fertilisers. 

The AD is regarded as a technology to achieve the biological stabilisation of organic waste 

(UK Government, 2018; WRAP, 2014a). Furthermore, it allows a more sustainable bioenergy 

production compared to the incineration of the dried organic waste which leads to the formation 

and release to the atmosphere of NOx. In terms of processing the organic waste, the 

fermentation also improves the miscibility with the ashes because the AD is able to eliminate 

the small particles (Lindner et al., 2015; Möller & Müller, 2012). This organic amendment 

would be less likely to decay and putrefy in the soil. For these reasons, the processing of the 

organic wastes firstly via AD and secondly with the ash treatment, whether these materials are 

sourced from somewhere else or produced onsite, could be regarded as a good ecological 

practice. The maturation of organic manures (Figure 2.9) involves the mineralisation of the 

organic nutrients. The inorganic forms of the nutrient to be more suitable for sorption by 

interacting with the components of the ashes and the preparation of a slow-release fertiliser 

(i.e. chemical stabilisation; Figure 2.4). 

5.4.Conclusions 

In terms of time required for the chemical stabilisation, in the first study of this chapter the 

composition of the blend remained constant straight after the mixing. The reason for the low P 

recovery effectiveness was the initial characterisation provided by the external laboratory of 

this element (Table 3.3), as the in-house analysis was able to measure four times less P. 

Thereby, the targeted nutrient ratio was redefined as C/N/P 40/4/1 for the subsequent chapters. 

The severe acidification of the WBA, which was employed in the second study of this chapter, 

prevented the increase of the pH of the blend above the initial value of the digestate, thus 

minimising the losses of NH3. Both H2SO4 and CH3CH(OH)COOH decreased the sorption 

capacity of the WBA and minimised the potential decrease in the availability of the P, C and 

N of the PVWD. It is important to mention that both H2SO4 and HNO3 are able to oxidise the 

OM, enhancing the losses of CO2. Although the incubation with HNO3 as extractant did not 

increase the mass of the WI fraction of the WBA, the excessive content of N in the organic 

amendment would boost the losses of this nutrient before and after land application. Therefore, 

the HCl was considered to be the best option for the acidification of the PVWD and the WBA 

before the mixing. This would enhance the subsequent solid-liquid separation by means of 

promoting the dehydration of the WI fraction of the blend. It should be noted that in order to 
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confirm that the HCl enhances sorption processes, it would be necessary to determine the 

content of the chloride ion in both fractions (i.e. WS and WI) of the blend. Alternatively, the 

HCl could be used in an acid wash pre-treatment, instead of as reactive medium, to minimise 

the Cl- attached to the surface of the WBA. In this way, the acid wash would be performed after 

milling, sieving and calcinating the WBA, as part of the activation of this material, prior to the 

addition to the PVWD. The impact of the conditions of the chemical stabilisation on the stages 

of physical and biological stabilisations need to be assessed via measuring the mechanical 

properties of the pellets (e.g. compressibility strength) and the fate of the nutrients once in the 

soil (Figure 2.4). 

The results obtained proved the technical feasibility of the chemical treatment of PVWD with 

WBA but the analysis of the economic viability remains unclear. Further downstream 

treatments, such as the solid-liquid separation via filtration of the acidified blend of anaerobic 

digestate and wood ash, could be tested to enhance the quality of the final product. The 

investigation of different waste streams configurations – for example, drying the digestate by 

direct contact with the combustion gases and the activated ashes from the combustion of the 

wood pellets – is proposed to achieve optimal capital and operating costs. In addition to the 

techno-economical assessment, a primary market research is required to ensure the wood ash-

based treatment addresses the problems of the stakeholders of the agroindustry at both sides of 

the supply and demand chain of organic wastes. It is necessary to take into account the 

economic aspects which limit the implementation of the AD (e.g. capital investment, 

processing cost and payback period), at the time of designing business-friendly processes for 

the manufacturing of novel soil amendment. Therefore, it would be worth exploring the ash 

treatment on materials which have undergone poor fermentation (e.g. manure and slurry) or 

even waste types that have not been biologically processed (e.g. crushed organic waste). 
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6. Comparison of the wood ash-based treatment of the anaerobic 

digestate to acidification and nitrification 

6.1.Introduction 

The uneven distribution of worldwide resources, such as crude oil and phosphate rock, creates 

conflicts between countries and is a matter of concern for a sustainable supply of energy and 

chemical fertilisers (Elser & Bennett, 2011). Extensive research activities have targeted the 

processing, with positive energy balance (Da Costa Gomez, 2013), of clean and source 

segregated wastes (Demirbas, 2011). The energy recovery from biomass can be carried out via 

thermo-chemical degradation (e.g. combustion, gasification, hydrothermal liquefaction and 

pyrolysis) or biological fermentation (e.g. AD and alcoholic fermentation) (X. Yang et al., 

2015). The selection of the biomass conversion technology is important because it affects the 

availability of the nutrients in the energy-depleted byproduct resulting from the process (Sarvi 

et al., 2021). 

Materials with level of contaminants lower than the threshold values established in the 

environmental legislation in force, such as the biomass ashes (Bougnom et al., 2012; 

Fernández-Delgado Juárez et al., 2013; Insam et al., 2009; Richards et al., 2021), could be used 

directly as soil amendments (Owamah et al., 2014; Silva et al., 2019). Some obstacles that need 

to be solved are the fate of the trace elements of ashes (Voshell et al., 2018) and the suitability 

of anaerobic digestates as fertilisers (García-Sánchez et al., 2015; Owamah et al., 2014). The 

utilisation of wood ash and anaerobic digestate as valuable resources in agriculture reduces the 

ecological impact and the regulatory burden of the industries where these residues are produced 

and reinforce the green credentials of agriculture (Fivelman, 2013). 

The anaerobic digestate is well known for having greater availability of the nutrients than the 

initial feedstock used for the production of biogas (Dahlin et al., 2015). Due to the high 

investment of the AD processing facilities (Hou et al., 2018), the only compulsory treatment is 

to store the organic manures for a minimum of six months before land application to undergo 

a similar type of fermentation (Janni & Cortus, 2020). Organic wastes that have undergone 

maturation until reaching a C/N (i.e. < 20; Figure 2.10) can be used as soil amendments (Bernal 

et al., 2009). During this process, the mineralisation of the Norg leads to the formation of NH4
+-

N (Equation 3.1), which is the preferred source of N by plants but is an atmospheric pollutant 

(Chojnacka et al., 2020). While the C is released as CH4 or CO2, most of the ammonia remains 
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in the liquid slurry, as ammonium (Möller & Müller, 2012). Szymula et al. (2021) described 

the hydrolytic reaction of the biotic ammonification for urea as Equation 6.1: 

𝐶𝑂(𝑁𝐻2)2 + 𝐻2𝑂 → 2𝑁𝐻3 + 𝐶𝑂2 Equation 6.1 

Nitrification and acidification are widely used techniques to minimise NH3 losses from 

digestate and other of organic manures (Botheju et al., 2010; Kavanagh et al., 2019; Regueiro, 

Coutinho, & Fangueiro, 2016). Biomass ash, in addition to be a source of P (Tan & Lagerkvist, 

2011), contains elements such as Ca, Mg and BC which can promote adsorption processes and 

the formation of precipitates in the digestate (Daifullah et al., 2003; James et al., 2012; 

Sakthivel et al., 2012). This chemical stabilisation (Figure 2.4) is intended to minimise the 

losses of nutrients due to gaseous emissions and leaching during storage and after land 

application of organic manures (Brennan et al., 2015; Miranda et al., 2021). According to 

Chapter 4 and Chapter 5 of this thesis, the HCl gives the best results for preparing an ash-based 

additive for the anaerobic digestate. This chapter assesses the changes in the availability of N, 

C and P in a digestate treated via (a) addition of wood ash under different acidification 

conditions and (b) nitrification. 

6.2.Materials and methods 

6.2.1. Materials 

The selection of the pristine WFA and the PVWD for the experiments of this chapter was based 

on their capacity to retain nutrients and to remain chemically stable, as per the results of 

Chapter 4 and Chapter 3, respectively. Furthermore, the previous investigation involving the 

WBA (Chapter 5) did not show a clear enhancement of the sorption of nutrients when the blend 

with PVWD was prepared using 4 different acids. The present chapter investigates the effect 

of the best adsorbent found in the Chapter 4 (HCl-WFA) on the composition of the PVWD. To 

compare the WFA-based treatment with the nitrification and the acidification alone, the two-

factor ANOVA with replication was performed with Microsoft® Excel (p < 0.05). Table 6.1 

summarises the treatments investigated: HCl-WFA+PVWD, the WFA was conditioned with a 

1.82 M aqueous solution of HCl before being added to the PVWD; HCl-WFA+HCl-PVWD, 

the PVWD was acidified with a 0.06 M solution of HCl before the blending with the HCl-

WFA; and PVWD, no acidification was applied to allow the nitrification. Chapter 4 contains 

the preliminary titrations of the samples with HCl were performed to determine the amount of 

acid required to maintain the pH around 5.5 (Figure 4.1). Approximately 10 mL of HCl aqueous 

solution were added to each gram of WFA and PVWD (Figure A.20). The two factors assessed 
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were the type of treatment or blend composition (HCl-WFA+PVWD, HCl-WFA+HCl-PVW, 

PVWD and HCl-PVWD) and the time of incubation (0, 1, 3, 6, 12, 24, 48, 72, 96, 120 and 144 

hours). Because of the destructive sampling procedure used to carry out the experiment, 176 

experimental units (i.e. 4 treatments or blends, each with 4 repetitions, measured at 11 

incubations times) were prepared. 
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Table 6.1. Blends were characterised during the incubation in a closed chamber at 100 rpm shaking and 20 ºC (Moure Abelenda, Semple, Herbert, 

et al., 2022). 

Sample WFA PVWD Incubation Trap for NH3 

Treatment Sample Extractant aHCl/(M) Sample Extractant aHCl/(M) /(h) aH2SO4/(M) 

HCl-WFA+PVWD 0.49 ± 0.05 4.45 ± 0.04 1.82 2.88 ± 0.99 20.02 ± 0.13 0.00 
0, 1, 3, 6, 

12, 24, 48, 

72, 96, 120, 

144 

0.11 

HCl-WFA+HCl-PVWD 0.46 ± 0.06 4.50 ± 0.03 1.82 2.75 ± 1.24 20.16 ± 0.34 0.06 

PVWD 0.00 0.00 0.00 2.60 ± 0.85 20.09 ± 0.11 0.00 

HCl-PVWD 0.00 0.00 0.00 2.48 ± 0.77 20.11 ± 0.12 0.06 

aAnalytical grade HCl and H2SO4 were used to prepare acid solutions together with ultrapure milli-Q® water. 



Chemical stabilisation of anaerobic digestate via wood ash-based treatment 

176 

6.2.2. Methods 

6.2.2.1.Absorption of the NH3 volatilised 

The 144-h incubations took place in a closed chamber (Figure 6.1a), which consisted in a 250-

mL Schott Duran® bottle with a stopper from which a vial was held, containing 4.43 ± 0.12 

mL of a 0.11 M H2SO4 aqueous solution to capture the NH3(g) in the headspace. To ensure the 

equilibrium between the blend and the acid trap, the whole system was shaken at 100 rpm and 

20 ºC during the incubation up to 144 hours (Figure 6.1b). This setup was a modification of the 

procedure developed by Velthof et al. (2005), which has been widely used for determination 

of N losses due to volatilisation of NH3. The purpose of the H2SO4 trap was to determine the 

amount of NH3(g) that can be recovered as part of the treatments of the digestate, from the 

headspace of the closed chamber. 

 
 

(a) (b) 

Figure 6.1. (a) Schematic of the closed chamber used for the incubation of blends (Table 6.1) 

up to 144 hours at 20 ºC and 100 rpm. (b) Closed chambers in the rotary shakers placed in the 

climate-controlled room (Moure Abelenda, Semple, Herbert, et al., 2022). 

A review of the different type of chambers employing H2SO4 to measure the emissions of NH3 

is offered in Table A.8. The amount of H2SO4 in the trap exceed the stoichiometric 

requirements (Equation 6.2), which were calculated considering that all the N in the samples 

would volatilise as NH3. The H2SO4 solution in the trap was regarded as one of the fractions 

isolated after the treatment of the PVWD (Figure A.22): sulphuric ([H2SO4]) fraction. 

𝑁𝐻3(g)
+ 𝐻2𝑆𝑂4(aq) → (𝑁𝐻4)2𝑆𝑂4(s) Equation 6.2 
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6.2.2.2.Fractionation of the treated PVWD 

After completing the incubation of each destructive sample, the closed chamber was 

disassembled and the concentration of ammoniacal and nitric nitrogen in the sulphuric fraction 

([H2SO4] NH4
+-N and [H2SO4] NO3

--N, respectively) was determined using segmented flow 

analysis (AutoanalyzerTM, SEAL analytical). The treated PVWD was transferred to a 50-mL 

Corning® tube to conduct the solid-liquid separation, by means of a 5-minute centrifugation at 

4,000 rpm and subsequent 3-µm filtration of the supernatant. The WS phase was characterised 

in terms of pH, NH4
+-N, NO3

--N, N, C and PO4
3--P. The content of N, C and P was determined 

as previous described (Chapter 5) in WI material (i.e. solid pellet and filter cake) obtained after 

dying at 105 ºC. The distribution of each element among the [H2SO4], WS and WI fractions, 

cited in decreasing order of availability, was taken into account for the analysis of the results. 

Particularly, for the analysis of the speciation of the P, the availability was defined as the WS 

PO4
3--P to WI P ratio. The amounts of N, C and P in the fractions of the blends (Figure A.22) 

were used to establish the mass balances of these elements (Regueiro, Coutinho, Gioelli, et al., 

2016). Differently from the analytical procedure followed in Chapter 3 and Chapter 5, the 

profiles observed were not compared to the initial characterisation of the sample (Table 3.3), 

which includes some of the analyses of NRM (i.e. content of N and P)], but to the first point 

measured at the time zero of the incubation. The average recovery effectiveness of each 

element was calculated as the final amount of a nutrient divided by its initial amount. 

6.2.2.3.Calculation of the concentration of [H2SO4] NH4
+-N and [H2SO4] NO3

--N in fresh 

basis 

Similar procedure for the calculation of the WS species (section A.4), with the difference that 

the concentration (X; Equation 6.3) provided by the AutoanalyzerTM is multiplied by the final 

volume (V; Equation 6.3) of the [H2SO4] fraction (Figure A.22b), instead of the one of the WS 

extract (Figure A.22d). This is the volume determined after the incubation by weighing the trap 

and assuming a density of 1 g/mL for the H2SO4 solution. 

[𝐻2𝑆𝑂4] 𝑁 = 𝑋
𝑚𝑔 𝑁

𝐿
× 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ×

1 𝐿

103𝑚𝐿
× 

× 𝑉 𝑚𝐿 𝐻2𝑆𝑂4 ×
1

𝑌 𝑔 𝑓𝑟𝑒𝑠ℎ 𝑏𝑙𝑒𝑛𝑑
×
103𝑔

1 𝑘𝑔
 

 

Equation 6.3 

For the calculation of the mass of any of the species that ended up in the H2SO4 solution of the 

trap, it would not be necessary to divide by the mass of the fresh blend (Y) in the Equation 6.3. 
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6.3.Results and discussion 

6.3.1. Fractionation of the blends after the incubation 

The mass losses of the H2SO4 solution in the 4.43 ± 0.12 mL traps were negligible (Figure 

6.2a) since the isolation of this phase did not imply transferring the content of the trap vial to 

a flask for solid-liquid separation. Approximately 10 mL of WS extract were lost during 

incubation and subsequent filtration of the blends (Figure A.20 and Figure 6.2b). Similarly, 

around 0.2 g of WI material were lost (Figure A.20 and Figure 6.2c). The initial volumes of 

the WS fraction of the blends were determined considering the moisture of samples (Table 3.3), 

in addition to the volume of extractant used to prepare the blends (Table 6.1). The DM of the 

samples (Table 3.3) was assumed to be the initial masses of the WI fraction. 

The hydrolytic and dehydration effects of the acidification could be seen in the mass of WS 

and WI fractions of the blend. In this way, the acidified digestate had more WS fraction than 

the PVWD alone (Figure 6.2b). On the other hand, a greater drop in the amount of WI material 

recovered could be seen in the blend HCl-WFA+HCl-PVWD (Figure 6.2c), which was more 

severely acidified than the blend HCl-WFA+PVWD (Figure 6.2b). 

The losses during incubation and subsequent processing (i.e. isolation of the fractions) of the 

blends affected mass balance of each nutrient and even the concentrations of the chemical 

species in [H2SO4], WS and WI forms. Since the values of the pH refer to the WS extracts and 

they were not expressed in fresh basis, this parameter was not affected by the losses of the 

fractions of the blends during the incubation and subsequent solid-liquid separation. 
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Figure 6.2. Masses of (a) [H2SO4], (b) WS and (c) WI fractions recovered after the incubation 

of the destructive samples of HCl-WFA+PVWD, HCl-WFA+HCl-PVWD, PVWD and HCl-

PVWD (Moure Abelenda, Semple, Herbert, et al., 2022). 

6.3.2. pH of the [H2SO4] and the WS fractions 

The acid traps had similar pH (Figure 6.3a) because they were filled before starting the 

incubation with 4.43 ± 0.12 mL of the same 0.11 M H2SO4 solution, which had a pH of 0.92 
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measured at 17.9 ºC. According to the Figure 6.3a, the blend HCl-WFA+PVWD had the lowest 

[H2SO4] NH4
+-N. In order to confirm these trends, the measurement of the pH was repeated 

after diluting eleven times (1/10) the [H2SO4] extract. This ensured a better contact with the 

probe and prevented the values of the pH to be affected by the detection limit of the pH-meter. 

The pH in the undiluted traps was calculated based on the concentration of the H+ species 

measured in the eleven times diluted (1/10) [H2SO4] fraction (Figure 6.3b). 

The differences in pH of the WS extracts of the treatments were greater (Figure 6.3c) because 

of the amount of HCl used to prepare them (Table 6.1). According to the two-way ANOVA 

test (p < 0.05), even for the blends HCl-WFA+HCl-PVWD and HCl-PVWD there was 

significant difference in terms of pH (Figure 6.3c). 
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Figure 6.3. Changes in the pH of the 4.42 ± 0.10 mL 0.11 M H2SO4 traps: (a) values directly 

measured at 22.91 ± 2.05 ºC and (b) values calculated from the measurements at 22.49 ± 0.74 

ºC of the eleven-time diluted (1/10) [H2SO4] extract. (c) Changes in the pH of the 17.17 ± 2.56 

mL WS extract of the HCl-WFA+PVWD, HCl-WFA+HCl-PVWD, PVWD and HCl-PVWD 

during the 144-h incubation (Moure Abelenda, Semple, Herbert, et al., 2022). 
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6.3.3. N speciation 

The highest concentration of [H2SO4] NH4
+-N (Figure 6.4a) and the lowest concentration of 

WS NH4
+-N (Figure 6.4c) were found in the PVWD, followed by the HCl-WFA+PVWD. The 

reason was that the greater level of acidification achieved in the HCl-WFA+HCl-PVWD and 

the HCl-PVWD treatments (Figure 6.3c). It took 48 hours of incubation to reach the maximum 

concentration of [H2SO4] NH4
+-N (Figure 6.4a) in the PVWD. Both WS NO3

--N (Figure 6.4d) 

and WS N (Figure 6.4e) increased significantly (p < 0.05) between 48 and 120 hours of 

incubation of the PVWD. At the 120 hours of incubation, the levels of WS NO3
--N (Figure 

6.4d) and WS N (Figure 6.4e) in the PVWD decreased. 
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Figure 6.4. Concentrations of (a) [H2SO4] NH4
+-N, (b) [H2SO4] NO3

--N, (c) WS NH4
+-N, (d) 

WS NO3
--N, (e) WS N and (f) WI N in the blends HCl-WFA+PVWD, HCl-WFA+HCl-PVWD, 

PVWD and HCl-PVWD during the 144-h incubation at 100 rpm and 20 ºC (Moure Abelenda, 

Semple, Herbert, et al., 2022). 
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until reaching a pseudo-equilibrium. The saturation level was 58.47 ± 20.50 mg [H2SO4] NH4
+-

N/kg PVWD, due to the mass transfer resistance of NH3 from the WS fraction to the air and 

from the air to the [H2SO4] fraction. During the next 72 hours (i.e. until the 120 hours of 

incubation), nitrification took place until reaching a new pseudo-equilibrium in the WS fraction 

(Figure 6.4d). Adams (1986) reported a similar profile of NO3
--N for PVWD (Figure 6.4d) 

associated to ammonification (Figure 6.4), but the latter process could not be confirmed since 

the WS NH4
+-N of the PVWD consistently decreased during the incubation (Figure 6.4c). As 

the profile of WS NH4
+-N of PVWD reached a minimum, instead of having a bell shape 

(Romillac, 2019; Wong-Chong & Loehr, 1975), there was no formation of WS NH4
+-N and 

the decrease of this chemical species was primarily due to the NH3 volatilisation and the 

nitrification. The faster kinetics of the dissociation of NH4
+ and subsequent NH3 volatilisation, 

compared to that of the nitrification, was the reason for which the biochemical process took 

place after reaching the top level of [H2SO4] NH4
+-N. The apparent nitrification that took place 

in the control PVWD of the first study of Chapter 5 (Figure 5.3b) was not regarded as such 

because, according to the 2 way ANOVA test, there was not significant difference (p < 0.05) 

between the trend of the control PVWD and the PVWD acidified with a low dose of H2SO4 

(0.08 mol H+-H2SO4/g PVWD). 

In this chapter, the neutral pH in the PVWD (7.55 ± 0.40; Figure 6.3c) allowed firstly the NH3 

release and secondly the microbial nitrification (Jeschke et al., 2013). The WS NH4
+-N 

decreased (148.18 ± 92.67 mg/kg PVWD; Figure 6.4c) as much the WS NO3
--N increased 

(155.73 ± 30.26 mg/kg PVWD; Figure 6.4d). However, there was an overall increase of 

approximately 475.95 ± 230.80 mg WS N per kg PVWD (Figure 6.4e) without reducing the 

WI N (Figure 6.4f). The increase of the WS N (Figure 6.4e) while the WS NH4
+-N decreased 

(Figure 6.4c) could be related to the microbial growth of Nitrosomonas (Papp et al., 2016), 

which would follow the same trend as the WS NO3
--N formation (Figure 6.4d). The overall 

conversion reaction of autotrophic nitrification (Equation 2.7) is shown in Equation 6.4 

(Botheju et al., 2010). 

𝑁𝐻4
+ + 1.863𝑂2 + 0.098𝐶𝑂2

→ 0.0196𝐶5𝐻7𝑁𝑂2 + 0.98 𝑁𝑂3
− + 0.0941𝐻2𝑂 + 1.98𝐻+ 

Equation 6.4 

During the incubation of the PVWD, the microbial biomass (represented as C5H7NO2) would 

have been able to use for their growth some of the NH4
+ that remained in the WS fraction. This 

interpretation was not confirmed experimentally since the quantification of these 

microorganisms is usually done through absorbance measurement or counting the DNA 
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molecules after polymerase chain reaction (Qiao et al., 2020), rather than by determining the 

WS N. The reason for which some of these microbes ended up in the WS fraction rather than 

in the WI material was the low effectiveness of the solid-liquid separation as part of the 

analytical procedure. It would be necessary centrifugation at 8,500 rpm for at least 10 min 

and/or 0.2 µm filtration to completely remove the particulate matter from the WS extract 

(Burrell et al., 2001). 

After the 120 hours of incubation the PVWD, the denitrification occurred to give N2O and/or 

N2 (Figure 6.4d,e). The reason for the denitrification could be that the high levels of WS NO3
-

-N were not stable under the incubation conditions. Both in the acidified blends and all the 

H2SO4 traps, the levels of the NO3
--N were low (Figure 6.4d,b) because the acid pH (Figure 

6.3a) prevented the nitrification (Papp et al., 2016). The low levels of NO3
--N in equilibrium 

with the NH4
+-N could be related to the abiotic nitrification (Figure 6.4b). The oxidative power 

of H2SO4 was not considered to be related to this process since the redox potential of the NO3
- 

to NO2
- (0.94 V; (Harvey, 2021)) is greater than the SO4

2- to SO3
2- (0.17 V; (Harvey, 2021)) 

(Pulford, 2007). A more logical explanation is that this could be related to background noise 

due to the detection limit of the AutoanalyzerTM. Approximately ten times higher concentration 

of NO3
--N was found in the WS extract of HCl-WFA+PVWD, HCl-WFA+HCl-PVWD and 

HCl-PVWD (0.24 ± 0.25 mg WS NO3
--N/kg; Figure 6.4d) than in the [H2SO4] extract of all 

the blends (0.01 ± 0.10 mg [H2SO4] NO3
--N/kg; Figure 6.4b). 

Despite the treatments HCl-WFA+HCl-PVWD and HCl-PVWD had similar pH (Figure 6.3c), 

the WI N (Figure 6.4f) was greater in the HCl-WFA treatment of the PVWD. The role of the 

WFA as sorbetn was enhanced under the acid conditions that promoted the dehydration (i.e. 

release of the attached water molecules to the EPS; Figure 6.2b,c) (Astals et al., 2021; Mor et 

al., 2016). It should be noted that the addition of the WFA to the PVWD is not supposed to 

decrease the concentration of WI N as much as with the WBA (i.e. drop of 1,494.86 ± 555.96 

(Figure 5.3d) and 1,269.94 ± 1,147.17 mg WI N/kg blend (Figure 5.5d) in the first and second 

studies of Chapter 5, respectively, due to the higher content of N in the WFA (Table 3.3). 

Therefore, besides preventing the volatilisation of NH3 during storage, the HCl-WFA treatment 

of the PVWD has the potential to reduce the losses of N via leaching after land application 

compared to the acidification alone. Nevertheless, in the closed chamber, the nitrification was 

the best management strategy for the N of the PVWD, as can be seen in the N mass balances 

(Figure 6.5). 
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6.3.4. Mass balances and recovery effectiveness of N 

Most N was in the form of WI N (4.83 ± 2.81 mg; Figure 6.5) and lower fluctuation were found 

in the WS N (2.85 ± 1.10 mg). It should be noted that swapped trends of WI N and WS N were 

found in the treatment HCl-PVWD (Figure 6.5d), since the acidification led to the 

solubilisation of nutrients. The amount of [H2SO4] N was negligible (0.04 ± 0.05 mg NH4
+-N 

+ NO3
--N) compared to the other forms of N and the highest amount of this N species was 

found in the PVWD alone (Figure 6.5). 

  

  

Figure 6.5. N mass balance for (a) HCl-WFA+PVWD, (b) HCl-WFA+HCl-PVWD, (c) 

PVWD and (d) HCl-PVWD blends (Table 6.1) during the 144 hours of incubation at 100 rpm 

for 20 ºC in the presence of a 0.11 M H2SO4 trap. Initial N stands for the calculated N 

introduced in the system (Figure 6.1a) at the beginning of the incubation, which depended on 

the mass of each blend (Figure A.20). Final N is the sum of the masses of WS N, WI N and 
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[H2SO4] N. The average values of N recovery effectiveness over the whole of incubation period 

is stated in each graph (Moure Abelenda, Semple, Herbert, et al., 2022). 

The greatest amount of N was recovered with the WFA treatments (9.47 ± 3.88 mg N; Figure 

6.5a,b) because of the additional N provided by the WFA (Table 3.3) but the recovery 

effectiveness decreased overtime. The greater acidification of the HCl-WFA+HCl-PVWD 

prevented N losses over the first 72 hours (Figure 6.5b), while the HCl-WFA+PVWD started 

to have significant (p < 0.05) losses of N at the 12 hours (Figure 6.5a). Similarly, the HCl-

PVWD started to have significant (p < 0.05) losses of N at the 12 hours (Figure 6.5d). It should 

be noted the opposite trend found in the PVWD, which underwent nitrification (Figure 6.5c). 

Since the N recovery effectiveness increased towards the end of the incubation, leading to the 

greatest recovery of N during the 144-h incubation (115.10 ± 47.28 %; Figure 6.5c). The 

nitrification started at the 48 hours of incubation, at which time the trap reached the top 

concentration of [H2SO4] NH4
+-N (Figure 6.4a). Therefore, the nitrification was prevented by 

the flux of NH3 towards the [H2SO4] fraction, which was a way of acidifying the WS fraction 

without adding acid nor decreasing the pH of the digestate. This explanation is in agreement 

with the Le Chatelier's principle and the Equation 6.4. As soon as there was no NH3 flux 

towards the H2SO4 solution, because the trap was NH3-saturated due to mass transfer 

resistance, the nitrification started. After the 120 hours of incubation, the system kept 

transitioning towards a more stable state leading to formation of N2O and N2 gases due to the 

denitrification (Ahn et al., 2011; Gao et al., 2010). Therefore, the acidification conditions are 

able to preserve the NH4
+-N in the PVWD while an airtight storage prevents the losses of N 

but allows the change of N speciation (i.e. nitrification and denitrification). 

6.3.5. C speciation 

The treatments of the PVWD involving the WFA reduced the concentration of WS C (Figure 

6.6a) and increased the content of WI C (Figure 6.6b). Towards the end of the incubation, after 

the 48 hours, the WI C of the PVWD was higher than what was found in the HCl-PVWD and 

the opposite trend was found in the WS C. The same dependence of the availability of C on the 

acidification was found for the WFA-based treatments, after the 96 hours of incubation. The 

large error bars were the results of dealing with non-homogeneous samples of digestate and 

ash. 
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Figure 6.6. Concentrations of (a) WS C and (b) WI C in the HCl-WFA+PVWD, HCl-

WFA+HCl-PVWD, PVWD and HCl-PVWD during the incubation at 100 rpm and 20 ºC in the 

presence of a 0.11 M H2SO4 solution in the trap (Moure Abelenda, Semple, Herbert, et al., 

2022). 

The changes in the C speciation were primarily explained by the hydrolysis of the Corg of the 

PVWD and the high biological stability (i.e. reluctance to undergo hydrolysis and microbial 

degradation) of the BC of the WFA. The BC is also known as unburnt carbon and it has similar 

composition to the biochar and AC (Forbes et al., 2006; Hale et al., 2013; James et al., 2012; 

Strosser, 2011). The lower pH of HCl-WFA+HCl-PVWD (1.59 ± 0.68; Figure 6.3c) compared 

to the one of HCl-WFA+PVWD (3.24 ± 1.22; Figure 6.3c), enhanced the solubilisation of Corg 

for which the WS C increased and WI C decreased after the 96 hours of incubation (Figure 

6.6). Similarly, after the 48 hours of incubation, the WS C of the HCl-PVWD was greater than 

the one of the PVWD and the opposite occurred with the WI C (Figure 6.6a). This agrees with 

the low share of CO3
2- in the PVWD, compared to the content of Corg, which was previously 

seen in the Figure 5.4e. The higher WI C in the PVWD that was treated with HCl-WFA can be 

explained by the fact that most C in the WFA was in the form of BC and the low share of CO3
2-
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-C present in this waste stream was lost as CO2. The role of HCl-WFA as sorbent 

(Laohaprapanon et al., 2010) could be one of the reasons behind the lower content of WS C of 

the blends including this material (Figure 6.6a), since the pH of the HCl-WFA+HCl-PVWD 

was like the one of the HCl-PVWD (1.62 ± 0.49; Figure 6.3c). The C content of the WFA was 

higher than the one of the PVWD and the WFA was the main contributor to the WI fraction 

(Table 3.3). In this way, the WI C of the blends containing the WFA was higher than the one 

of the PVWD alone (Figure 6.6b). The autotrophic/heterotrophic nitrification/denitrification 

(Bhattacharya & Mazumder, 2021) that took place in the PVWD (Figure 6.4d) could explain 

the similar trends of the WI N (Figure 6.4f) and WI C (Figure 6.6b). It should be noted that the 

concentration of WI C in the blends was 10 times higher than the content of WI N, thus the 

reaction kinetics (e.g. physicochemical sorption and microbial assimilation) of C were 10 times 

faster than the ones of N. The treatments involving acidification loss more C than the 

nitrification of the PVWD (Figure 6.7). 

6.3.6. Mass balances and recovery effectiveness of C 

The qualitative comparison of the mass balances of C (Figure 6.7) provided information for 

understanding the underlying chemistry of the blends. All the treatments which involved 

acidification decreased the C content after the 25 hours of incubation. The C provided by the 

WFA explain the greater amount recovered in these treatments. The adsorption of WS Corg onto 

the WFA could not be identified in the mass balances (Figure 6.7a,b). The WI C was the main 

form of C in all treatments, hence all conditions minimise the C losses via leaching after land 

application. The greatest recovery of C during the 144-h incubation was obtained for the 

PVWD alone (103.54 ± 43.49 %). The solubilisation of CO3
2- and the release of CO2 was 

considered the reason for the lower recovery of C when acid conditions were used to treat the 

PVWD. The trend of the PVWD found for C (Figure 6.7c) was like the trend found for N 

(Figure 6.5c). Therefore, the nitrification that took place after 48 hours of incubation of the 

PVWD (Figure 6.4d) enhanced the C recovery (Q. Wang et al., 2014; J. Zhang et al., 2015). It 

should be noted that more destructive samples were prepared for the beginning of the 

incubation and therefore, the characterisation of the treatments before the 48 hours of 

incubation has more weight in the calculation of the average recovery effectiveness. 
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Figure 6.7. C mass balance for (a) HCl-WFA+PVWD, (b) HCl-WFA+HCl-PVWD, (c) PVWD 

and (d) HCl-PVWD blends (Table 6.1) during the 144 hours of incubation at 100 rpm for 20 

ºC in the presence of a 0.11 M H2SO4 trap. Initial C stands for the calculated C introduced in 

the system (Figure 6.1a) at the beginning of the incubation, which depended on the mass of 

each blend (Figure A.20). Final C is the sum of the masses of WS C and WI C. The average 

values of the C recovery effectiveness over the whole incubation period is stated in each graph 

(Moure Abelenda, Semple, Herbert, et al., 2022). 

6.3.7. P speciation 

Figure 6.8 shows that the acidification significantly (p < 0.05) enhanced the solubility of P and 

decreased the concentration of WI P. This means that the quotient WS PO4
3--P/WI P for the 

HCl-PVWD (705.35 ± 486.70; Figure 6.8) was greater than for the PVWD alone (118.06 ± 

104.24; Figure 6.8). The leaching problems associated with the acidification treatment of soil 
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al., 2015). Generally, there are no losses of P during the storage of the organic amendments 

but a low availability of P at the time of land application would reduce contamination of surface 

and underground waters (Brennan et al., 2012). The HCl-WFA treatment of the PVWD 

prevented the increase in P availability. The WS PO4
3--P/WI P found for the HCl-

WFA+PVWD (119.53 ± 180.69; Figure 6.8) and the HCl-WFA+HCl-PVWD (179.47 ± 

176.60; Figure 6.8) was like the one of the PVWD which underwent nitrification. Furthermore, 

the acidification of the PVWD without adding the WFA would lead to the acidification of the 

soil, if this material is used as fertiliser. It is expected an alkaline pH in the soil even after 

applying the blends of the PVWD and the HCl-WFA, due to the high content of basic elements 

in this material. The low pH of the HCl-WFA treatments enhances the absorption of the 

components of the blend into the soil. Thereby, the HCl-WFA treatment is a promising 

technology for improving the management of the nutrients in the PVWD because it safely 

increases the content of P (Figure 6.9) while preserving the NH4
+-N. 



Chemical stabilisation of anaerobic digestate via wood ash-based treatment 

192 

 

 

Figure 6.8. (a) WS PO4
3--P and (b) WI P in the HCl-WFA+PVWD, HCl-WFA+HCl-PVWD, 

PVWD and HCl-PVWD during the incubation at 100 rpm and 20 ºC in the presence of a 0.11 

M H2SO4 solution in the trap (Moure Abelenda, Semple, Herbert, et al., 2022). 

6.3.8. Mass balances and recovery effectiveness of P 

Similar WS PO4
3--P to WI P ratios were found for the HCl-WFA+PVWD (1.20 ± 1.81 mg WS 

PO4
3--P/mg WI P; Figure 6.9a), the HCl-WFA+HCl-PVWD (1.79 ± 1.77 mg WS PO4

3--P/mg 

WI P; Figure 6.9b) and the PVWD (1.18 ± 1.04 mg WS PO4
3--P/mg WI P; Figure 6.9c). 

Therefore, the addition of the HCl-WFA to the PVWD and to the HCl-PVWD did not increase 

the availability of P. In fact, the blend HCl-WFA+PVWD had a significant (p < 0.05) decrease 

in P availability after the 72 hours of incubations (Figure 6.9a). The greatest enhancement in P 

availability was achieved in the HCl-PVWD (7.05 ± 4.87 mg WS PO4
3--P/mg WI P; Figure 

6.9d). It was considered that the HCl-WFA treatments were the best way of improving the 

properties or the PVWD as controlled-release fertiliser. 
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Figure 6.9. P mass balance for (a) HCl-WFA+PVWD, (b) HCl-WFA+HCl-PVWD, (c) PVWD 

and (d) HCl-PVWD (Table 6.1) during the 144 hours of incubation at 100 rpm for 20 ºC in the 

presence of a 0.11 M H2SO4 trap. Initial P stands for the calculated P introduced in the system 

(Figure 6.1a) at the beginning of the incubation and it depends on the mass of each blend 

(Figure A.20). Final P is the sum of the masses of WS PO4
3--P and WI P. The average values 

of P recovery effectiveness over the whole incubation period is stated in each graph (Moure 

Abelenda, Semple, Herbert, et al., 2022). 

No gaseous losses of P were expected during the incubation at 20 ºC, since the volatilisation 

of phosphine (PH3) was not feasible under any of those conditions (F. Yang et al., 2019). Even 

during the AD, only trace levels of PH3 are released (Y. Fan et al., 2020). On the other hand, 

the losses of the P of the ash via gas exchange would be only possible during the incineration, 
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when highly turbulent flue gases with particles, go through the gas treatment and ash collection 

systems (James et al., 2012). 

6.3.9. Nutrient ratio of each treatment 

Among the 4 treatments investigated (Table 6.2), the greatest share of C was obtained for the 

PVWD alone because the nitrification preserved the C (103.54 ± 43.49 % accounted after the 

144-h incubation; Figure 6.7c) and the N (115.10 ± 47.28 % accounted; Figure 6.5c) more than 

the treatments with hydrochloric acid. In this way, the PVWD which underwent nitrification 

had the greatest C/P because of the lack of CO2 emissions and P supplementation. Although 

given the fact that most C of the PVWD was in the organic form rather than as CO3
2-, the 

release of CO2 because of the acidification did not represent a huge loss of C. For this reason, 

the C/N and the C/P of the HCl-PVWD were slightly lower than the ones of the PVWD. 

Table 6.2. Nutrient ratios obtained in each treatment  (Moure Abelenda, Semple, Herbert, et 

al., 2022). 

Treatment C/N C/P 

HCl-WFA+PVWD 10.99 ± 1.69 46.10 ± 26.30 

HCl-WFA+HCl-PVWD 11.32 ± 1.70 46.79 ± 18.04 

PVWD (nitrification) 12.91 ± 2.04 155.17 ± 54.71 

HCl-PVWD 9.65 ± 1.28 138.57 ± 52.81 

The HCl-WFA treatments reduced significantly (p < 0.05) the C/P of the PVWD, leading to a 

more balanced nutrient ratio that should minimise the requirements for mineral fertilisers. The 

HCl-WFA treatments were considered to be the most appropriate procedures for reducing the 

losses of the nutrients during storage and after land application of the treated PVWD. The 

assessment of different procedures for the activation of the WFA as sorbent before blending 

with the PVWD is required to minimise the need for acidification and reduce the cost of the 

wood ash-based treatment. For example, thermal activation of the ashes by means of 

calcination at 500 ºC (Al-Mallahi et al., 2020), followed by mild acidification (Astals et al., 

2021), would allow to prepare a controlled-release fertiliser with an appropriate pH for the 

targeted soil (Brennan et al., 2012). In order to obtain more realistic results, it would be required 

the evaluation of the chemical stability of greater volumes of treated organic waste (e.g. 1,000 
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L) during larger incubation periods (e.g. 6 months), which resembles the conditions employed 

in the industry for the storage of these materials. 

6.4.Conclusions 

The treatment of the PVWD with the HCl-WFA was found to be the best technology to 

maintain the NH4
+-N in the digestate, while preventing the increase in P availability. The 

ammonium is the preferred form of N for plants, hence using nitrification to treat the PVWD 

should lead to lower crop yields. The conventional treatment of the PVWD via HCl 

acidification increased P availability and leaching potential and the combination with the WFA 

is required. Due to the high content of BC in the WFA, this technology contributes to restore 

the soil as a natural C sink, upon application of the treated organic amendment to land. 

Alternative routes for the activation of the wood ash as sorbent, different from acidification 

(e.g. washing, calcination, milling and sieving; Table 2.6), need to be investigated to reduce 

the cost of the treatment of the anaerobic digestate. 
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7. Kinetic study of the stabilisation of an agroindustrial digestate 

by adding wood bottom ash 

7.1. Introduction 

Regardless of the apparent economic and environmental benefits of using anaerobic digestate 

as organic soil amendments, farmers continue to rely on mineral fertilisers for cultivation of 

crops and they consider digestate exclusively for grassland and pastures (Bougnom et al., 2012; 

Insam et al., 2009; Tur-Cardona et al., 2018). Excessive use of inorganic fertilisers deteriorates 

soil health because the nutrients are only provided in a mineralised form (i.e. extremely mobile 

and bioavailable) ready for plant uptake, which leads to an increase in the salinity of the soil 

(Fernández-Delgado et al., 2020). Using digestate as organic amendment was investigated as 

a solution to this problem (Hupfauf et al., 2016; Sapp et al., 2015). As previous works have 

demonstrated (Singh Brar et al., 2015), the way to produce a digestate-based fertiliser, which 

is competitive with conventional inorganic fertilisers, would be to supplement the nutrients 

already present in digestate (de França et al., 2021; Erraji et al., 2021). Given the large 

production and chemical composition of ashes, including some type of these materials in a 

blended fertiliser with digestate could be an appropriate solution (Huotari et al., 2015; Voshell 

et al., 2018). Thereby, it is important to select the right type of ash as this determines the 

concentration of pollutants in the blend (Maresca et al., 2017). In this respect, the use of 

biomass ash is widely accepted as could be liming agent for land reclamation (Fernández-

Delgado Juárez et al., 2020) because it generally presents lower pollutants levels than other ash 

streams (e.g. from coal burning). Richards et al. (2021) used wood ash was as a source of P, to 

decrease the C/N/P of an anaerobic digestate, which was rich in C and N. They found that the 

preparation of the mixture of wood ash and anaerobic digestate following a C/N/P of 23/3/1 

improved utilisation of these elements by the microbial biomass, after applying the blend to 

the soil. Pristine wood ashes contain elements that might play a role on reducing the availability 

of the nutrients of the digestate, via sorption, thus improving the properties of the blend as 

slow-release fertiliser (Moure Abelenda & Aiouache, 2022). It was anticipated that this blended 

fertiliser would minimise the losses of nutrients via gaseous emissions and leaching. These 

improvements of the organic amendment intend to decrease the cost of handling the digestate, 

for example, minimising the requirements of covered storage facilities and low emission 

spreading equipment for application to land. A reduction of the pollution associated with the 
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management of organic manures also implies that less chemical fertilisers to maintain high 

crop yield, as the fertilisation of the crops is done more efficiently. 

In this chapter, the PVWD was treated by means of addition of the WFA. Considering the 

nutrient ratios found in the previous Chapter 6 (Table 6.2), the purpose of this treatment was 

to achieve a C/N/P < 40/4/1 in the blend WFA+PVWD. Moreover, the composition of the 

blend WFA+PVWD should be constant to meet this specification at all times in the supply & 

demand chain and to enable the commercialisation of the novel fertiliser. To assess the level 

of chemical stabilisation attained (Figure 2.4), the availabilities of N, C and P were monitored 

in the blend WFA+PVWD and the untreated PVWD. The incubations were carried out for 7 

hours, straight after the blending of the WFA and the PVWD, in a closed chamber containing 

a H2SO4 trap, which aimed to account for the ammonia volatilisation. 

7.2.Materials and methods 

The two factors assessed in this chapter were the type of treatment (WFA+PVWD and PVWD) 

and the time of incubation (0, 1, 2, 3, 4, 5, 6 and 7 h). The PVWD alone was used as reference 

(i.e. experimental blank) to evaluate the effect of the WFA treatment. The two-factor ANOVA 

with replication was performed with Microsoft® Excel (p < 0.05) to decide whether the trends 

found for the blend WFA+PVWD and the PVWD were significantly different and to identify 

any significant change over the incubation time in the measured variables. The destructive 

sampling methodology led to the preparation of 64 experimental units (i.e. 2 treatments, each 

with 4 repetitions, to be measured over 8 incubations times) for this chapter. The WFA was 

used directly without any further treatment or activation, to enhance the sorption processes. 

The lower dose of WFA and low buffer capacity of the PVWD (Figure 4.1a,b), compared to 

experiments of Chapter 4 with FWD (Figure 4.5), aims to achieve a pH close to the pHzpc of 

the WFA (Figure 4.3a,b) without the need for acidification. 10 g of ultrapure milli-Q® water 

was added to each gram of WFA and PVWD as fluidising agent and extractant to ease the 

preparation of the blend and to enable the analytical procedure after the incubation of each 

destructive sample (Table 7.1). The same procedure was followed for the preparation of the 

untreated PVWD before the incubation. The fluidised samples (39.86 ± 0.94 g of WFA 

+PVWD and 33.51 ± 0.84 g of PVWD; Table 7.1) were incubated under continuous 100 rpm 

shaking at 20 ºC. The closed chamber (Figure 6.1a) contained 4.38 ± 0.02 mL of a 0.11 M 

H2SO4 solution. A stoichiometric excess of H2SO4 was used to ensure all NH3 released to the 

headspace could be captured. In addition, the continuous shaking aimed to minimise the mass 
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transfer resistance and to enable the equilibrium between the 3 fractions of each treatment (i.e. 

[H2SO4], WS and WI fractions). A detailed description of the component of each treatment can 

be found in the Figure A.27. 

Table 7.1. Treatments were characterised during the incubation at 100 rpm shaking and 20 ºC 

(Moure Abelenda et al., 2021d). 

 

Treatment 

WFA/(g) PVWD/(g) 

Sample Extractant Sample Extractant 

µ σ µ σ µ σ µ σ 

WFA+PVWD 0.48 0.08 5.59 0.04 3.38 0.92 30.66 1.42 

PVWD     3.10 0.85 30.41 0.07 

µ = average value (n = 4); σ = standard deviation (n = 4) 

After the incubation, the 7-mL vial containing the H2SO4 solution was easily removed and the 

[H2SO4] was isolated without any major loss. In addition to the determination of the [H2SO4] 

NH4
+-N, the characterisation of the treatments was done in terms of WS and WI species. The 

solid-liquid separation of the destructive samples was done via 5 minutes centrifugation at 

4,000 rpm and 3-µm filtration. The volume of the WS extract recovered after the incubation 

was measured in a 50-mL graduated cylinder. The parameters measured in the WS extract were 

WS NH4
+-N, WS NO3

--N, WS N, WS C and WS PO4
3--P. The WS Norg was estimated as the 

difference between the WS N and the sum of WS NH4
+-N and WS NO3

--N. The parameters 

measured in the WI material were WI N, WI C, WI P. The contents of Corg and Porg were 

estimated based on the nature of the samples. For example, a large fraction in organic molecules 

was expected in the PVWD while the WFA contain CO3
2--C or BC (Forbes et al., 2006). The 

share of CO3
2--C in the PVWD and the WFA were estimated considering the results of Chapter 

6 (Figure 6.6). High content of Porg was expected in the PVWD, as this is the main form of P 

in manures (McDowell et al., 2021), but the PO4
3--P was the most abundant species in the 

WFA. As in the previous chapter, the availability was defined as the ratio of the WS form of 

an element to the WI form of that element. It is important to remark that the [H2SO4] NH4
+-N 

was regarded as the most available form of N as this is the most prone to be lost in an open 

system, due to NH3 volatilisation (Equation 3.3). The mass balances of N, C and P were 

established to determine the average recovery effectiveness of each element during the 7-h 

incubation. The percentage recovered was based on the initial amount of each element fed to 

the closed chamber at the beginning of the incubation (i.e. zero hours). 
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7.3.Results and discussion 

7.3.1. Fractionation of the destructive samples of each treatment after the incubation 

The destructive samples of each treatment were prepared with the components described in the 

Figure 7.1. The fractions of WFA+PVWD and PVWD recovered after the incubation are shown 

in Figure 7.1a,b. Most losses were due to the isolation of the fractions of WFA+PVWD and 

PVWD after the incubation (i.e. 3-µm filtration of the WS extract and 105 ºC drying of the WI 

material). Assuming that these losses were constant for all the destructive samples, greater 

evaporation occurred towards the end of the incubation. In this way, the longer the incubation 

at 20 ºC and 100 rpm, the greater the expected losses of moisture. Figure 7.1c and Figure 7.1d 

show that the losses of [H2SO4] increased after the 2 hours of incubation. Unlike the variation 

of the WS extract and the WI material, the changes in the [H2SO4] were expressed as losses 

with respect to the amount charge in the trap at the beginning of the incubation. Besides NH4
+-

N and moisture, none of the components of WFA+PVWD or PVWD could affect the mass of 

the [H2SO4]. The reason for the very low losses of [H2SO4] (0.02 ± 0.01 mg; Figure 7.1c,d) 

was the lack of filtration or drying to achieve the isolation and also the low pH of this fraction 

(0.78 ± 0.07; Figure 7.2a). According to the results of Ukwuani & Tao (2016), the boiling point 

decreases as the pH of the digestate increases. This could explain the greater losses of moisture 

of the WFA+PVWD blend (Figure 7.1a), which had a pH of 10.18 ± 0.34 (Figure 7.2b), 

compared to the evaporation of the PVWD (Figure 7.1b), which had a pH of 8.32 ± 0.12 (Figure 

7.2b). Since the WFA has not received any activation treatment, it was unlikely that the 

decrease in the recovered volume of the WS extract (Figure 7.1e) was related to the adsorption 

of water (i.e. hydration) into the ashes. 

A closer look to the WS extract (Figure 7.2e,f), revoke the hypothesis of greater losses of 

moisture at higher pH. Figure 7.2e shows that the significant (p-value 0.25) losses started at 

the 6 hours of incubation of the WFA+PVWD. On the other hand, the significant (p-value 0.10) 

losses of the WS extract of PVWD started at the second hour of incubation. The lower losses 

of the WS extract of the WFA+PVWD could be explained by the colligative properties of the 

aqueous solutions. Hence, the greater solute concentration in the WFA+PVWD, decreased the 

vapor pressure of the blend compared to the untreated PVWD. It should be noted that the reason 

for which the overall values of WS extract/sample are lower for the WFA+PVWD is because 

of the size of the sample (3.86 ± 0.94 mg) was greater than the PVWD alone (3.09 ± 0.85 mg), 

while the amount of milli-Q® water added as extractant was the same in both cases (30.42 ± 

0.92 mg). Since there was lower moisture in the headspace of the WFA+PVWD, the loss of 
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the [H2SO4] of the blend was more significant (p-value 0.07; Figure 7.2c) than the one of the 

untreated PVWD (p-value 0.88; Figure 7.2d). 

The above explanations for the resulting masses of the [H2SO4] and WS fractions are based on 

different underlying phenomena (i.e. the pH of each treatment and the level nonvolatile of 

solute particles). Nevertheless, none of these explanations was essential to explain the 

distribution of the chemical species of N, C and P among the 3 fractions. In order to explain 

the outcomes of the mass balances of these elements (Figure 7.5), the most important 

explanation to the changes in the WI material (Figure 7.1g,h). Furthermore, greater drop in the 

amount of WS extract were found in the PVWD (Figure 7.1f). The reason is that, despite being 

the smallest fraction (Figure 7.1a,b), the WI material contained most of the nutrients (Figure 

7.3 and Figure 7.4) and its variation had a greater impact in the overall fate of N, C and P. 

While the WI material of the WFA+PVWD remained constant (p-value 0.8783; Figure 7.1g), 

the WI material of the PVWD increased progressively (p-value 0.3138; Figure 7.1h). 

The reason for the slight increase of the WI material recovered after the incubation (Figure 

7.1f) could be that the DM of the PVWD changed because the first samples contained less fiber 

than the latter ones. The solid fraction rapidly settled to the flask in which the digestate was 

stored. Despite of the shaking, which was done every time before sampling, the DM of the 

PVWD would have built up in the flask in which the PVWD was stored. The constant amount 

of WI material in the WFA+PVWD (0.14 ± 0.03 mg; Figure 7.1g) could be related to the fact 

that the WFA was the main source of the WI material (95.88 ± 34.51 %), which hid the small 

increase of the WI material due to the heterogeneity of the PVWD (1.93 ± 0.81 %). As the 

WFA is 95.88 ± 34.51 % WI material and PVWD is only 1.93 ± 0.81 % WI material, the blend 

WFA+PVWD had 10 times more WI material than the PVWD alone (Figure 7.1g,h). 
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Figure 7.1. Fractions isolated after the incubation of (a) WFA+PVWD and (b) PVWD. Losses 

of the 0.11 M H2SO4 solution in the trap of the closed chamber used to incubate (c) 

WFA+PVWD and (d) PVWD. Changes in the amount of WS extract of (c) WFA+PVWD and 
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(d) PVWD. Changes in the mass of the WI material of (e) WFA+PVWD and (f) PVWD. P-

values were calculated with the one-way ANOVA test (Moure Abelenda et al., 2021d). 

7.3.2. pH of the WS extract and the H2SO4 trap 

Despite the clear difference in the pH of the blend WFA+PVWD and the PVWD (1.87 ± 0.22 

difference expressed as units of pH; Figure 7.2a), the pH of the [H2SO4] fractions were similar 

(0.03 ± 0.01 difference in unit of pH; Figure 7.2b). 

The initial pH of the H2SO4 solution used in the traps before incubation was 1.10 (n = 1) 

measured at 23.6 ºC. Since a 0.11 M H2SO4 solution is supposed to have a pH of 0.94, the 

dilution of the H2SO4 solutions would be required to prevent the underestimation of the pH, 

due to the upper detection limit of the Mettler Toledo® Seven CompactTM S220 pH/Ion meter. 

In fact, lower pH was found in the [H2SO4] (Figure 7.2b) in spite of the absorption of NH3 

(Figure 7.1a). The [H2SO4] was diluted eleven times (i.e. 10 mL of milli-Q® water were added 

to each mL of the H2SO4 solutions) to ensure a good contact of the liquid with the probe of the 

pH-meter. The pH in the undiluted [H2SO4] was calculated based on the concentration of the 

H+ species in the 1/10 diluted H2SO4 solutions. 

Only when the measurement was done directly in a reduced number of undiluted samples (i.e. 

only those that left with enough H2SO4 solution), an increase of the pH was noticed (Figure 

7.2c) with respect to the initial pH of 1.10 (n = 1) determined at 23.6 ºC. 

It was considered that the more accurate values were obtained when the H2SO4 solutions were 

diluted eleven times prior to the measurement of the pH. Thereby, to follow the absorption of 

NH3 in the [H2SO4], the dilution of the H2SO4 solutions is required prior to carry out the 

measurement of the pH.
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Figure 7.2. (a) pH of the WS extract of the blend WFA+PVWD and PVWD measured at 24.19 

± 0.11 ºC. pH of the [H2SO4] measured (a) at 22.71 ± 0.21 ºC after 11 times dilution with milli-

Q water and (b) at 22.68 ± 0.26 ºC without prior dilution (Moure Abelenda et al., 2021d). 
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7.3.3. N speciation 

The greater volatilisation of NH3 was found in the WFA+PVWD (Figure 7.3a), because the 

blend had higher pH (10.18 ± 0.34; Figure 7.2a) the PVWD alone (8.32 ± 0.12; Figure 7.2a). 

The low pH of the [H2SO4] (0.78 ± 0.07; Figure 7.2b) allowed the absorption of the NH3 which 

was released to the headspace (i.e. reactive stripping). This process took place continuously 

during the 7 hours of incubation and the [H2SO4] did not reach the saturation (Figure 7.3a). By 

the 7th hour of incubation, the levels found were 33.84 ± 3.79 mg [H2SO4] NH4
+-N/kg 

WFA+PVWD and 3.78 ± 0.82 mg [H2SO4] NH4
+-N/kg PVWD. In Chapter 6, the 0.11 M H2SO4 

trap reached the saturation at the 48 hours with a level of 65.79 ± 10.73 mg [H2SO4] NH4
+-

N/kg PVWD (Figure 6.1). Although the concentration of NH4
+-N increased progressively in 

the [H2SO4], the drop in the concentrations of WS NH4
+-N in the blend WPA+PVWD (95.35 

± 21.00 mg/kg; Figure 7.3b) and the PVWD (357.64 ± 54.10 mg/kg; Figure 7.3b) occurred at 

time zero. It could be possible to increase the rate of mass transfer of NH3 towards the 0.11 M 

H2SO4 solution in the trap, by means of using a bubbling system to increase the surface area 

between the gas and liquid phases (L. Liu et al., 2015; L. Zhang et al., 2012). This would allow 

to completely achieve the equilibrium between the 3 phases of the blend. 
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Figure 7.3. (a) [H2SO4] NH4
+-N, (b) WS NH4

+-N, (c) WS NO3
--N, (d) WS N and (e) WI N in 

the blend WFA+PVWD and the PVWD during the 7-h incubation at 100 rpm and 20 ºC in the 

presence of 0.11 M H2SO4 trap (Moure Abelenda et al., 2021d). 
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The [H2SO4] NO3
--N concentration of the blend WFA+PVWD and the PVWD were below the 

detection limit of the AutoanalyzerTM. The levels of WS NO3
--N were significantly higher in 

the blend WFA+PVWD (0.16 ± 0.05 mg/kg; Figure 7.3c) than in the PVWD alone (0.06 ± 0.02 

mg/kg; Figure 7.3c). The reason is that, although most N was lost as NOx during the 

incineration of wood, what remained in the WFA was mainly in the form of NO3
-. It should be 

noted that the concentration of WS NO3
--N, was around 100 times lower than the concentration 

of [H2SO4] NH4
+-N, which was the second less abundant N species in the blend. Therefore, the 

variations of WS NO3
--N, and the potential emissions of N2O via abiotic denitrification, were 

regarded as less relevant than the changes of WS NH4
+-N and WS Norg during the assessment 

of the WFA-based treatment. 

With the exception of the [H2SO4] NH4
+-N, lower concentrations of all N species were 

expected in the blend WFA+PVWD compared to the PVWD. This assumption was based on 

the fact that the ash was not the main source of N in the blend (Table 3.3). Thereby, any addition 

of ash to the PVWD would result in a dilution of the N. The greater drop in the concentration 

of the WS NH4
+-N in the blend WFA+PVWD, than in the untreated PVWD, could be 

associated as well with the adsorption onto the WFA. This phenomenon would be in agreement 

with the higher level of WI N found in the blend WFA+PVWD and the untreated PVWD (p-

value 0.38; Figure 7.3e). The reason for the same levels of WS N in the WFA+PVWD and the 

PVWD (Figure 7.3d) could be that some of the particulate N was present in the WS fraction. 

This included the WS NH4
+-N that was adsorbed onto the WFA and therefore was part of the 

WI TN, but it was also accounted as WS TN. The 3-µm filtration, which was performed to 

achieve the separation of the liquid from the solid fraction of the blend WFA+PVWD, did not 

completely remove the suspended solids from the WS extract. In this way, the colloidal 

particles with adsorbed NH4
+-N remained suspended in the WS extract. This N was accounted 

as WS N by the TOC-L Shimadzu®, but the salicylate method of the AutoanalyzerTM for the 

determination of WS NH4
+-N was not able to measure the adsorbed NH4

+-N. 

Unless the WFA promoted the adsorption of the WS N, this raw material should contain 

5,369.62 ± 3,555.03 mg WI N/kg for the blend of 13.12 ± 2.87 % of WFA and 86.88 ± 2.87 % 

PVWD (Table 7.1) to have initially 1,037.02 ± 376.97 mg WI/kg (Figure 7.3e). As per the 

decreasing WS N (Figure 7.3d) and the increasing WI N (Figure 7.3e) of WFA+PVWD, the 

adsorption might have continued during the 7 hours of incubation. Although the same profiles 

were found in the untreated PVWD, these were derived from the sampling error as it is 

explained in the section 7.3.5 about the mass balances of N, C and P. 
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7.3.4. Speciation of C and P 

The blend WFA+PVWD had higher content of WS C than the PVWD (p-value 0.12; Figure 

7.4a). This is because the WS C of the WFA was higher than the one of the PVWD (Table 3.3) 

and the blend WFA+PVWD should retain more C than the PVWD alone. Despite the greater 

concentration of WS C in the alkaline treatment (3,315.71 ± 557.08 mg/kg WFA+PVWD; 

Figure 7.4a) than that of the HCl-WFA+HCl-PVWD (2,111.48 ± 1,189.70 mg WS C/kg; Figure 

6.6a), the amount of WI C (24,412.25 ± 8,991.15 mg/kg WFA+PVWD; Figure 7.4b) in the 

WFA+PVWD was lower than that in the HCl-WFA+HCl-PVWD (31,061.43 ± 11,616.77 mg 

WS C/kg; Figure 6.6b). Furthermore, the C distribution among the WS and WI fractions of the 

blend WBA+PVWD depending on the pH can be explained by an increase of the WS C 

sorption under acic conditions and by a minium shate (~ 0 %) of CO3
2--C both in the WFA and 

the PVWD. The alkaline pH promoted the solubilisation of C (Leechart et al., 2009; Q. Wang 

et al., 2016) and based on the previous comparison with the C speciation of the blend HCl-

WFA+HCl-PVWD evaluated in the Chapter 6, it is not possible to claim that WFA+PVWD 

has absorbed of the CO2 of the headspace of the closed chamber. Despite the higher content of 

WI C in the WFA+PVWD than that in the untreated PVWD (p-value 0.26; Figure 7.4b), the 

availability of C (i.e. WS C/WI C) was slightly higher in the blend WFA+PVWD (0.14 ± 0.05; 

Figure 7.4a,b) than in the PVWD (0.10 ± 0.05; Figure 7.4a,b). However, it should be noted the 

consistent decrease of the WS C (Figure 7.4a) in the WFA+PVWD indicates that the 

equilibrium conditions have not been reached during the 7-h incubation. The pH 10.14 ± 0.32 

(Figure 7.4a) around the pHzpc of WFA (Figure 4.3a,b) might still promote the sorption of WS 

C. 

These on-going phenomena could be related to the H2SO4 non-intrusive acidification, which 

removed the NH3 form the headspace and created a greater concentration gradient. The H+ ion 

that remained in the blend after the dissociation of the WS NH4
+ and subsequent volatilisation 

of the NH3, enabled the dehydration of the WI fraction (Zheng et al., 2016) and promote the 

adsorption of the of the WS elements (Mor et al., 2016; Zazycki et al., 2018). The acidification 

is widely used to improve the management of anaerobic digestates, particularly to achieve the 

dewatering (Limoli et al., 2016). However, the excessive and invasive acidification (e.g. using 

any acids employed in the agroindustry to improve the management of manures (Fangueiro et 

al., 2015)) might enhance the emissions of CO2. In the conditions of the closed chamber, the 

release of CO2 and CH4 from the WFA+PVWD blend were expected to be lower than the ones 

resulting from the handling of the untreated PVWD. 
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The concentration of WS PO4
3--P increased overtime in the PVWD while it decreased in the 

blend WFA+PVWD (Figure 7.4c). The opposite trend was found in the concentration of the 

WI P (Figure 7.4d). The apparent solubilisation of the P of the PVWD (Figure 7.4c) was due 

to sampling error as it is explained in the next section (7.3.5) about the mass balances of N, C 

and P. The high pH of the blend WFA+PVWD promoted the precipitation of the WS PO4
3--P, 

likely in the form of struvite, K-struvite (Huang et al., 2017) and calcium phosphate (Cerozi & 

Fitzsimmons, 2016; W. Shi et al., 2021), given the high content of Ca of the WFA (Table A.3 

and Table A.5). The WFA decreased the availability of P in the PVWD from 0.64 ± 0.61 to 

0.01 ± 0.00 mg WS PO4
3--P/mg WI P. Richards et al. (2021) confirmed that the WFA-treatment 

prevent excessive losses via leaching after land application. They applied a dose of WFA to 

the PVWD almost 10 lower than the dose used in this chapter (Table 7.1), to fertilise winter 

wheat at a rate of 26 kg P/ha, in agreement with the UK Fertiliser Manual RB209 (UK AHDB, 

2021b, 2021a). 
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Figure 7.4. (a) WS C, (b) WI C, (c) WS PO4
3--P and (d) WI P of the destructive samples of the 

blend WFA+PVWD and the PVWD after the incubation at 100 rpm and 20 ºC (Moure 

Abelenda et al., 2021d). 

7.3.5. Mass balances of N, C and P 

Both for the WFA+PVWD and the PVWD, most of N was in the form of WI N (4.07 ± 3.97 

mg and 1.88 ± 1.16 mg; Figure 7.5a,b). Similar amount of WS N was found in the blend 

WFA+PVWD (1.74 ± 0.37 mg; Figure 7.5a) and the PVWD (1.37 ± 0.37 mg; Figure 7.5b). 

The amount of N trapped in the H2SO4 solution was negligible in both the incubation of 

WFA+PVWD (0.07 ± 0.05 mg; Figure 7.5a) and PVWD (0.01 ± 0.00 mg; Figure 7.5b) 

compared to the other N species. Since the closed chamber prevented the losses of N, the 

recovery effectiveness of this element during the incubation of the WFA+PVWD was 99.27 ± 

0.29 % (Figure 7.5a). This means that almost all N initially fed to the closed chamber was 

accounted at the end of the incubation of each destructive sample of WFA+PVWD. The 
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resistance of NH3 transfer from the headspace to the [H2SO4] prevented the complete recovery 

due to low rate of absorption. Some NH3 might have remained in the headspace at the end of 

the incubation. 

The 112.84 ± 0.48 % (Figure 7.5b) N recovery effectiveness obtained during the incubation of 

the PVWD was due to the lower WI material of the destructive samples used to study the 

beginning of the incubation. The variation of the WI of PVWD can be seen in Figure 7.1h. The 

calculation of the N recovery effectiveness was based on the N initially fed to the closed 

chamber. If the final values were used instead, the N recovery effectiveness of the PVWD 

would be lower than 100 %. The homogenisation of the PVWD before sampling was done by 

means of stirring the 1-L container. However, the settling of the PVWD made that the 

destructive samples towards the end of the incubation had a greater WI material than at the 

destructive samples used to study the beginning of the 7-h incubation. Since the WI fraction 

contained most N, C and P (Figure 7.5), the changes in the DM affected significantly the 

nutritional value of the PVWD. This is a usual problem of sampling and emptying the lagoons 

where organic manures are stored (Boltianskyi et al., 2016; McLaughlin et al., 2014). It is 

important to highlight that even greater changes in the composition of the digestates would 

need to be taken into account when designing the process for handling this organic waste. The 

composition of the industrial digestates is affected not only by the seasonal feedstock of the 

AD plant but also by the storage, which can be up to 10 months according to the regulations of 

each country (Holm-Nielsen et al., 2009). The use of the WFA enabled the production of a 

novel fertiliser with constant composition. The 95.88 ± 34.62 % WI matter of WFA was key 

to prevent the changes in the composition of the WFA+PVWD, due to sampling error affecting 

the 1.93 ± 0.81 % WI matter of the PVWD. Other benefit of using the WFA was that the total 

amount of N recovered was greater in the blend WFA +PVWD (5.84 ± 1.66 mg N; Figure 7.5a) 

than in the untreated PVWD (3.17 ± 1.34 mg N; Figure 7.5b). 
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Figure 7.5. N mass balances of (a) WFA+PVWD and (b) PVWD. C mass balances of (c) WFA 

+PVWD and (d) PVWD. P mass balances of (e) WFA+PVWD and (f) PVWD during the 7-h 

incubation (Moure Abelenda et al., 2021d). 
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blending and there was not a progressive increase of C during the 7-h incubation. This should 

be the reason for which the C recovery effectiveness did not exceed 100 %, unlike in the case 

of the incubation of the untreated PVWD (Figure 7.5d). The excess of 46.21 ± 0.82 % of C 

measured during the incubation of the PVWD was related to the greater content of WI material 

of the destructive samples towards the end of the incubation (Figure 7.1h). Overall, the WFA 

provided the PVWD with 56.63 ± 40.04 mg C (Figure 7.5). 

Almost the entire amount of P (97.21 ± 0.23 %; Figure 7.5e) initially fed to the closed chamber 

was accounted during the 7-h incubation of the blend WFA+PVWD. The recovery 

effectiveness during the incubation of the PVWD was 120.87 ± 0.82 % (Figure 7.5f) but 6.22 

± 4.42 times more P was present in the blend WFA+PVWD. The increase of the WI material 

towards the end of the incubation (Figure 7.1h) led to a change in the most abundant P species. 

It was unlikely that this effect was due to the adsorption of the WS PO4
3--P as the amount of 

this P species remained constant. As the profile of the WI P looks like the profile of the WI N 

and WI P, the possible adsorption of the WS Porg onto the digestate fibre was also discarded as 

a possible explanation. Contrary to what was expected, the amount of WS Porg in the PVWD 

should have been lower than the WS PO4
3--P, otherwise the WI material was not the richest P 

fraction (Figure 7.5f). 

7.4.Conclusions 

The preparation of the blend WFA+PVWD needs to be carried out in a system like the closed 

chamber, which allow to recover the NH3 released. In this chapter, the limitation of scrubbing 

the NH3 was found at the interface with the H2SO4 trap. This non-intrusive acidification, 

coupled with the composition of the WFA, might be responsible of some of the sorption 

processes and the chemical stabilisation of the PVWD. It was anticipated that the blend 

WFA+PVWD will behave as a controlled-release fertiliser after land application because the 

amount of N, C and P retained at the WI material was greater than in the untreated PVWD. The 

WFA-based treatment was successful in improving the composition of the PVWD to reach a 

C/N/P 40/4/1, which should favor a better performance in terms of enhancing the microbial 

activity in the soil. The C/N/P ratio of the blend WFA+PVWD and the untreated PVWD were 

42.05 ± 9.88/2.48 ± 0.58/1 and 121.51 ± 57.18/9.94 ± 4.21/1. The more constant composition 

achieved with the addition of the WFA to the PVWD eases the commercialisation of the 

WFA+PVWD, as the same specifications of the blended fertiliser can be guarantee over 

different production batches. The conclusions of this chapter need to be applied cautiously 
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when handling ashes and digestates of different nature. In the case of ash, its properties and 

composition does not only depend on the type of fuel but on the fraction (e.g. bottom, cyclone, 

electrostatic precipitator, filter bag, etc). 
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8. Evaluation of the physicochemical equilibrium of the blend of 

WFA with PVWD under different concentrations of H2SO4 in 

excess 

8.1.Introduction 

The commercialisation of waste-derived fertilisers is constrained by the level of contaminants 

(Huotari et al., 2015). It might be easier to isolate the plant nutrients contained in the residues 

and sell them as conventional fertilisers (Bolzonella et al., 2018). The addition of ashes to 

organic manures, such as anaerobic digestates, could be proposed for: (a) improving the 

properties of these organic amendments as fertilisers (Fernández-Delgado Juárez et al., 2013); 

(b) reducing the greenhouse emission and P leaching associated to the management and use of 

these materials (Brennan et al., 2015); (c) manufacturing of a granular fertilisers (Pesonen et 

al., 2016); and (d) increasing the pH to promote the volatilisation of ammonia and subsequent 

capturing the NH3 in a H2SO4 trap (Limoli et al., 2016). The ammonium sulfate could be sold 

as liquid fertiliser (40 – 60 % (NH4)2SO4 aqueous solution; (Cavalli et al., 2017; Limoli et al., 

2016)) or as solid after crystallisation (Cavalli et al., 2017; Ukwuani & Tao, 2016). On the 

other hand, the use of clean materials with low content of pollutants, such as biomass ash and 

agroindustrial digestate, enables the end-of-waste status and the marketability of the blend as 

bulk soil amendment (Johansson & Forsgren, 2020). 

Mixing wood ash and agrowaste digestate to get an approximate C/N/P of 40/4/1 could enhance 

the use efficiency of these elements upon spreading the blend in the soil (Cattin et al., 2021; 

Richards et al., 2021). Given the high pH of the blend ash-digestate, this material could be used 

as liming agent (Voshell et al., 2018), after the removal of the NH4
+-N. This nutrient 

management strategy might offer better results than the preparation of the blend under acid 

conditions to promote the adsorption and to minimise the loss of NH4
+-N (Figure A.19 and 

Figure 6.5a,b). In fact, Miranda el at. (2021) found that the direct addition of H2SO4 to a 4.5 % 

(w/v) blend of biochar and cattle slurry mitigated less the NH3 emissions than just applying the 

0.3 mL H2SO4 (98 %) to 50 g of cattle slurry to reach a pH 5.5. The stepwise mechanism of 

acidification, dehydration and adsorption or flocculation is widely used to improve the 

management of anaerobic digestates (Limoli et al., 2016; Zheng et al., 2016). This chapter 

analyses how the H2SO4 non-invasive acidification affects the alkaline stabilisation of a blend 

of WFA and PVWD in terms of: (a) NH4
+-N recovery, (b) N, C and P availability and, (c) 

overall C/N/P. The severe H2SO4 non-invasive acidification was meant to decrease the amount 
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of NH3 in the gas phase and create a greater gradient of concentration, which would be enough 

to overcome the mass transfer resistance at the layer between the blend WFA+PVWD and the 

headspace. The H+ that remains in the blend WFA+PVWD due to the dissociation of WS NH4
+ 

(Equation 3.2) and subsequent volatilisation of NH3 (Equation 3.3) might promote dehydration 

and adsorption processes affecting the availability of N, C and P, as might indicated the results 

of Chapter 7 (Figure 7.2a). 

8.2.Materials and methods 

For the preparation of the blend WFA+PVWD, the 10 mL of ultrapure milli-Q® water was 

added to each gram of sample before blending. A detailed description of the components of the 

blend WFA+PVWD is shown in the Figure 8.1. 

 

Figure 8.1. Detailed amounts of samples and extractant (ultrapure milli-Q® water) used for 

the preparation of the blend WFA+PVWD (Table 8.1) incubated in a closed chamber with 

different concentrations of H2SO4 in the trap Figure 8.2) (Moure Abelenda et al., 2021a). 

The 60-h incubation of the 39.71 ± 1.44 g fluidised blend WFA+PVWD was carried out under 

100 rpm continuous shaking at 20 ºC in a 250-mL (Schott Duran® bottle) closed chamber with 

a 5.21 ± 0.10 g H2SO4 solution to capture the NH3 released, containing an aqueous solution of 

H2SO4 (Figure 8.2). To evaluate the effect of the non-intrusive acidification on the alkaline 

stabilisation of the blend WFA+PVWD, the following concentrations of H2SO4 were tested: 

0.11, 0.21, 0.32, 0.43, 0.54, 0.64, 0.75, 0.86, 0.96 and 1.07 mol/L. The setup employed was a 

modification of the procedure developed by Velthof et al. (2005), who performed 90-day 

incubation of manures. At every sampling point, they refreshed the H2SO4 solution and flushed 
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the bottle containing the manure with N2 gas for 10 minutes, to avoid any interference of the 

previous NH3 release in the next measurement. A similar procedure was followed by Van der 

Stelt et al. (2007) for a 223-day incubation of a dairy farm slurry. Destructive sampling was 

more convenient for this thesis due to the shorter incubation. In this way, 40 experimental units 

(i.e. 4 repetitions for each of the 10 H2SO4 non-intrusive acidifications) were prepared. This 

methodology also offered more realistic results about the potential of the H2SO4 non-invasive 

acidification to affect the composition of the blend WFA+PVWD. The way of conducting this 

experiment was based on a previous Chapter 7 and aimed that, by the end of the treatment, all 

the fractions of the blend were in equilibrium, including the H2SO4 fraction. It is important to 

mention that the stoichiometric amount required to capture all the N of the blend WFA+PVWD 

(Table 8.1) would correspond to a 3.43-mL solution of 0.11 mol/L H2SO4. 

 

Figure 8.2. Experimental setup: Closed chamber for isolation of NH4
+-N of the blend 

WFA+PVWD (Moure Abelenda et al., 2021a). 

Table 8.1 describes the first time-point of the blend WFA+PVWD assessed in Chapter 7. The 

composition of the blend WFA+PVWD is expressed in terms of the concentration of [H2SO4] 

NH4
+-N, WS and WI species of N, C and P in fresh basis. In this chapter the trap effectiveness 
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of stripping the NH3 off the headspace was calculated as the ratio of [H2SO4] NH4
+-N to N 

which could not be found in any of the WS and WI fractions. The one-way ANOVA was 

performed with Microsoft® Excel (p < 0.05) to decide whether the H2SO4 non-invasive 

acidification affected significantly the composition of the blend WFA+PVWD. 

Table 8.1. Initial characterisation (first time-points of the blend WFA+PVWD of Chapter 7), 

expressed in a fresh basis, of a blend (n=4) of 0.51 ± 0.07 g WFA and 3.40 ± 0.41 g PVWD 

prepared in a closed chamber with a 4.39 ± 0.02 g trap of 0.11 mol/L H2SO4 aqueous solution. 

The amounts of milli-Q® water added to WFA and the PVWD were 5.58 ± 0.02 g and 30.43 

± 0.05 g, respectively (Moure Abelenda et al., 2021a). 

Parameter Unit Average Standard deviation 

DM % 14.26 3.55 

[H2SO4] NH4
+-N mg/kg 3.84 0.74 

WS NH4
+-N mg/kg 102.59 26.96 

WS NO3
--N mg/kg 0.18 0.06 

WS Norg mg/kg 380.83 96.43 

WS N mg/kg 483.60 92.59 

WI N mg/kg 1,037.01 376.97 

WS C mg/kg 3,763.92 778.70 

WI C mg/kg 22,243.23 8,283.15 

WS PO4
3--P mg/kg 5.42 2.30 

WI P mg/kg 636.01 140.53 

 

8.3.Results and discussion 

8.3.1. Fractionation of the blend after the incubation 

The mass of the 5 mL acid solutions in the traps increased in agreement with the content in 

H2SO4 (Figure 8.3a). The 5 mL H2SO4 solutions of 0.64 and 0.96 mol/L had lower density than 

expected. The reason could be that in non-ideal solutions, the volumes are not strictly additive. 

However, the data reported by Hovey & Hepler (1990) did not agree with the excess partial 

molar volume in that range of concentrations for the mixtures of H2SO4 and water. On the other 

hand, it was unlikely that less volume or less concentrated H2SO4 solutions were used instead 

because these trends have not been seen in any of the other results of this chapter. 

A volume of 17.11 ± 3.45 mL of WS extract was lost during the 60 hours incubation at 100 

rpm and 20 ºC and subsequent filtration of the blends (Figure 8.3b). According to the ANOVA 

test (p < 0.05), there was not significant increase in the amount of WS fraction recovered when 

using H2SO4 solutions in the trap with greater concentration than 0.43 M. This effect would be 
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explained by the neutralisation of the surface negative charges of the colloids of the PVWD by 

adding a cationic surfactant (Zheng et al., 2016) or via intrusive acidification (Figure 6.2b), 

which make feasible their dehydration and flocculation. Similarly, the losses of WI material 

were 0.13 ± 0.05 g and did not show dependence on the concentration of the H2SO4 solution in 

the trap (Figure 8.3c). The explanation for the constant losses could be the procedure followed 

to achieve the solid-liquid separation. Some of the WI material would have remained stuck to 

the walls of the closed chamber and any weight gain due to the hydration of the ashes would 

have been lost during the drying at 105 ºC, before weighting the mass of the WI fraction 

recovered. 
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Figure 8.3. Initial (i.e. before the incubation) and final (i.e. isolated after 60 hours of incubation 

at 100 rpm and 20 ºC) masses of the fractions of the blend WFA+PVWD: (a) H2SO4 solution, 

(b) WS extract and (c) WI material (Moure Abelenda et al., 2021a). The initial volume of the 

WS fraction was determined considering the moisture of WFA+PVWD (Table 8.1) and the 

milli-Q® water used to prepare the blend (Figure 8.1). The initial mass of WI material was 

assumed the DM of the blend (Table 8.1). 

8.3.2. pH of H2SO4 trap and the blend WFA+PVWD 

Since the volume of the traps were 5.21 ± 0.10 mL (Figure 8.3a), the pH of the H2SO4 solutions 

were measured directly (at 23.38 ± 0.36 ºC) and also after eleven times dilution, to ensure a 

better contact with the probe of the Mettler Toledo® Seven CompactTM S220 pH/Ion meter. 
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For the second set of measurements, the pH in the undiluted traps was calculated by increasing 

an order of magnitude on the concentration of the H+ species determined in the eleven times 

diluted H2SO4 solutions. The first thing that needs to be highlighted is that the pH decreased 

during the incubation. This is opposite to what was expected since the absorption of NH3 should 

increase the pH of the H2SO4 solutions. Understanding why the pH of the trap decreased is 

important to enhance the absorption and recovery of the NH3 in the headspace. It could be 

possible that the pH of the trap decreased because of the evaporation of the water and 

subsequent increase in the concentration of H+ ions. However, the losses of the mass of the 

traps were negligible. It should be noted that, even when the pH decreased during the 

incubation, greater values than the initial ones were obtained. For example, the 1.07 M H2SO4 

solution should have a pH lower than zero (i.e. -0.03) before the incubation and the value 

measured was 0.74 ± 0.02. After the incubation, the calculated value of pH from the 

measurements in the eleven times diluted (1/10) H2SO4 solutions (0.03 ± 0.06; Figure 8.4a) 

was lower than the values measured in the undiluted traps (0.45 ± 0.05; Figure 8.4a). Thereby, 

these calculated values of the pH could be considered more accurate than the values of the pH 

obtained from the direct measurements of the H2SO4 solutions after the incubation. Therefore, 

the H2SO4 solutions needed to be diluted for the measurement of the variations in the 

concentrations of the H+ species due to the upper detection limit of the pH-meter. 

The pH of the blend WFA+PVWD was not affected by the level of non-invasive acidification 

(10.40 ± 0.46; Figure 8.4b). 
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Figure 8.4. (a) pH of the 5.21 ± 0.10 mL H2SO4 traps (Figure 8.3a) measured before the 

incubation at 23.93 ± 0.18 ºC, eleven times diluted (1/10) with milli-Q® after the incubation at 

23.90 ± 0.16 ºC and without dilution after the incubation at 23.38 ± 0.36 ºC. (b) pH of the 21.92 

± 0.15 mL (Figure 8.3b) extract of the blend WFA+PVWD measured at 23.91 ± 0.15 ºC (Moure 

Abelenda et al., 2021a). 

8.3.3. N speciation 

The [H2SO4] NH4
+-N was the only N species that increased significantly (p < 0.05) with respect 

to the initial characterisation (Table 8.1). The concentrations of WS NH4
+-N (83.45 ± 56.99 

mg/kg; Figure 8.5a), WS NO3
--N (0.18 ± 0.06 mg/kg; Figure 8.5b), WS N (463.91 ± 87.99 

mg/kg; Figure 8.6a) and WI N (1,030.87 ± 185.20 mg/kg; Figure 8.6a) did not change 

significantly regarding the initial characterisation (102.59 ± 26.96 mg WS NH4
+-N/kg, 0.18 ± 

0.06 mg WS NO3
--N/kg, 483.60 ± 92.59 mg WS/kg and 1,037.01 ± 376.97 mg WI N/kg; Table 

8.1). High [H2SO4] NH4
+-N was expected because of the low pH of the H2SO4 solutions in the 

trap (0.29 ± 0.24; Figure 8.4a) were able to absorb the NH3 available in the headspace. The 

effect of the non-intrusive acidification can be seen in Figure 8.5a, which shows increase (23.69 

± 5.72 %) in [H2SO4] NH4
+-N and decrease (41.08 ± 17.46 %) of WS NH4

+-N when the 
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concentration of the H2SO4 solution in the trap was increased from 0.11 mol/L to 1.07 mol/L. 

Furthermore, Figure 8.3b shows the increase in the amount of WS fraction due to the presence 

of a H2SO4 trap with a concentration greater than 0.43 M. This significant dehydration of the 

WI fraction has a p-value of 0.16. In Chapter 6, in which the WFA was acidified with a 1.82 

mol/L aqueous solution of hydrochloric acid before mixing it with the PVWD, a level of 

1,968.90 ± 588.36 mg WI N/kg blend (HCl-WFA+PVWD) was reached (Figure 6.4f). Since 

lower concentration of WI N was found in the blend WFA+PVWD of this chapter, the H2SO4 

non-invasive acidification did not promote the adsorption of WS N as much as the HCl 

intrusive acidification. 

 

 
Figure 8.5. (a) [H2SO4] NH4

+-N and WS NH4
+-N and (b) WS NO3

--N in the blend 

WFA+PVWD after a 60-h incubation at 100 rpm and 20 ºC with different concentrations of 

H2SO4 in the trap of the closed chamber for scrubbing the NH3 off the headspace (Moure 

Abelenda et al., 2021a). 
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A calibration procedure is typically required for measuring the concentration of NH3 in the air 

using H2SO4 solutions (Ndegwa et al., 2009). Nevertheless, in this chapter, the trap 

effectiveness in all the conditions evaluated was 100 % (i.e. all the NH3 released to the 

headspace was absorbed in the H2SO4 solutions in the trap) and what limited the depletion of 

the WS NH4
+-N, was the mass transfer resistance at the film between the fluidised blend and 

the gaseous phase. This constant value of trap effectiveness was calculated without considering 

the amount of H2SO4 used, which ranged from 0.05 ± 0.00 g to 0.54 ± 0.01 g of H2SO4. 

Otherwise, there would be a difference of one order of magnitude between the effectiveness of 

the less concentrated and the most concentrated traps. 

 

 
Figure 8.6. (a) WS N and WI N in the blend WFA+PVWD and (b) mass balance of N after a 

60-h incubation at 100 rpm and 20 ºC with different concentrations of H2SO4 in the trap of the 

closed chamber for scrubbing the NH3 off the headspace. The overall recovery effectiveness of 

N is shown in the graph b (Moure Abelenda et al., 2021a). 
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The concentration of the H2SO4 trap did not affect the volatilisation of NH3 from the blend 

WFA+PVWD. Similar amounts of [H2SO4] NH4
+-N were found in all the conditions evaluated 

(0.99 ± 0.38 mg; Figure 8.6b). Most of N recovered was in the form of WI N and only the 15.52 

± 2.13 % of N accounted after the incubation was in the form of [H2SO4] NH4
+-N. The overall 

recovery effectiveness of N was 117.35 ± 70.07 % (Figure 8.6b), as more N was accounted 

after the incubation than in the initial characterisation. Most of the volatilisation of NH3 took 

place immediately after the blending (Figure 3.4) and the absorption in the H2SO4 trap 

continued progressively during the course of the incubation, due to the mass transfer resistance 

(Figure 7.3a). Thereby, in processes with short contact time between the gas and the H2SO4 

solution, it might be convenient to use bubbling systems to increase surface area between the 

two phases and thus the rate of transfer of NH3. 

As the WFA+PVWD blend had a pH of 10.40 ± 0.46 (Figure 8.4b), the 90 % of the WS NH4
+-

N was in the form of NH3 (Fangueiro et al., 2015). The closed chamber continuously shaken 

at 100 rpm was not enough to enable the equilibrium between the three fractions of the blend 

WFA+PVWD. This setup was chosen for its low capital and operating cost but the use of an 

excess of H2SO4 in the trap could not be justified technically and economically. It might be 

possible to attain the depletion of the WS NH4
+-N in the blend WFA+PVWD using advanced 

equipment, which allow to operate at higher temperatures under vacuum conditions (e.g. 65 ºC 

and 25.1 kPa; (Ukwuani & Tao, 2016)) or perform hydraulic cavitation (Taşdemir et al., 2020). 

Another processing option would be to reduce the moisture content of the blend, for the 

production of the granular fertiliser. As the surface area of the dewatered material is greater 

than the fluidised blend WFA+PVWD (Figure 2.6), the emissions of ammonia increase 

(Dinuccio et al., 2012; Kavanagh et al., 2019; Pesonen et al., 2016). 

8.3.4. C speciation 

Similarly to N, most of the C was in the WI form (Figure 8.7a). Despite the variability of the 

results of WI C obtained with H2SO4 traps with concentrations greater than 0.54 M, there was 

clear difference between the concentration of the WI and the WS species of C. The level of WS 

C (4,022.26 ± 883.39 mg/kg blend; Figure 8.7a) and WI C (25,350.70 ± 185.20 mg/kg blend; 

Figure 8.7a) after the incubation was the same as in the initial characterisation (3,763.92 ± 

778.70 mg WS C/kg blend and 22,243.23 ± 8,283.15 mg WI C/kg blend; Table 8.1). Therefore, 

the H2SO4 non-intrusive acidification did not promote the adsorption of the WS Corg onto the 

WFA, the release of CO2 or emission of volatile organic molecules. It is important to mention 

that Ukwuani & Tao (2016) reported the flux of other compounds different from NH3, such as 
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cyclohexene, towards the H2SO4 trap. In this chapter, the concentration of the H2SO4 solution 

in the trap was not responsible of any phenomena which affected the distribution of C between 

the fractions of the blend WFA+PVWD and did not affect the C recovery effectiveness after 

the incubation. The alkaline pH (Figure 8.4b) of the blend prevented C losses and the recovery 

effectiveness after the incubation was 114.53 ± 50.68 % (Figure 8.7b), which could be related 

to the fact that the blend was a sink of carbon. It should be noted that the distribution of the 

Corg among the WS and WI fraction of the WBA+PVWD was better (i.e. greater WI C/WS C) 

when the blend was prepared under acid conditions (i.e. HCl-WFA+HCl-PVWD). In order to 

apply acid conditions in the preparation of the blend of wood ash and anaerobic digestate, it is 

necessary to select samples with low CO3
2--C, such as WFA and PVWD, otherwise large CO2 

emissions can be expected. This explains the lower C recovery effectivess of the HCl-

WFA+HCl-PVWD (80.39 ± 49.10; Figure 6.7b) compared to the WBA+PVWD (114.53 ± 

50.68; Figure 8.7b). 
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Figure 8.7. (a)WS C and WI C in the blend WFA+PVWD and (b) C mass balance after the 

60-h incubation at 100 rpm and 20 ºC with different concentrations of H2SO4 in the trap of the 

closed chamber for capturing the NH3 in the headspace. The overall C recovery effectiveness 

is shown in the graph b (Moure Abelenda et al., 2021a). 

8.3.5. P speciation 

The concentration of WS PO4
3--P (3.75 ± 1.45 mg/kg; Figure 8.8a) and WI P (792.88 ± 218.92 

mg/kg; Figure 8.8a) after the incubation was the same as before the incubation (5.42 ± 3.84 mg 

WS PO4
3--P/kg and 636.01 ± 140.53 mg WI P /kg; Table 8.1). Thus, most of the P was in the 

form of WI P, regardless the concentration of the H2SO4 solution in the trap. Both the fact that 

there were no losses of P via gaseous emissions in the studied conditions and the adsorption of 

the WS Porg could explain the 114.60 ± 27.94 % of average recovery effectiveness (Figure 

8.8b). Any change in the amount of adsorbed WS Porg would be accounted by the colorimetric 

analytical method (i.e. molybdenum blue reaction) followed. The reason is that the sulphuric-
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peroxide digestion of the WI fraction led to the formation of WS PO4
3--P, which was measured 

with the segmented flow analysis. The availability of P went from 0.0083 ± 0.0021 mg WS 

PO4
3--P/mg WI P at the beginning of the incubation to 0.0048 ± 0.0015 mg WS PO4

3--P/mg 

WI P at the end. This tiny difference in the availability could prevent losses via leaching in an 

open system, for example, when applying P to land at a rate of 26 kg/ha (Richards et al., 2021). 

 

 
Figure 8.8. (a) WS PO4

3--P and WI P of the blend WFA+PVWD and (b) P mass balance after 

the 60-h incubation at 100 rpm and 20 ºC with different concentrations of H2SO4 in the trap of 

the closed chamber for stripping the NH3 in the headspace. The overall recovery effectiveness 

of P is shown in the graph b (Moure Abelenda et al., 2021a). 

The fluctuations of the amount of WI N (Figure 8.6b), WI C (Figure 8.7b) and WI P (Figure 

8.8b) were related to the size of the system (Figure 8.1) and the losses during the incubation 

and subsequent isolation of this fraction (Figure 8.3c). The relatively small variations seen in 
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the WS N, [H2SO4] NH4
+-N, WS C and WS PO4

3--P could be explained by the fact that less 

amount of N, C and PO4
3--P ended up in the WS extract. 

8.4.Conclusions 

Exceeding the H2SO4 non-intrusive acidification beyond the stoichiometric limit was not an 

efficient way of stripping the WS NH4
+-N off the blend WFA+PVWD. The depletion of the 

NH3 in the headspace of the closed chamber and the turbulence created with the 100 rpm rotary 

mixing did not sort out the bottleneck of NH3 transfer from the WFA+PVWD blend to the gas 

phase. Advanced processing conditions (e.g. vacuum thermal stripping and hydraulic 

cavitation) or dewatering of the blend are required to increase the rate of NH3 volatilisation. 

Although a 10-time increase of the concentration of the solution in the trap resulted in 23.69 ± 

5.72 % more [H2SO4] NH4
+-N, this only represented an increase of 3.57 ± 2.05 % in the overall 

fate of N in this fraction. The C/N/P 38.74 ± 17.56/2.38 ± 0.69/1 found after the incubation 

was the same as the intended C/N/P 40.55 ± 15.72/2.38 ± 0.80/1 (Table 8.1), as there was no 

losses during the treatment. The greatest share of these elements was found in the WI fraction 

and the WS Porg was more susceptible to be adsorbed under the studied conditions than the WS 

Norg and WS Corg. This controlled-release fertiliser should minimise the GHG emissions, 

eutrophication of underground waters upon land application and pollution swapping. 

Activating the WFA as adsorbent, for example via calcination at temperatures greater than 500 

ºC, could improve the valorisation of PVWD by enhancing the retention of nutrients in the WI 

fraction of the blend. 
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9. Conclusions and recommendations for future work 

This PhD project has been able to test and to optimise the conditions for wood ash-based 

treatment of the anaerobic digestate to attain the chemical stabilisation (Figure 2.4) and prepare 

slow-release fertilisers with balanced nutrient ratio (C/N/P 40/4/1). Based on the literature 

review provided in Chapter 2, the optimum dose of wood ash that maximises the synergies in 

the upstream (i.e. pretreatment and conditions of the feedstock to enhance the biogas 

production) and the downstream (e.g. nutrient recovery and dewatering) processes of an AD 

plant was considered to be up to 5 g TS wood ash/g TS digestate. The features of wood ash 

that promote the best sorptive properties were identified: (a) source of Mg as oxide rather than 

hydroxide or CO3
2- and (b) C content. Among the simple activation procedures available (i.e. 

carbonisation, carbonation, calcination, acidification, wash, milling and sieving), the 

acidification was reagarded as the best route for the valorization of wood ash. 

The cheapest and simplest approach of combining the 4 raw samples (FWD, PVWD, WFA and 

WBA) to prepare 2 different blends was tested in the Chapter 3. The key parameters were found 

to be the NH4
+-N of the anaerobic digestate and the share of wood ash in the blends. The greater 

maturity of the FWD made this material less chemically stable than the PVWD and more 

proned to lose NH4
+-N via volatilisation of NH3. This phenomenon also had a direct relation 

with the content of wood ash in the blends, which was responsible of the alkalinisation and 

immobilisation of the WS PO4
3--P. The smaller particle size and greater BC content of the 

WFA, compared to the WBA, also determined the speciation of C, N and P. The optimum pHs, 

which were found in the Chapter 4, to enhance the role of WFA and WBA as sorbents were 

11.90 ± 0.50 (Figure 4.3a,b) and 12.43 ± 0.06 (Figure 4.3c,d). The pHzpc was found to be the 

most economically viable blending conditions to promote sorption processes becasue it can be 

attained by mild acidification of the anaerobic digestate with commercial doses of H2SO4, HCl 

and HNO3, before the addition of the wood ash. The pH trends observed in the preparation of 

blend of 80% FWD and 20 % WFA could only be explained by the sorption of the NH4
+-N, 

wich imply good management of N. The washing of the wood ashes with ultrapure milli-Q 

water was evaluated as a cheap strategy to reach the pHzpc upon blending with the anaerobic 

digestates and the overall pH decrease after 432 hours of washing were 4.69 ± 0.29 % and 5.30 

± 0.66 % for the WFA and the WBA, respectively (Figure 4.6). 

Chapter 5 contains the detailed analysis of the 2 strategies proposed in the previous Chapter 4: 

(a) the addition of the WBA to the acidified PVWD; (b) acidification of the WBA and the 
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PVWD separately before the blending. As elucidated in the Chapter 3, the greatest drop of N 

due to NH3 release took place when adding the WBA to the PVWD. The drop of NH4
+-N was 

minimised by acid conditioning of the WBA (i.e. severe acidfication) before mixing this 

material with the acidified PVWD. However, the severe acidification of the WBA led to CO2 

release with more 80 % of C being lost, although normal levels of CO3
2--C were restored after 

the blending with the acidified PVWD (Figure 5.4d). In the case of P, the greater sorption of 

WS PO4
3--P (Figure 5.2c) was found at the pHzpc. The HCl was regarded as the best 

acidification agent because it did not increase the content of WI material of the wood ash during 

the conditioning stage and it was not a source of N2O emissions. 

Unlike in the previous studies (Chapter 3 to Chapter 5), Chapter 6 relied on a closed chamber 

at 20 ºC and 100 rpm to evaluate the impact of the HCl-WFA based treatment on the 

composition of PVWD and directly determine the NH4
+-N in the gaseous phase ([H2SO4]) of 

the blend. Based on the profiles of the N species in the different fractions, a stepwise 

mechanism for the untreated PVWD was proposed: Once the maximum level of [H2SO4] N 

was reached in the trap (i.e. 58.47 ± 20.50 mg [H2SO4] NH4
+-N/kg PVWD; Figure 6.4a) at the 

48 hours, the nitrification started until reaching the maximum level of (155.73 ± 30.26 mg/kg 

PVWD; Figure 6.4d) at the 96 hours and subsequently denitrification took place. The lowest 

levels of [H2SO4] N were found for the HCl-WFA+HCl-PVWD and the HCl-PVWD, thus 

these treatments minimised the volatilisation of NH3. The HCl-WFA treatment performed 

better in terms of management of C and P, compared to the HCl-PVWD. The HCl-PVWD 

promoted CO2 release but high content of BC in the WFA increased the WI C upon addition to 

the PVWD. On the top, the HCl-WFA treatment of the PVWD did not increase the availability 

of the P, hence it did not promete the leaching, as it occurred in the HCl-PVWD. The WS PO4
3-

-P/WI P found for the HCl-WFA+PVWD (119.53 ± 180.69; Figure 6.8) and the HCl-

WFA+HCl-PVWD (179.47 ± 176.60; Figure 6.8) was like that of the untreated PVWD. 

In the Chapter 7, the pHzpc was reached with the non-invasive acidification (i.e. NH3 

volatilisation) and with a lower dose of the WFA (1.69 ± 0.54 g TS WFA/g TS PVWD). The 

rate of increase of [H2SO4] NH4
+-N was approximately 8 times higher in the case of 

WFA+PVWD, compared to the untreated PVWD. The H2SO4 trap did not reach saturation 

during the incubation for 7 hours, despite the higher rate of release of ammonia from the blend 

PVWD+WFA. In Chapter 8, a 60-h incubation of the blend WBA+PVWD was performed in 

closed chambers using concentration of H2SO4 up to 10 times higher than in the two previous 

studies (Chapter 6 and Chapter 7). Chapter 8 shows levels as high as 0.99 ± 0.38 mg [H2SO4] 
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NH4
+-N, comparable to the WS N. Most N was in the WI phase and the recovery effectiveness 

of the N was improved, compared to the values found in Chapter 7. The WFA provided the BC 

but the WI C in the blend WFA+PVWD was lower than in the HCl-WFA+HCl-PVWD, which 

was tested in Chapter 6, because the alkaline pH promoted the solubilisation of C. Unlike the 

WS PO4
3--P of the untreated PVWD, which increased during the incubation (Figure 6.8a and 

Figure 7.4c), the treatement with WFA was able to maintain a reduced availability of P during 

the whole 60-h incubation (Figure 8.8). 

Based on these outcomes, it was proposed the following concepts as future work to design 

more sustainable processes, complying with the green chemistry principles of minimum input 

of energy and resources, to produce recyclable products: 

- Addition of minimum amount of wood ash in the anaerobic digester to enhance the 

biogas production and subsequent increase the share of the stabilising agent once the 

anaerobic digestate leaves the fementor. 

- Assessment of the impact of a greater dose of ash on the content of pathogens of the 

granular fertiliser and the mechanical properties of the pellets (e.g. durability). 

- Assessment of doses of wood ashes to optimise all the steps of the process, in order to 

link the chemical and the physical stabilisations for the production of a granular 

fertiliser (Figure 2.4). 

- Systematic approach for testing different activation techniques of the wood ashes as 

sorbents (Table 2.7). 

- Combination of the anaerobic digestion with hydrothermal technologies (e.g. 

hydrothermal carbonization and hydrothermal liquefaction) to increase the yiled of 

biofuel and take advantage of the use of wood ash-alike materials (e.g. hydrochar) for 

the processing of the anaerobic digestate. 

- Direct comparison between the effects of the pHzpc obtained with mild acidification of 

the anaerobic digestate before the addition of the wood ash and the use of a lower 

amount of wood ash to treat the unacidified digestate. 

- Characterisation of the quality of the other products obtained during the processing of 

anaerobic digestate and wood ash. For example, the crystals of (NH4)2SO4 that can be 

isolated due to non-invasive acidification of the anaerobic digestate with a low dose of 

wood ash. 

- Confirmation of the nutrient use efficiency after land application: Stablishment of a 

relation between the speciation of C, N and P among the 3 fractions of the blends of 
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anaerobic digestate and wood ash and the behaviour of the novel soil organic 

amendment as slow-release fertiliser once applied to land. 

- Comparison of the effect upon land application (e.g. crop yield measurement) of the 

wood ash-based treatment and the nitrification of the anaerobic digestate. This approach 

would be particularly suitable for plants that prefer NH4
+-N rather than NO3

--N. 
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Appendix 

A.1. Calculation of the blending ratio of wood ash and anaerobic digestate based on the 

threshold values in the UK regulation 

The following assumption were made for the calculation: 

1. Consider the threshold value reported in the QPPLA for the wood ash. As described in 

the QPPLA, the incineration fuel can contain up to 10 % of forestry waste (e.g. 

woodchip) but it needs to have a minimum of 85 % of poultry litter (WRAP, 2012a). 

2. Wood ash that meets the QPPLA is no longer regarded as a waste. 

3. The blend of wood ash and anaerobic digestate is not regarded as a waste. 

4. Consider a moisture content of 5 % for the PLA and 90 % for the anaerobic digestate. 

The calculation was based on the specifications for the heavy metals that are defined both for 

the PLA and the anaerobic digestate (Table A.1). 

Table A.1. Upper limits of heavy metals are reported in the EoW criteria of PLA and anaerobic 

digestate (WRAP, 2012a, 2014a). 

Metal/(mg/kg fresh weight) PLAa Digestate (< 1 kg N/t) Digestate (> 9 kg N/t) 

As 17 0.12 1.2 

Cd 3   

Co 11   

Cr 31 8 80 

Cu 596 16 160 

Hg 0.5 0.08 0.8 

Mn 3,500   

Mo 45   

Ni 24 4 40 

Pb 244 16 160 

Se 11   

V 20   

Zn 2,063 32 320 
aReported in dry weight (WRAP, 2012a) but employed in fresh weight for the calculation 

considering the low moisture content of the ash (< 5 %). 

The upper limit for the manganese is not reported for the anaerobic digestate in the BSI PAS 

110:2014 (WRAP, 2014a). The reason might be that QPAD (WRAP, 2014b) specifies the 

biowaste types acceptable for the production of quality digestate, which general contain a low 

amount of this heavy metal. The second highest allowance in the PLA is for Zn and it was 

found that this is the limiting factor that determines the blending ratio of wood ash and 

anaerobic digestate (Table A.2). 
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Table A.2. Calculation of the blending ratio based on the content of Zn in the anaerobic digestate supplemented with wood ash (Moure Abelenda 

& Aiouache, 2022). 

  < 1 kg N/t < 9 kg N/t DOSE/(g TS wood ash/g TS digestate) 0.147345  1.473545  

  MIN MAX DOSE/(%) 1.53 %  13.43 %  

mg/kg PLA Digestate Digestate g wood ash/kg anaerobic digestate 15.51 15.52 155.11 155.12 

As 17    0.26367 0.26384 2.63687 2.63704 

Cd 3 0.12 1.2  0.04653 0.04656 0.46533 0.46536 

Co 11    0.17061 0.17072 1.70621 1.70632 

Cr 31 8 80  0.48081 0.48112 4.80841 4.80872 

Cu 596 16 160  9.24396 9.24992 92.44556 92.45152 

Hg 0.5 0.08 0.8  0.007755 0.00776 0.077555 0.07756 

Mn 3500    54.285 54.32 542.885 542.92 

Mo 45    0.69795 0.6984 6.97995 6.9804 

Ni 24 4 40  0.37224 0.37248 3.72264 3.72288 

Pb 244 16 160  3.78444 3.78688 37.84684 37.84928 

Se 11    0.17061 0.17072 1.70621 1.70632 

V 20    0.3102 0.3104 3.1022 3.1024 

Zn 2063 32 320  31.99713 32.01776 319.9919 320.0126 

 

A.2. Description of error propagation associated with the calculation of the share of the samples FWD, PVWD and WFA in the Blend 1 

tested in Chapter 3 

The share of each sample in the tri-component Blend 1 of chapter 3 was determined with Equation A.1, Equation A.2 and Equation A.3. for FWD, 

PVWD and WFA, respectively. Since the standard deviations (σ𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅, σ𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅ and σ𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅) represented less than 20 % of the average masses (FWD̅̅ ̅̅ ̅̅ ̅, 

PVWD̅̅ ̅̅ ̅̅ ̅̅ , WFA̅̅ ̅̅ ̅̅ ,), the calculation of the propagation of the uncertainty was done with Equation A.4, Equation A.5 and Equation A.6. Additionally, 
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it should be noted that this approach can only be followed when the uncertainties are regarded as random and independent from each other 

(Batstone, 2013; Tellinghuisen, 2001). 

𝐹𝑊𝐷 =
𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅

𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅ +𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅
 

Equation A.1 

𝑃𝑉𝑊𝐷 =
𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅

𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅ +𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅
 

Equation A.2 

𝑊𝐹𝐴 =
𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅

𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅ +𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅
 

Equation A.3 

𝜎𝐹𝑊𝐷
2 = (

𝛿𝐹𝑊𝐷

𝛿𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅
2 + (

𝛿𝐹𝑊𝐷

𝛿𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
2 + (

𝛿𝐹𝑊𝐷

𝛿𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅
2  

𝜎𝐹𝑊𝐷 = √(
𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅ + 𝑊𝐹𝐴̅̅ ̅̅ ̅̅

(𝐹𝑊𝐷̅̅ ̅̅ ̅̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅ + 𝑊𝐹𝐴̅̅ ̅̅ ̅̅ )2
)
2

∙ 𝜎𝑊𝐵𝐴̅̅ ̅̅ ̅̅
2 + (

−𝐹𝑊𝐷̅̅ ̅̅ ̅̅

(𝐹𝑊𝐷̅̅ ̅̅ ̅̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅ + 𝑊𝐹𝐴̅̅ ̅̅ ̅̅ )2
)
2

∙ 𝜎𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅
2 + (

−𝐹𝑊𝐷̅̅ ̅̅ ̅̅

(𝐹𝑊𝐷̅̅ ̅̅ ̅̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅ + 𝑊𝐹𝐴̅̅ ̅̅ ̅̅ )2
)
2

∙ 𝜎𝑊𝐹𝐴̅̅ ̅̅ ̅̅
2

 

 

 

Equation A.4 

𝜎𝑃𝑉𝑊𝐷
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Equation A.6 
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A.3. Error propagation associated with the calculation of the ratio of anaerobic digestates 

to wood ashes, in the Blend 1 (B1) and the Blend 2 (B2) tested in Chapter 3 

𝐵1 =
𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅

𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅
 

Equation A.7 
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𝛿𝐵1

𝛿𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅
2  

 

𝜎𝐵1 = √(
1

𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅
2 + (

1

𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
2 + (

𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅

𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅2
)

2

∙ 𝜎𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅
2  

Equation A.8 

𝐵2 =
𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅

𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅ +𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅
 

Equation A.9 

𝜎𝐵2
2 = (

𝛿𝐵2

𝛿𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅
2 + (

𝛿𝐵2

𝛿𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
2 + (

𝛿𝐵2

𝛿𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅
2  

 

𝜎𝐵2 = √(
1

𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅
2 + (

1

𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
2 + (

𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅

𝑊𝐹𝐴̅̅ ̅̅ ̅̅ ̅2
)

2

∙ 𝜎𝐹𝑊𝐷̅̅ ̅̅ ̅̅ ̅
2  

Equation A.10 
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Table A.3. Parameters were determined in-house by Dr Alfonso Lag Brotóns and Dr Rachel Marshall, in collaboration with Stopford Projects Ltd. 

as part of the AVAnD project, using the method BS EN 13657. The average and the standard deviation (n=3) of the concentration of all the 

elements is expressed as mg/kg fresh sample (Moure Abelenda et al., 2021c). 

Element FWD PVWD WFA WBA 

mg/kg sample Average St. Dev. Average St. Dev. Average St. Dev. Average St. Dev. 

Ca 893.22 130.14 987.99 14.51 112,686.35 22,169.69 82,846.38 9,370.46 

Mg 38.53 3.33 157.21 4.52 68,094.13 13,684.32 11,513.72 1,570.79 

K 2,787.19 150.98 2,128.45 138.55 18,837.07 3,738.85 40,189.39 5,771.37 

Na 1,447.88 78.13 631.26 37.14 8,196.90 1,633.44 4,284.92 539.76 

P 374.37 23.46 543.45 14.15 12,833.40 2,249.82 5,968.87 492.99 

S 274.48 12.87 298.30 19.82 12,440.02 2,178.54 4,667.30 342.04 

Al 1,298.37 109.68 1,945.27 63.32 6,317.10 1,068.97 8,988.84 796.42 

Cu 38.36 1.03 34.87 0.52 135.09 23.60 106.2 10.44 

Fe 4,581.08 78.98 3,265.22 84.85 7,081.67 438.76 16,050.89 2,279.87 

Mn 172.28 5.92 123.98 3.64 9,962.25 1,632.06 5,586.48 465.68 

Zn 215.41 5.79 155.99 2.49 1,097.76 188.54 409.27 56.67 

Co 45.68 2.62 <DL <DL 33.65 5.42 43.70 5.39 

Ni 37.72 0.88 <DL <DL <DL <DL <DL <DL 

Cr <DL <DL <DL <DL 54.88 7.77 82.43 4.93 

Cd <DL <DL <DL <DL <DL <DL <DL <DL 

Pb <DL <DL <DL <DL <DL <DL <DL <DL 
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Element FWD PVWD WFA WBA 

mg/kg sample Average St. Dev. Average St. Dev. Average St. Dev. Average St. Dev. 

aN 1,274.81 281.89 1,900.74 49.70 662.62 75.79 962.94 96.48 

bC 11,612.57 120.83 16,246.60 276.77 13,016.74 59.94 81,338.54 2,527.80 

cP 29.01 3.47 53.03 5.05 2,281.01 621.20 2,035.04 554.25 

<DL = below the detection limit. 
aDetermined following the method BS EN 16168. 
bDetermined following the method BS EN 13137. 
cDetermined following the method described by Grimshaw (1987).
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Table A.4. Procedures for the determination of pH and EC in digestate and soil samples (Moure 

Abelenda et al., 2021c). 

References pH/(-) EC/(dS/m) Method Origen of the sample 

(Alburquerque 

et al., 2012) 

5.64–

8.20 

8.7–30.3 Directly 

measurement of EC, 

after homogenisation 

of the samples 

Co-digestion of different 

feedstock in different ratios: 

cattle slurry, cattle manure, 

glycerine, maize-oat silage, 

orange peel waste, 

wastewaters and pasteurised 

slaughterhouse water. 

(Foth, 1990) 4–10  S/E ratio 1/3, 30 min 

mixing, no settling 

Soil 

(Lencioni et 

al., 2016) 

8.5 2.8–41 ISO Standard 

methods “ICS 

65.080: Fertilisers 

and Soil 

Conditioners”. 

Several dilutions 

ranging from S/E 

ratios 1/1 to 1/20 

Digestion of swine manure 

(Lencioni et 

al., 2016) 

5.5–

8.76 

a0.7–1.56 US EPA method 

9045D “Soil and 

water pH” (S/E ratio 

1/3.5, mixing and 

sedimentation before 

measuring) and 

method 9050A 

“Specific 

conductance” (S/E 

ratio 1/6, no settling). 

Soil fertilised with digestate. 

Dilution ratios ranging from 

1/1 to 1/1.43 (i.e. 1.43 g of 

the total mixture of digestate 

with soil contain 1 gram of 

soil). 

(Zhu et al., 

2014) 

7.38 12.32 Not reported Digestion of pig slurry 
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References pH/(-) EC/(dS/m) Method Origen of the sample 

(Astals et al., 

2013) 

7.7–

8.1 

18.8–20.4 Not reported Digestion of pig manure and 

co-digestion of pig manure 

and crude glycerol. 

(Garfí et al., 

2011) 

7.10 6.88 10-3 APHA, 1998. 

Standard methods for 

the examination of 

water and wastewater 

Digestion of guinea pig 

manure diluted in water (~ 

6–8 % solid concentration). 

(Walker et al., 

2010) 

7.0–

8.9 

From 23.2 

to 145 

For pH the BS EN 

12176:1998 

For EC the BS EN 

13370:2003 

Co-digestion of food waste, 

agricultural waste, maize, 

cattle and pig slurry. 

aTo authors’ knowledge Lencioni et al. (2016) are the only authors  who determined the EC of 

the undiluted samples (soil amended with digestate) using the data of EC of the diluted sample 

(S/E 1/6) and an empirical equation (Visconti et al., 2010).
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A.4. Calculation of the concentration of the WS species in fresh blends and their total 

mass in the samples and the blend 

The calculation of the concentration of the WS species (Equation A.11) was based on the value 

(V) given by the AutoanalyzerTM and the TOC-L Shimadzu®. It was necessary to take into 

account any dilution of the WS extract required in order to have a concentration in the 

calibration range of the equipment. In the case of the TOC-L Shimadzu®, the results V 

provided by the machine already consider the dilution made to the extract. 

Both the mass of the sample or blend (Y) and the volume of WS extract (W) were required to 

express the concentration of the WS species in fresh basis of the blend according to Equation 

A.11. Due to the heterogeneity of both samples (i.e. the digestates and the ashes), the intended 

3 grams of blend were not always achieved. However, the Y was recorded and the S/E 1/10 

was kept approximately constant by adding the corresponding volume of ultrapure milli-Q 

water (W). These details of Chapter 5 are presented in Figure A.8, Figure A.11 and Figure 

A.12. In Chapter 3, the W was considered to be equal to the volume of ultrapure milli-Q water 

added to carry out the WS extraction. This was a reasonable assumption because the water 

provided by the ~ 3 g of each blend (~ 90 % moisture) was negligible compared to the volume 

of ultrapure milli-Q water added (~ 30 mL). On the other hand, the losses of liquid during the 

WS extraction were regarded as minimal. In the first study of Chapter 5, the initial volume of 

the WS extract was calculated based on the volume of extractant (Table 5.2) and the moisture 

of the samples (Table 5.1). In the second study of Chapter 5, the empirical WS extract was 

calculated based on the experimental WI material recovered after the incubation (Table 5.1), 

the initial mass of the sample and the initial mass of extractant (Table 5.2). In all calculations, 

a density of 1 g/mL was assumed for both extractant solutions and moisture of the samples. 

𝑊𝑆 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 (
𝑚𝑔

𝑘𝑔
) = 𝑉

𝑚𝑔

𝐿
× 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ×

1 𝐿

103𝑚𝐿
× 

×𝑊 𝑚𝐿 𝑊𝑆 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 ×
1

𝑌 𝑔 𝑓𝑟𝑒𝑠ℎ 𝑏𝑙𝑒𝑛𝑑
×
103𝑔

1 𝑘𝑔
 

 

Equation A.11 

The coversion factors N/NH4
+ = 0.78, N/NO3

- = 0.23 and P/PO4
3- = 0.33 were applied to 

determine the amount of N in the form of NH4
+ & NH3 and NO3

- & NO2
- and P in the form of 

PO4
3-, respectively. 

For the calculation of the total mass of any of the WS species in the samples or blends, it 

would not be necessary to divide by Y in Equation A.11. 
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Table A.5. Characterisation of the FWD, PVWD and WFA by NRM laboratory. For all the 

values, the estimated expanded uncertainty calculated as per the NORTEST 537 method was 

10 % (Moure Abelenda et al., 2021c). 

Element FWD PVWD WFA 

mg/kg sample Total WS Total WS Total WS 

Na 3,734.00 3,269.00 323.00 289.00 7,931.15 4,260.59 

K 3,127.00 2,643.00 3,675.00 3,149.00 113,099.66 87,208.77 

Ca 4,609.00 18.10 705.00 38.80 266,156.53 76.81 

Mg 213.00 2.46 518.00 14.40 35,012.06 <0.01 

S 485.00 125.00 291.00 38.50 15,126.99 13,851.40 

Cu 2.10  1.44  175.12  

Zn 12.40 0.14 6.52 0.10 1,627.82  

Mo 0.40 0.25 0.14 0.03 3.26  

Pb <0.50 <0.01 <0.5 <0.01 19.80  

Cd 0.03 <0.01 0.01 <0.01 27.90  

Hg <0.01 <0.01 <0.05 <0.05 <0.20  

Ni 1.69 0.58 0.95 0.13 30.15  

Cr 0.91 0.02 1.29 0.07 72.54  

F- <10.00  <10.00    

As <0.50 0.03 <0.50 <0.01 4.01  

Se 0.33 <0.05 <0.02 <0.05 0.84  

Co     13.72  

Fe     12,974.80  

Mn     19,024.40  

V     15.72  

B     408.95  

N 8,500.00  3,800.00    

P 1,004.00 174.00 1,119.00 200.00 23,848.16 11.04 
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A.5. Propagation of uncertainty in the calculation of the initial composition of a tri-

component blend (e.g. Blend 1; FWD+PVWD+WFA) 

It is noteworthy to highlight that this approach can only be followed when the uncertainties are 

regarded as random and independent from each other (Batstone, 2013; Tellinghuisen, 2001). 

Furthermore, it is necessary to consider the nominal share of each sample in the tri-component 

blend Table 3.2 (FWD, PVWD and WFA) and that the standard deviations (𝜎[𝐹𝑊𝐷], 𝜎[𝑃𝑉𝑊𝐷] 

and 𝜎[𝑊𝐹𝐴]) shown in the Table 3.3 of the initial characterisation represent less than 20 % of 

the average values ([FWD], [PVWD] and [WFA]). In this way, X represents the average value 

(Equation A.12) of a particular parameter in the blend (e.g. EC, DM, C, N, etc.) and σX the 

standard deviation (Equation A.13) at time zero. 

𝑋 = 𝐹𝑊𝐷 ∙ [𝐹𝑊𝐷] + 𝑃𝑉𝑊𝐷 ∙ [𝑃𝑉𝑊𝐷] +𝑊𝐹𝐴 · [𝑊𝐹𝐴] Equation A.12 

𝜎𝑋
2 = (

𝛿𝑋

𝛿[𝐹𝑊𝐷]
)
2

∙ 𝜎[𝐹𝑊𝐷]
2 + (

𝛿𝑋

𝛿[𝑃𝑉𝑊𝐷]
)
2

∙ 𝜎[𝑃𝑉𝑊𝐷]
2 + (

𝛿𝑋

𝛿[𝑊𝐹𝐴]
)
2

∙ 𝜎[𝑊𝐹𝐴]
2  

𝜎𝑋 = √𝐹𝑊𝐷2 ∙ 𝜎[𝐹𝑊𝐷]
2 + 𝑃𝑉𝑊𝐷2 ∙ 𝜎[𝑃𝑉𝑊𝐷]

2 +𝑊𝐹𝐴2 ∙ 𝜎[𝑊𝐹𝐴]
2  

Equation A.13 

Only the average value and the uncertainty of the pH of the blend were determined differently, 

because of the logarithmic relation with the concentration of protons in the blend (Equation 

A.17). 

𝑝𝐻 = − log[𝐻+] → [𝐻+] = 10−𝑝𝐻 Equation A.14 

𝑌 = 𝐹𝑊𝐷 ∙ 10−[𝐹𝑊𝐷] + 𝑃𝑉𝑊𝐷 ∙ 10−[𝑃𝑉𝑊𝐷] +𝑊𝐹𝐴 ∙ 10−[𝑊𝐹𝐴] Equation A.15 

𝜎𝑌
2 = (

𝛿𝑌

𝛿[𝐹𝑊𝐷]
)
2

∙ 𝜎[𝐹𝑊𝐷]
2

+ (
𝛿𝑌

𝛿[𝑃𝑉𝑊𝐷]
)
2

∙ 𝜎[𝑃𝑉𝑊𝐷]
2 + (

𝛿𝑌

𝛿[𝑊𝐹𝐴]
)
2

∙ 𝜎[𝑊𝐹𝐴]
2  

Equation A.16 

𝜎𝑌 = √(𝐹𝑊𝐷 ∙
𝑙𝑛10

10[𝐹𝑊𝐷]
)
2

∙ 𝜎[𝐹𝑊𝐷]
2 + (𝑃𝑉𝑊𝐷 ∙

𝑙𝑛10

10[𝑃𝑉𝑊𝐷]
)
2

∙ 𝜎[𝑃𝑉𝑊𝐷]
2 + (𝑊𝐹𝐴 ∙

𝑙𝑛10

10[𝑊𝐹𝐴]
)
2

∙ 𝜎[𝑊𝐹𝐴]
2

 

𝑍 = − log 𝑌 ; 𝜎𝑍
2 = (

𝛿𝑍

𝛿𝑌
)
2

∙ 𝜎𝑌
2 → 𝜎𝑍 = √(

−1

𝑌 ∙ ln 10
)
2

∙ 𝜎𝑌
2 

 

Equation A.17 
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A.6. Error propagation in the calculation of the Q 

𝑝𝐻 = −𝑙𝑜𝑔[𝐻+] → [𝐻+] = 10−𝑝𝐻 

𝜎[𝐻+] = √(
𝜕([𝐻+])

𝜕(𝑝𝐻)
)

2

∙ 𝜎𝑝𝐻
2 → 𝜎[𝐻+] = √(

𝑙𝑛10

10𝑝𝐻
)
2

∙ 𝜎𝑝𝐻
2  

Equation A.18 

 

[𝐻+] ∙ [𝑂𝐻−] = 10−14 → [𝑂𝐻−] =
10−14

[𝐻+]
 

𝜎[𝐻+] = √(
𝜕([𝑂𝐻−])

𝜕([𝐻+])
)

2

∙ 𝜎[𝐻+]
2 → 𝜎[𝑂𝐻−] = √(

10−14

[𝐻+]2
)

2

∙ 𝜎[𝐻+]
2  

Equation A.19 

 

𝑄 =
1

𝑊
(𝐶𝑎 − [𝐻+] + [𝑂𝐻−]) 

𝜎𝑄 = √(
1

𝑊
)
2

∙ 𝜎𝐻+
2 + (

1

𝑊
)
2

∙ 𝜎𝐻+
2 + (

−𝐶𝑎 + [𝐻+] − [𝑂𝐻−]

𝑊2
)

2

∙ 𝜎𝑊
2  

Equation A.20 
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Table A.6. Target pH and doses of the acids used in the treatment of slurry and manure (Moure Abelenda et al., 2021b). 

Target pH Acidifying agent Dose Dose equivalent/(mmol H+/g slurry) Reference 

<5.5 H2SO4   (Jensen, 2002) 

< 6.0 96 % H2SO4 0.5 kg/100 L slurry 0.0510 (Kai et al., 

2008) 

5.9 – 6.7 H2SO4 (concentrated) 1.9 – 3.3 L/ton slurry a0.0464 (Nyord et al., 

2013) 

5.5 (increase to 6 after 

storage) 

H2SO4 5.4 mL/kg pig slurry 

2.85 mL/kg cattle slurry 

0.0963 

0.0508 

(Sørensen and 

Eriksen, 2009) 

6.0 – 7.3 (19 hours after 

acidification) 

5 M H2SO4 Up to 2.2 % acid to 

slurry 

b0.1102 (Frost and 

Laughlin, 

1992) 

5.5 K2SO4 + HCl 1.6 g sulphur/kg slurry c0.0575 (Eriksen et al., 

2012) 

5.3 4 M HCl 17 – 18 mL/L manure d0.0700 (Panetta et al., 

2005) 

7.0 – 6.0 0.5 M HCl 0 – 0.4 mol HCl/kg 

slurry 

e0.2000 (Vandré and 

Clemens, 

1996) 

4.5 and 6.0 HNO3   (Velthof and 

Oenema, 1993) 
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Target pH Acidifying agent Dose Dose equivalent/(mmol H+/g slurry) Reference 

> 8.0 - < 4.0 HNO3 0.7 – 3.5 mg HNO3-N/g 

slurry 

f0.1500 (Laughlin and 

O’bric, 1995) 

5.0 HNO3 

CH3CH(OH)COOH 

 0.1587 

0.0008 

(Berg et al., 

2006) 

5.5 – 7.5 80 % CH3CH(OH)COOH 

 

Sucrose 

0.2 mL 

CH3CH(OH)COOH 

/cm3 manure 

0.12 g sucrose/cm3 

manure 

0.0077 

g0.0008 

(Berg and 

Pazsiczki, 

2006) 

aConsidering average value 2.6 L H2SO4 and density 1.84 g/mL according to the Material Safety Data Sheet (MSDS) of 95 % H2SO4. 
bAssuming that the density of the 5 M H2SO4 is around 1 g/mL. According to the MSDS, the density of the 18.8 M (100 %) H2SO4 is 1.84 g/mL. 

Also, assuming that the density of the acidified slurry is around 1 g/mL. 
cAssuming that the concentration of the HCl is equal to the proton concentration provided by the H2SO4. 
dTaking average value 17.5 mL HCl/L manure and assuming density of manure 1 kg/L. 
eTaking average value 0.2 mol HCl/Kg slurry. 
fTaking average value 2.1 mg HNO3-N/g slurry. 
gConsidering that all the sucrose (compound made of one molecule of glucose and one molecule of fructose) was converted to CH3CH(OH)COOH 

due to the anaerobic fermentation and assuming that there are no losses of COD due to the microbial metabolism. 
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Table A.7. Preparation of the acidifying agents for the evaluation of the first strategy (i.e. acidification of the anaerobic digestates with commercial 

doses before the addition of the wood ashes). The total volume of acidifying agent added to the digestates (20.557 mL) was determined by the 

amount of concentrated lactic acid required to meet the highest dose (Moure Abelenda, Semple, Lag-Brotons, et al., 2022). 

Acid mol acid/L a[H+]/(mol H+/L) Target dose/(mmol H+/g digestate) Volume acid/(mL) Milli-Q/(mL) mEq/g digestate 

H2SO4 18.293 18.304 

0.08 0.009 20.548 0.156 

0.16 0.020 20.538 0.33 

0.24 0.029 20.528 0.486 

0.32 0.038 20.519 0.643 

0.40 0.048 20.509 0.816 

HCl 11.813 11.813 

0.08 0.014 20.543 0.079 

0.16 0.029 20.528 0.157 

0.24 0.043 20.514 0.236 

0.32 0.058 20.500 0.314 

0.40 0.072 20.485 0.393 

HNO3 15.212 15.212 

0.08 0.012 20.545 0.087 

0.16 0.025 20.533 0.173 

0.24 0.036 20.521 0.253 

0.32 0.048 20.509 0.339 

0.40 0.061 20.497 0.426 

CH3CHOHCOOH 11.989 0.041 

0.08 4.112 16.446 22.77 

0.16 8.223 12.334 45.54 

0.24 12.334 8.223 68.31 
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Acid mol acid/L a[H+]/(mol H+/L) Target dose/(mmol H+/g digestate) Volume acid/(mL) Milli-Q/(mL) mEq/g digestate 

0.32 16.446 4.112 91.08 

0.40 20.557 0 113.85 

aCalculated considering pKa2 of 1.99 for the H2SO4 and a pKa1 of 3.86 for the CH3CH(OH)COOH (Regueiro, Coutinho, & Fangueiro, 2016).
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Figure A.1. Zooming out of the experimental results (n = 3) of the titration of analytes prepared 

by mixing 20 mL of milli-Q® water with (a) 2.11 ± 0.09 g of FWD, or (b) 2.20 ± 0.10 g of 

PVWD, or (c) 0.52 ± 0.02 g of WFA, or (d) 0.52 ± 0.02 g of WBA (Moure Abelenda, Semple, 

Lag-Brotons, et al., 2022). The titrants (18.29 mol H2SO4/L, 11.81 mol HCl/L, 15.21 mol 

HNO3/L and 11.99 mol CH3CH(OH)COOH/L) were employed in volumes ≤ 200 µL per dose-

point, with the exception of CH3CH(OH)COOH that required volumes up to 10 times higher 

per dose-point to reach the titration end-point (pH < 2). 

0

1

2

3

4

5

6

7

8

9

0 5 10 15 20

p
H

mEq/g FWD

H₂SO₄

HCl

HNO₃

CH₃CH(OH)COOH

(a)

0

1

2

3

4

5

6

7

8

9

0 2 4 6 8 10
p

H
mEq/g PVWD

H₂SO₄

HCl

HNO₃

CH₃CH(OH)COOH

(b)

0

2

4

6

8

10

12

14

0 50 100 150 200 250 300

p
H

mEq/g WFA

H₂SO₄

HCl

HNO₃

CH₃CH(OH)COOH

(c)

0

2

4

6

8

10

12

14

0 50 100 150 200 250 300

p
H

mEq/g WBA

H₂SO₄

HCl

HNO₃

CH₃CH(OH)COOH

(d)



Chemical stabilisation of anaerobic digestate via wood ash-based treatment 

297 

  
Figure A.2. (a)Visual MINTEQ simulation of the titration of a suspension of 20 mL milli-Q® 

water with 0.5 g of WFA (Table A.5) with four different acids: 17.82 mol H2SO4/L, 11.97 mol 

HCl/L, 15.78 mol HNO3/L and 11.99 mol CH3CH(OH)COOH/L. (b) Anion concentration in 

the water-soluble fraction of the analyte, in each titration (Moure Abelenda, Semple, Lag-

Brotons, et al., 2022). 
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Figure A.3. Visual MINTEQ simulation of the concentration of the anions in the in the water-

soluble fraction of the suspensions of 20 mL of milli-Q® water with (a) 2 g of FWD, (b) 2 g 

of PVWD, (c) 0.5 g of WFA, or (d) 0.5 g of WBA. The titrants employed were: 17.82 mol 

H2SO4/L, 11.97 mol HCl/L, 15.78 mol HNO3/L and 11.99 mol CH3CH(OH)COOH/L. The 

simulations were conducted using the composition of the samples reported in Table A.3. 

Molecules of glycine and glyphosate were used to represent the Corg, Norg and Porg of the 

anaerobic digestates. The Dissolved Inorganic Carbon model was used for the wood ashes 

(Moure Abelenda, Semple, Lag-Brotons, et al., 2022).
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Figure A.4. Visual MINTEQ simulation of the fate of the cations of the acid titrants once added 

to the 20 mL analyte containing 162.79 mmol Ca2+/L and 162.79 mmol CO3
2-/L. Each step of 

the titration corresponds to the addition of 10 µL of the following concentrated acids: (a) 18.29 

mol/L H2SO4; (b) 11.81 mol/L HCl; (c) 15.21 mL HNO3; and (d) 11.99 mL 

CH3CH(OH)COOH (Moure Abelenda, Semple, Lag-Brotons, et al., 2022). 
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Figure A.5. Calculation of the pHzpc of the WFA using as titrants (a) 17.82 mol H2SO4/L and 

(b) 11.99 mol CH3CH(OH)COOH/L. Calculation of the pHzpc of the WBA using as titrants (c) 

17.82 mol H2SO4/L and (d) 11.99 mol CH3CH(OH)COOH/L (Moure Abelenda, Semple, Lag-

Brotons, et al., 2022). 
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Figure A.6. Calculation of the pHzpc of the FWD using as titrants (a) 17.82 mol H2SO4/L, (b) 

11.97 mol HCl/L, (c) 15.78 mol HNO3/L and (d) 11.99 mol CH3CH(OH)COOH/L (Moure 

Abelenda, Semple, Lag-Brotons, et al., 2022). 
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Figure A.7. Calculation of the pHzpc of the PVWD using as titrants (a) 17.82 mol H2SO4/L, (b) 

11.97 mol HCl/L, (c) 15.78 mol HNO3/L and (d) 11.99 mol CH3CH(OH)COOH/L (Moure 

Abelenda, Semple, Lag-Brotons, et al., 2022). 
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Figure A.8. Phase separation immediately after the addition WBA 

to the PVWD, which had been acidified at a rate of 0.16 mEq 

H2SO4/g (Moure Abelenda, Semple, Lag-Brotons, et al., 2022). 

 

Figure A.9. Foam formation immediately after the 

addition WFA to the FWD, which had been acidified 

at a rate of 22.77 mEq CH3CH(OH)COOH/g (Moure 

Abelenda, Semple, Lag-Brotons, et al., 2022). 
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A.7. Propagation of uncertainty in the calculation of the initial composition of a bi-

component blend (e.g. WBA mixed with PVWD) 

Firstly, the share of each sample in the bi-component blend was determined with Equation A.21 

and Equation A.22. Since all the standard deviations shown in the table of the initial 

characterisation (Table 3.3) represent less than 20 % of the average values, the calculation of 

the propagation of the uncertainty was done with Equation A.23 and Equation A.24. 

Additionally, it should be noted that this approach can only be followed when the uncertainties 

are regarded as random and independent from each other (Batstone, 2013; Tellinghuisen, 

2001). 

𝑊𝐵𝐴 =
𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅

𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
 

Equation A.21 

𝑃𝑉𝑊𝐷 =
𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅

𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
 

Equation A.22 

𝜎𝑊𝐵𝐴
2 = (

𝛿𝑊𝐵𝐴

𝛿𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅
2 + (

𝛿𝑊𝐵𝐴

𝛿𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
2  

𝜎𝑊𝐵𝐴 = √(
𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅

(𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅)2
)

2

∙ 𝜎𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅
2 + (

−𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅

(𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅)2
)

2

∙ 𝜎𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
2  

 

 

 

Equation A.23 

𝜎𝑃𝑉𝑊𝐷
2 = (

𝛿𝑃𝑉𝑊𝐷

𝛿𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅
2 + (

𝛿𝑃𝑉𝑊𝐷

𝛿𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
)
2

∙ 𝜎𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
2  

𝜎𝑃𝑉𝑊𝐷 = √(
−𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅

(𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅)2
)

2

∙ 𝜎𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅
2 + (

𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅

(𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅ + 𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅)2
)

2

∙ 𝜎𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅
2  

 

 

 

Equation A.24 

WBA̅̅ ̅̅ ̅̅ ̅, PVWD̅̅ ̅̅ ̅̅ ̅̅ , σ𝑊𝐵𝐴̅̅ ̅̅ ̅̅ ̅ and σ𝑃𝑉𝑊𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅ represent the averages and the standard deviations (n=3) of 

the masses of each sample employed in the experiments. Therefore, WBA, PVWD, σWBA and 

σPVWD stand for the share of each sample in the blend. These values are necessary to determine 

the initial characterisation of the blend. In this way, X represents the average value (Equation 

A.25) of a particular parameter in the blend (e.g. EC, DM, C, N, etc.) and σX the standard 

deviation (Equation A.26). 

𝑋 = 𝑊𝐵𝐴 ∙ [𝑊𝐵𝐴] + 𝑃𝑉𝑊𝐷 ∙ [𝑃𝑉𝑊𝐷] Equation A.25 

𝜎𝑋
2 = (

𝛿𝑋

𝛿𝑊𝐵𝐴
)
2

∙ 𝜎𝑊𝐵𝐴
2 + (

𝛿𝑋

𝛿[𝑊𝐵𝐴]
)
2

∙ 𝜎[𝑊𝐵𝐴]
2 + (

𝛿𝑋

𝛿𝑃𝑉𝑊𝐷
)
2

∙ 𝜎𝑃𝑉𝑊𝐷
2 + (

𝛿𝑋

𝛿[𝑃𝑉𝑊𝐷]
)
2

∙ 𝜎[𝑃𝑉𝑊𝐷]
2  

𝜎𝑋 = √[𝑊𝐵𝐴]2 ∙ 𝜎𝑊𝐵𝐴
2 +𝑊𝐵𝐴2 ∙ 𝜎[𝑊𝐵𝐴]

2 + [𝑃𝑉𝑊𝐷]2 ∙ 𝜎𝑃𝑉𝑊𝐷
2 + 𝑃𝑉𝑊𝐷2 ∙ 𝜎[𝑃𝑉𝑊𝐷]

2  Equation A.26 
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Only the average value and the uncertainty of the pH of the blend (Equation A.28, respectively) 

were determined differently, because of the logarithmic relation with the concentration of 

protons in the blend. 

𝑝𝐻 = − log[𝐻+] → [𝐻+] = 10−𝑝𝐻 

𝑌 = 𝑊𝐵𝐴 ∙ 10−[𝑊𝐵𝐴] + 𝑃𝑉𝑊𝐷 ∙ 10−[𝑃𝑉𝑊𝐷] Equation A.27 

𝜎𝑌 = √10−2[𝑊𝐵𝐴] ∙ 𝜎𝑊𝐵𝐴
2 + (𝑊𝐵𝐴 ∙

𝑙𝑛10

10[𝑊𝐵𝐴]
)
2

∙ 𝜎[𝑊𝐵𝐴]
2 + 10−2[𝑃𝑉𝑊𝐷] ∙ 𝜎𝑃𝑉𝑊𝐷

2 + (𝑃𝑉𝑊𝐷 ∙
𝑙𝑛10

10[𝑃𝑉𝑊𝐷]
)
2

∙ 𝜎[𝑃𝑉𝑊𝐷]
2  

𝑍 = − log 𝑌 ; 𝜎𝑍 = √(
−1

𝑌 ∙ ln 10
)
2

∙ 𝜎𝑌
2 

 

Equation A.28 

A.8. Calculation of the empirical concentration of the WI P expressed in fresh basis and 

its empirical total mass in the blend 

The calculation of the concentration of the WI P (Equation A.29) was based on the value given 

by the AutoanalyzerTM (X) which measured the concentration of PO4
3- in the 50 mL acid extract 

obtained from the sulphuric-peroxide digestion of a subsample (W) of the total WI material (Z) 

recovered after the incubation of the blend (Y). The procedure establishes a dilution factor of 

5 to produce an extract with up to 1 vol.% of acid that can be measured in the AutoanalyzerTM. 

𝑊𝐼 𝑃 = 𝑋
𝑚𝑔 𝑃

𝐿
× 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ×

1 𝐿

103𝑚𝐿
× 

× 50 𝑚𝐿 𝑎𝑐𝑖𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 ×
1

𝑊 𝑔 𝑊𝐼 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑
× 

×
𝑍 𝑔 𝑊𝐼 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑌 𝑔 𝑓𝑟𝑒𝑠ℎ 𝑏𝑙𝑒𝑛𝑑
×
103𝑔

1 𝑘𝑔
 

 

 

 

Equation A.29 

It should be noted that the factor P/PO4
3- = 0.33 needs to be applied to determine the amount 

of P in the form of PO4
3-. 

For the empirical balance, the calculation of the total mass of the WI P in the blend, it would 

not be necessary to divide by mass of blend (Y) in the Equation A.29.
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A.9. Calculation of the empirical concentration of the WI C and WI N, and their empirical 

and theoretical total mass in the blend 

The calculation (Equation A.30) was based on the percentage values (X) provided by the 

elemental analyser Elementar Vario EL cube® which characterised a subsample of the total 

WI material (Z) recovered after the incubation of the blend (Y). 

𝑊𝐼 𝑁 =
𝑋(%)

100

𝑚𝑔 𝑇𝑁

𝑚𝑔 𝑊𝐼 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
× 

×
𝑍 𝑚𝑔 𝑊𝐼 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑌 𝑔 𝑓𝑟𝑒𝑠ℎ 𝑏𝑙𝑒𝑛𝑑
×
103𝑔

1 𝑘𝑔
 

 

Equation A.30 

For the calculation of the total mass of the WI C and WI N in the blend, it would not be 

necessary to divide to divide by mass of blend (Y) in the Equation A.30. For the theoretical 

balance, the initial masses (Z) of WI materials were assumed to be the DM of the blend (Table 

5.1). 
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Figure A.8. Detailed amount of samples used for the preparation of the blend in the first study 

of Chapter 5, testing 7 acidification doses: (a) 0.08 mmol H+-H2SO4/g PVWD, (b) 0.24 mmol 

H+-H2SO4/g PVWD, (c) 0.08 mmol H+-HCl/g PVWD, (d) 0.24 mmol H+-HCl/g PVWD, (e) 

0.08 mmol H+-HNO3/g PVWD, (f) 0.24 mmol H+-HNO3/g PVWD and (g) 0 mmol H+/g 

PVWD (Moure Abelenda et al., 2021b). 
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Figure A.9. Theoretical C balances in the first study of Chapter 5, about adding 0.51 ± 0.03 g 

of WBA in the middle (at the 96 hours) of the 192-h incubation of 2.24 ± 0.09 g of PVWD 

under 7 acidification conditions: (a) 0.08 mmol H+-H2SO4/g PVWD, (b) 0.24 mmol H+-H2SO4/ 

g PVWD, (c) 0.08 mmol H+-HCl/g PVWD, (d) 0.24 mmol H+-HCl/g PVWD, (e) 0.08 mmol 

H+-HNO3/g PVWD, (f) 0.24 mmol H+-HNO3/g PVWD and (g) 0 mmol H+/g PVWD. Initial C 

stands for the calculated C in the system based on the initial characterisation of the samples 

(Table 5.1). Final C was calculated as the addition of the empirical masses of WS C and WI C. 

The average values of the C recovery effectiveness over the 196 hours of incubation is stated 

in each graph (Moure Abelenda et al., 2021b). 

0

20

40

60

80

100

120

0 50 100 150 200

C
/(

m
g
)

Incubation/(h)(a)

108.13 ± 23.43 % recovery

0

20

40

60

80

100

120

0 50 100 150 200

C
/(

m
g
)

Incubation/(h)(b)

102.21 ± 13.26 % recovery

0

20

40

60

80

100

120

140

0 50 100 150 200

C
/(

m
g
)

Incubation/(h)(c)

105.27 ± 17.34 % recovery

0

20

40

60

80

100

120

0 50 100 150 200

C
/(

m
g
)

Incubation/(h)(d)

104.83 ± 10.58 % recovery

0

20

40

60

80

100

120

0 50 100 150 200

C
/(

m
g
)

Incubation/(h)(e)

103.35 ± 11.72 % recovery

0

20

40

60

80

100

120

140

0 50 100 150 200

C
/(

m
g
)

Incubation/(h)(f)

102.16 ± 16.06 % recovery

0

20

40

60

80

100

120

0 25 50 75 100 125 150 175 200

C
/(

m
g
)

Incubation/(h)

Initial C

WS C

WI C

Final C

(g)

112.21 ± 15.52 % recovery



Chemical stabilisation of anaerobic digestate via wood ash-based treatment 

309 

  

  

  

 

Figure A.10. Theoretical N balances in the first study of Chapter 5, about adding 0.51 ± 0.03 

g of WBA in the middle (at the 96 hours) of the 192-h incubation of 2.24 ± 0.09 g of PVWD 

under 7 acidification conditions: (a) 0.08 mmol H+-H2SO4/g PVWD, (b) 0.24 mmol H+-H2SO4/ 

g PVWD, (c) 0.08 mmol H+-HCl/g PVWD, (d) 0.24 mmol H+-HCl/g PVWD, (e) 0.08 mmol 

H+-HNO3/g PVWD, (f) 0.24 mmol H+-HNO3/g PVWD and (g) 0 mmol H+/g PVWD. Initial N 

stands for the calculated N in the system based on the initial characterisation of the samples 

(Table 5.1). Final N was calculated as the addition of the empirical masses of WS N and WI 

N. The average values of the N recovery effectiveness over the 196 hours of incubation is stated 

in each graph (Moure Abelenda et al., 2021b). 
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Figure A.11. Detailed amounts of WBA and extractant used for the preparation of the 

destructive samples before and after the blending with the PVWD at the 96 hours of incubation 

under 5 acidification conditions: (a) 6.29 mmol H+-H2SO4/g WBA, (b) 15.21 mmol H+-HCl/g 

WBA, (c) 11.97 mmol H+-HNO3/g WBA, (d) 0.16 mmol H+-CH3CH(OH)COOH/g WBA and 

(e) 0 mmol H+/g WBA (Moure Abelenda et al., 2021b). 
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Figure A.12. Detailed amounts of PVWD and extractant used for the preparation of the 

destructive samples before and after the blending with the WBA at the 96 hours of incubation 

under 5 acidification conditions: (a) 6.29 mmol H+-H2SO4/g PVWD, (b) 15.21 mmol H+-HCl/g 

PVWD, (c) 11.97 mmol H+-HNO3/g PVWD, (d) 0.16 mmol H+-CH3CH(OH)COOH/g PVWD 

and (e) 0 mmol H+/g PVWD (Moure Abelenda et al., 2021b). 
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Figure A.13. Initial and final fractionation of 1.28 ± 0.27 g of WBA and 3.40 ± 0.20 g of 

PVWD before and after blending (at the 96 hours) under 5 acidification conditions: (a) initial 

WS extract, (b) final WS extract, (c) initial WI material and (d) final WI material (Moure 

Abelenda et al., 2021b). 
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Figure A.14. Zoom in (a) the WS PO4
3--P and (b) the WI P of 1.27 ± 0.27 g of WBA and 3.40 

± 0.20 g of PVWD before and after blending (at the 96 hours), under 5 acidification conditions 

(i.e. H2SO4, HCl, HNO3, CH3CHCOOH and no acidification), during the 144-h incubation 

(Moure Abelenda et al., 2021b). 
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Figure A.15. Experimental P balances in the second study of Chapter 5, for1.28 ± 0.27 g of 

WBA and 3.40 ± 0.20 g of PVWD before and after blending (at the 96 hours) under 5 

acidification conditions: (a) 6.29 mmol H+-H2SO4/g WBA and 0.12 mmol H+-H2SO4/g PVWD, 

(b) 15.21 mmol H+-HCl/g WBA and 0.24 mmol H+-HCl/g PVWD, (c) 11.97 mmol H+-HNO3/g 

WBA and 0.14 mmol H+-HNO3/g PVWD, (d) 0.16 mmol H+-CH3CH(OH)COOH/g WBA and 

0.03 mmol H+-CH3CH(OH)COOH/g PVWD, and (e) 0 mmol H+/g WBA and 0 mmol H+/g 

PVWD. Initial P stands for the calculated P in the system based on the initial characterisation 

of the samples (Table 5.1). Final P was calculated as the sum of the masses of WS PO4
3--P and 

WI P. The average values of the P recovery effectiveness over the 144 hours of incubation for 

each sample are stated in the graphs (Moure Abelenda et al., 2021b). 
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Figure A.16. Zoom out (a) the WS C and (b) the WI C of of 1.27 ± 0.27 g of WBA and 3.40 ± 

0.20 g of PVWD before and after blending (at the 96 hours), under 5 acidification conditions 

(i.e. H2SO4, HCl, HNO3, CH3CHCOOH and no acidification), during the 144-h incubation 

(Moure Abelenda et al., 2021b). 
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Figure A.17. Experimental C balances in the second study of Chapter 5, for 1.28 ± 0.27 g of 

WBA and 3.40 ± 0.20 g of PVWD before and after blending (at the 96 hours) under 5 

acidification conditions: (a) 6.29 mmol H+-H2SO4/g WBA and 0.12 mmol H+-H2SO4/g PVWD, 

(b) 15.21 mmol H+-HCl/g WBA and 0.24 mmol H+-HCl/g PVWD, (c) 11.97 mmol H+-HNO3/g 

WBA and 0.14 mmol H+-HNO3/g PVWD, (d) 0.16 mmol H+-CH3CH(OH)COOH/g WBA and 

0.03 mmol H+-CH3CH(OH)COOH/g PVWD and (e) 0 mmol H+/g WBA and 0 mmol H+/g 

PVWD. Initial C stands for the calculated C in the system based on the initial characterisation 

of the samples (Table 5.1). Final C was calculated as the sum of the empirical masses of WS 

C and WI C. The average values of the C recovery effectiveness over the 144 hours of 

incubation for each sample are stated in the graphs (Moure Abelenda et al., 2021b). 
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Figure A.18. Zoom out the (a) WS NO3
--N, (b) WS N and (c) WI C of 1.28 ± 0.27 g of WBA 

and 3.40 ± 0.20 g of PVWD before and after blending (at the 96 hours), under 5 acidification 

conditions (i.e. H2SO4, HCl, HNO3, CH3CHCOOH and no acidification), during the 144-h 

incubation (Moure Abelenda et al., 2021b). 
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Figure A.19. Experimental N balances in the second study of Chapter 5, for 1.28 ± 0.27 g of 

WBA and 3.40 ± 0.20 g of PVWD before and after blending (at the 96 hours) under 5 

acidification conditions: (a) 6.29 mmol H+-H2SO4/g WBA and 0.12 mmol H+-H2SO4/g PVWD, 

(b) 15.21 mmol H+-HCl/g WBA and 0.24 mmol H+-HCl/g PVWD, (c) 11.97 mmol H+-HNO3/g 

WBA and 0.14 mmol H+-HNO3/g PVWD, (d) 0.16 mmol H+-CH3CH(OH)COOH/g WBA and 

0.03 mmol H+-CH3CH(OH)COOH/g PVWD and (e) 0 mmol H+/g WBA and 0 mmol H+/g 

PVWD. Initial N stands for the calculated N in the system based on the initial characterisation 

of the samples (Table 5.1). Final N was calculated as the sum of the empirical masses of WS 

N and WI N. The average values of the N recovery effectiveness over the 144 hours of 

incubation for each sample are stated in the graphs (Moure Abelenda et al., 2021b). 
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Figure A.20. Detailed amounts of [H2SO4], WFA, WFA extractant, PVWD and PVWD 

extractant used for the preparation of the blends (Table 6.1): (a) HCl-WFA+PVWD, (b) HCl-

WFA+HCl-PVWD, (c) PVWD and (d) HCl-PVWD (Moure Abelenda, Semple, Herbert, et al., 

2022). 
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Table A.8. Different types of chambers are employed to measure the ammonia volatilisation and GHGs emissions during the storage and after the 

land application of organic amendments (Moure Abelenda, Semple, Herbert, et al., 2022). 

Headspace Type of manure Incubation H2SO4 trap Analysis 

300-mL static chamber (Velthof et al., 

2005)a. 

200 mL manure (2.0 – 4.8 g 

NH4
+-N/kg fresh material) 

from manipulation of pig 

diet. 

Anaerobic incubation 

at 35 ºC. 

No shaking 

90 days 

3 mL 

3.2 mol/L 

Minimum recharge 

of 24 hours (Flux 

with N2 for 10 

minutes after 

measurement). 

Mix all H2SO4 

samples to 

quantify total 

NH3 emission. 

500-mL static chamber (Van der Stelt 

et al., 2007)a. 

500 g biologically treated 

(Agri-mest®, Effective 

micro-organism® and Euro 

Mest-mix®) manure slurry 

(18.2 g inorganic N/kg DM). 

Incubation at 4, 20 and 

35 ºC. Shaking every 

even day. Removing 

the acid trap. 

223 days 

12.5 mL 

3.2 mol/L 

Minimum recharge 

of 24 hours. 

Segmented flow 

analysis. 

Dilution to 50 

mL total volume 

with milli-Q 

water. 
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Headspace Type of manure Incubation H2SO4 trap Analysis 

1000-mL static chamber (Whelan et 

al., 2010)a. 

120 mL digestate (5775 mg 

NH4
+-N/L) obtained from 

ruminant slurry and food 

waste. 

Model to assess impact (e.g. 

depth to surface ratio) on 

NH3 volatilisation. 

25 ºC 

No shaking 

(12 mm depth) 

15 days 

1 mol/L 

10 mL 

Minimum recharge 

of 24 hours. 

Indophenol blue 

method 

photometer. 

Dilution with 

milli-Q water 

and adjustment 

to pH 4. 

700-mL (assuming density slurry 1 

g/mL) static chamber (Regueiro, 

Coutinho, & Fangueiro, 2016)a. 

300 g chemically treated 

(CH3COOH, citric acid, 

CH3CH(OH)COOH, 

H2SO4, Al2(SO4)3) pig and 

dairy slurry. 

15 ºC 

No shaking 

60 days 

100 mL 

0.1 mol/L H3PO4 

Minimum recharge 

of 12 hour (10-

minute aeration 

after sampling). 

AutoanalyzerTM 

Skalar, Breda 

(segmented flow 

colorimetry). 

200-mL closed chamber employed in 

the Chapter 6, Chapter 7 and Chapter 

8b. 

Approximately 30 mL of 

blend of post-harvest 

vegetable waste digestate 

(689.74 mg NH4
+-N/L) 

25 ºC 

Continuous shaking at 

100 rpm. 

6 days 

10 mL 

1 mol/L 

Minimum recharge 

of 1 hour 

AutoanalyzerTM, 

SEAL analytical 

(segmented flow 
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Headspace Type of manure Incubation H2SO4 trap Analysis 

trated with HCl acidified 

wood bottom ash. 

(destructive 

sampling). 

indophenol blue 

photometer). 

12 to 27 L -closed dynamic chamber 

(Berg et al., 2006)c. Flowrate during 

sampling was changed once per 

minute. Ventilation only during 

sampling. 

5 and 8 % DM pig slurry 

(2,570 mg NH4
+-N/kg). 

Room temperature 

49 cm diameter 

65-L Open container 

≥ 162 days 

 Photoacoustic 

gas monitor once 

per week. 

500-mL closed dynamic chamber 

(Dinuccio, Berg, et al., 2008)c. Flow 

rate compressed air 500 mL/min. Open 

storage and dynamic chamber only 

used for sampling gaseous emissions. 

1,000 mL cattle (1160 to 

1,490 mg NH4
+-N/kg) and 

pig (4,050 to 4,330 mg 

NH4
+-N/kg) slurry and their 

solid and liquid fractions 

(obtained through 

mechanical separation). 

5 ± 0.5 ºC and 25 ± 0.2 

ºC. 

No shaking (crust 

formation was 

allowed). 

95c m top diameter 

100 cm base diameter 

200 cm depth 

30 day 

 Photo-acoustic 

multi-gas 

monitor. 
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Headspace Type of manure Incubation H2SO4 trap Analysis 

500 to 1100 -mL closed dynamic 

chamber (Dinuccio, Balsari, et al., 

2008)c. 

1 kg whole pig slurry and 

liquid fractions. 

0.4 kg solid fraction 

25 ± 0.2 ºC 

74 cm2 

1500 mL open 

container. 

 Photo-acoustic 

multi-gas 

monitor. 

400-mL (assuming density slurry 1 

g/mL) closed dynamic chamber 

(Kavanagh et al., 2019)c. 

1.6 kg dairy and cattle slurry 

(4 and 7 % DM) treated with 

H2SO4, CH3COOH, 

AlK(SO4)2·12H2O and 

FeCl3·6H2O. 

Irish farm winter 

conditions 8.6 ºC and 

60 % moisture. 

14 days. 

 Glass wool 

soaked with 0.05 

M oxalic acid to 

strip the 

moisture from 

the air before 

reaching the 

photo-acoustic 

monitor. 

1.57-L open dynamic chamber 

(Brennan et al., 2015)d. 

5.1 L air/min 

Chemically treated dairy 

cattle slurry treated with 

AlK(SO4)2·12H2O, FeCl2, 

AlCl3, biochar and lime. 

Application of the 

treated slurry at a rate 

of 33 m3/ha over the 

soil. 

3 % of oxalic acid 

in acetone (Leuning 

et al., 1985). 
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Headspace Type of manure Incubation H2SO4 trap Analysis 

20 cm diameter Minimum recharge 

of 1 hour. 

80-L wind tunnels (Dinuccio et al., 

2012) evenly distributed over manure 

surface (spaced 1 m apart)e. 

0.6 m/s air flow. 4 L/min 

Pig slurry and liquid fraction 

(900 m3 cylinder 314 m2) 

and 6.6 m3 truncated cone 

heap (solid fraction; 21 m2). 

Summer (15-25 ºC) 

and winter (3-10 ºC) 

seasons in Piemonte 

(Italy). 

Area measurement (no 

shaking). 

80 mL 

18.65 mol/L 

Minimum recharge 

of 24 hours. 

Ammonium 

sensitive 

electrode (ISO 

TC 147/6778). 

58-m3 open dynamic chamber (Balsari 

et al., 2007)d. 37,650 m3/h air flowrate. 

Air velocity 2 m/s. 

200 kg farmyard manure 

heaps. 

Torino University 

(Grugliasco) 

850 mm of rain per 

year and 12.3 ºC. 

Collection of 

samples of 

outgoing air from 

15 sampling points. 

6 days of sampling. 

Ion-meter 

equipped with a 

gas-sensitive 

combined 

electrode for 

NH3 

measurement in 

the 1 % H2SO4 

traps. 
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Headspace Type of manure Incubation H2SO4 trap Analysis 

9-L open dynamic chamber (assuming 

height of 0.2 m for the inverted PVC 

funnel covering 0.138 m2 of surface)a,d. 

Air flow 9 L/min. Air velocity 0.05 – 

0.01 m/s (Balsari et al., 2007). 

80-L wind tunnel (Dinuccio et al., 

2012; Schmidt & Bicudo, 2002). 

Covering an area of 0.32 m2. Air flow 

4 L/min. Air velocity 0.5 m/s (Balsari 

et al., 2007)e. 

Pig slurry 

 

 

 

Dairy cattle slurry 

North Western Po 

Valley (Italy). 

314 m3; 10 m diameter 

and 4 m depth. 

Average rainfall 900 

mm/year and 12 ºC. 

1 % boric acid 

solution. 

Minimum recharge 

of 24 hours. 

6 days of sampling. 

 

Titration of the 

ammonium 

borate with a 

H2SO4 solution 

0.2 N. 

Open environment  

(Leuning et al., 1985; Maffia et al., 

2021)f. 

Any Continuous 40 mL 3 % oxalic 

acid in acetone 

20 mL 0.5 N H2SO4 

Spectrophotome

try 

aIn the static chamber there is no flux of air allowing the convective movement of the ammonia volatilised. As described by Van der Stelt et al. 

(2007): “In this method transport of NH3 by air movement was excluded and so NH3 volatilisation occurred in a passive way”. 

bThe method used in this thesis is a modification of the static chamber procedure (Velthof et al., 2005) and these were considered to be the best 

conditions for representing the current practices of storage of the anaerobic digestate and the preparation of a novel fertiliser. The effect of the 

mixing have been tested in other systems such as the closed dynamic chamber (Perazzolo et al., 2015) and the wind tunnel (Blanes-Vidal et al., 

2012). 

cIn the dynamic chamber the direction of the flux of air in the headspace is not clearly defined. A dynamic chamber is regarded as closed if the air 

comes from a known supply (i.e. gas bottle). 
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dOn the other hand, in an open dynamic chamber, is the air from the environment outside of the chamber what is pumped to allow the convective 

movement of the gases in the headspace. In the latter case, it is required to measure the composition of the air at the entrance of the chamber and/or 

use filters. 

eThe wind tunnel allows laminar flux of air in the headspace. These are the conditions that better represent the open storage of the organic 

amendments (i.e. digestate, manure and slurry). Nevertheless, according to Schmidt & Bicudo (2002), small wind tunnels may not meet all the 

criteria and should be more accurately referred to as flux chambers. 

fPassive techniques for measuring the NH3. 
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Figure A.27. Detailed amounts of samples and extractant (i.e. ultrapure milli-Q® water) used 

for the preparation of (a) WBA+PVWD and (b) PVWD in a closed chamber with a 0.11 M 

H2SO4 solution (Table 7.1). The Y axis does not start at zero in order to appreciate the amounts 

of [H2SO4], WBA, Extractant of WBA and PVWD (Moure Abelenda et al., 2021d). 
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