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Abstract 

Anaerobic digestate is a waste product of biogas generation which is produced in large amounts 

and, because of its high water content, it is expensive to store, transport, and spread to land. 

Additionally, special conditions are required for land application to minimise the losses of 

nutrients. This material is primarily used as source of organic matter for soil while farmers 

continue to rely on NPK chemical fertilisers, which are produced using energy intensive 

processes. This work evaluated the use of low-pollutant biomass bottom ash as an adsorbent to 

decrease the availability and the losses of carbon and nutrients. A number of acidification 

conditions were tested to enhance the adsorption and to improve the dewaterability of the 

organic waste. The final blend was intended to have a more balanced nutrient profile and to 

offer better performance in terms of crop growth than the digestate alone. The severe 

acidifications of the digestate and ash using sulphuric, hydrochloric, nitric, and lactic acids 

increased more than twice the amount of ammonia which remained in the digestate-ash blend. 

Hydrochloric acid was found to be the best option for preparation of the ash as sorbent, before 

mixing with the digestate, and to promote dehydration of the blend to enhance solid-liquid 

separation. This acid did not reduce the number of active sites in the ash, to promote the 

chemical stabilisation of the digestate; the addition of the acidified ash reduced the pH below 

that of the digestate thereby reducing the volatilisation of NH3 from the blend.



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 anaerobic digestion (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 [1]. Moreover, 

the resulting digestate potentially has a significant role to play in recycling key plant nutrients 

(e.g. nitrogen and phosphorus) back to land [2,3]. The use of this organic amendment with low 

pathogen content offers opportunities to restore the soil as a natural carbon sink as well as 

promoting soil health and fertility for greater crop yield [4]. However, the high moisture 

content of digestate poses problems of high capital investment and operational costs (i.e. 

storage and haulage) [5]due to the large volume of this material. Due to the high availability of 

carbon and nutrients in the digestate, losses via leaching and volatilisation are expected to occur 

prior to, during, and after spreading this material to land. 

To offset some of these challenges, 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 sewage sludge), and the performances of several technologies have been evaluated [5]. 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 [6,7] 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 [5]. In the case of 

the agro-industrial digestate, the fibres can be employed as bedding material for animals while 

the liquor requires expensive low emission spreading techniques (e.g. soil injection) [8]. 

Additives, such as aluminium sulphate, ferric chloride, acetic acid, and sulphuric acid, can be 

used to minimise the release of atmospheric contaminants during storage [9] and application 

[10] of animal manure and slurry to soil. This technology aim to ease the handling of agro-

industrial residues and might to improve their performance in terms of crop growth, but farmers 

continue to rely on NPK chemical fertilisers [11]. For this reason biomass ashes have been used 

to supplement the nutrients of digestate [2,3]. 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, as highlighted by Zheng et al. [12]. They found that the 



effectiveness of the filtration was higher when a surfactant was included in the blend of agro-

industrial digestate and coal fly ash, as this resulted in release of the water which was bounded 

to the fibre of digestate. 

The granulation of sewage sludge [13] and digestate [14] together with biomass ash has also 

been investigated as a way of obtaining an user-friendly product with superior aesthetic 

properties. To the best of our knowledge, 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. We aim to develop a manufacturing process with a 

number of synergies to achieve the three levels of stabilisation: (a) chemical stabilisation based 

on the adsorption of carbon and 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 carbon and nutrient losses due to excessive 

mineralisation (e.g. N2O emissions and NO3
- leaching). 

The present work contains two studies about the chemical stabilisation of an agro-industrial 

digestate by means of blending it with wood ash 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. phosphorus) 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. 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 phosphorus, carbon, and nitrogen were monitored before and 

after blending the two waste streams, under different acidification conditions. 

2. Materials and methods 

2.1. Materials 

Wood bottom ash (WBA) was selected because it represented the main share of the ashes 

generated in the grate combustion chamber of the sawmill cogeneration plant (Table 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 [15]. 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 [16]. The WBA was 



stored in a sealed plastic box to minimise the contact with the open atmosphere during its 

transportation by courier. The metal oxides present in the ashes could react with moisture and 

CO2 of the environment, leading to a decrease of alkalinity due to formation of hydroxides and 

carbonates (CO3
2-), respectively [17]. These types of absorption reactions (e.g. neutralisation, 

carbonation, etc.) are widely used for cleaning flue gases [18]. Once the 10 kg of WBA was 

received at Lancaster University, a composite sub-sample was prepared by milling and sieving 

to pass a 1 mm mesh, being stored in a zip-bag and was stored at room temperature until further 

use. This was considered a “fresh” sample. 

Table 1 Description of the feedstock used in the production plants from which the digestate 

and the ash were sampled. 

Sample Production plant feedstock composition and capacity 

WBA Virgin wood, bark, and chipped timber. Usually mixture ratio 85 wt. % sitka spruce 

and 15 wt. % larch. 

256 ton/year fly ash and 295 ton/year WBA. 

PVWD Maize Silage (10000 t/year), vegetables waste (5000 t/year), sweet-corn waste 

(15000 tons per year), aerobically treated food waste (10000 t/year), and 

biodegradable sludge (2000 t/year). 

40000 ton/year PVWD. 

 

The post-harvest vegetable waste digestate (PVWD) was selected based on its moderate 

amount of NH4
+-N (Table 2) resulting from the limited degradation undergone by fibrous 

vegetable material during the AD [19]. The 10 kg of PVWD was sourced from an industrial 

scale AD plant (Table 1), collected in a jerry can and allowed to cool down prior to its 

transportation in a refrigerated cool box (sample preservation). After arriving at Lancaster 

University, the sample was placed in a cold room (< 4 ºC) until further use. This was considered 

a “fresh” sample. A subsample was sent out externally to Natural Resource Management 

(NRM) certified laboratory for complementary analyses (nitrogen, phosphorus, and trace 

elements). 

The characterisation of the samples, in terms of the parameters concerning the present studies, 

is shown in Table 2. The water-soluble (WS) fraction of phosphorus, carbon, and nitrogen were 

measured using a solid-to-liquid (S:E) ratio 1:10 (i.e. 1 part of sample and 10 parts of ultrapure 

[milli-Q] water). A detailed explanation of the calculations to express the concentration of the 



WS species in fresh basis is illustrated in the Supplementary material. Only in this initial 

characterisation (Table 2), the pH and the EC of the samples were determined in the WS extract 

of the samples generated using a S:E ratio 1:5. The theoretical values of the characterisation of 

the blend were calculated considering that the mixture was prepared with approximately 0.5 g 

of WBA and 3 g of PVWD (Table 2). In the section of Results and Discussion, the experimental 

values of 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 data in Table 2, which was used as 

reference. In this way, it was possible to elucidate any undergoing phenomena which might 

have affected the masses of the WS and water-insoluble (WI) fractions of the blend or the 

availability the phosphorus, carbon, and nitrogen. 

The samples were blended in order was to achieve an approximate C/N/P ratio of 10/1/1 (Table 

2). The PVWD was the main source of nitrogen (96 wt. %) and carbon (89 wt. %) in the blend 

and provided as well with other elements (Table S.1). On the other hand, the WBA was the 

main source of phosphorus (66 wt. %), alkali, and alkaline-earth metals (Table S.2). The 

electrical conductivity of WBA was higher because of the greater content of Na+ and K+, since 

both calcium and magnesium had lower effect on the EC due to their low solubility (Table S.1). 

SO4
2-, Cl-, and PO4

3- were the main anions provided by the wood ashes [20]. 



Table 2 Initial characterisation expressed in fresh basis of the samples and the blend. 

Sample WBA PVWD WBA + PVWDa 

Parameter Units Average St. deviation Average 
 

St. deviation 
 

Average 
 

St. deviation 
 

pH - 13.29 0.03 7.85 0.12 7.98 0.00 

Electrical conductivity dS/m 57.90 0.96 2.37 0.04 16.28 5.49 

Dry matter wt. % 98.90 0.58 7.57 0.32 30.45 9.40 

TC mg/kg 22,069.71 1,145.77 31,959.34 43.60 29,482.21 3,687.73 

WS TC mg/kg 1,825.00 113.57 2,041.50 87.73 1,987.27 260.86 

TN mg/kg 832.00 83.20 3,800.00 380.00 3,058.58 369.11 

WS TN mg/kg 46.58 13.88 2,062.70 18.89 1,557.71 195.37 

WS NH4
+-N mg/kg 4.29 0.77 689.74 86.78 518.05 65.66 

WS NO3
--N mg/kg 1.30 0.02 18.94 0.65 14.52 1.90 

TP mg/kg 12,359.00 1,235.90 1,119.00 111.90 3,934.36 1,214.83 

WS PO4
3--P mg/kg 22.25 1.51 38.99 2.74 34.80 4.44 

a Calculated using the experimental composition of the samples in the blend (0.87 ± 0.40 g WBA and 2.59 ± 0.55 g PVWD; n=3). A detailed 

description of the procedure for the estimation of the propagation of uncertainty is shown in the Supplementary material. 



2.2. Methodology 

In favour of minimising the cost of the processing and building up the knowledge on the 

underlying chemistry, our approach to develop this technology was to carry out increasingly 

complexity studies. This would allow (1) to find the cheapest technologies to reduce the carbon 

and 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; (2) to reach a more efficient 

solid-liquid separation using cheap technologies (e.g. sedimentation), as part of the first 

manufacturing operation. In our previous study we evaluated the scenario of dispensing with 

the acid medium [21]. 

In the present two studies, we have tested several acidification conditions 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 adsorption but would also lead to a more energy and resource intensive process. 

The activation of WBA before preparation of the blend might be addressed in future work. 

2.2.1. Factorial design of each study 

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 

WBA, and an acid solution which acted both as acidifying agent and extractant at the same 

time (Table 3). 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, the acid doses for PVWD were based on information taken from the literature 

relating to the treatment of manure and slurry (Table S.3) since digestates have been 

traditionally treated in the same way [22]. 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, the dose of 

each acid (Table 3) was based on preliminary titrations of the PVWD and the WBA, to ensure 

the target pH value (around 5.5; [23]) 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.  

Two-factor analysis of variance (ANOVA) with replication was performed with Microsoft® 

Excel 2016 (α = 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 phosphorus, carbon, and nitrogen. Furthermore, this 

statistical analysis enabled the rigorous selection of the best acidifying agent and optimum 

concentration to be used. It is important to mention that, in order to apply the ANOVA test, it 

was assumed that the data obtained in the two studies followed a normal distribution. 



Table 3 Blends characterised during the incubation at 100 rpm shaking and 20 ºC in the two 

studies. 

Study WBA Extractant WBA PVWD Extractant PVWD 

First/(g) 0.51 ± 0.05 a 5 2.24 ± 0.09 a 20.5 

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 b 0.16 b 0.03 

- 0 0 
a Mass of the extractants added to the samples using a dispenser to a achieve the WS extraction 

following a S:E ratio 1:10. The specific amount added to each experimental unit was not 

recorded. 
b It should be noted the large volume of commercial (90 wt. %) lactic acid required to reach 

these proton concentrations of the extractant solutions. 

2.2.2. 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 Figures S.1. and S.5. The volume of the extractant (i.e. acidifying 

agent) that was added to each sample before blending, followed an approximate S:E ratio 1:10 

(Table 3). Our previous studies have proven that adding the extractant before the incubation 

did not significantly affect the composition of 2.5 g blend undergoing incubation at 100 rpm 

and 20 ºC [21]. 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 of 

pH, and (d) extract nutrients for fractionation of the samples and the blend. The term 



fractionation refers to the analytical (i.e. at higher performance that what would be expected 

for farm processing equipment) solid-liquid separation. The fluidised samples and blends were 

incubated (i.e. extraction) at 100 rpm and 20 ºC in closed 50-mL Corning® tubes with stopper 

(Fig. 1). It is important to highlight that in the first study 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 4000 rpm and filtration of the supernatant using Whatman No 44 

filter paper (3 µm). 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. 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 (Fig. 1). 

Incubation
(100 rpm
@ 20 °C)

50-mL flask

Extractant

Sample

S:E ratio 
1:10

Headspace

Mixture

Centrifugation
(5 min

@ 4000 rpm)
Gas

Supernatant
(leachate)

Pellet

Gravity filtration
(3µm) 

15
-m

L 
fla

sk

Filtrate (WS extract)
Dried (24 h
@ 105 °C)
cake and pellet
(WI material)

 

Fig. 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. 

In the first study, the theoretical volumes of the WS extracts of the blends were determined 

considering the moisture of each sample (Table 2), in addition to the volume of extractant used 

to prepare the blends (Table 3). For this calculation, it was considered a density of 1 g/mL for 

both the moisture of the samples and the extractant. The theoretical masses of WI materials 

were assumed to be the dry matter of the blend (Table 2). For the second study, the 

experimental WI material recovered after the incubation was weighed and the experimental 

WS extract was calculated based on this value, the moisture of the samples, and the amount of 

extractant used for the fluidisation of the blend. The comparisons between the theoretical and 



the experimental masses of WS extracts and WI materials of the second study are shown in 

Fig. S.6. 

2.2.3. Characterisation of the fractions of the blend 

The two studies rely on measurement of the availability (i.e. distribution between WS and WI 

fractions) of phosphorus, carbon, and nitrogen to elucidate any reaction mechanism and 

kinetics. Elements present in the WS phase to the soil biota and more prone to be lost via 

leaching and volatilisation. It is important to mention that the content of phosphorus in the WI 

material was not measured in the first study. 

The parameters measured in WS extract were the pH, and the concentrations of ammonium 

and ammonia (WS NH4
+ & WS NH3), nitrate and nitrite (WS NO3

- & WS NO2
-), 

orthophosphate (WS PO4
3-), total nitrogen (WS TN), and total carbon (WS TC). Similarly, for 

WI material, mass and concentrations of nitrogen (WI TN), carbon (WI TC), and phosphorus 

(WI TP) were determined. The calculation procedure of the WS and the WI species is offered 

in the Supplementary material. 

Measurement of WS extract pH was performed with a Mettler Toledo® Seven CompactTM 

S220 pH/Ion meter. Determination of concentrations of WS NH4
+ & WS NH3 and WS NO3

- & 

WS 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 Autoanalyser (AA3, SEAL analytical), by 

using 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 TN and WS TC were 

measured with the TOC-L Shimadzu via combustion of the sample and detection of CO2 and 

NO gases. Thus, the WS organic nitrogen (WS Norg) could be calculated as the difference 

between the WS TN and the WS NH4
+-N + WS NO3

--N [24]. Although digestates could contain 

significant amounts of bicarbonate buffer [25], most of the TC of the PVWD was in the organic 

form (Corg). On the other hand, a greater proportion of CO3
2--C was expected in the WBA with 

regard to the inert carbon (Cinert). 

Phosphorus in ashes is generally in the form of PO4
3- [26], in both WS extract and WI material. 

On the other hand, phosphorus of digestates is generally a mixture of PO4
3-, polyphosphates 

and phosphorus associated to organic molecules (Porg). Unlike WS Norg, which can be an 

important fraction [27], the WS Porg was expected to be minimal (i.e. ≤ 12 % of the TP) in 

manures [28]. In this way, determination of dissolved reactive phosphorus, which is the WS 



phosphorus that responds to molybdate colorimetric test without previous hydrolysis [29], 

would give good idea of total phosphorus in WS extract. It should be noted however that some 

of the particulate phosphorus and WS Porg were anticipated to be hydrolysed easily [30], even 

with reagents of the improved colorimetric method of Pote & Daniel [29]. 

The samples of WI material were milled before doing any characterisation. Measurement of 

WI TN and WI TC 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 [31] to obtain the phosphate-rich extract which 

was measured in the Autoanalyser to determine the WI TP, following the calculation procedure 

illustrated in the Supplementary material. 

2.2.4. Empirical and theoretical concentrations and mass balances of each 

element 

Whether the experimental results were referred to the WS extract (S:E ratio 1:10) without units 

for pH, or were expressed in terms of fresh base (mg of WS NH4
+-N, WS NO3

--N, WS PO4
3--

P, WS TN, WS TC, WI TN, WI TC, and WI TP, per kg fresh blend), 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 

phosphorus, carbon, and nitrogen WS and WI species were calculated to represent the mass 

balances of these elements in the Supplementary material. The calculation of concentrations 

and masses of the chemical species in the first study was based on the theoretical masses of the 

WS extracts and WI materials. On the other hand, the results of the second study rely on the 

experimental WS extracts and WI materials recovered for each blend after the incubation. 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 experimental masses of the WS extracts and WI materials. 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 phosphorus, carbon, and nitrogen recovered for each blend over 

the incubation period against the initial amount of each element (Table 2) Particularly, the 

average recovery effectiveness, which was expressed as weight percentage (wt. %) for each 



acidification condition and sample type, was calculated as the final amount of a element divided 

by the initial one. 

3. Results and discussion 

3.1. First study 

3.1.1. pH, WS phosphate, and carbon speciation 

The decrease of the pH in the PVWD due to acidification (Fig. 2 a) promoted processes such 

as the solubilisation of phosphorus before the addition of the WBA (Fig. 2 b) and the depletion 

of the carbon from the WS phase (Fig. 2 d). The different doses of acidification did not affected 

significantly (α=0.05) to the WI TC of the PVWD (Fig. 2 e), therefore it was not possible to 

claim that the acidification promoted the adsorption of some of the WS TC carbon onto the 

solid fraction (i.e. fibre). It should be noted that the excessive solubilisation of phosphorus 

would lead to eutrophication of inland and coastal waters [32]. 

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 (Fig. 2 a). This agrees with the results of Wróbel et al. [33], who described 

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, they employed dewatered digestate in order to have a final blend with a moisture content 

of 18 wt. %. The stabilisation that Wróbel et al. [33] referred to in their study was regarded in 

our present work as physical stabilisation, which is mainly the result of the hydration of oxides 

to hydroxides and, to a lesser extent, later the subsequent formation of carbonates. In this way, 

this self-hardening process which is required prior to the granulation relies on the alkalinity of 

the ashes and specially on the calcium content [34]. 



 

  

  
Fig. 2. Characterisation in terms of (a) pH, (b) WS PO4

3--P, (c) zoom in WS PO4
3--P, (d) WS 

TC, and (e) WI TC, 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-hour incubation. 

Calcium also plays a key role in the chemical stabilisation as it precipitates the phosphorus 

effectively while the blend remains at pH above 8.5 [35]. In the blend of the first study, most 

of the phosphorus was sorbed in the WI fraction, remaining at only 1.56 ± 1.22 mg WS PO4
3--

P/kg blend. Fig. 2 (c) illustrates how acidification promoted the sorption of WS PO4
3--P onto 

the WBA. Similarly, the effect of acidification on the WS TC could be seen even after the 

addition of the WBA. As expected, increases in pH resulted in greater amounts of carbon in 

the WS fraction of the blend. Although there was significant difference (α=0.05) in terms of 
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WI TC of the blend due to the doses of acid, no clear trend was identified that could be 

explained by the adsorption process. It should be noted that the decrease in the amount of 

carbon in the WI fraction was due to the lower content of carbon of the WBA, which was the 

main contributor to the dry matter of the blend (Table 2). 

As can be seen in the theoretical carbon balances (Fig. S.2), which are shown in the 

Supplementary material, the average recovery effectiveness of carbon for all the acidification 

conditions was 105.47 ± 3.60 wt. %. The reason was that the WI TC was the main form of 

carbon in the samples and the blend, thus the losses WS TC in the form of CO2 were regarded 

as negligible. This could be related to the weak acidification or to the fact that the carbon was 

predominantly in forms different from CO3
2--C [36,37], such as Corg and Cinert in PVWD and 

WBA, respectively. Both these forms of carbon are important to maintain a healthy soil and 

maximize crop productivity. For example, Bhogal et al. [4] reported the relevance of the stable 

fraction of the organic matter that remains in the biologically stabilised organic wastes, via AD 

or composting, to restore the soil as a natural carbon 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 organic 

carbon as much as the application of farm yard manure for 20 years. However, when looking 

at the carbon speciation in the soil, the carbon immobilised in microbial biomass was more 

than twice in the case of manure. Thus, the stable organic matter prevented the excessive 

growth of microbes in the soil. It is important to mention that in the study of Bhogal et al. [4], 

the food waste digestate offered similar results to the compost when they were applied for 3 

years. The land spreading of livestock slurry for 20 years provided with a lower increase in soil 

organic carbon 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 [38], the procedures for combating antibiotic resistance 

are regulated and demanded by the governments [39]. 

3.1.2. Nitrogen speciation 

The content of WS NH4
+-N increased (α=0.05) progressively during the first 96 hours of 

incubation (Fig. 3 a), especially with the acidification. The reason could be the microbial 

activity of ammonification [40] or the hydrolysis of Norg [41] which took place in the acid 

conditions. Abiotic mineralisation processes such as the photolysis [42] 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 Autoanalyser. This explains why that the 



concentrations of WS NH4
+-N in Fig. 3 (a) were similar to the WS TN in Fig. 3 (c), since the 

WS TN should include as well other forms of nitrogen, such as the WS Norg. 

High level of WS NO3
--N (246.63 ± 28.75 mg/kg PVWD) were only found when using HNO3 

for acidification (Fig. 3 b). 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 carry-

over error in the Autoanalyser [43]. It should be noted that the best conditions for nitrification 

include a neutral pH [44], 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 TN of PVWD (Fig. 3 c) but 

the impact on the WI TN of the PVWD was less significant. (Fig. 3 d). 

The addition of the WBA at the 96 hours of incubation significantly decreased the 

concentration of all forms of nitrogen 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 Autoanalyser. This also explains why a greater difference 

of the concentration of WS TN was found for the doses 0.08 and 0.24 mmol H+-HNO3/g PVWD 

in Fig. 3 (c). The values of WS TN provided by the TOC machine were used to establish the 

nitrogen balances, which are shown in the Supplementary material (Fig. S.3). The average 

recovery effectiveness found was 68.38 ± 3.23 % because of the decrease of the nitrogen 

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 nitrogen due to N2O 

release need to be considered as well. The N2O is product of the denitrification [45], although 

this compound can be generated due to the abiotic reduction of WS NO3
- [46] and WS NO2

- 

[47], given the reducing effect of the alkaline metals contained in the WBA (Table S.2). 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, N2O/N2 are 0.42, 0.38, 1.18, and 1.36. Hence, 

the conversion of N2O to N2 is not a limiting step as the more positive the reduction potential, 

the more spontaneous is reaction [48]. 



  

  
Fig. 3. Characterisation in terms of (a) WS NH4

+-

N, (b) WS NO3
--N, (c) WS TN, and (d) WI TN, 

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-hour incubation. 

 

Since agricultural soils have been identified as one of the major sources of the greenhouse gas, 

N2O [49], a number of regulations and technologies has been developed to address emission to 

the atmosphere. The designation of Nitrate 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 [50], aims to limit the rate of application to 170 kg N/ha/y. The 

development of nitrification inhibitors aims to address this environmental [51] as well as 

economic problems, since crops generally prefer NH4
+-N to grow [52]. Advocates for organic 
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agriculture claim that the excess of nitrogen is also responsible of health issues as the high crop 

yields lead to food containing less nutrients in the human diet [53]. 

The technology that we are proposing, which enables the easier handling (i.e. store, transport, 

and spread to land) of organic waste, is in agreement with the perception of farmers and other 

stakeholders (e.g. public authorities, agricultural advisors, and consultants) [38]. At both sides 

of the supply and demand of 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. Our CATNAP (cheapest 

available technology narrowly avoiding prosecution) approach aims to bridge the gaps, 

preventing the efficient recycling of carbon and 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 2019 

[54], respectively. 

In terms on nitrogen management, biomass ash should act as sorbent of NH4
+-N 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 nitrogen. 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 et al. [55]. 

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 calcium 

which prevent the crystallisation of the zeolite structure during the cooling stage of the 

hydrothermal synthesis [56]. Although the levels of toxic elements (e.g. heavy metals) in the 

coal ash might limit the application as fertiliser. 

3.2. Second study 

3.2.1. pH, phosphorus and carbon speciation 

The acidification of the WBA before its addition to the PVWD prevented the increase in the 

pH above a value of 8 (Fig. 4 a). 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 S.2). This resulted in a decrease of 

WS PO4
3--P, which had been solubilised due to the severe acidification of the WBA (Fig. 4 b). 



After the blending at the 96 hours, 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 (Fig. S.7 a). This concentration was higher than what was 

found in the first study (1.56 ± 1.22 mg WS PO4
3--P/kg blend; Fig. 2 c), due to the lower pH 

of the blends at the end of incubation. This level of availability would provide the crops with 

enough PO4
3--P while preventing the excessive leaching. In fact, most phosphorus in the blend 

was in the form of WI TP (Fig. 4 c), since the WBA was the main source of phosphorus and 

the main contributor to the WI fraction (Table 2). The mass balances (Fig. S.8), show that only 

38.22 ± 5.71 % and 26.49 ± 2.06 % of the phosphorus initially present in the WBA and the 

PVWD, respectively, were measured in all conditions (i.e. with and without acidification). 

These low average recovery effectiveness could be related to other forms of WS phosphorus 

different from PO4
3--P (e.g. Porg) which were not determined. Furthermore, similarly to the 

mass balances of carbon and nitrogen, the losses of WI material and WS extract during the 

fractionation of the samples and the blend would affect the recovery effectiveness of 

phosphorus. Nevertheless, only the WBA acidified with sulphuric and lactic acids showed 

significant deviations from the ideal behaviour (Fig. S.6). 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. 



 

  

  

Fig. 4. Characterisation in terms of (a) pH, (b) WS PO4
3--P, (c) WI TP, (d) WS TC, and (e) WI 

TC 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-hour incubation. 

The high concentration of the WS TC due to the acidification of the ash with lactic acid 

(259,917 ± 94,320 mg/kg WBA; Fig. S.9 a) 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 (Fig. 4 d). It should be noted that this type of analytical error is less likely to happen 

in the TOC instrument than in the Autoanalyser because of the type of determination (i.e. 

combustion rather than colorimetry) and because the washing between the samples is done for 
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longer time. We saw that both the base line and the analytical blanks were less affected by the 

high concentration of analyte given by the severe acidification with lactic acid. Of all 

acidifications, the H2SO4 gave to the WBA and the PVWD the highest pH. Similarly to the 

samples which were not acidified (i.e. experimental blank), this could explain the greater 

content of WS TC, since the carbon would not be lost as CO2 due to the dissociation of the 

carbonic acid in water which takes place at low pH. The results of WI TC obtained in the 

second study (Fig. 4 d) agree with the data of the first study (Fig. 2 c). The WI TC found for 

the WBA without any acidification during the first 96 hour of incubation (28,965 ± 6,320.1 mg 

WI TC/kg WBA; Fig. 4 e) was significantly higher than the value of the initial characterisation 

(20,245 ± 1,032 mg WI TC/kg WBA; Table 2). There is not possible carry-over error in the 

measurements of the WI TC with the Elemental Analyser, despite the high amount of carbon 

which ended up in the WI fraction of the WBA acidified with lactic acid (679,467 ± 253,462 

mg/kg; Fig. S.9 b) due to adsorption. Unlike the moderate acidification of the PVWD, which 

did not promote the loss of CO2, the severe acidification of the WBA significantly decreased 

the carbon content in the WI fraction. This could be related to the fact that most of the carbon 

in the PVWD was in the form of Corg rather than CO3
2--C. After the blending at the 96 hours, 

the level of WI TC raised (Fig. 4 e) to a similar level as in the previous study (Fig. 2 d), despite 

the final pH of the blends of the second study was lower than 8 (Fig. 4 a). Nevertheless, these 

lower levels of the WI TC in the WBA acidified with H2SO4, HCl, and HNO3 were reflected 

in their mass balance for carbon (Fig. S.10) with an average recovery effectiveness (58.11 ± 

1.09 %), which was lower than the 109 % recovery of carbon in the WBA which was not 

acidified. It should be noted that there was not significant difference (α=0.05) in the 

concentration of WI TC in each blend by the end of the 144-hour incubation, with the exception 

of the blend acidified with lactic acid. The average value of 18,810 ± 11,468 mg WI TC/kg 

blend (Fig. 4 e) found in the second study was similar to the one found in the first study (24,380 

± 3,821 mg WI TC/kg blend; Fig. 1 d). 

The cheapest option for restoring the levels of carbon in the soil is via restoration with 

vegetation. This strategy can be applied in remote areas which are not subjected to intensive 

agricultural practices [57]. Even on farm land, the use of cover crops is considered as a valuable 

resource, although reduced tillage is not widely applied in the agro-industry [58]. Primary 

market research carried out by Hou et al. [38] 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 greenhouse gas during application to land. The 

ash-based additive can improve the utilisation of the whole 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 greenhouse gases due to the broadcast 

spreading [10] and open storage of manure and slurry [9]. An analysis made by the Teagasc 

Greenhouse Gas Working Group [8] on the strategies for the abatement of this problem, 

highlighted that the low emission spreading techniques (e.g. soil injection) coming into force 

are the most expensive technologies. The farmers need to hire these equipment due to the lack 

of capital investment [38]. Furthermore, the use of these machineries is economically 

inefficient since their operation cost are more expensive than reasonable carbon prices [8]. 

Wróbel et al. [33] proposed an economical way of achieving the granulation of the organic 

wastes treated with ashes by means of creating a mobile granulation unit (i.e. decentralised 

plant). Our investigation aims to reinforce the synergies between the steps of the process of 

production of this granular organic amendment in order to reduce the use of energy and 

resources. We rely on the understanding of the underlying phenomena to propose a connection 

between chemical and physical stabilisations. If the dewatering is achieved by thermal drying 

and the active ash could be 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. This has been reported by Pesonen et al. [13] when they attempted to produce 

granules of dried (i.e. 45 % moisture) sewage sludge and wood ash. 

3.2.2. Nitrogen speciation 

In the second study, the levels of WS NH4
+-N in the PVWD (Fig. 5 a) were in agreement with 

the initial characterisation (689.74 ± 86.78 mg/kg; Table 2), because appropriate dilution of the 

samples was done for the measurement in the Autoanalyser. The acidification of the PVWD 



made a clear difference in preserving the WS NH4
+-N, although this effect could not be seen 

in the WS TN (Fig. 5 c) due to the impact of the samples acidified with HNO3 in the 

measurements (Fig. S.11 c). While it is confirmed that the carry-over error occurred in the first 

study using the Autoanalyser, the values of the WS TN 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 blend; Fig. 5 b), with the exception of the blend prepared with 

HNO3, agree with the values found the first study (1.49 ± 2.34 mg/kg sample; Fig. 3 b). 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 Autoanalyser. The undesired 

reactions also affected the PVWD and reduced the replicates of some conditions. Thus the two-

way ANOVA test for balanced design experiments could not be applied to know whether the 

concentration of WS NO3
--N in the lactic acid extract was significantly different form the other 

conditions used to prepare the blend of the WBA with the PVWD (Fig. 5 b). 

The amount of WI TN in the PVWD was greater than in the WBA (Fig. 5 d), except when the 

acidification was done with HNO3, because of the adsorption of the WS NO3
--N onto the WBA 

(Fig. S.11 c). This effect could not be seen significantly (α=0.05) in the first study (Fig. 3 d) 

and the losses as N2O were the main effect observed (Fig. 3 c). Herein the procedure followed 

to prepare the blend (i.e. whether the WBA is acidified before mixing with the PVWD) 

determined the fate of the nitrogen. This explains the greater nitrogen recovery effectiveness 

found for the blend prepared with HNO3 in the second study (Fig. S.12 c). It should be noted 

that the N2O release due to abiotic mineralisation could be also present in the second study, as 

per the progressive decrease in the WS TN shown in Fig. S.11 (b) for the WBA acidified with 

HNO3. On the other hand, the WBA acidified with the HNO3 showed a significant 

concentration of WS NH4
+-N (Fig. 5 a). The reason would be the reducing effect of the WBA 

and the high oxidation capacity of the WS NO3
--N. 



  

  
Fig. 5. Characterisation in terms of (a) WS 

NH4
+-N, (b) WS NO3

--N, (c) WS TN, and (d) 

WI TN 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-hour incubation. 

 

The mass balances of the 3 elements (phosphorus, carbon, and nitrogen), which are offered in 

the Supplementary material (Fig. S.8, Fig. S.10, and Fig. S.12, respectively), show that only 

for the nitrogen, the WS fraction is 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 nitrogen is the 

most available element) was found in the mass balances of the first study for carbon and 

nitrogen (Fig. S.2 and Fig. S.3; respectively). Thus, the treatment of the PVWD with the acids 

and the WBA need to be improved to reduce the availability of nitrogen as much as all the 

other elements, to reduce losses before and after land application. The sorption capacity of the 
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WBA could be enhanced before being added to the PVWD in a similar way the Ca(OH)2 is 

prepared with HCl to produce CaCl2. 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 nitrogen in the blended fertiliser [59]. In addition to calcium, the 

WBA contained other elements such as Mg (Table S.2) and Cinert (Table 2) which might be 

responsible of sorption processes as well. 

We are currently carrying out a market research to improve the stabilisation of the organic 

waste by means of the treatment with ashes. According to this project agricultural advisors, 

even in high clay soils where the adsorption of NH4
+-N is common, the slurry or digestate 

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 

pelletisation can improve the control of excess of nitrogen in the soil because of the easier and 

more accurate spreading [60]. The study of Hou et al. [38] suggested that the willingness of the 

farmers in using processed organic fertiliser due to the increasing cost of chemical fertilisers 

and the need to facilitate the export of manure from farm. 

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). The reason might be the high temperatures during the thermal drying, 

the high pH for the ammonia stripping, and/or the high salinity of biomass ash that mean that 

microbes cannot thrive in that environment. In fact, Jewiarz et al. [61] could not include a 

biofertiliser (fungal strains of Trichoderma spieces) in the blend agricultural waste digestate 

and biomass ash because the microbes would not survive. Ideally the blend would be 

pasteurised rather than sterilised, to allow the presence of unharmful microorganism [62]. 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 carbon and nitrogen use efficiency 

have been investigated when applying simultaneously digestate and wood ash [63–66]. Taking 

into account the nutrient profile of the ashes, another objective of the treatment was to make 

the organic waste more competitive with chemical NPK fertiliser. 



The AD is regarded as a technology to achieve the biological stabilisation of organic waste 

[62,67]. 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 mixing with the ashes. The mineralisation of the organic nutrients makes that the inorganic 

forms of these nutrient to be more suitable for adsorption onto the ashes and the preparation of 

a slow release fertiliser. This organic amendment would be less likely to putrefy in the soil. For 

these reasons, the processing of the organic wastes firstly via AD and secondly with the ash 

treatment, whether this material is sourced from somewhere else or produced onsite, could be 

regarded as a good ecological practice. 

4. Conclusions 

In terms of time required for the chemical stabilisation, in the first study the composition of the 

blend remained constant straight after the mixing. The severe acidification of the WBA in the 

second study prevented the increase of the pH of the blend above the initial value of the 

digestate, thus minimising the losses of NH3. Both the sulphuric and the lactic acids decreased 

the sorption capacity of the WBA and minimised the potential decrease in the availability of 

the phosphorus, carbon, and nitrogen of the PVWD. It is important to mention that both 

sulphuric and nitric acids are able to oxidise the organic matter, enhancing the losses of CO2. 

Although the incubation with nitric acid as extractant did not increase the WI fraction of the 

WBA, the excessive content of nitrogen in the organic amendment would boost the losses of 

this nutrient before and after land application. Therefore, the hydrochloric acid 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 confirm that the hydrochloric 

acid enhances the adsorption, it would be necessary to determine the content of the Cl- 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 chlorine attached to the surface 

of the WBA. In this way, the acid wash would be performed after milling, sieving, and 

calcination of 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. 



The results obtained prove 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 digestate 

and 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 parallel to the techno-economical 

assessment, a primary research market is currently carried out to make sure our investigation 

addresses the problems of the stakeholders of the agro-industry 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. investment capital, 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). 

Acknowledgements 

The authors would like to acknowledge the support for funding provided by the doctoral 

training network (DTN) of the Engineering and Physical Sciences Research Council (EPSRC) 

and the Natural Environment Research Council (NERC, NE/L014122/1). 

References 

[1] H. Khalid, H. Zhang, C. Liu, W. Li, M.K. Abuzar, F.R. Amin, G. Liu, C. Chen, PEST 

(political, environmental, social & technical) analysis of the development of the waste-

to-energy anaerobic digestion industry in China as a representative for developing 

countries, Sustain. Energy Fuels. 4 (2020) 1048–1062. 

https://doi.org/10.1039/c9se00692c. 

[2] A.J. Lag-Brotons, R. Marshall, B.M.J. Herbert, L. Hurst, E.J. Inam, K.T. Semple, 

Adding Value to Ash and Digestate (AVAnD Project): Elucidating the Role and Value 

of Alternative Fertilisers on the Soil-Plant System, in: L.E. Macaskie, D.J. Sapsford, 

W.M. Mayes (Eds.), Resour. Recover. from Wastes Towar. a Circ. Econ., Royal Society 

of Chemistry, London, 2020: pp. 113–139. https://doi.org/10.1039/9781788016353-

00113. 

[3] R. Marshall, A.J. Lag-Brotons, E.J. Inam, B.M.J. Herbert, L. Hurst, K.T. Semple, From 



Bioenergy By-products to Alternative Fertilisers: Pursuing a Circular Economy, in: L.E. 

Macaskie, D.J. Sapsford, W.M. Mayes (Eds.), Resour. Recover. from Wastes Towar. a 

Circ. Econ., London, 2020: pp. 298–314. https://doi.org/10.1039/9781788016353-

00287. 

[4] A. Bhogal, F.A. Nicholson, A. Rollett, M. Taylor, A. Litterick, M.J. Whittingham, J.R. 

Williams, Improvements in the Quality of Agricultural Soils Following Organic 

Material Additions Depend on Both the Quantity and Quality of the Materials Applied, 

Front. Sustain. Food Syst. 2 (2018) 1–13. https://doi.org/10.3389/fsufs.2018.00009. 

[5] W. Fuchs, B. Drosg, Assessment of the state of the art of technologies for the processing 

of digestate residue from anaerobic digesters, Waster Sci. Technol. 67 (2013) 1984–

1993. https://doi.org/10.2166/wst.2013.075. 

[6] O. Popovic, F. Gioelli, E. Dinuccio, L. Rollè, P. Balsari, Centrifugation of digestate: 

The effect of chitosan on separation efficiency, Sustain. 9 (2017) 1–9. 

https://doi.org/10.3390/su9122302. 

[7] E. Dinuccio, F. Gioelli, P. Balsari, N. Dorno, Ammonia losses from the storage and 

application of raw and chemo-mechanically separated slurry, Agric. Ecosyst. Environ. 

153 (2012) 16–23. https://doi.org/10.1016/j.agee.2012.02.015. 

[8] G.J. Lanigan, T. Donnellan, G.J. Lanigan, K. Hanrahan, C. Paul, L. Shalloo, D. Krol, P. 

Forrestal, N. Farrelly, D. O’brien, M. Ryan, P. Murphy, B. Caslin, J. Spink, J. Finnan, 

A. Boland, J. Upton, K. Richards, An Analysis of Abatement Potential of Greenhouse 

Gas Emissions in Irish Agriculture 2021-2030 Prepared by the Teagasc Greenhouse Gas 

Working Group Authors, (2018) 1–80. 

https://www.teagasc.ie/media/website/publications/2018/An-Analysis-of-Abatement-

Potential-of-Greenhouse-Gas-Emissions-in-Irish-Agriculture-2021-2030.pdf. 

[9] I. Kavanagh, W. Burchill, M.G. Healy, O. Fenton, D.J. Krol, G.J. Lanigan, Mitigation 

of ammonia and greenhouse gas emissions from stored cattle slurry using acidifiers and 

chemical amendments, J. Clean. Prod. 237 (2019) 117822. 

https://doi.org/10.1016/j.jclepro.2019.117822. 

[10] R.B. Brennan, M.G. Healy, O. Fenton, G.J. Lanigan, The effect of chemical amendments 

used for phosphorus abatement on greenhouse gas and ammonia emissions from dairy 

cattle slurry: Synergies and pollution swapping, PLoS One. 10 (2015) 1–20. 



https://doi.org/10.1371/journal.pone.0111965. 

[11] J. Tur-Cardona, O. Bonnichsen, S. Speelman, A. Verspecht, L. Carpentier, L. Debruyne, 

F. Marchand, B.H. Jacobsen, J. Buysse, Farmers’ reasons to accept bio-based fertilizers: 

A choice experiment in seven different European countries, J. Clean. Prod. 197 (2018) 

406–416. https://doi.org/10.1016/j.jclepro.2018.06.172. 

[12] Y. Zheng, L. Ke, D. Xia, Y. Zheng, Y. Wang, H. Li, Q. Li, Enhancement of digestates 

dewaterability by CTAB combined with CFA pretreatment, Sep. Purif. Technol. 163 

(2016) 282–289. https://doi.org/10.1016/j.seppur.2016.01.052. 

[13] J. Pesonen, V. Kuokkanen, T. Kuokkanen, M. Illikainen, Co-granulation of bio-ash with 

sewage sludge and lime for fertilizer use, J. Environ. Chem. Eng. 4 (2016) 4817–4821. 

https://doi.org/10.1016/j.jece.2015.12.035. 

[14] K. Mudryk, J. Frączek, M. Wróbel, M. Jewiarz, K. Dziedzic, Agglomeration of Ash-

Based Fertilizer Mixtures from Biomass Combustion and Digestate, in: M. Krzysztof, 

W. Sebastian (Eds.), Renew. Energy Sources Eng. Technol. Innov. Springer, Springer, 

2018: pp. 823–834. https://doi.org/10.1007/978-3-319-72371-6_80. 

[15] R. Pöykiö, K. Manskinen, H. Nurmesniemi, O. Dahl, Comparison of trace elements in 

bottom ash and fly ash from a large-sized (77 MW) multi-fuel boiler at the power plant 

of a fluting board mill, Finland, Energy Explor. Exploit. 29 (2011) 217–234. 

https://doi.org/10.1260/0144-5987.29.3.217. 

[16] N.D. Park, P. Michael Rutherford, R.W. Thring, S.S. Helle, Wood pellet fly ash and 

bottom ash as an effective liming agent and nutrient source for rye grass (Lolium 

perenne L.) and oats (Avena sativa), Chemosphere. 86 (2012) 427–432. 

https://doi.org/10.1016/j.chemosphere.2011.10.052. 

[17] A. Demeyer, J.C. Voundi Nkana, M.G. Verloo, Characteristics of wood ash and 

influence on soil properties and nutrient uptake: An overview, Bioresour. Technol. 77 

(2001) 287–295. https://doi.org/10.1016/S0960-8524(00)00043-2. 

[18] M. Ahmaruzzaman, A review on the utilization of fly ash, Prog. Energy Combust. Sci. 

36 (2010) 327–363. https://doi.org/10.1016/j.pecs.2009.11.003. 

[19] K. Chojnacka, K. Moustakas, A. Witek-Krowiak, Bio-based fertilizers: A practical 

approach towards circular economy, Bioresour. Technol. 295 (2020) 122223. 



https://doi.org/10.1016/j.biortech.2019.122223. 

[20] K. Karoline, Chemistry of wood ash leachates and the filter effect of soil columns on 

leachate composition, University of Natural Resources and Life Sciences, Vienna, 2012. 

http://epub.boku.ac.at/urn:nbn:at:at-ubbw:1-4762. 

[21] A. Moure Abelenda, K.T. Semple, A.J. Lag-Brotons, B.M.J. Herbert, G. Aggidis, F. 

Aiouache, 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. (2020). https://doi.org/10.1007/s12649-020-01211-1. 

[22] S.G. Sommer, S. Husted, The chemical buffer system in raw and digested animal slurry, 

J. Agric. Sci. 124 (1995) 45–53. https://doi.org/10.1017/S0021859600071239. 

[23] A. Pantelopoulos, J. Magid, L.S. Jensen, Thermal drying of the solid fraction from 

biogas digestate: Effects of acidification, temperature and ventilation on nitrogen 

content, Waste Manag. 48 (2016) 218–226. 

https://doi.org/10.1016/j.wasman.2015.10.008. 

[24] M. Urgun-Demirtas, C. Sattayatewa, K.R. Pagilla, Bioavailability of Dissolved Organic 

Nitrogen in Treated Effluents, Water Environ. Res. 80 (2008) 397–406. 

https://doi.org/10.2175/106143007x221454. 

[25] Y. Lin, F. Lü, L. Shao, P. He, Influence of bicarbonate buffer on the methanogenetic 

pathway during thermophilic anaerobic digestion, Bioresour. Technol. 137 (2013) 245–

253. https://doi.org/10.1016/j.biortech.2013.03.093. 

[26] A. Maresca, J. Hyks, T.F. Astrup, Recirculation of biomass ashes onto forest soils: ash 

composition, mineralogy and leaching properties, Waste Manag. 70 (2017) 127–138. 

https://doi.org/10.1016/j.wasman.2017.09.008. 

[27] S.S. Perakis, L.O. Hedin, Nitrogen loss from unpolluted South American forests mainly 

via dissolved organic compounds, Nature. 415 (2002) 416–419. 

https://doi.org/10.1038/415416a. 

[28] A. Sharpley, B. Moyer, Phosphorus forms in manure and compost and their release 

during simulated rainfall, J. Environ. Qual. 29 (2000) 1462–1469. 

https://doi.org/10.2134/jeq2000.00472425002900050012x. 

[29] D.H. Pote, T.C. Daniel, Analyzing for dissolved reactive phophorus in water samples, 



in: G.M. Pierzynski, S.C. Hodges (Eds.), Methods Phosphorus Anal. Soils, Sediments, 

Residuals, Waters, Manhattan, KS, 2000: pp. 91–97. 

[30] T. Tiecher, D.R. dos Santos, A. Calegari, Soil organic phosphorus forms under different 

soil management systems and winter crops, in a long term experiment, Soil Tillage Res. 

124 (2012) 57–67. https://doi.org/10.1016/j.still.2012.05.001. 

[31] H.M. Grimshaw, The determination of total phosphorus in soils by acid digestion, in: 

A.P. Rowland (Ed.), Chem. Anal. Environ. Res., NERC Open Research Archive, 

Abbotts Ripton, 1987: pp. 92–95. http://nora.nerc.ac.uk/id/eprint/5224/. 

[32] A. Leip, G. Billen, J. Garnier, B. Grizzetti, L. Lassaletta, S. Reis, D. Simpson, M.A. 

Sutton, W. De Vries, F. Weiss, H. Westhoek, Impacts of European livestock production: 

Nitrogen, sulphur, phosphorus and greenhouse gas emissions, land-use, water 

eutrophication and biodiversity, Environ. Res. Lett. 10 (2015). 

https://doi.org/10.1088/1748-9326/10/11/115004. 

[33] M. Wróbel, M. Jewiarz, K. Mudryk, J. Fraczek, K. Dziedzic, Conceptual design of the 

mobile granulation line for production fertilizers from digestates and ash mixtures, 

MATEC Web Conf. 168 (2018). https://doi.org/10.1051/matecconf/201816804003. 

[34] B.M. Steenari, O. Lindqvist, Stabilisation of biofuel ashes for recycling to forest soil, 

Biomass and Bioenergy. 13 (1997) 39–50. https://doi.org/10.1016/S0961-

9534(97)00024-X. 

[35] B. da S. Cerozi, K. Fitzsimmons, The effect of pH on phosphorus availability and 

speciation in an aquaponics nutrient solution, Bioresour. Technol. 219 (2016) 778–781. 

https://doi.org/10.1016/j.biortech.2016.08.079. 

[36] E. Strosser, Methods for determination of labile soil organic matter: An overview, J. 

Agrobiol. 27 (2011) 49–60. https://doi.org/10.2478/s10146-009-0008-x. 

[37] F. Tambone, V. Orzi, M. Zilio, F. Adani, Measuring the organic amendment properties 

of the liquid fraction of digestate, Waste Manag. 88 (2019) 21–27. 

https://doi.org/10.1016/j.wasman.2019.03.024. 

[38] Y. Hou, G.L. Velthof, S.D.C. Case, M. Oelofse, C. Grignani, P. Balsari, L. Zavattaro, 

F. Gioelli, M.P. Bernal, D. Fangueiro, H. Trindade, L.S. Jensen, O. Oenema, 

Stakeholder perceptions of manure treatment technologies in Denmark, Italy, the 



Netherlands and Spain, J. Clean. Prod. 172 (2018) 1620–1630. 

https://doi.org/10.1016/j.jclepro.2016.10.162. 

[39] UK government, Handling of manure and slurry to reduce antibiotic resistance, (2016). 

https://www.gov.uk/guidance/handling-of-manure-and-slurry-to-reduce-antibiotic-

resistance (accessed 15th December 2020). 

[40] J.A. Adams, Nitrification and ammonification in acid forest litter and humus as affected 

by peptone and ammonium-n amendment, Soil Biol. Biochem. 18 (1986) 45–51. 

https://doi.org/10.1016/0038-0717(86)90102-1. 

[41] J.N. Ladd, R.B. Jackson, Biochemistry of Ammonification, in: Nitrogen Agric. Soils, 

American Society of Agronomy, Inc., Madison, WI, 1982: pp. 173–228. 

https://acsess.onlinelibrary.wiley.com/doi/pdf/10.2134/agronmonogr22.frontmatter. 

[42] Y. Zhang, R. Zhang, S.L. Li, K.M.G. Mostofa, X. Fu, H. Ji, W. Liu, P. Sun, Photo-

ammonification of low molecular weight dissolved organic nitrogen by direct and 

indirect photolysis, Sci. Total Environ. (2020) 142930. 

https://doi.org/10.1016/j.scitotenv.2020.142930. 

[43] P.M.G. Broughton, Carry-over in automatic analysers, J. Automat. Chem. 6 (1984) 94–

95. https://doi.org/10.1155/S1463924684000201. 

[44] G.M. Wong-Chong, R.C. Loehr, The kinetics of microbial nitrification, Water Res. 9 

(1975) 1099–1106. https://doi.org/10.1016/0043-1354(75)90108-6. 

[45] G. Velthof, O. Oenema, Nitrous oxide flux from nitric-acid-treated cattle slurry applied 

to grassland under semi-controlled conditions, Netherlands J. Agric. Sci. 41 (1993) 81–

93. https://doi.org/10.18174/njas.v41i2.624. 

[46] Y. Wang, W. Cao, X. Zhang, J. Guo, Abiotic nitrate loss and nitrogenous trace gas 

emission from Chinese acidic forest soils, Environ. Sci. Pollut. Res. 24 (2017) 22679–

22687. https://doi.org/10.1007/s11356-017-9797-4. 

[47] C. Buchwald, K. Grabb, C.M. Hansel, S.D. Wankel, Constraining the role of iron in 

environmental nitrogen transformations: Dual stable isotope systematics of abiotic 

NO2- reduction by Fe(II) and its production of N2O, Geochim. Cosmochim. Acta. 186 

(2016) 1–12. https://doi.org/10.1016/j.gca.2016.04.041. 

[48] P. Flowers, K. Theopold, R. Langley, W.R. Robinson, Electrochemistry, in: Chemistry 



(Easton)., 2nd ed., OpenStax, Houston, Texas, 2019. 

https://openstax.org/books/chemistry-2e/pages/17-3-electrode-and-cell-potentials. 

[49] K. Butterbach-Bahl, E.M. Baggs, M. Dannenmann, R. Kiese, S. Zechmeister-

Boltenstern, Nitrous oxide emissions from soils: How well do we understand the 

processes and their controls?, Philos. Trans. R. Soc. Lond. B. Biol. Sci. 368 (2013) 

20130122. https://doi.org/10.1098/rstb.2013.0122. 

[50] Northern Ireland Department of Agriculture Environment and Rural Affairs, Nitrate 

Directive partial derogation, (2019). https://www.daera-ni.gov.uk/articles/nitrates-

directive (accessed 15th December 2020). 

[51] J. Recio, A. Vallejo, J. Le-Noë, J. Garnier, S. García-Marco, J.M. Álvarez, A. Sanz-

Cobena, The effect of nitrification inhibitors on NH3 and N2O emissions in highly N 

fertilized irrigated Mediterranean cropping systems, Sci. Total Environ. 636 (2018) 

427–436. https://doi.org/10.1016/j.scitotenv.2018.04.294. 

[52] T. Kiba, A. Krapp, Plant nitrogen acquisition under low availability: Regulation of 

uptake and root architecture, Plant Cell Physiol. 57 (2016) 707–714. 

https://doi.org/10.1093/pcp/pcw052. 

[53] C.M.M. Coelho, C. de M. Bellato, J.C.P. Santos, E.M.M. Ortega, S.M. Tsai, Quality of 

plant products from organic agriculture, J. Sci. Food Agric. 1243 (2007) 1237–1243. 

https://doi.org/10.1002/jsfa. 

[54] UK government, Clean air strategy, 2019. 

https://www.gov.uk/government/publications/clean-air-strategy-2019. 

[55] A. Limoli, M. Langone, G. Andreottola, Ammonia removal from raw manure digestate 

by means of a turbulent mixing stripping process, J. Environ. Manage. 176 (2016) 1–10. 

https://doi.org/10.1016/j.jenvman.2016.03.007. 

[56] A.D. Elliot, D. Zhang, Controlled Release Zeolite Fertilisers : A Value Added Product 

Produced from Fly Ash, in: America (NY)., 2005 World of Coal Ash Conference, 

Lexington, Kentuchy, 2005. http://www.flyash.info/. 

[57] Y. Bai, L. Ma, A.A. Degen, M.K. Rafiq, Y. Kuzyakov, J. Zhao, R. Zhang, T. Zhang, W. 

Wang, X. Li, R. Long, Z. Shang, Long-term active restoration of extremely degraded 

alpine grassland accelerated turnover and increased stability of soil carbon, Glob. 



Chang. Biol. (2020) 1–12. https://doi.org/10.1111/gcb.15361. 

[58] D.S. Powlson, A. Bhogal, B.J. Chambers, K. Coleman, A.J. Macdonald, K.W.T. 

Goulding, A.P. Whitmore, The potential to increase soil carbon stocks through reduced 

tillage or organic material additions in England and Wales: A case study, Agric. Ecosyst. 

Environ. 146 (2012) 23–33. https://doi.org/10.1016/j.agee.2011.10.004. 

[59] R. Vandré, J. Clemens, Studies on the relationship between slurry pH, volatilization 

processes and the influence of acidifying additives, Nutr. Cycl. Agroecosystems. 47 

(1996) 157–165. https://doi.org/10.1007/BF01991547. 

[60] M. Wróbel, J. Frączek, M. Jewiarz, K. Mudryk, K. Dziedzic, Impact of Selected 

Properties of Raw Material on Quality Features of Granular Fertilizers Obtained from 

Digestates and ASH Mixtures, Agric. Eng. 20 (2017) 207–217. 

https://doi.org/10.1515/agriceng-2016-0078. 

[61] M. Jewiarz, M. Wróbel, J. Fraczek, K. Mudryk, K. Dziedzic, Digestate, ash and 

Trichoderm based fertilizer-production line concept design, MATEC Web Conf. 168 

(2018) 1–6. https://doi.org/10.1051/matecconf/201816804004. 

[62] WRAP, PAS 110:2014 Specification for whole digestate, separated liquor and separated 

fibre derived from the anaerobic digestion of source-segregated biodegradable materials, 

2014. http://www.wrap.org.uk/content/bsi-pas-110-specification-digestate. 

[63] B.P. Bougnom, C. Niederkofler, B.A. Knapp, E. Stimpfl, H. Insam, Residues from 

renewable energy production: Their value for fertilizing pastures, Biomass and 

Bioenergy. 39 (2012) 290–295. https://doi.org/10.1016/j.biombioe.2012.01.017. 

[64] H. Insam, I.H. Franke-Whittle, B.A. Knapp, R. Plank, Use of wood ash and anaerobic 

sludge for grassland fertilization: Effects on plants and microbes, Die Bodenkultur. 60 

(2009) 39–51. 

[65] M. Fernández-Delgado Juárez, S. Waldhuber, A. Knapp, C. Partl, M. Gómez-Brandón, 

H. Insam, Wood ash effects on chemical and microbiological properties of digestate- 

and manure-amended soils, Biol. Fertil. Soils. 49 (2013) 575–585. 

https://doi.org/10.1007/s00374-012-0747-5. 

[66] M. Fernández-Delgado Juarez, M. Gómez-Brandón, A. Knapp, D. Stöhr, H. Insam, 

Chemical and microbiological properties of alpine forest soils: Effects of pelletized 



ashes in a short-term trial, For. Ecol. Manage. 357 (2015) 42–49. 

https://doi.org/10.1016/j.foreco.2015.08.014. 

[67] UK government, Sewage sludge in agriculture: code of practice for England, Wales and 

Northern Ireland, (2018). https://www.gov.uk/government/publications/sewage-sludge-

in-agriculture-code-of-practice/sewage-sludge-in-agriculture-code-of-practice-for-

england-wales-and-northern-ireland (accessed 15th December 2020). 

 


	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
	Word count: 11,443
	Keywords
	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Methodology
	2.2.1. Factorial design of each study
	2.2.2. Blend preparation and fractionation
	2.2.3. Characterisation of the fractions of the blend
	2.2.4. Empirical and theoretical concentrations and mass balances of each element


	3. Results and discussion
	3.1. First study
	3.1.1. pH, WS phosphate, and carbon speciation
	3.1.2. Nitrogen speciation

	3.2. Second study
	3.2.1. pH, phosphorus and carbon speciation
	3.2.2. Nitrogen speciation


	4. Conclusions
	Acknowledgements
	References


