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A B S T R A C T

The biomass ash can play a crucial role in agriculture by acting as a valuable fertilizer that fosters 
nutrient cycles and contributes to the conservation of nutrient’s resources. The paper begins by 
discussion of the chemical properties of ashes derived from the herbaceous and agricultural crops. 
It then evaluates the effect of biomass ash on the soil properties and plant growth in the field and 
greenhouse conditions. Finally, the paper evaluates the impact of ash to phytoremediation 
practices, when nutrients presented in biomass ash were returned to the natural cycles to secure 
sustainable biomass utilization. Beside nutrients, some potentially toxic elements were presented 
in biomass ash which can threaten the environment. Rice husk ash followed by bagasse and wheat 
straw ashes were the most studied materials which showed positive effects on agricultural soil 
and crops. Furthermore, a positive impact of rice husk ash on the phytoremediation efficiency of 
Ricinus communis and Vetiver Grass were reported. The results of the current studies show a great 
potential of biomass ash when applying for the agricultural and environmental remediation ac
tions thorough the careful assessment which ensures the circularity in the revitalization.

1. Introduction

The European Commission introduced a circular economy as a novel approach for preserving the biosphere and natural resources 
while increasing the recycling of waste. In pursuit of this objective, the European Union is actively striving to shift from a linear to a 
circular economic model, wherein already existing resources, including organic matter and nutrients found in ‘waste’ materials, are 
efficiently recycled (Mosoarca et al., 2020; Pomoni et al., 2024). Some activities within the initiatives include revising fertilizer 
regulations and establishing the End of Waste Plan (European Commission, 2011, 2016). In this regards utilization of ash is become 
important in research and outreach (Thind et al., 2012; Saletnik et al., 2018; Singh et al., 2019), giving a perspective for circularity. 
The properties of biomass ash as affected by feedstock varieties and conditions of thermal conversion were reviewed in earlier studies, 
suggesting potential biomass utilization and reusing options (Obernberger et al., 2006; Vassilev et al., 2014). The utilization of ash will 
enhance the value of a material that is currently considered as waste and often disposed to the sanitary landfills (Cruz et al., 2017; 
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Wang et al., 2024).
Number of study findings have proven that incorporation of biomass ash can considerably improve properties of soil, promote plant 

growth, and increase a crop yield. Additionally, this practice helps to mitigate environmental concerns concerning the release of 
potentially toxic elements (PTEs) (Antonkiewicz et al., 2022; Rolka et al., 2024). The composition of biomass ash includes Al, Ca, Fe, K, 
Mg, Mn, Na, Si, and Ti, along with potentially toxic elements (PTEs) (Baxter et al., 2012; Shen et al., 2024). While such elements as Ca 
and Mg can regulate soil pH and increase crop yield, elements like Zn and Cu can be hazardous depending of their concentration in the 
ash (Maheswaran et al., 2019). Ash can contribute to the carbon sequestration by promoting the humification of organic material, 
which raises the carbon stability in soil (Pandey and Singh, 2010; Liang et al., 2024). One of the most environmentally friendly and 
sustainable waste disposal technique is returning ash derived from biomass combustion to the soil. This results in the restoration of 
substantial amounts of micro- and macronutrients that were initially taken by plants from the soil, thereby halting the mineral cir
culation (Zając et al., 2018). This shifting integrates the bioeconomy and circular economy into the industrial manufacturing process 
while enable the sustainable utilization of ash and improving the e waste management (Kardung and Drabik, 2021; Kershaw et al., 
2021).

An essential requirement for sustainable ash application is the assessment of its safety and potential adverse effect on the envi
ronment. Thus, it is highly important to use proper management procedures for the various ash fractions generated through com
bustion of biomass (Tarelho et al., 2013; Gadore et al., 2024). Several European countries, including Sweden, Germany, Finland, 
Denmark, and Austria, have established regulations for managing ashes derived after thermochemical conversion of biomass to energy 
(Haglund and Group, 2008, Koppejan and van Loo, 2007; Obernberger and Supancic, 2009, Insam and Knapp, 2011). These documents 
determine the permissible ash fluxes for being recycled in agricultural or forest soils, the maximum permissible levels for certain plant 
nutrients, and PTE concentrations, surface load restrictions, and additional recommendations regarding the suitable application 
(Freire et al., 2015).

Regulatory EU framework has not yet adequately addressed the recycling and using of biomass ash as fertilizer and/or soil 
amendment, despite the fact that the EU Thematic Strategy for Soil Protection has emphasized the significance of promoting soil 
treatment using nutrient recycling. In addition, certain member states have acknowledged the value of recycled biomass ash within 
framework of the circular economy.

The significance of regulation rules related biomass ash derived from the energy sector has been widely recognized. These regu
lations play a crucial role in promotion the adoption of effective management practices and enhancing the value of ash as a raw 
material (Silva et al., 2019). However, the existing publications on utilization of the biomass ash as soil fertilizer and amendment is 
relatively limited; it is in particular about ash derived from the herbaceous and agricultural plants, Additionally, majority of and 
research studies focused on wood biomass ash while herbaceous and agricultural crop ashes (HACA) got much less attention. Thus, this 
review provides an overview of production, properties and utilization of biomass ash derived from herbaceous and agricultural crops. 
The main objectives of the study are: (1) to summarize and structure the peer-reviewed data; (2) to overview the chemical properties of 
ash; (3) to assess potential application of ash as soil fertilizer and amendment; and (4) to study impact of ash while utilized in the 
phytoremediation practices. The current review indicates a significant potential for the utilization of biomass ash in the agricultural 
remediation and environmental revitalization, reliant upon careful assessment and the promotion of circularity in waste treatment 
process.

2. Methodology

He summarized data on properties and composition of HACA were used based on numerous peer-reviewed publications (2000 - to 
date). The search was carried out at the “Web of Science”, “Scopus”, and “Google Scholar” databases with the following terms: 
“Biomass ash” OR “herbaceous ash” OR “agricultural biomass ash” AND “phytoremediation” AND “soil amendment”. Based on these 
keywords, 64 articles were found, out of which 28 were used for the analysis; the remaining 36 articles were excluded caused described 
utilization of the wood ash which was not in the scope of the current review. Thus, totally fifteen varied biomass ashes, i.e. bagasse, 
rice-husk, rice straw, rice hull, wheat straw, spice residues, mustard stalk, rape meal, rye straw, rye cereal, alfalfa stem, Miscanthus 
sinensis, Dicranopteris pedate, Phragmites australis and Arundo donax were overviewed in details to investigate their chemical compo
sition, potential to use as soil fertilizer and/or amendment, and ability to use in the phytoremediation process of the contaminated soil. 
The information on biomass ash type, production method and combustion temperature, chemical properties, using dose, and exper
imental design are presented in Table 1. Tables 2 and 3 illustrate the chemical characteristics and elemental content of biomass ashes. 
Fig. 1 illustrates that the most frequently occurred and analyzed elements in HACA are Cu (15 times), Zn (15 times), K (15 times), and 
Mg (15) times followed by Pb (14 times), P (14 times), Cr (13 times), Ca (13 times), Cd (13 times), and Ni (13 times). Despite the great 
attention to PTEs and nutrients the polycyclic aromatic hydrocarbons (PAHs) were neglected.

3. Results and discussion

3.1. Critical aspects of biomass ash

Ash derived from the solid biomass combustion contains relatively soluble forms of valuable plant nutrients including Ca, K, Mg, 
and P (Obernberger and Supancic, 2009; Insam and Knapp, 2011). During high temperatures’ biomass combustion, the immerse 
concentrations of Ca, Mg, and K are commonly presented in ash in the form of carbonates. This occurs as a result of mineralization, 
where the basic cations are converted into oxides which then undergo hydration and subsequent carbonation under the atmospheric 
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Table 1 
Conducted studies on properties of HACA and their application as soil fertilizer and amendment.

Ash type Method of 
produced ash

Temperature 
(◦C)

Porosity properties Crystallinity Chemical properties Dosage Experiment 
type

References

Bagasse ashes Gasification 
and 
combustion

1050 ◦C ng ​ Si P, Na, N, Mg, K, Fe, Ca, C, Al 13.2 g Ga 0 
g–31.6 g Com.

Lab and 
greenhouse 
experiment

Dombinov et al. (2022)

Dicranopteris pedate Combustion AshDp500: 
500 ◦C; 
AshDp815: 
815 ◦C

ng ​ Cd, Pb, Th, U, rare earth 
elements (REEs)

0.5, 1, 2, and 4 % 
(dry weight)

Greenhouse 
experiment

Wei et al. (2020)

Rice-husk ash Combustion ng Total surface area: 24.252 
(m2g− 1); Pore surface 
area: 4.417 (m2g− 1); Pore 
volume: 0.016 (cm3g− 1)

ng S, P, Na, N, Mg, K, Ca, C 10% (w/w) Pot 
experiments

Samsuri et al. (2019)

Rice-husk ash Combustion Power plant ng Crystalline 
structures with 
various macro- and 
micro-pores

Ti, Si, O, Na, Mg, K, Fe, Cu, Ca, C, 
Al

5 t ha-1 rice-husk 
ash 10 days before 
sowing of seeds

Field 
experiment

Singh et al. (2019)

Miscanthus sinensis 
re-burned 
cyclone ash

Combustion 550 ◦C ng ng Zr, Zn, W, V, Tl, Th, Ta, Sr, Sn, Si, 
Sb, S, Rb, Pb, P, O, Ni, Nb, Na, 
Mo, Mn, Mg, Li, K, In, Hf, Ge, Ga, 
Fe, Cs, Cu, Cr, Cl, Cd, Ca, Be, Ba, 
As, Al, Ag, and REEs

– Lab experiment Vigliaturo et al. (2019)

Rice husk ash Combustion ng ng Crystalline 
structure with a 
larger radius

Zn, Si, P, O, Ni, Mn, K, Fe, Ca, C 0, 2.5% and 5% 
(w/w)

Pot 
experiments

Kiran & Prasad (2019)

Wheat straw ash Combustion 600–700 ◦C ng ng PAHs – – Košnář et al. (2018)
Bagasse ash Combustion – ng ng Ca, Cu, Fe, K, Mg, Mn, N, P, S, Zn 20, 40, 60, 80 and 

100 tons/ha
Greenhouse 
experiment

Gonfa et al. (2018)

Combined ash of 
energy crops 
and agricultural 
plants

Combustion – ng ng Zn, Sr, S, Pb, Ni, Na, N, Mo, Mn, 
Mg, Cu, Cr, Cd, Ca, C, As, Al

1.5, 3.0, 4.5 t ha− 1 Field 
experiment

Saletnik et al. (2018)

Rice-husk ash ng ng Total surface area: 24.252 
(m2g− 1); Pore surface 
area: 4.417 (m2g− 1); Pore 
volume: 0.016 (cm3g− 1)

ng P, S, Na, Mg, K, N, Ca, C 5%, 10%, and 
20% (w/w)

Pot experiment Tariq et al. (2016)

Combined ash of 
poplar bark, rice 
straw and wheat 
straw

Combustion Power plant ng ng Zn, Se, Pb, P, Ni, Na, Mo, Mn, 
Mg, Hg, K, Fe, Cu, Cr, Co, Cd, Ca, 
As, Al

– Lab experiment Shi et al. (2016)

Spice residue 
(capsacin or 
pepper)

Combustion Pepper plant 
biomass

Surface area: 1 m2g-1 Low cystallinity 
percentage (43%)

Zn, Ti, Sr, Pb, Ni, Mn, Cu, Cr, Co, 
Cd, Bi, Ba, B

– – Abraham et al. (2013)

Phragmites australis 
and Arundo 
donax

Combustion 850 ◦C ng ng Zn, Pb, Mn, Cu, Cr, Cd – Lab experiment Bonanno et al. (2013)

Rice husk ash Combustion Power plant ng ng Zn, S, Pb, P, Ni, N, Mn, Mg, K, Fe, 
Cu, Cr, Cd, Ca, As, Al

10 and 20 Mg ha− 1 Field 
experiment

Thind et al. (2012)

Bagasse ash Combustion Power plant ng ng 10 and 20 Mg ha− 1 Field 
experiment

(continued on next page)
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Table 1 (continued )

Ash type Method of 
produced ash 

Temperature 
(◦C) 

Porosity properties Crystallinity Chemical properties Dosage Experiment 
type 

References

Wheat straw ash Gasification – ng ng Zn, Si, S, Pb, P, Ni, Mo, Mn, Mg, 
K, Fe, Cu, Cr, Cl, Cd, Ca, Al

3.18, 1.04, 9.46 t 
dry matter ha− 1 

(based on pot 
surface area)

Greenhouse 
experiment

Müller-Stöver et al. 
(2012)

Combined ash of rice 
and wheat 
straws

Combustion Power plant Particle size distribution 
< 90 μm

ng P, Fe, Si, Mg, Ca, Ti, Al, Na, K, 
Mn, Zn, Cu, As, Se, Mo, Pb, Co, 
Cd, Ni, Cr

– Lab experiment Wang et al. (2012)

Mustard stalk Combustion Power plant Particle size distribution 
< 135 μm

​ Zn, Y, V, U, Th, Ta, Sr, Sc, Rb, Pb, 
Ni, Mn, Hf, Ga, Cu, Cs, Cr, Co, Ba, 
and REEs

– – Singh et al. (2011)

Rape meal ash Combustion 860 ◦C ng ng Zn, Pb, P, Ni, Mg, K, Hg, Cu, Cr, 
Cd

2.5 g Lab experiment Schiemenz & 
Eichler-Löbermann 
(2010)Rye straw ash Combustion 750 ◦C ng ng Zn, Pb, P, Ni, Mg, K, Hg, Cu, Cr, 

Cd
9.8 g Lab experiment

Rye cereal ash Combustion 650–850 ◦C ng ng Zn, Pb, P, Ni, Mg, K, Hg, Cu, Cr, 
Cd

1.9 g Lab experiment

Rice hull ash ng Rice milling 
industry

ng ng na 5 Mg ha− 1 Field 
experiment

Phongpan and Mosier 
(2003)

Alfalfa stem ash Gasification – ng ng Zn, V, Ti, Sr, Si, Se, S, Rb, Pb, P, 
Ni, Na, N, Mo, Mn, Mg, Li, K, Hg, 
Fe, Cu, Cr, Co, Cl, Cd, Ca, C, Be, 
Ba, B, As, Al

0.61–14.6 g ash 
kg− 1 soil 
(0.9–21.6 Mg 
ha− 1)

Growth 
chamber study

Mozaffari et al. (2000, 
2002)

Note: ng = not given.
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Table 2 
Concentrations of macro- and micronutrients (%) in HACA.

Ash type pH N C S Na K Si Ca P Al Fe Mg References

Bagasse ash (Gas.) 9.9 0.05 53.7 na 0.04 1.04 0.56 0.99 0.41 2.98 3.32 0.57 Dombinov et al. (2022)
Bagasse ash (Comb.) 7.1 0.1 5.05 na 0.1 1.21 14.62 1.26 0.38 3.86 5.38 0.46
Rice husk ash 8.22 0.87 58.94 na na 0.49 13.08 0.00 0.19 na 0.032 na Kiran & Prasad (2019)
Rice husk ash 10.33 0.047 6.44 nd 0.074 0.098 na 0.058 0.23 na na 0.78 Samsuri et al. (2019)
Rice-husk ash 10.54 na 21.12 na 1.14 0.26 26.31 0.31 na nd nd 0.31 Singh et al. (2019)
Miscanthus sinensis re-burned cyclone ash na na na 0.14 0.07 2 26 3 0.06 0.1 nd 0.12 Vigliaturo et al. (2019)
Bagasse ash 10.2 0.17 na 0.0001 na 0.05 na 1.45 0.00008 na 0.0003 0.70 Gonfa et al. (2018)
Combined ash of energy crops and agricultural plants 12.89 0.17 1.22 1.97 <0.01 na na 13.12 na <0.01 na 3.13 Saletnik et al. (2018)
Combined ash of poplar bark, rice straw and wheat 

straw
12.28 na na na 0.59 3.45 na 7.81 0.44 2.11 1.01 1.02 Shi et al. (2016)

Rice husk ash 10.22 nd na nd na 0.75 na 0.36 0.30 0.81 0.17 0.16 Thind et al. (2012)
Bagasse ash 9.96 nd na nd na 1.18 na 0.93 0.54 0.13 0.23 0.39
Wheat straw ash 10.9 na na 0.23 na 12 18 5.8 1.1 0.28 0.31 0.97 Müller-Stöver et al. (2012)
Combined ash of rice and wheat straws 11.3 na na na 1.02 4.54 21.84 na 0.43 na 1.92 1.57 Wang et al. (2012)
Mustard stalk 9.2 na na na na na na na na na na na Singh et al. (2011)
Rape meal ash na na na na na 7.3 na na 8.0 na na 5.5 Schiemenz & Eichler-Löbermann 

(2010)Rye straw ash na na na na na 5.3 na na 1.0 na na 1.0
Rye cereal ash na na na na na 10.8 na na 10.5 na na 3.3
Alfalfa stem fly ash 11.8 1.04 42.4 0.38 0.27 1.20 0.75 8.5 1.5 0.29 0.24 2.03 Mozaffari et al. (2000)
Alfalfa stem Bottom ash – 0.13 6.3 0.13 0.19 6.08 0.52 19.3 2.98 0.59 0.59 1.05

Not: nd = not detected. na = not analyzed.
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Table 3 
Concentrations of PTEs (mg kg− 1) in HACA and their limited values.

Ash type Organs PTEs References

As Cd Co Cr Cu Mn Ni Pb Zn

Dicranopteris pedate 
(500 ◦C)

ng na 2.9 na na na na na 134.4 na Wei et al. (2020)

Dicranopteris pedate 
(815 ◦C)

ng na 1.7 na na na na na 64.2 na

Rice husk ash husk na na na na na 48.20 na na 48.30 Kiran & Prasad (2019)
Miscanthus sinensis re- 

burned cyclone ash
straw <5 3.1 1.4 16 33 100 11 6 442 Vigliaturo et al. (2019)

Bagasse ash ​ na na na na 0.40 19 na na 10.50 Gonfa et al. (2018)
Combined ash of energy 

crops and agricultural 
plants

ng <0.01 <0.01 na 50 110 1930 12 <0.01 710 Saletnik et al. (2018)

Combined ash of poplar 
bark, rice straw and 
wheat straw

straw 12.5 3.14 6.58 39.25 43.6 818.6 16.96 43.29 478.3 Shi et al. (2016)

Spice residue (capsacin or 
pepper)

ng na 4 7 14 207 200 10 10 410 Abraham et al. (2013)

Phragmites australis leaf na <0.10 na 0.22 3.67 68.7 6.13 12.3 19.5 Bonanno et al. (2013)
stem na <0.10 na 0.14 1.87 14.5 2.64 8.43 11.1

Arundo donax leaf na <0.10 na 3.15 12.6 23.8 4.22 17.5 10.8
stem na <0.10 na 0.87 5.24 10.1 1.82 13.9 10.3

Rice husk ash husk 1.51 4.3 na 4.1 10 180 1.65 3.86 20 Thind et al. (2012)
Bagasse ash ng 6.54 0.5 na 6.78 40 110 3.60 6.38 40
Wheat straw ash straw na 0.07 na 100 31 400 48 <10 160 Müller-Stöver et al. 

(2012)
Combined ash of rice and 

wheat straws
straw 15 1 10 54 47 1342 24 4 51 Wang et al. (2012)

Mustard stalk stalk <0.1 na 7 61 113 77 35 na 161 Singh et al. (2011)
Rape meal ash meal na 0.5 na 227.9 77.1 na 273.6 11.9 348 Schiemenz & 

Eichler-Löbermann 
(2010)

Rye straw ash straw na 0.1 na 4.7 24.5 na 3.7 <1.5 80.9
Rye cereal ash cereal na 1.3 na 13.7 170.9 na 13.1 2.6 750.5
Alfalfa fly ash stem <0.62 <0.96 <1.9 7.7 41 250 6.7 <13.5 117 Mozaffari et al. (2000)
Alfalfa Bottom ash stem <0.62 <0.96 <1.9 20 22.3 597 12.7 <13.5 137
Concentration limits of PTEs for biomass ash application as a soil amendment
Austria (Class A/B) 20/ 

20
5/8 ng 150/ 

250
200/ 
250

na 150/ 
200

100/ 
200

1200/ 
1500

Lanzerstorfer (2014)

Denmark ng 5 ng 100 ng ng 30 120 ng Niu & Tan (2016)
Finland 40 25 ng 300 700 ng 150 150 4500 Nurmesniemi et al. 

(2012)
Germany 40 1.5 ng 2 70 ng 80 150 ng Silva et al. (2019)
Lithuania 30 30 ng 100 400 ng 70 300 700 Stupak et al. (2008)
Sweden 30 30 ng 100 400 ng 70 300 7000 Emilsson (2006)

Note: nd = not detected; na = not analyzed; ng = not given.

Fig. 1. Frequency of analyzed elements in HACA.

A. Rouhani et al.                                                                                                                                                                                                       Biocatalysis and Agricultural Biotechnology 62 (2024) 103456 

6 



conditions (Saarsalmi et al., 2010; Ochecova et al., 2014). P can be identified as phosphates of Fe, K, and most notably Ca (Tan and 
Lagerkvist, 2011). Therefore, incorporation of ash into agricultural soil can assist to close the natural mineral cycle simultaneously 
minimizing the requirement for the chemical fertilizers. On the other hand, biomass ash, is extremely alkaline and may contents the 
significant levels of PTEs, which have to be managed. Three factors contribute to the variation in the soil nutrient availability: (i) 
release of nutrients from ash; (ii) alteration in the chemical equilibrium of soil, which is pH-dependent; and (iii) variation, predom
inantly increasing of the microbial activity (Demeyer et al., 2001). In this regards the soil with higher pH as a result of adding biomass 
ash can immobilize some metals (Freire et al., 2015).

Another problem to be addressed is the existence in the content of ash persistent organic pollutants (POPs), including para
dibenzodioxines/furanes (PCDD/F) and PAHs as a result of incomplete combustion or transformation in the flue gas pathway. The level 
of their concentrations is determined by combustion conditions and fuel composition. Subsequently, POPs are dispersed within the ash 
and flue gas pathways (Enell et al., 2008; Lopes et al., 2009; Masto et al., 2015). PCDD/Fs are produced during combustion from 
organic precursors contented phenols and lignin. The effect can happen through de novo reactions caused by pyrosynthesis at the high 
temperature or via the presence of particulate carbon and chlorine (Lavric et al., 2004; Gulyurtlu et al., 2007). However, as it is seen 
from Fig. 1, the presence of PAHs in the ash have been ignored.

Literature reports indicate that some biomass ashes, more particularly rice husk ash, typically contains high level of silica (e.g., 
87–99.8%), which is highly porous and lightweight, and possesses a high external surface area (Samsuri et al., 2019; Fernandes et al., 
2024). Silica exists in two forms including amorphous and crystalline (Gupta et al., 2022), and its crystalline form is well-known for 
causing cancer (Rice et al., 2001; Yuvakkumar et al., 2014). As reported (Brandariz et al., 2023) the elevated exposure levels of 
crystalline silica are associated with the risk of lung cancer Crystallinity is influenced by the combustion temperature and duration of 
the process; elevated calcination temperatures or extended calcination times result in the emergence of crystalline silica (Shen et al., 
2011). Therefore, the utilization of biomass ash derived from rice hunk contents high levels of crystalline silica which indeed requires a 
careful consideration.

The acid neutralization capacity (ANC), which measures and represents the ash buffering capability, is significant indicator in the 
context of soil application (Wahlström et al., 2009). ANC is a metric that quantifies the matrix’s resistance to acid attack, which 
impacts its function to endure and release pollutants. This is mainly because the solid matrix’s integrity depends on capacity to sustain 
alkaline conditions, while the solubility of pollutants is greatly impacted by pH (Giampaolo et al., 2002; Pöykiö et al., 2014). The 
long-term maintenance of slightly alkaline or neutral pH levels in waste materials is crucial due to the minimal leachability of pol
lutants within the pH range. Leachability increases substantially with deviation from the pH range (Wahlström et al., 2009). The 
material fineness and Ca and Mg carbonates contribute to the liming impact of ash on changing the soil pH; however, Al and Si 
compounds might also be important in this regard (Pitman, 2006; Wahlström et al., 2009; Carter et al., 2009). Although the positive 
impact of utilizing alkaline materials as soil amendments is widely acknowledged, it is important to consider the implications they 
have on the processes which regulate the migration of elements in the amended soil (Carter et al., 2009). The existence of char in 
biomass ash can significantly decrease its final neutralizing capacity, with respect to the burnout efficiency (Pitman, 2006).

3.2. Properties of biomass ash

A valuable approach for sustainable management of biomass ash generated at the large-scale combustion facilities is the identi
fication of ash properties and type. These characteristics is a foundation for establishing criterias to determine the suitability of using 
ash materials for environmental or commercial purposes (Cruz et al., 2019). The concentration of macro- and micronutrients in HACA 
are presented in Table 2. As shown, the highest pH level is recorded in combined ash derived from combustion of energy crops and 
agricultural plants (12.89). However, there was ash received after combustion of bagasse that exhibited a distinctive lower pH (7.1) 
compared to the remaining ash. The neutralizing ash impact on soil acidity determines by the positive and negative factors during ash 
utilization, such as the immobilization of PTEs and elevated CO2 emissions. Therefore, the duration of the neutralization impact and its 
subsequent consequences are the key questions still need to be addressed. With high probability the answer will be determined by the 
quantity of added ash and the initial site acidity (Huotari et al., 2015; Uwiringiyimana et al., 2024).

The plant growth is dependent on a set of vital primary and secondary macronutrients, including S, P, N, Mg, K, and Ca (White and 
Brown, 2010; Barker and Pilbeam, 2015). In order to maintain the soil productivity, P and K have to be provided in organic matter form 
(compost, manure, or digestate) and inorganic fertilizers since these elements cannot be restored in the soil on human timeframes 
through mobilization from atmospheric deposition or primary minerals (Bradshaw, 2000; Cleveland et al., 2013). Often Ca, Mg, and S 
are limited in some soil types which requests their addition. (Zhao et al., 1996; Gransee and Führs, 2013). Indeed, the majority of these 
nutrients are accumulated in the ash after combustion of biomass allowing the potential reuse of elements and recovery according to 
the waste hierarchy. However, the approach works if the levels of contaminants in the ash are within acceptable limits for particular 
recovery options (Zhai et al., 2021).

As stated by Dombinov et al. (2022) the ash from bagasse combustion contains the higher levels of Al (3.86 %) and Fe (5.38 %) 
compared with the results reported by Gonfa et al. (2018) indicated the lower amounts of Fe P, K, and S in ash derived from bagasse 
biomass. Rice-husk ash showed different levels of nutrients containing higher concentrations of Na (1.14%) and Si (26.31%) detected 
by Singh et al. (2019) and higher level of C (58.94%) reported by Kiran and Prasad (2019). Samsuri et al. (2019) and Kiran and Prasad 
(2019) detected lowest level of N (0.047%) and Ca (0.00%) in rice-husk ash. Bottom ash derived from alfalfa stem contained a higher 
content of Ca (19.3%) and concomitantly, lowest level of Si (0.52%) among other ashes assessed in this study. While highest con
centration of S (1.97%) was recorded in combined ashes of the energy crops and agricultural plants, while low levels of C (1.22%), Na 
(<0.01%), and Al (<0.01%) were reported. High content of Mg (5.5%) was detected for rape meal ash; however, the lowest level of this 
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element (0.12%) was reported for Miscanthus sinensis re-burned cyclone ash. Furthermore, greatest concentrations of N (1.04%), K 
(12%), and P (10.5%) were recorded in alfalfa stem fly ash, wheat straw ash, and rye cereal ash. Ash derived from the agricultural 
waste is usually rich in K, Ca, and P. It is demonstrated (Zhai et al., 2021) that these nutrients could be recovered from the ash of cereal 
residues therefore can be utilized as fertilizer.

From the perspective of closing the elements cycle, the returning of biomass ash to the soil is an advantage; however, here is the 
caution that simultaneously ash may contain an excessive amount of PTEs. Therefore, the application of ash has to be in accordance 
with the permittable level of elements’ content which regulates by respected legislation (Tosti et al., 2019). Table 3 indicates the 
contents of PTEs (Zn, Pb, Ni, Mn, Cu, Cr, Co, Cd, and, As) in the HACA with regard to the limit values in Austria, Denmark, Finland, 
Germany, Lithuania, and Sweden. Compared to other countries, Germany has a significantly lower permissible level value for PTEs 
such as Cd, Cr, and Cu. The soil characteristics and ways for utilization have to be considered during determination the appropriate 
threshold PTEs values in biomass ash utilized as a soil amendment. It has to be mentioned that utilization of ash to agricultural soil has 
to ensure the higher standards in comparison with application of ash to degraded industrial or mining soils when the goal of nutrient 
recycling and restoring of soil function is expected to ensure less strict regulations (Asensio et al., 2013; Cruz et al., 2017).

The reported concentration of As in ash is commonly lower than the limit value. Spice residue ash has the highest level of Cu (207.0 
mg kg− 1) which surpassed the German and Austrian (class A) threshold limits (Lanzerstorfer (2014)) while lowest concentration 
reported for bagasse ash (0.4 mg kg− 1). However, Cd concentration in Dicranopteris pedate ash (1.7–2.9 mg kg− 1), Miscanthus sinensis 
ash (3.1 mg kg− 1), spice residue ash (4 mg kg− 1) and combined ash of poplar bark, rice straw and wheat straw (3.14 mg kg− 1) were 
higher than the German limit value. If we disregard Cr in Phragmites australis leaf (0.22 mg kg− 1) and stem (0.14 mg kg− 1) ash, as well 
as Arundo donax stem ash (0.87 mg kg− 1) the concentration of this element was lower compared to the limit. Rape meal ash had the 
highest level of Ni (273.6 mg kg− 1) over the limited value, followed by concentration of this element in wheat straw ash (48 mg kg− 1), 
and mustard stalk ash (35 mg kg− 1) whose concentrations exceeded the limit in Denmark.

The highest level of Pb was identified in the combined Dicranopteris pedate ash (134.4 mg kg− 1), and was higher than the limits 
determined by standards of Denmark and Austria (class A). Moreover, combined ash of energy crops and agricultural plants (710 mg 
kg− 1) and rye cereal ash (750.5 mg kg− 1) contented the highest level of Zn. Through the revised literature. There is no reported 
threshold for Co and Mn values in biomass ash. Combined ash of rice and wheat straw contented the highest value of Co (10 mg kg− 1), 
while Miscanthus sinensis re-burned cyclone ash had the lowest content of this element (1.4 mg kg− 1). The high value of Mn was 
detected in the combined ash generated from the energy crops and agricultural plants (1930 mg kg− 1). Same time the lowest level of 
Mn was recorded in Arundo donax stem ash (10.1 mg kg− 1). Among ashes overviewed in the current study, a rape meal ash appeared as 
the most polluted by Cr, Ni, and Zn. It is reported that biomass ash can improve the soil micronutrient environment specifically, 
ensuring the content of Zn, Mn, Cu, which promotes ash use as a fertilizer (Wierzbowska et al., 2020). It has to be stressed that chemical 
composition of varied ashes differs depending of the initial biomass, processing technology, and combustion temperature (Cruz et al., 
2019).

Conclusively, the threat of pollutants’ leaching is a serious concern during application of biomass ash as soil amendment. However, 
the reviewed literature indicate that the total quantity of pollutants does not necessarily directly correlates with the potential for 
leaching in a specific utilization scenario (van der Sloot, 2000; Kosson et al., 2002).

3.3. HACA impact to soil and crops

The rice hulls have traditionally been dumped in landfills, which led to a significant source of eutrophication, aesthetic pollution, 
and disturbances in aquatic life (Kamath and Proctor, 1998; Mane et al., 2007). The utilization of rice husks as a source of energy has 
received an encouragement due to increasing interests toward the environmentally friendly industries (Wang et al., 1999). Rice husk, 
as an enormous and easily accessible biomass resource, was used in heat generation for paddy parboiling due to its low calorific value 
(12.1–15.2 MJ kg− 1) and moisture content (varied within the range of 8–10%) (Foo and Hameed, 2009). However, in the recent 
decades the release of rice husk ash (RHA) into the environment received considerable criticisms. This is primarily due to 
bio-accumulative, persistent, and carcinogenic impacts of RHA, which can lead to loss of appetite (respiratory failure), breath 
shortness, fatigue, silicosis syndrome, and even death (Occupational Safety and Health Administration, US Department of Labor, 
2002). The reported carcinogenic impact of RHA is related to its crystallinity (Beidaghy Dizaji et al., 2022; Samsuri et al., 2019).

The urgent need for transformation of RHA into a more valuable product has been emphasized additionally because of high cost of 
ash disposal (in ash pond or landfill) which is equal to $50/tonne in developed states and $5/tonne in developing countries (Foo and 
Hameed, 2009). Nowadays, the extensive applicability of RHA is under the observation. For instance, the impacts of RHA on the 
agronomic and biophysical characteristics of soil were studied during cultivation of wheat crop in a dry tropical environment. Findings 
showed (Singh et al., 2019) that RHA addition initially led to elevated soil CO2 release; however, a decrease in this efflux was detected 
later throughout different growth phases and in overall CO2 level in the soil. The study revealed the potential to decrease greenhouse 
gas emissions from nutrient-poor dry tropical soils and demonstrated that RHA remaining after energy generation and mineral 
extraction could be used as a material for improving agronomic conditions and soil health when combined with the mineral fertilizers 
and farm-yard manure Singh et al. (2019) It is noteworthy to mention that there are other influencing factors which might impact the 
quality and composition of RHA, including climate, soil types, harvesting season, the number of fertilizers used during rice cultivation, 
geographical and environmental aspects (Beidaghy Dizaji et al., 2019).

Research was conducted on the leachability and bioavailability of As, Cd, and Mn in the gold mine tailings using iron-coated rice 
husk (Fe-RHA) and unmodified RHA (Tariq et al., 2019). It was found that the leachability and bioavailability of As, Cd, and Mn in 
mine tailings were significantly impacted by Fe-RHA and RHA application. Furthermore, the leachability and availability of As were 
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enhanced through RHA and Fe-RHA addition; the opposite finding was reported for Cd and Mn. Studies shown that the unmodified rice 
husk had a lower adsorption capacity compared to the modified rice husk (El-Shafey, 2007; Sahu et al., 2009). The functional groups 
contained in bioadsorbents,i.e.: amide, carbonyl, phenol, thioether, sulfate, phosphate imidazole, amino, hydroxyl, sulphydryl, and 
carboxyl, enabled to form metal complexes or chelates (Amin et al., 2006). Chemical treatments had the potential to enhance the 
number of functional groups (Lata and Samadder, 2014). Tartaric acid, epichlorohydrin, sodium hydroxide, sodium carbonate, and 
hydrochloric acid were the most frequently utilized chemicals to activate rice husk (Wong et al., 2003; Kumar and Bandyopadhyay, 
2006) and can decrease the crystallinity of cellulose and reduce the content of lignin and hemicellulose, which subsequently enhance 
the rice husk’s porosity and surface area (Wan Ngah and Hanafiah, 2008).

The bagasse ash (BA) has a lower silica concentration compared to RHA. The low cost and easy availability of this material makes it 
suitable for agricultural use as amendment and for improving the soil fertility. while the current applied disposal method poses a risk to 
the environment and encroachment on productive land (Patterson et al., 2004). A three and a half years of field experiment was carried 
out to investigate the potential utilization of RHA and BA as soil amendments for enhancing the rice-wheat system (RWS) productivity. 
The application of BA and RHA considerably improved the wheat and rice grains yield: being applied in wheat production cycle the 
mean grain yield increased by 24 and 25%, and the subsequent rice crop increased by 11 and 10%, respectively, for BA and RHA 
incorporation. Direct utilization of BA and RHA to rice and wheat production increased rice yield by 11 and 8%, and wheat yield by 14 
and 10%, respectively. The BA and RHA addition to rice production cycle at a rate of 20 Mg ha− 1 decreased the RWS productivity 
compared to the addition of these amendments at a rate of 10 Mg ha− 1 to wheat production. The ash showed no substantial impact on 
the levels of PTEs in the wheat’s grain and straw. In general, application of two types of ash rendered positive P balance in RWS; while 
the K balance stayed negative (Thind et al., 2012). The reason why direct utilization of BA and RHA led to greater yield increasing for 
wheat compared with rice could be due to the greater response of winter-grown wheat to utilized P (Yadvinder-Singh et al., 2009). 
According to Sciemenz and Eichler-Lobermann (2010), ash derived from crop biomass can be used as an ideal source of P, similar to 
highly soluble commercial P fertilizers.

A series of laboratory and greenhouse studies were conducted to gain a comprehensive understanding and accurate prediction of P 
availability to plants derived from different bagasse-based ash sources, fertilization impacts on soybeans. When bagasse was thermally 
co-processed with sewage sludge or chicken manure, the total P mass fraction in the ash was raised to the low-grade P rock levels, 
however the low P mass fraction and plant P availability of pure BA restricted its application as a fertilizer for soybeans. It was further 
proven that the co-combustion of bagasse and poultry manure increased plant P availability by forming plant-available Ca-alkali 
phosphates (Dombinov et al., 2022). An investigation was conducted on impact of filter cake and BA on wheat productivity in 
greenhouse conditions. The finding indicated that the yield and its components achieved via BA treatments were significantly higher 
than those earned with filter cake treatments, except for straw yield, dry biomass, and tillers. The analysis of linear regression showed a 
strong and positive correlation among the uptake of total Zn, S, P, N, Mg, K, Cu, Ca, and grain yield. While there was a linear correlation 
among N, Zn uptake and grain yield, a quadratic correlation was observed with total S, P, Mg, K, Cu, and Ca, uptake. These finding 
suggested that filter cake and BA can effectively improve wheat yield in acidic soil by providing essential nutrients (Gonfa et al., 2018).

The valuable properties of ash received from plant biomass were highlighted because the material contains substantial amounts of 
biogenic elements that are essential for the proper development of crops and demonstrates the potential to effectively address 
shortages of macro- and microelements in the soil (James et al., 2012). The report by Piekarczyk (2013) stated that the wheat straw ash 
(1.0 t ha− 1) utilization as a fertilizer resulted in an elevation of the soil absorbable macroelements. However, these improvements did 
not prove to be statistically significant. The finding was explained by the relatively low nutrient levels contended in the ash. The impact 
of applying ash on soil fertility varied depending on the source of ash, dosage, and its elemental composition (Bakisgan et al., 2009). 
Experiment was carried out to assess whether two distinct ashes received, consequently, from a residual fiber of citrus peels (CP) and 
low temperature circulating fluidized bed gasification of wheat straw (SA), could be applied as fertilizers. Results showed that after ash 
application, soil microbial characteristics did not change considerably. In most cases, SA increased soil ammonium acetate/acetic 
acid-extractable K and Olsen-P levels and improved barley and maize yields, while faba bean did not respond favorably to amendment 
by ash. The application of CP ash did not result in any significant improvement of soil nutrients content or biomass harvest 
(Müller-Stöver et al., 2012). Saletnik et al. (2018) assessed the potential of utilizing biochar and ash derived from plant biomass as 
fertilizers for growing Miscanthus x giganteus. Even in the first and second year of cultivation, the study revealed that the application of 
fertilizer encompassing ash at a rate of 1.5 t ha-1, coupled with biochar and a mixture of biochar and ash at the same rate, resulted in 
the highest dry matter biomass yield compared to control.

Bonanno et al. (2013) assessed the potential of utilizing ash derived from energy crop’s biomass (Phragmites australis and Arundo 
donax) grown in an urban stream impacted by residential sewage as a fertilizer for agricultural and forest applications. Study finding 
indicated that compared to the initial plant tissues, receiving ash contained about 3–5 times higher concentrations of elements. 
Nevertheless, this metal-enriched ash exhibited significantly lower level of elemental concentrations compared to the permissible 
thresholds for ash reuse in forestry and agricultural sectors. Instead of being regarded as a hazardous waste product, the biomass ash 
received from the constructed wetlands might be utilized as fertilizer (Bonanno et al., 2013). Ash derived from bioenergy crops appears 
to be a more viable option for recycling purposes due to its lower PTEs concentration compared to woody biomass ash. This is 
particularly evident in macrophytes, when harvested above part biomass are less enriched in elements compared to roots. Conse
quently, a lower concentration of PTEs can be found in macrophyte ash derived from leaves and stems (Bonanno et al., 2013). The 
successful implementation of the energy crops biomass chain relies on the assumptions of cost-effectiveness, high productivity, and 
proximity between production and application sites (Borin et al., 2009). The most advantageous method for utilization the energy 
crops in phytoremediation is the returning of biomass ash to the field or forest, as this would combine three distinct technologies into a 
single sustainable process (Bonanno et al., 2013).
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The available reserves of P on a global scale are currently decreasing and are expected to be ran out in the future (Haarr, 2005). 
Thus, finding solutions for P recycling through the application the residues and wastes is increasingly crucial for preservation the 
global P reserves. Although biomass ash is almost entirely devoid of N, it contented P and other essential elements for plant growth. 
Ash can have varying levels of nutrients (Zimmermann and Frey, 2002; Patterson et al., 2004). In comparison, Ohno and Erich (1990)
revealed that just a small amount of P supplied by ash was extractable and available for plants. Pels et al. (2005) reported a low P 
solubility in biomass ash. On the other hand, Mozaffari et al. (2002) showed that alfalfa stem ash had favorable impacts on Olsen P in 
loamy soil (extracted with NaHCO3). They demonstrated that a linear regression could adequately explain the association between the 
rate of ash application and the extractable P level in soil. Onwuka et al. (2007) observed improved maize growth and enhanced 
available P concentration in the soil by fertilizing with cocoa husk ash. Two pot experiments were conducted to evaluate the impact of 
crop biomass ashes (straw, rape meal, and cereal) on P fertilization. The experiment was undertaken using a P deficient, poor loamy 
sandy soil. Utilization of rape meal ash resulted in the highest P uptake (86.7 mg pot− 1), while the control sample exhibited the lowest 
P uptake (66.6 mg pot− 1). Compared to the control, the application of ash commonly resulted in higher P uptake by crop and readily 
available P reservoir in the soil. The utilization of crop biomass ash to catch same crops appeared to be a highly promising approach 
(Schiemenz and Eichler-Löbermann, 2010). Ikpe and Powell (2002) observed that millet ash increased millet yields and Phongpan and 
Mosier (2003) discovered that rice hull ash increased rice yield.

Qin et al. (2019) recently discovered that pyrolysis residue ash of a Dicranopteris species have a high concentration of over 6 mg 
kg− 1 REE, making it a valuable REE bio-ore. Additionally, it is widely recognized that applying REE micro-fertilizers to the soil or 
foliage at a suitable dosage can enhance the yield and quality of the crops undergoing treatment (Wei et al., 2001, 2004). To determine 
the potential of REE-enriched ash derived from Dicranopteris pedata as a fertilizer to promote the growth of water spinach (Ipomoea 
aquatica Forsskal), a pot experiment was established. It was found that soil fertility improved by using D. pedata ash at rates up to 4%, 
which subsequently led to the higher quality and yield of I. aquatica shoots. Weight and height of the shoots was boosted by using 
D. pedate ash; in addition, the shoots showed better quality having higher content of soluble protein, vitamin C, and soluble sugar and a 
relatively low nitrates level. Amendment by D. pedata ash led to high absorption of free amino acids by I. aquatica. Furthermore, the 
levels of microelements detected in the harvested part of I. aquatica were within the acceptable limits set by the National Standard in 
China related to elements’ concentration in the vegetable leaves (Wei et al., 2020). This study indicates the feasibility of utilizing 
D. pedata ash enriched with REEs as a fertilizer during cultivation of I. aquatica.

Even though the idea of using ash as a soil amendment has been investigated for many years, numerous regions and countries 
persist in dispose of this material to the local landfill instead of utilization. (Elliott et al., 2022). The primary factor preventing regular 
utilization of biomass ashin environmentally friendly way is the lack of field scale experiment assessing real interactions between soil, 
crop development, soil amendment, and long-term impact (Medaiyese et al., 2023).

3.4. Ash assisted phytoremediation

Number of studies have been examined the biomass ash potential for improving the properties of soil, interaction with contami
nants, and reducing the bioavailability of pollutants (Mozaffari et al., 2002; Schiemenz and Eichler-Löbermann, 2010; Thind et al., 
2012; Singh et al., 2019; Wei et al., 2020). Nevertheless, there is a deficiency of precise data regarding the stabilization of the PTEs in 
plants and soil induced by ash amendments, and their specific effects on plant growth.

In a study conducted over a 60-days period, tolerance and toxicity of Pb in Ricinus communis by RHA and biochar amendments at the 
varied dosages in Pb-polluted soils were investigated. R. communis seedlings were cultivated in soil spiked with different Pb con
centrations (0, 400, and 800 mg kg− 1). The soil was treated with RHA and Prosopis juliflora biochar (PJB) at varying rates (0, 2.5%, and 
5% w/w). In addition to improving soil pH, intake of nutrients, and antioxidant enzymatic activities, adding biochar and RHA to soils 
elevated Pb resistance in R. communis. Compared to unamended plants, biochar addition considerably (p < 0.05) enhanced chlorophyll 
(38–52%), protein (72%) and plant growth parameters (leaf number, nodes, leaf diameter, and height), along with RHA amendment 
showing a less extensive improvement (increasing protein content by 77% and chlorophyll by 10–31%). Compared to PJB, soil 
application of RHA consistently reduced accumulation of Pb in the leaf, shoot, and root. The application of PJB at a rate of 5% resulted 
in 59% reduction of Pb accumulation in roots, while RHA reduced it by 87%. The availability of soil Pb was substantially decreased by 
amendments, leading to a reduction in oxidative damage. This was confirmed by the decreased malondialdehyde (MDA), hydrogen 
peroxide (H2O2), and proline production in plants (Kiran and Prasad, 2019).

The RHA possesses a large number of functional groups (C = = C–H, =C–O, and C–O), which directly reduce the elements 
availability by ensuring the high surface areas. Moreover, Si presented in RHA contributes to stabilization of the metallic pollutants 
(Pb-Zn) (Bosio et al., 2014). The role of RHA for Pb adsorption in polluted soils and the aqueous solution utilized in wastewater 
treatment was described by Naiya et al. (2009) and Singh et al. (2019). The increased growth of plants in polluted soil by Pb due to the 
application of RHA and biochar can be attributed to such factors as: reduction of phytoavailable, presence of macroporous structures 
that which assist in retaining nutrients and increasing of water holding capacity, and evidence of total cations concentration, ulti
mately leading to the higher crops’ yield (Lebrun et al., 2017; Singh et al., 2019).

The impact of Fe-coated and uncoated RHA on the phytoremediation applied to the gold mine tailing soil was studied using Vetiver 
Grass (Vetiveria zizanioides (Linn.) Nash). RHA and Fe-RHA treatment decreased Zn, Mn, Cu, Cr, Cd, and As phytoavailability (Tariq 
et al., 2016). Samsuri et al. (2019) studied the effect of NPK fertilizer on the absorption of PTEs by vetiver grass (Vetiveria zizanioides L. 
Nash) grown in gold-mine tailings when the soil was treated with RHA and Fe-RHA. The RHA and NPK addition were resulted in 
improvement of soil agrochemical parameters, i.e.: dissolved organic carbon (DOC), pH, and essential nutrient levels. Given its high 
tolerance to PTEs, vetiver grass could be considered as a suitable option for phytoremediation of PTEs-polluted soil tailings. This grass 
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showed a significant capacity for absorption ofPTEs, although their translocation from the root to the aboveground part was relatively 
limited, with the exception for Cr. The results clearly indicated that incorporating of RHA or Fe-RHA into the soil tailings, along with 
NPK, had a great potential in enhancing the uptake of PTEs by the vetiver grass (Samsuri et al., 2019).

Metalloids (As) and cationic PTEs (Zn, Pb, Mn, Cu, Cr, and Cd) can be detected in the mine tailing soil (Rouhani et al., 2024). Due to 
the strong attraction for oxygen, As primarily prevails as oxyanions, which can cause some remediation challenges. Mobility of As in 
the soil was influenced by soil pH: higher pH level led to increased mobility of this element. As is prone to bound anion exchange sites 
on soils, more particularly to Al, Fe, and Mn oxides and oxyhydroxides (Masscheleyn et al., 1991). Because of this, the immobilization 
of As could be enhanced by coating RHA with Fe. This was achieved through the adsorption of As ions on Fe oxides, which replaced the 
surface hydroxyl groups. Additionally, the immobilization process was influenced by the formation of insoluble secondary oxidation 
minerals and/or amorphous Fe(III) arsenates (Kumpiene et al., 2008). An overview of biomass ash impact on soil, crops, and phy
toremediation is presented in Fig. 2.

4. Conclusion and outlook

The biomass ash is a byproduct that is physically and chemically variable and can be proposed for improving a soil health and 
effective assisted phytoremediation. The material is characterized by the high alkaline pH value, along with high content of PTEs (Pb, 
Hg, Cr, Cd, and As) and essential elements for growth (Zn, S, P, Na, Mn, Fe, Ca, and B). Taking into consideration the circular economy 
goal to prolong the value of the different production cycles which ensures waste utilization biomass ash can be considered as a value 
material when applied as amendment and/or fertilizer in agriculture and supported remediation process. The overviewed research 
papers confirmed that in well-targeted sites, biomass ash increased the plants yield, total nutrients concentrations and/or reduces the 
soil acidity. The residues combustion ash produced from alfalfa stem, wheat straw, and rye cereal are rich in such nutrients as Ca, P, 
and K and can be utilized effectively as an economic fertilizer and/or soil amendment. It was shown that RHA improved the phy
toremediation efficacy of several plants like Ricinus communis and Vetiver Grass. Simultaneously, there are some disadvantages 
associated with biomass ash utilization for soil improvement and supported phytoremediation because these materials contain certain 
harmful contaminants. Therefore, the using of ash requires a careful assessment and thorough intensive chemical control. Although the 
current review has offered a better understanding on the application of HACA in the soil, there are many remaining gaps concerning 
the biomass ash utilization in agricultural and phytoremediation actions without negative environmental impacts. Summarizing, the 
future studies should consider the following recommendations: 

Fig. 2. Impact of biomass ash on soil, crop, and phytoremediation.
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- Understanding the fate of PTEs during physical-chemical treatment of biomass waste.
- Elaborating the way of transferring PTEs from ash to soil and crops.
- Validating the levels of PTEs concentration in the edible parts of the crops, and propose solutions supporting the reduction of PTE’s 

concentrations.
- Assessing a lifecycle starting from the production of biomass ash toward application in agriculture and supported phytor

emediation, accounting the possible backup processes and the associated environmental impact.
- Performing a comprehensive evaluation of biomass ash, encompassing technical and environmental aspects, focusing on the total 

content and leaching elements.
- Studying the application of ash received from the different bioenergy crops, and to explore the soil-ash interaction in the context of 

assisted phytoremediation.
- Initiating studies on potential utilization of biomass ash for phytoremediation of soil polluted by organic and mixture of organic and 

PTEs compounds.
- Providing long-term field scale experiments to validate the outcomes of small scale-controlled greenhouse experiments, and to 

assess the potential risk of ash contamination to soil and crops.
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