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Abstract 
 

Soils are a non-renewable resource increasingly endangered by human activities at an unsustainable 

rate. Suffice it to say that the extent of all forms of soil degradation is estimated at 10 million 

hectares per year. Biophysical degradation of soils caused by land misuse and/or overuse, and its 

consequential economic effects lead to the generation of the so-called marginal lands. According to 

global demographic estimates, there will be a minimum of nine billion people worldwide by the 

year 2050, leading to an increase in the demand for food and energy production. As follows, this 

entails that marginal soils must be recovered, reclaimed, and utilized in the best possible way while 

restoring ecosystem services. However, marginal areas' biophysical limitations might reduce crop 

yield, being frequently tackled by low fertility often coupled with a shortage of freshwater supplies, 

and contaminations with potentially toxic elements (PTEs) that can limit crop growth.  With this in 

mind, the present work looks at the phytomanagement of marginal areas using the multipurpose 

crop Ricinus communis L. and analyzes different techniques that can be employed to increase its 

production and remediation efficacy. In order to accomplish these claims, the trials here reported 

were carried out testing a variety of organic amendments (waste by-products, i.e., compost obtained 

from the solid fraction of urban waste, anaerobically digested municipal sewage sludge, biochar 

produced from lignocellulosic biomasses employed for phytoremediation purposes) and 

remediation methods at different scales, such as field, greenhouse, growth chamber, and laboratory. 

Ricinus communis L. was tested for its tolerance to extremely low fertility and saline conditions, as 

well as soil contamination (specifically soil contaminated with Pb, As, and Sb due to shooting 

activities), and qualified for its suitability for phytomanagement of marginal lands, through the 

measurement of several physiological and biochemical indices. The results obtained emphasize the 

viability of using Ricinus communis L. for the phytomanagement of marginal lands. When grown 

on extremely poor substrates, some cultivars of castor bean were able to germinate, grow and 

produce oil seeds and residual biomass, even under saline irrigation. As an example, the germination 

of one of the tested cultivars was enhanced by saline irrigation at 4 dS m-1 (+ 3.3% more than the 

control at 0 dS m-1). Nevertheless, castor bean production was increased when supported by a 

combination of compost and biochar as organic amendments (up to 5.4-fold, compared to the 

unamended control). This demonstrates how by-products of organic waste can be used to restore 

marginal land while improving the growth of bioenergy crops, enhancing carbon sequestration, and 

disposing of organic waste in an environmentally responsible manner. Moreover, the use of organic 

amendments proved the immobilization of some PTEs and the mobilization of others. As an 

example, the reduction of the exchangeable soil fraction of Sb was achieved with the application of 
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digestate produced from the anaerobic digestion of municipal sewage sludge, while biochar 

application enhanced its bioavailability. The application of arbuscular mycorrhiza fungi limited the 

accumulation of Pb, As, and Sb in Ricinus plants (on average -14% in leaves, stem and roots for all 

the PTEs). The findings of this work contribute to the possibilities of the eco-restoration of 

degraded, contaminated and marginal lands, through the adaptative capacities of Ricinus communis 

L.  
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Introduction 

 

1.1. Marginal lands 
 

Soils are a non-renewable resource, at least within the human timescale, but it is impossible not to 

recognize that they’re increasingly endangered by human actions. Industrialization, mining, urban 

development, and improper agricultural and forestry practices are some of the activities that lead to 

soil degradation. Biophysical degradation of soils caused by land misuse and/or overuse, and the 

consequential economic effects, are associated with the concept of marginal land (Fierro et al., 

2019). Marginal lands definition is wide and differs among countries and organizations, and in any 

case remains vague (Nalepa & Bauer, 2012; Shortall, 2013). The concept of land at the margin of 

cultivation and economic viability was proposed in the 20th century, as the “poorest land which can 

be remuneratively operated under given price, cost, and other condition” (Peterson & Galbraith, 

1932). Associated with the economic value, the definition of marginal land is intended also as land 

with constraints and limitations that lead to the unsuitability of agricultural practices and ecosystem 

functions (Heimlich, 1989; Kang et al., 2013). According to the study of Shortall (2013), who 

investigated the definition of marginal land in government, industry, NGO and academic documents 

in the UK, three are the main definitions of marginal lands: land unsuitable for food production due 

to low productivity; lower quality agricultural land, in which food production can take place but is 

less productive; economically marginal land (Shortall, 2013).  

Recently, Mellor et al. (2021), have proposed a revised definition of marginal land, as  “any 

identifiable land area, whether originally agricultural or non-agricultural, including those in urban 

areas, which is currently unused or underutilized due to economic, environmental or social factors, 

but which is suitable for temporary or long term use for sustainable energy production” (Figure 1.1). 
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Figure 1.1 Identification of marginal land (from Mellor et al., 2021) 

 

Marginality is not always a permanent state: natural processes combined with land management, 

and market and social-economic can impact changes (Elbersen et al., 2020; Kang et al., 2013). Bad 

land management can lead to soil degradation, and thus to the un-use of land; at the same time, 

investments made to recover the same land can involve the transformation of a marginal land into a 

productive one (Figure 1.2). Moreover, marginal land can be abandoned or taken into use by changes 

in market demands, such as the increased requirement for food production and biomass for 

bioenergy and other non-food products (Muscat et al., 2022; Shortall, 2013). 

 

Figure 1.2 Transitional state of land uses – marginal lands (from Kang et al., 2013) 

 

In the last years, the concept of marginal lands has attracted further policy and scientific interest, 

due to the increasing need for land to meet the demands of the rising population (Elbersen et al., 
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2020). Moreover, the exploitation of marginal lands has been proposed within the EU as a solution 

for the problem of indirect land-use change (Muscat et al., 2022).  

According to Schröder et al. (2018), the extent of all the forms of soil degradation is about 10 million 

ha per year. Marginal land, in the framework of socio-economic factors that define them (e.g., 

absence of a market, poor infrastructure, difficult accessibility, and unfavorable output/input ratios), 

can become marginal lands with biophysical constraints (i.e., degraded soils), when managed 

improperly.  

1.2. Soil degradation 

 

Degradation of soils can be defined as the reduction of soil productivity, and/or diminution of their 

ability to provide ecosystem services (Gomiero, 2016; Lal et al., 1989). Multiple processes can lead 

to soil degradation (i.e., the alterations in one or all of a soil’s biological, chemical or physical 

properties), such as soil erosion, poor drainage, salinization, the decline of organic matter, nutrient 

imbalance, or elimination or impairment of one or more populations of microorganisms, flora and 

fauna (Lal et al., 1989). Theoretically, soil degradation can be divided into four sub-types: physical, 

biological, ecological and chemical (Figure 1.3). 
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The deterioration of the soil structure leads to physical degradation that is characterized by crusting 

and soil sealing, compaction, runoff and erosion. Soil crusting and sealing refer to the permanent 

covering of the soil with impermeable materials (e.g., asphalt or concrete) (Ferreira et al., 2022). 

Soil compaction is the densification of the soil, affecting, among the other, permeability, water-

holding capacity and plant development, and it is caused mainly by machinery and/or livestock 

(Alaoui & Diserens, 2018; Virto et al., 2015). Soil erosion can be defined as the accelerated removal 

of topsoil from the land surface, and it is mainly driven by human activity and is one of the key 

environmental problems in Western Europe (Borrelli et al., 2017; Virto et al., 2015).  

The biological degradation of soils signifies the reduction of the soil organic carbon and loss of 

soil biodiversity, with the main consequence of soil becoming a net source of GHG emissions (i.e., 

CO2 and CH4) rather than a sink (Lal, 2015). According to Lal et al., (2015), ecological degradation 

is the disruption of the ecosystem functions related to a decline in net biome productivity.  

Chemical degradation refers to the undesirable changes in soil chemical features with the decline 

of soil quality (Osman, 2014). It entails the loss of organic matter and/or nutrients, salinization and 

soil pollution, leading to fertility decline. Loss of nutrients and organic matter can occur when 
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Figure 1.3 Types of soil degradation (modified from Lal et al., 2015). 
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mismanaged agricultural practices are undertaken, such as excessive use of fertilizer, intensive 

tillage, deep plowing, clearing of the natural vegetation, or burning of biomasses (Ferreira et al., 

2022; Osman, 2014). A negative balance between the output and input of nutrients causes fertility 

depletion (Osman, 2014). Moreover, soil can be contaminated due to anthropogenic activities. 

It has been estimated that in the European Union (EU), 60-70% of soils are degraded and have lost 

the ability to provide ecosystem services (EC, 2020). After erosion, soil chemical degradation is the 

most widespread form of degradation, posing a threat to the soil resource (Richmond, 2015). 

 

1.3. Soil salinization, nutrients, and organic matter depletion  

 

As previously stated, among the major factor deteriorating soil quality and leading to soil chemical 

degradation, there is soil salinization with consequent nutrients and organic matter depletion. Soil 

salinity, nutrients, and OM depletion hampers plant growth and development and reduces crop yield 

(Van Zelm et al., 2020). Soil salinization is defined as the accumulation of water-soluble salts in the 

soil to a level that impacts agricultural production (Negacz et al., 2022). According to the FAO, the 

global area of salt-affected soils covers 424 million hectares of topsoil (based on 73% of the land 

mapped so far) (Omuto et al., 2020) (Fig. 1.4). In the European Union, soil salinity is estimated to 

affects an estimated 1 million, mainly in the Mediterranean countries, and is a major cause of 

desertification (Stolte et al., 2016).  

 

Figure 1.4. Map of saline soils (form Negacz et al., 2021) 
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Soil salinization has generally been characterized as either primary or secondary. Primary 

salinization is the accumulation of salts in the soil profile through natural processes, while secondary 

salinization is human induced (Ruto et al., 2021). Secondary salinization mainly happens through 

irrigation with saline water, often coupled with poor drainage systems, over-exploitation of 

groundwater, and seawater ingress into coastal land that may be exacerbated by climate change and 

sea-level rise (Ruto et al., 2021). Soil salinity is measured by the electrical conductivity of the soil 

saturation extract (ECe, in dS/m), and soil is considered saline when the ECe is 4 dS/m or higher 

(Negacz et al., 2022). Generally, soil salinity is accompanied by organic matter depletion (Ondrasek 

et al., 2012), thus lowering crop productivity when cultivated on these soils. Salt effects on plants 

are different depending on the species and even cultivars. However, salts affect plant growth due to 

increased osmotic pressure and interference with plant nutrition (Machado & Serralheiro, 2017). 

Two phases entail plants’ growth response to salinity: a rapid, osmotic phase that restrains the 

growth of young leaves, and a slower, ionic phase that accelerates mature leaves’ senescence 

(Munns & Tester, 2008). Various plants during their evolution developed adaptive responses to 

salinity stress at different levels (molecular, cellular, metabolic…) (Daliakopoulos et al., 2016). 

Crop adaptation, according to Rana and Tester (2008), is of three types: osmotic stress tolerance; 

Na+ exclusion; and tissue tolerance (tolerance of tissue to accumulate Na+, and possibly Cl−). The 

identification of salt-tolerant crops is currently the focus of international research projects to reduce 

yield losses under saline conditions (Daliakopoulos et al., 2016). 

In arid and semi-arid regions of the world, the concept of marginal land includes areas with limited 

rainfall, high temperatures, soil of poor quality and poor fertility, as well as salt-affected soils 

(Shahid & Al-Shankiti, 2013). In these areas, mainly due to a limited supply of good-quality 

irrigation water, biosaline agriculture has gained popularity. Biosaline agriculture is defined as 

economically sustainable crop production by using soils and water with a wide range of salinity 

levels (Negacz et al., 2021; Zaman et al., 2018). The research on plants capable of growing in saline 

conditions can lead to a viable market for salt-tolerant crops, exploiting their production on marginal 

land, and at the same time alleviating pressure on conventional water resources (Díaz et al., 2018). 

 

1.4. Soil contamination 

 

Contaminated soils can be considered as a category that overlaps partially with marginal lands (see 

Fig.1.1). A contaminated soil can be defined as soil polluted with xenobiotics (physical, chemical, 

or biological), i.e., substances that are not naturally expected and which could represent a risk for 
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human and ecosystem health, when they exceed a certain threshold (Fagnano, 2018a). Soil 

contamination is one of the greatest threats to soil resources in Europe (Tóth et al., 2016). The 

existence of around 2.8 million sites where land contamination occurs or is taking place has been 

estimated in the European Union (EU) (Pérez & Eugenio, 2018). Municipal and industrial waste 

disposal contributes the most soil contamination in Europe (37%), tailed by industrial and 

commercial activities (33%) (Panagos et al., 2013), with mining and military activities also involved 

in the introduction of contaminants (Fayiga & Saha, 2016). The environmental and human health 

risks of contaminated soils arise greatly with soil erosion which continues to relocate soil and 

pollutants (Schröder et al., 2018). In European soils, contamination is mainly due to potentially toxic 

elements (PTEs) (35%), mineral oils (24%), and polycyclic aromatic hydrocarbons (11%) (van 

Liedekerke et al., 2014). According to Panagos et al. (2013), PTEs definition is any metal (or 

metalloid) that occurs where it is unwanted, or in a form or concentration that causes a detrimental 

effect on human or environmental health. Soil contamination due to PTEs can be considered a 

pressing concern, considering that they are neither biologically nor chemically degraded and tend 

to accumulate in the living organism, thus entering the trophic web with a long-lasting biological 

life (Bolan et al., 2014). 

 

1.5. Factors affecting the dynamics of PTEs in soils and bioavailability in plants  

 

The total concentration of PTEs in soils is derived by the amount of PTEs that occurs naturally in 

soils (i.e., lithogenic), plus the anthropogenic inputs and minus losses, such as soil erosion, plant 

uptake, leaching and volatilization (Alloway, 2013). However, it is well recognized that the total 

amount of contaminants is not necessarily related to their toxicity (Sauvé et al., 2000). The 

proportion of the total amount of contaminants that can lead to potential risks is the bioavailable 

fraction, which is the chemical form that can be taken up by plant roots or enter in soil microbial 

cells. The estimation of the bioavailability, which is strictly connected to PTEs mobility in soil and 

plant uptake, is pivotal to estimating any adverse risk for the living organism (Mcbride, 1994).  The 

bioavailable fraction of contaminants is highly dependent on the considered organism, species and 

even clonal species (Mertens et al., 2005), but also on soil chemical features, such as pH and CEC. 

The concentration of PTEs in the soil solution is regulated by different interconnected chemical 

reactions between the aqueous and solid soil phases (Kabata-Pendias, 2001; Mcbride, 1994; Tack, 

2010). The fate of PTEs is dependent not only on soil properties, but also on environmental factors. 

The dynamic and mobility of those elements, hence their chemical extractability, is influenced by 
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different reactions, such as sorption/desorption, precipitation/dissolution, oxidation/reduction and 

methylation/demethylation (Bolan et al., 2014). The tendency to be involved in these reactions 

depends on the properties of the PTEs, their concentration, and on soil properties.  

Among the factors that affect PTEs dynamics, the most pivotal is soil pH. Anionic species are more 

available at higher pH values, while the opposite is true for cationic species (lower pH, higher 

mobility) (Antoniadis et al., 2017). The increase of soil pH corresponds to an increase of the 

electronegative charge of the different colloids (e.g., organic matter, Al and Fe oxides, clay 

minerals), thus increasing soil retention capacity for cationic species. For the anionic contaminants, 

at higher pH the oxides’ positive charges diminish, as well as the electronegativity of silicate 

secondary minerals, and so does anion repellence. According to this, in calcareous soils, PTEs 

availability is generally low due to the alkaline values of pH. Soil carbonates (CaCO3) raise soil pH 

and also may form metal carbonates that can precipitate (Tack, 2010).  A decrease in pH leads to an 

increase of the activity of H+, Fe3+ and Al3+, cations that will compete for the negative sorption sites 

which decrease with decreasing pH (Tack, 2010).  

Soil redox potential also strongly affects the mobility of PTEs, especially for Cr, Se and As (Tack, 

2010). Potentially toxic elements are generally less mobile in reducing conditions than in oxidizing 

conditions. Abiotic and biotic redox reactions control the oxidation state (hence the mobilization or 

immobilization) of many elements, depending on the species (Violante et al., 2010). As an example, 

more than 50% of the Sb(V) can be reduced in 15 days of waterlogging conditions to the more stable 

(and with higher toxicity for humans) form Sb(III) (Wan et al., 2013).  

The presence of organic matter (OM) in the soil also influences the mobility of PTEs. Many PTEs 

can be associated with the OM, which in the oxidizing, aerobic condition is mineralized, thus 

releasing PTEs (Tack, 2010). Organic matter is rich in negative charges and is responsible for inner-

sphere complexes but also for precipitation reactions (Tack, 2010). OM increases soil CEC and 

retention capacity (Shaheen et al., 2017), and creates organometallic ligands insoluble in soil 

solution (Antoniadis et al., 2017). An increase in soil pH brings the carboxyl, phenolic, alcoholic, 

and carbonyl functional groups of OM to dissociate, increasing the affinity for PTEs cations (Bolan 

et al., 2014). 

Soil texture, mineralogical composition, and cation exchange capacity (CEC) are also 

responsible for PTEs’ bioavailability. As a general statement, it’s possible to say that granular-

grained soil presents a lower CEC and thus a higher PTEs bioavailability (Antoniadis et al., 2017; 

Shaheen et al., 2013). Fine-grained soil includes soil particles with a larger reactive surface area, 

such as clay minerals, which are a substantial source of negative surface charges. Different types of 
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clay minerals present different retention capacities. Montmorillonite, vermiculite and allophones 

show the highest sorption capacity (Shaheen et al., 2013). Expandable silicates (e.g., smectites) are 

highly reactive compared to non-expandable (e.g., illites) and weathered ones (e.g., kaolinites) 

(Antoniadis et al., 2017). According to Antoniadis et al. (2017), clayey soil can retain up to 52 g of 

Pb kg-1 soil. 

Iron, aluminum, and manganese oxides and hydroxides play an important role as well in PTEs 

availability. They are generally present as a coating on silicate minerals, as fillings in veins, or as 

concretions (Kabata-Pendias, 2001).  Their sorption ability entails the isomorphic substitution of 

Mn and Fe for divalent and trivalent cations, along with oxidation effects on the oxide precipitate 

surface, and the generation of cation exchange capacity for the adsorption of protons and hydroxyl 

ions  (Kabata-Pendias, 2001; Mcbride, 1994). Changes in redox potential or pH can lead to the 

precipitation or dissolution of these oxides, thus conducting the co-precipitation or release of PTEs 

(Adamo et al., 2014). For instance, Fe (hydr)oxides are the main minerals absorbing Sb and Pb 

(Conesa et al., 2010; Okkenhaug et al., 2016; Wan et al., 2013). Also, arsenate and arsenite are 

strongly sorbed onto the surfaces of Fe- oxides (Violante et al., 2008; 2010). 

Microorganisms are tangled in the energy and chemical flows in soils. They are accountable for 

the mobilization and accumulation of chemical elements and can adapt to a high concentration of 

these elements (Kabata-Pendias, 2001). As an example, Thiobacillus (the most common Fe-

oxidizing bacteria) and Metallogenium (Mn-oxidizing bacteria) can tolerate elevated concentrations 

of Zn, Ni, Cu, Co and Mn (Kabata-Pendias, 2001). In a recent study conducted by Swęd et al.(2021) 

on the bio-weathering of Zn–Pb-bearing rocks from mining sites, it has been proved that the native 

soil microbial consortium causes a great release of elements from Zn–Pb-bearing rocks and often 

prevent the formation of precipitates. The metabolic activity of microorganisms can acidify the soil 

by displacing base cations from exchange sites through the generation of CO2, soluble organic acids 

and acidic organic residues (Mcbride, 1994). Organic exudates from bacteria (e.g., polyphenols) can 

reduce Mn-oxides and other easily reducible compounds (Mcbride, 1994). Arsenic can be 

immobilized as arsenate, strongly retained by inorganic soil components, through microbial 

oxidation (Bolan et al., 2014). Once the PTEs are free in the soil solution they can be leachate or be 

taken up by plants. 
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1.6. Plants PTEs uptake  

 

The fate of the different PTEs in plants is related to their uptake and transport, concentration and 

form of occurrence, toxicity and/or deficiency, and to the competition and interaction with other 

ions (Kabata-Pendias, 2001). Roots exudates, normally consisting of low molecular weight 

compounds (e.g., acetic and oxalic acid) are involved in the mechanisms of PTEs uptake (Kabata-

Pendias, 2004). Generally speaking, the PTEs forms mainly taken up by plants are hydrated, ionized, 

free ionic species, soluble inorganic ion pair species (as metal hydroxyl species) and organometallic 

chelates of low molecular weight (Tack, 2010). Plants readily take up PTEs that are dissolved in the 

soil solutions in either ionic or chelated and complex forms (Kabata-Pendias, 2011). Roots are the 

main pathway of PTEs absorption; however other tissue (e.g., leaves) can absorb PTEs and 

translocate them to other plant tissues, including roots where the excesses of some metals seem to 

be stored (Kabata-Pendias, 2011). Potentially toxic elements absorption by roots can be both passive 

(nonmetabolic) and active (metabolic); passive uptake is the ions’ diffusion from soil solution into 

the root endodermis; active uptake entails metabolic energy and takes place against a chemical 

gradient (Kabata-Pendias, 2001). The path of elements through cell walls and in intercellular spaces 

of the cortex is the crucial mechanism in root uptake (Kabata-Pendias, 2011). Foliar uptake is 

governed mainly by the surface properties of leaves and by aerial deposition of PTEs and is believed 

to consist of a non-metabolic cuticular penetration, and metabolic mechanisms responsible for ions’ 

transport to the plasma membrane and into the cell protoplast against a concentration gradient 

(Kabata-Pendias, 2011). PTEs transport in plant tissues and organs involves xylem and phloem 

movement, accumulation and immobilization.  

Potentially toxic elements uptake, besides the above-mentioned soil factors, can be affected by 

plants’ specific capacity, even between genotypes. Some species, the so-called hyperaccumulators, 

easily absorb and concentrate PTEs in their above-ground tissues; others (i.e., excluders), can limit 

the translocation and absorption of PTEs (Antoniadis et al., 2017). Plants during their evolution 

have developed a plethora of internal metal tolerance mechanisms. These mechanisms are (i) 

sequestration/compartmentalization, (ii) binding/chelation, (iii) excretion from aerial plant parts, 

(iv) enzymatic and non-enzymatic antioxidants, and (v) protection, stress recovery and repair of 

damaged proteins (Antoniadis et al., 2017). Several agricultural crop plant species, such as mustard, 

radish, turnip, rape and amaranth, can accumulate higher amounts of some PTEs (Cd, Cr, Cu, Ni 

and Zn). The rate of trace element movement among tissues varies greatly, depending on the plant 

organ, its age and the element involved (Kabata-Pendias, 2004).  
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To evaluate the plants’ attitude to accumulate and translocate different PTEs, some indices are 

employed. This is generally performed with a ratio calculation that involves plant and soil/substrate 

element concentrations. There are plant/soil ratios, to assess a plant’s ability to uptake PTEs, like 

the Bioaccumulation Factor (BAC or BF), calculated as the PTEs concentration in plants on the 

PTEs concentration in soil (Buscaroli, 2017). Moreover, to assess the plants’ ability to translocate 

PTEs there are plant part/plant part ratios, such as the Translocation Factor (TF), i.e. the ratio 

between PTEs concentration in the aboveground and the PTEs concentration in the roots (Buscaroli, 

2017). However, to determine PTEs concentration, different analytical methodologies are adopted 

(e.g., total, pseudo-total and extractable element concentrations), thus giving different results 

(Buscaroli, 2017). In general, though, plant PTEs concentration reflects the elemental composition 

of the growth media, and several extraction methods have been proposed for the evaluation of their 

concentrations in soils. Usually, to evaluate the total and pseudo-total concentration of PTEs in soils, 

concentrated strong acids (e.g., “aqua regia”, concentrated HNO3 + HCl), and strong complexing 

agents (chelating agents, such as EDTA) are employed, respectively. However, rather than the total 

concentration of a contaminant, the estimation of the bioavailability of the PTE is more useful, since 

it can be related to mobility and uptake by plants (Mcbride, 1994). For this purpose, several 

extractants have been suggested, mainly buffered and neutral salts, such as CaCl2 and NH4NO3. 

These salts are recommended for regulatory purposes. In Germany and Italy, for example, 

exchangeable soil metals are estimated by 1M NH4NO3 extraction (DIN, 1997). The availability of 

PTEs is of crucial importance for the assessment of environmental quality. 

 

1.7. Legislative framework; EU and Italian legislation 

 

When the suspect of soil contamination arises, an investigation of the site must take place to settle 

such contamination. In Europe, until now, there isn’t a common legal background to address soil 

contamination. Waste management and pollutant emission sanctions are the key to prevent soil 

contamination (Heuser, 2022). However, a new Soil Health Law will take place to protect and 

restore soils and to ensure their sustainable use (https://environment.ec.europa.eu/topics/soil-and-

land/soil-health_en).  

A site is defined as contaminated when one or more hazardous substances, as delineated by Article 

3 of Regulation (EC) No 1272/2008 (3), are present at a level that pose a risk to the environment 

and human health (Pérez & Eugenio, 2018). Many European countries have their national 

legislations. Basically, the first step is the characterization of the site, with sampling and analysis to 

https://environment.ec.europa.eu/topics/soil-and-land/soil-health_en
https://environment.ec.europa.eu/topics/soil-and-land/soil-health_en
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determine the nature and extent of the contamination. Secondly, these data are compared with the 

legislations values that consider a contaminant level acceptable or assumable. These values are 

normally referred to as threshold values, screening values, or background values, depending on the 

country’s legislation. In Italy, the legislation that defines a site as contaminated or potentially 

contaminated is the Decree n. 152, 3rd of April 2006, the so-called Environmental Act (EC). 

According to this legislation, the steps to define a site as contaminated are: 

• Characterization: a certain minimum number of soil samples are taken from the field and 

analyzed. The values obtained are compared with those in Table 1 of Annex 5, Part IV of 

the Environmental Act (Legislative Decree 3rd of April, 2006 n. 152) defining the 

Contamination Threshold Concentrations (CTC: “contamination levels of environmental 

matrices that constitute values above which site characterization and specific site risk 

analysis are required”) in relation to land use. In addition to the CTC, soil background values 

are also considered. When the values obtained by the site characterizations are higher than 

the CTC or background values, the site is defined as potentially contaminated and undergoes 

to a site-specific risk analysis, according to article n. 240 of the same legislative decree. 

• Risk analysis: this step aims to verify whether or not the concentration of contaminants 

actually represents a risk for the environment and human health. The risk can be direct or 

indirect. Article 240 defines the way in which the first type of risk must be assessed, and in 

particular, it provides for the assessment of the paths that could lead contaminants from the 

source (site) to the various targets (worker, aquifer, etc.) and consequently the risk to which 

direct site visitors are subjected as a result of dermal contact, inhalation and ingestion of soil 

particles, as well as contamination of surface and underground water reserves. The 

assessment of the direct risks is carried out by comparing the average amount of PTEs taken 

through dermal contact and ingestion of soil particles, per kg body weight (ADD) and the 

Reference Dose (rfd), i.e., the dose of a substance to which the population is exposed, by the 

oral route, without appreciable risk, throughout its life always, expressed as mg kg-1 day-1. 

The Hazard Quotient (HQ) is thus calculated as ADD/rdf.  If HQ >1 is assumed a significant 

health risk.  

About indirect risks, Article n. 241 defines a specific regulation for which only general principles 

have been clarified, leaving a great flaw in the risk assessment for potentially contaminated soils in 

which the agricultural activity is practiced, as it is precisely for this type that the indirect risk is more 

significant. 
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After the media hype about “Terra dei Fuochi”, the specially established working group and the 

LIFE-Ecoremed (ECOREMED, 2015) project have allowed to identify the limits of the previously 

analyzed legislation and have led to the overall definition of a legislative decree, n. 46/2019, 

specifically for agricultural sites. The innovative element underlying this Annex lies in the 

importance of a site-specific characterization which requires, even before sampling is carried out, 

by means of different technologies available, the identification of the variability present within the 

plot in order to reveal any anomalies related to anthropogenic waste discharge activities. This allows 

sufficient knowledge to define how contaminants are distributed spatially (in terms of both surface 

and depth) in the soil. This led to the indirect evaluation of the spatial variability of the 

contamination (e.g., through ARP, automatic resistivity profiling) and therefore proceed in a 

targeted and precise way, with indisputable advantages also in economic terms, avoiding treating 

the same portions of the site not subject to contamination (Fagnano, 2018). Subsequently, direct 

analysis is used (e.g., x-ray fluorescence spectrometry). By integrating all the information obtained 

with the previous indirect and direct analyses it is possible to identify highly representative sites for 

opening soil profiles in order to take samples for analysis to determine contaminant concentrations, 

thus reducing the number of samples and hence the analytical costs, while increasing the accuracy 

in defining site-specific problems. Once preliminary analyses have been carried out, the values 

obtained for the contaminants are compared with the CTC, which has undergone a rectification 

phase (Annex II) for agricultural soils.  When the CTC are exceeded, further analytical 

investigations are carried out in order to deepen the environmental characterization of the area (e.g., 

bioaccessibility and/or bioavailability tests) with the aim to collect the data for making the direct 

and indirect risk analysis. Another introduction of the decree is the evaluation of the bioavailability 

of the contaminants, together with the assessment of sanitary risks for the consumer of food crops 

cultivated in potentially contaminated sites (Annex III) with the methods reported by Duri et al. 

(2018). Finally, if the risk assessment identifies not tolerable risks for human health and 

environment, such site can be defined as Contaminated and must be subjected to remediation 

programs. 

1.8. Remediation technologies  

 

Remediation of a contaminated site means eliminating the source of contamination or reducing the 

concentrations of the contaminants in the soil, underground and groundwater at a level equal to or 

lower than the values of the risk threshold concentrations. Thus, it is not to return a contaminated 

site to its original state, which is neither necessary nor economically and technically feasible (Pérez 

& Eugenio, 2018). Remediation aims to reduce the hazard to the environment and human health. 
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For this purpose, there are many different remediation technologies employed nowadays (Table 

1.1).  

Table 1.1 Main soil remediation technologies. Modified from Liu et al. (2018) & Smarzewska & Guziejewski (2021) 

Physiochemical Biological 

Flushing (ex situ) Bioremediation (in situ) Biostimulation 

Vitrification (ex situ) Bioaugumentation 

Encapsulation (in situ) Mycoremediation 

Electroreclamation (in situ) Bioreactor 

Venting (in situ) Phytoremediation (in situ) Phytoextraction 

Thermal desorption (in situ & ex situ) Rhizofiltration 

Soil washing (ex situ) Phytodegradation 

Steam extraction (ex situ) Phytostabilization 

Solidification/stabilization (in situ) Phytovolatization 

 

The basic principles of remediation technologies are based on contaminant immobilization, 

transformation (i.e., their transformation into simpler intermediates, mainly for organic 

compounds), and removal (when feasible). The appropriate remediation technology depends on the 

level of decontamination desired, the time available, costs, PTEs forms and amount and site 

characteristics. Basically, there are in situ and ex situ technologies: in the former, the contaminants 

are treated on-site, and in the latter the soil is excavated and moved to another location for treatment 

(Liu et al., 2018). The multiple techniques available for soil remediation can be divided into three 

groups: physical, chemical and biological technologies. Physical methods basically limit the contact 

with the contamination through removal or containment. The chemical techniques decrease 

contaminants’ mobility and thus potential hazard, or conversely aim to enhance their mobility for 

extract them. The biological methods either increase contaminant mobility for extraction (e.g., 

phytoaccumulation) or reduce mobility (e.g., phytostabilization) by using natural or enhanced 

biochemical processes (Adriano, 2001). As required by Ministerial Decree 46/2019, biological 

techniques use is becoming more and more important because do not consider soil as a waste (such 

as landfill), but protect it as a resource, with the main objective of its fertility restoration and ability 

to provide ecosystem services.  
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1.9. Phytoremediation  

 

Phytoremediation is a low-cost, environmentally friendly, and with high public acceptance 

technique (Fagnano et al., 2020; Silva et al., 2017). Moreover, it is operationally simpler and 

aesthetically desirable (Liu et al., 2018). Contrary to the traditional remediation techniques 

(chemical and physical treatments), which are always associated with the alteration of soil 

properties, phytoremediation generally improves soil ecosystem services (Chaney & Baklanov, 

2017; Liu et al., 2018). Phytoremediation technologies rely on the use of plant species capable to 

grow in a contaminated soil and to accumulate, tolerate, or degrade and remove the contaminants 

(Schwitzguébel et al., 2002). The term “phytoremediation” includes several techniques such as 

phytoextraction, phytodegradation, rhizofiltration, phytovolatilization and phytostabilization 

(Fig.1.5). 

• Phytoextraction: entails the use of specific plants, called “hyperaccumulators” to remove the 

contaminants in the harvested biomass. Hyperaccumulators concentrate PTEs, essential or 

not, at an amount that would be toxic for other plants. 

• Phytodegradation: mainly for the organic pollutant, is their transformation into simpler 

molecules through enzymatic and metabolic plant processes. 

• Rhizofiltration: mainly used to remove PTEs and radioactive elements present at a low level 

in the aquatic environment, is based on the ability of some aquatic plant species to adsorb or 

precipitate xenobiotics onto the root surface or accumulate impurities within the root tissues.  

• Phytovolatilization: some contaminants are taken up by plants and volatilized in a different 

form. Mainly used in the aquatic environment or for soil contaminated with arsenic, mercury, 

or selenium. Also, some organic compounds can undergo volatilization. 
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• Phytostabilization: it’s the use of tolerant plant to immobilize PTEs, mainly by absorption 

and accumulation into the roots. This process aims to reduce the availability of contaminants, 

prevent their migration into the food chain, and decrease PTEs mobility through wind 

erosion and leaching. 

The advantages of using phytoremediation are: (i) is economically feasible, is an autotrophic system 

powered by solar energy, with low costs of installation and maintenance, (ii) environment and eco-

friendly, reducing the mobility of contaminants, preventing soil erosion and PTEs leaching, and 

improving soil fertility, (iii) large-scale applicability. Of course, it has also some limitations, such 

as (i) excessively long time needed to obtain satisfying results, (ii) high levels of contaminants 

can kill the plants, (iii) the efficacy depends on climatic factors, soil characteristics, and amount of 

bioavailable form of PTEs (Liu et al., 2018; Schwitzguébel et al., 2002; Smarzewska & 

Guziejewski, 2021; Yan et al., 2020). 

Soil chelates are applied to enhance PTEs mobilization for phytoextractions purposes, altering PTEs 

bioavailability and speciation, by changing pH values and redox soil status (Clemente et al., 2005; 

Lesage et al., 2005; Yan et al., 2020). However, the use of high doses of non-specific chelates can 

enhance the risk of PTEs leaching (Nowack et al., 2006). These setbacks have led to a change in 

focus from phytoextraction to phytostabilization (Evangelou et al., 2015). Plants species suitable for 

phytostabilization programs should be tolerant to the specific contaminants and exclude them from 

their epigeal tissues. Should be fast-growing, have a high biomass production and soil cover, and 

must have a deep and abundant root apparatus (Fagnano et al., 2020; Vamerali et al., 2010). 

Figure 1.5. Schematic representation of the phytoremediation processes 
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Moreover, to reduce the risk of introduction of the contaminants into the food chain, the choice of 

unpalatable plants should be undertaken. The use of annual plants requires greater management 

efforts for the annual tillage, sowing and harvest, leading the soil uncovered thus increasing the 

hazard of soil erosion and PTEs dispersions (Evangelou et al., 2015). Hence, the use of perennial 

plants is recommended for phytostabilization. Anyhow, the biomasses produced should present an 

economical and/or ecological value (Robinson et al., 2009). 

Different indices are employed to assess the plants’ ability to uptake PTEs and their translocation 

to the various plants’ tissues and organs. These indices are based on the ratio between plants and 

PTEs soil concentration (Buscaroli, 2017). Plant/soil concentration ratio, usually called 

bioconcentration factor (BF) is calculated as follows: 

BF= C plant/ C soil 

where C plant is the PTEs concentration in the plant (or tissue, as leaves, stems, or roots) (mg kg-1), 

while C soil is the PTE concentration in the soil (mg kg-1). This index is closely related to the 

bioavailability of a given element and depends both on plant characteristics and soil properties 

(Antoniadis et al., 2017). Plants with a BF>1 are considered accumulators and are suitable for 

phytoextraction. 

Besides, in order to evaluate the translocation of a given PTEs from the roots to the aboveground 

plant parts, usually is employed the translocation factor (TF), calculated with the formula:  

TF= C aerial/ C root 

where C aerial is the PTEs concentration (mg kg-1 d.w.) in the aboveground biomass, while C roots 

is the PTE concentration in the root (mg kg-1 d.w.). This index quantifies the ability of a plant to 

accumulate PTEs in the roots limiting their translocation to the aerial parts, usually as a defense 

mechanism (Marchiol et al., 2004). Plants with a TF < 1 store the PTEs in the roots, thus being 

suitable for a phytostabilization program. 

 

1.10. Phytomanagement 

 

It has been well established that marginal lands, even contaminated soils, are an underutilized 

resource. However, due to the growth of the global population, related consumption levels, are 

increasingly considered a valuable resource (Evangelou et al., 2015). The global request for crops 

will increase by 105% from 2005 to 2050 (Tilman et al., 2011). Moreover, the recognized necessity 
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of replacing fossil fuels with bioenergy crops and biofuels enhances soil demand (Mellor et al., 

2021). Land competition between biofuels and food crops results in the unethical production of 

biofuels. The so-called Indirect Land Use Change (ILUC) means the displacement of food 

production on lands that previously were not interested in agriculture, due to bioenergy crop 

cultivation. This leads to the release of additional greenhouse gases, for example when lands with 

significant carbon stocks, such as forests or wetlands, are converted. Potentially these emissions can 

cancel the emission reductions related to the use of biofuels (Shortall et al., 2019). Postulating that 

food production should always take place on the best soils, the use of marginal and contaminated 

lands, linked with soil reclamation, ecosystem services restoration and phytoremediation can result 

in a win-win strategy. The concept of “phytomanagement” has arisen in the last years. 

Phytomanagement differs from phytoremediation because PTEs remediation is a secondary aim 

while focusing on site-securing together with sustaining ecosystem services and the production of 

valuable bioenergy crops (Do Nascimento et al., 2021; Robinson et al., 2009). As an example, Meers 

et al. (2005), after comparing four crops for phytoextraction purposes (Brassica rapa, Cannabis 

sativa, Helianthus annuus and Zea mays), concluded the efficiency of phytoremediation needed to 

be further economically valorized. So, in 2010, Meers and coworkers proposed the use of energy 

maize for phytoextraction and for generating an alternative income for farmers by subjecting maize 

shoots to anaerobic digestion. Pošćić et al. (2019), screening different Brassica cultivars, Raphanus 

sativus, inbred lined of Helianthus annus and Nicotiana tabacum cultivars to phytoremediate Cr and 

Cu contaminated soils, linked biomass production and phytoremediation. Broadening Robinson et 

al. (2009) words, the term “phytomanagement”, basically related to the best site-specific 

management option, can be applied also to the wide category of marginal lands, providing greater 

benefits (Figure 1.6).  

Phytomanagement should cost less than other phytoremediation technologies, or be more profitable 

(Evangelou et al., 2015). The biomasses produced should have economic or ecological value. 

Biomasses cultivated could be used for thermochemical conversion, or processed into gasses or 

liquids (e.g., biodiesel and ethanol), for biochar production or as biofortified commodities 

(Evangelou et al., 2015; Giudicianni et al., 2017; Schwitzguébel et al., 2002; Wang et al., 2021). 

Widening, even more, this concept, the application of “waste” by-products (e.g., compost obtained 

from the solid fraction of urban waste, anaerobically digested sewage sludge, biochar produced from 

biomasses used for phytoremediation) as an amendment to improve plants growth and immobilize 

PTEs can moreover enhance the circular economy paradigm and increasing the phytomanagement 

ecological values and profit. 
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This integrated approach requires the choice of the most suitable site-specific plants.  

As we will see in the next section, Ricinus communis is a great candidate for phytoremediation 

purposes, as well as for bioenergy production. 

 

 

Figure 1.6 Proposed phytomanagement scheme 

 

1.11. Aims and contents of the thesis 

 

The present thesis has the objective to analyze the phytomanagement of marginal lands with the 

multipurpose crop Ricinus communis. Different techniques are employed to increase its production 

and remediation efficacy (e.g., organic fertilization, use of biostimulants). The extent to which soil 

PTEs bioavailability is modified by Ricinus cultivation and organic amendments application is 

analyzed in detail. In order to accomplish these claims, the scientific works composing the present 

document were conducted at different scales (i.e., field, greenhouse, growth chamber and 

laboratory), employing different phytoremediation techniques and organic amendments. After this 

first chapter, which overviews what is intended nowadays for marginal land and why it is necessary 

to reclaim these soils, a review of Ricinus communis and its multipurpose aptitude is presented.  

The thesis organization is shown in Figure 1.7. The second chapter (the review “Biofuel production 

with castor bean: a win-win strategy”) is modified from the article published on Agronomy (October 

2020). Section 1 of the third chapter was submitted to Journal of Plant Growth Regulation (under 

review). The remaining works are unpublished. 
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Abstract:  The urgency to reduce resource depletion and waste production drives through to an 

economy based on renewable resources. Biofuels, for instance, are a great green alternative to 

fossil fuels, but they currently derive from edible vegetable oils such as soybean, palm and 

sunflower. Concerns have been raised about the social-economic implication and ecological 

impacts of biodiesel production. Cultivating new lands as biodiesel feedstock rather than food 

supply, with the consequent increase in food prices, leads to so-called Indirect Land Use Change 

(ILUC). Establishing bioenergy crops with phytoremediation ability on contaminated soils offers 

multiple benefits such as improving soil properties and ecosystem services, decreasing soil erosion, 

and diminishing the dispersion of potentially toxic elements (PTEs) into the environment. Castor 

bean is an unpalatable, high biomass plant, and has been widely demonstrated to possess 

phytoremediation capability for several PTEs. Castor can grow on marginal lands not suitable for 

food crops, has multiple uses as a raw material, and is already used in biodiesel production. These 

characteristics make it perfect for sustainable biodiesel production. Linking biofuel production 

with environmental remediation can be considered a win-win strategy. 

 

2.1. Introduction 

 

The increasing industrialization, which follows the “take-make-dispose” plan, has led to the 

depletion of non-renewable resources, producing waste, and causing environmental impacts due to 

air, soil and water contamination (Fagnano, 2018). Currently, there is an increased use of renewables 

(e.g., biofuels) to replace the over-reliance on fossil fuels, to reduce resource consumption and waste 

production (Pošćić et al., 2019). The most popular biodiesels are mainly produced from edible crops 

such as soybean, rapeseed, palm, mustard and sunflower (Chatzakis et al., 2011). However, some 

concerns have recently been raised about the socio-economic implications and ecological impacts 

of biofuel production (Bentivoglio & Rasetti, 2015). To be sustainable, biofuels should not affect 

the quality, quantity and use of water or soil, with unacceptable social consequences (Lora et al., 
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2011). Consequently, a biofuel feedstock has to reduce the Indirect Land Use Change, (e.g., the 

emission of more carbon dioxide as a consequence of the cultivation of new land in response to 

biofuel demand) which causes a subsequent deficit in food supply and increases in food prices 

(Malins et al., 2014).  

It is well known that many areas of the world are contaminated. Taking as an example, the 

European Union has estimated the existence of around 2.8 million sites where land contamination 

exists or is taking place (Pérez & Rodríguez Eugenio, 2018). Hence, linking the production of 

renewable energy with phytoremediation may be considered a winning strategy to avoid land 

competition with traditional food crops, protecting human health by remediating land 

contamination, and mitigating the energy crisis and climate change (Bauddh et al., 2017; Kiran & 

Prasad, 2017). In particular, the establishment of bioenergy crops with phytoremediation potential 

on soil contaminated by potentially toxic elements (PTEs) may offer multiple environmental 

benefits, such as improving soil properties and ecosystem services, decreasing soil erosion, and 

diminishing the mobility of PTEs through their adsorption and accumulation in roots or their 

precipitation within the root zone (Fiorentino et al., 2017). Phytoremediation involves the use of 

plants for the restoration of polluted environments being an in situ, solar-powered alternative to 

conventional remediation procedure, with a very high public acceptance (Fagnano & Fiorentino, 

2018). Fast-growing perennial crops with high tolerance to biotic and abiotic stress are able to lower 

soil available PTEs (phytoextraction), reducing their mobility/bioavailability (phytostabilization), 

being considered the best option for phytoremediation programs (Fiorentino et al., 2017). Besides 

this, while remediating a contaminated site, the plant biomass can be used for green fine chemistry, 

bioplastic, and renewable energy and can be considered an integral part of a sustainable economy 

(Pošćić et al., 2019). However, uncertainties have been raised about the safe use of contaminated 

plant biomass for energy conversion. According to numerous studies, different thermal conversion 

methods, especially pyrolysis, are exploited to convert metal contaminated biomass after 

phytoremediation (Giudicianni et al., 2017; Grottola et al., 2019). Pyrolysis greatly reduces the 

weight and volume of the biomass, meaning easier disposal, while concentrating the PTEs in the 

char/ash fraction which can eventually undertake additional treatments or metal extraction before 

discarding (Liu et al., 2012). The most contaminated plant part, or the metal-enriched slags 

generated from energy conversion, can be removed according to heavy metal safe disposal (Dastyar 

et al., 2019). 

Taking this in mind, castor bean (CB), an unpalatable, fast-growing plant with high biomass 

production, has been widely demonstrated to have phytoremediation potential for several PTEs 

(Table 2.1), as well as a high tolerance to salt and drought stress (Babita et al., 2010; Bauddh & 
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Singh, 2012a; Dieter Jeschke & Wolf, 1988; Pinheiro et al., 2008; Sausen & Rosa, 2010). In this 

review, we evaluated the potential of using castor bean for phytoremediation programs linked to 

biofuel and by-product production.  

 

Table 2.1. Studies made on Castor bean (Ricinus communis) phytoremediation capability for PTEs. 

Contaminants Aims of the Research Reference Genotype 

As Phytoremediation potential of 

CB and H. annus 

(Melo et al., 2012) cv. Guarany 

As, B, Cu, Fe, Mn, Zn Phytoremediation potential (Pandey, 2013) Not specified 

As, Cd, Pb Phytoremediation potential 

co-planting CB with P. 

vitatta with chitosan 

addition 

(Yang et al., 2017) Not specified 

As, Cd, Pb, Zn Phytoremediation potential 

of CB and Z. mays with 

chelates 

(Silva et al., 2017) Not specified 

B, Cd, Cr, Cu, Fe, 

Mn, Ni, Pb, Zn 

Effects of organic matter 

addition 

(Abreu et al., 2012) Not specified 

Ba Phytoremediation potential 

of CB, B. juncea and H. 

annus 

(Coscione & Berton, 2009) Not specified 

Cd Cd accumulation and 

drought stress  

(Shi et al., 2015) Cv. Zibi 5 

Cd Phytoremediation potential (Ye et al., 2018) JX-22, ZB-9 

Cd Phytoremediation potential (Zhang et al., 2014) Zibo 5 and 

Zibo 8 

Cd Phytoremediation potential (Bauddh et al., 2016) Cv. Kalpi 

Cd Phytoremediation potential 

of CB and B. juncea 

(Bauddh & Singh, 2012a) Cv. Kalpi 

Cd Phytoremediation potential 

of CB and B. juncea + 

salinity and drought stress 

(Bauddh & Singh, 2012b) Cv. Kalpi 

Cd Phytoremediation potential 

of CB and B. juncea + 

Organic and Inorganic 

amendments 

(Bauddh & Singh, 2015) Cv. Kalpi 

Cd, Cu, Mn, Ni, Pb, 

Zn  

Crude oil and bioproducts  (González-Chávez et al., 2015) Plants 

established 

naturally on 

contaminated 

site 

Cd, Cu, Mn, Pb, Zn Phytoremediation potential (Ruiz Olivares et al., 2013) 

Cd, Cu, Ni, Pb, Zn Phytoremediation potential 

of fly ash disposal site 

(Pandey, 2013) 
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2.2.  Botanical aspects and ecological characteristics 

2.2.1 Botanical aspects 

Castor bean (Ricinus communis L.) is a tropical plant with C3 metabolism of the Euphorbiaceae 

family (Figure 2.1) (Anjani, 2012), with numerous wild and semi-wild types that differ 

genotypically and phenotypically (McKeon, 2016). Castor bean can be 1.5-2.4 m high in a temperate 

climate, or as tall as a moderate-sized tree in tropical and sub-tropical areas (10-13m) (Anjani, 2012; 

Falasca et al., 2012). In Ethiopia, where is thought to be originated, plant size varies from a perennial 

tree or shrub to a small annual (Alemaw et al., 2013; McKeon, 2016). Leaves are palmate with 5 to 

11 lobes and alternate; are often dark glossy green, but the color can vary from light green to dark 

red (Anjani, 2014; Milani & Nòbrega, 2013). The fruit is a spiny, greenish to reddish-purple capsule 

with 3 locules containing one oval, shiny, and highly poisonous brownish seed with marble-gray 

marks and a light brown caruncle (Milani & Nòbrega, 2013; Salihu et al., 2014); at maturity, the 

capsules are dried and may have dehiscence, depending on the genotype (Vallejos et al., 2011). 

Some castor varieties can produce capsules with rudimentary spines, others soft, flexible, and non-

irritant spiny capsules, and others spiny irritant capsules (Salihu et al., 2014). The seeds of castor 

bean grow inside capsules on raceme that develops progressively over the life of the plant. Seeds, 

exposed to different environmental conditions, end in an inhomogeneous maturity, with different 

developmental stages among the raceme and their order (Koutroubas et al., 1999; Vallejos et al., 

2011). The seeds can differ in color, size, external markings, weight, and shape between cultivars 

(Anjani, 2014; Velasco et al., 2015; M. L. Wang et al., 2010; Ming Li Wang et al., 2011), but being 

on average of an oval form. The number of capsules per raceme depends on the number of female 

flowers on it. Male flowers are yellowish green with creamy stamens, while female flowers lie in 

undeveloped spiny capsules with prominent red stigmas. Castor plants can be “normal monoecious” 

with pistillate flowers on the upper part of the raceme and staminate flowers on the lower part, or 

“interspersed monoecious” with pistillate and staminate flowers interspersed along the entire raceme 

axis (Koutroubas et al., 1999; Milani & Nòbrega, 2013). Rarely, castor inflorescence can terminate 

with a hermaphrodite flower that regularly drops off before capsule setting (Anjani, 2012). Female 

and male flower proportion on the raceme can vary within and among genotypes (Milani & Nòbrega, 

2013), and is extensively influenced by the environment. Racemes can have different shapes 

(conical, cylindrical, or oval) with different capsule arrangements, which can be compact, semi-

compact, or loose (Salihu et al., 2014). According to the order of manifestation the racemes are 

called primary, secondary and tertiary, and their numbers increase geometrically with the number 

of branches (Vallejos et al., 2011). The castor stem is round, sometimes covered with a waxy bloom, 
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and it may be green, reddish, or purple (Salihu et al., 2014). The dark purple stem and the sulfur-

yellow colors are occasional (Anjani, 2014). 

 

 

Figure 2.1. Ricinus communis L. (CB). 

 

2.2.2 Ecological niche 

Castor bean can grow well in a wide range of ecosystems, from temperate to tropical desert, to 

wet forests (Gómez et al., 2016), in a range of 250-4250 mm annual precipitation (Anastasi et al., 

2014; Falasca et al., 2012), and in a wide range (4.5-8.3) of soil pH (Anjani, 2014). Considered a 

wasteland colonizer plant, it's easy to find it on landfills, railway tracks, roadsides, etc. Castor 

cultivation spreads to 40°N and 40°S latitudes, but some cultivars have been found at 52°N in 

Russia (Milani & Nòbrega, 2013). It can grow from sea level to more than 2000 m above sea 

level (Anjani, 2012), but the optimal altitude is 300–1800 m a.s.l. (Milani & Nòbrega, 2013). 
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2.3. Tolerance to abiotic stress 

2.3.1 Drought resistance 

Castor bean is well known to be tolerant to two main abiotic stresses: salinity and drought, 

making its cultivation possible in marginal lands that are not suitable for food crops (Bauddh & 

Singh, 2012a). The deep taproot and the extensive root system enable CB plants to uptake water 

from deep soil layers, surviving in dry conditions under which other crops would be severely 

inhibited.  Osmotic adjustment (OA), the active accumulation of solutes in response to water deficit, 

has been reported to be a drought adaptation mechanism in several crop plants. OA helps maintain 

turgor, providing a more efficient extraction of water from the soil (Maggio et al., 2005). Osmotic 

adjustment capacity can vary greatly among CB genotypes, however CB plants under water deficit 

accumulate proline (+ 12 %), total soluble sugars (+ 61 %), total free amino acids (+17 %), and 

potassium (+ 2.8 %), indicating that sugars are the main contributors for osmotic adjustment in CB 

leaves. This is in contrast with other crops in which potassium has been found to contribute the most 

(Fagnano & Fiorentino, 2018). Also, prompt stomatal closure seems to be linked to drought 

resistance in CB plants, resulting in reduced photosynthesis (- 59 %) and minimal water loss by 

transpiration (- 96 %), while maintaining high net CO2 fixation rates (Sausen & Rosa, 2010). Water 

deficiency leads to reduced leaf area and fewer leaves, roots, and shoots biomass and reduced height, 

with shoot elongation being affected very early after irrigation suspension (Sausen & Rosa, 2010; 

Shi et al., 2015; W. R. Silva et al., 2017). This early growth response and the reduced size attained 

by water-stressed plants may contribute to plant survival, reducing the plant’s water requirements 

(Sausen & Rosa, 2010). Seed yield is significantly decreased by water stress mainly in the primary 

racemes since the reduction is less pronounced in secondary and compensated in higher-order 

racemes (Lakshmamma et al., 2017). Water deficiency stimulates CB plants to increase wax 

deposition, contributing to the maintenance of relative water content, since wax is an efficient 

obstacle against leaf transpiration (Silva et al., 2020). Leaf expansion is detectable 30 min after re-

watering, showing that after 2 days of no expansion there is still potential to develop (Schurr et al., 

2000), and after 7 days of re-watering, proline and total soluble sugars accumulation decrease, 

though remaining higher than control plants. Drought stress increases K, Ca, and Na contents in CB 

plants as the drought severity intensifies and decreases Fe, Cu, Zn, and Mg contents according to 

genotype (Tadayyon et al., 2018). Castor drought resistance makes its cultivation possible without 

irrigation, thus reducing its costs. 
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2.3.2 Salt resistance 

In addition to drought, land salinization represents an important environmental constraint that 

reduces crop growth and yield (Pinheiro et al., 2008). Castor bean can grow on marginal lands, 

which are mostly located in arid and semi-arid regions where soil salinity is too high for most 

common food crops (Anjani et al., 2014; Sun et al., 2013). Castor bean salt tolerance seems to be 

related to its roots’ marked ability to limit Na+ uptake, being selective in K+ uptake, excluding it 

from leaf blades and maintaining relatively high K+ concentrations in leaves (Jeschke & Wolf, 

1988). Besides, potassium is selectively translocated to young shoots, retaining Na+ and Cl- in older 

tissue. The stem and petiolar tissue can remove Na+ from the xylem and phloem (Jeschke & Wolf, 

1988). Castor bean cotyledons are less affected by saline stress than true leaves, enabling seedling 

survival in salty soils (Wang et al., 2019). After 59 days under 30 mM NaCl, corresponding to 2 g 

NaCl kg−1 soil, Pinheiro et al. (2008) observed a recovery of leaf water potential, suggesting an 

ability of CB seedling to acclimatize to high salt conditions. The potential photosynthetic activity is 

augmented by salt stimulation, as reflected by the increased Fv/F0 ratio, a very sensitive indicator 

of the potential photosynthetic activity, in CB plants grown under 100 mM L-1 (Li et al., 2010). A 

certain level of NaCl stimulation may promotes CB growth as suggested by the increase of 

chlorophylls in seedlings (Li et al., 2010). Salt stress effects on chlorophyll a and chlorophyll b 

contents can be seen only after 59 days (Pinheiro et al., 2008). The salt tolerance of CB can be 

indicated by the maintenance of cellular integrity, as indicated by leaf electrolyte leakage, high 

photorespiratory activity and nitrate assimilation (Neto et al., 2014). The salinity threshold for seed 

emergence was identified by Zhou et al. (2010) at 7.1 dS m−1, but in some cultivars the emergence 

index can even increase at 10.3 dS m−1 (Sun et al., 2013; Zhou et al., 2010). Serious plasma 

membrane lipid peroxidation may not occur, as indicated by the non-significant increase in 

malondialdehyde at 200 mM L-1, and the proline increase in response to salt stress (Li et al., 2011). 

The effects of saline irrigation water on the oil content of the racemes are small and more 

pronounced in primary than in secondary racemes (Nobre et al., 2012). Castor bean growth 

parameters are affected by salt stress (Pinheiro et al., 2008; Sun et al., 2013), but the sum of the 

distinct responses to salinity appears to be quite a successful strategy, well-organized in the whole 

plant allowing survival and reproduction even under adverse conditions of excessive external Na+ 

and Cl- (Jeschke & Wolf, 1988). The deep-rooted perennial CB can be used to ameliorate seashore 

saline soils increasing the soil porosity and thus facilitating the transfer of salts into deeper soil 

layers and improving soil organic matter content. Furthermore, CB plants positively influence 

microbial community activity and biodiversity, increasing functional bacteria such as halophilic, 
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phosphate-solubilizing, potassium-solubilizing, cellulose decomposing, ammonifying and nitrogen-

fixing bacteria, thus enhancing soil nutrient availability, and improving soil structure (Wu et al., 

2012). The application of nitrogen fertilizers such as monoammonium phosphate plus urea has been 

shown to increase root biomass and stem diameter on CB cv. BRS Energia, reducing the effect of 

salinity on CB growth (Nobre et al., 2013). Finally, arbuscular mycorrhizal fungi stimulate CB 

growth alleviating salt stress, increasing the aboveground biomass, phosphorus, carotenoid and 

chlorophyll, soluble protein and proline content while decreasing malondialdehyde (MDA) (Zhang 

et al., 2014; Zhang et al., 2018).  

 

2.4 Agronomic features 

2.4.1 Growth requirements 

Castor bean requires temperatures between 20 and 26°C (Severino et al., 2012); shoots die at 

temperatures below -1°C and adult plants at -3°C (Anjani, 2014). Castor bean requires a frost-free 

period of 140–180 days, and at least 140 days with a mean temperature between 20° and 27°C for 

satisfactory yields (Anjani, 2012; Falasca et al., 2012; McKeon, 2016) (Table 2.2). Castor grows in 

all kinds of soils but prefers well-drained moisture retentive soil like sandy loam (Salihu et al., 

2014). Castor cultivation necessitates fertile, well-aerated soils with a pH of 6 – 7.3, and rainfall of 

600 – 700 mm for optimum yield (Salihu et al., 2014). Is a long-day plant, but is adaptable to a wide 

range of photoperiods even if with reduced (Salihu et al., 2014). The optimal relative air 

humidity range falls between 30 and 60% (Anjani, 2014), with low relative humidity in the growth 

phase to obtain maximum productivity; humid and cloudy days, despite the temperature, can be 

reflected in lower seed yield (Severino et al., 2012). 
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Table 2.2. Average seed and oil yield of castor bean in different countries under different treatments. n.s., not 

specified. 

Country Site Seed yield 

t ha-1 

Oil yield 

t ha-1 

Genotype Treatment     Reference 

Ethiopia Rift Valley  1.2-1.4 0.6-0.7 Hiruy Planting 

density 

(Alemaw et al., 

2013) 

Greece Aliartos 3.0-3.8 n.s. Kaima 93, C-853, C-

855, C-856, C-864, 

C-1002, C-1008 

Genotype 

evaluation 

(year 2014) 

(Alexopoulou et al., 

2015) 

Italy Cadriano 0.7-4.0 n.s. C-855, C-856, C-857, 

C-864, C-1008 

Genotype 

evaluation 

(year 2014) 

(Alexopoulou et al., 

2015) 

Italy Ragusa  0.7-7.3 0.3-3.3 Local 1, Local 2, 

Brazil, Tunisia 

Autumnal 

sowings 

(Anastasi et al., 

2014) 

Mexico Texcoco 2.6-5.2 n.s. Krishna, Rincon Optimal soil 

moisture 

(Buendía-Tamariz 

et al., 2019) 

Colombia Cordoba 0.8-1.2 0.3-0.6 Monteira, Cienaga de 

Oro, Los Cordobas, 

BRS Nordestina  

Planting 

density 

(Cabrales et al., 

2011) 

USA Florida, 

Citra  

0.7-1.3 0.3-0.6 Birminghan, Hale Plant growth 

regulator and 

harvest aid 

(Campbell et al., 

2014) 

USA Florida, Jay 0.7-1.2 0.3-0.6 Birminghan, Hale Plant growth 

regulator and 

harvest aid 

(Campbell et al., 

2014) 

Italy Sardinia 1.4-2.5 n.s. Hazera 22, ISCIOR 

101 

Irrigation (Laureti & Marras, 

1995) 

USA Texas 0.2-2.7 n.s. BRS Nordestina  Irrigation (Severino & Auld, 

2013) 

Brazil Carnaubais 0.1-1.2 n.s. BRS Nordestina  Fertilization (Severino et al., 

2006c) 

Pakistan Bahawalpur 1.2-2.4 n.s. DS-30 Fertilization (Yousaf et al., 

2018) 

 

Castor bean has a slow and cold-sensitive germination (Severino et al., 2012). Seeds (Figure 

2.2) may have a dormancy period of several months, depending on variety, while others can 

germinate from freshly harvested seeds without any treatment (Severino & Auld, 2013). The base 

temperature for CB seed emergence was found to be 15 ˚C, optimum at 31°C and maximum at 35-

36°C, requiring 464 degree-days after pollination to reach physiological maturity (Anjani, 2014; 

Severino & Auld, 2014; Severino et al., 2006a). 

 

2.4.2 Planting density 

Plant arrangement is a simple low-cost technology that can affect yield (Anjani, 2012; Soratto 

et al., 2012), ranging from 4200 plants ha-1 for tall cultivars to 70,000 plants ha-1 for dwarf varieties 

(Zhou et al., 2010). CB plants compensate for a low population density by producing a higher 

number of racemes (Alves et al., 2015; Souza-Schlick et al., 2014) which, however, do not increase 
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the seed yield considering the reduced number of plants per hectare (Oliveira et al., 2017). A lower 

plant population increases basal stem diameter and survival rate (Severino et al., 2006; Soratto et 

al., 2012; Souza-Schlick et al., 2014). Seed number, a highly hereditable characteristic, is hardly 

influenced by environmental or exogenous factors (Soratto et al., 2012). The raceme size is slightly 

influenced by plant density (Soratto et al., 2012; Souza-Schlick et al., 2014). In all the 

aforementioned studies oil content, oil yield, or oil quality were not influenced by plant density 

(Cabrales et al., 2011).  

 

2.4.3 Irrigation 

Castor bean is very sensitive to root hypoxia caused by soil flooding: irreversible damage occurs 

after just 3 days of flooding (Severino et al., 2006). The deep taproots and extensive root systems 

enable the plant to uptake water from deep soil layers and allow seed production with little or no 

irrigation. Obviously, despite the adaptability of CB to drought, the greatest yields are obtained with 

irrigation. There is almost a linear increase in seed yield with irrigation nearly doubling when 

additional water is supplied (Koutroubas et al., 2000; Laureti & Marras, 1995). In Brazil, a rainfed 

(376 mm) CB field produced 1774 kg ha−1 of seeds, +24 % with supplementary irrigation (1099 

mm), and +139 % with 1662 mm of water supplied (Souza et al., 2007). Castor bean plants’ response 

in seed yield to water treatments differs between cultivars, but most of the variation can be explained 

by the number of racemes, followed by seeds per raceme and seed weight (Laureti & Marras, 1995; 

Severino & Auld, 2013b). The seed yield increase in irrigated CB fields is small compared with that 

of other common crops cultivated in the same area, suggesting that is more suitable for low-input, 

arid environments (Buendía-Tamariz et al., 2019; Laureti & Marras, 1995; Neves et al., 2013). 

Castor bean can grow well also with wastewater irrigation (Anjani, 2014; Chatzakis et al., 2011; 

Yadav & Anjani, 2017). Wastewater is an alternative water source being recently exploited to 

irrigate biofuel crops without depleting the already scarce water resources. A study by Tsoutsos et 

al., (2013) investigate the use of wastewater on the quality of castor bean oil and biodiesel 

production. Oil samples derived from wastewater irrigation provided a lower concentration of free 

fatty acids and a slight reduction in viscosity. According to Abbas et al., (2015), irrigation with 

wastewater resulted in higher fresh and dry weights of castor roots, shoots, leaves, and seeds (g -1 

plant) than the ones irrigated with freshwater, due to nutritive elements contents such as N, P, and 

K. 
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2.4.4 Fertilization  

CB can doubtless grow on agriculturally marginal lands, but obviously, it benefits considerably 

from the addition of fertilizer. For example, nitrogen applications can increase seed yield by 114 % 

compared to unfertilized plants (Oliveira et al., 2017; Severino et al., 2006b). Organic fertilization 

can increase productivity by 458 kg ha-1, mineral fertilization by 824 kg ha-1, and the combination 

of organic fertilization and mineral by 1,009 kg ha-1. Mineral fertilization with N, P, and K, with the 

addition of organic material, contributed to an increase in productivity of 184 kg ha-1 (Severino et 

al., 2006c). Unfertilized plants produced 46 % less fruit compared to well-fertilized ones, with a 50 

% decrease in fruit dry weight (Reddy & Matcha, 2010). However, CB plants selected to grow at a 

certain nutrient level have adapted to produce the maximum at that level (Severino et al., 2006b); 

when cultivated in very fertile soils, tend to produce large vegetative mass at the expense of seed 

production. The oil content in seeds seems to increase only in response to P and was not influenced 

by other nutrients (Severino et al., 2006b). Among the organic fertilizers, poultry manure seemed to 

be more effective (Omotehinse & Igboanugo, 2019).  

 

 

Figure 2.2. Ricinus communis L. seeds. 

 

2.5. Castor bean products 

Castor bean has been used for a very long time, and is one of the oldest commercial products 

(Nahar & Pan, 2015), known in the traditional medicine of the ancient Mediterranean and Asian 

cultures (Polito et al., 2019), being still used in traditional medicine worldwide (e.g., Chinese and 
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Ayurveda)(Anjani, 2012; Polito et al., 2019). Long before “biobased” became a catchphrase, CB 

oil-derived products were used for centuries (e.g., in ancient Egypt lamps) (Anjani, 2012; Copley et 

al., 2005). Nowadays, CB oil has more than 700 industrial uses, and its global demand is increasing 

steadily by 3–5 % per year (Zhou et al., 2020). It’s a well-recognized commodity with a well-

established market, costing 2-3 times more than soybean oil being cultivated only in a few countries 

(Anjani, 2012). Castor bean oil consists mainly of ricinoleic acid (85-90 %), a hydroxylated fatty 

acid with one double bond, and some unique properties. Castor has an oil close to a technical grade 

of purity, a rare natural phenomenon (Anjani, 2012; Bateni & Karimi, 2016). Is more versatile than 

other vegetable oils and it is extensively used in a variety of industries, such as cosmetic and 

pharmaceutical, in paint, varnish and lacquer production (Borg et al., 2009; Ogunniyi, 2006). 

Because of its high viscosity, it’s used as a lubricant in two-stroke engines, neat or blended, reducing 

smoke emissions by up to 50–70 % (Lemos et al., 2016; Singh, 2011). It is a polyol that can readily 

form polymers making polyurethanes that find applications in adhesives and coatings, electrical 

insulators, semi-rigid foams used in thermal insulation (Cardoso et al., 2012) and it was also 

suggested as a possible candidate biomaterial for wound dressings (Uscátegui et al., 2019) and as a 

graft for bone defect treatments (Sousa et al., 2018). The so-called Turkey red oil, produced by CB 

oil sulphation is widely used in textile industries in dyeing and in finishing cotton and linen 

(Mubofu, 2016). The CB oil obtained mechanically by pressing results in CB cake, while CB meal 

derives from CB oil production through solvents. CB cake is a good organic fertilizer, containing 

about 5.5 % nitrogen, 1.8-1.9 % phosphorus and 1.1 % potassium (Lima et al., 2011; Shrirame et 

al., 2011). It can be applied in moist soil 3 weeks before sowing the crops allowing for toxicants 

degradation (Gupta et al., 2004). It has been used as a substrate for tomato seedlings and as fertilizer 

for onion production (Lopes et al., 2011; Mello et al., 2018). CB cake has also shown great potential 

for biogas production and is found to be a very interesting feedstock for the production of pyrolysis 

bio-oil (Bateni et al., 2014; Kalogiannis et al., 2016). According to Gonzalez-Chavez et al. (2019), 

castor cake derived from plants naturally established on polluted mine tailings can be utilized as 

organic fertilizer due to the lower levels (e.g., Pb in cake: 2.6-8.8 mg kg-1) of metal contamination 

allowed by EU regulations (e.g., maximum limit values of Pb in organic fertilizer 120 mg kg-1 of 

dry matter) (EU, 2019). 

Castor bean meal may contain up to 55.8 % crude protein and can be used as a protein source 

for animal feedstock (Nicory et al., 2015). Due to its ricin content, CB meal use necessitates caution. 

Different types of seed processing can reduce or eliminate this toxin (Akande et al., 2016; McKeon 

et al., 2013). For instance, it can be detoxified with calcium oxide replacing up to 50 % of soybean 

meal in the lambs’ diet (Nicory et al., 2015) and reducing the production costs in a beef cattle grazing 
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system (De Matos et al., 2018). Furthermore, up to 15 % non-detoxified CB meals can be used in 

goat feed ( Silva et al., 2015). Castor bean can also be considered an eco-friendly and economic 

alternative to synthetic insecticidal agents (e.g., against Spodoptpera frugiperda, S. littoralis, Musca 

domestica and Phlebotomus duboscqi, the Leishmania vector) (Bakr et al., 2015; Rossi et al., 2012; 

Samuel et al., 2016; A. Singh, 2016). Leaf extracts have also shown antimicrobial potential and 

antifungal activity (Carolina et al., 2019; Naz & Bano, 2012; Shazia et al., 2016). Castor bean leaves 

are used, especially in India and Africa (Sharma et al., 2020; Umer et al., 2016), as food for Samia 

cynthia, a moth used to produce silk, and in Italy the use of senescent leaves for eri-silkworm 

artificial diet has provided a promising opportunity for valorizing residual biomass to good use after 

biorefinery (Zanetti et al., 2017). Moreover, the reactive surface of CB leaf powder has been studied 

as a green adsorbent for the removal of heavy metals from natural river water (Martins et al., 2013). 

In the eastern part of Nigeria, CB seeds are used as a food seasoning called Ogiri and CB can be 

used in honey production (Ogunniyi, 2006; Severino et al., 2012). 

 

2.5.1 Castor biodiesel 

Recently, castor bean biodiesel is receiving great attention (Keera et al., 2018). Biodiesel is the 

alcoholic ester of vegetable oils obtained by transesterification. It presents many advantages over 

fuel, e.g., non-toxicity, biodegradability, renewability, and the decline of most exhaust emissions. 

For instance, the presence of oxygen in biodiesel makes it burn cleaner, and its higher viscosity 

cancels the need for added sulfur compounds in diesel, reducing SO2 emissions (McKeon, 2016; 

Osorio-González et al., 2020). Biodiesel production begins with vegetable oil extraction from the 

seeds, generally carried out with mechanical pressing, solvent extraction, or a combination of both 

technologies (Osorio-González et al., 2020). Lately, supercritical fluids, ultrasound, and microwave 

are the newest technologies developed for oil extraction (Osorio-González et al., 2020). After oil 

extraction, some refining steps are carried out to improve biodiesel quality, such as filtration or 

discoloration (Osorio-González et al., 2020). Subsequently, biodiesel is obtained through the 

transformation of triglycerides into fatty acids (FA), which can be performed with ethanol (resulting 

in FAEEs) or methanol (FAMEs), in the presence of catalysts that can be chemical (alkali or acid 

catalysts) or biological (enzymes) (Issariyakul & Dalai, 2014). Afterward, separation by 

centrifugation or decantation is performed to decrease the impurities and recover all products 

(biodiesel, solvent, and glycerol) (Osorio-González et al., 2020). The Fatty acid composition of the 

feedstock, its property, and the production process employed, are the parameters that mainly affect 

biodiesel quality (Sajjadi et al., 2016). The biodiesel obtained, used alone or blended with 
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petrodiesel, has to conform to specific standards, like ASTM D6751 or EN 14214 (Ismail et al., 

2014; Osorio-González et al., 2020). Some important biodiesel properties that need to conform to 

standards are kinetic viscosity, cetane number, cloud and pour point, and flashpoint.  

Castor oil is mainly composed of ricinoleic acid (85-90%). CB has a very high percentage of 

seed oil content (40-55 %), higher than other normally used oil crops such as soybean (15-20 %), 

sunflower (25-35 %), or rapeseed (38-46 %), with a cultivation cost reduced by up to 50 % compared 

to rapeseed (Table 2.3) (Keera et al., 2018). Castor oil can be used in diesel engines with few 

modifications (Bello et al., 2020; Scholz & da Silva, 2008), lowering the level of pollutants, 

carcinogens, and greenhouse gasses (McKeon, 2016; Osorio-González et al., 2020). According to 

Anjani (2014), about 79782 t of CO2 emission can be saved if 10% of total castor seed oil produced 

is transesterified into biodiesel. The world average castor seed production is 1.1 Mg ha-1, 

corresponding to 460 kg of castor oil with a seed oil content of 47% and oil yield of 90%, but a 

higher yield can be obtained, indicating promising oil productivity (Bateni & Karimi, 2016; Scholz 

& da Silva, 2008). Castor oil FAMEs present an unacceptably high value of kinematic viscosity 

(which influences characteristics such as the amount of fuel that drips in the injection pump 

(Issariyakul & Dalai, 2014)) and low cetane number (that quantifies the time between injection and 

ignition of the fuel (McKeon, 2016)) that do not allow it to achieve the standard specifications 

(Berman et al., 2011; Sajjadi et al., 2016; Scholz & da Silva, 2008). Blending castor biodiesel with 

diesel is nowadays the only way to use it in the current diesel engine without complicating engine 

performance, and to meet all the required specifications (Berman et al., 2011; Scholz & da Silva, 

2008). Castor biodiesels’ high viscosity could improve diesel lubricity when blended, at a 

concentration of 2 g kg-1, while rapeseed needs to be added at a concentration above 7.5 g kg-1 to 

achieve the equivalent effect (Severino et al., 2012). Castor biodiesel presents a cetane number 

(43.7) lower than diesel CN (51). Nevertheless, the B5 blend gave a CN of 50.6 (Keera et al., 2018). 

Moreover, castor biodiesel also presents a high cloud and pour point (which monitors the flow 

proprieties at low temperatures (Issariyakul & Dalai, 2014), making it suitable for extreme winter 

temperatures, alone and blended (Berman et al., 2011; Keera et al., 2018). Castor biodiesel requires 

a negligible amount of catalysts to give a high biodiesel yield, reducing the production costs on a 

large scale (Berman et al., 2011; McKeon, 2016). Furthermore, castor biodiesel can be obtained at 

low temperatures (Bateni & Karimi, 2016; Da Silva et al., 2013): for instance, Keera et al. (2018) 

produced castor biodiesel through alkaline transesterification, with biodiesel yield obtained at 30°C 

similar to those obtained at 60°C. It is highly soluble in alcohol, due to the presence of hydroxyl 

groups, with great advantage during transesterification (Da Silva et al., 2013; Demirbas et al., 2016; 
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Osorio-González et al., 2020; Severino et al., 2012). A study by Bateni & Karimi (2016) 

demonstrated that the whole castor plant may be used in biodiesel production, with 

transesterification performed with ethanol obtained by saccharification and fermentation of plant 

residues: 1 kg of castor plant produced 149 g of biodiesel and 30.1 g of ethanol. Meneghetti et al. 

(2006) studied a comparison of ethanolysis versus methanolysis on commercial castor oil, obtaining 

similar yields but a shorter reaction time for methanolysis. All the above-mentioned studies indicate 

that castor bean is a great feedstock for biodiesel production. Some mathematical experimental 

designs and methodologies, such as Response Surface Methodology (Da Silva et al., 2013; Sánchez 

et al., 2015) or Taguchi approach (Karmakar et al., 2018; Ramezani et al., 2010), can improve and 

optimize castor oil transesterification. New technological innovations, new diesel engines, and 

mathematical model applications could greatly increase castor biodiesel production and utilization. 

According to Amouri et al. (2017), who studied the impact of castor biodiesel production on global 

warming, energy return-on-energy investment (EROEI), and ecosystem and human health, castor 

biodiesel showed a positive carbon balance, equivalent to the reduction of climate-change emission, 

and an EROEI of 2.60. The above-mentioned positive impacts of castor biodiesel can also be 

improved by reducing its ILUC: according to Gonzalez-Chavez et al. (2019), oil produced by 

Ricinus shrubs grown on metal-polluted sites presents low levels of contamination (e.g., Cd: 0-1.26 

mg/L; Pb: 0-2.2 mg/L) and could be used as raw material.     

 

Table 2.3.  Comparison between the most common biodiesel feedstocks 

Feedstock Seed 

oil 

content 

Advantages Disadvantages References 

Castor oil 45-55% 

Non-edible, High flash point. 

Hight pour and cloud POINT 

(useful in winter condition), Can 

grow on marginal and PTEs 

contaminated soils, Miscible in 

alchool, Easy to transesterificate, 

Low cetane number, high viscosity, 

Ricin content 

(Barbosa et al., 2010; 

Bello et al., 2020; Scholz 

& da Silva 2008) 

Soybean 15-20% 
Low viscosity, high thermal 

stability 

High production cost, edible, high 

acid value 

(Qiu et al., 2011; 

Uyumaz et al., 2018) 

Sunflower 25-35% Low viscosity 
Edible, high acid value, long-term 

cultivation unsustainable 

(Balat et al., 2011; 

Demirbas et al., 2007) 

Palm 18-40% Cheap feedstock, high flashpoint 
High cloud point, edible, long-term 

cultivation unsustainable 

(Balat et al., 2011; 

Mekhilef et al., 2011) 

Mustard 28-32% 

High cetane number, Cheap 

feedstock, can grow on soils 

contaminated with PTEs 

High viscosity, Lower heating 

value, high cloud point 

(Alam et al., 2013; Sanjid 

et al., 2014) 

Rapeseed 38-46% 
High flash point and low cloud 

point 

Effective power and torque 

decrease at all engine loads, 

increase NOx emissions up to 15% 

in most of the experiments 

(Qiu et al., 2011; Rashid 

et al., 2008; Aldhaidhawi 

et al., 2017) 
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2.6.  Phytoremediation potential 

Castor bean has a great potential for phytoremediation programs because it is a high biomass 

fast-growing plant, unpalatable to stock, and a potential phytoaccumulator of several PTEs, such as 

As, Cd, Pb, and Zn (Abreu et al., 2012; Amouri et al., 2017; Bauddh & Singh, 2012a; Huang et al., 

2011). Being a perennial plant, its vegetation cover can immobilize PTEs in the rhizosphere, 

reducing their wind dispersion, and thus interrupting the exposure pathways. In addition, it has a 

massive root growth, which can reduce PTEs leaching into the water (Fagnano & Fiorentino, 2018b; 

Visconti et al., 2019), and makes it capable of adsorbing a high number of contaminants (Palanivel 

et al., 2020; Rehn et al., 2019). Castor bean low translocation factor demonstrates that it’s highly 

suitable for phytostabilization of heavy metals and metalloids (Bauddh et al., 2015; Palanivel et al., 

2020; Silva et al., 2017). The phytoremediation potential of castor plants is of primary importance, 

given the increasing number of PTEs contaminated soil. According to Dastyar et al. ( 2019), one-

third of world resources are contaminated, mainly by heavy metals, although the real rate could be 

higher. 

Copper accumulation, originating from the long-term use of Cu-based fungicides, carries an 

environmental risk of progressive increase of Cu in agricultural soils (Fagnano et al., 2020). Lead, 

considered one of the most hazardous PTE, can have a geological origin in soils or be released into 

the environment by smelting, battery recycling and mining (Fagnano & Fiorentino, 2018b). 

Cadmium, by contrast, is less common in soils but exposure even to low concentrations can cause 

serious human health problems, with carcinogenic effects, cell injury and endocrine destruction ( 

Huang et al., 2011).  

Copper toxicity results in growth cessation in plants, chlorosis and necrosis symptoms and 

interference with many biological processes (e.g. cellular respiration) (Huang et al., 2018). Castor 

bean plants exhibit a well-documented copper phytostabilization aptitude. Copper contaminated soil 

seems to increase the biomass production of CB plants (Andreazza et al., 2013; Palanivel et al., 

2020), without significant phytotoxic symptoms except for chlorosis in few leaves, indicating its 

Cu-tolerant capacity (Palanivel et al., 2020; Zhou et al., 2020). Copper concentration in roots greatly 

exceeds the concentration in other tissue (Huang et al., 2018; Ren et al., 2017). Depending on soil 

type, CB is able to remove 5900 g ha-1 of Cu in Inceptisol and 3052 g ha-1 in Mollisol, with root 

copper concentration 90 times higher than leaves and stems (Andreazza et al., 2013). Castor bean 

plants exhibit a bioconcentration factor (BCF, a ratio of element concentration in the plant shoots to 

element concentration in soil (Visconti et al., 2018, 2019) and translocation factor (TF, the ratio of 

element concentration in shoots and roots (Duri et al., 2020; Visconti et al., 2020) lesser than 1, 

indicating that CB is not a Cu accumulator plant and is well suited for phytostabilization due its low 
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metal transfer rate (Andreazza et al., 2013; Napoli et al., 2019; Palanivel et al., 2020). Copper 

accumulation in CB seems to be directly related to phosphorous content in soils (Palanivel et al., 

2020). Accordingly, phosphorous fertilization at 300 mg P kg−1 increased Cu root concentration by 

68 % while decreasing malondialdehyde (MDA) content (Huang et al., 2018). Sulfur application 

decreases copper accumulation in roots by 30 %, by reducing Cu bioavailability in soils (Ren et al., 

2017). Conversely, nitrogen fertilization increases Cu roots content, while restricting Cu transport 

from the underground part to the aboveground, thus reducing the translocation factor (Zhou et al., 

2020).  

Cadmium soil contamination events have been increasing progressively over the last few years, 

because of the excessive use of chemical fertilizers and pesticides, mining, smelting and industrial 

wastewater irrigation (Bauddh et al., 2016). Almost 5.6 – 38× 106 kg year−1 of Cd released into the 

environment is anthropogenic, e.g., by metallurgic works, wastes from the cement industry, 

municipal waste, sewage sludge, mining, and metal processing: Cd production worldwide in 2015 

estimated at 24,900 metric tons (Khan et al., 2017). CB has a strong ability for Cd accumulation in 

roots (Bauddh et al., 2016; Bauddh & Singh, 2012a). Eight months old CB plants grown in soil 

characterized by a total Cd concentration of 17.50 mg Cd kg-1 showed no morphological differences 

with the controls, with only a 5% decrease in the number of capsules and seeds per plant (Bauddh 

et al., 2016). After the harvest, in the same study, Bauddh et al. (2016) observed a reduction of about 

27 % in soil cadmium. Cadmium tolerance and accumulation are dependent on the cultivar (Ye et 

al., 2018; Zhang et al., 2014). Compared with a well-known Cd hyperaccumulator, Brassica juncea, 

CB accumulates 17 times higher Cd in roots, appearing more suitable for longer-term soil 

remediation in single sowing, thus reducing operational costs roots (Bauddh et al., 2016; Bauddh & 

Singh, 2012a). Synthetic chelates, such as ethylenediaminetetraacetic acid (EDTA) or 

ethylenediamine disuccinic acid (EDDS) can increase the plant’s ability to uptake cadmium 

(Fiorentino et al., 2018). EDDS was shown to be the most suitable chelate for the phytoremediation 

of Cd in soil (Zhang et al., 2016). Besides chelates, the application of water-soluble chitosan also 

enhances Cd uptake (Yang et al., 2017) Moreover, crop co-planting with Medicago sativa can 

increase the cumulative amount of cadmium by 1.14 times (Xiong et al., 2018). Under the saline 

condition, Cd translocation from soil to CB roots is enhanced due to salt induced Cd mobilization 

in soil and Cl-Cd complex formation that increase Cd accumulation in plants. On the other hand, 

drought reduces it (Bauddh & Singh, 2012a). Application of bio-stimulants, such as Bacillus subtilis 

and Azotobacter chrocoocum, and inorganic fertilizer (e.g., urea, diammonium phosphate) enhanced 

Cd accumulation, improved tolerance mechanism and decreased MDA content (Bauddh & Singh, 
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2015). Spent mushroom substrate (SMS) applied as an organic amendment increased plant Cd 

uptake and the total amount of Cd accumulation in CB by 28–152 % (Cheng et al., 2018).  

Lead accumulation in soils, and subsequently in plant tissue can reduce biomass and 

photosynthetic activity, root and shoot elongation, and increase the generation of reactive oxygen 

species (ROS) (Pal et al., 2013). Castor bean was able to accumulate high amounts of Pb in roots, 

tolerating above phytotoxic levels of Pb without any symptom of toxicity (Pal et al., 2013; Romeiro 

et al., 2006). Fungi are well known for their ability to detoxify potentially toxic elements through 

precipitation or valence transformation, and by passive and active uptake (Fiorentino et al., 2018). 

According to this, arbuscular mycorrhizal fungi treatments significantly influenced rhizosphere soil 

pH, Pb bioavailability and CB shoots Pb concentration (González-Chávez et al., 2019). 

Amendments, such as biochar or rice husk ash, can be used in mitigating Pb toxicity, improving 

plant growth and decreasing Pb accumulation in roots by up to 59% by immobilizing Pb (Kiran & 

Prasad, 2019). Among the chelates, citric acid can remove 17 times more Pb than untreated plants 

(Silva et al., 2017) and improves photosynthesis and plant growth (Mallhi et al., 2019). EDTA is 

the most effective for Pb phytoextraction, but due to environmental persistence is not the best option 

for field use (Zhang et al., 2016). Castor beans seem to defend itself against lead toxicity by 

increasing its production of proline and carotenoids, and by upregulation of ABC transporter 

transcript which are likely responsible for Pb detoxification in roots (Pal et al., 2013). According to 

Costa-Souza, CB growth was not affected by lead (2012). 

Among the other PTEs, CB also emerged as a Zn phytostabilizer (González-Chávez et al., 2015; 

Olivares et al., 2013; Palanivel et al., 2020) and for being As and Ba tolerant (Coscione & Berton, 

2009; Melo et al., 2012). Only B and Mn were translocated more intensely into the shoots, showing 

a TF greater than 1 (Abreu et al., 2012; Olivares et al., 2013; Palanivel et al., 2020). Furthermore, 

CB has also been used for phytostabilization and revegetation of fly ash disposal, derived from coal-

fired power plants, showing a BCF in roots greater than 1, and a TF lower than 1 (Pandey, 2013). 

Castor bean can also provide other benefits such as carbon sequestration and an esthetically pleasant 

landscape (Pandey, 2013).  

Organochlorine pesticides such as dichlorodipheno-xytrichloroethane (DDT) and organic 

pollutants are widely known for their toxicity, persistence in the environment and bio solubility in 

fatty tissue (Rissato et al., 2015). Accumulation of organic pollutants in plant roots can be the result 

of two processes: 1) uptake and translocation, for pollutants with low hydrophobicity, and 2) 

adsorption in root tissue (Rissato et al., 2015). However, nowadays, it is well known that the 

presence of arbuscular mycorrhizal fungi, which increase the contact surface and interact with roots 

and rhizosphere, can modify the bioavailability of organic contaminants and enhance plant 
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adsorption (Rissato et al., 2015). Moreover, microbe-assisted phytoremediation, i.e., 

rhizoremediation, the degradation of pollutants in the rhizosphere, is affected by root characteristics 

and exudate compounds, which influence soil properties and organic pollutant mobilization (Wang 

et al., 2013). Studies have proven that CB can be used in the phytoremediation of soils contaminated 

with these kinds of pollutants (Huang et al., 2011; Rissato et al., 2015). For example, co-planting 

CB with Sedum alfredii enhances the degradation of pyrene and anthracene, two polycyclic aromatic 

hydrocarbons (PAHs) (Wang et al., 2013). Moreover, CB plants grown on soil contaminated with 

mineral oil can remove up to 81 % of soil hydrocarbons, manifesting visual toxic effects only after 

45 days of treatment (Rehn et al., 2019). Remediation of soils contaminated by organic pollutants 

with CB is a potential biotechnological approach with the side effects of erosion control, site 

restoration, carbon sequestration, and feedstock production for biofuel (Rissato et al., 2015). 

 

 

Figure 2.3. Castor bean phytostabilization scheme for biodiesel production. TF is Translocation Factor. BCF is Bio 

Concentration Factor. PTEs are Potentially Toxic Elements. 

 

2.7.  Conclusions 

The multiple uses of CB oil clearly show that it is one of the most promising sources of 

renewable raw materials for many industries. Being a non-edible plant, its use as an energy source 

does not compete with food production, and unlike other industrial plants, CB can grow on marginal 

and PTE-polluted lands not suitable for food crops. It can survive in conditions under which other 
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crops would be severely damaged, allowing seed production with little or no irrigation. CB fast 

growth and high biomass production can reduce the time required for phytoremediation programs, 

which is considered the real weakness of phytoextraction/phytostabilization. Furthermore, it has a 

higher oil yield potential, compared to other bioenergy crops. 

According to the life-cycle analysis of the whole production system, CB cultivation has a major 

impact on the environment. Thus, exploiting metal-contaminated lands for bioenergy production 

might decrease CB cultivation impacts, reduce ILUC of biodiesel production, and convert 

contaminated soils into fully utilized and productive sites (Fig. 2.3). Moreover, oil produced from 

CB plants grown in PTE-polluted mine tailings had higher linoleic acid content, which enriches fuel 

properties (ignition quality, cloud point), and non-toxic concentrations of Cd, Pb, Zn, Ni, Mn. 

Besides this, CB plant residues of biodiesel production could be used in biogas and ethanol 

production, when the PTEs concentration allows it. Among thermal conversion methods, pyrolysis 

reduces the weight and volume of the contaminated biomass while concentrating the PTEs in the 

char/ ash fraction, which can be removed according to heavy metal safe disposal.  

Despite its high adaptability to a different climate, CB oil is produced mainly in India, China, 

and Brazil, but one-quarter of its transformation is done by the EU oleochemical industry, which is 

completely dependent on imports. Using CB in different countries such as Europe to remediate 

contaminated sites and produce biofuel and by-products could result in a great opportunity for the 

environment and a bio-based economy, leading to new job creation and opportunities. Moreover, 

the biodiesel produced from CB grown on marginal lands and contaminated soils would be able to 

eliminate the Indirect Land Use Change making the production of biofuels truly sustainable. 
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Chapter 3  

 

 

3. Ricinus communis cultivation on marginal 

lands 
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Overview 

 

The need to use marginal soils for cultivation is dictated by the growing demand for food and energy 

production. However, there are often biophysical constrains to the utilization of those soils, like low 

fertility, often paired with the lack of freshwater resources. Thus, the need to uncover suitable 

cultivars to better perform on these lands, as well as the more sustainable technique to improve their 

growth are here analyzed. Specifically, Chapter 3 aimed to evaluate the ability of Ricinus communis 

to grow and produce under abiotic stress (i.e., infertile, degraded, and marginal soil, as well as water 

salinity). In the first phase, a bioassay in a growth chamber was settled to screen different cultivars 

and their capacity to perform better only on sand, coupled with saline irrigation (Section 1). The 

validation of this bioassay, as well as the evaluation of organic amendments to improve plants’ 

yield, was thereafter performed in a greenhouse entailing Ricinus cultivars’ cultivation from sowing 

to harvest (Section 2).  
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Abstract 

The lack of freshwater resources is limiting worldwide the development of sustainable agriculture.  

Hence, the use of brackish water in many agricultural areas is becoming the only option to manage 

irrigated crops. It is well known that saline stress severely impacts plants’ early stages of 

establishment, such as seed germination and seedling development. Thus, the selection of salt-

tolerant cultivars and genotypes can reduce the pressure on fresh-water reserves, ensuring 

satisfactory yield in saline agricultural areas. Here is proposed an easy, fast, and economic technique 

to investigate plant physiological traits subjected to salt stress. Additionally, the suggested 

methodology presents broader usefulness and possible applications, as it can be applied to screen 

tolerant cultivars to other abiotic stress, like drought, as well as to assess the potential of novel 

biostimulants for stress mitigation.  

Four Ricinus communis L. cultivars (TUNI 1, TUNI 4, C1012, and C1028) were grown for 15 days 

on a sand substrate and irrigated every two days, starting from sowing, with saline water (0, 4, 8 dS 

m-1). According to roots, stem, germination traits and derived indices, TUNI 1 and TUN4 showed 

the best growth on sand irrigated with 4 dS m-1 and 8 dS m-1, respectively. Besides, comparing 

C1028 and C1012, the former showed a higher tolerance at the maximum EC tested related to the 

latter, increasing roots and stem growth.  
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3.1.1 Introduction 

 

Sustainable agriculture is limited worldwide by the lack of fresh-water resources. As a consequence 

of climate change, freshwater reserves in many regions are running out, pushing to the use of lower 

quality water, such as saline water, for crop irrigation (Ahmed et al. 2007; Feng et al. 2019; Li et al. 

2015). According to Cheng et al. (2017) meta-analysis, 17 world countries are relying upon saline 

water to irrigate crops, which is defined as water with an electrical conductivity (EC) > 0.6 dS m-1 

(Paranychianakis and Chartzoulakis 2005). 

However, the use of saline water for crop irrigation entails modifications of soil properties (Li et al. 

2019; Munns and Tester 2008; Tedeschi and Dell’Aquila 2005), which can be reflected in a loss of 

soil fertility due to soil physical characteristic alterations and waterlogging issues (Mohanavelu et 

al. 2021). Salt accumulated in the root zone results in water deficit and osmotic stress for plants 

(Munns 2002), leading to a decline in cell division and elongation or to the acceleration of cell death, 

plant growth inhibition up to yield reduction and leaf damages (Munns 2002; Paranychianakis and 

Chartzoulakis 2005).  

Saline stress particularly impacts plant early stages, such as seed germination, seedling development 

(Wang et al. 2019; Wang et al. 2021) and root elongation (Arif et al. 2019). One of the possible 

strategies to ensure an adequate crop yield while reducing pressure on fresh-water reserves (Sun et 

al. 2013) is the selection of plant species and genotypes tolerant to brackish water (Ahmed et al. 

2007; Paranychianakis and Chartzoulakis 2005).  

Phytotoxicity tests with plants and algae have been used since the 1980s for testing chemicals, 

substrates and hazardous materials (Gopalan 1999; Lewis 1995; Meers et al. 2007; Wang 1985; 

Wang 1991). These tests investigated mainly seeds germination to assess the toxicity of a substance. 

However, many researchers stress out the importance of root elongation studies, since roots are the 

first organs subjected to salinity stress (An et al. 2003; Julkowska et al. 2014). Root meristem has 

been reported to operate as a salt-stress sensor (Wu et al. 2015), and root growth can be inhibited 

by high salt concentration through suppression of cell elongation and division (Munns and Tester 

2008a; West et al. 2004). 

Research by Wang (1985) on millet (Panicum miliacecum L.) suggested that the root elongation 

method was more sensitive to addressing toxicity at lower concentration than germination. 

According to Linder and McBee (1989), seed germination can measure toxicity directly associated 

with soil, while root elongation reflects the indirect effects of water-soluble constituents. More 

recently, Nakamura and colleagues (2021), have demonstrated that wheat roots are more sensitive 

to salt stress in the early seedling stage.  
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In any case, the study of the aboveground biomass must be kept into consideration (Campagna-

Fernandes et al. 2016). Different methodologies, such as pot experiments, hydroponics, or agar 

plates, are used nowadays to evaluate the influence of salt stress on crop growth (Nakamura et al. 

2021). However, many salinity tolerance bioassays fail to discern genotypic dissimilarities due to 

the short-term endpoint: the salt effects on the whole plant require time to be visible (Munns 2002; 

Munns and James 2003).  

Here is presented a novel technique to easily investigate plant physiological traits (i.e., germination, 

root and stem elongation inhibition) in response to salt stress by using castor bean (Ricinus 

communis L.), a crop with a salinity threshold of 7.1 dS m-1 (Zhou et al. 2010) used for several 

industrial and energy products, well known for its capacity to grow on marginal lands (Carrino et 

al. 2020). On the other hand, Ricinus’s early stages, such as germination (Severino et al. 2013), 

seedling establishment (Pinheiro et al. 2008) and root growth (Janmohammadi et al. 2012) are 

inhibited by salinity stress, with a high intraspecific variability. To our knowledge, only a few papers 

that investigated salt tolerance in different crops imposed saline stress directly at the sowing stage 

and even fewer studied tolerance to saline irrigation on sand. Therefore, this study aimed to detect 

salt-tolerant genotypes of Ricinus communis L. with a high germination rate and physiological traits 

suited for saline tolerance through a simple bioassay that can be performed on any economically 

important species. Furthermore, other abiotic stress, like drought, affects seed germination and 

seedling growth (Munns, 2002). Salinity and drought both induce osmotic stress due to reduced 

water potential (Bewley and Black 1982). Water stress effects on different crops is genotype-

dependent, as in the case of Ricinus communis (Babita et al. 2010; Lakshmamma et al. 2017). The 

indices here utilized have been also used to assess drought stress by other authors for different crops, 

such as maize (Khatibi et al. 2022), sesame (El Harfi et al. 2016), wheat (Bennani et al. 2017), and 

castor bean itself (Lakshmamma et al.2017). In agreement with this, the method here proposed can 

be applied to study genotypic responses to other abiotic stress, such as drought. Moreover, it can be 

used to test novel stress-mitigating biostimulants, or the combination of two abiotic stress, that lead 

to higher yield loss than one alone (Petrović et al. 2016; Sánchez-Blanco et al. 2014). 

 

3.1.2. Materials and methods 

 

The bioassay was made by using plastic boxes originally designed for dragée (Jordan almonds) (30 

x 40 x 240 mm). The bottom of each box was closed with waterproof tape, while the longer side 

was closed with normal tape, leaving 2 cm between the two tapes (Fig. 3.1.1). Ten seeds of each of 

the four tested cultivars were individually sown in containers filled with silica sand to simulate the 
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extreme conditions of marginal lands such as the desert. Twenty-five containers were placed in a 

plastic tray (150 x 200 x 60 mm) that provided a standing position and acted as water reservoir. The 

trays were placed in a growth chamber (25°C, day/night cycle: 12/12 h, 40% relative humidity) and 

moved every two days to avoid position bias. The plastic containers were watered with NaCl 

solution (i.e., saline water with E.C. 0, 4, or 8 dS m-1) until field capacity. At emergence, germinated 

seeds were counted every day. The salt sensitivity of each studied cultivar was assessed 15 days 

after sowing. The length of plant main root and stem was measured, as their fresh weight. 

Subsequently, plants were dried at 50°C until constant weight and then weighted to assess dry 

weight. Three replicates per each saline level were used, thus 30 seeds per each cultivar and each 

saline level were used (total: 360 seeds).  

 

 

Figure 3.7.1 a) experimental set-up, b) plastic box employed in the bioassay and c) comparison at 0, 4 and 8 dS m-1 of 

C1012 cultivar 

  

Plant material 

Two tested cultivars (TUNI 1 and TUNI 4) were North African ecotypes, obtained from Tunisia. 

The remaining two cultivars (C1012 and C1028) were provided by Kaiima Ltd. (Israel). At the first, 

another tested ecotype was a local one, collected in Pozzuoli (Naples’s province, Italy), near the 

seaside, but being its germination rate at 0 dS m-1 lower than 65 %, it was not included in the bioassay 

according to Wang et al. (2001). Average weight of 100 seeds was 562 g for TUNI 1; 577 g for 

TUNI 4; 318 g for C1012; 278 g for C1028. 

 

Data elaborations 

The saline tolerance of plants was assessed by different indices associated to the number of 

germinated seeds and to the measurements done at the end of the monitoring period on roots and 

a 

 

c 

 

b 



82 
 

stems. Seeds were considered germinated if the main root length was > 2 mm from the tip to the 

beginning of the hypocotyl. Root length was measured from the base to the tip of the main root. 

Rotten seeds were considered dead. Stems were measured from the hypocotyl to the cotyledons. 

 

Germination Percentage (GP) was calculated as follows: 

𝐺𝑃 =
𝑆𝐺

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠
𝑥 100 

Where SG is the number of germinated seeds. 

RSG is Relative Seed Germination and calculated as:  

𝑅𝑆𝐺 =
𝑆𝐺𝑠

𝑆𝐺𝑐
 

where: SGs is the relative seed germination in saline treatment and SGc is the relative seed 

germination in the control (Luo et al. 2018).  

 

Germination index (GI) was calculated according to Macagno et al. (2019) and Visioli et al. 

(2014) as: 

𝐺𝐼 =
𝑅𝑆𝐺

𝑅𝐿𝐸
𝑥 100 

In addition, Emergence percentage (EP) and relative emergence percentage (RE) were assessed as: 

𝐸𝑃 =
𝐸

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠
 𝑥 100 

𝑅𝐸 =
𝑅𝐸𝑠

𝑅𝐸𝑐
 𝑥 100 

where E is the number of seedlings, REs is the relative emergence at the different salt levels and 

REc is the same parameter in the control. 

Root parameter considered in our bioassay were main root length (MRL). 

Furthermore, Root to Mass Fraction (RMF) was calculated according to Ozaslan et al. (2016) as 

𝑅𝑀𝐹 =
𝑟𝑜𝑜𝑡 𝑑. 𝑤.

𝑝𝑙𝑎𝑛𝑡 𝑑. 𝑤.
𝑥 100 

 Stem length (SL) was measured at harvest, and Stem-to-Mass Fraction (SMF) was assessed as 

RMF (Porter et al. 2012). 

 

Salt tolerance and susceptibility indices 

Stress Susceptibility Index (SSI) and Salt Tolerance Index (STI) were used to evaluate the 

potential of each cultivar to grow under saline stress (Dehnavi et al. 2020; Fernandez 1992). 
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𝑆𝑆𝐼 =
1 −

𝑦𝑠
𝑦𝑝

1 −
𝑌𝑠
𝑌𝑝

 

𝑆𝑇𝐼 =
𝑦𝑝 𝑥 𝑦𝑠

(𝑌𝑝)2
 

where ys is the mean of the considered parameter in the control, and yp is under saline stress. Ys 

instead is the mean of the studied character of all the tested cultivars in the control and Yp is in salt 

stress condition. A higher value of SSI corresponds to lower stress tolerance; conversely, a higher 

value of STI resembles to higher stress tolerance. All the indices employed are summarized in Table 

3.1.1. 

 

Table 3.1.2 List of the indices investigated, their abbreviation, formula and references 

Abbreviation Index Formula References 

SG Seed germination Number of germinated seeds 
 

RSG Relative Seed 

Germination 

(SGs/SGc) x 100 Luo et al. 2018 

GP Germination 

Percentage 

(SG/ total number of seeds) x 100 Rekik et al. 2017 

GI Germination index (Gs∗RLs/Gc∗RLc) x 100 Macagno et al. 2019; Visioli et al. 2014 

E Emergence Number of seedlings 
 

EP Emergence 

Percentage 

(E/ total number of seeds) x 100 Sun et al. 2013 

RE Relative EP (EPs / EPc) x 100 Sun et al. 2013 

MRL Main Root Length Main root length (cm) 
 

RMF Root Mass Fraction  (Root d.w./ plant d.w) x 100 Ozaslan et al. 2016 

SL Stem Length Stem length (cm)  

SMF Stem mass fraction  (Stem d.w. / plant d.w) x 100 Porter et al. 2012 

SSI Salt Susceptibility 

Index 

(1-(ys/yp))/(1-(Ys-Yp)) Dehnavi et al. 2020; Fernandez, 1992 

STI Salt Tolerance Index (yp x ys)/(Yp)
2

 Dehnavi et al. 2020; Fernandez, 1992 

 

Statistical analysis 

Data were subjected to analysis of variance (ANOVA) through GLM (General Linear Model) with 

Minitab 19 statistical software package (Minitab Inc., State College, PA, USA), and mean values 

were separated according to least significant difference test (LSD, p≤ 0.05).  
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3.1.3. Results  

 

Germination and emergence parameters 

The effect of the interaction of cultivars and saline levels on the different germination and 

emergence parameters (SG, RSG, GP, E, RE and EP) is shown in Table 3.1.2.  

Table 3.1.3 Number of germinated seeds (SG), relative seed germination (RSG), germination percentage (GP), 

number of seedlings (E), emergence percentage (EP) and relative mergence (RE) in the four cultivars at 0, 4 and 8 dS 

m-1. Values (mean of three replicate) followed by the same letter do not differ significantly according to the LSD test 

(p < 0.05). S0 is the saline treatment at 0 dS m-1, S4 at 4 dS m-1 and S8 at 8 dS m-1. * p<0.05; **p<0.01; ***p<0.001 

 
 SG 

RSG 

(%) 

GP 

 (%) 

E RE  

(%) 

EP  

(%) 

Cultivar (C) TUNI 1 23 a 88 a 78 a 21 a 82 a 71 a 

 TUNI 4 24 a 94 a 81 a 18 b 72 b 60 b 

 C1012 15 b 64 b 51 b 13 c 56 c 44 c 

 C1028 15 b 68 b 50 b 13 c 61 c 44 c 

Saline level (S) S0  25 a 100 a 82 a 24 a  100 a 81 a 

 S4  19 b 77 b 64 b 17 b 68 b 56 b 

 S8   14 c 60 c 48 c 8 c 35 c 28 c 

C x S TUNI 1 - S0 26 a 100 a 87 a 26 a 100 a  87 a 

 TUNI 1 - S4 27 a 105 a 90 a 26 a 100 a 87 a 

 TUNI 1 - S8 17 bc 65 cd 57 bc 12 c 46 bc 40 c 

 TUNI 4 - S0 27 a 100 a 83 a 25 ab 100 a  83 ab 

 TUNI 4 - S4 22 ab 88 ab 73 ab 16 c 64 b 53 c 

 TUNI 4 -S8 18 bc 72 bc 60 bc 13 c 52 b 43 c 

 C1012 - S0 24 a 100 a 80 a 24 ab 100 a  80 ab 

 C1012 - S4 15 cd 62 cd 50 cd 14 c 58 b 47 c 

 C1012 - S8 7 e 29 e 23 e 2 e 8 d 7 e 

 C1028 - S0 22 ab 100 a 73 ab 22 b 100 a  73 b 

 C1028 - S4 13 cd 60 cd 43 cd 11 c  50 b 37 c 

 C1028 - S8 10 de 48 de 33 de 7 d  32 c 23 d 

Significance C *** *** *** *** *** *** 

 S *** *** *** *** *** *** 

 C x S * * * *** *** *** 
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In general, C1012 and C1028 cultivars showed a decrease in the number of germinated seeds (SG) 

and of the derived indices (RSG and GP) at 4 dS m-1 compared to the control, while TUNI 1 and 

TUNI 4 showed no differences. Moreover, TUNI 1 registered a tendency of increased germination 

parameters (SG, RSG, and GP) at 4 dS m-1 (Table 3.1.2). For C1012, RSG at 4 dS m-1 was reduced 

(-37.5%), as well as for C1028 (-40.9 %), compared to the non-saline treatment.  

Differently, all cultivars showed a decrease of SG, RSG and GP at 8 dS m-1. Comparing the tested 

cultivars at the different saline treatments from the best to the worst according to SG, RSG, and GP, 

TUNI 1 and TUNI 4 performed better than C1028 and C1012 both at 4 dS m-1 than 8 dS m-1.  

Regarding emergence parameters (E, RE, and EP) all the tested cultivars showed a decrease at 4 and 

8 dS m-1 with the exception of TUNI 1 at 4 dS m-1 which was similar to the control, as already 

reported for germination features. The highest reduction of E, RE, and EP was recorded for C1012 

at 8 dS m-1 (92%).  

The effect of the interaction of cultivars and saline levels on the germination index (GI) is shown in 

Fig. 3.1.2. For all the cultivars GI decreased with increased EC and C1012 resulted the most 

susceptible to higher salinity levels (Fig. 3.1.2) while TUNI 1 GI was significantly higher than other 

cultivars at both saline levels. On the other hand, TUNI 1 GI reduction from 4 to 8 dS m-1 was one 

of the highest (59%), surpassed only by C1012 (78%). TUNI 4 and C1028 decreased their GI by 

31.4% and 48.8% at 4 dS m-1, and by 38.8% and 32.5% at 8 dS m-1, respectively. 

 

   

Figure 3.1.8 Interaction among cultivar and saline level for germination index (GI). Data represent the mean of three 

replicates. S0 is the saline treatment at 0 dS m-1, S4 at 4 dS m-1 and S8 at 8 dS m-1. Columns sharing the same latter are 

not statistically different at p < 0.01 according to LSD test. 
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Growth parameters 

The effect of the interaction of cultivars and saline levels on MRL and SL is shown in Fig. 3.1.3. 

For all the tested cultivars, MRL and SL decreased as saline EC of irrigation water increased (Fig. 

3.1.3). A significant reduction of MRL and SL was recorded for all the tested cultivars at 4 dS m-1 

compared to the control, while no significant reduction was recorded for TUNI 1. The longest main 

root at 4 dS m-1 was found for TUNI 1 (mean value: 18.7 cm), followed by TUNI 4 (12.3 cm), C1012 

(8.9 cm) and C1028 (6.7 cm). On the contrary, all cultivars MRL and SL showed a significant 

reduction at 8 dS m-1 compared to the control.  

 

  

Figure 9.1.3 Main root (MRL) and stem length (SL) mean value ± SE of the four cultivars according to saline water 

level. Mean values with the same letter do not differ according to the LSD test P < 0,001. S0 is the saline treatment at 0 

dS m-1, S4 at 4 dS m-1 and S8 at 8 dS m-1 .Capital letters are for MRL, lower case for SL. 

 

The effect of the interaction cultivars x saline levels on roots, stems and plant dry weight, and on 

RMF and SML, are shown in Table 3.1.3. All cultivars root dry weight showed a significant 

reduction both at 4 dS m-1 and at 8 dS m-1 compared to the control. Root dry weight decreased on 

average by 55% for all cultivars at 4 dS m-1, ranging from 35% in TUNI 1 to 81% in C1028, 

compared to the control (Table 3.1.3). At 8 dS m-1, the roots biomass decrease was on average 82%. 

At highest saline treatment, TUNI 4 showed the lowest reduction (-70%), while C1028 decreased 

its root dry weight by 91%, compared to the control. On the average roots were 1.9-fold lighter for 

all the cultivars at medium saline level, besides for C1028 (5.2-fold). At the highest saline treatment, 

A

A

EF

A

CD

DEF

AB

DE

G

BC

EF

FG

abc

c

ef

a

de

ef

ab

d

f

bc

de

f

0

5

10

15

20

25

S0 S4 S8 S0 S4 S8 S0 S4 S8 S0 S4 S8

TUNI 1 TUNI 4 C 1012 C 1028

cm

MRL SL



87 
 

TUNI 4 roots were 3.3-fold lighter only compared to the control, followed by TUNI 1 (5.7- fold), 

C1012 (6.9-fold), and C1028 (11.3-fold). This can be highlighted also by root biomass allocation 

(RMF), which was lower in C1028 than other cultivars (Table 3.1.3).  

A significant reduction of stem dry weight was recorded at 8 dS m-1 for all cultivars, while at 4 dS 

m-1 only TUNI 4 and C1028 showed a significant stem dry weight reduction, compared to the control 

(Table 3.1.3). The magnitude of stem dry weight decrease was higher at 8 dS m-1 compared to the 

control, from 70% for TUNI 4, up to 81% for C1028.  

 

Table 4.1.3 Roots, stem and whole plant dry weight, root-mass-fraction (RMF), and shoot mass fraction (SMF) as 

affected by NaCl level in irrigation water supplied to the tested cultivars. Data represent the mean of three replicate with 

standard error. Values sharing the same latter are not statistically significant at p < 0.05 according to LSD test. S0 is the 

saline treatment at 0 dS m-1, S4 at 4 dS m-1 and S8 at 8dS m-1. p<0.05; **p<0.01; ***p<0.001; ns, not significant 

  d.w. roots (g) d.w. stem (g) d.w. plant (g) RMF SMF 

Cultivar (C) TUNI 1 0.083 a 0.072 a 0.269 34.7 a 34.0 a 

 TUNI 4 0.060 b 0.058 b 0.178 35.9 ab 37.0 a 

 C1012 0.042 c 0.026 c 0.110 35.3 bc 23.5 b 

 C1028 0.048 bc 0.021 c 0.115 33.5 c 20.8 b 

Saline level (S) S0  0.107 a 0.067 a 0.278 40.2 a 28.8 a 

 S4  0.049 b 0.050 b 0.174 29.4 b 29.1 a 

 S8   0.019 c 0.017 c 0.053 35.0 ab 28.6 b 

C x S TUNI 1 - S0 0.137 a 0.095 a 0.395 34.6 27.5 

 TUNI 1 - S4 0.089 bc 0.093 a 0.356 25.0 37.1 

 TUNI 1 - S8 0.024 ef 0.027 cde 0.057 42.1 6.1 

 TUNI 4 - S0 0.101 bc 0.091 a 0.315 32.1 28.3 

 TUNI 4 - S4 0.049 de 0.055 b 0.144 34.0 16.2 

 TUNI 4 -S8 0.031 ef 0.027 cde 0.074 41.9 6.5 

 C1012 - S0 0.076 cd 0.044 bc 0.191 40.8 10.8 

 C1012 - S4 0.036 ef 0.029 cd 0.104 34.6 8.4 

 C1012 - S8 0.011 f 0.005 e 0.036 30.6 1.6 

 C1028 - S0 0.113 ab 0.036 bc 0.212 53.3 6.8 

 C1028 - S4 0.022 ef 0.021 cde 0.090 24.4 8.7 

 C1028 - S8 0.010 f 0.007 de 0.044 22.7 3.1 

Significance C *** *** ns *** ** 

 S *** *** ns * ** 

 C x S * * ns ns ns 
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Salt tolerance and susceptibility indices 

Salt tolerance index and SSI results are reported in Table 3.1.4. The highest score of STI at 4 dS m-

1 was obtained by TUNI 1 for all the characteristics studied, showing its tolerance to medium saline 

stress. The lowest was found for C1028. At 8 dS m-1, TUNI 4 achieved the highest STI value for 

plant d.w., MRL, and SG, and the same STI as TUNI 1 for SL. Roots and stem d.w. highest STI 

was achieved by TUNI 1. At the same saline level, the lowest STI for all the parameters was obtained 

by C1012. Regarding salt susceptibility, similar results were obtained for the two saline treatments, 

with TUNI 1 scoring the lower value at medium EC. It is interesting to point out that all the cultivars 

acted differently, according to SSI index, for the different parameters studied. At medium saline 

level, SSI for SL, consistent to the highest reduction in SL achieved by this cultivar (72%). 

Similarly, with the greatest reduction in plant d.w. showed by TUNI 1 at the highest saline treatment 

(86%), consequently the highest SSI for the same characteristic was of this cultivar. Salinity 

tolerance and susceptibility indices related to plant biomass, therefore, to crop yield. The SSI index 

is useful in predicting the most tolerant cultivar by comparing their biomass yield in the absence 

and with saline or other abiotic stress, thus resulting in potential biomass yield stability (Fernandez, 

1992). Furthermore, the combined use of SSI and STI can be used to highlight the higher biomass 

yield in different conditions for different cultivars, genotypes, or subspecies (Fernandez, 1992). 

Therefore, according to SSI and STI, TUNI 1 cultivar showed higher biomass stability under 4 dS 

m-1, while TUNI 4 at 8 dS m-1.  
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Table 3.1.5 Salt tolerance index (STI), Salt susceptibility index (SSI) for the studied characteristics in the saline 

treatment compared to the control. Bold number represent the higher value for STI, and underlined one for SSI, i.e., 

the best and the worst cultivar, respectively 

  

STI SSI 

EC Cultivar 

d.w. 

plant 

(g) 

d.w. 

roots 

(g) 

d.w. 

stem 

(g) MRL SL SG 

d.w. 

plant 

(g) 

d.w. 

roots 

(g) 

d.w. 

stem MRL SL SG 

S
4

 

TUNI 1 1.81 1.06 2.00 0.94 0.72 1.15 0.27 0.64 0.08 0.35 0.43 -0.17 

TUNI 4 0.58 0.43 1.13 0.61 0.38 0.97 1.44 0.95 1.55 0.67 1.32 0.83 

C1012 0.26 0.24 0.29 0.45 0.44 0.59 1.21 1.00 1.33 0.64 1.09 1.69 

C1028 0.25 0.21 0.17 0.27 0.26 0.47 1.53 1.48 1.63 0.69 1.12 1.84 

S
8

  

TUNI 1 0.29 0.30 0.58 0.38 0.14 0.72 1.06 0.99 0.95 0.89 0.94 0.73 

TUNI 4 0.30 0.27 0.56 0.39 0.14 0.79 0.94 0.85 0.94 0.85 0.99 0.70 

C1012 0.09 0.08 0.05 0.08 0.05 0.27 1.00 1.04 1.18 1.24 1.05 1.49 

C1028 0.12 0.10 0.06 0.17 0.05 0.36 0.98 1.11 1.07 1.03 1.02 1.15 

 

3.1.4. Discussion 

 

Effect of saline water on germination and emergence of tested cultivar 

The effect of increasing saline levels corresponds to adverse effects on plants’ early development 

and growth, due to osmotic stress, ion toxicity and imbalance, resulting in biochemical and 

physiological alteration (Munns and Tester 2008b). Decrease in emergence percentage due to 

increased NaCl level in irrigation water was also found by Lima et al. (2016) and Nobre et al. (2013), 

on castor bean plants. Emergence was delayed by 0.4 days at medium EC treatment, and by 3.7 days 

at high EC compared to the control (data not shown), with an average of 6.6 days to emerge at 0 dS 

m-1, 7 days at 4 dS m-1, and 10 days at 8 dS m-1. The delayed emergence indicates that salinity can 

lengthen the establishment time for castor seedlings, preventing root development and stem 

extension as suggested by Wang et al. (2021). Decreases in emergence and germination with 

increased salinity levels were recorded also by Severino et al. (2012), Silva et al (2005), and Zhou 

et al. (2010) for castor beans irrigated with saline solutions. At the medium saline level of irrigation 

water (4 dS m-1), all cultivars reported a decrease of germination features (SG, RSG and GP) 

compared to the control (Table 3.1.2), with the exception of TUNI 1 and TUNI 4. In addition, TUNI 

1 showed an increasing tendency of the above-mentioned indices, coherently with literature 
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reporting an enhanced germination of some genotypes under saline irrigation. By way of example, 

Mbarki et al. (2020), investigating the salt effect on germination percentage of different populations 

of Medicago sp. found that some population at medium saline level (50 mM) enhanced their 

germination. Improved germination was also recorded by Sun et al. (2013) for castor cultivar 

Memphis under saline solution at EC of 17.5 dS m-1.  

A similar behaviour was recorded for emergence parameters (E, RE and EP) at 4 dS m-1, with a 

significant reduction in all cultivars besides TUNI 1, suggesting a high adaptation of this cultivar to 

the medium EC level (Table 3.1.2). However, by increasing the EC to 8 dS m-1 all tested cultivars 

showed an evident phytotoxicity resulting in a significant reduction of germination (SG, RSG and 

GP) and emergence (E, RE and EP) parameters compared to the control. In particular, the highest 

phytotoxicity at 8 dS m-1 was recorded by C1028 cultivar indicating a low tolerance of this cultivar 

to high EC level.  

The germination index confirmed the high tolerance of TUNI 1 to the medium EC level and also 

confirmed the low tolerance of C1028 to the high EC level compared to the other tested cultivars 

(Fig. 3.1.2). The high GI of TUNI 1 at the medium saline level can be explained by the stimulation 

in germination reached in this treatment by the cultivar.  

 

Effect of saline water on plant growth 

Stem length proved to be less sensitive to salt stress (Fig. 3.1.3), and this is in accordance with 

Nakamura et al. (2021), who had the same results on wheat. Being the roots the first organs to 

encounter salt stress, it is reasonable to imagine that, at least at the seedlings stage, the roots are 

more impacted compared to stems. Similar results were obtained by Jiao et al. (2019), where the 

outcome caused by saline stress on the height of castor bean plants was not significant between 0, 

200 and 250 mM of NaCl treatment after 10 days, while it was significant after 30 days of salt stress. 

All tested cultivars reported a significant root biomass reduction at both 4 dS m-1 and 8 dS m-1 (Table 

3.1.3). According to Ribeiro et al. (2014), root biomass allocation is highly genotype-dependent, 

revealing cultivars with higher plasticity in response to environmental condition changes, especially 

during seedling establishment. 

Salinity reduction of all roots-related traits is in accordance with different studies conducted on R. 

communis (Janmohammadi et al. 2012; Jeschke and Wolf 1988; Wang et al. 2021; Zheng et al. 

2021). Moreover, dry weight of stems showed an analogous trend as roots, with the only exception 

at 8 dS m-1 with the two North-African cultivars (TUNI 1 and TUNI 4) that presented a higher dry 

weight of the stem, compared to the two Kaiimas (C1012 and C1028). Comparable results were 
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obtained by SMF. The dry weight difference of roots was much more intense at 4 dS m-1 compared 

to stems. Similar results were also obtained by Jiao et al. (2019) and Zhou et al. (2010).  

All the cultivars showed a greater decrease in root dry weight compared to stem dry weight in the 

saline treatment (Table 3.1,3). A higher reduction of root traits was observed also by other authors. 

For instance, Janmohammadi and coworkers (2012) reported a reduction of root dry weight of 78% 

and a stem decrease only by 56%. Zhou et al. (2010) described a stem length decrease of 37% and 

a main root length reduction of 49%. As indicated by several authors, roots are more susceptible to 

saline water irrigation (Nakamura et al. 2021), perhaps for their proximity to Na+ and Cl- ions 

(Janmohammadi et al. 2012), leading to a decline of cell division and elongation.  

 

3.1.5. Conclusions 

The current study proposes a quick, reliable, and cost-effective bioassay to investigate differences 

among Ricinus communis L. cultivars under saline stress. Compared to other bioassays, this test 

presents a longer endpoint, enabling a better evaluation of salt effects on the plant. Contemporary, 

it is faster and more inexpensive than a field screening. Root studies are often neglected due to their 

laborious nature and high variability. Growing castor seeds on sand, besides testing plant growth on 

a substrate that simulates the extreme conditions of marginal soils such as desert sand, allows 

obtaining roots that can be easily harvested and washed for further analysis, such as root 

colonisations analysis by arbuscular mycorrhiza. Moreover, the analysis of both roots and 

aboveground biomass allows a wider understanding and discernment of the different cultivar 

characteristics. The morphological parameters here analysed, and the indices employed, can be used 

to study the response of Ricinus, or other crops, also to water stress conditions. At the same time, 

this bioassay can be easily utilized to test the ability of different biostimulants to mitigate abiotic 

stresses, or for the combination of different stresses. 

With the lack of fresh-water resources, finding cultivars with deep and fast-growing as well as 

tolerant roots can result in a higher growth corresponding to a higher yield. Ricinus communis L. 

has proven to be a salt-tolerant species, but with large differences among cultivars. The results here 

obtained show that TUNI 1 cultivar has the ability to perform well on marginal soils irrigated with 

saline water (4 dS m-1), while TUNI 4 grows better with a higher salinity (8 dS m-1). Besides, C1012 

was the most susceptible at the highest saline level among all cultivars, while C1028 was less 

tolerant at 4 dS m-1. 
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3.2 Growth response of Ricinus communis L. cultivars under abiotic 

stress: greenhouse cultivation on sand substrate 

 

3.2.1. Introduction 

 

Bioenergy crop cultivation on marginal lands aims to reduce the Indirect Land Use Change (iLUC), 

i.e., the use of agricultural land for biofuel cultivation that displaces food production and causes 

natural land elsewhere in the world to be cultivated. However, production on marginal soil, like 

sandy soil poor in organic matter and nutrients, can result in low biomass yield due to low water 

holding capacity and low nutrient contents (Blanco-Canqui, 2016). Compost addition to marginal 

semiarid degraded soils is employed for sustainable soil restoration (Gómez-Sagasti et al., 2018; 

Hernández et al., 2015). Moreover, generally its application is considered to enhances bioenergy 

crops’ feasibility on degraded lands, simultaneously being a suitable option for waste by-product 

recycling (Domínguez et al., 2020). Biochar, the carbonaceous results of organic material thermal 

degradation under reducing conditions, can enhance plants’ growth through the improvement of soil 

physical properties (mainly water holding capacity) and nutrient supply (Blanco-Canqui, 2017). Its 

application on degraded soil with low fertility is more marked, compared with other soils (El-Naggar 

et al., 2019). When combined with mineral fertilizer its effect on crop yield can be increased 

(Alburquerque et al., 2013), while improving the efficiency of N fertilizer (Steiner et al., 2008). 

Wheat yield, for instance, was stimulated by the application of biochar and NPK fertilizer by 19% 

(Alotaibi & Schoenau, 2019). In addition, compost-biochar mixtures have been employed for 

enhancing low-fertility soil. Liu et al. (2012), for instance, achieved a significant improvement in 

sandy soils’ fertility. Increased grapes yield was obtained by Sanchez-Monedero et al. (2019) with 

the combined application of compost + biochar. Additionally, compost + biochar blend resulted in 

improved soil water retention and plant available water capacity of a loamy sandy soil (Al-Omran 

et al., 2019; Ibrahim & Horton, 2021). With this in mind, this study aimed to evaluate the ability of 

two Ricinus communis cultivars to grow on marginal soil under extreme conditions, coupled with 

the application of different amendments (compost, biochar, and nitrogen fertilizer). Moreover, the 

same cultivars were subjected to salt stress through irrigation with salty water, a fundamental and 

sometimes unique resource in arid and semi-arid regions. The cultivars employed were the best 

(TUNI 1) and the worst (C1028) cultivars obtained from a previous bioassay (see Chapter 3, Section 

1). Thus, the experiment aimed, moreover, in the field validation of the bioassay undertaken in a 

growth chamber. Plants were grown in a greenhouse on sand and irrigated with tap water (0.8 dS 
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m-1), and saline water (4 dS m-1), to mimic the environmental and cultivation conditions nowadays 

encountered in arid and semi-arid regions, and that will likely be common to more countries due to 

global warming. 

 

3.2.2. Materials and methods 

 

Experimental substrate, amendment, and plant material 

Silica sand (particle size 0.6-1.6 mm; model 17 FS, Vaga S.r.l, Costa dé Nobili, Pavia) was used as 

a substrate. The composted organic solid fraction of urban waste (now on compost) was 

characterized by a neutral pH (7.0), 34% of organic matter (OM), 2.2% of nitrogen, and low-

moderate electrical conductivity (5.8 mS cm-1). The biochar utilized was a woody biochar, produced 

by Consiglio Nazionale delle Ricerche (CNR, National Research Council of Italy), and judged safe 

according to the Italian regulations (D.Lgs 75/2010 and D.M. 22/06/2015). Biochar pH was neutral 

(7.1), with low electrical conductivity (0.7 mS cm-1), and 43% OM and 0.4 % of nitrogen.  

Two cultivars of Ricinus communis L. were employed: TUNI 1, from North Africa (Tunisia), and 

C1028 provided by Kaiima Ltd. (Israel). These cultivars were the best and the worst at 0 and 4 dS 

m-1, respectively, according to a previous study (see Chapter 3, Section 1). Seeds were sown in a 

polystyrene plateau with commercial soil and transplanted after one month into the experimental 

pots. Half of the pots were irrigated with saline water (4 dS m-1) throughout the experiment, while 

the other half was irrigated with non-saline water (tap water, 0.8 dS m-1). Plants were watered twice 

a day (7:00 am, and 17:00 am) for 30 min, (4 L/pot day). The pots were placed in a greenhouse, and 

the temperature and humidity were recorded (Thermometer Hygrometer IBS TH1, Inkbird).  

 

Pot preparation, amendment application and experimental design 

Twelve pots (Ø 40 cm; V 35 L) were filled with 50.4 kg of sand mixed with compost at a dose 

corresponding to 60 t/ha (630 g per pot) and biochar (3% w:w). Other 24 were filled with sand: 12 

were used as control (no fertilization), and 12 were fertilized with a half dose of a ternary fertilizer 

(Nitrophoska Special 12-12-17, NPKMgS + B, Zn; EuroChem Group, Zugo, Switzerland) at 

transplant, corresponding to 40 kg of nitrogen (average half castor bean uptake for 2 t/ha of seed 

produced, according to literature). The remaining half of the fertilizer was distributed after one 

month of cultivation. Each treatment was replicated three times. 
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Summarizing, the following factors were tested: 

(i)              3 fertilizations: Mineral (M), compost, biochar + M (CBM), and control (C) 

(ii)             2 levels of saline irrigation: control (0.8 dS m-1) and 4 dS m-1 

(iii)           2 Ricinus communis L. cultivars: TUNI 1 and C1028  

At harvest, the fresh and dry weight of leaves, stems, and capsules was recorded. Plants were oven-

dried until constant weight at 60°C and grounded for total nitrogen analysis, measured by Kjeldahl 

method (1883). 

 

3.2.3. Results and discussion 

 

Both the cultivars subjected to saline irrigation were dead at the end of the experiment. The cause 

of it may have been the high temperatures (T mean 25°C; T min 10 °C; T max 48 °C) and air 

humidity (average 76 %) recorded in the greenhouse employed for this experiment. According to 

Anjani (2014), the maximum day temperature for castor bean plants is 38°C, and the optimum air 

humidity is between 30 and 60%. The combination of salt and heat stress has been studied to lead 

to detrimental effects on plants’ growth parameters. On Arabidopsis thaliana (cv Columbia), Suzuki 

and coworkers (2016) found that heat and salt stress alone reduced significantly rosette diameter 

and shoot fresh and dry weight, but the combination of heat + salt stress resulted in the largest 

decrease of the abovementioned parameters. Moreover, A. thaliana plants had a survival rate of 

100% when heat or salt stress was applied individually, but only 40% of the plants were able to 

survive the stress combination (Suzuki et al., 2016). According to Silva et al. (2013), the high 

temperature increased the negative effects of salt stress on Jatropha curcas L. physiological 

processes. Furthermore, on wheat, the combined effect of the two stresses reduced  shoot fresh and 

dry weight than the individual ones (Shunkao et al., 2022). The increased transpiration related to 

heat stress is assumed to worsen the effect of salinity on plants due to the enhanced uptake of salt 

into the plants’ organs and increased water loss (Sousa et al., 2022; Suzuki et al., 2016). However, 

plant cultivars respond differently to heat and salt combinations (Shunkao et al., 2022). Future 

studies should be addressed to study the combined effect of salt and heat stress on Ricinus communis 

cultivars. Moreover, the experiment could be reproduced in a greenhouse that allows a better 

management of climate and environmental parameters. 

Regarding plants grown without saline irrigation, the effects of the interaction cultivars x 

fertilization on leaves, stems and capsules fresh and dry weight are shown in Table 3.2.1. TUNI 1 

performed better than C1028 for all the parameters, besides the capsules' fresh and dry weight, were 



102 
 

not statistically different between the two cultivars. The application of the amendments increased 

the leaves and stem fresh and dry weight, and capsules d.w. Mineral fertilization increased to 4.2 

and 3.9 folds of the leaves and stem fresh weight, respectively, and to 3.2, 4.0, and 4.6 folds of 

leaves, stem, and capsules dry weight, compared to the control.  

The joint application of biochar and compost increased the leaves f.w. to 8.5 folds, and stem f.w to 

5.7 folds. The leaves, stem, and capsules d.w. were increased to 7.4, 5.8, and 6.4 folds, respectively. 

The cultivar TUNI 1 when amended with CBM performed better compared to the other cultivar and 

treatments for all the investigated features, aside from capsules’ fresh and dry weight (Tab. 3.2.1). 

No statistical differences were recorded for total nitrogen content in leaves and shoot for the 

different treatments (data not shown).  

Table 3.2.1 Leaves, stem, and capsules (cap.) fresh (f.w.) and dry weights (d.w.). Values (mean of three replicate) 

followed by the same letter do not differ significantly according to the LSD test (p < 0.05). * p<0.05; **p<0.01; 

***p<0.001; ns not significant.  

  Leaves 

f.w. 

 Stem 

f.w. 

 Cap. 

f.w. 

Leaves 

d.w. 

 Stem 

d.w. 

 Cap. 

d.w. 

 

Cultivar (Cv) TUNI 1 13.53 a 62.00 a 10.9 3.39 a 13.73 a 6.4  

 C1028 6.29 b 28.96 b 8.1 1.89 b 7.18 b 7.4  

Fertilization (F) Unfertilized (No) 2.25 c 13.39 c 1.8 0.68 c 2.91 c 1.71 B 

 Mineral (M) 8.23 b 46.83 b 12.6 2.21 b 11.62 b 7.93 Ab 

 Compost +biochar 

+ M (CBM) 

19.25 a 76.23 a 14.1 5.04 a 16.84 a 11.04 A 

Cv x F TUNI 1-No 0.82 c 16.11 b 2.70 0.41 c 3.57  2.54  

 TUNI 1- M 14.19 b 80.84 a 20.08 3.18 b 18.02  11.16  

 TUNI 1- CBM 25.59 a 89.05 a 10.04 6.60 a 19.62  5.58  

 C1028-No 3.69 c 10.66 b 0.96 0.96 c 2.25  0.89  

 C1028-M 2.27 c 12.82 b 5.19 1.25 c 5.22  4.71  

 C1028-CBM 12.92 b 63.41 a 18.19 3.48 b 14.07  16.5  

Significance Cv ***  ***  ns **  **  ns  

 F ***  ***  ns ***  ***  *  

 Cv x F **  ns  ns **  ns  ns  

             

As observed from the previous bioassay (Chapter 3, Section 1), TUNI 1 presented a better growth, 

compared to C1028. This result can validate the efficacy of the previous bioassay. However, longer 

field studies are necessary to definitely confirm these results. 

It is interesting to note that in the study presented in Chapter 4 (Section 1), the application of 

compost on fertile soil has not led to significant variations in the production of the cultivar TUNI 1. 

This confirms that the amendment application on substrates poor in nutrients can increase their 

productivity and crop yield. This is in accordance with various authors (Agegnehu et al., 2016; 

Alburquerque et al., 2013; Alotaibi & Schoenau, 2019; Sanchez-Monedero et al., 2019), and it could 

be related to increased nutrient availability and soil moisture. The combined application of compost 
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+ biochar, in a study conducted by Frimpong et al. (2021), increased soil total organic carbon, total 

nitrogen content and exchangeable cations together with the microbial biomass carbon. Besides, as 

stated previously, this blend can improve water holding capacity and soil pH, affecting nutrient 

availability (El-Naggar et al., 2019). The mixed application of compost and biochar can supply 

plants with a low but constant availability of nitrogen (N), thus lowering plant N deficiency while 

decreasing the risk of N leaching (Sanchez-Monedero et al., 2019). Moreover, microbial poll and 

activity can be positively impacted by the application of compost and biochar mixtures (Pietikäinen 

et al., 2000; Sanchez-Monedero et al., 2019). This variety of mechanisms, also counting the direct 

supply of nutrients to low-fertility soils, can most reasonably explain the positive effects observed 

on Ricinus communis growth. Compost and biochar application to marginal soils, coupled with fast-

growing crop can be considered a valuable option to boost C stocks and recover for waste by-

products (Domínguez et al., 2020; Hernández et al., 2015; Singh et al., 2015). 

 

3.2.4. Conclusions 

 

Ricinus communis, particularly cultivar TUNI 1, can grow under extreme heat conditions and under 

severe nutrient limitation due to cultivation on marginal lands. Plants’ biomass was enhanced by the 

combined application of compost + biochar + N fertilizer. Further studies should be carried out to 

explore Ricinus growth on a low fertility substrate without interaction with heat stress. Moreover, it 

will be interesting the investigation of the combined effect of salt and heat stress on castor bean. 

The extent to which CBM application on Ricinus’ plant can improve biomass and seed production 

on marginal soil requires additional investigations, also on field-scale.  
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3.3. Overall conclusions 

 

Global demographic predictions indicate that by 2050, there will be at least nine billion people on 

the planet (Gómez-Sagasti et al., 2018; Gomiero, 2016). This corresponds to the need of enhancing 

food and energy production while maintaining ecosystem health. Starting from the assumption that 

the production of food must be carried out in the best soils, the bioenergy productions must be 

limited to marginal soils to be considered more ethical. Nevertheless, the biophysical constraint of 

marginal lands can lead to low crop productivity. As a result, the presented studies look at the 

necessity to find suitable genotypes growing better on these lands as well as a more environmentally 

friendly method to boost their growth. The bioassay proposed, together with some inherent positive 

characteristics (e.g., affordability, longer endpoint compared to other bioassays, possibility to easily 

analyze the belowground biomass, applicability also for other types of analysis) proved that Ricinus 

communis L. is a salt-tolerant species, even if with differences among cultivars. The results obtained 

show that TUNI 1 cultivar can have the ability to perform well on sand and when irrigated with 4 

dS m-1. The cultivation of the same cultivar from sowing to harvest under greenhouse conditions 

made it possible to validate the effectiveness of the bioassay. TUNI 1 can grow under extreme heat 

conditions and under severe nutrients limitation. The cultivation of Ricinus communis and the 

application of organic amendments, such as compost and biochar, can improve soil biological 

functions and ecosystem services while increasing castor bean productivity. Marginal land 

restoration can be achieved through the application of organic waste by-products simultaneously 

recycling organic wastes while promoting carbon sequestration and improving bioenergy crop 

production. 
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Chapter 4 

 

 

 

4. Ricinus communis on contaminated soils 
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Overview 

 

The correct phytomanagement of shooting range soils, i.e., linking the soil reclamation and 

restoration of the ecosystem services with the production of bioenergy crops, has to be site-specific. 

Soil characteristics, climatic features and plant productivity should always be analyzed to obtain 

greater impact and efficacy. Together with the application of “waste” by-products, such as 

anaerobically digested sewage sludge or biochar produced from biomasses used for 

phytoremediation, to enhance plants’ yields and affects PTEs mobility, can be profitably fitted in 

the circular economy paradigm. Thus, here are presented two experiments, a mesocosm experiment 

under field conditions and a laboratory study to assess Ricinus communis and organic amendments 

aptitude to phytostabilize PTEs. In detail, the first part of Chapter 4 provides a specific overview of 

the type of contamination that interests shooting range soils, employed for the experiments here 

presented. Then is presented the research activity conducted under field conditions with the 

application of compost obtained from the solid organic fraction of municipal wastes aided with 

arbuscular mycorrhiza fungi biostimulation. Section 2 evaluates the effect of the application of 

anaerobically digested sewage sludge and biochar on Ricinus’ growth and contaminants 

bioavailability, comparing conventional PTEs extraction techniques and soil pore water extraction 

with the plant PTEs uptake. 
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4.1. Phytomanagement of a shooting range soil with Ricinus communis L.  

 

4.1.1. Introduction 

 

Shooting range soil pollution is due to bullets deposition, which are mainly composed of lead (> 

90%), and hardened with antimony (2–5%), and arsenic (0.5–2%) (Ahmad et al., 2012; Johnson et 

al., 2005). The estimated annual deposition of lead (Pb) and antimony (Sb), in Switzerland, for 

instance, is  400-500 tons and 10-25 tons, respectively (Johnson et al., 2005). In Norway, the annual 

deposition is approximated to 103 tons of Pb, and 12 tons of Sb (Okkenhaug et al., 2016). Shooting 

range activities are responsible for 200-6000 tonnes of Pb annual deposition in Denmark, the 

Netherlands, Canada, and England (Jorgensen & Willems, 1987). According to Knechtenhofer et 

al. (2003), the annual Pb deposition of a single shooting range is 40-800 kg. Lead, antimony, and 

arsenic (As) deposition and accumulation in shooting range soil is depending on the intensity of the 

shooting and on the operating timeframe (Siebielec & Chaney, 2012). Shooting range activity is not 

only responsible for soil pollution, but it has been also recognised as a source of water pollution 

(Evangelou et al., 2012; Wan et al., 2013), mainly due to the mobilization of contaminants into 

surface waters and groundwater. Moreover, lead toxicosis for wild birds and mammals foraging at 

shooting range was confirmed by Lewis et al. (2001) and by Bennett et al. (2007). Ruminants, as 

well, can risk poisoning when grazing on heavily contaminated the shooting ranges (Johnsen & 

Aaneby, 2019).  

 

Figure 4. 10. The Pb contamination of a shooting range soil (from Bandara et al., 2017) 
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According to Bai & Zhao (2020), Sb can display a relatively high potential ecological risk, while 

Pb can present health risks due to its high concentration and carcinogenic potential. Lead, the second 

most hazardous element, after As, according to the Priority List of the US Environmental Protection 

Agency  (ATSDR, 2019), is toxic to human health, and can affect the cardiovascular, hematological, 

and nervous systems (García-Lestón et al., 2010). Human exposure can occur through water, air, 

soil inhalation and food (Sanderson et al., 2012). Antimony can also have detrimental effects on 

human health, mainly on the cardiovascular and respiratory systems, but it also has gastrointestinal 

and dermal effects (Sundar & Chakravarty, 2010). Arsenic, although make up a small percentage of 

bullet, can accumulate highly in shooting soils, due to continuous use of them. In shooting range, 

the nature and distribution of these contaminants vary greatly among the shooting field. Higher trace 

elements accumulation is related to the trajectory and fall of bullets, varying both vertically down 

the soil profile, and horizontally (Figure 4.1) (Fayiga & Saha, 2016). It has been found that the 

concentration of Pb and Sb in the surface soil increases as the distance from the firing line rose (Cao 

et al., 2003b),  while Pb concentration decreases with soil depth, although above the background 

concentration in soils (Vantelon et al., 2005). The dissolution of spent bullets due to aging and 

weathering is responsible for Pb, Sb, and As (now on: potentially toxic elements, PTEs) 

mobilization and bioavailability. Soil characteristics (pH, organic matter content, soil moisture, 

mineralogy), and climatic factors (temperature, rainfall) are the factors that mainly are accountable 

for PTEs movement in the soil profile (Sanderson et al., 2012). According to Cao et al. (2003b), soil 

pH is the most important soil property on which bullet weathering depends. Metallic fragments of 

bullets go through weathering after contact with soil, increasing PTEs’ bioavailability. The 

mechanism of metallic Pb weathering takes place through oxidation, carbonation and dissolution 

(Ma et al., 2007). When exposed to air, Pb oxide (PbO) is formed rapidly on bullet fragments. Water 

presence is necessary to allow oxygen diffusion that will react with metallic lead (Ma et al., 2007).   

Subsequently, CO2 will react with Pb oxides, generating Pb carbonates (Jorgensen & Willems, 

1987). These two chemical Pb forms can be formed on the surface of bullets or can move into the 

soil due to natural events, such as rain and wind (Cao et al., 2003a). The formation of some possible 

lead chemical forms in soil includes the following: 

Pb + O2 + H2O  PbO + 2OH-    (1) 

PbO + H2CO3  PbCO3 + H2O    (2) 

3 PbO + 2H2CO3  Pb3(CO3)2(OH)2 + H2O   (3) 

Equation 1 expresses the oxidation of Pb with the subsequent formation of massicot. Then gaseous 

CO2 dissolution will form carbonate ligands that will react with PbO creating cerussite (equation 2) 
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and hydrocerussite (equation 3). Another mineral often found in shooting soil due to Pb weathering 

is anglesite (PbSO4), whose formation may be determined by the abundance of sulfate ions (Lin et 

al., 1995). According to Cao et al. (2003a),  the solubility of lead mineral increases as PbO < PbCO3 

< Pb3(CO3)2(OH)2 < PbSO4. The transformation of PbO to hydrocerussite is possible mainly at 

lower soil pH, otherwise, Pb oxides are formed (Ma et al., 2007). Although, in a study conducted 

by Cao et al. (2003a), only hydrocerussite was detected in a shooting range with a high soil pH of 

7.36. Conversion of PbO to PbCO3 and their dissolution can increase soil pH (Ma et al., 2007). It 

becomes obvious that the transformation of metallic Pb and its bioavailability is highly influenced 

by soil pH. The higher the soil pH values, the lower the solubility of Pb. However, in presence of 

silicate clays, the chemisorption and precipitation as Pb hydroxide, carbonate, or phosphate are 

favored by high pH (Mcbride, 1994).  Moreover, at alkaline pH in soil with high organic matter 

(OM), the dissolution of Pb-organic complexes may occur (Cao et al., 2003a). OM presence may 

enhance the solubilization of organo-Pb complex at an alkaline level, which causes higher Pb 

mobilization and bioavailability (Cao et al., 2003a; Ma et al., 2007). Organic anions tend to be 

adsorbed on oxide surfaces, blocking their reactive sites, thus indirectly increasing Pb solubility 

(Levonmäki et al., 2006). In a study conducted by Ma et al. (2007), the removal of OM greatly 

reduced the transformation of metallic Pb to reactive Pb-minerals, impeding the formation of Pb 

oxides and carbonates. Moreover, microbial communities are more abundant in presence of high 

OM in soil, and they are responsible for its oxidation to CO2, with which cerussite and 

hydrocerussite are formed (Lin et al., 1996). Lead oxidation is increased by compounds that can 

remove OH-, such as organic acids (e.g., fulvic acids). According to Cao et al. (2003b), alkaline soils 

with high organic matter content can lead to Pb migration down the soil profile.  

Soil moisture, as well, influence the transformation of metallic Pb. As above mentioned, it is the 

presence of a water layer on the metallic Pb surfaces that permits the diffusion of the gasses that 

will react with it. For instance, according to Ma et al. (2007), most of the metallic Pb was converted 

in the soil incubated at 100% field capacity, but not at 80% field capacity. High iron (Fe), aluminum 

(Al), calcium carbonate (CaCO3), and phosphorous (P), can support the immobilization of Pb (Cao 

et al., 2003b; Lin et al., 1995; Porfido et al., 2022). 

Antimony, a metalloid, compared to Pb is more mobile. The effects of weathering on Sb are not 

completely understood (Kabata-Pendias, 2011). It usually exists in the form of Sb(III) and Sb(V), 

and its mobility is mainly determined by its oxidation, as well as its fixation on Fe, Mn and Al 

hydrous oxides (Filella et al., 2002). It can occur complexed with humic acids, in an easily mobile 

form, but mainly is founded as sulfide, slightly bioavailable (Kabata-Pendias, 2011). More than 50% 
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of the Sb(V) form present in the soil, can be reduced to Sb(III) after 15 days (Wan et al., 2013). 

However, the Sb(III) form, more stable, is considered with higher toxicity for humans and plants 

(Hockmann et al., 2015). The leaching of antimony in non -waterlogged calcareous soils has a strong 

seasonal fluctuation (Hockmann et al., 2015). The lower mobility of Sb under reducing conditions 

can be inverted by the reduction of Fe and Mn oxides, leading to the dissolution of their bond with 

Sb (Nakamaru & Altansuvd, 2014; Wan et al., 2013). The dominant species of Sb(V), hence under 

aerobic conditions, is the anion in soil solution; under reducing conditions Sb occurs mainly as 

Sb(OH)3 (Ji et al., 2018).  Antimony, like arsenic, is highly chalcophilic, i.e., having an affinity for 

a sulfide phase (Kabata-Pendias, 2011). 

Arsenic occurs at numerous oxidation stages: –2, –3, +3, and +5 (Kabata-Pendias & Szteke, 2015). 

Arsenite (trivalent arsenic, As3
+) and arsenate (arsenic pentavalent atom, As5

+), the inorganic forms 

of As, are toxic to human health, with the former being more soluble, mobile and toxic compared 

to the latter (Ansari et al., 2016). In general, arsenic compounds and minerals are easily soluble, but 

their mobility is limited by the strong absorption on clays, OM and hydroxides (Kabata-Pendias & 

Szteke, 2015). The most mobile forms of As, (AsO)2
− , (AsO)4

3−, HAsO4
2−, H2AsO4

−, are sorbed 

preferably at 7-9 pH (Kabata-Pendias & Szteke, 2015). Arsenic can easily change its redox state, 

forming species with varying mobility. It is fixed in the soil mainly by Fe ad Al hydroxides, Ca and 

O compounds, as well as organic matter (Kabata-Pendias, 2011). The mobility of As can be affected 

by some anions, with their efficiency following the order PO4>CO3> SO4 ~ Cl (Violante et al., 2008). 

Unlike Pb, As solubility tends to increase at higher pH (Fleming et al., 2013) 

To limit the migration of PTEs in shooting ranges, different practices can be adopted (e.g., adjusting 

the soil pH, controlling the runoff), even physical removal of bullets. However, bullet removal 

showed a diverse effect on the different types of shooting soils, sometimes leading to increased Pb 

bioavailability (Fayiga & Saha, 2016), due to their increased fragmentation . 

The management of shooting range sites has been mainly dedicated to the reduction of Pb 

bioavailability, primarily by the use of phosphate to form pyromorphite, the insoluble form of Pb 

(Cao et al., 2008; Porfido et al., 2022). However, this treatment may be not appropriate for all soils, 

and when Sb and As concentrations are high (Sanderson et al., 2012). Phosphorous compounds, 

depending on their nature and on the PTEs species on which they are applied, can immobilize or 

mobilize them (Bolan et al., 2003). 

The different soil properties (pH, organic matter, moisture content) vary greatly in the ability to 

retain or dissolve contaminants, as well as climatic factors (temperature, rainfall). However, the use 
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of vegetation to reduce the leaching of PTEs has been reported as a good management strategy for 

shooting range soils (Hashimoto et al., 2008; Levonmäki et al., 2006; USEPA, 2005). Besides 

vegetation cover, a variety of amendments have been proposed to reduce PTEs’ mobility and 

improve plants’ growth. Compost application, for instance, resulted effective in reducing Pb 

availability (Castaldi et al., 2005; Fleming et al., 2013). A reduction of Pb bioavailability was 

recorded with compost application in a military shooting range, with lower values of Pb content in 

fescue shoots (Siebielec & Chaney, 2012). The soil pore water concentration of Pb tends to decrease 

with time, after compost amendment (Lewińska & Karczewska, 2019). However, contrasting results 

were obtained with compost amendment on Sb and As. According to Clemente et al. (2010), the 

application of green waste compost increased the solubility and bioavailability of As and Sb. 

Fleming and coworkers (2013), recorded a higher As availability measured by worm bioassay, after 

compost application. Conversely, Jaoude et al. (2020), found that compost application increased the 

non-extractable fraction of Sb and As. 

The combined use of compost and arbuscular mycorrhiza fungi (AMF) can reduce PTEs’ 

bioavailability and increase plant growth, thus minimizing their dispersion in the environment  

(Visconti et al., 2020). Arbuscular mycorrhiza fungi can alleviate metal toxicity in plants, improving 

antioxidant production (Tiwari et al., 2020) and diluting PTEs concentration due to increased 

biomass (Fagnano et al., 2020). Compost application with AMF resulted in a reduced foliar 

concentration of Pb in Ricinus communis plants grown on severely polluted lead-acid soil 

(González-Chávez et al., 2019). 

Among other different amendments to reduce PTEs mobility and bioavailability, biochar, the 

carbonaceous material derived from the pyrolysis organic wastes in anaerobic conditions, is greatly 

gaining attention. According to Jaoude et al. (2020), the application of 3% of biochar to a 

contaminated soil, reduced the mobile and bioavailable fractions of different PTEs, such as As and 

Sb. The greatest reduction in Pb bioavailability was recorded also by Penido et al. (2019) after wood 

biochar application while decreasing soil pH and enhancing Brachiaria decumbens development. A 

decrease in Pb and Sb phytoavailability was also obtained by Ahmad et al. (2014), together with an 

increase in root length and seed germination (Ahmad et al., 2012). Conversely, LoMaglio et al. 

(2017), achieved a reduction in Pb mobility but paired with an increase in As and Sb availability 

and dwarf Phaseolus vulgaris biomass decrease, after 15 days. 

The use of recovered materials to solve both soil remediation and waste disposal can be obtained by 

using digested sewage sludge (Penido et al., 2019). The use of sewage sludge as an organic 

amendment can be feasible if it complies with the relevant legislation (Zaragüeta et al., 2021). 
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According to Theodoratos et al. (2000), the addition of municipal sewage sludge to contaminated 

soils, reduced the leachability of Pb, while promoting plants’ growth and lowering PTEs uptake. A 

single application of sewage sludge resulted in higher tree biomass, with PTEs mainly concentrated 

in plants’ roots (Grobelak et al., 2017). A decrease in exchangeable Pb, with the accumulation of 

Pb at root level in black oats and forage turnip, was recorded in another combined study of 

phytoremediation and sewage sludge application (Santos et al., 2021). Using sewage sludge to 

improve plants’ growth and phytoremediation ability is an interesting alternative use of bio-wastes 

(Wydro et al., 2021).  

Combining land remediation and alternative reuse and recycling of wastes and by-products can 

enhance the financial feasibility of phytoremediation, while combining social benefits (i.e., the 

reclamation of contaminated shooting range soils and reduction of PTEs dispersion), with economic 

benefits (i.e., reduction of raw material demand, for a more sustainable waste management). 

Moreover, the energy conversion of the obtained biomass, with processes like ecocatalysis (Gómez-

Sagasti et al., 2021), pyrolysis (Giudicianni et al., 2017; Grottola et al., 2019) or biodiesel production 

(Dastyar et al., 2019), can greatly improve the potential of a phytoremediation program, being more 

environmentally friendly and increasing the cost-effective remediation of a contaminated shooting 

range (Figure 4.2).  

 

Figure 4. 11. Sustainable phytoremediation (modified from Carrino et al., 2020) 
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With this in mind, in the presented studies, compost (obtained from the organic fraction of municipal 

solid wastes) and arbuscular mycorrhiza fungi, as well as biochar (derived from the pyrolysis of a 

woody biomass grown on a contaminated soil in Campania region, interested by a phytoremediation 

program) and digested sewage sludge were used to assess the feasibility of remediating a former 

shooting range. The low cost and practicality of the use of the chosen amendments, together with 

their sustainability, promotes the implementation of the circular economy paradigm. 

To our knowledge, those are the first studies that investigate the effect of Sb on the biomass crop 

Ricinus communis, as well as the use of this plant for environmental remediation of shooting range 

soils. Moreover, one of the two experiment is the first one that linked the use of sewage sludge to 

shooting soil remediation. Furthermore, the first described experiment is one of the few conducted 

under field conditions, thus optimizing the phytoremediation program assessing the effect of the 

site-specific conditions. 
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4.1.2. Materials and method 

 

Area of study  

 

The site of study is in the Acerra municipality (Na), locality Calabricito (Lat. 40.994193 ° - Lon. 

14.402545 °), near the ancient Etruscan village of Suessola (VII century b.C.). The area, of 

approximately 5 ha, was interested in shooting range activities for almost 10 years. When dismissed, 

the site was covered by spontaneous vegetation and subsequently used for agricultural cultivation. 

Due to the shooting activity, the area can be divided into different sub-areas (Figure 4.1.1). The 

easternmost one, from which the soil used in this experiment came, is characterized by potential 

contamination of lead (Pb) and antimony (Sb), due to the greater concentration of bullets and their 

fragments, exceeding Italian regulatory threshold level for agricultural sites (Repubblica Italiana, 

2006). According to the Italian regulation, arsenic (As), also a bullet constituent as Pb and Sb, 

exceeded the above-mentioned threshold. An uncontaminated agricultural soil was collected nearby 

to assess background contamination values and as reference soil.  

 

Figure 4.1.1 The former shooting range of Acerra and its Pb contamination, according to XRF spectroscopy 

 

Experimental soil, amendment, and biostimulant description 

 

One ton of both soils was collected (depth: 0-30 cm), placed in bags of 35 kg each, and air dried. 

The characteristics of the two composite soil samples before amendment addition and plant sowing 

(Table 4.1.1) can be both summarized as sandy loam, with medium-high contents of organic matter 

and total nitrogen. The composted organic fraction of urban waste used as amendment (henceforth 
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referred to as compost) was characterized by a neutral pH (7.0), 31% of organic matter (OM), 2,2% 

of nitrogen and low-moderate electrical conductivity (5.8 mS cm-1). The commercial biostimulant 

used was a mycorrhiza-based formula with 50 spore g-1 of Rhizoglomus irregulare and 

Funneliformis mosseae (Italpollina S.p.A., Rivoli Veronese, VE, Italy). Mineral fertilization was 

carried out with ammonium sulfate. 

 

Plant material 

 

Seeds of Ricinus communis, originating from North Africa (Tunisia) (from now on, TUNI 1), were 

sown on a polystyrene plateau with commercial soil and placed in open-air to let them adjust to the 

field climatic condition. After one month, plants were transplanted into the experimental pots. Plants 

were rain-fed during the experiment, with emergency irrigation interventions when required. 

 

Pot preparation, amendment application and experimental design  

 

Nearly 240 kg of soil of the potentially contaminated soil (now on, PTE soil) were placed on a tarp 

and homogenized by mixing them carefully, thus obtaining an experimental block. The same thing 

was done with the agricultural soil (AGR soil). Compost was thoughtfully mixed to PTE soil at a 

dose corresponding to 30 t/ha (250 g per pot), and the soil was then transferred to pots (Ø 40 cm; V 

35 L) four weeks before transplant and let stabilize. Agricultural soil was simply transferred to pots 

without amendment. At transplant (April 2021), 5 g of mycorrhiza inoculum were applied near the 

plant roots, with the aid of sprayed water to increase adhesion. Mineral fertilization was applied at 

a 30% rate on the transplant date, dissolved in 30 cl of water. The remaining 70% was applied two 

months later when the plants were already grown. All the pots at the beginning of the experiment 

were watered with the same amount of water (2 lt). 

The following factors were tested for PTE soil with TUNI 1: 

i) Fertilization: Compost application (C); Mineral fertilization (M); No fertilization (NoF) 

ii) Biostimulation: with arbuscular mycorrhiza fungi (AMF); without AMF (NoAMF). 

 

All the factors were tested with and without biostimulant application (AMF = mycorrhiza 

application, NoAMF = without mycorrhiza).  
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The pots were placed in the open field, with a tarp under them to avoid percolation. The experimental 

units were arranged in a completely randomized block design, with four replications. 

 

Soil sampling and analysis 

 

Soil samples of each block of the two soils were taken before amendment application and at the 

beginning of the experiment (Table 4.1.1). The soils, at the beginning and the end of the experiment, 

were homogenized, dried at 60°C until constant weight and sieved at 2 mm. Soil pH was measured 

at 1:2.5 soil:water solution ratio, with a GLP 22 pH meter (Crison, Barcelona, Spain). Electrical 

conductivity (1:5 soil:water solution ratio—Conductimeter basic 30, Crison, Barcelona, Spain), 

total nitrogen (Kjeldahl, 1883), organic carbon (Walkley & Black, 1934), carbonate (Dietrich–

Frühling calcimeter method, Loeppert & Suarez, 1996), soil P content (Olsen method), were 

measured before and after the experiment. The potentially bioavailable fraction of PTEs was 

estimated before and after the experiment by extraction with 0.05 M by Ethylenediaminetetraacetic 

acid (EDTA) at pH 7, (1:10 soil:solution ratio, quality control carried out using BCR700 certified 

standard material), and the readily bioavailable fraction of PTEs was estimated by single extraction 

with 1M NH4NO3 (1:2.5 soil:solution ratio; procedure ISO19730:2008). At the beginning of the 

experiment, the pseudo-total content of potentially toxic elements, assessed by aqua regia digestion 

and ICP-MS (Elan 6000, Perkin Elmer) and texture (pipette and sieving method, after pre-treatment 

with H2O2 to oxidize organic matter and particle dispersion by sodium hexametaphosphate) were 

measured.  

 

Plant sampling and analysis 

 

During the experiment (July), two fully expanded, healthy leaves were cut and used for total phenols 

and photosynthetic pigments determination. Total chlorophylls (chlorophyll a and chlorophyll b) 

and carotenoids were measured as described by El-Nakhel et al. (2021). Briefly, 500 mg of fresh 

frozen leaves were ground after adding 10 mL of ammoniacal acetone (90% v/v; Carlo Erba 

Reagents Srl, Milan, Italy), and let to rest in the dark for 15 minutes. Consequently, the extracts 

were centrifuged at 2000 rpm for 10 min (R-10M, Remi Elektrotechnik Ltd., Mumbai, India) and 

the obtained liquid part was used for pigment determination by UV-Vis spectrophotometry 

(DR2000, Hach Co., Loveland, Colorado, USA). Quantification of chlorophyll a and chlorophyll b 
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was verified by reading the absorbance at 647 and 664 nm, respectively, while 470 nm was used for 

carotenoids. Total chlorophylls and carotenoids were expressed as mg g−1 fw. Each treatment was 

analyzed in triplicate. Total phenols determination was carried out according to El-Nakhel et 

al.(2021). In brief, 250 mg of lyophilized plant material was homogenized and extracted with 10 

mL of 60% aqueous methanol on a rotary shaker (KS 125 basic IKA, Staufen, Germany) at 500 rpm 

per 15 min and then centrifuged at 4000 rpm for 5 min. 125 μL of supernatant were added to 125 

μL of Folin–Ciocalteu reagent (phosphotungstic acid + phosphomolybdic acid) in 0.5 mL of distilled 

water. After resting for 6 minutes in the dark, 1.25 ml of 7.5% sodium carbonate and 2 ml of distilled 

water were added. Subsequently, after 90 minutes at room temperature in darkness, the absorbance 

reading was taken at 760 nm by UV–Vis spectrophotometry (Giorgio Bormac Srl, Carpi, Italy). 

Total phenols were expressed as mg gallic acid equivalents 100 g−1 dw. Each treatment was analyzed 

in triplicate. In the same period, the growing inflorescences were closed in non-woven bags to avoid 

capsule dwindling and cross-pollination. 

At harvest (October), above and below-ground biomass of the plants was recorded. Before cutting 

the plant, leaf gas exchange and chlorophyll a fluorescence were measured by the mean of Li6400 

portable photosynthesis system (LiCor, Lincoln, NE, USA). Measurements were carried out in the 

morning (09:00–11:30 h) on fully expanded mature leaves. Net photosynthetic rate (PN), and 

stomatal conductance (Gs), were calculated according to von Caemmerer & Farquhat (1981), with 

the software operating in the Li6400. The quantum yield of photosystem II (ΦPSII) was calculated 

as reported by Maxwell & Johnson (2000). The instantaneous water use efficiency (iWUE) was 

calculated as PN/E, where E is the transpiration rate. The measurements were determined on at least 

four fully expanded leaves per treatment. The immature inflorescences and the ripening 

infructescences were cut and the whole plant was weighed. In addition, a sub-sample of leaves and 

stems was taken. Roots were rinsed with a strong jet of water, soaked for 30 minutes and rinsed 

again to avoid soil particle presence. They were then left to dry in the sun/air for 3 hours and 

weighed. Sub-samples were taken to the lab, rinsed with deionized water and dried in oven at 60°C 

until constant weight for further analyses. Plants subsamples were washed with tap water first and 

with deionized water subsequently, dried until constant weight at 60°C and grounded for further 

analysis. The dry weight of the subsamples was recorded. Digestion in a microwave oven with 

concentrated HNO3 and then with aqua regia (HCl/HNO3, 3:1 v:v) was carried out to determine PTE 

contents by ICP-MS (Elan 6000, Perkin Elmer). Moreover, the total nitrogen content of plants was 

measured by the Kjeldahl method (1883).  
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To evaluate the performance of the different treatments on biomass yield, the Tolerance index was 

calculated as follows: 

• Tolerance index (TI), ratio between treated plants biomass (d.w.) and untreated ones (Zhang 

et al., 2016). 

 

Indices for plant tolerance and accumulation of PTEs  

 

To evaluate plant phytostabilization aptitude and estimate the different treatments’ effect on PTEs 

translocation and accumulation in castor bean and its tolerance, the following indices were 

considered: 

• Translocation factor (TF) (Cao et al., 2019; Zhang et al., 2016), was calculated as follows: 

TF= C stem/ leaves (mg kg-1 d.w.)/ C roots (mg kg-1 d.w.) 

where C stem/leaves is the PTEs concentration (mg kg-1 d.w.) in stem or leaves, while C roots is 

the PTE concentration in the roots (mg kg-1 d.w.). 

• Bioconcentration factors (Fagnano & Fiorentino, 2018) were assessed to evaluate plants’ 

ability to accumulate the bioavailable parts of PTEs. The indices were calculated for leaves 

(BFl), stems (BFs) and roots (BFr) with soil bioavailable PTEs concentration, assessed with 

EDTA extraction and evaluated with the formula: 

BF= C leaves/stem/roots (mg kg-1)/ C soil (mg kg-1) 

where C leaves/ stem/ roots is the PTEs concentration (mg kg-1) in leaves, stems, or roots, while C 

soil is the PTE concentration in the soil (mg kg-1). 

• Modified Bioconcentration factor (mBF) of the readily bioavailable fraction of PTE, 

assessed with NH4NO3 extraction, calculated for leaves (mBFl), stem (mBFs), and roots 

(mBFr), with the same formula of BF.  

• Concentration index (CI), as the ratio between treated plant PTE concentration and PTE 

concentration of untreated ones (Bauddh & Singh, 2012). 

 

Soil contamination indices 

 

To assess the level of contamination of PTE soil compared to soils in the same area not interested 

in the shooting activities, the contamination factor (CF), geoaccumulation index (Igeo), and 
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enrichment factor (EF) were calculated. Those indices are mainly the ratio of an element 

concentration over the same element concentration in uncontaminated soil. The uncontaminated soil 

is area dependent and acts as reference values (i.e., background values). In detail, CF was calculated 

as follows: 

• CF = CPTE / CAGR 

Where CPTE is the concentration of a given element in the PTE soil, while CAGR is the concentration 

of the same element in the AGR soil. Based on their intensity, contamination levels are evaluated 

on a scale ranging from 1 to 6, with CF<1 as a low contamination degree, 1< CF<3 as moderate, 3≤ 

CF<6 as considerable, and CF ≥6 for very high contamination degree (Shaheen et al., 2017). 

The geoaccumulation index was calculated as: 

• Igeo = log2 [CPTE / (1,5 x CAGR)] 

CPTE and CAGR  have the same meaning as CF, while 1,5 is a factor accounting for natural fluctuation 

in the metal content due to very small anthropogenic influences (Caporale et al., 2018). The values 

of Igeo can be divided into six classes enumerated as follows: class 0 (0 ≤ Igeo <1), class 1 (1 ≤ 

Igeo <2), class 2 (2 ≤ Igeo < 3), class 3 (3 ≤ Igeo < 4), class 4 (4 ≤  Igeo < 5), and class 5 (Igeo >5) 

(Antoniadis et al., 2017). 

Despite Igeo and CF, the enrichment factor uses any element known to not contribute to the 

contamination of the specific studied area as a “normalizer” common to the numerator. The elements 

commonly used are Al and Fe (Antoniadis et al., 2017). Here Fe was used, and EF was calculated 

as follows: 

• EF = (CPTE / CFe-PTE)/ (CAGR / CFe-AGR). 

The level of contamination is categorized as class I: EF < 1.5 (no enrichment), class II: EF= 1.5–3 

(minor enrichment), class III: EF=3–5 (moderate enrichment), class IV: EF=5–10 (severe 

enrichment), and class V: EF > 10 (very severe enrichment) (Antoniadis et al., 2017). 

All the above-mentioned indices were calculated with values derived from Aqua regia extraction 

and from NH4NO3 extraction at the beginning of the experiment (T0) and with only ammonium 

nitrate at the end of it (T1). 
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Statistical analysis 

 

Data were subjected to analysis of variance (ANOVA) through GLM (General Linear Model) with 

Minitab 19 statistical software package (Minitab Inc., State College, PA, USA) and mean values 

were separated according to least significant difference test (LSD, p≤ 0.05). Pearson correlation 

coefficients were determined by correlating the PTEs concentrations with their concentrations in 

the different plant tissues. Correlation was assumed to be statistically significant at p < 0.05. 

Table 4.1.6. Physiochemical properties of the composite soil sample before plant sowing and amendment addition. 

  PTE soil AGR soil Screening Values 

    1 residential site 

2 agricultural 

Site 

Sand % 62 61   

Silt % 26 24   

Clay % 12 15   

pH  7.8 8.2   

EC μS cm-1 230 170   

Carbonates % 6.3 11.1   

Organic carbon (OC) g kg-1 32 21   

Total Nitrogen (TN) g kg-1 3.4 1.8   

C/N ratio  9.4 11.6   

P (Olsen) g kg-1 0.48 0.17   

Cu mg kg-1 77 123 120 200 

Pb mg kg-1 4992 115 100 100 

Zn mg kg-1 136 124 150 300 

Ni mg kg-1 23 15 120 120 

Co mg kg-1 12.7 11.8 20 30 

As mg kg-1 25 14 20 30 

Cd mg kg-1 <2 <2 2 5 

Sb mg kg-1 111 <2 10 10 

Cr mg kg-1 36 15 150 150 

NH4NO3 extractable-Pb mg kg-1 0.08 0.02   

NH4NO3 extractable-As mg kg-1 0.03 0.00   

NH4NO3 extractable-Sb mg kg-1 0.66 0.17   

1 Screening values of Italian Decree 152/2006 (Repubblica Italiana, 2006) and 2 Ministerial Decree 46/2019 (Ministeri dell’ambiente 

e della tutela del territorio e del mare, 2019). In bold values exceeding the Italian or the trigger values.  
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4.1.3. Results  

 

Plant growth: Aboveground biomass  

 

No statistical difference was recorded for fresh and dry weight of leaves and stems, capsules and 

seeds between control and contaminated soil, or among treatments (Table 4.1.2; Figure 4.1.2). The 

average fresh weight of plants was 863,8 g in PTE soil, and 813,1 g in the control soil. For PTE soil, 

865,6 g of fresh weight was achieved in M treatment, 864,6 g in the un-fertilized one, and 861,3 g 

in C. Regarding biostimulant treatment in PTE soil, 861,3 g of aboveground biomass was recorded 

for the NoAMF treatment, and 856,4 g for the AMF one. In AGR, 825 g of fresh weight of plants 

was obtained in the AMF treatment and 801 g in the un-biostimulated. Dry weight followed the 

same trend. The average seed yield in PTE soil was 113,3 g/pt, and 99,5 g/pt in the control soil. 

Seed production for PTE soil was 118,1 g/pt in the un-fertilized treatment, 113,1 g/pt in the compost 

one, and 108,8 g/pt in M. Average seed yield on PTE soil was 116,7 g/pt for the biostimulant 

treatment, and 111,9 g/pt in the control one. For AGR, 120,6 g/pt in the biostimulated plant, and 

78,3 g/pt in the control.  

Table 4.1.7. Fresh weight of TUNI1 biomass, seed yield, and tolerance index of the aboveground biomass (TI), under 

the different treatments. C= compost; M= mineral fertilization; B0= without biostimulant application; B1= with 

biostimulant. Means that share the same letter are not statistically different according to LSD test (p<0.05). * p<0.05; 

ns=not significant. 

  Biomass (g)  

  Leaves Stem Roots Seeds TI 

Control AGR 149.07 664.05 365.00 99.49 - 

Fertilization (F) C 160.35 709.84 465.00 113.10 1.12 

 M 156.64 697.73 430.00 108.78 1.11 

 NoF 141.36 723.21 430.00 118.13 1.00 

Biostimulation (B) No AMF (B0) 154.38 702.00 439.17 111.86 1.00 

 AMF (B1) 151.19 718.52 444.17 114.81 1.03 

F x B C - B0 153.10 739.78 512.50 a 104.10 1.15 

 C - B1 167.60 679.90 417.50 ab 122.10 1.09 

 M - B0 167.01 756.74 350.00 b 116.07 1.27 

 M - B1 146.28 638.72 510.00 a 107.12 0.98 

 NoF - B0 133.45 659.05 455.00 ab 115.42 1.00 

  NoF - B1 149.27 787.37 405.00 ab 120.83 1.00 

Significance F ns ns ns ns ns 
 B ns ns ns ns ns 

  F x B ns ns * ns ns 

 

Belowground biomass 

 

Statistical differences were found for the roots’ fresh weight. The highest belowground biomass was 

reached in PTE soil with compost application without biostimulation, and for mineral fertilization 
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with AMF. On average, roots weight was lower in the mineral fertilization treatment, followed by 

un-fertilized plants and then by the ones amended with compost (Fig.4.1.2).  

 

 

  

Figure 12.1.2. Plants, seeds, and roots fresh weight (g) for all treatments. Mean values with the same letter do not 

differ according to the LSD test (p<0.05). 

 

Nutrient uptake  

 

No statistical differences were recorded for nitrogen uptake among treatments. The total nitrogen 

content (percentage) in the leaves was instead different statistically among the treatments. Higher 

values were recorded for PTE soil without amendment and biostimulation. This could be explained 

by the lower dilution effect, being this treatment the one with the lowest plant dry biomass. The low 

nitrogen content obtained for the AGR soil instead can be explained by the higher content of soil 

carbonates, which could limit the nutrient bioavailability. Stem nitrogen concentration, similarly, 

was lower in AGR soil (Figure 4.1.3.). No statistical difference among the PTE soil for the 

amendment or biostimulation, or for the AGR soil between biostimulated plants and the ones 

without AMF. Comparing the two soils with the same fertilization (M), N% of the leaves and of the 

stems was statistically different between them, with PTE ones being the highest in content (p<0.001 

and p< 0.01, respectively). 
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Figure 4.1.3. Nitrogen concentration in leaves and stem in the different treatments at the end of the experiment. Means 

that do not share a letter are significantly different according to the LSD test (p<0.001 for the leaves and p<0.01 for 

stems). 

 

Photosynthetic pigment content and total polyphenol 

 

Analyzing the results of photosynthetic pigment content for PTE soil, for chlorophyll α (Chl α) the 

interaction among fertilization and biostimulant application, and the fertilization alone, were 

significant (Table 4.1.3). Mineral fertilization resulted in higher Chl α content compared to the other 

two treatments. The Chl α content was increased by 3.9% in mineral treatment compared to no-

fertilization, while it decreased by 2 and 5.7% in compost fertilization compared to no-fertilization 

and mineral fertilization, respectively. Moreover, C-NoAMF resulted in a lower Chl α content, 

compared to all the other treatments. Conversely, chlorophyll β (Chl β) was lower in mineral 

fertilization, higher without biostimulation, and higher in C-NoAMF (p<0.01) (Table 4.1.3). 

Chlorophyll β with compost fertilization increased by 41.7 and 17.9% compared to mineral 

treatment and non-fertilization, respectively. Carotenoid (Car) content was lower with compost 

application, but higher with AMF. The treatment with the lower Car content was again C-NoAMF, 

the higher was recorded for M-AMF and M-NoAMF.  
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Table 4.1.8 Values of chlorophyll (Chl) (mg/g f.w.), caroteinoids (Car), and phenols (Phe) (mg gallic acid/100 g d.w.) 

in the PTE soil. AGR soil value are reported in the text. Means that share the same letter are not statistically different 

according to LSD test (p>0.05). * p<0.05; ** p<0.01; *** p< 0.001; ns=not significant. 

  Chl α Chl β Chl α + β Car Phe 

Fertilization (F) C 1.19 b 0.86 a 2.05 a 0.21 c 671.72 b 

 M 1.24 a 0.67 b 1.90 b 0.31 a 809.91 a 

 NoF 1.21 b 0.71 a 1.92 ab 0.29 b 653.68 b 

Biostimulation (B) NoF (B0) 1.21  0.82 a 2.02 a 0.24 b 674.80 b 

 AMF (B1) 1.23  0.56 b 1.80 b 0.35 a 778.79 a 

F x B C - B0 1.14 1.17 a 2.31 a 0.09 c 602.47  

 C - B1 1.24 0.55 bc 1.78 b 0.33 ab 740.97 

 M - B0 1.26 0.51bc 1.77 b 0.38 a 779.97 

 M - B1 1.26 0.49 c 1.75 b 0.38 a 930.01 

 NoF - B0 1.22 0.77 b 1.99 b 0.26 b 641.96 

  NoF - B1 1.21 0.64 bc 1.85 b 0.32 ab 665.39  

Significance F ** ** ** ** *** 

 B ns ** ** ** *** 

  F x B * ** * * ns 

 

Analyzing the pigments’ contents in the plants grown in the uncontaminated soil, it appears that the 

application of AMF corresponds to a significant increase in the Chl α content (+ 6.9%), and in a 

halving of the Chl β content (from 1.18 to 0.49 mg/g f.w.), with a relative increase of + 76.9% as 

regards the content of carotenoids (Fig. 4.1.4). 

Regardless of the soil, the application of AMF resulted in an increase of 23.9% in Chl α and 64.4% 

in carotenoids. 
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Figure 4.1.4. Chlorophyll alfa (Chl α), beta (Chl β), alfa + beta (Chal α+β), and carotenoids (Car), in the two soil. Means 

that do not share a letter are significantly different according to LSD test (p<0.05). 

 

Irrespective of the fertilization, PTE soil shows a 6.6% reduction in total Chl and a 25.1% increase 

in carotenoids as compared to the not contaminated soil. 

According to the comparison between PTE-M and AGR-M, plants grown in AGR soil had a higher 

Chl β and Chl α+β (p<0.001, data not shown), while those in PTE soil had higher content of 

carotenoids and Chl α (p=0.006 for chlorophyll a; p<0.001 for carotenoids, data not shown). 

Moreover, biostimulants’ application makes the levels of chlorophyll α and chlorophyll β the same 

for the two soils.  

Regarding total phenols content, lower concentration was detected for PTE soil amended with 

compost and without biostimulation, and for unfertilized soil. Mineral fertilization plus compost 

application improved plant content in total phenols (Fig. 4.1.5). 
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Figure 4.1.5. Total phenols content (mg gallic acid/100 g d.w.) in the two soils. Means that do not share a letter are 

significantly different according to LSD test (p<0.05). 

 

Photosynthesis 

 

No statistical differences were recorded for net photosynthesis (PN), stomatic conductance (GsH2O), 

photochemical efficiency of photosystem II (ΦPSII), and instantaneous water use efficiency (iWUE) 

between the two soils or between treatments (Table 4.1.4).  

Table 9.1.4. Net photosynthesis (PN), stomatic conductance of water (Gs), photochemical efficiency of photosystem II 

(ΦPSII), and instantaneous water use efficiency (iWUE) for PTE and AGR soil. 

  PN Gs ΦPSII iWUE 

Soil (S) PTE (P) 11.39 0.30 0.24 3.67 

 AGR (A) 9.33 0.27 0.23 3.88 

Fertilization (F) C 9.92 0.29 0.23 3.74 

 M 10.51 0.30 0.23 3.70 

 NoF 9.03 0.22 0.23 4.12 

Biostimulation (B) No AMF (B0) 10.01 0.28 0.24 4.14 

 AMF (B1) 9.68 0.28 0.23 3.52 

Significance S ns ns ns ns 
 F ns ns ns ns 
 B ns ns ns ns 

 

Plant PTEs concentration and uptake  

 

The concentration of PTEs in the different plant organs was mainly determined by the application 

of AMF (Table 4.1.5). For Pb in all the plant organs (i.e., leaves, stems and roots), a greater 

concentration was found without AMF application. Regarding Sb, only in the roots, the application 

of mycorrhizas determined a higher PTE concentration. The same happened for As. Fertilizer 

application improved the translocation of Pb in the leaves, with higher concentration in the compost 
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treatment. Conversely, Arsenic concentration was higher in the roots of plants amended with 

mineral fertilizer. No statistical differences were recorded for Sb concentrations with the 

amendments’ application. Similarly, there was no statistical significance for the interaction of 

fertilizer and biostimulant application.  

Table 4.1.10 Mean PTE concentration (mg/kg) in the different plant organs, for PTE soil. Means that do not share a 

letter are significantly different according to LSD test (* p<0.05; ** p< 0.01; *** p<0.001; ns=not significant). 

  Pb  Sb As 

  Leaves Stem Roots Leaves Stem Roots Leaves Stem Roots 

Fertilization (F) C 2.31 a 5.25 18.94 0.59 0.12 0.89 0.24 0.12 0.39 b 
 M 1.63 b 2.20 23.72 0.55 0.13 0.97 0.19 0.14 0.51 a 
 NoF 1.70 b 4.85 23.38 0.53 0.12 1.10 0.19 0.12 0.45 ab 

Biostimulation (B) No AMF (B0) 2.06 a 5.36 a 24.67 a 0.59 0.12 1.13 a 0.23 0.12 0.49 a 
 AMF (B1) 1.69 b 4.17 b 19.36 b 0.52 0.12 0.84 b 0.19 0.14 0.41 b 

F x B C - B0 2.62 5.95 19.39 0.68 0.12 1.03 0.28 0.12 0.40 
 C - B1 1.99 4.54 18.50 0.50 0.11 0.75 0.21 0.12 0.38 
 M - B0 1.69 4.90 26.49 0.55 0.13 1.06 0.19 0.12 0.57 
 M - B1 1.57 3.51 20.95 0.55 0.12 0.87 0.19 0.16 0.44 
 NoF - B0 1.88 5.22 28.12 0.54 0.12 1.30 0.22 0.12 0.49 
 NoF - B1 1.51 4.47 18.63 0.51 0.12 0.90 0.16 0.13 0.41 

Significance F *** ns ns ns ns ns ns ns * 
 B ** ** * ns ns ** ns ns * 
 F x B ns ns ns ns ns ns ns ns ns 

 

Regarding PTE uptake, some of the main interactions were statistically significant (Table 4.1.6). 

Uptake of Pb by leaves was higher in plants amended with compost, while for stems the 

biostimulants application lowered the uptake. In roots, Pb uptake was higher in plants where no 

AMF was applied (p= 0.031). Moreover, statistical differences were recorded for the interaction of 

the two factors, mycorrhizas application and fertilization: the higher uptake of Pb by roots was 

highlighted for unfertilized plants without AMF, while the lowest in unfertilized plants but with 

biostimulant application, and in plants with compost and AMF (p = 0.008). For Sb uptake, the only 

significant differences were recorded for roots. Unfertilized plants and plants treated without 

mycorrhizas were the ones with higher uptake (p= 0.038 and p = 0.001, respectively). Interaction 

among fertilizer and biostimulant application showed the greatest uptake for roots of plants 

unfertilized and without AMF, and the lowest for C-AMF treatment (p = 0.001). Regarding As, 

leaves and roots uptake was influenced by biostimulants application (p = 0.033), again with 

untreated ones that showed a higher uptake. Main interaction showed higher uptake by plants 

unfertilized and with no biostimulant application but also for plants fertilized with ammonium 

sulfate and with AMF. 
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Table 4.1.11 Mean uptake of Pb, Sb, and As by plants organs in the different treatment, for PTE soil. Means that do 

not share a letter are significantly different according to LSD test.  * p<0.05; ** p<0.01; *** p<0.001; n.s. not 

significant). 

Uptake (mg/plant)  Pb Sb As 

    Leaves Stem Roots Leaves Stem Roots Leaves Stem Roots 

Fertilization (F) C 0.09 a 0.78 8.35 0.02 0.02 0.40 b 0.01 a 0.02 0.18 
 M 0.06 ab 0.65 9.77 0.02 0.02 0.40 b 0.01 ab 0.02 0.21 

  NoF 0.05 b 0.72 10.10 0.02 0.02 0.48 a 0.01 b 0.02 0.20 

Biostimulation (B) No AMF (B0) 0.08 0.83 a 10.27 a 0.02 0.02 0.48 a 0.01 a 0.02 0.21 a 

  AMF (B1) 0.06 0.61 b 8.54 b 0.02 0.02 0.37 b 0.01 b 0.02 0.18 b 

F x B C - B0 0.10 0.98 9.09 bc 0.02 0.02 0.49 b 0.01 0.02 0.19 abc 
 C - B1 0.07 0.59 7.61 c 0.02 0.01 0.31 d 0.01 0.02 0.16 c 
 M - B0 0.06 0.77 9.03 bc 0.02 0.02 0.36 cd 0.01 0.02 0.20 abc 
 M - B1 0.06 0.53 10.50 ab 0.02 0.02 0.43 bc    0.01 0.02 0.21 a 
 NoF - B0 0.06 0.72 12.69 a 0.02 0.02 0.59 a 0.01 0.02 0.22 a 

  NoF - B1 0.05 0.72 7.5   c 0.02 0.02 0.37 cd 0.00 0.02 0.17 ba 

Significance F * ns ns ns ns * * ns ns 
 B ns * * ns ns *** * ns * 

  F x B ns ns ** ns ns *** ns ns * 

 

Pearsons’ correlation values and their significance between the concentration of Pb, As and Sb in 

the different Ricinus tissues are displayed on the correlogram (Fig. 4.1.6). There was a highly 

significant correlation between the concentration of As and Pb in plant roots (0.833, p=0.000), 

between Sb and Pb roots concentrations (0.794, p=0.000), and between the Sb and As roots 

concentrations (0.700, p=0.001) and leaves concentrations (0.800, p=0.000). This suggests that 

these PTEs undergo similar absorption mechanisms. Conversely, there was a negative correlation 

between As and Pb concentration in stems, probably due to an antagonistic mechanism of 

translocation. 
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Figure 4.1.6. Correlogram of PTEs concentration (mg kg-1) in the different plant tissues. *p≤0.05; **p≤0.01; 

***p≤0.001. 

 

The translocation factor for all the PTEs analyzed and for all the treatments, was < 1 (Table 4.1.7). 

Slightly higher values were recorded for Pb and As compared to Sb, indicating higher mobility of 

this PTE from roots to stems (TFs) and leaves (TFl). Compost application statistically increased Pb 

translocation to stem and leaves and translocation of arsenic to leaves. Biostimulants did not 

increase TFs and TFl for any PTE. In all the treatments, TFl was higher than TFs for Sb and As, 

while was lower for Pb. Hence, Pb is retained mainly in roots, being less mobile, as assessed by BF 

and rBF (Table 4.1.8; Table 4.1.9).  

 

Table 4.1.12. Translocation factor of stem (TFs) and leaves (TFl). NoF= unfertilized; M=mineral fertilization; 

C=compost; B0= without AMF; B1=with AMF. * p<0.05; ** p<0.01.; ns=not significant. 

  TFs TFl 

  Pb As Sb Pb As Sb 

Fertilization (F) NoF 0.21 ab 0.27 0.11 0.07 b 0.42 b 0.48 

 M 0.16 b 0.21 0.13 0.11 b 0.30 b 0.56 

 C 0.28 a 0.31 0.13 0.12 a 0.62 a 0.66 

Biostimulation (B) B0 0.22 0.24 0.11 0.08 0.47 0.52 

 B1 0.22 0.33 0.14 0.09 0.45 0.62 

Significance F * ns ns ** * ns 

 B ns ns ns ns ns ns 

 F x B ns ns ns ns ns ns 

 

*** 

*** 

*** 

*** 

*** 

** * 

* 
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For all the treatments and PTEs studied, higher BF and mBF were recorded for roots (Table 4.1.8, 

Table 4.1.9), suggesting the ability of castor bean to phytostabilize the contaminated soils. 

Moreover, mBF was >1 for Pb and As, indicating the potential of TUNI 1 to be used in 

phytoremediation programs for these two PTE. Mineral fertilization statistically increased the BF 

of arsenic in the roots, as shown as well by its concentration (see Table 4.1.5).  

Table 4.1.13. Bioconcentration factor of leaves (BFl), stems (BFs) and roots (BFr). NoF= unfertilized; M=mineral 

fertilization; C=compost; B0= without AMF; B1=with AMF. * p<0.05; ** p<0.01; ***p<0.001; ns=not significant. 

  BFl BFs BFr 

  Pb As Sb Pb As Sb Pb As Sb 

Fertilization (F) NoF 0.001 b 0.10 0.09 0.00 0.07 0.02 0.02 0.24 ab 0.19 

 M 0.001 b 0.09 0.05 0.00 0.06 0.01 0.01 0.30 a 0.10 

 C 0.002 a 0.13 0.10 0.00 0.07 0.02 0.02 0.21 b 0.16 

Biostimulation (B) B0 0.002 a 0.12 0.10 0.002 a 0.06 0.02 0.02 a 0.26 a 0.20 a 

 B1 0.00 1 b 0.10 0.09 0.001 b 0.07 0.02 0.02 b 0.22 b 0.15 b 

Significance F *** ns ns ns ns ns ns * ns 

 B ** ns ns * ns ns * * * 

 F x B ns ns ns ns ns ns ns ns ns 

 

The modified BF clearly shows the higher translocation of the readily available portion of the 

studied PTEs, compared with the pseudototal one (Table 4.1.9). 

Table 4.1.14. Modified bioconcentration factor of leaves (mBFl), stems (mBFs) and roots (mBFr). NoF= unfertilized; 

M=mineral fertilization; C=compost; B0= without AMF; B1=with AMF. * p<0.05; ** p<0.01; ***p<0.001; ns=not 

significant. 

  mBFl mBFs mBFr 

  Pb As Sb Pb As Sb Pb As Sb 

Fertilization (F) NoF 22.32 b 6.95 0.86 63.72 4.53 0.20 307.35 16.53 ab 1.79 

 M 18. 88 b 6.10 0.50 28.95 4.39 0.12 179.03 20.61 a 0.89 

 C 30.32 a 8.92 0.96 68.98 4.47 0.20 249.06 14.32 b 1.45 

Biostimulation (B) B0 26.37 a 8.37 0.96 68.44 a 4.37 0.20 315.01 a 17.87 a 1.84 a 

 B1 21.60 b 6.77 0.84 53.29 b 5.00 0.19 247.25 b 14.98 b 1.37 b 

Significance F *** ns ns ns ns ns ns. * ns 

 B ** ns ns ** ns ns * * ** 

 F x B ns ns ns ns ns ns ns ns ns 

 

The concentration index (Table 4.1.10), used to evaluate the potential of the different treatments 

compared to the absence of amendment or biostimulation, highlighted that the M plants concentrated 

fewer PTEs in the different above-ground plants’ organs, compared to unfertilized ones. Mineral 

fertilization resulted in lower Sb concentration only in roots. Mineral fertilization without 

biostimulation concentrated more Pb in roots and leaves, compared to NoF, but not in stems. Lower 

concentration compared to NoF was recorded also for roots in Sb, and leaves for As. Moreover, in 

all the treatments, antimony uptake by roots was lower as compared to NoF. Compost application 

improved Pb concentration in leaves and stems, compared to NoF, but not in the roots. Similar 
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results were obtained for Sb and As. Compost with AMF concentrated lower Sb in stems, and lower 

Sb and As in roots. 

Table 4.1.15. Concentration index (CI) of TUNI1 subjected to the different treatments. C= compost application; 

M=mineral fertilization; B0=without biostimulant application; B1= with biostimulant application (arbuscular 

mycorrhiza fungi). 

 Pb Sb As 

 Leaves Stem Roots Leaves Stem Roots Leaves Stem Roots 

C 1.36 1.08 1.07 1.12 0.95 0.90 1.28 0.99 0.87 

M 0.96 0.87 1.04 1.04 1.03 0.80 0.99 1.12 1.11 

C - B0 1.32 1.02 0.99 0.98 0.95 0.83 1.31 0.96 0.92 

C - B1 1.39 1.14 1.13 1.25 0.94 0.96 1.26 1.02 0.82 

M - B0 1.04 0.78 1.12 1.07 0.98 0.96 1.18 1.21 1.05 

M - B1 0.90 0.94 0.96 1.01 1.08 0.68 0.84 1.01 1.17 

 

Soil modification: changes in potentially toxic elements 

 

No statistical differences were recorded among the different treatments for lead (Pb), antimony (Sb), 

and arsenic (As) concentrations. Though, statistical significance was assessed between the PTE soil 

at the beginning (T0) and at the end of the experiment (T1) (Table 4.1.11; Figure 4.1.7). For all the 

metal(oids), higher concentrations were recorded in PTE soil at T1. For all the studied potentially 

toxic elements, compost application resulted in higher mobilization in soils, which led to metal(oids) 

translocation in leaves (significant only for Pb, but with greater values also for Sb and As). In all 

the treatments, Pb increased by 2-fold. Antimony increased on average by 1.2-fold (+16%), whilst 

As increased up by 1.4-fold (+27%). No statistical differences were recorded in soil main 

characteristics (pH, total nitrogen, organic carbon, P, and K) among the treatments (data not shown). 

Table 4.1.16. Mean value of the different PTE at the beginning (T0) and at the end (T1) of the experiment. C= compost; 

M= mineral fertilization. Means that share the same letter are not statistically different according to LSD test (p>0.05); 

*** p< 0.001; ns=not significant. 

 

 

 

 

 

 

 

 

  Pb Sb As 

Fertilization (F) C 0.141 0.773 0.035 

 M 0.120 0.691 0.031 

 NoF 0.123 0.734 0.033 

Time (T) T0 0.078 b 0.615 b 0.025 b 

 T1 0.153 a 0.791 a 0.037 a 

F x T C - T0 0.109 0.152 0.030  

 C - T1 0.156 0.799 0.038  

 M - T0 0.050 0.155 0.185  

 M - T1 0.156 0.804 0.038  

 NoF - T0 0.076 0.133 0.027  

  NoF - T1 0.146 0.770 0.036  

Significance F ns ns ns 

 T *** *** *** 

  F x T ns ns ns 
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Indices of contamination 

 

The Igeo classes were the highest for Pb and Sb (class 5), and the lowest for As (0), when evaluated 

with aqua regia extraction. On the other hand, for the ammonium nitrate extraction, the lowest class 

was attributed to Pb, while Sb and As were fitted in class 1 (Table 4.1.12). 

According to the contamination factor (CF), the values for the studied elements, extracted with aqua 

regia at the beginning of the experiment, were as follow: Pb (43.5), Sb (221.8), and As (1.8). Based 

on these values, Pb and Sb showed a very high degree of contamination and moderate contamination 

of As. Regarding the readily bioavailable fraction of the studied elements, the values of the 

contamination, at T0, showed lower values of Pb (contamination level from “very high” in the aqua 

regia extraction, that became “moderate” for ammonium nitrate extraction), and the higher ones of 

Sb and As (Table 4.1.12).  

Similarly, to the other studied indices, EF values for aqua regia were very high for Pb and Sb, and 

lower for As (class III). Anyway, all the studied elements were in class I when evaluated with 

NH4NO3 (Table 4.1.12). 

All the indices showed a higher concentration (i.e., anthropogenic enrichment) of Pb and Sb, a 

moderate concentration of As, and a lower bioavailability for all the elements. 
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Figure 4.1.7. Increase of PTEs in the soil, at the beginning (red line) and at the of the experiment 

(columns). 
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Table 4.1.17. Geoaccumulation index (Igeo), Contamination factor (CF), enrichment factor (EF), and their relative 

class and range according to the degree of contamination. 

  Igeo Igeo Class CF CF range EF EF Class 

Aqua regia (T0) Pb 4.9 5 43.5 very high 58.6 V 

 Sb 7.2 5 221.8 very high 299.2 V 

 As 0.3 0 1.8 moderate 2.4 III 

NH4NO3 (T0) Pb  0.5 0 2.1 moderate 0.9 I 

 Sb 1.2 1 3.5 Considerable 1.5 I 

 As 1.3 1 3.6 considerable 1.6 I 

NH4NO3 (T1) Pb  2.3 2 7.6 Very high 10.3 V 

 Sb 6.7 5 158.2 Very high 213.5 V 

 As 1.1 2 3.1 considerable 4.2 II 

 

The values of Pb, Sb, and As at the end of the experiment were higher than at T0, particularly for 

Sb. Antimony values of CF, for example, reached nearly the values obtained for the aqua regia 

extraction. 

 

4.1.4. Discussion 
 

Plant growth 
 

In this study, no statistical differences were recorded for the aboveground biomass. Similar results 

were obtained for castor bean under Pb stress also by Costa et al. (2012), and González-Chávez et 

al. (2019). The opposite was instead obtained by Romeiro et al. (2006) and Alves et al. (2016), but 

only at the higher Pb dose (400 μmol Pb L-1 and 400 mg L-1, respectively). In both studies, Pb was 

supplied as lead acetate, a highly soluble Pb salt, hence readily bioavailable. Regarding 

belowground biomass, Costa et al. (2012), conversely to our study, did not record any statistical 

differences for the roots’ dry weight, though they did not apply AMF. Roots weight in our 

experiment differ statistically among the treatments, but the higher differences were obtained with 

the application of arbuscular mycorrhiza fungi under mineral fertilization, both for PTE and AGR 

soil. Though without statistical significance, the average fresh and dry weight of the aboveground 

biomass was higher in the contaminated soil compared to the uncontaminated one. This could be 

explained by the higher content of carbonates in the AGR soil, which can limit the nutrient uptake 

by the plant, together with its lower content of organic carbon and total nitrogen. This is also evident 

according to the nitrogen concentration percentage in stems and leaves (Fig. 4.1.3). Higher seeds 

yield and plant biomass were obtained in both soils with biostimulant application. This is in 

accordance with Zhang et al. (2018), who achieved higher R. communis biomass after AMF 

application. 
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Is worth pointing out that castor bean plants in our experiment were able to grow and produce 

without showing any sign of phytotoxicity. Similarly, Ricinus plants can grow normally in soils 

spiked with 800 mg/kg of Pb (Pal et al., 2013). These findings, together with data on PTEs uptake 

and translocation, highlight the potential of castor bean to be successfully used for a 

phytoremediation program. Moreover, seems reasonable to state that castor bean can easily tolerate 

a considerable amount of Pb without yield alterations.  

 

Photosynthetic pigments content, polyphenols, and photosynthesis 

 

Arbuscular mycorrhiza fungi may protect the leaves from cellular destruction induced by stresses 

(Zhang et al., 2018). Similarly to our results, treatment with AMF increased the content of 

chlorophyll α in Ricinus communis leaves in the study of Zhang et al. (2018). Chlorophyll β 

reduction was recorded by Pinheiro et al. (2008) and Li et al. (2010), under salt stress, and by Pal et 

al. (2013), under lead stress. By the way, is worth noting that during leaf senescence chlorophyll β 

is generally converted into chlorophyll α. 

Heavy metal stress can affect the operability of the photosynthetic apparatus (namely photosystem 

II). Measuring chlorophyll fluorescence can lead to the evaluation of plant tolerance to stress, 

according to their photosynthetic performance (Li et al., 2010). 

All measurements of leaf gas exchange in R. communis were not significantly different from the 

control in a salt stress experiment conducted by Pinheiro et al. (2008). Thus, R. communis can 

acclimatize its photosynthetic apparatus under stress conditions.  

Plants respond differently to PTE stress, mainly depending on heavy metal(oids) concentration and 

type (Yeboah et al., 2020). Lead, compared to other PTE, seems to have a lower effect on inhibiting 

chlorophyll accumulation (Baek et al., 2012). PTEs can reduce the performance of the 

photosynthetic apparatus by reducing pigment content, although their effect is more evident on 

chlorophyll synthesis than on that of carotenoids, sometimes enhancing their production (Baek et 

al., 2012; Li et al., 2010). Pal et al. (2013), for castor bean grown under lead stress, observed a lower 

reduction in carotenoid content, compared to chlorophyll, and a lesser inhibition in carotenoids with 

increasing lead application. Carotenoids play an important role in protecting plant organs from 

stresses, also by defending chlorophyll pigments. The high level of carotenoids in castor bean 

cultivated on PTE soil is a strategy embraced by the plants to counteract the toxic effect of free 

radicals caused by Pb stress (Pal et al., 2013).  
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To our knowledge, this is the first study that investigates the effects of Sb on castor bean. Antimony 

seems to have a negative impact on the pigment content in plants. In Dittrichia viscosa leaves 

(Garrido et al., 2021), Sb decreased chlorophyll α content by 25.5 %, and chlorophyll β by 31%. In 

the same study, carotenoid content increases up to 15%, compared to the control (Garrido et al., 

2021). Similar results were obtained by Zhou et al.(2018), on Acorus calamus. On the other hand, 

the photochemical efficiency of PSII was not statistically significant compared to the control, under 

250m mg kg -1 of Sb (Zhou et al., 2018).  

Phenols compounds are one of the most important secondary metabolites produced by plants, with 

various functions. The increase of secondary metabolite production is a fundamental mechanism of 

detoxification of plants to alleviate the toxic effects of metal accumulation  (Anjitha et al., 2021; 

Michalak, 2006). 

It is well known that symbiosis with endophytic fungi can enhance polyphenols biosynthesis 

(Rouphael et al., 2017). As seen for pigment content, polyphenols production was enhanced by 

AMF in this study. 

 

Plant uptake and concentration of PTEs  

 

The tolerance index (TI), defined as the ratio of plant biomass grown on PTE soil of the different 

treatments to that of the control group (unfertilized plants without biostimulant application), is a 

valid parameter to describe the metal tolerance in plants, as well as the differences among the applied 

treatments (Andreazza et al., 2013; Ye et al., 2018).  The tolerance index obtained for castor bean 

(whole plant, leave, stem and roots) in our study was on average higher than 1 for all the treatments. 

Tolerance index higher than 1 were obtained by Andreazza et al.(2013), and Palanivel et al. (2020) 

for castor bean cultivated under copper contamination. Conversely, Wu et al. (2016), Ye et al. 

(2018), and  Zhang et al. (2014) reported a TI < 1 for R. communis cultivated under cadmium stress. 

Our results highlighted the ability of R. communis to grow and perform well under Pb, Sb, and As 

co-contamination. In our study, as well as for Costa et al. (2012), and Melo et al. (2012), no 

phytotoxic effect was observed under lead or arsenic stress for castor bean, respectively. 

The application of AMF influenced the plants’ PTEs concentration and uptake in the different 

organs. In particular, the average effect of biostimulant application decreased Pb concentration in 

all plant organs, and in roots for Sb and As. Roots Pb, Sb, and As concentration was reduced by 

21.5%, 25.6 %, and 16.3%, respectively. According to González-Chávez et al. (2019), Ricinus plants 
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cultivated on a severely polluted lead-acid battery soil, when inoculated with Funneliformis mosseae 

had a 100% survival in comparison to non-inoculated plants, while decreasing three times Pb soil 

availability. Gil-Cardeza et al. (2018), found that different families of AMF (Acaulosporaceae, 

Gigasporaceae, and Paraglomeraceae) can decrease the concentration of Cr(III) and Cr(VI) in soil 

and castor bean leaves. 

The application of compost, in this study, increased the concentration, and thus translocation, of Pb 

to the leaves. According to Fiorentino et al. (2013), amendments with composted organic matter can 

increase plant uptake, improving PTEs mobility and bioavailability through the formation of humus-

metal complexes that can be broken by root exudates. Conversely to our study, compost 

amendments reduced As and Pb concentrations in arugula (Eruca sativa) and collards (Brassica 

oleracea var. acephala) grown at a former orchard where soils were contaminated by lead arsenate 

pesticides, but this was addressed to metal dilution in the plant tissues by more plant growth rather 

than an overall reduction of PTEs bioavailability by adsorption on organic matter (Lim & McBride, 

2015) The application of spent mushroom substrate, in the study of Cheng et al. (2018), increased 

the contents of Cd and Zn absorbed by castor plants, while decreasing the levels of superoxide 

dismutase, peroxidase, and catalase, thus alleviating the toxicity of the PTEs and enhancing their 

extractability. In a boron-treated soil, the addition of peat and compost filter cake increased R. 

communis’ ability to accumulate contaminants  (Abreu et al., 2012). Conversely, vermicompost 

application decreased Cd accumulation of castor bean plants (Bauddh & Singh, 2015). These 

findings can be explained in the differences of metal and amendments applied but is possible to 

conclude that compost derived from the organic fraction of urban waste can almost double Pb 

accumulation in the leaves of R. communis. Similarly, the uptake for all the studied PTEs was higher 

in the unfertilized treatment without biostimulant application, while the compost application with 

biostimulation was statistically the treatment that uptake the lowest PTEs in roots.  

The measure of the potential ability to retain or translocate heavy metal(oids) from the roots to the 

above-ground biomass is exemplified by the translocation factor (TF), while their potential to 

accumulate PTEs from the soil is highlighted by the bioconcentration factor (BCF). The 

concentration and uptake of PTEs analyzed in this study were higher in plant roots. In several 

studies, as well, castor bean plants presented a TF < 1. As an example, Costa et al. (2012) recorded 

TF and BFC < 1 in castor bean plants grown on Pb-contaminated soils. The same happened for 

Olivares et al. (2013), and Pal et al. (2013), with roots metal concentrations higher than those found 

in the aboveground biomass. More recently, Baldi et al. (2021), obtained Pb concentration in roots 

11.7 to 34.0 times higher than that observed in fruits, and 2.2 to 3.4 times more than that observed 
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in the leaves and stems. According to these findings, R. communis can be considered tolerant to Pb, 

Sb and As, and potentially useful for the phytostabilization of these contaminants. 

 

Changes in PTEs’ availability 

 

According to this study, the plantation of Ricinus communis increased the bioavailability of the 

PTEs, assessed by NH4NO3 extraction. Higher concentrations of the contaminants in PTE soil were 

obtained at the end of the experiment, compared to T0. The role of root exudates on bioavailability 

is well known. The rate of mineral weathering within the rhizosphere, hence the elements that are 

released from mineral surfaces, are mainly determined by the concentration of root exudates (Cabala 

et al., 2004; Cabala & Teper, 2007). Root exudation alters soil pH,  releasing H+ or OH- /   to balance 

cation uptake (Mcbride, 1994). This could lead to enhanced weathering of Pb (Ahmad et al., 2012; 

Fayiga & Saha, 2016).  Moreover, root respiration produces CO2, which favors the formation of 

PbCO3 over hydrocerrusite, more stable (Levonmäki et al., 2006). Lead, in particular, becomes more 

soluble in the rhizosphere (Mcbride, 1994). According to the study of Swęd et al. (2021), root 

exudates can mobilize up to 29% of soil Pb. Of course, aging and bullet weathering increase as well 

the PTEs concentration in soils. Rainfall and the temperature of the Mediterranean climate of the 

Campania region itself are responsible for PTEs mobilization. It is noteworthy that this experiment 

was conducted in mesocosms, thus limiting the understanding of the mechanisms of mobilization 

in the open field. However, is presumable that vegetation cover can reduce the leaching of PTEs 

and their mobilization to groundwater and lower soil layers, thus being a good management strategy 

for shooting range soils. 

 

Indices of contamination 

 

In this study, for Pb and Sb, the geoaccumulation index (Igeo) with aqua regia extraction, was in 

the range of 4.9-7.2, both falling within the highest class of contamination, indicating a highly 

polluted soil and considerable enrichment in these two elements. On the other hand, the values 

obtained for arsenic are lower due to the geogenic (volcanic) presence of this element in the 

Campania soils (Adamo et al., 2014). These results are in agreement with those obtained by various 

authors for shooting range soils (Dinake et al., 2018; Lewińska & Karczewska, 2019). Is noteworthy 

that, according to ammonium nitrate extraction, these values were increased after the experiment, 

as pointed out by the enrichment of the content of the bioavailable fraction of PTEs (see “Changes 
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in potentially toxic elements availability”). As expected, the concentration factor (CF) shows a 

similar trend as Igeo. The high values of CF indicate high Pb retention time in the soil and thus risk 

to the environment (Antoniadis et al., 2017). The anthropogenic impact of the shooting activity was 

evaluated also with the enrichment factor (EF). The concentration of the PTEs of the shooting soil 

was compared to the background concentration of the same elements in a proximity soil not 

interested in the shooting activity. As obtained by Dinake et al. (2018), EF for Pb and Sb were much 

higher than 50, indicating a severe enrichment. The values obtained by Dinake et al. (2018) for 

seven shooting ranges located in the eastern and northeastern parts of Botswana ranged from 146 to 

7467. The values obtained in this study, although elevated, are less of a concern due to the reduced 

operating time of this shooting range. As expected, the highest EF was achieved for Sb, being 

antimony abundance in the earth’s crust low, ranging from 0.2 to 0.3 μg g−1 (Kabata-Pendias, 2011). 

 

4.1.5. Conclusions 

 

Ricinus communis has been found capable of producing the same biomass and seeds yield in 

contaminated as well as in uncontaminated soils, regardless of fertilization, thus confirming its high 

resistance to abiotic stresses. The application of compost increased only Pb translocation from the 

roots to the shoots, compared to unfertilized plants, while mineral fertilization enhanced As 

accumulation in roots. The biostimulation with arbuscular mycorrhiza fungi reduced the 

accumulation of contaminants in the plant. According to the translocation factor, Ricinus communis 

accumulated Pb, As, and Sb mainly in the roots, so demonstrating to be a good candidate for 

phytostabilization programs.  

Castor bean is an unpalatable plant, and its cultivation in soils contaminated by PTEs can reduce 

their mobility, thus eliminating the risk of contaminants entering the food chain. At the same time, 

this crop is suitable for producing renewable energy (i.e., biodiesel) in marginal soils, hence 

avoiding competition with land for food crops.  
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4.2 Assessing Pb, As, and Sb bioavailability by Rhizon and ICP/OES in organically 

amended soil cultivated with Ricinus communis L. 
 

4.2.1 Introduction 

 

Soil pollution is increasingly becoming a growing concern for the scientific community, 

policymakers and the general public. Among the wide anthropogenic causes of soil quality loss, 

shooting range activities are recognized to be the cause of environmental contamination due to the 

deposition of bullets in the soil (Cao et al., 2003; Dinake et al., 2018). Bullets are mainly composed 

of lead (Pb; > 90%), while antimony (Sb; 2–5%) and arsenic (As; 0.5–2%) are used as hardening 

materials (Ahmad et al., 2012; Johnson et al., 2005). Soil contamination due to shooting activities 

can easily lead to groundwater pollution as the mobilization of potentially toxic elements (PTEs) 

can be responsible for wild birds’ and mammals’ toxicosis (Bennett et al., 2007; Lewis et al., 2001). 

As and Pb are the first and second most hazardous elements, according to the Priority List of the US 

Environmental Protection Agency (ATSDR, 2019), while Sb is classified as a priority pollutant by 

the US Environmental Protection Agency (USEPA) and the Council of the European Union (EU) 

(Bolan et al., 2022).  

The extent of the soil contamination due to shooting activity is linked to the operating time of the 

shooting range and the frequency of usage. Nevertheless, the scientific literature agreed that the 

toxicity of PTEs does not necessarily depend on their total soil concentrations (Kabata-Pendias & 

Szteke, 2015; Mcbride, 1994; Sauvé et al., 2000) and is rather more related to their bioavailability, 

i.e., the amount of readily exchangeable PTEs that are available for uptake by plants and other 

organisms (Kabata-Pendias, 2001; Peijnenburg et al., 2007). Ageing and weathering of bullet 

fragments lead to their dissolution, and thus to the increased bioavailability of Pb, Sb, and As. 

Moreover, climatic factors and soil characteristics (e.g., pH, organic matter content) are 

predominantly responsible for the transfer of PTEs through the soil profile (Sanderson et al., 2012).  

Different techniques have been proposed to decrease the extent of soil contamination, limiting the 

mobility and bioavailability of PTEs. The use of amendments, such as biochar, is one of the practices 

employed in the management of shooting ranges (Jaoude et al., 2020). Alternatively, digested 

sewage sludge has been shown to reduce Pb leachability and uptake while being an attractive 

alternative use of biowastes (Wydro et al., 2021), and therefore could be a promising amendment 

for such application in shooting range soils. The use of amendments is often paired with vegetation 

cover to decrease the leaching of PTEs in a strategy called phytoremediation, i.e., the use of plants 



155 
 

to reduce PTEs dispersion and bioavailability in soils (Hashimoto et al., 2008; Levonmäki et al., 

2006; USEPA, 2005). Perennial and unpalatable plants with high biomass production and tolerance 

to abiotic stresses are considered the best choice for phytoremediation (Fiorentino et al., 2017). 

Among the different plants suitable for this application, Ricinus communis L. is gaining attention 

for its ability to tolerate PTEs while producing high yields (Carrino et al., 2020). 

Even though there is agreement on the importance of determining the bioavailability of PTEs, there 

is still no consensus on the best technique to be used for this measurement. The use of neutral salts 

(e.g., CaCl2, NH4NO3) as mild single extractants that can simulate the natural ionic strength of many 

soil solutions is widely applied to better mimic the pools of bioavailable PTEs (Kabata-Pendias, 

2011; Peijnenburg et al., 2007). On the other hand, soil solution extraction and analysis through 

Rhizon samplers (i.e., a microporous tube connected to a standard syringe via PVC tubing for soil 

pore water extraction) is proposed to be a reliable method to estimate PTEs bioavailability (Meers 

et al., 2007). With this in mind, the present study aimed to assess the effect of the addition of biochar 

and municipal sewage sludge anaerobically digested on a former shooting range soil cultivated with 

Ricinus communis L. Under lab conditions, the amendments immobilization ability on Pb, Sb, and 

As was evaluated through Rhizon samplers, and CaCl2 and NH4NO3 extractions, and compared with 

Ricinus uptake for a better understanding of the best methodology to estimate the relation between 

soil PTEs content and castor bean uptake, and the effect of biochar and digestate on PTEs 

bioavailability. 

 

4.2.2. Materials and methods 

 

Area of study and soil collection 

 

The contaminated soil employed for the experiment was collected from a former shooting range 

located in Acerra, Naples’s province (Italy) (see Chapter 4, section 4.1 “Area of study”). A control 

soil, not interested in the shooting activity, was employed to assess background contamination 

values was collected from an adjacent field not used for shooting activities. The contaminated soil 

(P) and control soil (C) were sampled in March 2022 at a depth of 0-30 cm. Sixty kg of both soils 

were collected, placed in bags and air-dried. Subsequently, soils were sieved at 2 mm and placed in 

the pots for the sowing. 
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Amendments description and experimental setup 

 

P and C soils were amended with 3% (w/w) of biochar (Ch) or sewage sludge digestate (Di) 

according to the Italian regulation (D.Lgs 99/92 and modifications). Ch (pH 9.5; electrical 

conductivity 0.53 mS cm-1; organic carbon 46.8 g kg-1; total nitrogen content 5.3 g kg-1) was a woody 

biochar derived from Populus nigra cultivated on a phytoremediation site, located as well in the 

Campania region. The biochar was judged safe according to Italian regulations (D.Lgs 75/2010 and 

D.M. 22/06/2015). Di (pH 7.3; electrical conductivity 4.88 mS cm-1; total nitrogen content 84 g kg-

1) was derived from an Italian municipal sewage sludge after anaerobic digestion. Di was in wet 

form and produced in sedimentation tanks, with a final water content of 90%. The amended soils 

were air-dried for 3 weeks. Subsequently, 1200 g of soil was added to the experimental pots (Ø 12.5 

cm; h 18 cm) and incubated at room temperature at 70% of water holding capacity (WHC), which 

was achieved with deionized water. WHC was assessed by saturating the pot (100% WHC), 

weighing it, and repeating the measurement after 24h. Pots were moved every two days to avoid 

positioning bias. After 4 weeks of incubation, half of the pots were sown with 3 seeds each of R. 

communis (cultivar TUNI 1), while the other half remained unplanted to allow the evaluation of the 

plant effect on PTEs mobility. All the pots were irrigated to 70% WHC throughout the experiment 

with deionized water. After emergence, plants were thinned to one seedling in each pot. Pots were 

positioned under artificial light (16 h day/ 8 h night), at a temperature of 25 ± 2°C. Rhizon samplers 

(MOM type, Eijkelkamp Agrisearch Equipment, Geisbeek, the Netherlands) were used to analyze 

water-soluble potentially toxic elements (PTEs) concentrations (i.e., soil pore water). Soil pore 

water solution (SPW) in all pots was extracted at sowing (T0) and at the end of the experiment (T1, 

28 days). Rhizons were inserted in the pots at a 45° angle, and a vacuum syringe was connected to 

extract SPW overnight. The collected SPW was directly used to measure pH and EC, subsequently 

acidified with a few drops of HNO3 and stored at 4°C for further analysis. PTEs (Pb, Sb, and As) of 

each collected sample were measured using Inductively Coupled Plasma-Optical Emission 

Spectrometry (ICP-OES) (Varian Vista- MPX CCD, Varian Palo Alto, California, USA). The SPW 

extractable concentrations were converted to mg kg−1 dry weight (d.w.) soil to compare the results 

with the other protocols employed (described in section 2.3).  
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Soil analysis 

 

The total content of PTEs in P and C soils was evaluated after aqua regia digestion (HNO3 : HCl, 

3:1 ratio) and analysis by ICP-OES. The bioavailable portion of Pb, Sb, and As was assessed at 

sowing (T0) and at the end of the experiment (T1, 28 days) by single extraction with 1M NH4NO3 

(1:2.5 soil:solution ratio; procedure ISO19730:2008), or 0.01M CaCl2  (Meers et al., 2007). Briefly, 

25 ml of NH4NO3 or 50 ml of CaCl2 were added to 10 g of 2 mm sieved soil and placed for 2 h on 

an end-over-end shaker. NH4NO3 extractions were centrifuged, filtered, and then analyzed by ICP-

OES; CaCl2 samples were directly filtered. The limits of detection (LOD), defined as 3× the standard 

deviation of the blank, were 0.02, 0.005, and 0.002 mg kg-1 for As, Pb, and Sb, respectively, for 

NH4NO3 extraction; 0.007, 0.007 and 0.008 mg kg-1 for As, Pb, and Sb, respectively, with CaCl2 

extraction. Soil pH was measured with a pH meter (Orion Star A211, Indonesia) and Electrical 

Conductivity (EC) was measured using an EC- meter (Orion Star A212, Indonesia) in 1:5 (w/v) 

soil:water extracts after 16 h equilibration at the beginning and at the end of the experiment. Soil 

total N and total C were determined with a CN analyzer (Leco, USA). Soil texture was measured 

with the pipette and sieving method, after pre-treatment with H2O2 to oxidize organic matter and 

particle dispersion by sodium hexametaphosphate. Carbonate content was assessed with the 

Dietrich–Frühling calcimeter method (Loeppert & Suarez, 1996). Soil P content was measured 

according to the Olsen method, while organic matter was analyzed using the method described by 

Walkley and Black (1934).  

 

Plant sampling and analysis 

 

Plant harvest was performed 28 days after sowing. First, plants were meticulously washed with tap 

water and subsequently with deionized water to remove soil particles. Next, plants were separated 

into shoots and roots. Stem length (at leaves insertion) and the primary root length (from the 

hypocotyl to the top of the root) were measured. Plants were then weighed (fresh weight), oven-

dried at 60°C until constant weight, weighted for the d.w. and finely ground in an electric mill 

(Planetary Micro Mill PULVERISETTE 7, Fritsch, Lainate, Italy). To detect nutritional stresses, 

shoot samples were analyzed for N concentration (Kjeldahl method, Kjeldahl, 1883). PTEs 

concentrations were assessed for shoots and roots by ICP-OES after microwave digestion (MA 149, 

Milestone, Italy) preceded by pre-digestion with concentrated HNO3. Certified reference materials 
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(spinach leaves, 1570a and peach leaves, 1547) were used to oversee the data quality of analysis. 

The LODs of As, Pb and Sb were 0.03, 0.008, and 0.02 mg kg-1. 

 

Phytoremediation efficiency 

 

To evaluate plant efficacy for phytoremediation, the bioconcentration factor (BF) was calculated 

using Eq 1. 

BF= Cshoots/ Csoil      (Eq.1) 

where Cshoots is the PTEs concentration (mg kg-1 d.w.) in the aboveground biomass, while Csoil is 

the PTE concentration in the soil (mg kg-1 d.w.) (Fagnano & Fiorentino, 2018). 

Moreover, a modified index was calculated for the readily bioavailable fraction of PTE assessed 

with NH4NO3 and CaCl2 extractions using Eq1., where BF for shoots (BFNH4NO3 and BFCaCl2) was 

calculated using Cshoots and Csoil as the bioavailable PTEs concentration in aboveground biomass 

and soil, respectively, and for roots (BFNH4NO3r and BFCaCl2r) using Croots and Csoil as the bioavailable 

PTEs concentration in roots biomass and soil, respectively. 

The translocation factor (TF) was used to assess the ability of the plants to retain or translocate 

PTEs from the roots to the above ground (Cao et al., 2019; Zhang et al., 2016) and was calculated 

using Eq. 2  

          TF= Cshoots/ Croots                  (Eq.2) 

where Cshoots is the PTEs concentration (mg kg-1 d.w.) in the aboveground biomass, while Croots is 

the PTE concentration in the roots (mg kg-1 d.w.). 

Besides, to evaluate the efficacy of the employed amendments, the tolerance index (TI) and 

concentration index (CI) were calculated. The TI is the ratio between aboveground biomass (d.w.) 

obtained in the amended and untreated soils (Zhang et al., 2016), while CI is the ratio between plant 

PTEs concentration obtained in the amended and untreated soils (Bauddh & Singh, 2012). 

 

Soil contamination indices 

 

To evaluate the impact of the shooting activity on soil contamination, the contamination factor (CF), 

geoaccumulation index (Igeo), and enrichment factor (EF) were estimated. These indices are 
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calculated as the ratio between any element concentration in polluted soils compared to 

uncontaminated ones (i.e., soil background values of geogenic origin).  

The CF was calculated as: 

        CF = CP / Cc                  (Eq.3)  

where CP is the concentration of a given element in the contaminated soil, while Cc is the 

concentration of the same element in the uncontaminated soil. Contamination levels are valued on 

a scale ranging from 1 to 6 ( CF<1: low contamination degree, 1< CF<3: moderate, 3< CF<6: 

considerable, CF ≥6: very high contamination degree) (Shaheen et al., 2017).  

The geoaccumulation index values, calculated with the formula 

 Igeo = log2 [CP / (1.5 x Cc)])                                         (Eq.4) 

can be divided into six classes enumerated as follows: class 0 (0 < Igeo <1), class 1 (1 < Igeo <2), 

class 2 (2 < Igeo < 3), class 3 (3 < Igeo < 4), class 4 (4 <  Igeo < 5), and class 5 (Igeo >5) (Antoniadis 

et al., 2017). As for CF, CP and Cc denote the concentration of the studied element in the 

contaminated and control soil. To account for the natural PTEs content variability, consequence of 

negligible anthropogenic influences, a factor of 1.5 is employed (Caporale et al., 2018). 

The enrichment factor (EF) uses a “normalizer”, namely any element known to not influence the 

contamination of the soil considered; Al or Fe are commonly used (Antoniadis et al., 2017). In this 

study, Fe was employed. The EF was calculated via the formula: 

     EF = (Cp / CFe-p)/ (Cc / CFe-c)                        (Eq.5) 

According to Antoniadis et al. (2017), the intensity of the contamination can be grouped into classes 

(Class I: EF < 1.5, no enrichment; Class II: EF= 1.5–3, minor enrichment; Class III: EF=3–5, 

moderate enrichment; Class IV: EF=5–10, severe enrichment; Class V: EF > 10, very severe 

enrichment). 

The above-mentioned indices (BF, EF, CF, Igeo) were calculated with values derived from aqua-

regia extraction at the beginning of the experiment (T0). 

The indices employed are summarized in Table 4.2.1. 
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Table 4.2.18. Summary of soil and plant indices employed for the study. 

Target Abbreviation Index Formula 

Plant BF Bioconcentration factor (aqua regia) C shoots / C soil 

 BFNH4NO3 Modified bioconcentration factor (NH4NO3) C shoots / C soil 

 BFNH4NO3r Modified bioconcentration factor (NH4NO3) C roots / C soil 

 BF CaCl2 Modified bioconcentration factor (CaCl2) C shoots / C soil 

 BF CaCl2r Modified bioconcentration factor (CaCl2) C roots / C soil 

 TF Translocation factor C shoots / C roots  

 CI Concentration index C shoots (amended)/ C shoots (un-amended) 

 TI Tolerance index Plant d.w.(amended)/ Plant d.w.(un-amended) 

Soil CF Contamination factor CP / Cc 

 Igeo Geoaccumulation index log2 [CP / (1,5 x Cc)]) 

 EF Enrichment factor (Cp / CFe-p)/ (Cc / CFe-c) 

 

Statistical analysis 

 

Descriptive statistics, Pearson correlations, and significance analysis (ANOVA, through General 

Linear Model) (p < 0.05) were performed using Minitab 19 (Minitab Inc., State College, PA, USA) 

and Excel (Microsoft Inc.) software packages.  Mean values were separated according to the least 

significant difference test (LSD, p<0.05). Pearson correlation coefficients were determined by 

correlating PTEs contents in the different plant tissues with extractable soil PTEs by various 

extraction methods, and with soil characteristics. Linear regressions were plotted between plant 

concentrations of PTEs in the different tissues.  
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4.2.3. Results  

 

Soil characterization 

 

The characteristics of the collected soils before the start of the experiment are shown in Table 4.2.2. 

The contaminated (P) and control (C) soils employed for this experiment showed similar 

physiochemical characteristics while differing in the level of contamination. Both soils had medium-

high contents of total nitrogen and organic matter. Soil texture was sandy loam, according to the 

USDA (United States Department of Agriculture). P soil exceeded the contamination threshold 

(D.M. 46/2019) for Pb and Sb by 55 and 10 times, respectively, while the As contamination 

threshold was exceeded by 1.9 and 1.2 for P and C soils, respectively. Is important to stress that the 

values obtained for As are higher than the normative threshold due to the geogenic (volcanic) 

presence of this element in the Campania soils (Adamo et al., 2014). Both the mild extractants 

employed showed a particularly high mobility of Sb in the P soil, up to 99 times higher than the 

uncontaminated one. 
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Table 4.2.19. Physiochemical properties of the composite soil sample before sowing and amendment addition (number 

of replicates = 3). P soil= contaminated soil; C soil= control soil. 

  P soil C soil Screening Values 

    
1 residential 

site 

2 agricultural 

site 

Sand % 62 58   

Silt % 26 25   

Clay % 12 17   

pH  7.7 7.9   

EC μS cm-1 163 168   

Carbonates % 5.4 4.7   

Organic carbon (OC) g kg-1 31 30   

Total Nitrogen (TN) g kg-1 2.5 2.3   

C/N ratio  12.4 13.0   

P g kg-1 0.15 0.10   

Cu mg kg-1 74 37 120 200 

Pb mg kg-1 5543 88 100 100 

Zn mg kg-1 130 107 150 300 

Ni mg kg-1 22 5 120 120 

As mg kg-1 38 24 20 30 

Cd mg kg-1 <dl <dl 2 5 

Sb mg kg-1 105 <dl 10 10 

Cr mg kg-1 32 18 150 150 

Co mg kg-1 <dl <dl   

Al g kg-1 42 44   

Fe g kg-1 20 22   

Mn mg kg-1 478 508   

NH4NO3-extractable Pb mg kg-1 0.23 <dl   

NH4NO3- extractable As mg kg-1 0.09 0.07   

NH4NO3- extractable Sb mg kg-1 1.98 0.02   

CaCl2-extractable Pb mg kg-1 0.52 <dl   

CaCl2- extractable As mg kg-1 0.06 0.03   

CaCl2- extractable Sb mg kg-1 1.97 <dl   

 

1 Screening values of Italian Decree 152/2006 (Repubblica Italiana. 2006) and 2 Ministerial Decree 46/2019 (Ministeri 

dell’ambiente e della tutela del territorio e del mare. 2019). In bold values exceeding the Italian thresholds values. dl= 

detection limits. 

 

Soil contamination index 

 

The results of Igeo, CF, and EF (Table 4.2.3) are in accordance with the PTEs concentration in soil 

(Table 4.2.2). The contamination of As due to the shooting activity was negligible compared to Pb 

and Sb. Sb enrichment in the shooting range soil for CF was almost 30 times higher than the 

minimum value of a very high enrichment (≥ 6), while Pb was almost 10 times higher. According 

to Igeo values, both Pb and Sb fall in the highest class, while As is in the lowest. Similarly, the EF 
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point resulted in a very high enrichment in Sb and Pb in the soil compared to the background values 

in the control soil 

Table 4.2.20. Geoaccumulation index (Igeo), contamination factor (CF), enrichment factor (EF), and relative 

range/class. 

 Igeo Igeo Class CF CF range EF EF Class 

Pb 5.39 5 62.93 very high 64.84 V 

As 0.04 0 1.54 moderate 1.59 II 

Sb 6.90 5 178.93 very high 184.36 V 

 

Soil and soil pore water pH and EC  

 

Soil pH and EC mean values are reported in Table 4.2.4. Soil pH was different for the two soils, 

with higher pH values for the control one. pH mean values were affected by amendment application 

and plantation, with higher values for soils amended with biochar, and in planted pots, compared 

with the unplanted ones. Conversely, EC mean values were lower in pots amended with digestate, 

and with plant presence. Over time, the pH values lowered, while the EC increased (Table 4.2.4). 

As expected, soils amended with digestate and unplanted showed the highest EC and the lowest pH. 

Interaction values of soil x amendment x plant are shown in figure 4.2.1. 
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Table 4.2.21. Average values of soil pH and electrical conductivity (EC, μS cm-1). C = control soil; P = contaminated 

soil; No = unamended pots; Ch = biochar; Di = sewage sludge digestate; Np= unplanted pots; Pl= planted pots; T0= 

beginning. Columns that share the same letters are not statistically significant according to LSD (p>0.05). * p<0.05; 

** p< 0.01; *** p<0.001; n.s.=not significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in fig. 4.2.1 (A), the digestate application lowered the pH values in both soils, but on 

planted pots increased. On the other hand, the EC was higher with the application of digestate 

(fig.4.2.1 B) and reduced by plant cultivation. Values of interaction soil x amendment x time 

highlighted as well that the electrical conductivity of C and P at T0 and T1 are the highest when 

digestate was applied (data not shown). The pH values for the interaction soil x plant x time were 

the highest for C at T0 (planted and unplanted), and the lowest for P at T1 (planted and unplanted) 

(data not shown). 

   Soil   

  pH  EC (μS cm-1)  

Soil (S) C 7.7 a 310.3  

 P 7.5 b 327.1  

Amendment (A) No 7.6 b 247.8 b 

 Ch 7.7 a 250.5 b 

 Di 7.4 b 457.9 a 

Plant (Pt) Np 7.5 b 371.7 a 

 Pl 7.6 a 265.7 b 

Time (T) T0 7.7 a 297.7 b 

 T1 7.4 b 339.7 a 

A x Pt No - Np 7.6 b 260.9 cd 

 No - Pl 7.6 b 234.4 cd 

 Ch – Np 7.7 a 271.4 cd 

 Ch – Pl 7.7 a 229.6 d 

 Di – Np 7.3 d 582.7 a 

 Di - Pl 7.5 c 333.1 b 

S x Pt x T C-Np-T0 7.8 b 321.9 bc 

 C-Pl-T0 7.9 a 225.4 e 

 C-Np-T1 7.4 e 416.2 a 

 C-Pl-T1 7.5 d 277.5 cd 

 P-Np-T0 7.6 c 344.5 b 

 P-Pl-T0 7.6 c 289.9 bcd 

 P-Np-T1 7.3 f 403.9 a 

 P-Pl-T1 7.4 e 261.0 de 

Significance S ***  ns  

 A ***  ***  

 Pt ***  ***  

 T ***  ***  

 S x A ns  *  

 S x Pt n.s.  ns  

 S x T ***  **  

 A x Pt ***  ***  

 A x T ns  **  

 Pt x T ns  **  

 S x A x Pt *  *  

 S x A x T ns  ***  

 S x Pt x T *  ns  

 A x Pt x T ns  ns  

 S x A x Pt x T ns  ns  
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Figure 4.2.13 Mean of T0 and T1 interaction values of pH (A) and electrical conductivity (EC) (B). C= control soil; 

P=contaminated soil; No= unamended; Ch= biochar; Di: digestate; Np=unplanted; Pl=planted. Bars that share the same 

letters are not statistically different according to the LSD test (p<0.05) 

 

Soil pore water EC was not significant for any treatment, or between the beginning and end of the 

experiment. Soil pore water pH, on the other hand, was significant only for mean value of 

amendment (p<0.001) and interaction amendment x time (p<0.05) (data not shown). In particular, 

digestate lowered the soil pore water pH. The interaction amendment x time showed as well lower 

pH for pots amended with digestate, even if it increased over time, while the higher mean pH value 

was recorded for biochar application at the beginning of the experiment.  

 

Plant growth 

 

As shown in Table 4.2.5, roots’ dry weight and shoots fresh and dry weight were statistically higher 

in P compared to C. Roots and stem length did not differ statistically between soils or among 

treatments. Similar results were obtained for roots’ fresh weight. No differences were recorded for 

the nitrogen content of shoots (data not shown). According to TI, amendment application improved 

plant growth mostly on P soil compared to the C soil. 
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Table 4.2.22. Tolerance index (TI), root and shoot length (cm), fresh and dry weight (g), of plants grown in polluted 

(P) and control (C) soil. No=unamended plants; Ch=biochar; Di= digestate. Colums that do not share the same letters 

are different according to LSD test (p < 0.05). Number of replicates = 3.  * p < 0.05; ** p< 0.01; ns=not significant. 

  Roots 

length 

(cm) 

Stems 

length 

(cm) 

Roots 

f.w. 

(g) 

Shoots  

f.w. 

(g) 

 Roots 

d.w. 

(g) 

 Shoots 

d.w. 

(g) 

 TI 

Soil (S) C 31.4 ± 3.3 15.1 ± 0.9 3.8 ± 0.4 10.7 ± 1.4 b 0.2 ± 0.0 b 0.7 ± 0.1 b - 

 P 36.2 ± 1.9 15.1± 1.8 5.1 ± 0.5 15.8 ± 0.9 a 0.3 ± 0.0 a 1.2 ± 0.1 a - 

Amendment (A) No 32.2 ± 2.5 13.5 ± 2.3 4.7 ± 0.8 14.0 ± 2.1  0.3 ± 0.1  1.1 ± 0.2  1.00 

 Ch 34.5 ± 4.5 15.3 ± 1.2 4.6 ± 0.7 12.3 ± 1.8  0.3 ± 0.1  0.8 ± 0.2  0.80 

 Di 34.8 ± 2.9 15.7 ± 1.1 3.6 ± 0.3 12.2 ± 1.1  0.2 ± 0.0  1.0 ± 0.2  0.84 

S x A C-No 32.0 ± 3.8 17.0 ± 1.7 4.0 ± 0.9 12.4 ± 3.2  0.2 ± 0.1  1.0 ± 0.3  1.00 

 C-Ch 27.2 ± 7.9 13.4 ± 1.2 3.2 ± 0.4 8.1 ± 0.9  0.1 ± 0.0  0.5 ± 0.0  0.49 

 C-Di 33.7 ± 4.8 14.7 ± 0.8 4.1 ± 0.7 11.4 ± 1.5  0.2 ± 0.0  0.8 ± 0.1  0.79 

 P-No 32.3 ± 3.1 10.0 ± 3.3 5.4 ± 1.1 15.5 ± 2.4  0.4 ± 0.1  1.2 ± 0.2  1.00 

 P-Ch 39.3 ± 2.2 17.2 ± 1.3 6.0 ± 0.7 16.4 ± 0.6  0.4 ± 0.1  1.2 ± 0.1  1.04 

 P-Di 37.0 ± 2.9 18.2 ± 1.4 4.0 ± 0.1 15.6 ± 0.4  0.3 ± 0.0  1.3 ± 0.0  1.04 

Significance S ns ns ns *  *  **   

 A ns ns ns ns  ns  ns   

 S x A ns ns ns ns  ns  ns   

 

Plant uptake  

 

The PTE concentrations in Ricinus plants are shown in Table 4.2.6. Higher concentrations for all 

the contaminants were observed in roots than in shoots. Pb concentration in shoots was 1.62% of 

the roots’ concentration. For As, shoot concentration was 3.58% of roots concentration, while for 

Sb was 17.59%, indicating higher mobility of this element.  

Table 4.2.23. Roots and shoots concentration of PTEs (mg/kg). Columns that share the same letters are not 

statistically different according to LSD test (p<0.001). ***p<0.001. 

mg/kg Pb As Sb 

Shoots 6.4 b 0.7 b 1.9 b 

Roots 394.0 a 19.5 a 10.8 a 

Significance *** 
 

*** 
 

*** 
 

 

A significative correlation was found between plant As concentration and Pb concentration in shoots 

(p=0.002) and roots (p=0.012) (Fig.4.2.2), suggesting that these elements may experience the same 

mechanism of absorption in the different parts of castor bean. The exchangeable As concentrations 

were explained as a function of Pb concentration both in shoots (R2 = 0.776) and roots (R2 = 0.615), 

indicating that there is an effect between Pb uptake and As. 
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Figure 4.2.14. Linear regression between As and Pb in Ricinus roots (A) and shoots (B) (n=9). 

 

In Table 4.2.7 and 4.2.8 are presented the mean concentration on PTEs and CI for the P soil, 

respectively. The different amendment treatments employed did not show significant differences in 

the mean concentration of PTEs (mg kg-1). However, as shown for CI, employed to assess the 

differences in plant PTEs concentration for amended and unamended soils (Table 4.2.8), biochar 

application increased the plants accumulation of Pb, As, and Sb, in roots and shoots, compared to 

digestate application and unamended pots. Only in the case of roots concentration of Sb, digestate 

application resulted in a higher value than the concentration found in plants grown on unamended 

soils. 

Table 4.2.24. Roots and shoots average concentration of PTEs (mg/kg), in the different treatments. No= unamended; 

Ch= biochar; Di=digestate. Columns that share the same letters are not statistically different according to LSD test 

(p<0.05); ns= not significant. 

mg/kg  Pb As Sb 

  Roots Shoots Roots Shoots Roots Shoots 

Amendment (A) No 401.0 6.9 20.5 0.6 8.3 1.6 

 Ch 414.7 8.0 24.1 0.8 14.0 2.6 

 Di 361.8 4.4 16.6 0.3 10.4 1.5 

Significance A  ns ns ns ns ns Ns 

 

Table 4.2.25. Roots and shoots concentration index (CI) of PTEs in biochar and digestate amendment. No= 

unamended; Ch= biochar; Di=digestate. Columns that share the same letters are not statistically different according to 

LSD test (p<0.05); ns= not significant. 

CI Pb As Sb 

Amendment (A) Shoots Roots Shoots Roots Shoots Roots 

Ch 1.30 1.20 1.40 1.36 1.8 1.78 

Di 0.70 0.94 0.44 0.85 0.95 1.38 

Significance     A ns ns ns ns ns ns 

 

As shown in Table 4.2.9, the translocation factor (TF) and the bioconcentration factor (BF) for all 

the PTEs were <1, thus highlighting the phytostabilization ability of this bioenergy crop, rather than 
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its phytoextraction capacity. The higher values recorded for Sb underline a greater mobility of this 

PTE from roots to shoots. The modified BF showed a lower mobility of Pb compared to the other 

PTEs. This is well stressed by the roots BF (BFr), and roots modified BF, which resulted in 

significantly higher values for Pb compared to the other contaminants. 

Table 4.2.26. Translocation factor (TF), bioconcentration factor (BF) and modified bioconcentration factor (BFNH4NO3; 

BFCaCl) of Ricinus communis, according to the different amendments, for the studied PTEs. No= unamended; Ch= 

biochar; Di=digestate. ns= not significant according to LSD test (p<0.05). 

  TF BF BFr BFNH4NO3 BFNH4NO3r BFCaCl2 BFCaCl2r 

Amendment (A)         

 Pb 0.02 0.00 0.07 29.7 1386.9 13.1 483.1 

No As 0.03 0.02 0.54 7.6 269.0 10.1 369.3 

 Sb 0.21 0.02 0.08 0.8 4.0 0.8 4.7 

 Pb 0.02 0.00 0.08 41.0 1943.2 17.2 731.5 

Ch As 0.03 0.02 0.65 9.0 285.2 13.0 370.5 

 Sb 0.19 0.02 0.13 1.2 6.4 1.3 7.01 

 Pb 0.02 0.00 0.07 18.2 1232.7 7.4 765.1 

Di As 0.03 0.01 0.43 2.9 225.8 4.8 347.3 

 Sb 0.21 0.01 0.10 0.8 5.1 0.8 5.5 

Significance  A ns ns ns ns ns ns ns 

         

 

NH4NO3 extraction 

 

The results of the NH4NO3 extraction are shown in Table 4.2.10. The Pb concentration extracted with 

NH4NO3 showed a statistically significant increase over time (from sowing to harvest) regardless of 

the presence or absence of plants (p= 0,014) (Table 4.2.10). The effect of time was not significant 

for Sb and As. No statistical differences were recorded between planted and unplanted pots at the 

end of the experiment for Pb and As. The effect of the amendments was statistically significant, 

with a lower extraction of Pb in pots treated with biochar (Table 4.2.10). Conversely, biochar 

application increased the bioavailability of As and Sb (Table 4.2.10), while Sb extraction was 

reduced by digestate application. The interaction amendment x plant at the end of the experiment 

was not statistically significant for any PTEs considered (data not shown). The plant effect was 

significant only for Sb, with the soil of planted pots showing a higher extractable Sb concentration, 

compared to unplanted ones (Table 4.2.10).  
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Table 4.2.27 Mean values of NH4NO3 extraction. No=unamended pot; Ch=biochar; Di=digestate; T0=beginning of 

the experiment; T1= end of the experiment (harvest) Np=unplanted pots; Pl= planted pots. Number of replicates = 3. 

Columns that share the same letters are not statistically different according to LSD test (p<0.05). * p<0.05; **p<0.01; 

***p<0.001; ns= not significant. 

 

 

 

 

 

 

 

 

 

CaCl2 extraction 

 

The results of CaCl2 extraction are reported in Table 4.2.11. The mean effect of the amendment 

application was significant only for As, with biochar application increasing its extractability. As 

shown for the NH4NO3 extraction, the mean effect of plantation on soil PTEs bioavailability was 

significant only for Sb. In opposition to NH4NO3 extraction, the effect of time on PTEs mobility 

was significant for As and Sb, reducing their availability at the end of the experiment, compared to 

the beginning (T0). Regarding As, the interaction plant x amendment showed that unplanted pots 

without amendment and planted pots amended with digestate decreased As extractability. Similarly, 

unamended pots and pots with digestate had a lower extractable As concentration at the end of the 

experiment (interaction amendment x time, Table 4.2.11). Conversely, for Pb, the effect of plants 

on the increase of extractability was shown by the interaction plant x time. 

 

  

NH4NO3 extraction  mg/kg 

  Pb As Sb 

Amendment (A) No 0.258 a 0.085 b 2.017 b 

 Ch 0.204 b 0.094 a 2.077 a 

 Di 0.266 a 0.088 b 1.944 c 

Plant (Pt) Np 0.247  0.090  2.036 b 

 Pl 0.239  0.088  1.990 a 

Time (T) T0 0.222 b 0.088  1.995  

 T1 0.264 a 0.090  2.031  

Significance A **  ***  ***  

 Pt ns  ns  **  

 T *  ns  ns  

 A x Pt ns  ns  ns  

 A x T ns  ns  ns  

 Pt x T ns  ns  ns  

 A x Pt x T ns  ns  ns  
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Table 4.2.28.  Mean values of CaCl2 extraction. No=unamended pot; Ch=biochar; Di=digestate; T0=beginning of the 

experiment; T1= end of the experiment (harvest); Np=unplanted pots; Pl=planted pots. Number of replicates=3. 

Columns that share the same letters are not statistically different according to LSD test (p<0.05). * p<0.05; **p<0.01; 

ns=not significant. 

CaCl2 extraction  mg/kg      

  Pb As Sb 

Amendment (A) No 0.587  0.055 b 1.767  

 Ch 0.525  0.065 a 1.952  

 Di 0.621  0.053 b 1.771  

Plant (Pt) Np 0.617  0.057  1.703 b 

 Pl 0.538  0.058  1.957 a 

Time (T) T0 0.527  0.060 a 1.975 a 

 T1 0.627  0.055 b 1.686 b 

A x Pt No-Np 0.577  0.050 b 1.577  

 No-Pl 0.596  0.059 a 1.956  

 Ch-Np 0.566  0.065 a 1.924  

 Ch-Pl 0.483  0.065 a 1.981  

 Di-Np 0.708  0.056 ab 1.607  

 Di-Pl 0.534  0.049 b 1.935  

A x T No-T0 0.521  0.063 ab 2.009  

 No-T1 0.652  0.046 c 1.524  

 Ch-T0 0.468  0.063 ab 2.033  

 Ch-T1 0.576  0.066 a 1.862  

 Di-T0 0.593  0.054 bc 1.881  

 Di-T1 0.648  0.051 c 1.661  

Pt x T Np-T0 0.625 a 0.062  1.899  

 Np-T1 0.609 a 0.052  1.506  

 Pl-T0 0.429 b 0.058  2.050  

 Pl-T1 0.646 a 0.057  1.865  

Significance A ns  **  ns  

 Pt ns  ns  **  

 T ns  *  **  

 A x Pt ns  *  ns  

 A x T ns  *  ns  

 Pt x T *  ns  ns  

 A x Pt x T **  ns  ns  

 

The interaction amendment x plant x time for Pb is shown in Fig. 4.2.3. As stated previously, it 

appears clearly that planting increase the bioavailability of Pb, as evident comparing No-Pl 

(unamended- planted pots) at the beginning and harvest (p=0.002). 
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Figure 4.2.15. Mean Pb concentration (mg/kg) of soil extracted with CaCl2, at the beginning and at the end of the 

experiment. T0=beginning of experiment; T1=end of experiment (harvest); No=unamended; Ch=biochar; D=digestate. 

Bars that do not share the same letters are statistically different according to LSD test (p<0.01). 

 

Soil pore water extraction 

 

Pb and As values in the soil pore water samples were under the detection limits (Pb < 0.03 mg kg-1, 

and As < 0.01 mg kg-1). Sb values are shown in Table 4.2.12. The mean effect of amendment 

application showed a lower extractability with digestate application. Conversely, biochar 

application increased Sb bioavailability. Similar results were obtained with NH4NO3 extraction. As 

shown also for CaCl2 and NH4NO3 extraction, plant presence increased the bioavailability of Sb in 

soil pore water. 
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Table 4.2.29. Mean values of soil pore water (SPW) extraction with Rhizon samplers. No=unamended pot; 

Ch=biochar; Di=digestate; T0=beginning of the experiment; T1= end of the experiment (harvest); Np=unplanted pots; 

Pl= planted pots. Number of replicates=3. Columns that share the same letters are not statistically different according 

to LSD test (p<0.001). ***p<0.001; ns=not significant. 

SPW extraction  Sb 

Amendment (A) No 0.522 b 

 Ch 0.586 a 

 Di 0.357 c 

Plant (Pt) Np 0.445 b 

 Pl 0.532 a 

Time (T) T0 0.444  

 T1 0.488  

Significance A ***  

 Pt ***  

 T ns  

 A x Pt ns  

 A x T ns  

 Pt x T ns  

 A x Pt x T ns  

 

Correlations with the different extractants 

Pearson correlation analysis in this study showed that ammonium nitrate and calcium dichloride did 

not correlate with Ricinus concentration for Pb, As, and Sb (Table 4.2.13). Positive correlation was 

recorded for SPW Sb and plant shoots Sb concentration, but not with roots concentration. Pearson 

correlation analysis was done for shoots and roots PTEs concentration values and soil pH and EC, 

resulting not significant (data not shown).  

Table 4.2.30. Pearson correlation values for the various extractant with plant uptake of Pb, Sb and As. 

Pearson correlation Pb Sb As 

 Roots  Shoots  Roots  Shoots  Roots  Shoots  

Rhizon nd  nd  0.19 ns 0.72 * nd  nd  

NH4NO3 -0.55 ns -0.24 ns 0.21 ns 0.54 ns 0.28 ns 0.17 ns 

CaCl2 0.21 ns 0.09 ns 0.58 ns 0.44 ns 0.61 ns 0.62 ns 

 

Exchangeable Pb, Sb and As in relation with pH and EC 

 

In Table 4.2.14 are displayed the significant correlation between the exchangeable PTEs and soil 

pH and EC. Soil pH is positively correlated with arsenic (extracted with NH4NO3 and CaCl2) only 

in planted pots. Positive correlation is displayed also for Sb, but only for the bioavailable portion 

extracted with ammonium nitrate, in both planted and unplanted pots. A highly positive correlation 

was also detected for Sb in soil pore water and pH. In unplanted pots, the CaCl2 extraction of Pb 

was negatively correlated to soil pH and positively with EC. A negative correlation was found for 

NH4NO3 extraction of Sb in both planted and unplanted pots. A negative correlation observed 
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between pH and EC, both in unplanted (-0.885, p=0.002) and planted (-0.796, p=0.010) pots (data 

not shown). 

Table 4.2.31. Pairwise Pearson correlation in planted (A) and unplanted (B) pots between pH, electrical conductivity 

(EC) and PTEs extracted with NH4NO3 and CaCl2 (n=9). Only significant interactions are displayed. 

  Sample 1 Sample 2 Correlation p-value  Sample 1 Sample 2 Correlation p-value 

  pH As NH4NO3 0.721 0.028  Sb NH4NO3 pH 0.859 0.003 

  pH As CaCl2 0.767 0.016  Pb CaCl2 pH -0.725 0.027 

  pH Sb NH4NO3 0.869 0.002  Sb NH4NO3 EC -0.783 0.013 

  EC Sb NH4NO3 -0.673 0.047  Pb CaCl2 EC 0.755 0.019 

  pH Sb Rhizon 0.972 0.000      

  EC Sb Rhizon -0.770 0.015      

 

 

          

4.2.4. Discussion 

 

Soil characteristics and contamination indices 

 

Lead and antimony geoaccumulation indices (Igeo) both fall in the highest-class percentage of 

contamination, with a peak for Sb. These results are in accordance with the values previously 

obtained for the same soil (Chapter 4, section 4.1, “Indices of contamination”) and with various 

authors that analyzed shooting range soils (Dinake et al., 2018; Lewińska & Karczewska, 2019). As 

expected, the same results were obtained for the Enrichment Factor and Concentration Factor, with 

the highest values for antimony. The natural presence of Sb in soil depends upon its mobilization 

from parent materials such as minerals and rocks (Natasha et al., 2019). Antimony abundance ranges 

on average from 0.2 to 0.3 mg kg-1(Kabata-Pendias, 2011), with different concentrations in different 

areas. As an example, in China Sb range in the soil is 0.8–3.0 mg kg-1 (He, 2007). In the studied 

background soil, the concentration of Sb was below 0.2 mg kg-1, explaining the very high values of 

EF and CF only with the shooting activity. The arsenic increase can be considered insignificant 

compared to the other two PTEs, due to the geogenic presence of this metalloid in Campania soils 

(Adamo et al., 2014). 

 

Effects of pH and EC on PTEs bioavailability  

 

The mean values of soil pH were affected by amendment application and plant presence, with higher 

values for soils amended with biochar, and in planted pots compared with the unplanted ones (Table 

4.2.4). Biochar addition generally determined a significant increase in soil pH (Ahmad et al., 2014; 

Jaoude et al., 2020), caused by the alkaline nature of the biochar. The increase in pH values led to 

an enhanced soil sorption capacity of PTEs cations due to the upsurge of soil negatively charged 

B A 



174 
 

groups, thus decreasing cationic PTEs mobility (Penido et al., 2019). This is true for the cation Pb, 

but not for As and Sb, as seen by their bioavailability increase measured with both extractants (Table 

4.2.10 and 4.2.11). According to Lomaglio et al. (2017), the pinewood biochar led to a 33% 

reduction of Pb availability on a contaminated technosol. Other studies, employing non-woody 

biochar (grass biochar and cow manure biochar) showed a reduction of soil solution Pb 

concentration of 98.5% and 99.8%, as assessed by the analysis of soil pore water (Van Poucke et 

al., 2020). The increased pH, besides causing lower PTEs availability due to less competition with 

protons for the sorption sites, can enhance PTEs precipitation into hydroxides, phosphates and 

carbonates (Mcbride, 1994; Jorgensen & Willems, 1987). Moreover, the presence of exchange sites 

on biochar surfaces can be responsible for Pb retention (Fellet et al., 2014). The negative correlation 

between Pb (CaCl2 extraction in unplanted soil) and soil pH indicated the importance of pH in 

affecting Pb availability in contaminated soils (Table 4.2.4, Table 4.2.11.), and this is in accordance 

with various authors (Hamid et al., 2018; Hong et al., 2022). A negative correlation between soil pH 

and CaCl2-extractable Pb was found also by Meng et al. (2018). Arsenic and antimony 

bioavailability in soil, on the other hand, increased with biochar application. Arsenic, due to its 

anionic nature, behaves exactly as the opposite of Pb, with its mobility increasing in basic conditions 

(Bolan et al., 2014). When a hardwood-derived biochar was applied by Beesley et al. (2010) to a 

multi-contaminated soil (by As, Cu, Cd and Zn), the authors observed that, while Cd and Zn were 

immobilized, Cu and As had their availability increased, with the increase of soil pH listed as the 

responsible for As leaching. Lomaglio et al. (2017), as well, observed that the soil pore water As 

concentration increased after biochar addition. In another study by Beesley et al. (2013), after one 

week of biochar application, As concentration in the soil pore water increased up to ~9 fold. 

Antimony bioavailability is mainly determined by soil pH, organic matter and the presence of 

Fe/Al/Mn oxy-hydroxides (Diquattro et al., 2021; Filella et al., 2002). Amendments with liming 

effect can mobilize Sb in pore water (Rinklebe et al., 2020; Sanderson et al., 2018). According to 

Bolan et al. (2022), the desorption of Sb is the result of electrostatic repulsion between anionic Sb 

and negatively charged biochar surfaces. Biochar addition to soil, increasing soil pH, can induce 

humic acid mobilization, which could dislocate Sb from organic/inorganic binding sites (Lomaglio 

et al., 2017). Moreover, biochar application can increase the organic matter content of soil (SOM) 

(Verbeeck et al., 2019), which could increase the availability of Sb (Nakamaru & Peinado, 2017). 

Soil pH was higher in planted soils compared to unplanted pots. That the plant presence influenced 

particularly antimony bioavailability (Table 4.2.10 and 4.2.11), and Sb concentrations could be 

explained as a function of soil pH, increasing Sb solubility under alkaline soil conditions. This is in 

accordance with Ahmad et al. (2014) and Nakamaru & Peinado (2017), who both observed a 
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significant increase of extractable Sb in planted pots, due to the release of OH- ions by root exudates 

and subsequently pH increase to balance cation-anion uptake. Conversely, an increased level of EC 

(due to digestate application) seems to reduce Sb availability in soils, as also shown by the negative 

correlation between Sb an EC, as displayed on Table 4.2.14. To our knowledge, there are no studies 

about the application of anaerobically digested sewage sludge to shooting soil and of its effect on 

Sb mobility. Digestate EC was 4880 μS cm-1 (P soil= 163 μS cm-1) and is clear that its application 

increased soil EC. Electrical conductivity is an indirect indicator of the availability of nutrients in 

the soil. Increased EC means more salts dissolved in the soil solution, more negatively charged sites 

(clay and organic particles) in the soil and therefore more cations there are in solution. Thus, it is 

possible to stipulate that Sb availability was connected not only to soil EC but probably to the 

enhanced the concentration of ions in solution competing for sorption sites. The digestates are 

normally rich in NH4
+, which over time could be oxidized to NO3

−, releasing H+ and thus decreasing 

soil pH, shifting the cations absorbed to soil surface into soil solution. Aluminum (Al3+), iron (Fe2+) 

and manganese (Mn2+) are the main retainers of Sb as oxide, affecting its adsorption (Bolan et al., 

2022). It appears that their release due to lowered pH and enhanced EC led to a lower bioavailability 

of Sb. The negative correlation found for Sb (Rhizon and NH4NO3 extraction) and EC and the 

positive with pH (Table 4.2.14), seems to be in accordance with this. However, according to Hua et 

al. (2019), biochar application mobilized Sb during the first 20 days of soil incubation, immobilizing 

it afterward. Longer experiments to evaluate the effect of these amendments’ application on the 

bioavailability of Pb, Sb and As in a shooting range soil should be therefore performed. 

Generally, it can be concluded that different amendments affect in varied ways the bioavailability 

of PTEs, and that their use has to be carefully chosen according to the type of soil contamination. 

The concurrent presence of PTEs in anionic and cationic forms can require challenging research for 

the right sorbent to employ (Jaoude et al., 2020). Further studies should be carried out to assess the 

potentiality of the combined application of different amendments on the stabilization of co-

contaminated soil by Pb, Sb and As. 

 

Plant growth and PTEs uptake  

 

Some of Ricinus' biometric measurements, i.e., roots and stem length and roots fresh weight, did 

not differ statistically between C and P soils, or among treatments. On the other hand, the dry weight 

of roots, and the fresh and dry weights of shoots were statistically higher in P compared to C. The 
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reduced growth in the control soil can be explained by the highest presence of silt in the C soil. 

Castor bean prefers well-drained and well-aerated soils such as sandy loam (Salihu et al., 2014), and 

it is very sensitive to root hypoxia (Severino et al., 2006), which can happen in heavy soils. 

According to the Tolerance Index (TI) values, biochar application on C soil has halved plant growth 

and this is in line with the previous statement. The TI (ratio between the biomass of plants grown in 

the contaminated soil with the various amendments compared to the biomass of plants grown in the 

same soil without amendment) was on average slightly > 1, indicating that the application of 

digestate and biochar did not alter greatly the plant capacity to tolerate PTEs. However, the 

experiment lasted 28 days, and further investigations are needed to address the efficacy of biochar 

and digestate to improve Ricinus tolerance in the long run. No phytotoxic effect was noticed on 

castor bean under Pb or As stress, as seen by Costa et al. (2012) and Melo et al. (2012), respectively. 

Regarding plant PTEs concentration, a higher presence of Pb, Sb and As was observed in Ricinus 

roots compared to its shoots. This is well highlighted by the translocation factor (TF), with values 

highly <1 for all the PTEs studied. Castor beans’ ability to accumulate PTEs in roots was observed 

also by other authors (Costa et al., 2012; Olivares et al., 2013). Ricinus Pb concentration in shoots 

was 5.4% the concentration in its roots at the dose of 800 mg kg-1 Pb in a study by Pal et al. (2013). 

In our case, Pb concentration in shoots was 1.62% the concentration in roots. Alves et al. (2016), as 

well, showed that castor bean was able to accumulate 89% of Pb in the roots. In a study conducted 

on a clay pigeon shooting site in northern England, Mellor & McCartney (1994) found that roots of 

oilseed rape were the tissue that contained greater Pb concentrations (up to 470 mg/kg). Similarly, 

Pb accumulation in the plants’ roots is mainly due to the formation of precipitates and their 

deposition along the cell walls (Kabata-Pendias, 2011; Kumar & Prasad, 2018). 

Antimony is the most soluble element in shooting range soil (Johnson et al., 2005). In our study, 

castor bean accumulated a higher percentage of Sb in roots (82.4%) compared to shoots. This is in 

accordance with Robinson et al. (2008), who recorded a bioconcentration factor below 0.002 in 

various species grown on a former Swiss military shooting range. To our knowledge, this paper is 

the first study on the effect of Sb on castor bean. The greater TF for Sb, compared to the ones of Pb 

and As, indicates the greater mobility of this element. Even if Sb is more easily absorbed by plant 

roots in alkaline soil (Zhong et al., 2020), almost 15% of the total plant Sb concentration was found 

in Ricinus shoots. Sb uptake by plants has been suggested to take place mainly through the passive 

pathway, nevertheless, there is evidence that an active pathway could exist as well (Feng et al., 

2013; Tschan et al., 2009). Sb is readily taken up by plants when present in soluble forms in soil, 

even if it is a non-essential element to plants, and its uptake does not necessarily depend on Sb level 
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in soils (Natasha et al., 2019). Thus, more research and legislation are needed for this metalloid, 

with the instauration of a contamination threshold in soils.  

A higher percentage of As (96.4%) was accumulated by castor beans’ roots. In presence of Pb, most 

As is bound firmly within the root tissue (Yang et al., 2021). High arsenic accumulation in castor 

bean roots (96.5%) is in accordance with Melo et al. (2012), in addition to González-Terreros et al. 

(2018) and Singh et al. (2019). The increased activity of superoxide dismutase and peroxidases, 

therefore an efficient reactive oxygen species scavenging expression in tolerant castor genotype, as 

well as the increased activity of glutathione reductase and the expression of particular genes, seems 

to be involved in the mechanism of detoxification and tolerance of Ricinus communis (Singh et al., 

2019, 2021).  

The correlations found between roots and shoots accumulation of Pb and As imply that there is an 

effect between their absorption mechanism. Pathways of entry, uptake and translocation of Pb in 

plants are nowadays still poorly understood. According to the review works of Gupta et al. (2020) 

and Liu et al. (2022), the existing proof suggests the contribution of a Ca transporter, and that Ca2+ 

presence in soil can inhibit Pb uptake. Arsenic seems to enter plants through the phosphate pathway 

and is facilitated by glycerol channels (aquaporins) (Feng et al., 2013). Nevertheless, both 

statements need to be truly validated. The presence of Pb in soil affected plant As concentration, in 

a study conducted by Yang et al. (2021). In some studies, performed on soil contaminated by lead 

arsenate (employed as an insecticide), environmentally stable Pb-rich soil particles were found to 

be associated with As, probably as mimetite [Pb5(AsO4)3Cl] (Fleming et al., 2013; McBride et al., 

2011). Being Pb2+ and AsO4
3− the most dominant ionic forms of Pb and As in aerated soils, and as 

more generally As in arsenates and arsenites is combined with some metal (e.g. Pb) (Kabata-

Pendias, 2001), it is possible to speculate that something similar could have happened in our soil. 

However, this needs to be further investigated. Nevertheless, no phytotoxic effect of PTEs or 

amendments treatments was observed on Ricinus plants. 

 

Correlations between Ricinus communis and the different extractants  

 

The estimation of PTEs’ phytoavailability is of crucial importance for environmental 

characterization and risk analysis (Fagnano, 2018). Extractants able to mimic the plants’ PTEs 

uptake, like un-buffered salt solutions, are the methods nowadays employed to extract the soil 

bioavailable portion of PTEs (Pueyo et al., 2004).  These “mild” extractants (e.g., CaCl2, NH4NO3) 
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have been proven to have a good correlation with PTEs concentrations in plants (Feng et al., 2005; 

Meers et al., 2007). However, the quality of the correlation can depend on plant species and tissue 

analyzed and on the PTEs investigated. Grønflaten & Steinnes (2005), for instance, observed a 

positive correlation between soil Pb concentration extracted with NH4NO3 and wavy hair grass (D. 

flexuosa), but not with bilberry (V. myrtillus) stems and cowberry (V. vitis idaea) leaves. Lim & 

McBride (2015) found a significant correlation with soil total Pb for arugula (Eruca sativa), but not 

for collards (Brassica oleracea var. acephala). Meers et al. (2007), observed a good positive 

correlation between Pb concentration in the primary leaves and the shoots’ content of Phaseolus 

vulgaris and CaCl2 concentrations, while Pb values for NH4NO3 were below detection limits. In our 

study, no significant correlation was found between PTEs concentrations in roots and shoots of 28 

days castor bean plants with ammonium nitrate or calcium dichloride soil extractions (Tables 4.2.10 

and 4.2.11). A positive correlation was recorded between the Sb content in the soil pore water and 

in the shoots, but not with the concentration in the roots (Table 4.2.13). Various authors have 

observed a wide range of correlations between extractable Sb and concentrations in plants. Hammel 

et al. (2000) found no correlation between antimony in plants and total or mobile antimony content 

in the soil. Conversely, Zhong et al. (2020) detected a good positive correlation between both roots 

and shoots of amaranth and CaCl2 and soil pore water concentration. Lomaglio et al. (2017), while 

studying the effect of biochar amendments on the mobility and availability of As, Sb and Pb in a 

contaminated mine technosol, observed a good correlation with SPW and PTEs accumulation in 

Phaseolus vulgaris only in the case of As. It is possible to stipulate that the common extraction 

techniques used to assess PTEs bioavailability are not reliable for all the plant species and soils 

analyzed. Zhang et al. (2016), for instance, suggested that the common chemical extraction methods 

are not unfailing to predict phytoavailability in alkaline soils treated with biochar. Moreover, one 

can speculate that the short cultivation period employed in the present study, for a perennial plant 

like Ricinus communis, could have affected the correlations’ results. Longer experiments should be 

further undertaken to evaluate this possibility. 

 

4.2.5. Conclusions 

 

The application of digestate effectively reduced the soil bioavailability of antimony assessed by the 

different extractions, whereas the bioavailabilities of the readily exchangeable Sb and As were 

increased by biochar application in contaminated shooting range soil. Conversely, biochar 

application reduced the readily exchangeable Pb. Changes in soil pH mainly regulated the PTEs’ 



179 
 

bioavailability, as predicted by the pairwise Pearson correlation. The potential combination of 

biochar and digestate should be further investigated to reduce simultaneously the bioavailability of 

Pb, As and Sb. Ricinus communis was not affected by the presence of PTEs, and the amendments 

employed did not show a detrimental effect on its growth. Moreover, castor bean could promisingly 

be employed for phytostabilization programs due to its ability to accumulate Pb, As and Sb mainly 

in the roots, without posing risks of PTEs transfer into the food chain. Besides, castor bean could 

be employed for biodiesel production due to the translocation factor < 1. A long-lasting study should 

be set up to better explore the effect of the amendments on plant PTEs uptake, and the efficacy of 

the different extraction methods employed to predict PTEs phytoavailability. In summary, the 

revegetation of former shooting range with Ricinus communis could reduce the mobility of 

contaminants and their flow in food chains, and amendments application could decrease PTEs 

bioavailability. 
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4.3. Overall conclusions 

 

The results here presented aimed to validate the possibility of utilizing Ricinus communis for the 

phytomanagement of shooting range soils. Castor bean biomass and yield were not affected by the 

soil contamination with Pb, As and Sb. Its nutritional state (evaluated with the analysis of nitrogen 

content), together with its photosynthesis efficiency was as well not influenced by this level of PTEs 

contamination. Moreover, the low values of translocation factor (TF) highlighted Ricinus's 

efficiency in being employed in a phytostabilization program. The application of amendments 

resulted in a broad range of different effects, showing how their utilization has to be carefully 

studied. Compost application, for instance, resulted in a higher accumulation of Pb to the 

aboveground biomass, even if the TF was always < 1. Conversely, the accumulation of As in the 

roots was reduced by its application, compared to mineral fertilization. This means that compost 

could be applied on Pb-contaminated soil mainly when the purpose is to increase its extraction into 

the plant biomass. Conversely, biochar can be employed to immobilize the readily exchangeable 

Pb. However, when used in Sb and/or As contaminated soils it enhances their bioavailability. In this 

case, the digestate application can be performed. To limit even the accumulation of PTEs in Ricinus 

plants, arbuscular mycorrhiza fungi can be utilized. Further study could be performed to evaluate 

the potential combination of organic amendments to reduce the simultaneous bioavailability of Pb, 

As and Sb. 
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Chapter 5 
 

 

 

 

5.Conclusions and future perspectives 
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5.1. Conclusions and future perspectives  
 

This thesis highlights the feasibility of the phytomanagement of marginal lands with Ricinus 

communis. When cultivated on low fertility substrates, even if subjected to saline irrigation, castor 

bean was able to produce oil seeds and residual biomass. However, when aided with the mixture of 

compost and biochar as organic amendments, its production was boosted. This underlines that 

organic waste byproducts can be used to restore marginal land while enhancing the production of 

bioenergy crops, increasing carbon sequestration, and disposing of organic waste in an 

environmentally friendly way. As pointed out by Clemente et al. (2015), one of the key problems 

of the agrifood industry (one of the biggest production sectors in the world) is the massive 

production of organic wastes and byproducts. Reusing and recycling the byproducts produced can 

increase the efficiency of food production, converting waste into resources. Together with 

enhancing the productivity of Ricinus when cultivated on the sand, the application of such 

byproducts (preferably of local origin) offers a low-cost and sustainable solution for the reclamation 

of contaminated soils. In this work, compost (obtained from the solid fraction of organic municipal 

waste) increased the accumulation of Pb towards the aboveground biomass, while decreasing the 

accumulation of As in the roots. According to Wang et al. (2022), the pyrolysis of post-

phytoremediation plant residues is an effective way to stabilize different PTEs (Pb, As and Sb 

among others) while decreasing their bioavailability. The subsequent soil application of the biochar 

obtained from these residues revealed an excellent absorption capacity of Pb (Wang et al., 2022). 

This is in accordance with our results, where the biochar produced from Populus nigra grown on 

contaminated soils was effective in the reduction of the bioavailability of Pb. Conversely, biochar 

enhanced the bioavailability of As and Sb. The effective reduction of the exchangeable soil portion 

of Sb was achieved with the application of digestate produced from the anaerobic digestion of 

municipal sewage sludge.  

Ricinus’s low translocation factor, which emphasizes the great accumulation of contaminants in the 

plant’s roots with a low migration in the aboveground biomass, suggests that its seeds can be utilized 

for biodiesel production. However, further studies should be addressed to validate this hypothesis. 

Nevertheless, castor oil production results in an important number of solid residues, i.e., castor cake, 

that can be a very interesting feedstock for the production of bio-oil from pyrolysis (Kalogiannis et 

al., 2016). Our results suggest that to limit the accumulation of Pb, As and Sb in Ricinus plants is 

possible to apply biostimulants such as arbuscular mycorrhiza fungi. The potential of chemical 

stabilization with the combination of organic amendments should be further investigated for the 
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simultaneous reduction of Pb, As and Sb. Moreover, studies are needed to evaluate the effect of 

organic amendments on soil, plants and soil biota in open field and in the long term.  

Combining marginal land restoration with alternative reuse and recycling of waste and by-products 

presents both social and environmental benefits (i.e., reclamation of marginal land, remediation of 

contaminated shooting range soil, reduced dispersion of PTEs) coupled with economic benefits (i.e., 

lower-cost and more sustainable waste and waste byproducts disposal, production of marketable 

products, reduction of the costs needed for soil remediation). 

This work and the results obtained underline the effectiveness of Ricinus communis and of 

amendments for PTEs immobilization and marginal land restoration. The data here gathered will be 

useful for the subsequent on-site phytomanagement, which should be undertaken to verify the results 

acquired at the field scale.  
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