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This study aimed to assess the agronomic value of solar-dried sludge (SDS) and the transfer of Cr, Ni, Pb, and Cu to wheat (Triticum aestivum) and faba bean (Vicia faba). A greenhouse experiment was performed involving two rates of SDS (15 t/ha and 30 t/ha) from an activated sludge-based wastewater treatment plant. In addition to the single use of an SDS amendment, co-application of SDS and mineral fertilizers was also included to determine the best scenario resulting in high yields and less negative implications on the environment. Data for both wheat and faba bean showed that applying SDS at 30 t/ha led to competitive yields compared to the ones obtained previously, while 15 t/ha of SDS and mineral fertilizers were co-applied. The use of SDS increased soil organic matter, slightly decreased the pH value, and increased soil salinity. The contents of Ni, Cu, and Pb were not significantly affected by the application of SDS. Only Cr showed high soil concentrations in proportion to the increasing rates of SDS. The bioaccumulation of heavy metals in roots was more important in 30 t/ha than that in 15 t/ha amended soil. In the case of wheat, the bioconcentration factor (BCF) root values correspond to the following order: Cr (0.89) >Cu (0.85)> Ni (0.28)> Pb (0.22). In the case of faba bean, BCF roots were observed as follows: Cu (1.04 > Ni (0.37)> Cr (0.16)> Pb (0.15). Wheat excluded Cr, Ni, and Pb from the uptake by shoots, and Cu was translocated from roots to shoots with a percentage of 11% at 30 t/ha of applied SDS. Faba beans demonstrated more important values of HM’s translocation by respecting this order (Ni (37.7%) > cu (30.24%)> Cr (17.59%), while Pb was excluded from the translocation. No significant difference was observed regarding the translocation index when the sludge rate has been duplicated from 15 t/ha to 30 t/ha. Based on these outcomes, SDS used at the rate of 30 t/ha is the best scenario to amend the soil and provide nutrients to plants. Wheat is translocating less heavy metal to the edible part; it is, thus, the most suitable crop to be involved in the current context.
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1 INTRODUCTION
Due to the rapid population growth, which is estimated to reach 9 billion by 2050 (WPP, 2017), ensuring food security around the world has become a challenge. To deal with this concern, yields have been improved through crop intensification, inducing soil quality degradation. This intensification involves an excessive use of mineral fertilizers and results in organic matter depletion of soils. Moreover, intensified agriculture with conventional tillage affects soil’s structural stability and increases its vulnerability to erosion. According to Rasmussen et al. (1998), conventional tillage practices can reduce soil organic carbon at the top 7.5 cm of a soil by 25%–30%. Thus, meeting the global food demand without affecting soils, associated resources, and the environment, while moving food and agricultural systems toward sustainability, has become an urgency. Indeed, sustainable agricultural intensification was suggested to achieve more food, produced from the same land, reducing negative environmental impacts, and then, providing positive societal and economic benefits.
On the other hand, sewage sludge production is being increased proportionally to the widespread adoption of advanced technologies of wastewater treatment. The management of such a byproduct, without negative implications on the environment, constitutes a major concern for all the stakeholders including researchers from all fields. Several practices have been adopted for sewage sludge final disposal such as landfilling, incineration, and application on agricultural soils, while awareness about sewage sludge as a valuable resource is increasing. Therefore, landfilling started to phase out in many countries (Kroiss et al., 2007; Raheem et al., 2018) in parallel with the search for alternative ways of valorization.
Knowing that sewage sludge contains plant nutrients (N, P, and K among others) and more than 50% of organic matter, its use as an organic amendment and fertilizer can contribute to soil property enhancement and soil nutrient availability. This practice is crucial for Africa, mainly in arid and semi-arid regions, where soils have very low organic matter content (Albaladejo et al., 2013) and most crop residues are removed. For instance, in Morocco, the mean value of organic matter content is below 2% and the annual agricultural soil loss is estimated to 100 million tons (FAO, 2015). Thus, agricultural recycling of sewage sludge consists of a particular relevance for soil organic matter improvement and associated physical and chemical benefits. According to several research studies, incorporating sludge into agricultural soils leads to atmospheric CO2 concentration reduction and soil organic carbon increase. This may, consequently, contribute to carbon sequestration and improve soil fertility (Soriano-Disla et al., 2010). Indeed, the applied organic matter can be associated with clay to form the clay–humus complex, which promotes soil aeration and increases nutrients availability. However, to be applied on agricultural soils, sewage sludge should be neutralized and stabilized as it includes some hazardous materials, such as pathogens, heavy metals (HMs), and other organic micropollutants (Fijalkowski et al., 2017).
In the latest trends, with regard to the field of sewage sludge treatment, the solar-drying process is involved with particular emphasis, especially where solar radiation is available as it is the case in Morocco (3000 h/year of sunshine). Throughout the literature, the solar-drying process has been proven to not affect the agronomic value of sewage sludge (Lem et al., 2017; An-nori et al., 2020a; An-Nori et al., 2022). Moreover, its significant ability to remove pathogens, namely, indicators of fecal contamination and helminths, has been reported in several research studies (Shanahan et al., 2010; Paluszak et al., 2012; An-Nori et al., 2021). However, less information is available on the behavior of heavy metals in solar-dried sludge, especially in terms of bioavailability and transfer to plants. Furthermore, HM accretion within the comestible parts of crops is a limitation to sewage sludge application on arable soil (Eid et al., 2021). According to several authors, plant uptake is one of the major pathways by which the essential and non-essential HMs enter the food chain (Karami et al., 2009). The uptake of HMs by plants is influenced by numerous parameters including the physical and chemical characteristics of the soil, the sewage sludge composition and its application rate, plant species and their physiology, rhizosphere biochemistry, climatic parameters, HMs, and their speciation (Dolgen et al., 2007). Contrary to the bioaccumulation of HMs in root systems, translocation from roots to shoots is controlled mainly by plant physiology (Kalis et al., 2008; Chimie, 2014; Chopra, 2014). The concentration of HMs in roots has been widely used as an indication of metal bioavailability (Chaignon et al., 2003), while the concentration measured in shoots determines which fraction may potentially enter the food chain and undergo biomagnification, having concomitant impacts on human health and alterations to the environment.
Throughout the literature, several investigations focused on the composted sewage sludge application on agricultural soils. However, solar-dried sludge and its implications on crops’ yields and quality was not addressed, especially in Morocco. Additionally, the behavior and traceability of the included HMs in solar-dried sludge, after recycling in agriculture, is not yet addressed in the literature. In this study, we aimed to assess (i) the agronomic value of solar-dried sludge as an organic amendment on crop yields and (ii) HM transfer to different parts of wheat and faba bean crops.
2 MATERIALS AND METHODS
2.1 Solar-dried sludge characteristics
The solar-dried sewage sludge used in the present experiments has been sampled from the wastewater treatment plant (WWTP) of Marrakech city, which is an activated sludge-based WWTP. Before solar drying, the sludge was digested (37°C) and mechanically dewatered using belt filters and was then solar-dried for 45 days in summer under a semi-arid climate (An-nori et al., 2020a). Physicochemical analysis of solar dried sludge was performed in three replicates, in a previous investigation (An-nori et al., 2020a). The main characteristics of solar-dried sludge (SDS) are shown in Table 1.
TABLE 1 | Physicochemical characteristics of solar-dried sludge used as an organic amendment (An-nori et al., 2020a).
[image: Table 1]The used sewage sludge is an important source of organic matter (61.5%) and total nutrients (4%, 2.62%, and 0.5% of N, P, and K, respectively) (Table 1); thus, it can importantly be used as a fertilizer complement or a fertilizer depending on the rate of application. Regarding HM analysis, high concentrations of Cr, Ni, Cu, and Pb have been recorded (3008 mg/kg, 31.84 mg/kg, 181.19 mg/kg, and 68.98 mg/kg, respectively). In comparison with the international limits for agricultural use of SS, namely, the EC Directive 86/278/EEC (Supplementary Table S1), Cu, Ni, and Pb did not exceed these limits. As for Cr, it is only a few ppm above the maximum admitted load considered by the U.S. Environmental Protection Agency (Supplementary Table S1). However, the speciation analysis of this element in a previous investigation indicated low mobility potential of Cr (An-nori et al., 2020a). Indeed, the oxidizable fraction, which was initially predominant in the sludge before undergoing a solar drying process, decreased very significantly after 45 days of solar drying, and the residual fraction, the most stable in the environment, became the most important in SDS. This leads to the assumption that Cr may not be relatively bioavailable to plants. However, guidelines or limits are different from one country to another; they are based on the total content of metals in sewage, soil, and plant, and hence, more investigations are needed by integrating soil, plant, climate, and HM total content and speciation in solar-dried sludge to decide rationally on its safe use in agriculture.
2.2 Soil physicochemical characteristics
Samples from the 20 cm topsoil were collected from the experimental farm of UM6P in Ben Guerir, Morocco (31.6295° N, 7.9811° W). Soil samples were air-dried, mechanically grinded, and then sieved to obtain less than 2 mm fraction. Soil texture was determined by Robinson’s pipette method, and pH and electrical conductivity were measured on an aqueous extract of soil (1/10 w/v, distilled water, 30 min of shaking) (AFNOR NF T90-008). Equivalent calcium carbonate (CO32−) was determined by using the Bernard calcimeter (Hulseman, 1966). OM was determined by muffle calcination (600 C for 6 h). Total Kjeldahl nitrogen (TKN) was assayed in 0.5 g samples by using the classical Kjeldahl procedure by steam distillation according to the AFNORT90-110 standard. The content of HMs and major essential elements in the soil were determined after mineralization with tri-acid mixture (7 mL HNO3, 2 mL HF, and 1 mL HClO4) in the DigiPREP system (3 h at 120°C) (Hanay et al., 2008). After digestion, the solutions were filtered (0.45 µm mesh) and then diluted to 50 mL with distilled water. After digestion, the filtrates were acidified (2% HNO3) to undergo the analysis by inductively coupled plasma optical emission spectroscopy (ICP-OES) using the Agilent Technologies 5110 ICP-OES. All the physicochemical analyses were performed in triplicate, and all the chemicals used were of analytical reagent grade. Standards of soil and sewage sludge were used for quality control in the quantification of HMs. Soil analysis was performed before planting and after harvest. All the analyses were performed at the Agricultural Innovation and Technology Transfer Center laboratories of UM6P. The main characteristics of the used soil in the present investigation are shown in Supplementary Table S2.
2.3 Experimental design
Two agricultural trials were carried out in pots between January and May 2021 under greenhouse conditions at the experimental farm of Mohammed VI Polytechnic University (UM6P) in Ben Guerir, Morocco, involving two crops: faba bean (Vicia Faba) and wheat (Triticum aestivum). Six treatments have been used separately for both wheat and faba bean, as shown in Table 2. They consist of SDS rates with and without fertilizer complement and include a treatment having mineral fertilizers (F) only. The treatments were arranged in a randomized complete block design (RCBD), with four repetitions.
TABLE 2 | Involved treatments in agronomic trials.
[image: Table 2]The applied F is equivalent to 50 kg N/ha, 20 kg P/ha, and 90 K kg/ha for wheat and 10 kg N/ha, 20 kg P/ha, and 40 K kg/ha for faba bean, and it was calculated based on soil N, P, and K availability tests. These two trials were set in 4 kg-sized plastic pots filled with 3 kg of soil and 1 kg of gravel, at their bottom, to allow water drainage. Ten wheat seeds were sown in each pot. As for faba bean, two seeds were rinsed using deionized water and germinated in the dark on moist filter paper for 48 h at 24 C prior to sowing. Irrigation was regularly carried out to maintain approximately 60% water holding capacity (Foster, 1995) during the whole cycle of faba bean and during the four first months for wheat.
2.4 Plant parameter measurements
2.4.1 Emergence percentage
The germinated seeds were counted after 2 weeks to calculate the emergence percentage (GP), as follows:
[image: image]
2.4.2 Chlorophyll content index
Chlorophyll is highly involved in photosynthesis, the process by which the plant makes carbohydrates. Photosynthesis is reported to be one of the most sensitive plant physiological processes, and it is known to be vulnerable to metallic stress. Hence, CCI values may be an indicator in case sludge induces phytotoxicity in the present experiments. Starting from 2 months after sowing, the CCI was measured in the vegetative stage, from the middle part of the five youngest leaves (n = 20) by using a CCM-300 chlorophyll meter (Hansatech instruments).
2.4.3 Yield and its components
At harvest, in each pot (n = 4), the total biomass yield, straw yield, grain yield, and thousand seed weight were determined for wheat. The harvest index (HI) was calculated as the ratio of grain yield over total above-ground biomass.
[image: image]
As for faba bean, the total biomass yield and grain yield were determined in each pot (n = 4).
2.5 Heavy metal analysis in plants
At the end of the growing cycle (5 months after sowing), the plants were harvested, threshed, and separated into straw roots and seeds. Roots were thoroughly rinsed with tap water followed by deionized water. Afterward, shoots and roots were dried at 40°C for 2 days until they reach a constant weight. For HM analysis in shoots and roots, samples (0.5 g) were mixed with 8 mL of HNO3 and 2 mL of H2O2 and placed in a hot plate at 100 °C until total evaporation of the extracting solvents. The mineralized material was recovered by the addition of ultrapure water and filtered with an ashless filter. The volume was adjusted to 25 mL with ultrapure water and acidified with 2% HNO3. The concentrations of metals in shoots and roots were determined by using the ICP-OES spectrophotometer from Agilent Technologies.
2.6 Bioconcentration factor and translocation index
The bioconcentration factor (BCF) represents the quotient of the concentration in plants and the concentration in soil of a given metal (Karami et al., 2009).
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where Ctissue represents metal concentrations in the tissues of the plant (either above-ground or underground organs) and Csoil represents metal concentrations in soil (Ali et al., 2013). The metal concentrations in the extracts of the soil and plants were calculated based on dry weight.
2.6.1 Translocation index

[image: image]
where Cshoots represents metal concentrations in the tissues of organs above-ground plant (mg/Kg) and Croots represents metal concentrations in the tissues of the plant roots (mg/Kg) (Marchiol et al., 2004).
2.7 Statistical analysis
Soil physicochemical properties, yield components, HM concentrations in different plant organs, and the BCF and TI were used as variables to test the effects of sludge and/or fertilizer application on wheat and faba bean. The impact of different treatments on the studied variables was analyzed using the one-way analysis of variance (ANOVA) using SPSS 20 software. When the ANOVA null hypothesis was rejected, Tukey’s test at p < 0.05 was performed to determine significant differences among means.
3 RESULTS AND DISCUSSION
3.1 Physiological assessment of plant growth
3.1.1 Wheat emergence percentage
The emergence percentage of wheat is shown in Figure 1; an average of 90% was recorded. No significant difference was observed between different treatments. This is likely due to the fact that this stage of plant growth, including germination and emergence, does not require nutrients and organic matter existing initially in the soil and provided by SDS and fertilization. In fact, seed germination is known to be vulnerable to metal phytotoxicity (Amin et al., 2013) and high salt concentration in case of high fertilizer application (especially the one containing nitrogen). The current results indicate that SDS incorporation into the soil did not induce any phytotoxicity in seeds during the germination stage. Despite its high content in the incorporated sludge (3008.23 mg/kg), chromium had no effect on the germination process.
[image: Figure 1]FIGURE 1 | Emergence percentage of wheat. Results are the mean of four replicates. Bars represent standard errors (n = 4). Means with the same letter are not significantly different at (p < 0.05).
3.1.2 Chlorophyll content index
Chlorophyll content showed a significant difference between different treatments for wheat (Figure 2A). The application of SDS separately or in combination with fertilizers significantly increased wheat’s CCI when compared to the control and applied fertilizers alone (F). However, there was no significant difference between SDS treatments and the control and mineral-fertilized soils (Figure 2A). Our data are in agreement with Pascual et al. (2008), who found increased photosynthesis in pepper plants amended with digested sewage sludge compared to the control plants. This may be due to the nitrogen input, which was higher in SDS than the mineral fertilizer since chlorophyll content is approximately proportional to leaf nitrogen content (Evans, 1983; Bojovi and Markovi, 2009). In fact, the equivalent of 4% nitrogen rate in SDS in the two used rates (15 t/ha and 30 t/ha) exceeded the amount of nitrogen provided by the mineral fertilizer (50 kg/ha).
[image: Figure 2]FIGURE 2 | Chlorophyll content index measured in plants under different treatments: (A) wheat and (B) faba bean. Means with the same letters are not significantly different at p = 0.05.
In the case of faba bean, there was no significant difference between all the treatments involving both mineral fertilizers and organic amendments (Figure 2B). Compared to wheat, faba bean presented an important value of CCI even for the control. The difference between wheat and faba bean in terms of the CCI pattern is likely due to the physiological difference between the two species. Indeed, due to its biological nitrogen fixation capacity, faba bean, like other food legumes, can fix the atmospheric nitrogen and convert it into ammonia that can be used for its growth (Fan et al., 2006).
Chlorophyll content in plants is among the symptoms related to heavy metal phytotoxicity. Several authors attributed chlorosis to a high concentration of Cr in soil (Amin et al., 2013; Mahdi, 2015). In the present context, considering the CCI increase due to SDS use as an organic amendment, it can be concluded that SDS did not induce phytotoxicity in both faba bean and wheat. This leads to the assumption that either the included metals in SDS were not available in plants or the applied rates were probably not high enough to induce phytotoxicity.
3.2 Yield assessment
The chemical composition of the sewage sludge used in the experiments (shown in Table 1) indicates that this material is an important source of organic matter and nutrients for agricultural soils, which justified its use as a fertilizer (Figure 3). Harvest index, biomass, straw, and grain yields were calculated for wheat in order to assess the agronomic added value of the applied SDS. The application of sewage sludge had significantly increased the total biomass production proportionally to the rate of sludge (160 qx/ha) instead of almost 50 qx/ha recorded in the control. As for straw, the recorded yield increased very significantly when SDS rate increased. 80 qx/ha was measured for the 30 t/ha applied sewage sludge compared to 60 qx/ha linked to the 15 t/ha of applied sludge and 40 qx/ha for the control. Furthermore, the co-application of chemical fertilizers and SDS at a rate of 15 t/a resulted in an important increase of both biomass and straw yields (Figure 3). However, no significant difference between the combined application of SDS and fertilizers and the single use of SDS was observed, especially when the application rate was high (30 t/ha). This leads to conclude that SDS application with an important rate may satisfy the needs of the plants in terms of nutrients. Hence, applying SDS on agricultural soils may contribute to limit the overuse of mineral fertilizers and then reduce their related cost and potential negative impacts on the environment.
[image: Figure 3]FIGURE 3 | Biomass yield (qx/ha), straw yield (qx/ha) and grain yield. Results are mean of 4 replicates. Bars represent standard errors (n = 4).
The two rates of SDS and F enhanced the harvest index but without being significantly different from the control (Figure 4). The 1000 grain weight was not significantly affected by SDS, F, and their combination (Figure 4B). These outcomes helped understand that the applied treatments did not affect the yield quality.
[image: Figure 4]FIGURE 4 | Harvest index evolution accordingly in the conduced treatments. Results are means of four replicates. Bars represent standard errors (n = 4). Letters indicate significant differences between treatments (p < 0.05).
The total biomass production and grain yield of faba bean are shown in Figure 5. Biomass yields were enhanced with the use of SDS as an organic amendment (Figure 5A). However, increasing the SDS application rate did not induce a significant effect on the biomass yield. The co-application of 30 t/ha SDS and mineral fertilizers provided the most important biomass yield with a significant difference when compared to other treatments. The single use of mineral fertilizers, when compared to the control, did not affect the biomass, but it significantly increased the grain yield over the control (Figure 5B). The co-application of 30 t/ha SDS with mineral fertilizers allowed an important grain yield (equivalent to 21.65 qx/ha).
[image: Figure 5]FIGURE 5 | (A) Biomass yielld and (B) grain yields for faba beans in the different conducted treatments. Results are means of four replicates. Bars represent standard errors (n = 4). Means with the same letters are not significantly different at p < 0.05.
Overall, sewage sludge application on agricultural soil increases crop production due to its high nutrient content, as demonstrated previously by several investigations (Latare et al., 2014; Samara et al., 2017; Eid et al., 2019). The present study showed that there is a trend of production increase while increasing the rates of sludge and demonstrated that an important rate of sludge without the addition of mineral fertilizers can support plant growth and development, which may reduce fertilizer applications to soil. However, the impact on soil properties, mainly the HM content, must be controlled according to the existing guidelines.
3.3 Soil physicochemical properties after harvest
The SDS application as an organic amendment increased the EC of the soil. Furthermore, after faba beans are harvested in the 30 t/ha amended pots, it reached 1.20 ms/cm compared to 0.87 ms/cm in the control. After wheat harvesting, the 30 t/ha of the applied SDS increased the EC up to 0.95 ms/cm against 0.53 ms/cm in the control (Table 3). Such observations may be explained by the high salt load brought by SDS to soil. Our findings are in accordance with Epstein E (1975), Chopra et al., and Samara et al. (2017), who reported increasing soil salinity while incorporating SDS as an organic amendment. However, it is worth emphasizing that the measured EC within the 30 t/ha amended soil reached neither the critical limit for sensitive field crops (2 mS/cm) nor the limit detrimental for most field crops (4 mS/cm) (Brady and Weil, 2008).
TABLE 3 | Physicochemical characteristics of the post harvested soil and heavy metals accumulation after solar-dried sludge application. Values are means of four replicates. Letters indicate significant differences between treatments (p < 0.05).
[image: Table 3]In our investigation, soil OM increased with the rate of SDS addition, achieving its highest value with the maximum dose (30 t/ha). After faba bean harvesting, OM reached 4.04% instead of 1.8% in the control. After wheat harvesting, soil OM reached 3.28% compared to 1.29% in the control. These findings support the existing literature, which previously reported increases of soil organic matter upon addition of sewage sludge (Samaras et al., 2008; Heras et al., 2009; Carbonell et al., 2011; Rafael et al., 2011). These observations in terms of OM elevation due to SDS is for a significant relevance, especially in arid and semi-arid countries, such as Morocco, where soils are poor in OM. Regarding soil pH, a slight decrease was observed in the SDS-amended pots and the control for both crops. After faba beans were harvested in the 30 t/ha amended pots, pH reached 8.97 compared to 8.54 in the control. After wheat harvesting, pH is 8.54 in soil subjected to 30 t/ha of SDS compared to 8.73 to in the control (Table 3). Throughout the literature, some studies reported that sewage sludge incorporation into soil leads to an increase in soil pH. For instance, Samara et al. (2017) reported a significant increase in pH while incorporating limed sewage sludge (pH = 10). Others highlighted a decrease in pH while involving sewage sludge as an organic amendment. In fact, pH depends on the initial soils’ pH, the buffering capacity of the soil, and the pH of the used sewage sludge (Garrido et al., 2005; Fawy et al., 2018). In the current study, soil pH was almost two units higher than SDS’s pH. Hence, we can assume that the slight decrease in soil pH after SDS application is due to its buffering capacity. Moreover, these observations may also be attributed to the mineralization of organic nitrogen added by SDS, which produces protons by the nitrification process (Eid et al., 2019). As for nutrient content, they increased with the increasing rates of the applied SDS in soil under faba bean and wheat crops. Concentrations of HMs such as Cr, Cu, Pb, and Ni increased due to SDS application (Table 3). Particularly, a significant level or content of Cr resulted from SDS application for faba beans (141 mg/kg) and wheat (92 mg/kg) when compared to the negative control under faba beans and the one under wheat (25.47 mg/kg and 26.50 m/kg, respectively). However, the accumulated HMs (Cr, Ni, Pb, and Cu) in soil remain under the maximum permissible values (Supplementary Table S3) set by the commission of the European Communities directive (commission of the European Communities 1986).
3.4 Transfer of heavy metals from solar-dried sludge-amended soil to faba bean and wheat
Figure 6 shows the concentrations of Cr, Ni, Pb, and Cu in shoots and roots of wheat according to the conducted treatments. It can be observed that excluding Cu, the concentration of these metals were under the quantification limit in wheat’s shoots. However, high values were recorded in roots which seemed to be in accordance with Karami et al. (2009) and Mazen et al. (2010), who concluded that metals accumulated mostly in roots rather than in other wheat tissues. Figure 6A shows the concentrations of Cr that are markedly higher in roots than shoots. The concentration of Cr in roots increased significantly when sludge rate increased (91.45 mg/kg and 14.28 mg/kg at 30 t/ha and 15 t/ha applied SDS, respectively). In addition, the combination of SDS and mineral fertilizers resulted in a significant increase of Cr uptake by roots (146 mg/kg against 59.74 mg/kg in the D2+F and D1+F treatments, respectively).
[image: Figure 6]FIGURE 6 | Concentration of metals in shoots and roots of wheat in the different conducted treatments: (A) Cr, (B) Ni, (C) Pb, and (D) Cu. Results are means of four replicates. Bars represent standard errors (n = 4).
Ni showed the same pattern within the used treatments; an increase in root concentration was recorded when the SDS rate increased (5.7 mg/kg and 3.37 mg/kg when SDS was applied at 15 t/ha and 30 t/ha, respectively). The combined application of SDS and mineral fertilizers increased Ni concentration from 4.76 to 7.21 mg/kg. Figure 6C shows a slight increase in Pb root concentrations when the SDS rate increased (2.01 mg/kg against 3.66 mg/kg). Contrary to the previously reported metals, copper content in shoots was high enough to be quantified through plant analysis. However, shoot concentrations remained very low when compared to those of roots (3.41 mg/kg in shoots against 35.45 mg/kg in roots within the D2+F treatment). Figure 6D shows that Cu concentration increased in both shoots and roots when the SDS rate increased. Additionally, a significant increase in Cu concentration in roots was recorded while involving mineral fertilizers with the 30 t/ha of SDS.
Contrary to wheat, Figure 7 shows that Cr, Cu, and Ni have been quantified in faba bean’s shoots although their concentrations remain less important than those measured in roots. Lead was not quantified in faba bean’s shoots, but an important concentration was recorded in roots (Figure 7C). The concentrations of Cr, Cu, and Ni in roots increased with the increase in SDS rates. Moreover, a significant difference was observed between the single application of SDS and its co-application with mineral fertilizers in terms of HM concentration in faba bean roots. Copper concentration in roots also showed a very significant difference among the applied treatment. An average concentration of 45 mg/kg was measured when 30 t/ha of SDS and mineral fertilizers were applied together (Figure 7D).
[image: Figure 7]FIGURE 7 | Concentration of metals in shoots and roots of faba beans in the different conducted treatments: (A) Cr, (B) Ni, (C) Pb, and (D) Cu. Results are means of four replicates. Bars represent standard errors (n = 4). Letters indicate significant differences between treatments (p < 0.05).
From the aforementioned results, it can be assumed that the increase of metal contents, mainly in roots when the SDS rate increased, is likely due to the additional concentrations of these metals brought to the soil by SDS, as demonstrated previously by several authors (Bose and Bhattacharyya, 2008; Soriano-disla and Gómez, 2014; Eid et al., 2019). Moreover, this may be a consequence of an interesting root development enhanced by the nutrient input of the applied SDS as an organic fertilizer.
3.5 Bioaccumulation and phytoextraction assessment of heavy metals by wheat and faba bean
3.5.1 Bioaccumulation of metals assessed by the bioconcentration factor
The previously presented data emphasized that the roots exhibited markedly elevated heavy metal concentrations compared to the above-ground plant components. In order to assess more accurately the HM uptake by roots, bioaccumulation is a commonly involved concept. Bioaccumulation defines the ability of the plant tissue to accumulate HMs, while allowing for their initial substrate content (Pachura et al., 2015). In other words, the higher the content of metal is in soil, the higher the concentration of the element is observed in plant tissues. As a basis for HM’s bioaccumulation assessment, the BCF is commonly used (Guo-hang et al., 2018; Eid et al., 2021). The four-degree scale described by Michałowski and Gołas (2001) and Pachura et al. (2015) was adopted. If the BCF >1, the plants have accumulated elements, and the ratios around 1 indicate that the plants are not influenced by the elements, and a BCF <1 shows that plants exclude the elements from the uptake (Soriano-disla and Gómez, 2014; Agic et al., 2015). If the plants have higher BCF values, they can be used for soil remediation.
The previously described results compare well with BCF values, as shown in Table 4. BCF shoots for wheat in all the conducted treatments helped understand that the above-ground part of wheat does not accumulate metals. However, in the case of faba beans, in the non-amended trial (absence of SDS), BCF shoots also meant that faba beans did not accumulate metals in the shoots. However, BCF values showed medium bioaccumulation of Cu in shoots but a high bioaccumulation of that metal in roots for both wheat and faba beans. When SDS is applied at 30 t/ha, a high bioaccumulation of Cr in roots was observed. As for Pb, medium bioaccumulation in roots was recorded for both wheat and faba beans. A significant difference in terms of the bioaccumulation of the studied HMs in roots was observed between the single use of SDS and the combined treatment involving SDS and mineral fertilizers.
TABLE 4 | Bioconcentration factor for roots and shoots in wheat and faba beans under the different treatments. Values are means of four replicates. Letters indicate significant differences between treatments (p < 0.05).
[image: Table 4]The current data demonstrated that the assayed HMs were in a higher concentration within the root system than in the above-ground plant components (shoots). This compared well with the literature as the root system has been demonstrated to be the principal site of accumulation of HMs because of their high binding affinity in this type of tissue (Karamooz et al., 2016). Roots behave as a filter with respect to the uptake of HMs, acting, thus, as an obstruction to their absorption or decelerating their passage to shoots (Ahmed et al., 2018; Eid et al., 2021). Moreover, the plants have a range of processes that enables them to deal with the presence of HMs in the substrate. For instance, binding the metals to the root cells and/or sequestering them in vacuoles are among the tools by which the active regions of the cells are kept away from HMs (Zhou et al., 2015).
The metal concentration in roots is known to be highly related to the metal speciation in the soil solution (Yang et al., 2019). Prior to this study, we have assessed HM speciation in SDS. We have demonstrated, through a BCR scheme, a low mobility of the studied HMs (Cr, Ni, Pb, and Cu) since the residual fraction was found to be predominant compared to the exchangeable, reducible, and oxidizable ones (An-nori et al., 2020a). Although the recorded results in the present study regarding BCF roots seemed to be in accordance with the speciation results, it may be more rational to investigate HM speciation in the soil solution, after the incorporation of SDS, to explain the mechanisms behind the bioaccumulation of HMs in the root system.
3.5.2 Phytoextraction of metals assessed by the translocation index
The translocation index (TI) is a measure of the phytoextraction capacity of plants. It indicates the efficiency of the internal translocation of HMs from the root system to the stems, leaves, and fruits (Marchiol et al., 2004). This transfer is governed by a number of factors but mostly by the plant, its physiology, and its water transport system (Kalis et al., 2008). By analyzing the values of the TI for both faba beans and wheat (Table 5), Cu was most importantly translocated into shoots among the studied metals. Moreover, the translocation of Cu was more important in faba beans compared to wheat. As for Cr and Ni, they were not translocated into wheat shoots within the conducted treatments. Pb was excluded from translocation in both wheat and faba beans. This means that the mobility of lead in the root-above-ground part system is very low, as demonstrated previously by Pachura et al. (2015). The translocation index of Cr increased proportionally to the increasing rate of SDS (30 t/ha). The significant increase in the TI when mineral fertilizers were used (20% instead of 10% in non-amended pots and 40% instead of 19% in the amended ones) helped understand that the use of mineral fertilizers increased the translocation values of Cr in the root-above-ground part system of both wheat and faba beans. This is likely due to the root-above-ground part system development, which was enhanced when SDS and mineral fertilized were co-applied to soil. Overall, despite being enhanced by the co-application of SDS amendment and the mineral fertilizers, the recorded values of the TI for both wheat and faba beans in all the conducted treatments remain far less than 100%.
TABLE 5 | Translocation index in wheat and faba beans under the different treatments. Values are mean of four replicates. Letters indicate significant differences between treatments (p < 0.05).
[image: Table 5]Knowing that the phytoextraction is likely to be related to the plant physiology, it can be assumed from the aforementioned data that faba bean involves phytoextraction mechanisms more than wheat. Since the translocated metal into shoots (the edible part) is most likely to cause health issues, it can also be concluded that wheat may be more suitable to be grown in an SDS-amended soil.
4 CONCLUSION
The present study markedly reveals the important added value of SDS in terms of agronomic yields of both faba beans and wheat. The crop production increased with the increasing rates of SDS. The use of SDS as an organic amendment showed competitive results in terms of biomass and grain yields compared to the single use of mineral fertilizers. The chlorophyll and germination percentage assessments did not indicate any phytotoxicity associated to SDS. Regarding soil properties, the use of SDS as an organic amendment enhanced soil organic matter, slightly decreased pH, and increased electrical conductivity. The contents of Ni, Cu, and Pb were not significantly affected by the application of SDS as an organic amendment. Only Cr showed increased concentrations in soil proportionally to the increasing rates of SDS, but the recorded concentrations remained under the limits set by the U.S. Environmental Protection Agency. The bioaccumulation of the studied HMs assessed by the BCF showed higher values in roots compared to shoots. When SDS is applied at 30 t/ha, it resulted in medium bioaccumulation of Cr in roots in both wheat and faba beans. When 30 t/ha of SDS was co-applied with mineral fertilizers, high bioaccumulation of Cr was observed. The phytoextraction assessment showed that wheat excluded Cr, Ni, and Pb from the translocation and only Cu was found to be translocated into the above-ground part. On the contrary, faba beans translocated HMs to the above-ground part except Pb. All the translocation index values were far less than 100%. Neither SDS rates nor mineral fertilizers affected the translocation index values for both faba beans and wheat. Furthermore, this may be recommended more in the present context as the edible part did not include HMs. On the basis of the present study, it appeared that the risk associated to SDS regarding HM uptake by wheat and faba bean tissues can be considered less significant than its agronomic value and its positive effects on soil fertility. Therefore, it is recommended in the present context to use SDS at 30 t/ha as the best scenario to amend the soil and provide nutrients to plants. As a perspective to this study, a long-term field monitoring must be engaged in order to assess the long-term effect of SDS application on soil quality and the related implications on the environment.
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