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Introduction: Digestate originating from anaerobic digestion of non-source-separated organic fraction of municipal solid waste (OFMSW) is produced abundantly worldwide and generally discarded in landfills. However, it can be a valuable resource for many bioeconomy strategies as land restoration, only if a consolidated understanding of the contaminants’ presence and behaviour in digestate-amended soil is achieved. This study aimed to investigate the fate of trace metals, namely Zn, Cu, Pb, and Cr found in the digestate, along the soil profile after digestate application on soil, and the influence that other contaminants as pharmaceutical compounds can have on their behaviour in the soil system.
Methods: For that, a 90-day soil column experiment was conducted using a fine loamy sand soil topped with a layer of digestate-amended soil. Digestate-amended soil had a soil to digestate proportion of 14 to 1 (dry weight). Two experimental conditions were tested: soil amended with digestate, and soil amended with digestate spiked with the antidiabetic drug metformin. Soil samples were taken at 4 depths on days 1, 7, 21, 35 and 90, and total trace metals concentrations and fractionation were determined via atomic absorption spectroscopy.
Results: Results showed that Zn, Cu, Pb ad Cr initially present in the digestate were transferred from the digestate-amended soil layer to the underlying soil layer over time, although in low amounts. Nevertheless, no transfer was detected to the deeper soil layers. Trace metals in soil were predominantly in immobile and less bioavailable forms associated with clay and silicate mineral groups, whereas in the digestate-amended soil they were in more bioavailable forms, which could be related to metals’ migration in the soil layers below. Results also show that the presence of metformin had no influence on trace metal behaviour, giving insight also on possible interactions with other potentially present contaminants as microplastics.
Conclusion: The current study showed that OFMSW digestate can be a promising organic nutrient-rich matrix for land restoration even if it may contain high metals’ concentrations because low metal mobility along the soil profile can be expected.
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INTRODUCTION
Attention towards anaerobic digestion (AD) is growing as global demand for renewable energy and sustainable practices increases. Apart from biogas, the AD process produces also digestate (Fermoso et al., 2019) that is treated frequently as a waste. This waste is then discarded in landfills because it does not meet the quality standards imposed by legislations. However, digestate can be transformed into a resource for different industrial and agricultural processes strengthening local circular bioeconomies (Kaur et al., 2020). Digestate can be used directly or indirectly, for instance as soil amender, for element recovery, or for biomolecules production (Cesaro, 2021). Digestate is typically separated in two components, the liquid and the solid fraction, for more efficient resource use and management. Recently, for example, non-conventional strategies utilizing these two fractions have been developed such as microalgae biomass cultivation using the liquid fraction and production of biochar using the solid fraction for CO2 capture, nutrients and contaminants sorption (Thi Nguyen et al., 2019; Kisielewska et al., 2020, 2022; Qiao et al., 2020; Lee et al., 2021; Rodríguez Alberto et al., 2021; Liu et al., 2022). However, with increasing degradation of land and soil due to intensive agriculture and poor farming practices, digestate fractions have been re-evaluated also as a potential resource for sustainable bioenergy crop cultivation and land restoration (Saveyn and Eder, 2014). In fact, it is a semi-stabilized organic matrix containing macronutrients as nitrogen, phosphorous and potassium, and micronutrients as trace metals that can promote and restore soil quality (Peng and Pivato, 2019). Nevertheless, there are strict regulations at the EU level that define the permitted soil amendments originating from AD and their applications (European Parliament and Council, 2019). These legislations impose quality standards to ensure the safety and value of the digestate, and the protection of the environment in which they are applied (Logan and Visvanathan, 2019).
Digestate originating from municipal source-separated organic waste and agricultural organic waste are considered of higher quality compared to digestate originating from non-source-separated OFMSW, due to a possibly greater biotic and abiotic contamination level (Svensson et al., 2004; Ward et al., 2008; Makádi et al., 2012). OFMSW digestate is still generally classified as waste, but it can be transformed into a product after appropriate treatment providing the necessary quality standards to safeguard society, ecosystems, and the environment (European Parliament and Council of the European Union, 2008; European Parliament and Council, 2019). About 46 million tons out of 180 million tons of yearly produced digestate in the EU originate from non-source-separated OFMSW, while only 7 million originate from source-separated organic waste (Corden et al., 2019). Thus, it is important to further investigate the properties and potential applications of OFMSW digestate to support its transformation into a resource promoting its use as was done for compost, and digestate originated from sludge and other organic wastes (Logan and Visvanathan, 2019). A simple and feasible circular bioeconomy strategy involving OFMSW digestate (whole or solid fraction) is its application on marginal lands for soil restoration (Peng and Pivato, 2019) coupled with bioenergy crop cultivation. This strategy would allow to cultivate energy crops needed as feed material for AD reactors simultaneously remediating the soil and decreasing the competition between land for food and land for energy (Nabel et al., 2014; Pastorelli et al., 2021).
A concern regarding the use of OFMSW digestate is the presence of contaminants such as metals, inorganic and organic impurities (as plastics), micro-organic contaminants not degraded during AD process and greenhouse gases (Kupper et al., 2014; Fermoso et al., 2019). All these compounds can pose a threat to ecosystems and society. In fact, they can have a degree of toxicity; they can be degraded into by-products with even higher toxicity; they can leach to groundwater; they can accumulate in the environment and enter the food chain (Teglia et al., 2011). Most of these compounds are priority substances as metals (European Parliament and Council of the European Union, 2013), or contaminants of emerging concern (CEC) (Cortes et al., 2020) as pharmaceutical and personal care products (PPCPs) and microplastics (Pathan et al., 2020; Petersen and Hubbart, 2021).
Trace metals concentration in digestate varies according to the feed material and the addition of essential micronutrients (Fe, Ni, Co, Zn, Mo, Se, W) to sustain the efficiency of the AD process. Usually, metal concentrations are within legislation limits, but they may be higher due to waste content and its season variability (Kupper et al., 2014; Peng and Pivato, 2019). It is a well-known fact that high trace metal concentrations in soil pose an environmental and health risk (Dragicevic et al., 2017; Sogn et al., 2018; Azam et al., 2022) leading to loss of biodiversity and ecosystem functioning (Hattab-Hambli et al., 2020; Jia et al., 2022). For this reason, there are strict regulations that define maximum trace metals concentration at the EU level for all soil improvers and growing media (European Commission and Directorate-General for Environment, 2022).
Microplastics are plastic debris with <5 mm size that can enter the soil system through many pathways, prevalently the application of biosolids and sludges that intrinsically contain plastic particles (Mahon et al., 2017; Watteau et al., 2018). Microplastics may interact with other contaminants as metals and organic compounds through adsorption/desorption reactions contributing to pollutant transport and pollutant leaching (Davranche et al., 2019; Qi et al., 2020; Zhang et al., 2020; Chen et al., 2021). They may also cause disrupting effects of soil biogeochemical cycles and soil microbial community activities (De Souza MacHado et al., 2018; Wang et al., 2021). CEC are organic compounds that have raised concern in recent years (Verlicchi and Zambello, 2015), most of them having still poorly studied environmental risks. The concentration of CEC in digestate depends on the CEC content in the waste, the origin of the waste and the applied waste treatment technologies (Dubey et al., 2021). The AD process can successfully remove/degrade many CEC but is inefficient towards persistent and recalcitrant compounds as chemical fertilizers, flame-retardants and some PPCPs (Ali et al., 2019; Krzeminski et al., 2019; Dubey et al., 2021). Once introduced into the soil, these contaminants are subject to adsorption/desorption and transformation processes as a result of abiotic and biotic reactions with biodegradation being one of the most dominant (Wu et al., 2015). CEC also have ecotoxicological effects: they can be uptook by microorganisms and plants (parent compounds and transformation products), bioaccumulated and translocated through the soil’s macrofauna and up the trophic chain (Carter et al., 2014; Carter et al., 2014; Prosser et al., 2014; Wu et al., 2015).
It is critical to understand the behaviour of contaminants along the soil profile once digestate is applied to soil. Soil physico-chemical properties play a key role in contaminant distribution and in the interactions between contaminants and soil constituents (Fermoso et al., 2019). One of the main interaction processes was found to be sorption, including adsorption, absorption and desorption (Adriano, 2001; Kabata-Pendias and Pendias, 2001). Trace metals as Cd, Ni, Zn, Cu, Pb at low pH and redox-potential have shown to have higher solubility in the soil leading to higher mobility and bioavailability (Chuan et al., 1996; Bradl, 2004; Cipullo et al., 2018). Biosolid amendment can also induce a downward movement of trace metals in soil and their redistribution amongst soil fractions. In fact, it may increase trace metals bioavailability and their concentration in soil leachate due to complexation reactions between trace metals and dissolved organic carbon (DOC) (Zheljazkov and Warman, 2004; Gu and Bai, 2018). This phenomenon was found to be lower in amendments originating from OFMSW due to the decrease of DOC with organic matter mineralization (Fang et al., 2017) and an increased adsorption onto OM present in the soil (Kaschl et al., 2002; Weng et al., 2002; Shaheen et al., 2013). Combined with lignocellulosic waste, OFMSW digestate was shown to meet quality requirements as soil fertilizer, while mitigating the risk of metal leaching, immobilizing metals in soil and valorising nutrient content (Pecorini et al., 2020). It was also found to have presumably good agronomical characteristics and higher biomass yield when compared to mineral fertilizers (Tampio et al., 2016).
Some studies have been conducted on evaluating the possibility to use solid OFMSW digestate as a marginal soil amendment (Carabassa et al., 2020), but contradicting results have been found. Thus, the application of solid OFMSW digestate as soil amendment is a subject that deserves further research and understanding to elucidate the effects that it may have on contaminant transport in the soil system. To our knowledge there is no study that focuses on the potential contamination of soils with trace metals, persistent micro-organic contaminants and anthropogenic impurities (as microplastics) originating from the solid fraction of the OFMSW digestate, and their possible interactions and transformations within the soil system. As so, the aim of this study was to investigate the fate and mobility of trace metals, mainly Zn, Cu, Pb, Cr, in marginal land soils after application of solid OFMWS digestate contaminated with trace metals, metformin (proxy for micro-organic pollutants) and microplastics. It is hypothesis that metals present in the digestate could transfer to the soil and migrate through the soil profile affecting the environment, and that the presence of different types of contaminants could influence their mobility. Zn, Cu, Pb and Cr were selected because (i) they were present in the solid OFMSW digestate potentially posing an environmental risk after digestate application on soil; (ii) Zn and Cu are considered essential trace elements for plant growth that can also be toxic when present in high levels; and (iii) Pb and Cr are known as toxic but they can be uptook and accumulated by specific plant species (Dragicevic et al., 2017; Zeremski et al., 2021). The study’s results will give more insight on the effects that solid OFMSW digestate has on trace metal dynamics in the soil system, which will contribute to develop safe, simple and sustainable strategies to strengthen the circular bioeconomy centred around AD.
MATERIALS AND METHODS
Materials and reagents
All chemical compounds used in the study were of the highest available purity. The chemical compounds used were ethanol puriss. p. a. > 98% (603-002-00-5, Honeywell), analytical grade hydrogen peroxide >30% w/v (H/1800/15, Fischer Scientific), nitric acid puriss. p. a. 65% (84380-M, Sigma-Aldrich), acetic acid glacial 100% p. a. (100063, Merck), hydroxylamine hydrochloride ACS reagent 98.0% (255580, Sigma-Aldrich), ammonium acetate ACS reagent grade >97% (238074, Sigma-Aldrich) and metformin hydrochloride (PHR1084, Sigma-Aldrich). Metal stock standard solutions were also acquired from Sigma-Aldrich. Deionized water (conductivity <0.1 ms cm−1) was used throughout the experiments for solution preparation and dilutions. Before utilization, all standard laboratory glassware and plastic equipment was washed in a nitric acid bath [20% (v/v)] and thoroughly rinsed with deionised water.
Soil and OFMSW digestate
The soil was collected from an excavation site for building construction in a residential area in Ermesinde, located in the Porto city district (NW Portugal; 41°12’25.7’’N, 8°32’26.7’’W). Before being used in the experiments, the soil was homogenized and sieved to <2 mm. The soil texture was identified through INFOSOLO, the Portuguese online database for soil profile data (Ramos et al., 2017). Three soil profile data points were used to identify the soil texture around the sampling area (INFOSOLO soil profiles identification codes: 355V, 351V and 27762200). The soil was classified as a Cambisol deriving from metamorphic Schist parent rock. The soil texture was determined to be a fine loamy sand with a proportion of sand, silt, and clay of 78.7%, 14.8% and 6.5%, respectively (Supplementary Material S1, Supplementary Figure S1). Soil pH was on average 8.1 ± 0.5 and cation exchange capacity was 4.45 cmol+/kg. Initial water content was 11.9 ± 0.6 wt%, organic matter (OM) content was 3.02 ± 0.06 dw%, total carbon content was 0.40% with 0.20% being total organic carbon and 0.20% inorganic carbon. Furthermore, the predominant phases of the soil were found to be quartz and kaolinite, with minor phases of muscovite and calcite.
The solid OFMSW digestate (referred to as digestate from now on) was collected at Tratolixo, a Portuguese full-scale municipal solid waste treatment facility equipped with an AD unit for the treatment of the non-source-separated OFMSW (details of the process are reported in Supplementary Material S1). The solid fraction of the digestate was collected at the outlet of the centrifugation unit at the end of the solid-liquid separation process line. Digestate pH was on average 8.16 ± 0.05, dry matter content was 50 ± 6 wt% and OM content was 24 ± 4 dw%. Digestate mass density was equal to 1.06 g/cm3 and inert material content was 18.0 dw%.
The soil and digestate were characterized for trace metals’ total concentrations and trace metals fractionation which are reported in Results (paragraph Soil, Digestate and Digestate Amended Soil Characterization). In addition, elemental composition of soil and digestate was carried out and is presented in Supplementary Material S1 together with the quantification and characterization of microplastics found in soil and digestate.
Soil mesocosm column experiment
The experiment was a short-term experiment with a duration of 90 days. The experimental conditions defined were: (E1-Dig) soil amended with digestate and (E1-Dig-Met) soil amended with digestate spiked with metformin. For each experimental condition two columns were assembled, being conducted in duplicate. The soil column experiments were carried out in transparent acrylic plastic soil columns designed and constructed in the facilities of the Physics Department of the Faculty of Science of the University of Porto, Portugal. The columns, 60 cm in height and 19.4 cm in diameter, had 6 evenly spaced lateral sampling ports, and a bottom sampling port positioned at the centre of the column base (Figure 1) for leachate collection. Each column was assembled with three layers: (i) a 2 cm bottom layer of inert gravel (diameter <1 cm) to allow drainage and prevent clogging, (ii) a 37 cm middle layer of soil, and (iii) a 15 cm top layer of digestate amended soil. The digestate amended soil was prepared by thoroughly mixing the soil and the digestate for 30 min with a soil to digestate proportion of 14 to 1 (dry weight). This was done to simulate the scenario of marginal land digestate application followed by plowing and tillage operations for energy crop planting. The different materials were packed in the columns at 5 cm layers at a time, compacting them manually and scarifying their surface to ensure hydraulic conductivity (Lewis and Sjöstrom, 2010). For E1-Dig-Met, the digestate-amended soil was spiked with a 2 mg/L metformin aqueous solution (by thoroughly mixing it with the amended soil) before placing it on top of the soil of the soil column. The concentration chosen simulated metformin concentration found in digestates and AD sludges (Haiba et al., 2018; Briones and Sarmah, 2019). The columns were completely covered with aluminium foil to prevent sunlight exposure (with exception of the top base). They were kept in an indoor open-space with natural sunlight exposure at a constant ambient temperature of 22°C ± 1°C. The water content of the soil columns was kept constant at 80% water holding capacity by watering each column once a week with 200 ml of deionized water.
[image: Figure 1]FIGURE 1 | (A) Schematic of soil columns with column dimensions and packing layers; (B) 3D representation of soil column with indication of the digestate amended soil layer (dark brown) and the soil layers (light brown).
Soil samples were collected along the soil profile, through the column lateral sampling ports from 1 to 4 (Figure 1) on days 1, 7, 21, 35, and 90. The samples collected from each port were immediately stored at −20°C for sample preservation until further analysis. All solid samples were analysed for trace metals total and fractionation concentrations. During experiment duration, leachate from the base port of each column was also collected, acidified with HNO3 and analysed for total metal concentrations.
Analytical determinations
Water content was determined by heating solid samples at 105°C until constant weight was reached, and subsequently calculating the difference of mass between the initial sample and the dried one. Organic matter content was determined through Loss on Ignition (LOI) method by heating a 2 g dry solid sample in a muffle furnace at 500°C for 4 h, and then calculating the difference of mass between the initial sample and the dried one. The soil pH was measured following the ISO method for Soil quality—pH determination (NF ISO 10390). For all the mentioned parameters, analyses were carried out in triplicate for each sample.
Total metal concentrations (Fe, Mn, Ni, Zn, Cu, Pb, Cr, Cd and Co) in the solid samples were analysed by atomic absorption spectroscopy (AAS), after a high-pressure digestion in an advanced microwave system (ETHOS 1, Milestone Inc.). The method applied followed a laboratory procedure previously optimised and validated with certified reference materials (Estuarine Sediment BCR 277, certified for total metal content), as described in Almeida et al. (2004). Acceptable results were obtained in all cases. For soil samples, 0.25 g of sample was weighted into a microwave Teflon vessel and 5 ml HNO3 were added; while for digestate and digestate-amended soil samples, 0.50 g of sample was weighed and 1 ml of HNO3 along with 5 ml of H2O2 were added. After the microwave digestion, the vessels were allowed to cool down to room temperature; the solutions were transferred into 50 ml falcon tubes and volumes were made up to 15 ml with deionized water.
The solutions were analysed either via AAS with flame atomisation (AAS-F), using an AAnalysit 200 AA spectrometer system (PerkinElmer), or via AAS with electrothermal atomisation (AAS-ET), using a PinAAcle 900Z AA spectrometer (PerkinElemer), depending on metal concentration values and instrument operation rage. The concentrations were obtained by external calibrations with aqueous metal standard solutions conducted prior to each analysis. Acidified leachate samples were analysed directly either with AAS-F or AAS-ET. Analytical methodology was also previously optimised and validated with the mention certified reference material as described in Almeida et al. (2004). Blank solutions were prepared similarly to samples, with no significant signal being detected. AAS precision was lower than 5% for triplicate measurements. The analytical quality parameters for AAS-F and AAS-ET methods are reported in Supplementary Table S2 (Supplementary Material S1).
Initial samples were analysed in triplicate, whereas only one replicate was analysed for column samples.
For metal fractionation, the sequential extraction BCR procedure described in Rauret et al. (1999) was used with few minor modifications. Briefly, 0.50 g of each sample was weighed and placed into 50 ml falcon tubes. The first extraction was carried out with 20 ml of a 0.11 mol/L acetic acid solution for the determination of the soluble and exchangeable metal fraction. The second sequential extraction was carried out with 20 ml of a 0.5 mol/L hydroxylamine hydrochloride solution for the determination of the reducible iron/manganese oxides fraction. The third sequential extraction, for the determination of the oxidizable organic matter and sulphide fraction, was carried out with a 1 mol/L ammonium acetate solution after sample oxidation with hydrogen peroxide aqueous solution 30% (v/v). The extractions were carried out in an end-over-end shaker (Unitronic Reciprocating Shaking Bat, JP Selecta) at room temperature. Metal concentrations in the extract solutions were determined by AAS-F or AAS-ET as described above. The methodology was previously optimised and validated in the laboratory using the certified reference material BCR 701, certified for the extractable metal content, as described in Almeida et al. (2004). Acceptable results were obtained in all cases. Blank solutions were prepared and analysed as samples, with no significant signal being detected.
Fractionation of Fe, Mn, Zn, Cu, Pb and Cr for initial soil, digestate and digestate-amended soil samples was carried out in triplicate; whereas the fractionation for soil column samples was carried out only for Zn, Cu, Pb and Cr with one replicate per sample.
Data analysis
For each initial solid sample, the metals total and fractionation concentrations were represented as the mean and standard deviation of the three replicates. For samples collected during the soil column experiment, mean and error were calculated with values of replicate columns. Statistical analyses were performed using RStudio, version 1.4.1103 (R Core Team, 2021). Data collected from the soil column experiment was analysed via two-way ANOVA statistical analysis to evaluate significant differences in trace metals’ total and fractionation concentrations through time and between experimental conditions. Trace metals’ concentrations were defined as the dependent variable, while time and experimental conditions as the independent variables. The significant results (p-value <0.05) were further assessed by pairwise comparison with post hoc Tukey’s Honestly Significant-Difference (THSD) test to understand which groups were significantly different from one another.
RESULTS
Soil, digestate and digestate amended soil characterization
The initial soil, digestate and digestate-amended soil Fe, Mn, Ni, Zn, Pb, Cu, Cr, Co, and Cd concentrations are reported in Figure 2. The results showed that in general the trace metals’ concentrations were higher in the digestate than in the soil. The concentrations of Mn, Zn, Cu and Pb in the digestate were significantly higher than those in the soil, potentially posing a risk of metal transport along the soil profile. These high concentrations are probably due to the origin of the digestate which derives from non-source-separated OFMSW. Cr and Ni concentrations were also slightly higher in digestate than in soil, but lower than those of the other mentioned trace metals. Only Fe, considered as a major element, had a higher concentration in the soil due to its mineral origin. Concentrations for Co were low in both soil and digestate, while Cd concentrations were below the limit of detection (5.8 μg/g) in all samples analysed. Thus, these two metals were not considered and analysed in the soil column experiments. The trace metals’ concentrations in the digestate-amended soil showed the dilution effect that the soil had on the digestate, although some trace metals’ concentrations (Zn, Cu and Pb) continued to be more than double of those found in the soil. This difference in trace metals’ concentrations between soil and digestate-amended soil led to the use of digestate with no addition of trace metals, allowing to simulate a real case scenario of digestate application onto soil.
[image: Figure 2]FIGURE 2 | Total trace metals concentrations in initial soil (yellow), digestate (green), and digestate amended soil (blue) from the soil column experiment (mean ± standard deviation, n = 2).
The soil, digestate and digestate amended soil metal fractionation analysis allowed to evaluate trace metals’ concentrations within different operationally defined chemical forms of the solid samples: the exchangeable, the reducible (bound to Fe and Mn oxides), the oxidizable (bound to organic) and the residual fraction. It was decided to combine the oxidizable and residual fractions because the quantity of trace metals in the oxidizable fraction (bound to organic matter) was generally very low compared to the quantity present in the other fractions (Supplementary Material S1, Supplementary Figure S2). The fractionation results are reported in Figures 3A–C as percentage of the total trace metal concentration measured. The results for soil showed that Fe, Pb, Cu and Cr were found mainly in the residual + oxidizable fraction at 99%, 93%, 95%, and 98%, respectively. Zn and Mn were found in all fractions with Zn mainly in the residual + oxidizable (50%) and the exchangeable (30%) fraction, and Mn mostly in the reducible fraction (81%). The digestate showed similar results with Pb, Cu, Cr and Zn found mainly in the residual + oxidizable fraction at 99, 90, 99, and 58%, respectively. Fe was mostly found in the reducible (55%) and in the residual fraction (39%); whereas Mn was found in all fractions with 30% being in the exchangeable fraction, 22% in the reducible fraction, and 47% in the residual fraction. In the digestate-amended soil Pb, Cu and Cr were found mostly in the residual + oxidizable fraction at 98, 81% and 91%, respectively. Cu and Cr were also found in a small percentage in the reducible fraction. Furthermore, Fe, Mn and Zn were found in all fractions: in the residual + oxidizable (52, 27% and 49%) fraction, bound to Fe/Mn oxides (12, 29% and 30%), and in the exchangeable fraction (35, 43% and 21%). The distribution of trace metals in the digestate-amended soil was influenced by the mixing between the soil and the digestate. Overall, it can be estimated that the initial substrates contained Pb, Cu and Cr mainly in immobile forms, and Zn in both readily bioavailable and immobile forms. As previously mentioned, trace metal fractionation was not carried out for Co, Cd and Ni as their total concentrations were lower than the limit of detect or were too low to determine any significant variation.
[image: Figure 3]FIGURE 3 | Trace metals fractionation in initial soil (A), digestate (B) and digestate amended soil (C) from the soil column experiment (mean ± standard deviation, n = 2).
Soil column experiments: pH and leachate trace metals concentrations
pH of the different soil column layers was measured at the beginning (day 1) and at the end of the experiment (day 90). The average pH of the soil layers over time varied between 8.1 ± 0.2 (on day 1) and 8.4 ± 0.1 (on day 90), indicating a slight non-significant increase. The average pH of the digestate-amended soil layer over time varied between 9.1 ± 0.5 (on day 1) and 8.2 ± 0.7 (on day 90), indicating a slight decrease.
Regarding soil leachate samples, no trace metals were detected or quantified in the collected leachate solutions.
Soil column experiments: Total trace metal concentrations
Total Zn, Pb, Cu and Cr concentrations along the column profile throughout the experiment duration for both experimental conditions (E1-Dig and E1-Dig-Met) are reported in Figure 4. Total Fe, Mn and Ni concentrations are reported in Supplementary Material S1 (Supplementary Figure S3). For both experimental conditions, metal concentrations measured in the deeper soil layers (port 3 and 4, Figure 1B) were in the same range of those of the initial soil, indicating that metals from the digestate-amended soil layer (port 1, Figure 1B) were not able to reach the deeper soil layers throughout the experiment duration. Additionally, trace metals’ concentrations overall had a decreasing trend in the first layer (port 1, Figure 1B) and an increasing trend in the second layer (port 2, Figure 1B), except for Fe which was present in higher quantity in the soil and Cr (Figures 4G, H) whose concentrations in the soil (24 ± 10 μg/g) and in the digestate-amended soil 23 ± 5 μg/g were statistically identical. Moreover, no statistically significant difference between the trend of total trace metals’ concentrations in the soil columns of the two experimental conditions (E1-Dig and E1-Dig-Met) were observed.
[image: Figure 4]FIGURE 4 | Zn, Pb, Cu and Cr total concentrations in the soil of the four column layers (ports 1, 2, 3 and 4) collected throughout time, for the two experimental conditions: E1-Dig [soil amended with digestate (A,C,E,G)] and E1-Dig-Met [soil amended with digestate doped with metformin (B,D,F,H)] (mean ± standard deviation, n = 2).
The results of the statistical analysis (independence of variables, normality, and homoscedasticity tested and verified) are reported in Supplementary Material S1 (Supplementary Table S4). The statistical analysis evaluated the effect of time and experimental condition (presence/absence of metformin) on the total trace metals’ concentrations along the soil column profile. The statistical analysis was carried out only for Zn, Cu, Pb and Cr as these were considered trace metals of concern due to their concentrations in the digestate, that could lead to ecotoxicological effects in the soil system. The analysis was not conducted for Fe and Mn because they were considered major elements commonly present in soils; while Ni was found in similar concentrations in both soil and digestate-amended soil not allowing to assess its behaviour through the soil column profile. Overall, the statistical analysis revealed that no statistically significant interaction between the effects of time and those of experimental condition occurred, with exception for Zn concentration in the second column layer (port 2 Figure 1B).
The simple main effects analysis showed that time had a statistically significant effect on total trace metals’ concentrations, especially on those in the second soil column layer. For experimental condition E1-Dig, the concentration of Zn in the second layer on days 1 and 7 was significantly lower than the concentration of Zn on days 21, 35 and 90, with a similar (non-significant) trend being observed for condition E1-Dig-Met. The variation of Cu concentration in the second column layer was significant only for experimental condition E1-Dig-Met, which showed concentrations on days 1 and 7 significantly lower than those on days 21, 35 and 90. This trend (not statistically significant) was observed also for condition E1-Dig. Similarly, Pb in the second column layer on day 1 and day 7 was significantly lower than on days 21, 35 and 90 for experimental condition E1-Dig. Pb, in condition E1-Dig-Met, in the second column layer on day 1 was significantly lower than on day 21, while Pb in the fourth layer (port 4, deepest) on day 1 was significantly higher than on days 21, 35 and 90. Lastly, Cr in the second column layer on day 1 and 7 for condition E1-Dig were significantly lower than Cr on days 21, 35 and 90. In summary, these results showed that time had an effect on the variation of trace metals’ concentration in the soil profile: a significant increase in concentrations was determined in the second soil column layer on day 21 of the experiment (week 3). In addition, the simple main effects analysis showed that experimental condition (presence/absence of metformin) did not have a statistically significant effect on the variation of total trace metals’ concentrations along the soil profile throughout experiment duration.
Soil column experiments: Trace metals fractionation
Trace metals’ fractionation along the soil column profile over time (90 days) are reported in Figures 5, 6 for experimental condition E1-Dig and E1-Dig-Met, respectively. Trace metals’ fractionation was carried out only for Zn, Cu, Pb and Cr as mentioned above. As previously case, the oxidizable and residual fractions are represented together as the metals bound to the organic fraction were in very low quantities compared to those found in the other fractions. Trace metals’ fractionation showed that Zn was mostly found in an immobile form (residual + oxidizable fraction) in the lower soil layers (ports 3 and 4), while it was distributed amongst all fractions in the first and second layer (ports 1 and 2). Cr, Cu and Pb were mostly found in an immobile form in all the soil column layers with a small percentage also being found in the reducible fraction (between 5%–20%) and exchangeable fraction (<5%). Over time, the exchangeable and reducible fractions of Zn were subject to some variation resulting in a slight increase in the more bioavailable fractions and a consequent decrease in the residual fraction. Similarly, the quantities of Pb and Cu within the different fractions varied over time, but no clear trend was observed. On the other hand, the quantity of Cr within the different fractions showed no variation, remaining prevalently in the residual fraction over time. Additionally, no evident difference between E1-Dig and E1-Dig-Met was observed.
[image: Figure 5]FIGURE 5 | Zn (A–D), Pb (E–H), Cu (I–L), and Cr (M–P) fractionation in the soil of the four column layers collected over time for experimental condition E1-Dig (soil amended with digestate) (mean ± standard deviation, n = 2).
[image: Figure 6]FIGURE 6 | Zn (A–D), Pb (E–H), Cu (I–L), and Cr (M–P) fractionation in the soil of the four column layers collected over time for experimental condition E1-Dig-Met (soil amended with digestate doped with metformin) (mean ± standard deviation, n = 2).
The statistical analysis on the effect of time and experimental condition (presence/absence of metformin) on trace metals’ fractionation are reported in Supplementary Material S1 (Supplementary Table S5). Overall, the analysis revealed that there was no statistically significant interaction between the effect of time and experimental condition on trace metal fractionation in the soil column. The only exception was encountered for Zn in the fourth layer, where both time and experimental condition resulted having a significant effect on the exchangeable and oxidizable-residual fractions. The simple main effects analyses showed that both time and experimental condition had a significant effect on trace metals’ fractionation for specific trace metals and in specific soil column layers.
Specifically, the exchangeable fraction of Zn in the second layer on day 1 for experimental condition E1-Dig-Met was significantly lower than that measured on days 21 and 90. Also, the oxidizable-residual fraction of Zn in the fourth layer on day 90 for condition E1-Dig was statistically lower than that measured on all other days.
Cu fractionation varied significantly in the first and second soil column layer only for condition E1-Dig-Met. In fact, in the first layer, the analysis determined that the exchangeable fraction of Cu measured on day 1 and 7 was significantly lower than that of day 21; Cu reducible fraction measured on day 7 and 21 was significantly greater than that of day 90; and Cu oxidizable-residual fraction increased significantly from day 21 to day 90. While, in the fourth layer, the reducible and oxidizable-residual fractions of Cu measured on day 1 were significantly different compared to those measured on day 21 showing an increase and decrease, respectively.
For Pb, the analysis determined that its fractionation varied significantly in all column layers throughout time. In the first layer, the simple effect analysis showed that experimental condition had a significant effect on the reducible fraction measured on day 90: experimental condition E1-Dig-Met had greater quantity of Pb bound to Fe/Mn oxides compared to experimental condition E1-Dig. In the second column layer of condition E1-Dig, the exchangeable fraction measured on day 21 and 90 was significantly greater than that of day 1 and 7. In third layer, neither time nor experimental condition had a significant effect on Pb fractionation. In the fourth layer of condition E1-Dig-Met, the reducible and oxidizable-residual fractions measured on day 1 and 7 were significantly greater than those of day 21; while the reducible and oxidizable-residual fractions measured on day 90 showed a significant increase and decrease compared to those of day 21, respectively.
Cr fractionation varied significantly only in the second layer of experimental condition E1-Dig: the exchangeable fraction measured on day 90 significantly decreased compared to that of day 1; the reducible fraction measured on day 90 significantly increased compared to that of day 1 and 7; and the oxidizable-residual fraction measured on day 90 significantly decreased compared to that of day 1, 7 and 21.
DISCUSSION
First and foremost, all trace metals’ concentrations measured in the digestate resulted below the maximum metal concentration limits defined by EU legislation (European Parliament and Council, 2019), with exception of Pb (measured concentration = 142 mg/kgdw and limit concentration = 120 mg/kgdw). Even so, trace metals’ concentrations were more than double of those measured in the selected soil, allowing to simulate a real-case scenario of solid OFMSW digestate application onto marginal land soil with no addition of trace metals. The digestate application onto the selected soil (fine loamy sand) led to an alkaline pH throughout the entire soil column profile with values ranging from 8.3 to 8.5. Metal sorption, complexation, precipitation and other reaction mechanisms governing metal mobility in the soil system are highly dependent on pH: in fact, as pH becomes more alkaline the retention of metal cations increases due to an increase of the global negative soil surface charge (Shaheen et al., 2013). Generally, Pb exhibited the strongest adsorption interactions, followed by Zn, Cu, and Cd, while Ni presented the weakest (Teglia et al., 2011).
Overall, the soil mesocosm column experiment results showed that total trace metals’ concentrations increased in the soil layer beneath the digestate-amended one (top layer), during the 90-day experiment. This result indicated a downward movement of trace metals from the first soil column layer to the second one throughout time. This behaviour could be attributed either to a seepage of digestate from the top layer to the underlying one, or to the soil solution and colloidal particle transport (convective and diffusive transport) as was observed by Gu and Bai (2018). As illustrated in Figure 4, no movement of trace metals was observed within the deeper soil column layers most likely for the trace metals’ forms present.
Trace metals fractionation analysis in the deeper soil column layers showed that the trace metals were mainly found in the residual fraction (including also the oxidizable fraction which was considered negligible). This suggests that the trace metals were not subject to a redistribution amongst the different defined fractions through time, remaining in an immobile form. This can be attributed to the strong bounds generated between the metals and the soil’s mineral groups as kaolinite (clay mineral) and muscovite (silicate mineral). In fact, clay and silicate minerals not only favour the formation of high microporosities in the soil matrix causing greater compound diffusion, but also enhance the adsorption of metallic cations due to their negative surface charge (Adriano, 2001).
Specifically, the fractionation results of this study determined that Zn proportion in the deeper soil layers followed the order: residual > exchangeable > reducible fraction, which changed over time resulting in the reducible fraction having a greater proportion than the exchangeable fraction by day 90. The proportion of Cu throughout experiment time followed the order: residual > reducible > exchangeable fraction. Cu is known to have a high affinity towards stable soil organic matter (Clemente et al., 2006). Even though the soil used in the experiments had an OM content of 3.02% dw, the percentage found in the oxidizable fraction for all metals was very low (<4%) and considered negligible compared to the residual fraction. The proportion of Pb followed the same order as the proportion of Cu: residual > reducible > exchangeable fraction, with a slight increase of the reducible fraction over time.
The results for Pb are in accordance with those reported in other studies, observing the high affinity of Pb to Fe-, Mn-, Al-oxides and clay mineral groups (Ryan et al., 2008). All these compounds are present in high amounts in the studied soil (Supplementary Material S1, Supplementary Table S1), leading to Pb low mobility and bioavailability (Gu and Bai, 2018). In contrast, Cr was found primarily in the residual fractions during the experiment, with the exchangeable and reducible fractions being less than 1% and 5%, respectively. This could be attributed to the fast sorption kinetics in alkaline soils predominantly governed by precipitation of Cr hydroxide onto the soil (Xu et al., 2020).
Trace metals fractionation of the first and second soil column layer showed that trace metals were distributed amongst all the defined fractions. This is in contrast with what was determined for the deep soil column layers, as discussed above. In fact, the proportion of Zn was on average reducible = residual > exchangeable. This is in agreement with previous studies, focusing on source-separated OFMSW digestate amendments, that observed greater quantities of Zn bound to Fe/Mn oxides in the amended soils (Zheljazkov and Warman, 2004; Rossi and Beni, 2018). These interactions are favoured by the affinity between Zn and Fe/Mn oxides which grows with increasing pH (Shuman, 1999). Nevertheless, this is in contradiction with the study showing Zn as the least mobile and bioavailable metal in mudflats amended with sludge (Gu and Bai, 2018). Pb, Cu and Cr fractionation in the first and second column layers followed the same proportion order of the deep soil layers with slightly greater quantity of trace metals found in the reducible fraction. As mentioned above, this is most likely attributed to trace metals’ high affinity towards silicate and clay mineral groups, metal oxides and stable organic matter leading to their low bioavailability (Bradl, 2004). This agrees with another study that determined the lower mobility of Cu, Ni, and Zn originating from digestate compared to those originating from animal manure or mineral fertilizers (Dragicevic et al., 2017). This shows that, in certain conditions, digestate can have a lower environmental impact than traditional accepted soil amendments/fertilizers, resulting in leachate metal concentrations lower than those imposed by legislation. As to leachate solutions, this study showed that no metal was detected in leachate samples collected during the entire experiment.
Additionally, attention must be given to anthropogenic impurities (inert materials as small DIY debris, glass, aluminium, and plastics) present in the non-source-separated OFMSW digestate because they may increase the sorption surface for metals contributing to the increase of the proportion of metals found in the oxidizable-residual fraction. In the present study, a considerable number of microplastics were found in the digestate used (data in Supplementary Material S1, Supplementary Table S3). Recent studies have shown that the presence of microplastics in the soil can affect the soil’s metal adsorption capacity by increasing metal desorption and mobility as a consequence of the weak attraction forces between microplastics and metals easily altered by environmental condition changes (Zhang et al., 2020; Wang et al., 2021). We can hypothesise that part of the trace metals found in the exchangeable fraction of the digestate-amended soil originates from microplastics. This could lead to an increased environmental risk for metal transfer and leaching due to the microplastics’ metal desorption behaviour influenced by environmental conditions, and the transport of plastic-metal complexes within the soil-groundwater system (Wang et al., 2021).
Organic contaminants, as CEC, are also compounds that may affect the behaviour and the mobility of trace metals in the digestate-amended soil and in the soil profile. Even though the soil column experiments determined that metformin (pharmaceutical compound selected as proxy for polar organic contaminants), did not have a statistically significant effect on the mobility of trace metals during the experiment, it cannot be concluded that the presence of metformin did not affect metal speciation and metal behaviour with soil constituents. In fact, in the presence of organic compounds trace metals may undergo complexation, forming coordination complexes that modify their speciation and their behaviour in the soil system (Sayen et al., 2019). The formation of complexes may lead to an increase or decrease in the transfer of contaminants within the soil system, posing additional environmental risks.
In general, this study showed that metal mobility and transfer along the soil column profile was most likely due to (i) the application of digestate amendment on the top of the column that promoted ad/desorption mechanisms in the digestated-amended soil layer, and (ii) the alkaline nature of the loamy sand soil which favoured specific bounding and interaction mechanisms.
This study was conducted over a short time period (90-day) looking at the immediate response of digestate amendment application on soil; however, it would be important to conduct a similar experiment over a longer time period to study the effects of metal aging in the digestate-amended soil. In addition, a more in-depth analysis should be conducted on the influence of emerging micro-organic contaminants on metal sorption mechanisms in the soil system. While this study looked at the macroscopic effect of a specific pharmaceutical compound (metformin) on trace metal behaviour along the soil profile through time, it is important to conduct a study at the microscopic scale to evaluate the formation of coordination complexes and the influence they may have on soil sorption and transfer. More research should also be conducted on microplastics in the soil system to understand their role in soil contaminant transfer and their effects on soil ecosystems. This is important especially due to their increasing environmental concentrations, and the lack of knowledge on their behaviour and toxicity.
CONCLUSION
In this study, the fate of trace metals in marginal land soil after application of solid biogas digestate, originating from non-source separated OFMSW, was assessed. This work showed that total metal concentrations increased in the soil layer directly beneath the digestate amended-soil layer (top layer) throughout the experiment period, indicating a downward movement of the metals through the first column layers. Nevertheless, the metals were not able to reach the deeper soil layers most likely due to their speciation. In fact, metals fractionation showed that over time, in the deeper soil layers, trace metals were mainly found in the residual fraction, suggesting that they were not subject to redistribution amongst the other operationally defined fractions due to the strong bounds between metals and soil mineral groups (especially silicates and clays). On the other hand, in the first few layers, trace metals were found significantly also in the exchangeable and the reducible (bound to Fe/Mn oxides) fractions, suggesting a greater bioavailability and possible metal mobility through the soil profile, which may also increase due to the presence and interaction with micro-organic pollutants and anthropogenic impurities present in the digestate amended soil. Overall, the results showed a potential for the application of non-source-separated OFMSW digestate as marginal-land amendment due to the high metal sorption and low mobility of trace metals over time. Thus, this application would allow to increase marginal land soil quality through the supply of stable organic matter and nutrients, which coupled with the cultivation of energy crops would allow to further immobilize and accumulate the mobile and bioavailable fractions of metals present in the soil.
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