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Abstract:



Ever increasing volumes of biosolids (treated sewage sludge) are being produced by municipal wastewater facilities. This is a consequence of the continued expansion of urban areas, which in turn require the commissioning of new treatment plants or upgrades to existing facilities. Biosolids contain nutrients and energy which can be used in agriculture or waste-to-energy processes. Biosolids have been disposed of in landfills, but there is an increasing pressure from regulators to phase out landfilling. This article performs a critical review on options for the management of biosolids with a focus on pyrolysis and the application of the solid fraction of pyrolysis (biochar) into soil.
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1. Introduction


1.1. Biosolids Characteristics, Composition and Use in Agriculture


Sewage sludge is the solid fraction separated during wastewater treatment, while biosolids are treated sewage sludge, with the aim of meeting local heavy metal and pathogen regulations for possible land disposal. These terms are often confounded in the literature, for the purpose of this review, the authors employed the word ‘biosolids’.



The progressive implementation of the Urban Waste Water Treatment Directive 91/271/EEC [1] in European Member States is increasing the amounts of biosolids requiring disposal.



The Sewage Sludge Directive 86/278/EEC [2] is aimed at promoting the use of biosolids, while preventing undesired effects on soil, vegetation, animals and humankind. To achieve this aim, it prohibits the utilisation of untreated sludge on agricultural land unless injected or incorporated into the soil. Treated sludge (biosolids in the context of this article) is defined as having undergone “biological, chemical or heat treatment, long-term storage or any other appropriate process so as significantly to reduce its fermentability and the health hazards resulting from its use” [2].



Once treated, sludge can be recycled or disposed of using three main routes: reuse (land application), incineration or landfilling.



Five countries in the EU (France, Germany, Italy, Spain and the UK) produced 72% of the biosolids, where land application was the main final utilization. .Reuse (including land application and composting) seemed to be the predominant choice for management in EU-15 (53% of produced product), followed by incineration (21% of the product) [3]. This contrasted with practices in the twelve countries which joined the EU after 2004, where the predominant use was landfilling.




1.2. Properties of Biosolids and Land Application


The physico-chemical properties of biosolids depend on treatment technology and retention time in the wastewater facilities [4]. Stabilization technologies include composting, heat treatment, the addition of lime and anerobic digestion. Typical chemical composition and properties of untreated sludge are reported in Table 1. The chemical composition of the biosolids produced at a particular plant varies with time and season. Biosolids, following the stage of mechanical dewatering are masses presenting a lumpy structure and a bulk density within the range from 650 to 800 kg m−3 [4]. The dry solid content of biosolids oscillates 2–12% by weight [5] and is one of their most important parameters, when waste-to-energy management is considered.


Table 1. Maximum metal concentration allowed in soils treated with sewage sludge in different countries (mg/kg) [6,7,8].





	Country
	Cr
	Ni
	Cu
	Zn
	Cd
	Pb
	Hg





	European Union
	100−150
	30−75
	50−140
	150−300
	1−3
	50−300
	1−1.5



	Germany
	100
	50
	60
	200
	1.5
	100
	1



	Denmark
	30
	15
	30
	100
	0.5
	40
	0.5



	Spain
	100−150
	30−112
	50−210
	150−450
	1−3
	50−300
	1−1.5



	Finland
	200
	60
	100
	150
	0.5
	60
	0.2



	France
	150
	50
	100
	300
	2.0
	100
	1



	Italy
	150
	50
	100
	300
	3.0
	100
	-



	Norway
	100
	30
	50
	150
	1.0
	50
	1



	UK
	400
	75
	135
	300
	3.0
	300
	1



	Sweden
	30
	15
	40
	100
	0.5
	40
	0.5



	Netherlands
	100
	35
	36
	140
	0.8
	85
	0.3



	United States of America
	1500
	210
	750
	1400
	20
	150
	8









Biosolids are rich in organic matter (usually more than 50% of the dry matter), mostly hydrocarbons, amino-acids or lipids and with a small presence of lignin or cellulose [9]. Its content in urban biosolids elevated but varies according to the treatment and conditioning carried out on the biosolids. Organic matter content may be reduced, as a consequence of dilution, for example following lime incorporation. The organic matter present in biosolids can lead to an amelioration of soil physical properties, including an improvement in soil structure or attenuating the potential for surface runoff and erosion. The mineralisation of the organic matter releases macro and micronutrients essential for crop development, reducing mineral fertiliser use. Organic matter contributes as an energy source for micro-organisms inhabiting in soil. Therefore, biosolids application may increase soil microbial population and activity [10].



Much high profile research has been performed in the recent years to obtain profit from waste, including the conversion to chemical and the valorization of nutrients [11]. Biosolids contain valuable nutrients (mostly nitrogen and phosphorous) which are available after land disposal but also possess a range of pollutants. In untreated sludge nitrogen contents typically range from 3 to 6% d.w. [4], while phosphorous is within 0.8 to 3.1% [4,5,12]. The majority of the nitrogen in biosolids is in organic form, although amounts of ammonium are found [9]. Thickening and dewatering of the sludge would result in a loss of ammonium, as most is in the liquid phase. Storage conditions can reduce N content by 30% [2]. Nitrogen availability is partially controlled by the type of treatment and usually is in accordance with the following rank: Composted sludge < anaerobic digested sludge < aerobic digested sludge.



The agricultural value of biosolids is also dependent on the mineralization rate of the organic N pool. N availability in biosolids is also affected by extrinsic soil factors, including climate, soil pH, soil texture and microbial composition. Loss of nitrogen can take place via volatilisation of ammonia or nitrate leaching. Nitrate leaching is of particular concern when biosolids are used for the reclamation of degraded areas, as this requires higher application rates [13]. However, this has been the preferred utilization in some countries [14]. Fast degradation of organic matter in the biosolids or higher doses of biosolids amendment could also lead to groundwater pollution induced by nitrate leaching [9].



Mineral form is the usual predominant fraction of phosphorus in biosolids, representing 30 to 98% of the total phosphorus [1]. Phosphorus content deserves particular interest, as it is a non-renewable resource. As with nitrogen, the amount of available phosphorus in biosolids depends on the treatment in the wastewater and is not directly related to the total phosphorus. Obviously, the contents of phosphorus in biosolids are significantly larger when a specific tertiary wastewater treatment for phosphorus removal is performed. Composted biosolids have lower phosphorus content due to a dilution effect caused by the low phosphorus content of additive products used when composting biosolids. Phosphorus content in biosolids is maintained after storage [2]. Phosphorus is classified as both fundamental and critical raw material to Europe’s economy, withChina being the main global supplier with 38% of phosphate rock production, [15] for this reason European countries are looking for new P sources, with the extraction from biosolids being one of the most novel techniques [15,16].



Lime addition to biosolids is performed for stabilisation purposes [17]. Lime treated biosolids have positive impacts on soil pH, cation exchange capacity and nutrient content with a positive effect on crop production [18,19]. Lime treated biosolids are particularly useful in soils whose productivity is limited by calcium. Carbon sequestration benefits have also been considered on occasions [20], although there is considerable uncertainty over the timescale at which carbon sequestration can be achieved.




1.3. Heavy Metals, Organic Pollutants and Pathogens in Biosolids


Biosolids tend to accumulate heavy metals and poorly biodegradable trace organic compounds as a consequence of the physical-chemical processes involved in wastewater treatment as well as potentially pathogenic organisms [21]. Contents of heavy metals in biosolids are within a wide range, depending on domestic effluents, road runoff, and industry in the area, with typical concentrations reported in Table 2.


Table 2. Comparison of the limit values for heavy metal concentrations in biosolids for use in agriculture (mg kg−1 of dry matter) between European Union and United States of America [6,7].





	
Metal

	
European Union

	
United States of America




	
Maximum Permitted Concentration in Sludge (mg kg−1)

	
Maximum Annual Loading (kg ha−1 y−1)

	
Maximum Permitted Concentration in Sludge (mg kg−1)

	
Maximum Annual Loading (kg ha−1 y−1)






	
Cr

	
-

	
-

	
3000

	
150




	
Ni

	
300−400

	
3

	
420

	
21




	
Cu

	
1000−1750

	
12

	
4300

	
75




	
Zn

	
2500−4000

	
30

	
7500

	
140




	
Cd

	
20−40

	
0.15

	
85

	
39




	
Pb

	
750−1200

	
15

	
840

	
300




	
Hg

	
16−25

	
0.1

	
57

	
0.85










Biosolids-borne heavy metals could enter the food-chain via plant uptake from polluted soils. Thus, the determination of metals in biosolids is a requirement for land application and is strongly regulated in environmental legislation. For example, EC Directive 86/278/EEC in Europe regulates the use of biosolids in soil and is built upon the heavy metal contents of both biosolids and sludge. Much less information is available concerning the presence and environmental fate of nanoparticles in biosolids. For example, silver nanoparticles can be released from clothing and have been detected in biosolids in non-labile forms [22]. Much work remains to be done to understand the fate and toxicology of nanoparticles in the environment.



A range of organic chemicals, including polycyclic aromatic hydrocarbons (PAH), polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins (dioxins, PCDDs), polychlorinated dibenzofurans (furans, PCDFs), perfluoroalkyl substances (PFAS) [23] may be found in biosolids. They remain unaltered after wastewater management (mesophilic, thermophilic or anaerobic digestion). During the 1980s and 1990s, the determination of pollutants in biosolids was focused on inorganic contaminants, pathogenic organisms, PAH, PCBs and PCDD/Fs (see for example, [23]).



Concerning PCDD/F, data have been taken from the Compilation of EU Dioxin exposure and health data [24]. It shows that average concentrations of dioxins are within the range of 15 and 40 ng I-TEQ/kg DM for EU countries. This would indicate that the sources of contamination in the Member States are similar. In some cases, concentrations over 1000 ng I-TEQ/kg DM have been reported.



Outside the scientific literature, there are no data from the Member States concerning most organic compounds. The EU has been debating for a decade and a half regulations for organic compounds in biosolids, but as yet, there are no guidelines for organic contaminants. As a consequence, no surveys have been regularly performed characterizing the organic pollutant content in biosolids. Some studies, show however areas for concern. If Danish regulations were implemented at the EU level, British biosolids would exceed the maximum allowable concentration of PAH by almost one order of magnitude [25]. Later work [26] has demonstrated that PAH content in biosolids would be the main limiting factor for its use as an agricultural product if more restrictive regulations were implemented.



A report from the EU has evaluated 114 of these chemicals in biosolids samples from 15 countries [27]. Only 8 countries in the EU (Austria, Belgium, Denmark, France, Germany, Sweden, Czech Republic and Slovenia) have regulations concerning the maximum concentrations allowed for organic pollutants in biosolids. An in-depth review on the regulation, risk assessment and types of organic pollutants in biosolids has been performed by Clarke and Cummings [26] and is outside the scope of this article. If biosolids quality does not improve, a large percentage of it would not be fit for land application in the future, as the EU is reviewing current regulations on persistent organic pollutants in biosolids. However, co-composting biosolids with other waste streams would allow to produce a material with a higher value and which can be applied to the land under these more restrictive regulations. Other organic pollutants in biosolids, which have been more recently the focus of attention include antimicrobials, pharmaceuticals, personal care products, surfactants and hormones. While individually, most of these products would not accumulate in the food chain at concentrations which would pose a risk for human health, the sum of them could be of concern [28].



Biosolids contain several type of micro-organisms, including a limited number of human and plant pathogens. Pathogens in biosolids include viruses, bacteria, protozoa, and helminths. Pathogens may be found in biosolids under infectious form but also as free living or resting forms (spores for bacteria or cysts and eggs for parasites) which will become pathogenic when they reach the human receptor. Their load in biosolids varies with time. Within the EU 11 out of 27 countries have limits for the content of pathogens in biosolids. In most cases, these limits concern helminth eggs, enterovirus and salmonella.





2. Management Alternatives for Biosolids


2.1. Incineration


The incineration of biosolids, with or without energy recovery, has a number of advantages benefits. There are multiple hearth and fluidized bed technologies available for biosolids incineration, the last one being the most prevalent [29]. Incineration reduces biosolids volume by about 70% and leads to the thermal breakdown of pathogens and toxic organic compounds [5,30]. Biosolids composition and heating value are the main input data for the evaluation of heat balances in biosolids incineration. The lower heating value of sludge is over the range 13.1–17.0 MJ/kg [5,9], similar to that of brown coal.



However, incineration is a costly alternative due to the external requirements of energy associated with dewatering. Incineration must comply with regulations in air pollution. In the case of EU the relevant regulation is Directive 2000/76/EEC on waste incineration. New technologies have allowed the maintenance of gaseous emissions within regulatory levels, but have also contributed to an increase in the costs of incineration. Co-incineration with municipal solid waste is becoming increasingly popular compared to mono-incineration. However, the ash originated from the co-combustion of coal and biosolids is potentially more toxic than the ash from coal, due to the large amounts of heavy metals [31]. Biosolids incineration is perceived poorly by the community, and, as a consequence, other methods of management are preferred.




2.2. Landfilling


Landfilling has been a common disposal practice for biosolids, due to reduced costs, but it is becoming increasingly restricted in different countries. Following Directive 75/442/EEC and Directive 91/156/EEC the least desirable option for biosolids disposal is landfilling. The Landfill Directive 99/31/EEC [1] aimed to reduce the quantity of biodegradable municipal waste to 35% of that landfilled in 1995 by 2016. In addition, the cost of the land needed for landfill is increasing in Europe and elsewhere as a consequence of competing land uses. The high amount of organic matter present in the biosolids contributes to methane emissions from landfills and to leachate. Thus, landfilling is facing also an increased public opposition over these environmental concerns.




2.3. Pyrolysis


Pyrolysis can be a potential promising method for biosolids management as, compared to other alternatives uses, pyrolysis has a lower carbon footprint [32]. Pyrolysis offers the advantage of delivering less flue gas to be managed as compared to incineration. Simultaneously, it diminishes the amount of acidic gases and dioxins formed.



Pyrolysis can broadly be categorized as slow pyrolysis and fast pyrolysis. Slow pyrolysis, operates at long residence times and slow heating rates, maximizing the solid fraction (biochar or activated carbon) at the expense of the energy product (bio-oil or py-gas). Fast pyrolysis undertakes the thermo-chemical conversion at a rapid heating rate (around 100 °C/min), which maximizes the liquid and gaseous fractions. Pyrolysis can produce a higher yield of py-gas and higher hydrogen content from the conversion of wet biosolids than from dry ones [33].



Increasing the temperature of pyrolysis maximizes the yield of the gaseous fraction and decreases the solid fraction, while the liquid fraction remains constant [34]. Heating rate is an important parameter, but only for temperatures below 650 °C [34]. Thus, with increasing heating rate the composition of the pyrolysis oils is shifted towards lighter compounds, as a consequence of cracking conditions being favored [34].



Traditionally, several avenues have been explored for the pyrolysis of biosolids. This includes the valorization of products through liquid production [35]. The liquid obtained is heterogeneous, with fractions having dissimilar calorific value [35], which complicates energy recovery. In addition, the bio-oil can be corrosive [36]. Higher energy recovery is possible when combining aerobic digestion with pyrolysis [37] or with gasification [38].



Biosolids pyrolysis has also been researched with the aim to acquire a solid to use as adsorbent [39,40,41], which could be used for example to improve the performance of an activated sludge reactor [41] or as a catalyst [42]. The specific surface area of chars produced from biosolids, after activated, can attain values around 360 m2 g−1, which is lower than for commercial activated carbons (500–1200 m2 g−1). However, the adsorbents obtained from biosolids pyrolysis may be more effective than activated carbon in order to eliminate contaminants such as H2S and NOx generated in thermochemical processes [43,44,45]. These chars have also found application to sorb metals, phenols and dyes [35].



Another traditional avenue for research was the possibility to use pyrolysis prior to landfill. Thus, pyrolysis reduces the potential release of pollutants from the resulting char in landfill, compared to the biosolids or an incinerated residue [46]. Thus, pyrolysis is a promising method of treating biosolids before landfilling, in order to reduce the leaching of pollutants and safe significant amount of space in landfills.



The approaches for valorization above have been reviewed multiple times. Valorization of biosolids and other types of waste, comprising approaches such as platform chemicals [11] or catalysts [11,42] have been reviewed. Much work has been devoted to review energy aspects of the pyrolysis of biosolids, with an emphasis on the gaseous and liquid fractions. This work has been carried out at a local [14] or international level [35,37]. However, to our knowledge, there is no review emphasizing the solid fraction of biosolids biochar and discussing its value as a soil amendment.



In recent years, however, there have been an increasing number of studies concerning the use of biochar as soil amendment due to its numerous advantages, including the improvement of the soil productivity [47], remediation of contaminated soils [48] and climate change mitigation [49].



In sum, as with incineration, pyrolysis reduces the volume of biosolids, eliminates pathogens. The resulting product from pyrolysis, biosolids derived biochar possesses high amounts of carbon and nutrients, and a significant cation exchange capacity. Biochar has a highly porous structure and significant amounts of extractable humic and fulvic acids [50]. Most of the carbon in the biochar can be highly recalcitrant, with carbon turnover on a timescale of millennia [51]. This product has demonstrated significant benefits to remove contaminants from wastewater [45] or to improve soil properties [47]. Biochar use into soil was initially spurred by its interest as a mean to sequester carbon [49] and reduce greenhouse gas emissions from soils or from waste management practices. However, an upsurging interest is the use of biochars as a way to immobilize organic or inorganic pollutants [52,53,54,55,56]. Biochar´s properties upon addition to soil will depend on the material used to produce it (feedstock), the type of pyrolysis reactor and the temperatures achieved during pyrolysis. All these are going to be discussed in detail in the following sections.





3. Biochar from Biosolids


3.1. Biochar Properties according to Preparation Method


Very little information is available concerning the influence of the type of pyrolysis unit on the final characteristics of biosolids biochar. The characteristics of biochar produced in traditional retort kilns and in muffle furnaces differ [57]. Thus, the biosolids biochar produced in the muffle furnace contained 70% more ash, 78% more fixed carbon, and 63% less volatile matter than the biochar produced in a traditional retort kiln. The traditional retort kiln biochar inhibited seed germination in Petri dishes and corn yield in a plot experiment, while opposite effects were observed when the muffle furnace biochar was utilized. Differences were attributed partly to the dissimilar amount of available N present in both biochars and to the presence of pollutants in the volatile matter of the traditional retort kiln biochar.




3.2. Biochar Properties Using Pyrolysis under N2 or CO2 Atmospheres


The dye adsorption capacity of biosolids biochar prepared from pyrolysis has been studied [40], under both N2 and CO2 atmospheric, in a temperature range of 350–750 °C. The results showed that, at higher temperatures, for chars prepared under both atmospheres, the porosity of the chars increased as a consequence of the removal of volatile matters during pyrolysis [58]. Similarly, BET surface area increased with temperature. The FT-IR spectra of the biochars prepared under both N2 and CO2 atmospheres indicated a decrease in –OH, –NH and –C=O functional groups at higher temperatures, which lead to an increase in the alkalinity of the char.



The basicity of both chars, on the other hand, increased with increasing pyrolysis temperature. This temperature effect is more pronounced at temperatures above 550 °C. At the same temperature, the surface basicity of the char prepared under the CO2 atmosphere was significantly higher than the one prepared under N2 atmosphere. The dye adsorption capacities of biosolids derived chars obtained from CO2 pyrolysis are higher than those obtained from N2 pyrolysis; moreover, biosolids derived char prepared from the pyrolysis/gasification (CO2-pyrolysis) possess higher surface area than that of prepared by pyrolysis under N2 atmosphere [40].




3.3. Biochar Physico-Chemical Properties according to Pyrolysis Temperature


Some of the seminal studies concerning the pyrolysis of biosolids with the intention to prepare a biochar for agronomic use are the ones by Hossain et al. [59,60]. According to Hossain et al. [60], pyrolysis temperature had a profound impact on the chemical properties of the biochar (Table 3). The results also showed that by increasing the pyrolysis temperature (within the range from 300 to 700 °C) the yield of biochar decreased. Similarly, later studies [21] also concluded that pyrolysis of biosolids at 300 °C maximized biochar yield. Molar rations H/C, O/C and N/C are reduced when biochar is produced at higher temperatures, indicating an aromatization of its structure [61].


Table 3. Main findings with respect to the physico-chemical characteristics of biochars derived from biosolids.





	Study
	Temperatures
	Main Findings





	Hossain et al. [60]
	350, 400, 500, 700 °C
	Higher pyrolysis temperature leads to less char but to less plant-available heavy metals (as measured by DTPA). Strong contrast in pH depending on temperature.



	Agrafioti et al. [21]
	300, 400, 500 °C
	Impregnation of sludge catalyzes pyrolysis. Higher yield at lower temperature.



	Chen et al. [61]
	500, 600, 700, 800, 900 °C
	Biochars outperform commercial activated carbon for heavy metal sorption. This is related to aromatization and development of pore structure at higher temperatures.



	Roberts et al. [62]
	300, 450, 600, 750 °C
	Most P in biosoilds available for plants after transformation to biochar.



	Méndez et al. [63]
	400, 600 °C
	Total amount of heavy metals increased with temperature, but metals were less extractable.



	Antunes et al. [64]
	300, 400, 500, 600, 700, 800 °C
	pH similar to original biosolids. Surface area quadrupled at higher temperatures.









In the study by Hossain et al. [60], biochar produced at a low temperature (300–400 °C) was acidic while the solid product shifted to an alkaline pH at high temperature (700 °C). This work demonstrated that by manipulating the temperature of pyrolysis it is possible to create biochars targeted for application in acidic or in alkaline soils. Other properties also showed stark variation with temperature. Thus, electrical conductivity increased slowly with temperature of up to 500 °C but halved at higher temperatures. This result is of utmost importance, as the salts borne by biosolids can be harmful for seed germination and plant productivity, when they accumulate in the rooting zone, particularly in arid areas, where leaching of salts is limited. Reclaimed lands, where biosolids can be applied at relatively high rates, would also be areas of concern.



N concentration in the biochar, particularly inorganic nitrogen, was relatively low and tended to decrease with temperature [60]. The total concentration of the main micronutrients (Ca, Fe, Mg, S, Cu and Zn) increased with temperature. The total P content in the biosolids biochar increased by 43% when pyrolysed at a temperature of 700 °C. A similar trend was reported for potassium. This suggested that phosphorus and potassium were associated with the inorganic fraction of the biosolids. Similarly, Roberts et al. [62] pyrolyzed biosolids with and without alum and found that, after pyrolysis, over 90% of the initial P content in the biosolids was present as plant-available phosphorus in the biochars. The effect on plant available phosphorus was more marked for biosolids containing alum.



Méndez et al. [63] studied the agronomic and physicochemical properties of biosolids biochar produced at 400 and 600 °C and determined that the volatile matter content of biochar decreased at higher pyrolysis temperatures, while the fixed carbon content was comparable. BET surface area, pH, porosity and total concentration of Cu, Ni, Zn, Cd and Pb in biosolids biochar increased with temperature, whereas and electrical conductivity and cation exchange capacity of biochar were lower than in the original biosolids and were further reduced at higher temperatures. This variation on biochar properties had an impact after soil amendment. Notably, soil available water and field capacity increased in soils amended with the biochar produced at 600 °C, while values for the control and the soil amended with the biochar produced at the lower temperature remained identical.



Like in previous works, a large impact on biosolids surface area was obtained by Antunes et al. [64]. However, in contrast with other researchers [62], their biochars had a similar pH to the original biosolids, differences which could be attributed to the type of pyrolysis. Thus, most of the work outlined in this review concerns biochars prepared from slow pyrolysis, while Antunes et al. [63] utilized a microwave pyrolysis technique.




3.4. Effect of Biochar from Sewage Sludge on Plant Yield and Soil Nutrients


Table 4 showcases the main studies concerning changes in soil fertility in soils amended with biosolids biochar. The use of biochar in soils can contribute to an increase in soil pH and cation exchange capacity [48], which would have generally benefits on plant yield and germination [65]. On the other hand, under certain conditions, some biochars can bind nutrients present in soil, limiting their accessibility for plants [65]. Bridle and Pritchard [66] ascertained that biochar produced from biosolids had low amounts of plant available N in spite of a low C:N ratio value of 7 and an elevated amount of total N (6.4%). This study reported that 45% of the initial nitrogen was not present in the final char, whereas losses of P during pyrolysis were negligible. In spite of this lower amounts of N present in comparison to the original biosolids, which has been corroborated by other studies [67], biosolids biochar contributes to retain soil nitrogen in the long-term, acting as a slow release fertilizer. Ammonium and nitrate leaching is thus reduced following biochar amendment [67].


Table 4. Main effects of biochar on soil nutrients and plant yields.





	Study
	Soil Type (Classification System)
	Temperature of Pyrolysis and Plant Species
	Main Findings





	Yuan et al. [67]
	Ultiso, Typic Plinthudult (USDA)
	300, 400, 500, 600, 700 °C
	Biochars prepared at high temperatures reduced the leaching of nutrients.



	Hossain et al. [59]
	Chromosol (Australian)
	550 °C. Cherry tomato
	Plant weight, number of fruits and fruit yield increased, particularly when additional fertiliser was provided.



	Paz-Ferreiro et al. [68]
	Acrisol and Ferralsol (FAO)
	600 °C. Proso millet
	Increased plant productivity and number of fruits. Increased soil microbial activity, in particular in the presence of earthworms.



	Wang et al. [69]
	Entisol, Typic Udipsamment (USDA)
	250, 350, 450, 550 °C. Italian ryegrass
	Biosolids biochar have similar P contents and availability to commercial fertilizers.



	Wang et al. [70]
	No soil addition performed
	250, 350, 450, 550 °C
	The role of different N pools from biochars on long-term and short-term N availability is ascertained.



	Gascó et al. [71]
	Haplic Cambisol (FAO)
	600 °C. Lentil, lettuce, cress, cucumber and tomato
	Phytostimulant for lentil and lettuce, but not for cress, cucumber and tomato.









Hossain et al. [59] used a biochar prepared in a fixed bed reactor at 550 °C. They found that the treatment with biochar resulted in a 64% increase of cherry tomato yield when compared to the control. Cherry tomato yield with the biochar treatment was lower than when an optimal amount of NPK fertiliser was applied to the soil. The highest yield (20% higher than in the fertilizer only treatment) was achieved by a treatment combining biochar and fertilizer application. This increase in plant productivity would have been mediated by increases in phosphorus and nitrogen in the treated soils. The authors concluded that biochar could partially offset, but not fully substitute, the use of inorganic fertilizers in cherry tomato. Paz-Ferreiro et al. [68] found a biochar produced from biosolids to be effective in increasing the number of fruit per plant and the plant biomass in both a Ferralsol and an Acrisol planted with millet. The results were even more noticeable when the earthworm Pontoscolex corethrurus was present in the pots.



Wang et al. [69] prepared a biochar from a mixture of biosolids and eucalyptus. The wood material was intended to improve the calorific value of biosolids. Their study demonstrated that the P present in the feedstock was fully present in the biochars (prepared at temperatures from 250 to 550 °C). The biochars prepared increased grass yield in a pot experiment to the same extent than traditional P fertilizers. Overall, the biochars acted as a slow-release fertilizer. A later study of the same authors [70] studied the different forms of N in the same biochars. This second study concluded that, out of several N pools present in the biochars, total hydrolysable N, determined by acid hydrolysis with 6 M HCl correlated to the labile N in the biochar, while dichromate oxidisable N, which includes heterocyclic N, would be a N source in the long-term. Other authors have confirmed that some N is lost by volatilization during pyrolysis, while the simpler organic nitrogen compounds in biosolids are transformed into heterocyclic aromatic forms of nitrogen [72].



The interaction between soil and biochar can be altered over long periods of time. Biochar will be oxidised, and acidic functional groups from biosolids will be released to the soil solution, leading to a drop in the pH value, which can increase the phytotoxicity and the heavy metal availability [73].



Seed germination tests have been previously used to predict the phytotoxicity or phytostimulative effect of biochars. For example, Gasco et al. [71] found a biosolids biochar to be phytostimulant for lentil and lettuce, while no effect was found for cress, cucumber and tomato. Overall, much research needs to be conducted into the effects of biochar on plant signalling pathways and gene expression in order to be able to predict plant response after biosolids biochar addition.




3.5. Effects on Soil Biological Properties


Biological properties have often been used as indicators of soil quality, due to their sensitivity to external changes. Biosolids biochar addition often results in the increase of soil enzymatic activities [68,74]. The results of biochar addition on soil microbial community are soil-specific. For example, Paz-Ferreiro et al. [75] used PLFA to measure bacterial, fungal and actinomicetes populations in soils with and without biochar addition. They found those populations to increase in an Acrisol after biochar addition, but to diminish in a Ferralsol. Importantly, a change towards more fungal-dominated microbial communities was observed in this work concomitant with an increase in carbon availability. Increased fungal to bacterial ratios have been associated with more sustainable agricultural systems, partly as a consequence of a more efficient crop nutrient uptake mediated by mycorrhizal fungi.




3.6. Effects on Organic Pollutants


Pyrolysis also has the advantage to remove organic pollutants from the biochar. Some of the common pollutants constituents of biosolids (namely the antibacterial agents triclocarban and triclosan and the surfactant nonylphenol) could be almost completely removed (below detection limit) from the biochar after being pyrolyzed for 2.5 min at 500 °C [76]. Hoffman et al. [77] pyrolyzed biosolids at temperatures ranging from 100 to 500 °C and found that pyrolysis at 400 °C for one hour diminished the estrogenicity, measured in estradiol equivalents, of the samples by 95%.



Zielinska and Oleszczuk [78] found that conversion to biochar reduced total PAH content from 8- to 25-fold, with respect to the original biosolids. The total content of PAH in the biochars depended on the origin of the biosolids. In general, PAH increased with the temperature of pyrolysis, within the range of temperatures tested (500 to 700 °C). Importantly, pyrolysis resulted in a stark decrease of 5- and 6-ring compounds in the PAH mixture. Naphthalene was higher in the biochars than in the biosolids, but the toxicity of this compound is lower than for other PAHs. Pyrolysis of biosolids also reduces available PAHs [79,80]. These authors added biosolids and biosolids biochar at a concentration of 2, 5 and 10% to a soil planted with lettuce [79] or tomatoes [80]. The concentrations of PAHs in tomatoes were lower when biochar, and not biosolids, were added to the soil. For lettuce, bioaccumulation was reduced by 56% to 67% with respect to the control soil. Similar results were found for cucumber where reductions of PAH in the plant were in the range of 44 to 57% for biosolids biochar amended soils [81].




3.7. Effect on Greenhouse Gas Emissions from Soils


There is very little information concerning greenhouse gas emissions in soils amended with biosolids biochar. Méndez et al. [63] found, in a laboratory incubation, that biochar reduced the CO2 emissions by 11 (for biochar prepared at 400 °C) to 32% (for biochar prepared at 600 °C). After 10 years, this would equal to a reduction of CO2 emissions between 301 and 932 kg CO2-C ha−1 with respect to land application of biosolids. Khan et al. [82] found that biosolids biochar reduced N2O emissions from a paddy soil by 96% or 98%, depending on the dose applied. In the same experiment, biochar addition resulted in the soil shifting from being a source to a sink of methane.




3.8. Heavy Metal Content and Mobility


The content of heavy metals in highly variable from one wastewater treatment plant to another, with large variations reported from one community to another over short distances [83], and this will affect the heavy metal content in the pyrolysis product. Seasonal variations are also likely to occur [84]. Pyrolysis temperature has an effect on enrichment of heavy metals (Zn, Pb, Ni and Cd) in the produced biochar [60,83,85], which is important consideration as the heavy metals can bioaccumulate when biochars are applied to the soil. Most of the Hg (81 to 99%) and As (30–96%) originally present in biosolids are volatilized [82]. Lesser amounts of Se are also found in the biochar, with respect to the feedstock [83]. Cd content in biochar can decrease with pyrolysis, if temperatures are high enough, as a consequence of volatilization [78]. The total content of heavy metals could restrict land application of the biochars, depending on the initial heavy metal content in the biosolids and on regional or national regulations. In political entities where land application is restricted, alternatives uses can be developed, including the generation of energy by incineration. The co-pyrolysis of biosolids biochar with other feedstock could lower the concentrations of heavy metals to levels compatible with legislation, but it has seldom be attempted. Co-pyrolysis of biosolids with rice straw or sawdust reduces the total amount of heavy metals in the biochar, without any noticeable effect on heavy metal mobility [86]. Alternatively, carbon materials, including activated carbon [87] or biochar, and acidic treatments [88] could be used to diminish the content of heavy metals pre-pyrolysis.



Some recent work suggests that, after pyrolysis, the mobility and health risk of biochar are overestimated under current regulations for the land application of biosolids. For example, Hossain et al. [59] measured sixteen trace elements in tomatoes grown with biosolids biochar and found that, in all treatments, all sixteen elements were below the maximum concentration allowed by the Australian Food standard. A reduction in heavy metals in grown with biosolids biochar with respect to plants grown with biosolids was also found for cucumber [80]. An experiment reports accumulation of heavy metals, in particular Ni, in garlic tissues of a soil amended with biosolids biochar [89]. However, this study used doses of biochar which seem not to be realistic from an agronomic point of view, with additions of biochar ranging from 15 to 50%. Overall, the results obtained in plant-growth experiments are consistent with the reduction in the available and plant-extractable fractions of several heavy metals (Ni, Zn, and Pb and to a lesser extent Cd and Cu) which are reported by other authors [85]. A leaching experiment confirmed that Cu, Ni and Zn are less likely to contaminate the groundwater in soils amended with biosolids than in those amended with the same dose of biosolids [85]. A range of extractants have been used to demonstrate that biosolids biochar, particularly when prepared at higher temperatures, decreases the leaching of heavy metal, including diethylene triaminepentaacetic acid (DTPA) [85] and toxicity characteristics leaching procedure (TCLP) [61,90]. Sequential extraction analysis of heavy metals have demonstrated a shift towards the more stable oxidizable and residual forms, in particular when pyrolysis temperature is above 500 °C [91]. An ecological risk index derived from BCR extractions indicated that there is a gradual decrease of the risks associated to heavy metals present in biosolids at higher temperatures. The values of this index reached a value of 674 for biosolids, 432 for biochars prepared at 400 °C and decreased gradually until a value of 112 for biochars prepared at 600 °C [91].



Another interest area for research is the modification of biochars in order to facilitate their retention of heavy metals. Agrafioti et al. [21] pyrolyzed biosolids without chemical reagents added and biosolids impregnated with chemical reagents (K2CO3 or H3PO4) with the aim to increase the surface area of the biochars. Biosolids impregnation with K2CO3 resulted in a 5 times higher the surface area, compared to the non-impregnated sample, at 500 °C. In contrast, H3PO4 lead to a lower values of surface area in the biochar. This could have been related to the confinement of orthophosphates in the char. Based on the TCLP tests, the non-impregnated biochar was sample was more efficient in impeding the release of heavy metals.




3.9. Biochar Combination with Composting


Biochar could be used in conjunction with other waste management techniques for mitigating environmental impacts. A biosolids biochar was used as an additive during the composting and vermicomposting of biosolids and wood chips [92]. During vermicomposting, the number of cocoons increased by 213% compared to the control after 4 weeks. After 6 weeks, the average number of juveniles increased by 11-fold. It is also known that greenhouse gas emissions during co-composting can be mitigated by the addition of biosolids biochar [93]. This higher reproduction rate would facilitate the conversion of the feedstock to compost. Awasthi et al. [93] found CH4 and N2O emissions to be over 90% lower when biosolids biochar was added in the process of composting. No significant differences were found for carbon dioxide. Biochar addition halved N losses as ammonia, which is transformed into nitrate in the presence of biochar [94]. The mechanism behind these changes in microbial-related processes is possibly related to the effect of biochar on the structure and succession of bacteria diversity during co-composting [95] during the thermophilic phase. A higher temperature in compost piles with biochar [94] could account for part of the effect observed.



Heavy metal availability, a factor hindering the use of compost prepared from biosolids can also be reduced as a consequence of co-composting with biochar. Thus, Liu et al. [94] found the levels of available Cu, Cr, As and Pb to be significantly lower when biochar was used for co-composting. Similarly, biochar mitigated the availability of Cd and Zn to earthworms during vermicomposting [93].




3.10. Use of Biochar as a Growing Media


Recent research has examined the role of biosolids biochar as a substitute for peat in growing media, with the potential to be used for horticulture or as a landfill cover. At present, peat is extracted for its use as a growing media, with a number of environmental problems associated to this activity. Horticultural use, and the concomitant abatement of greenhouse emissions associated to peat exploitation could be better perceived by the public compared to the agricultural use of biosolids biochar. Mendez et al. [96] studied peat substitution by biosolids biochar or biosolids. A 10% substitution (by volume) was used. The addition of biosolids biochar resulted in an increase in the N, P and K contents of the growing media. More importantly, lettuce biomass increased by 184–270% and the shoot length by 137–147% with respect to the control (peat alone). This was in spite of hydrophysical properties being similar in the control and the biochar treatments. Microbial biomass increased by 966% in the treatments with biochar. The authors also verified that the presence of trace element (with the exception of lead in one of the biochars prepared) in the plant tissue was lower than in the control. Kaudal et al. [97] prepared biochar from the co-pyrolysis biosolids and greenwaste, finding that the proportion of particles in the desirable range for growing media (0.25 to 2 mm) was ameliorated in biochar mixes, when compared to coir peat.



Hydrochars prepared from biosolids were also suitable to replace peat (up to 50%). Peat-hydrochar mixtures presented similar enzymatic activity than peat alone [98]. Hydrochar addition to peat increased the air space, water holding capacity and consequently, total porosity when compared to peat alone. Grass (Lolium perenne) growth was higher in the hydrochar or in the hydrochar-peat mixture than in peat alone.





4. Conclusions


Our literature review has shown that there is scope to manage biosolids in a more sustainable manner Pyrolysis of biosolids leads to several benefits, compared to the traditional landfilling, incineration or land application. This includes few gaseous emissions, the destruction of pathogens, the potential to recover energy and a solid product which can be used as a soil amendment. The nutrient content of biochars prepared from biosolids is high, in particular for phosphorus. Paradoxically, very limited work exists concerning the use of biosolids biochar as a product to improve agronomic performance. This could be due to concerns of toxicity via the food chain, which seems irrational given the demonstrated ability of biochar to immobilize pollutants, in particular heavy metals. The use of biochar for growing non-edible plants in horticulture, as a substitute for other growing media materials, could mitigate these concerns. Alternatively, biosolids could be blended pre-pyrolysis with a material containing lower amounts of heavy metals. To manage biosolids in a sustainable manner, there is a need for further understanding about the soil-biochar-plant interaction. In this aspect, to ensure a safe use of biochar prepared from biosolids, there is an imperative need to perform experiments aiming to assess the long-term stability of biosolids biochar in soil and the long-term fate of nutrients and pollutants.







Acknowledgments


Authors wish to thank Spanish Ministerio de Economía y Competitividad for economic support (CGL2014-58322-R).




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Directive, C. Council Directive 1999/31/EC of 26 April 1999 on the Landfill of Waste. Off. J. Eur. Comm. 1999, 182, 1–19. [Google Scholar]

	2. 
European Communities. Disposal and Recycling Routes for Sewage Sludge Part 3—Scientific and Technical Report; Office for Official Publications of the European Communities: Luxembourg, 2001; p. 70. ISBN 92-894-1800-1. [Google Scholar]

	3. 
Kelessidis, A.; Stasinakis, A.S. Comparative study of the methods used for the treatment and final disposal of sewage sludge in European countries. Waste Manag. 2012, 32, 1186–1195. [Google Scholar] [CrossRef] [PubMed]

	4. 
Khomjakov, D.M. Modern Possibilities of Recycling and the Use of Sewage Sludge to Restore the Fertility of Agricultural Lands; Lomonosov Moscow State University: Moscow, Russia, 2009; p. 7. [Google Scholar]

	5. 
Fytili, D.; Zabaniotou, A. Utilization of sewage sludge in EU application of old and new methods—A review. Renew. Sust. Energy Rev. 2008, 12, 116–140. [Google Scholar] [CrossRef]

	6. 
Directive, C. Council Directive of 12 June 1986 on the protection of the environment, and in particular of the soil, when sewage sludge is used in agriculture (86/278/EEC). Off. J. Eur. Comm. 1986, 181, 6–12. [Google Scholar]

	7. 
USEPA. Biosolids Generation, Use and Disposal in the United States; USEPA Office of Solid Waste: Washington, DC, USA, 1999.

	8. 
McGrath, S.P.; Chang, A.C.; Page, A.L.; Witter, E. Land application of sewage sludge: Scientific perspectives of heavy metal loading limits in Europe and the United States. Environ. Rev. 1994, 2, 108–118. [Google Scholar] [CrossRef]

	9. 
Organic Contaminants in Sewage Sludge for Agricultural Use. Available online: http://ec.europa.eu/environment/archives/waste/sludge/pdf/organics_in_sludge.pdf (accessed on 3 May 2018).

	10. 
Hernández-Apaolaza, L.; Guerrero, F. Comparison between pine bark and coconut husk sorption capacity of metals and nitrate when mixed with sewage sludge. Bioresour. Technol. 2008, 99, 1544–1548. [Google Scholar] [CrossRef] [PubMed]

	11. 
Tuck, C.O.; Perez, E.; Horvath, I.T.; Sheldon, R.A.; Poliakoff, M. Valorization of biomass: Deriving more value from waste. Science 2012, 337, 695–699. [Google Scholar] [CrossRef] [PubMed]

	12. 
Lopes, M. The behaviour of ashes and heavy metals during the co-combustion of sewage sludges in a fluidised bed. Waste Manag. 2003, 23, 859–870. [Google Scholar] [CrossRef]

	13. 
Kowaljow, M.J.; Mazzarino, M.J.; Satti, P.; Jimenez-Rodrigues, C. Organic and inorganic fertilizer effects on a degraded Patagonian rangeland. Plant Soil 2010, 332, 135–145. [Google Scholar] [CrossRef]

	14. 
Werle, S.; Wilk, R.K. A review of methods for the thermal utilization of sewage sludge: The Polish perspective. Renew. Energy 2010, 35, 1914–1919. [Google Scholar] [CrossRef]

	15. 
Cooper, J.; Lombardi, R.; Boardman, D.; Carliell-Marquet, C. The future distribution and production of global phosphate rock reserves. Resour. Conserv. Recycl. 2011, 57, 78–86. [Google Scholar] [CrossRef]

	16. 
Yuan, Z.; Pratt, S.; Batstone, D.J. Phosphorus recovery from wastewater through microbial processes. Curr. Opin. Biotechnol. 2012, 23, 878–883. [Google Scholar] [CrossRef] [PubMed]

	17. 
Samaras, P.; Papadimitriou, C.A.; Haritou, I.; Zouboulis, A.I. Investigation of sewage sludge stabilization potential by the addition of fly ash and lime. J. Hazard. Mater. 2008, 154, 1052–1059. [Google Scholar] [CrossRef] [PubMed]

	18. 
Ferreiro-Domínguez, N.; Rigueiro-Rodríguez, E.; Bianchetto, E.; Mosquera-Losada, M.R. Effect of lime and sewage sludge fertilisation on tree and understory interaction in a silvopastoral system. Agric. Ecosyst. Environ. 2014, 188, 72–79. [Google Scholar] [CrossRef]

	19. 
Mosquera-Losada, M.R.; Rigueiro-Rodríguez, A.; Ferreiro-Domínguez, N. Residual effects of lime and sewage sludge inputs on soil fertility and tree and pasture production in a Pinus radiata D. Don silvopastoral system established in a very acidic soil. Agric. Ecosyst. Environ. 2012, 161, 165–173. [Google Scholar] [CrossRef]

	20. 
Tian, G.; Granato, T.C.; Cox, A.E.; Pietz, R.I.; Carlson, C.R.; Abedin, Z. Soil carbon sequestration resulting from long-term application of biosolids for land reclamation. J. Environ. Qual. 2009, 38, 61–74. [Google Scholar] [CrossRef] [PubMed]

	21. 
Agrafioti, E.; Bouras, G.; Kalderis, D.; Diamadopoulos, E. Biochar production by sewage sludge pyrolysis. J. Anal. Appl. Pyrolysis 2013, 101, 72–78. [Google Scholar] [CrossRef]

	22. 
Donner, E.; Scheckel, K.; Sekine, R.; Popelka-Filcoff, R.S.; Bennett, J.W.; Brunetti, G.; Naidu, R.; McGrath, S.P.M.; Lombi, E. Non-labile silver species in biosolids remain stable throughout 50 years of weathering and ageing. Environ. Pollut. 2015, 205, 78–86. [Google Scholar] [CrossRef] [PubMed]

	23. 
Eljarrat, E.; Caixach, J.; Rivera, J. Decline in PCDD and PCDF levels in sewage sludges from Catalonia (Spain). Environ. Sci. Technol. 1999, 33, 2493–2498. [Google Scholar] [CrossRef]

	24. 
Buckley-Golder, D.; Coleman, P.; Davies, M.; King, K.; Petersen, A.; Watterson, J.; Fiedler, H.; Hanberg, A. Compilation of EU Dioxin Exposure and Health Data; UK Department of the Environment, Transport and the Regions (DETR): Abingdon, UK, 1999.

	25. 
Stevens, J.L.; Northcott, G.L.; Stern, G.A.; Tomy, G.T.; Jones, K.C. PAHs, PCBs, PCNs, Organochlorine pesticides, synthetic musks, and polychlorinated n-Alkanes in U.K. sewage sludge: Survey results and implications. Environ. Sci. Technol. 2003, 37, 462–467. [Google Scholar] [CrossRef] [PubMed]

	26. 
Suciu, N.A.; Lamastra, L. PAHs content of sewage sludge in Europe and its use as soil fertilizer. Waste Manag. 2015, 41, 119–127. [Google Scholar] [CrossRef] [PubMed]

	27. 
Clarke, R.M.; Cummings, E. Evaluation of “classic” and emerging contaminants resulting for the application of biosolids to agricultural lands: A review. Hum. Ecol. Risk Assess. 2015, 21, 493–513. [Google Scholar] [CrossRef]

	28. 
Prosser, R.S.; Sibley, P.K. Human health risk assessment of pharmaceuticals and personal care products in plant tissue due to biosolids and manure amendments, and wastewater irrigation. Environ. Int. 2015, 75, 223–233. [Google Scholar] [CrossRef] [PubMed]

	29. 
Werther, J.; Ogada, T. Sewage sludge combustion. Prog. Energy Combust. Sci. 1999, 25, 133–147. [Google Scholar] [CrossRef]

	30. 
Khiari, B.; Marias, F.; Zagrouba, F.; Vaxelaire, J. Analytical study of the pyrolysis process in a wastewater treatment pilot station. Desalination 2004, 167, 39–47. [Google Scholar] [CrossRef]

	31. 
Barbosa, R.; Lapa, N.; Boavida, D.; Lopes, H.; Gulyurtly, I.; Mendes, B. Co-combustion of coal and sewage sludge: Chemical and ecotoxicological properties of ashes. J. Hazard. Mater. 2009, 170, 902–909. [Google Scholar] [CrossRef] [PubMed]

	32. 
Miller-Robbie, L.; Ulrich, B.A.; Ramey, D.F.; Spencer, K.S.; Herzog, S.P.; Cath, T.Y.; Stokes, J.R.; Higgins, C.P. Life cycle energy and greenhouse gas assessment of the co-production of biosolids and biochar for land application. J. Clean. Prod. 2015, 91, 118–127. [Google Scholar] [CrossRef]

	33. 
Dominguez, A.; Fernandez, Y.; Fidalgo, B.; Pis, J.J.; Menendez, J.A. Bio-syngas production with low concentrations of CO2 and CH4 from microwave-induced pyrolysis of wet and dried sewage sludge. Chemosphere 2008, 70, 397–403. [Google Scholar] [CrossRef] [PubMed]

	34. 
Inguanzo, M.; Dominguez, A.; Menendez, J.A.; Blanco, C.G.; Pis, J.J. On the pyrolysis of sewage sludge: The influence of pyrolysis conditions on solid, liquid and gas fractions. J. Anal. Appl. Pyrolysis 2002, 63, 209–222. [Google Scholar] [CrossRef]

	35. 
Fonts, I.; Gea, G.; Azuara, M.; Abrego, J.; Arauzo, J. Sewage sludge pyrolysis for liquid production: A review. Renew. Sustain. Energy Rev. 2012, 16, 2781–2805. [Google Scholar] [CrossRef]

	36. 
Liu, Z.; McNamara, P.; Zitomer, D. Autocatalytic pyrolysis of wastewater biosolids for product upgrading. Environ. Sci. Technol. 2017, 51, 9808–9816. [Google Scholar] [CrossRef] [PubMed]

	37. 
Cao, Y.; Pawlowski, A. Sewage sludge-to-energy approaches based on anaerobic digestion and pyrolysis: Brief overview and energy efficiency assessment. Renew. Sustain. Energy Rev. 2012, 16, 1657–1665. [Google Scholar] [CrossRef]

	38. 
Lacroix, N.; Rousse, D.R.; Hausler, R. Anaerobic digestion and gasification coupling for wastewater sludge treatment and recovery. Waste Manag. Res. 2014, 32, 608–613. [Google Scholar] [CrossRef] [PubMed]

	39. 
Ábrego, J.; Arauzo, J.; Sánchez, J.L.; Gonzalo, A.; Cordero, T.; Rodríguez-Mirasol, J. Structural changes of sewage sludge char during fixed-bed pyrolysis. Ind. Eng. Chem. Res. 2009, 48, 3211–3221. [Google Scholar] [CrossRef]

	40. 
Jindarom, C.; Meeyoo, V.; Kitiyanan, B.; Rirksomboon, T.; Rangsunvigit, P. Surface characterization and dye adsorptive capacities of char obtained from pyrolysis/gasification of sewage sludge. Chem. Eng. J. 2007, 133, 239–246. [Google Scholar] [CrossRef]

	41. 
De Filippis, P.; di Palma, L.; Petrucci, E.; Scarsella, M.; Verdone, N. Production and characterization of adsorbent materials from sewage sludge by pyrolysis. Chem. Eng. Trans. 2013, 32, 205–210. [Google Scholar]

	42. 
Hill, J. Sustainable and/or waste sources for catalysts: Porous carbon development and gasification. Catal. Today 2017, 285, 204–210. [Google Scholar] [CrossRef]

	43. 
Pietrzak, R.; Bandosz, T.J. Reactive adsorption of N2O at dry conditions on sewage sludge-derived materials. Environ. Sci. Technol. 2007, 41, 7516–7522. [Google Scholar] [CrossRef] [PubMed]

	44. 
Yuan, W.; Bandosz, T.J. Removal of hydrogen sulfide from biogas on sludge-derived adsorbents. Fuel 2007, 86, 2736–2746. [Google Scholar] [CrossRef]

	45. 
Smith, K.M.; Fowler, G.D.; Pullket, S.; Graham, N.J. Sewage sludge-based adsorbents: A review of their production, properties and use in water treatment applications. Water Res. 2009, 43, 2569–2594. [Google Scholar] [CrossRef] [PubMed]

	46. 
Hwang, I.H.; Ouchi, Y.; Matsuto, T. Characteristics of leachate from pyrolysis residue of sewage sludge. Chemosphere 2007, 68, 1913–1919. [Google Scholar] [CrossRef] [PubMed]

	47. 
Steiner, C.; Glaser, B.; Teixeira, W.G.; Lehmann, J.; Blum, W.E.H.; Zech, W. Nitrogen retention and plant uptake on a highly weathered central Amazonian Ferralsol amended with compost and charcoal. J. Plant Nutr. Soil Sci. 2008, 171, 893–899. [Google Scholar] [CrossRef]

	48. 
Beesley, L.; Moreno-Jimenez, E.; Gomez-Eyles, J.L.; Harris, E.; Robinson, B.; Sizmur, T. A review of biochars’ potential role in the remediation, revegetation and restoration of contaminated soils. Environ. Pollut. 2011, 159, 3269–3282. [Google Scholar] [CrossRef] [PubMed]

	49. 
Lehmann, J.; Czimczik, C.; Laird, D.; Sohi, S. Stability of biochar in the soil. In Biochar for Environmental Management Science and Technology; Lehmann, J., Joseph, S., Eds.; Earthscan: London, UK, 2009; Chapter 11; pp. 183–205. [Google Scholar]

	50. 
Trompowsky, P.M.; Benites, V.M.; Madari, B.E.; Pimenta, A.S.; Hockaday, W.C.; Hatcher, P.G. Characterisation of humic like substances obtained by chemical oxidation of eucalyptus charcoal. Org. Geochem. 2005, 36, 1480–1489. [Google Scholar] [CrossRef]

	51. 
Cheng, C.H.; Lehmann, J.; Engelhard, M.H. Natural oxidation of black carbon in soils: Changes in molecular form and surface change along a climosequence. Geochim. Cosmochim. Acta 2008, 72, 1598–1610. [Google Scholar] [CrossRef]

	52. 
Cao, X.; Ma, L.; Gao, B.; Harris, W. Dairy-manure derived biochar effectively sorbs lead and atrazine. Environ. Sci. Technol. 2009, 43, 3285–3291. [Google Scholar] [CrossRef] [PubMed]

	53. 
Kookana, R.S. The role of biochar in modifying the environmental fate, bioavailability, and efficacy of pesticides in soils: A review. Aust. J. Soil Res. 2010, 48, 627–637. [Google Scholar] [CrossRef]

	54. 
Wang, H.; Lin, K.; Hou, Z.; Richardson, B.; Gan, J. Sorption of the herbicide terbuthylazine in two New Zealand forest soils amended with biosolids and biochars. J. Soils Sediments 2010, 10, 283–289. [Google Scholar] [CrossRef]

	55. 
Sun, K.; Keiluweit, M.; Kleber, M.; Pan, Z.; Xing, B. Sorption of fluorinated herbicides to plant biomass-derived biochars as a function of molecular structure. Bioresour. Technol. 2011, 102, 9897–9903. [Google Scholar] [CrossRef] [PubMed]

	56. 
Sun, K.; Ro, K.; Guo, M.; Novak, J.; Mashayekhi, H.; Xing, B. Sorption of bisphenol A, 17a-ethinyl estradiol and phenanthrene on thermally and hydrothermally produced biochars. Bioresour. Technol. 2011, 102, 5757–5763. [Google Scholar] [CrossRef] [PubMed]

	57. 
Gonzaga, M.I.S.; Mackowiak, C.L.; Comerford, N.B.; Moline, E.F.V.; Shirley, J.P.; Guimaraes, D.V. Pyrolysis methods impact biosolids-derived biochar composition, maize growth and nutrition. Soil Till. Res. 2017, 165, 59–65. [Google Scholar] [CrossRef]

	58. 
Pereira, M.F.R.; Soares, S.F.; Orfao, J.J.M.; Figueiredo, J.L. Adsorption of dyes on activated carbon: Influence of surface chemical groups. Carbon 2003, 41, 811–821. [Google Scholar] [CrossRef]

	59. 
Hossain, M.K.; Strezov, V.; Chan, K.Y.; Nelson, P.F. Agronomic properties of wastewater sludge biochar and bioavailability of metals in production of cherry tomato (Lycopersicon esculentum). Chemosphere 2010, 78, 1167–1171. [Google Scholar] [CrossRef] [PubMed]

	60. 
Hossain, M.K.; Strezov, V.; Chan, K.Y.; Ziolkowski, A.; Nelson, P.F. Influence of pyrolysis temperature on production and nutrient properties of wastewater sludge biochar. J. Environ. Manag. 2011, 92, 223–228. [Google Scholar] [CrossRef] [PubMed]

	61. 
Chen, T.; Zhang, Y.; Wang, H.; Lu, W.; Zhou, Z.; Zhang, Y.; Ren, L. Influence of pyrolysis temperature and heavy metal adsorptive performance of biochar derived from municipal sewage sludge. Bioresour. Technol. 2014, 164, 47–54. [Google Scholar] [CrossRef] [PubMed]

	62. 
Roberts, D.A.; Cole, A.J.; Whelan, A.; de Nys, R.; Paul, N.A. Slow pyrolysis enhances the recovery and reuse of phosphorus and reduces metal leaching from biosolids. Waste Manag. 2017, 64, 133–139. [Google Scholar] [CrossRef] [PubMed]

	63. 
Méndez, A.; Terradillos, M.; Gascó, G. Physicochemical and agronomic properties of biochar from sewage sludge pyrolysed at different temperatures. J. Anal. Appl. Pyrolysis 2013, 102, 124–130. [Google Scholar] [CrossRef]

	64. 
Antunes, E.; Schuman, J.; Brodie, G.; Jacob, M.V.; Schneider, P.A. Biochar produced from biosolids using a single-mode microwave: Characterization of its potential for phosphorus removal. J. Envir. Manag. 2017, 196, 119–126. [Google Scholar] [CrossRef] [PubMed]

	65. 
Glaser, B.; Lehmann, J.; Zech, W. Ameliorating physical and chemical properties of highly weathered soils in the tropics with charcoal—A review. Biol. Fert. Soils 2002, 35, 219–230. [Google Scholar] [CrossRef]

	66. 
Bridle, T.R.; Pritchard, D. Energy and nutrient recovery from sewage sludge via pyrolysis. Water Sci. Technol. 2004, 50, 169–175. [Google Scholar] [PubMed]

	67. 
Yuan, H.; Lu, T.; Wang, Y.; Chen, Y.; Lei, T. Sewage sludge biochar: Nutrient composition and its effect on the leaching of soil nutrients. Geoderma 2016, 267, 17–23. [Google Scholar] [CrossRef]

	68. 
Paz-Ferreiro, J.; Fu, S.; Méndez, A.; Gascó, G. Interactive effects of biochar and the earthworm Pontoscolex corethrurus on plant productivity and soil enzyme activities. J. Soils Sediments 2014, 14, 483–494. [Google Scholar] [CrossRef]

	69. 
Wang, T.; Camps-Arbestain, M.; Hedley, M.; Bishop, P. Predicting phosphorus bioavailability from high-ash biochars. Plant Soil 2012, 357, 173–187. [Google Scholar] [CrossRef]

	70. 
Wang, T.; Arbestain, M.C.; Bishop, P. Chemical and bioassay characterisation of nitrogen availability in biochar produced from dairy manure and biosolids. Org. Geochem. 2012, 51, 45–54. [Google Scholar] [CrossRef]

	71. 
Gascó, G.; Cely, P.; Paz-Ferreiro, J.; Plaza, C.; Méndez, A. Relation between biochar properties and effects on seed germination and plant development. Biol. Agric. Hortic. 2016, 32, 237–247. [Google Scholar] [CrossRef]

	72. 
Paneque, M.; de la Rosa, J.M.; Kern, J.; Reza, M.T.; Knicker, H. Hydrothermal carbonization and pyrolysis of sewage sludges: What happens to carbon and nitrogen? J. Anal. Appl. Pyrolysis 2017, 128, 314–323. [Google Scholar] [CrossRef]

	73. 
Oleszczuk, P.; Hale, S.E.; Lehmann, J.; Cornelissen, G. Activated carbon and biochar amendments decrease pore-water concentrations of polycyclic aromatic hydrocarbons (PAHs) in sewage sludge. Bioresour. Technol. 2012, 111, 84–91. [Google Scholar] [CrossRef] [PubMed]

	74. 
Paz-Ferreiro, J.; Gascó, G.; Gutiérrez, B.; Méndez, A. Soil biochemical activities and the geometric mean of enzyme activities after application of sewage sludge and sewage sludge biochar to soil. Biol. Fertil. Soils 2012, 48, 511–517. [Google Scholar] [CrossRef]

	75. 
Paz-Ferreiro, J.; Liang, C.; Fu, S.; Méndez, A.; Gascó, G. The effect of biochar and its interaction with the earthworm Pontoscolex corethrurus on soil microbial community structure in tropical soils. PLoS ONE 2015. [Google Scholar] [CrossRef] [PubMed]

	76. 
Ross, J.J.; Zitomer, D.H.; Miller, T.R.; Weirich, C.A.; MacNamara, P.J. Emerging investigator series: Pyrolysis removes common microconstituents triclocarban, triclosan and nonylphenol from biosolids. Environ. Sci. Water Res. Technol. 2016, 2, 282–289. [Google Scholar] [CrossRef]

	77. 
Hoffman, T.C.; Zitomer, D.H.; McNamara, P.J. Pyrolysis of wastewater biosolids significantly reduces estrogenicity. J. Hazard. Mater. 2016, 317, 579–584. [Google Scholar] [CrossRef] [PubMed]

	78. 
Zielinska, A.; Oleszczuk, P. The conversion of sewage sludge into biochar reduces polycyclic aromatic hydrocarbon content and ecotoxicity but increases trace metal content. Biomass Bioenergy 2015, 75, 235–244. [Google Scholar] [CrossRef]

	79. 
Khan, S.; Wang, N.; Reid, B.J.; Freddo, A.; Cai, C. Reduced bioaccumulation of PAHs by Lactuca satuva L. grown in contaminated soil amended with sewage sludge and sewage sludge derived biochar. Environ. Pollut. 2013, 175, 64–68. [Google Scholar] [CrossRef] [PubMed]

	80. 
Waqas, M.; Li, G.; Khan, S.; Shamshad, I.; Reid, B.J.; Qamar, Z.; Chao, C. Application of sewage sludge and sewage sludge biochar to reduce polycyclic aromatic hydrocarbons (PAH) and potentially toxic elements (PTE) accumulation in tomato. Environ. Sci. Pollut. Res. 2015, 22, 12114–12123. [Google Scholar] [CrossRef] [PubMed]

	81. 
Waqas, M.; Khan, S.; Qing, H.; Reid, B.J.; Chao, C. The effects of sewage sludge and sewage sludge biochar on PAHs and potentially toxic element bioaccumulation in Cucumis sativa L. Chemosphere 2014, 105, 53–61. [Google Scholar] [CrossRef] [PubMed]

	82. 
Khan, S.; Chao, C.; Waqas, M.; Arp, H.P.H.; Zhu, Y.G. Sewage sludge biochar influence upon rice (Oryza sativa L.) yield, metal bioaccumulation and greenhouse gas emissions from acidic paddy soil. Environ. Sci. Technol. 2013, 47, 8624–8632. [Google Scholar] [CrossRef] [PubMed]

	83. 
Van Wesenbeeck, S.V.; Prins, W.; Ronsee, F.; Antal, M.J. Sewage sludge carbonization for biochar applications. Fate of heavy metals. Energy Fuels 2014, 28, 5318–5326. [Google Scholar] [CrossRef]

	84. 
Garcia-Delgado, M.; Rodriguez-Cruz, M.S.; Lorenzo, L.F.; Arienzo, M.; Sanchez-Martin, M.J. Seasonal and time variability of heavy metal content and of its chemical forms in sewage sludges from different wastewater treatment plants. Sci. Total Environ. 2007, 382, 82–92. [Google Scholar] [CrossRef] [PubMed]

	85. 
Méndez, A.; Gómez, A.; Paz-Ferreiro, J.; Gascó, G. Effects of sewage sludge biochar on plant metal availability after application to a Mediterranean soil. Chemosphere 2012, 89, 1354–1359. [Google Scholar] [CrossRef] [PubMed]

	86. 
Huang, H.J.; Yang, T.; Lai, F.Y.; Wu, G.Q. Co-pyrolysis of sewage slude and sawdust/rice straw for the production of biochar. J. Anal. Appl. Pyrolysis 2017, 125, 61–68. [Google Scholar] [CrossRef]

	87. 
Amuda, O.S.; Giwa, A.A.; Bello, I.A. Removal of heavy metal from industrial wastewater using modified activated coconut shell carbon. Biochem. Eng. J. 2007, 36, 174–181. [Google Scholar] [CrossRef]

	88. 
Veeken, A.H.M.; Hamelers, H.V.M. Removal of heavy metals from sewage sludge by extraction with organic acids. Water Sci. Technol. 1999, 40, 129–136. [Google Scholar]

	89. 
Song, X.D.; Xue, X.Y.; Chen, D.Z.; He, P.J.; Dai, X.H. Application of biochar from sewage sludge to plant cultivation: Influence of pyrolysis temperature and biochar-to-soil ratio on yield and heavy metal accumulation. Chemosphere 2014, 109, 213–220. [Google Scholar] [CrossRef] [PubMed]

	90. 
Yuan, H.; Lu, T.; Huang, H.; Zhao, D.; Kobayashi, N.; Chen, Y. Influence of pyrolysis temperature on physical and chemical properties of biochar made from sewage sludge. J. Anal. Appl. Pyrolysis 2015, 112, 284–289. [Google Scholar] [CrossRef]

	91. 
Jin, J.; Li, Y.; Zhang, J.; Wu, S.; Cao, Y.; Laing, P.; Zhang, J.; Wong, M.H.; Wang, M.; Shan, S.; et al. Influence of pyrolysis temperature on properties and environmental safety of heavy metals in biochars derived from municipal sewage sludge. J. Hazard. Mater. 2016, 320, 417–426. [Google Scholar] [CrossRef] [PubMed]

	92. 
Malinska, K.; Golanska, M.; Caceres, R.; Rorat, A.; Weisser, P.; Slezak, E. Biochar amendment for integrated composting and vermicomposting of sewage sludge—The effect of biochar on the activity of Eisenia fetida and the obtained vermicompost. Bioresour. Technol. 2017, 225, 206–214. [Google Scholar] [CrossRef] [PubMed]

	93. 
Awasthi, M.K.; Wang, M.; Chen, H.; Wang, Q.; Zhao, J.; Ren, X.; Li, D.; Shen, F.; Li, R.; Zhang, Z. Heterogeneity of biochar amendment to improve the carbon and nitrogen sequestration through reduce the greenhouse gases emissions during sewage sludge composting. Bioresour. Technol. 2017, 224, 428–438. [Google Scholar] [CrossRef] [PubMed]

	94. 
Liu, W.; Huo, R.; Xu, J.; Liang, S.; Li, J.; Zhao, T.; Wang, S. Effects of biochar on nitrogen transformation and heavy metals in sludge composting. Bioresour. Technol. 2017, 235, 43–49. [Google Scholar] [CrossRef] [PubMed]

	95. 
Awasthi, M.K.; Zhang, Z.; Wang, Q.; Shen, F.; Li, R.; Ren, X.; Wang, M.; Chen, H.; Zhao, J. New insight with the effects of biochar amendment on bacterial diversity as indicators of biomarkers support the thermophilic phase during sewage sludge composting. Bioresour. Technol. 2017, 238, 589–601. [Google Scholar] [CrossRef] [PubMed]

	96. 
Méndez, A.; Cárdenas-Aguiar, E.; Paz-Ferreiro, J.; Plaza, C.; Gascó, G. The effect of sewage sludge biochar on peat-based growing media. Biol. Agric. Hortic. 2017, 33, 40–51. [Google Scholar] [CrossRef]

	97. 
Kaudal, B.B.; Chen, D.; Madhavan, D.B.; Downie, A.; Weatherley, A. An examination of physical and chemical properties of urban biochar for use as growing media substrate. Biomass Bioenergy 2016, 84, 49–58. [Google Scholar] [CrossRef]

	98. 
Álvarez, M.L.; Gascó, G.; Plaza, C.; Paz-Ferreiro, J.; Méndez, A. Hydrochars from biosolids and urban wastes as substitute materials for peat. Land Degrad. Dev. 2017, 28, 2268–2276. [Google Scholar] [CrossRef]

















© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijerph-15-00956


  
    		
      ijerph-15-00956
    


  




  





media/file0.png





media/file1.png





