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Abstract

:

Pyrolysis is a recognized alternative for the sustainable management of contaminated organic waste, as it yields energy-rich gas, oil, and a carbon-rich biochar product. Low-volatility compounds, however, such as heavy metals (HMs; As, Cd, Cu, Cr, Ni, Pb, and Zn) typically accumulate in biochars, limiting their application potential, especially for soil improvement. The distribution of HMs in pyrolysis products is influenced by treatment temperature and the properties of both the HMs and the feedstock. There is a significant knowledge gap in our understanding of the mass balances of HMs in full-scale industrial pyrolysis systems. Therefore, the fate of HMs during full-scale relevant pyrolysis (500–800 °C) of seven contaminated feedstocks and a clean wood feedstock were investigated for the first time. Most of the HMs accumulated in the biochar (fixation rates (FR) >70%), but As, Cd, Pb, and Zn partly partitioned into the flue gas at temperatures ≥ 600 °C, as demonstrated by FRs of <30% for some of the feedstocks. Emission factors (EFs, mg per tonne biochar produced) for particle-bound HMs (<0.45 µm) were 0.04–7.7 for As, 0.002–0.41 for Cd, 0.01–208 for Pb, and 0.09–342 for Zn. Only minor fractions of the HMs were found in the condensate (0–11.5%). To investigate the mobility of HMs accumulated in the biochars, a novel leaching test for sustained pH drop (at pH 4, 5.5 and 7) was developed. It was revealed that increasing pyrolysis temperature led to stronger incorporation of HMs in the sludge-based biochar matrix: after pyrolysis at 800 °C, at pH 4, <1% of total Cr, Cu, Ni, and Pb and < 10% of total As and Zn contents in the biochars were leached. Most interestingly, the high HM mobility observed in wood-based biochars compared to sewage-sludge-based biochars indicates the need to develop specific environmental-management thresholds for soil application of sewage-sludge biochars. Accordingly, more research is needed to better understand what governs the mobility of HMs in sewage-sludge biochars to provide a sound basis for future policy-making.
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1. Introduction


Pyrolysis, which entails heating in the absence of oxygen, has gained attention from researchers and legislators over the last two decades as a potential sustainable strategy for managing organic waste [1,2,3,4]. The main reasons are that pyrolysis of organic waste produces energy-rich pyrolysis gas, pyrolysis condensates, and biochar—a porous, carbon-rich product with a versatile set of characteristics. These characteristics include high water retention [5,6] nutrient retention [7], pH-buffering capacity [8], and a carbon capture and storage effect [9], all of which have caused biochar to be identified as suitable for use in agricultural soil improvement. More recently, biochars have been recognized as sorbents for environmental contaminants [10,11,12,13], fillers in concrete [14], soil-stabilizing agents [15] and substitutes for anthracite coal in the metallurgical industry [16]. Pyrolysis is furthermore being explored as a strategy for managing contaminated wastes [17,18,19,20,21].



A potential drawback of using pyrolysis for waste handling to produce biochar is that non-volatile species such as various metal(oid)s like As, Cu, Pb, and Zn are enriched in the biochar product [19,20,21,22,23]. The fixation of a metal(oid) in biochar depends on its initial concentration and speciation in the feedstock, its physicochemical properties, and the composition and extent of mass reduction of the feedstock matrix (biochar yield) [23]. The composition of the feedstock matrix significantly affects pyrolysis outcomes [24,25]. Biochar yield decreased exponentially with increasing pyrolysis temperatures for a number of different feedstocks, with the exception of sewage-sludge feedstocks, in which the decrease was less pronounced due to a large fraction of inorganic elements [26]. Melting and boiling points of metal(oid)s influence their degree of fixation and volatilization upon pyrolysis, but the feedstock matrix greatly affects the process through redox reactions and formation of composite species [22,27,28]. For example, Cd and Pb are thought to be volatilized through reactions with the carbon matrix of the feedstock [22], but the presence of Cl or S in the feedstock affects this process by forming more volatile chloride-species or less volatile sulphide species [27]. One of the most volatile metal(oid)s, is As, with volatilization starting at <500 °C in the presence of organic carbon [22]. However, the presence of Ca or Fe can counteract volatilization by formation of e.g., CaAsO2 [29] or FeAs [30]. Due to complex interactions between metal(oid) properties and the feedstock matrix, predicting their distribution in pyrolysis products is challenging. For pyrolysis to be adopted as a realistic treatment option for contaminated organic wastes, more knowledge about how metal(oid)s distribute in biochar, pyrolysis condensate, and flue gas from such feedstocks is needed. There is a special need to quantify potential metal(oid)s in flue-gas emissions, as such information is deficient in the current literature.



High metal(oid) concentrations in biochar can limit its applications. This is especially true in cases with high concentrations of the heavy metals (HMs), As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn. Threshold levels for HMs in biochars intended for agricultural-soil application have been suggested by the European Biochar Certificate [31] and by a technical panel for the European Union (EU) Fertilising Products Regulation [32]. These threshold levels are based on total concentrations of HMs, which are useful indicators of overall contamination, although they are not as relevant for assessing environmental risk [33,34]. Different methods have been developed to predict the soluble fractions of metals for risk-assessment purposes, such as water-extractable compounds [21,35] sequential extractions [19,36], the Toxicity Characteristic Leaching Procedure (TCLP) [37,38], and leaching tests with altered pH [39,40]. These studies generally agree that most HMs do not readily leach due to the alkaline pH of the biochars. Pyrolysis temperature seems to correlate negatively with HM mobility, as increased temperatures increase inclusion of HMs in insoluble fractions such as Fe-Mn nodules, sulphides, and silicate minerals [38,41]. However, the leaching methods typically applied are operationally defined and were not developed to test biochars specifically. Hence, they might fail to accommodate properties unique to biochars, such as complex buffering capacities [42]; this may, e.g., result in the biochar buffering added acid so that the addition produces no or little change in pH rather than releasing an acid-soluble fraction, as experienced by Kistler et al. [39]. Through application, e.g., in acidic soils or wastewater treatment, HM-rich biochars might experience a sustained change in pH. An exploration of the pH-dependent leachability of HMs could therefore add important insights to the environmental risk of waste biochar application. Such an exploration would require a new approach to the leaching test, where acidification is done in accordance with the buffer capacity of the biochar material investigated. This would require sufficient amounts of acid to break the buffer capacity and hence achieve a sustained reduction in pH for the duration of the leaching test.



This study utilized a full-scale relevant unit (2–5 kg biochar hr−1) to pyrolyze eight different organic waste feedstocks (wood and sludge-based) at temperatures ranging from 500 to 800 °C. The main aim was to document the distribution of heavy metals across pyrolysis products and study the pH-dependent mobility of heavy metals accumulated in the biochars produced. The following hypotheses were tested: (1) a high pyrolysis temperature volatilizes Cd, Cu, Pb, and Zn into the flue gas, but the effect is matrix-dependent, and (2) a high pyrolysis temperature is beneficial for producing insoluble metal species in the biochars that will not leach upon a sustained drop in pH. To the best of our knowledge, our study is the first to report a mass balance including emission factors for HMs as a function of both diverse waste feedstocks and different pyrolysis temperatures. Further novelty is added by demonstrating and applying a method for leaching HMs from biochars following a sustained drop in pH.




2. Materials and Methods


The waste fractions investigated and their respective pyrolysis treatments in the present work were the same as those described in two related studies by Sørmo et al. [43,44]. These two studies investigated the fate of per and polyfluorinated alkylsubstances (PFAS) and the fate of polychlorinated biphenyls (PCBs), dibenzodioxins and furans (PCDD/Fs), and polycyclic aromatic hydrocarbons (PAHs), respectively. It was found that >96% of target PFAS and >99% of target PCDD/Fs and PCBs were removed from the waste feedstocks in the transformation to biochar at pyrolysis temperatures ≥ 500 °C. In the present work, however, the focus was the fate of inorganic elements, but the sample collection and emissions measurements were done in parallel with the already published sampling of organic contaminants. Thus, details of the process can be found in Sørmo, Castro et al. [43], while a summary has been included in the following sections.



2.1. Chemicals and Materials


Double-distilled HNO3, HCl, and HF (trace-metal-analysis quality, Merck, Darmstadt, Germany) were used for pH adjustment and for decomposition of samples. Polypropylene tubes (PP, 50 mL, Sarstedt, Germany) were used for dilution after decomposition and for leaching tests. Whatman® cellulose filters (0.45 µm) purchased from VWR (Trondheim, Norway) were used for leachate filtration. Single-element standard solutions of each element investigated (1000 mg L−1, Inorganic Ventures, Christiansburg, VA, USA) were used to prepare calibration solutions for elemental analysis. Deionized water 18 MΩ cm−1 produced in the laboratory (Barnstead) was used for leaching tests, in addition to washing, dilution, and preparation of standard solutions.




2.2. Organic Waste Feedstocks


The feedstocks tested included seven contaminated organic wastes (Table 1): two digested sewage sludges (DSS-1 and DSS-2), limed sewage sludge (LSS), de-watered raw sewage sludge (DWSS), food-waste reject (FWR), waste timber (WT), and garden waste (GW). Wood-chip pellets (clean wood chips, CWC) were used as an uncontaminated reference material. Samples of each feedstock were collected in bulk (2 m3) before drying (to 5–10% moisture content) in a batch paddle dryer (1.5 × 5 m) built by Scanship AS (now part of VOW ASA, Lysaker, Norway). In this setup, the feedstocks were dried at 102–110 °C through heating supplied by a heat exchanger, which was channelled into a heating jacket fitted around the dryer. Dry feedstocks were then pelletized (length 40 mm, radius 8 mm) before pyrolysis.



The feedstocks were selected to represent organic waste fractions that are produced in significant quantities (>50,000 tonnes yr−1) [45] and to represent variation in feedstock composition sufficient to produce biochars with distinct properties [24,25,26].




2.3. Pyrolysis Technology and Operational Conditions


Feedstocks were pyrolyzed using Biogreen® technology made by ETIA Ecotechnologies (now part of VOW ASA, Lysaker, Norway): a medium-scale unit (2–10 kg biochar per hr) with a water-cooled condensation unit (10 °C) for removal of pyrolysis condensate and subsequent pyrolysis gas combustion (700–940 °C) in a propane-supported torch combustor. The Spirajoule©, an electrically heated screw, is the key component of the pyrolysis reactor. The electrical current that runs across and the rotational frequency of the screw regulate pyrolysis temperature and retention time, respectively. The system was flushed with N2 before start as a means of purging O2. The reactor operated under negative pressure to allow for a quick separation of the pyrolysis gas from the solid phase. A schematic of the unit is shown in Figure S1.



Feeding rate was adjusted between 5 and 10 kg hr−1 to accommodate the physical differences in the various feedstock pellets. Retention time in the pyrolysis reactor was 20 min for all feedstocks and treatments except the DWSS, which was run at 40 min due to technical challenges. Pyrolysis temperature was considered the main treatment variable and was varied between 500 and 800 °C. The lower temperature threshold, 500 °C, was selected in order to ensure efficient decomposition of organic contaminants in the waste feedstocks [44,46,47,48]. The upper threshold, 800 °C, was the maximum temperature achievable with the Biogreen® technology at the time of operation. It should be noted that the high temperature range selected could lead to elevated emissions of SO2 and HCl during pyrolysis of sewage sludges [49], so there could be a need for flue-gas cleaning, depending on the scale of the operation. Degradation of organic contaminants might also lead to emissions of degradation products, which is another reason why flue-gas cleaning could be necessary [43,44]. Target temperatures were set at 500, 600, 700, and 800 °C, but operational challenges such as clogging of pipes and burner instability resulted in some deviation from the target temperatures (e.g., for CWC, DSS-1, LSS, and DWSS in Table 1). Due to logistical challenges, including complications during operation and budgetary and time restrictions, not all feedstocks were treated at the full set of target temperatures (see Table 1 for details).



Sampling was conducted only during the period defined as having stable conditions, which lasted about two hours for each treatment. Biochar yield (YBC,) was calculated as the biochar production rate (RBC) divided by the feeding rate (RF) during stable conditions, as follows:


    Y   B C     %   =     R   B C   ( k g     h r   − 1   )     R   F   ( k g     h r   − 1   )   × 100  



(1)








2.4. Solids Sampling


Feedstock subsamples for chemical analyses were collected during pelletisation of the bulk sample by random-grab sampling (1 kg, 10–20 scoops). Biochar subsamples were taken by random-grab sampling (1 kg, 10–20 scoops) from the total amount of biochar produced under stable conditions. Samples were air-dried in the laboratory (<1% moisture) before being crushed and homogenized (D < 1 mm, sieved) with a ball mill (Retsch ISO 9001, 50 rpm, 10 min). The ball mill was cleaned between samples; it was first cleaned with soap, then rinsed with MeOH:MilliQ (50%) and dried (105 °C, 30 min).



Pyrolysis condensate was collected under stable conditions. Phase separated condensates were decanted, and the separate fractions were weighed before subsamples (500 mL) were reconstructed. Pyrolysis condensate from sewage-sludge samples, however, did not spontaneously phase-separate, so subsamples were taken after vigorous shaking of the bulk sample.




2.5. Flue-Gas Sampling


Exhaust gas for aerosol measurements was collected from inside the chimney, within the inner 2/3 of the chimney diameter at about 20 cm below the outlet. The chimney is the only exit point for gases and aerosols in the Biogreen unit. The sampling period for each pyrolysis temperature was approximately 2 h. Flue-gas samples could not be collected for all feedstocks and treatment temperatures due to technical challenges that resulted in insufficient sampling time (Table 1).



Emitted aerosols were collected for metal analysis on a cellulose filter (0.45 µm) with a low-volume air sampler (Comde-Derenda, Stahnsdorf, Germany) run at 2.4 m3 h−1. One cumulative sample (30 min) was collected for each temperature treatment. This unit draws flue gas from the chimney across a filter cartridge using a pump with a flow meter. The filter cartridge was rinsed with MeOH, then MiliQ, between samplings.



Concentrations of carbon-based gases (carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), and non-methane volatile organic carbon (NMVOC = ethane (C2H6) + propane (C3H8) + ethylene (C2H4) + hexane (C6H14) + formaldehyde (CHOH))) in the flue gas were measured (every 3 min) throughout the test using a Fourier Transform Infrared Spectrometer (FTIR, Gasmet, Vantaa, Finland). Particle concentrations (PM10) were logged (every 10–20 min) with a pdr-1500 instrument (Thermo Scientific, Waltham, MA, USA). The concentrations of carbon-based gases and aerosols were used as a basis on which to estimate the flue-gas volume as per the carbon-balance approach (see [43,49] for more details).




2.6. Chemical and Structural Characterization


The main element (Ca, Fe, K, Mg, Na, P, S and Si) and trace element (As, Ba, Cd, Co, Cr, Cu, Mo, Ni, Pb, Sr, V and Zn) contents in feedstocks and biochars were determined by digesting triplicate samples in parallel with HNO3 (conc.) and a HNO3 and HF (5:1) at 260 °C in an Ultraclave microwave digestion system (Milestone), with subsequent dilution up to 50 mL and analysis with a Triple QQQ 8800 ICP-MS (Agilent Technologies) with a reaction-collision cell (As, Ba, Cd, Co, Cr, Cu, Mo, Ni, Pb, S, Sr, and V) and a 5100 SVDV ICP-OES (Agilent Technologies) for determination of Ca, Fe, K, Mg, Na, P, Si, and Zn. The cellulose filters were digested only by HNO3 due to limited sample material. The NJV 94-5 (wood-fuel reference material), and NCS ZC 73,007 (soil-certified reference material) were used for control recovery of each element of interest after decomposition and analytical measurements and were all between 5–10%. Limits of detection (LODs) and limits of quantification (LOQs) for all elements analysed are reported in Table S1. All samples were corrected for analytical blanks. Metals in the pyrolysis condensate samples were determined with ICP-OES by the Norwegian Oil Laboratory AS (Rørvik, Norway). Samples were injected directly into the plasma without digestion or sample preparation. Phases were analysed separately for phase-separated samples. The analysis was calibrated for concentrations up to 1500 ppm with a LOQ of 1 ppm.



Feedstock and biochar samples were analysed in triplicate for total carbon using the dry combustion method with IR detection, as described by Nelson & Sommers [50], and total nitrogen by the Dumas method with thermal conductivity, as described by Bremmer & Mulvaney [51], both on a Leco CHN628 instrument. Total carbon content in the pyrolysis condensate samples was determined through combustion with subsequent infrared detection of CO2 species in accordance with method ASTM D5291.



Ash content was determined at 550 °C according to method DIN 51,719 using a Thermogravimetric Analysis setup with an O2 atmosphere and 5 K min−1 temperature gradient. pH was measured at a liquid-to-solid ratio of 5 in MilliQ water using a PHM210 (Radiometer, MeterLab®, Terni, Italy). Specific surface area (SSA) and pore volume (PV) were determined on a Quantachrome Autosorb I by both CO2 gas adsorption (pores 0.4–1.5 nm) with density functional theory (DFT) evaluation and N2 gas adsorption with Brunauer–Emmet–Teller (BET) evaluation (pores >1.5 nm), as described by Kwon & Pignatello [52].




2.7. Leaching Tests


pH-adjusted batch–leaching tests were conducted for biochars produced from a selection of the most heavy-metal-rich feedstocks (DSS-1, DSS-2 and WT) and the reference feedstock (CWC) (Table 1). The leaching tests were done according to standard CEN EN 12,457 with the following modifications: MilliQ and HCl (1 M) was mixed with biochar samples in sealed flasks (50 mL) at a liquid-to-solid ratio (L/S) of 5, then shaken on a vertical shaking table (120 rpm) over a period of 72 hrs, after which the eluates were filtered using a cellulose filter paper (Whatman Blue Ribbon, 0.45 µm). Parallel tests were set up in which solution pH was changed by addition of HCl (1 M) to the following target pHs: unaltered, 7.0, 5.5, and 4.0. Target pHs were selected based on soil-acidity thresholds [53]. Titration curves were constructed for a series of time intervals (4, 8, 24, 48, 72, 92 and 144 hrs, Figure S2) to determine both the amount of acid needed for each individual sample to reach the target pH and times needed to account for slow buffering reactions (see Supplementary Materials Section SA for more details). The predetermined amount of HCl was added stepwise over the time span of the experiment to avoid a drop below target pH. Target pH was achieved within an error of ±30% for all the tests conducted.




2.8. Data Analysis


All concentrations reported are in dry weight (w/w). A selection of metal(oid)s (As, Cd, Cu, Cr, Ni, Pb, and Zn) was included for the main presentation and discussion of results. These were selected because their environmental presence is generally regulated due to their toxicity. These will henceforth be referred to as heavy metals (HMs). Data for other elements analysed are included in the Supplementary Materials and used as supporting parameters in the discussion when relevant.



Fixation rates (FR) were determined as the ratio between the concentration in the biochar (CBC) and the concentration in the feedstock (CF), adjusted by the yield of the biochar (YBC) in accordance with Chanaka Udayanga [38], as follows:


  F R   %   =     C   B C     µ g     k g   − 1     ×   Y   B C   ( % )     C   F   ( µ g     k g   − 1   )   × 100  



(2)







The leachable concentration (Cleachable) of a metal in the biochar was defined as the amount released during the leaching test per mass of biochar [21], as follows:


    C   l e a c h a b l e     µ g     k g   − 1     =     C   w     µ g   L   − 1     ×   V   w     L       m   B C     k g      



(3)




where CW is the metal concentration in the leachate, VW is the volume of the leachate, and mBC is the mass of the biochar.



The total leachable fraction of a metal in the biochar (Fleachable) is expressed as Cleachable relative to the total concentration in the biochar (CBC) [21], as follows:


    F   l e a c h a b l e     %   =       C   l e a c h a b l e     µ g     k g   − 1         C   B C     μ g     k g   − 1         × 100  



(4)







Emission factors in mg per tonne biochar produced were calculated using the carbon-balance approach [54,55]. Application of this method allows the quantification of the amount of flue gas produced (Vflue gas), which is combined with the measured concentration of a metal in the flue gas (Cmetal), to produce emission factors (EFmetal) of the respective metal per mass of biochar produced Equation (5). For more details about this method, see Sørmo et al. [43].


    E F   m e t a l     m g     t o n n e   − 1     =   C   m e t a l     m g     N m   − 3     ×   V   f l u e g a s   (   N m   3       t o n n e   − 1   )  



(5)







For the FR and mass-balance calculations, the results used were from the digestion that gave the most complete extraction of the target element, i.e., the HNO3-HF-digestion (Ba, Cd, Co, Cr, K, Mg, Mo, Na, Ni, P, Pb, S, Si, Sr, and V). However, for elements that potentially form precipitates with HF (As, Ca, Cu, Fe, Mg, and Zn), results from the HNO3 digestion were used.





3. Results and Discussion


3.1. Heavy Metals in Waste Feedstocks


Concentrations of selected heavy metals in the different waste feedstocks are shown in Figure 1 and Table S1. The clean wood-chips feedstock had concentrations of As, Cd, Co, Cr, Cu, Ni, Pb, and Zn (0.0033 ± 0.0003, 0.058 ± 0.002, 0.054 ± 0.02, 0.08 ± 0.03, 0.88 ± 0.01, 0.18 ± 0.02, 0.13 ± 0.02 and 23 ± 2 mg kg−1 respectively) that were all below previously reported concentrations for similar wood residues from logging [56], and can thus be considered representative of background levels for virgin wood. The concentrations of the same elements were higher in all the waste feedstocks; the values ranged from 3 times to 5400 times greater, with the largest differences being in the amounts of As (300–5400 times) and Cr (300–1100 times).



The relatively high concentrations of As, Cd, Cr, Pb, and Zn (18 ± 1, 0.61 ± 0.04, 37 ± 3, 37 ± 1 and 491 ± 15 mg kg−1 respectively) in waste timber (WT) were similar to previously reported concentrations [21] and can be explained by the presence of metal objects, such as nails and staples, and inadvertently included chemically impregnated wood. The presence of impregnated wood would typically increase the concentrations of As, Cr, and Cu [23].



Elevated HM concentrations in food-waste reject, such as Cr (91 ± 7 mg kg−1), Ni (39 ± 1 mg kg−1), and Zn (434 ± 122 mg kg−1), are likely the result of metal objects being discarded with the food waste in household recycling. Such objects are removed along with plastics during pre-treatment of food waste before anaerobic digestion and thus feature in the rejected-food-waste fraction. This was further observed by visual inspection and can explain the relatively large standard deviations of HMs in the FWR samples (Figure 1).



Garden soils, especially in urban areas, can be contaminated with heavy metals from diffuse sources, typically As, Cd, Pb, and Zn, resulting in uptake and elevated levels in plants grown in these soils [57,58] and thus in garden waste. Gravel and sand might also feature in garden waste, adding a geogenic contribution of HMs. Furthermore, the abrasive behaviour of this feedstock may result in increased wear on equipment used in contacting processes (dryer, pelletizer, etc.), resulting in contamination.



The concentrations in the sewage-sludge-based feedstocks (DSS-1, DSS-2, LSS, and DWSS, Figure 2) are all in the same range as those in sludge from diffuse domestic sources, as summarized by Agrafioti et al. [37]. The presence of heavy metals in sewage sludge is the result of an accumulation of particle-bound species during wastewater treatment, which typically scavenges 50–80% of the total HM content found in wastewater [59].




3.2. Biochar Characteristics


Pyrolysis (500–800 °C) produced a diverse set of biochar products from the 8 feedstocks (Tables S2 and S3). The wood-based feedstocks (CWC and WT) resulted in biochars with the lowest yields (16.9–32.1%), highest total carbon contents (79.6–92.5%), lowest ash contents (3.2–22.0%), and highest SSAs (449–715 m2 g−1, CO2-sorption). The sewage sludge and food waste-based feedstocks (DSS-1, DSS-2, LSS, DWSS and FWR) on the other hand, gave the opposite set of characteristics, namely the highest yields (28.2–69.6%), lowest carbon contents (10.5–32.3%), highest ash contents (69.1–93.4%) and the lowest SSA (70–205 m2 g−1, CO2-sorption). Furthermore, these biochars contained the highest concentrations of P (7.4–47 g kg−1), but other macronutrients, such as N, K, Mg, and Na were within the same ranges as in the wood-based and sludge-based biochars. Typically, woody materials contain few inorganic elements and are mainly composed of carbon-based structures such as cellulose, hemicellulose, and lignin, which are known to yield carbon-rich, porous biochars with low concentrations of metals [25,26]. Contrary to this, sewage sludges contain a wide variety of both volatile organic structures and inorganic elements that result in biochars with high ash and low carbon contents [26,35]. The digested and/or limed sewage sludge biochars (DSS-1, DSS-2 and LSS) furthermore contained high concentrations of Al (36–150 g kg−1) and Fe (23–180 g kg−1), a direct result of the use of flocculants such as FeCl3 and AlSO4 in the wastewater-treatment plants [60]. These two elements (Al and Fe) largely make up the differences observed in ash content between wood- and sludge-based biochars. The GW feedstock yielded biochars with properties in the ranges between those in the wood-based and sludge-based biochars, likely because this waste fraction is a mixture of woody residues and leaves with the addition of some sand and soil.




3.3. Heavy Metals in Waste Biochars


Biochar HM concentrations varied with both feedstock and pyrolysis temperature (Figure 2, Table S1). WT biochars had the highest concentrations of As, Cd, Pb, and Zn, and these were within the same order of magnitude as previously reported [21]. The relatively high concentrations of Cr and Ni in FWR (427 ± 583 and 47 ± 9 mg kg−1 respectively) and GW (290 ± 85 and 93 ± 50 mg kg−1 respectively), which were observed only in biochar made at 600 °C, were likely the result of feedstock heterogeneity (presence of metal fragments, see Section 3.1). For the biochars made from sewage-sludge-based feedstocks (DSS-1, DSS-2, LSS and DWSS), HM concentrations were similar to previously reported numbers [35,36], with the exception of Cd, the concentration of which was lower in the present study across all tested pyrolysis temperatures.



Based on average FR, disregarding temperature and matrix differences, the volatility of the HMs followed the subsequent order (Tukey’s HSD test): Cd (FR = 10 ± 20%) > Zn (FR = 58 ± 39%) = Pb (FR = 67 ± 34%) = As (FR = 71 ± 25%) ≥ Cu (FR = 85 ± 23%) = Cr (FR = 92 ± 12%) = Ni (FR = 94 ± 10%). Detailed examination of the data for individual matrices and temperatures revealed that all biochars retained the majority of the original contents of Cr and Ni regardless of pyrolysis temperature (500–800 °C), as demonstrated by fixation rates (FR, Equation (2)) between 60 and 100% (see Table 2). A significant inverse relationship between HM concentration and pyrolysis temperature leading to FR between 0 and 35% was, however, observed for Cd in all biochars >500 °C, for Cu in FWR ≥600 °C, for Pb ≥700 °C in WT and ≥800 °C in DWSS, and for Zn at ≥700 °C in WT and ≥800 °C in GW, FWR, and DWSS. A number of studies on sewage-sludge pyrolysis reported the volatilization of both Cd and Pb (summarized by Udayanga et al., [22]), although at somewhat higher temperatures (>650 °C for Cd and >850 °C for Pb). Gong et al. [20] observed volatilization of Zn in contaminated plant residues above 500 °C, while Dong et al. [27] estimated volatilization of Zn to start at >700 °C by thermodynamic equilibrium calculations. These authors noted that the extent of volatilization would be matrix dependent. This is a likely explanation for why FR for Zn varied so much between feedstocks, for example the FR at 800 °C which was 4% for WT but 88% for DSS-2. Based on previous findings, As was expected to be one of the most volatile HMs, often with low FR even at temperatures < 500 °C [22,61]. Some degree of As volatilization was also observed in the present work, but FR were generally >60% for all treatment temperatures, with the exception of the DSS-1 feedstock (FR < 41% for all temperatures). The As retention in WT (FR: 63–100%), the feedstock with the highest As concentration (17 ± 1 mg kg−1), mirrors numbers reported by Zhurinsh et al. [61] for CCA-impregnated wood (58–90%).




3.4. Heavy Metals in Pyrolysis Condensate


Heavy-metal contents (Cr, Cu, Ni, Pb, and Zn) were relatively low in all the pyrolysis-condensate samples (Table S5)—most of the samples had concentrations below or close to the LOD (1 mg kg−1). Both Cu and Pb were detected in less than half of the samples, and the concentrations were all between 1 and 3 mg kg−1. Zn concentrations were somewhat higher (1–49 mg kg−1), with the highest levels found in the GW (6.3–44 mg kg−1) and WT (1–49 mg kg−1) samples. Heavy-metal content in pyrolysis condensates has not been widely reported, but the concentrations presented here are similar to those in the few earlier works [62,63,64]. Stals et al. [63] documented low concentrations of Cd (0.39–4.3 mg kg−1), Pb (<0.5–1.1 mg kg−1), and Zn (2.0–10.7 mg kg−1) in pyrolysis condensates when pyrolyzing heavy-metal-contaminated biomass from phytoaccumulation tests at 350–450 °C. Similarly, Trinh et al. [64] found equally low concentrations of Cd (0.1–3.0 mg kg−1) and Cr (0.2–0.5 mg kg−1), and somewhat higher concentrations of Zn (2.3–97.8 mg kg−1) in pyrolysis condensate from sewage sludges produced at 575 °C. In the present work, significant differences distinguished the condensates from sewage-sludge and wood-based feedstocks, however. Sewage-sludge pyrolysis produced condensates with more P (11–15 mg kg−1) compared to wood-based feedstocks (<1–2 mg kg−1), whereas pyrolysis of wood-based feedstocks yielded condensates with approximately 10–200 times more alkali and earth-alkaline metals (wood-based: Ca 84–159 mg kg−1, K 8–10.4 mg kg−1, Mg 60–87 mg kg−1, and Na 157–197 mg kg−1; sludge-based: Ca < 1–8 mg kg−1, K < 1 mg kg−1, Mg < 1 mg kg−1, and Na < 1 mg kg−1).




3.5. Heavy Metal Emission Factors


Emission factors (mg tonne−1) of HMs from waste-feedstock pyrolysis (Equation (5)) are presented in Table 3. EF for further elements can be found in Table S6. Emission concentrations (µg Nm−3) are summarized in Table S7. Heavy-metal emissions from the pyrolysis of the contaminated feedstocks (DSS-1, DSS-2, LSS, FWR, WT, and GW) were 1–2 orders of magnitude higher than those from pyrolysis of the reference material (CWC). Based on the mean sum of HMs for each feedstock, emission concentrations were as follows (high to low): FWR > GW > DSS-2 > WT > LSS > DSS-1. The highest emission concentrations were recorded for Cr (0.4–10.7 µg m−3), followed by Ni (0.1–5.6 µg m−3), Pb (0.02–5.6), and Zn (0.1–4.3 µg m−3). No significant correlations (p < 0.05) between EFHM and pyrolysis temperature were found for the individual feedstocks. An increase in EF with temperature was expected for volatile species, such as As, Cd, and Zn, but limitations of the sampling methodology might have confounded such results (see further discussion in Section 3.6). However, for 36 out of the 49 metal-feedstock combinations, the lowest EFs were observed at the lowest temperatures (500 and 600 °C).



Metal emissions from full-scale pyrolysis processes have not been widely quantified, so little or no literature is available for comparison. Our group has previously published emission concentrations and EFs for As, Cd, Cr, Cu, Pb, and Ni during the pyrolysis of one waste feedstock, WT, in a Pyreg-500 unit at one temperature, 600 °C [21]. In that study, emission concentrations from WT pyrolysis at 600 °C were in the same range as in the present work for As and Cd but 1–2 orders of magnitude higher for Cr, Cu, Ni, and Pb. Comparisons can, furthermore, be made to waste-incineration processes, for which emission regulations are in place. The observed measured sum of HMs emitted upon pyrolysis were 30–300 times lower than the EU threshold of 500 µg m−3 (Σ Sb + As+ Pb + Cr + Co + Cu + Mn + Ni + V, see Table S7) for combustion plants with co-incineration of waste [65], although Mn and Sb data are lacking in the present work. Emission concentrations documented here (e.g., Cd: n.d.–0.03 µg m−3, Pb: n.d.—5.6 µg m−3, Zn: 0.1–4.3 µg m−3) for all HMs investigated are also lower than previously reported values for fixed-bed biomass combustion (Cd: 0.2–10.1 µg m−3, Pb: 3.4–124.8 µg m−3, Zn: 646–7948 µg m−3) [66].




3.6. Mass Balance for Heavy Metals in the Pyrolysis Process


When considering the mass balance of HMs in the pyrolysis of the waste fractions investigated (Cr, Cu, Ni, Pb, Zn; see Table S8), it is evident from the present work and previous studies [22,27,37,39] that the majority of HMs accumulate in the biochar. Median biochar-bound fractions, FBC, across all feedstocks and pyrolysis temperatures were as follows: Cr: 88 ± 44%, Cu: 89 ± 21%, Ni: 94 ± 38%, Pb: 83 ± 51%, and Zn: 85 ± 44%. A negligible fraction ended up in the pyrolysis oil (median FPO was 0.5 ± 0.2% for Cr, 0.0 ± 0.2% for Cu, 1.2 ± 1.2% for Ni, 0.0 ± 3.1% for Pb, and 0.1 ± 3.1% for Zn), as has previously also been noted by Gao et al. [67]. The fraction of HMs in the flue gas (FFG, associated with aerosols >0.45 µm) represented an even smaller part of the total mass balance, with median FFG- values of 0.1 ± 0.1% for Cr, 0.001 ± 0.009% for Cu, 0.03 ± 0.15% for Ni, 0.01 ± 0.28% for Pb, and 0.001 ± 0.023% for Zn.



However, when calculating the difference between the sum of HMs found in the three fractions (biochar, pyrolysis condensate and flue gas) and the original amount of HMs in the feedstock material (Fdiff; HMs unaccounted for), this fraction ranged from −123.3 to 98.5%. It is hence obvious that the full mass balance is inaccurate and/or lacking. Inaccuracy likely stems from the feedstocks investigated being heterogeneous materials, with the large Fdiff thus being the result of sampling error. At the same time, such sampling errors might disguise the fact that one or more of the fractions investigated were not properly quantified. Decreasing fixation rates with temperature (Table S4) indicate that an increasing fraction of Cd, Pb, and Zn should be found in either pyrolysis condensate or flue gas for several of the feedstocks with increasing treatment temperatures. Data for the pyrolysis condensates (Table S5) show that Pb and Zn do not accumulate in the condensate (no Cd-data is available for this fraction), but the amount measured in the flue-gas particles (>0.45 µm) did not reflect the increased volatilization of metals from the biochar matrix. A noteworthy example of this is Cd in WT pyrolyzed at 800 °C, for which FBC, FPO, and FFG were 3.1, 0.1, and 0.001% respectively. It is speculated that this was due to HMs being present on ultra-fine particles (<0.45 µm), a phase that was not quantified in the present study. HMs have been found to increase with decreasing particle size in fly ash from lignite combustion [68]. Future work should therefore be directed towards quantifying HM emissions from pyrolysis associated with ultrafine particles.




3.7. Mobility of Heavy Metals in Biochars


Figure 3 presents the pH-dependent (unaltered pH, as well as pH 7, 5.5 and 4) leachable concentrations (Cleachable, Equation (3)) and leachable fractions (Fleachable, Equation (4)) of HMs from biochars produced from selected feedstocks (DSS-1, DSS-2, WT, and CW). Data are presented in full in the Supplementary Materials (Tables S9 and S10). The highest leachable concentrations were recorded at pH 4, and the lowest were recorded at the unaltered pH of the biochars (pH 8–12), as could be expected from the generally pH-dependent solubility of metals [69]. Considering Fleachable, it was evident that the HMs were most mobile in biochars made from wood-based feedstocks, CWC, and WT (Figure 3A). Despite having the lowest total HM concentrations, the CWC biochars generally had the highest Fleachable (e.g., median Fleachable of 26, 22, 32, and 54% for As, Cd, Ni, and Pb, respectively, across all pH). This is explained by wood-based biochars having lower ash contents, which means fewer mineral phases for the HMs to associate with (Table S3). This difference was particularly clear at pH 4, for which Fleachable for As, Cd, Cr, Cu, Ni, Pb, and Zn were up to 100% for the wood-based biochars, but only up to 9.2% for the sewage-sludge-based biochars.



Biochars made from WT had the highest Cleachable for all HMs except Cu across the different feedstocks. However, Cleachable increased by 2–3 orders of magnitude, with a reduction in pH from 9–12 to 4, as exemplified by Pb (0.019–0.045 mg kg−1 at pH 9–12, to 7–13 mg kg−1 at pH 4) and Zn (0.01–0.23 mg kg−1 at pH 9–12 to 24–433 mg kg−1 at pH 4). Despite total concentrations of HMs in CWC biochars being 1–3 orders of magnitude lower than those in the sewage sludge-based biochars, the Cleachable of CWC, DSS-1 and DSS-2 biochars were all within the same order of magnitude, with the exception of the biochars produced at 500 °C.



Trends of Cleachable with pyrolysis temperature varied with feedstock, pH, and the HM in question (Table S11). Cu, Pb, and Zn in WT, DSS-1 and DSS-2 were immobilized to an increasing degree (reduced Cleachable) with increasing pyrolysis temperature, which implies temperature-induced formation of low-solubility metal-matrix compounds, as has been suggested previously [38,40,41]. In the case of Zn, this effect could be linked to the formation of ZnO, ZnS, (Fe, Zn)S [38], and Al-silicates [27]. For Cu and Pb, the trends were mainly visible at low pH (4 and 5.5), as Cleachable was marginal at higher pH levels. The increased insolubility of Cu could be due to the formation of low-solubility CuCl [38]. However, the HM-immobilization effect was in some cases limited at pH < 5.5, as WT correlated negatively with temperature in biochars leached at pH 7 and 5.5 (decreased leaching with temperature) but shifted to a positive correlation at pH 4 (increased leaching with temperature). In DSS-2, on the other hand, increased immobilization as a function of pyrolysis temperature was observed at all pH values. A reduction in As leaching with pyrolysis temperature has previously been linked to the formation of insoluble FeAs and CaAsO2 [29,40]. The overall lower leaching of As observed for DSS-2 compared to WT could be due to formation of insoluble FeAs, as the DSS-2 feedstock is very Fe-rich (36 ± 2 g kg−1) as compared to WT (1.1 ± 0.1 g kg−1). Furthermore, Xu et al. [70] reported that the formation of reductive Fe-species, a prerequisite for FeAs formation, mainly happens upon the pyrolysis of feedstocks with significant amounts of labile carbon, such as sewage sludges.



The likelihood of HMs being immobilized in Fe-related mineral phases was also indicated by the correlation between Fe and HMs in the leachates (Figures S4 and S5). These correlations were strongest at pH 4, the point when the leachable concentrations were highest for both Fe and the HMs. Pearson correlation coefficients between Fe and As, Cd, Cu, Ni, and Pb at pH 4 were 0.57, 0.70, 0.76, 0.90, and 0.57, respectively (Figure S5).




3.8. Potential Applications


All the waste-feedstock biochars exceeded at least one European Biochar Certificate HM threshold value suggested for biochar for agricultural use (EBC-Agro) [31]; see Figure S3. For WT, As, Cd, Cr, Cu, and Zn-contents were too high, except for Cd in biochars produced above 500 °C and Zn in biochars produced above 700 °C. For all sewage-sludge biochars (DSS-1, DSS-2, LSS and DWSS), Cu and Zn concentrations exceeded threshold values, except for DWSS made at 800 °C. Biochars made from FWR and GW exceeded the EBC-Agro thresholds for Cr, Cu, Ni, and Zn in the biochars produced at 500 or 600 °C, in addition to Cu in FWR treated at 800 °C.



Judging by the heavy-metal premise of the EBC-Agro certification, only CWC and none of the contaminated feedstocks would be suitable for use to produce biochar for agricultural purposes. As discussed above (Section 3.7), however, HMs in the CWC biochars are more mobile compared to those in the sludge-based biochars. Despite large differences in the concentrations in the solid phase (Figure 2), the leachable concentrations of HMs from CWC biochars were in the same range as those from the sewage-sludge-based biochars (Figure 3A). This was due to the leachable fraction of HMs being much higher in CWC biochars (Figure 3B), a likely result of the HMs in these biochars not being immobilized in insoluble mineral phases to the same degree as those in the sewage-sludge-based biochars. To assess what metal mobility could signify for biochar soil application, a simplified calculation was performed, where the expected HM release from biochars added to an acidic soil was assessed. The dose considered was 10 tonnes ha−1 based on work by van de Voorde et al. [71], for a worst-case scenario where post-application porewater pH is 4. For this scenario, HM leaching would be most extensive for WT biochars, due to both high HM concentrations and relatively high mobility (Figure 4). Most interestingly, however, the CWC, with the lowest solid-phase HM concentrations, would have a leaching of HMs that is either within the same order of magnitude or higher than that of DSS-1 and DSS-2 biochars if they are produced at pyrolysis temperatures ≥ 600 °C.



This example clearly demonstrates the challenges posed by using total concentrations for threshold levels meant to assess environmental risk. In addition, the limited HM leaching from sewage sludge biochars implies that these could be suited for soil-improvement applications despite their relatively high total HM contents. It must be noted, however, that although pH is an important factor affecting HM mobility in soils, other parameters not considered here, such as complexation, sorption, and mechanical and microbiological weathering over time, can play a part. Future work should hence focus on long-term in situ studies.





4. Conclusions


Mass balances for HMs in products from the pyrolysis of organic wastes were established for an industrially relevant system. High fixation rates (>70%) were observed for most HMs studied, but As, Cd, Pb, and Zn partitioned into the flue gas at somewhat higher rates (FR < 30% for some feedstocks) at temperatures ≥ 600 °C. Low HM contents were observed in the pyrolysis condensates (<12%), with the highest concentrations documented for Zn (1–49 mg kg−1). Computed emission factors (mg per tonne of biochar produced) for HMs in the flue gas were 0.04–7.7 for As, 0.002–0.41 for Cd, 0.01–208 for Pb, and 0.09–342 for Zn. The mobility of HMs in the biochars produced were much higher in the wood-based biochars compared to the sludge-based biochars; at pH 4, up to 100% of HMs were leachable in the wood-based biochars, compared to up to 9.2% in the sewage sludge-based biochars.



To obtain biochars with both low HM content and low potential mobility from contaminated feedstocks, high pyrolysis temperatures (>600 °C) are required. High pyrolysis temperatures will subsequently potentially lead to HM emissions through the flue gas. Flue-gas cleaning is therefore recommended to reduce the potential environmental impact. Cyclones or bag filters can be used to scavenge HMs associated with particles, but as it is likely that a significant fraction of HMs is released with ultrafine particles (<0.45 µm), wet scrubbers, wet electrostatic precipitators or hybrid methods might be needed to achieve sufficient reduction in emissions [72].



Increased immobilization of HMs with increasing pyrolysis temperature is linked to the formation of insoluble mineral species, an effect that occurs to a larger extent in sewage-sludge-based biochars due to higher concentrations of inorganic compounds compared to wood-based feedstocks. This immobilization effect makes sewage-sludge biochars resistant towards HM leaching across a wide pH range, and to such a degree that their potential contribution of HMs to soils upon application might not necessarily be greater than that for biochars made from clean wood feedstocks. These results indicate the need to develop specific environmental-management thresholds for soil application of sewage-sludge biochars.



Leaching of HMs from sewage-sludge biochars and biochars made from other contaminated feedstocks should in future research be studied in situ to capture the effect of the complex chemical and mechanical weathering processes that can occur over time in different soil types. Also, future studies should attempt system analyses that weigh the benefits of biochar application against the potential release of HMs in an analysis similar to that done by Morales et al. [73]. This is probably necessary to determine the overall sustainability of value chains around biochar from HM-contaminated feedstocks for soil improvement or remediation.
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Figure 1. Concentrations of As, Cd, Cr, Cu, Ni, Pb, and Zn (mg kg−1) in waste feedstocks before pyrolysis treatment (n = 3). CWC = clean wood chips, WT = waste timber, GW = garden waste, FWR = food-waste reject, DSS-1and DSS-2 = digested sewage sludge, LSS = limed sewage sludge, and DWSS = de-watered sewage sludge. 
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Figure 2. Concentrations of As, Cd, Cr, Cu, Ni, Pb, and Zn (mg kg−1) in biochars produced from waste feedstocks at pyrolysis temperatures between 500 and 800 °C (n = 3). CWC = clean wood chips, WT = waste timber, GW = garden waste, FWR = food-waste reject, DSS-1 and DSS-2 = digested sewage sludge, LSS = limed sewage sludge, and DWSS = dewatered sewage sludge. 
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Figure 3. (A) Leachable concentrations (n = 3, mg kg−1), and (B) leachable fraction (n = 3, %) of As, Cd, Cu, Cr, Ni, Pb, and Zn in biochars from clean wood chips (CWC), waste timber (WT), and digested sewage sludge (DSS-1 and DSS-2) made at pyrolysis temperatures 500–800 °C. pH = UA denotes the unaltered pH of the biochar. 
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Figure 4. Theoretical amounts of As, Cd, Cu, Cr, Ni, Pb, and Zn leached (g ha−1) from biochars made from clean wood chips (CWC), waste timber (WT) and digested sewage sludge (DSS-1 and DSS-2) made at different pyrolysis temperatures (°C) upon application to soil (10 t ha−1) with a resulting soil porewater pH of 4. 
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Table 1. Description of waste-material feedstocks used in the present study and conditions for their pyrolysis treatment.
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Category

	
Feedstock

	
Abbrev.

	
Description

	
Treatment Temp. (°C)

	
Retention Time (min)

	
Biochar Samples

	
Pyrolysis Oil Samples

	
Emission Samples

	
Leaching Data






	
Wood-based

	
Wood chips

	
CWC

	
Pellets produced from wood chips from forestry/logging.

	
530, 600, 700 and 750

	
20

	
Yes, for all treatments

	
Yes, for 600 °C treatment

	
Yes, for all treatments

	
Yes, for all treatments




	
Waste timber

	
WT

	
Discarded wood products and objects from private households, businesses, and construction/demolition (no chemically impregnated wood)

	
500, 600, 700 and 800

	
20

	
Yes, for all treatments

	
Yes, for 600, 700 and 800 °C treatments

	
Yes, for all treatments

	
Yes, for all treatments




	
Garden waste

	
GW

	
Gardening waste from private households and businesses. Fraction includes twigs, leaves, roots, and some sand/gravel.

	
500, 600 and 800

	
20

	
Yes, for all treatments

	
Yes, for all treatments

	
Yes, for 500 and 800 °C treatments

	
No




	
Food waste

	
Reject from food waste biogas production

	
FWR

	
Fraction of food-waste rejected from biogas production. Consists of material that does not pass an initial sieving process to reject plastics and other too-large or non-digestible items.

	
600 and 800

	
20

	
Yes, for all treatments

	
Yes, for 800 °C treatment

	
Yes, for all treatments

	
No




	
Sewage sludge and food waste

	
Digested sewage sludge

	
DSS-1

	
Sewage sludge and food waste that has gone through thermal hydrolysis (155 °C, 20 min) before anaerobic digestion for biogas production

	
500, 600, 700 and 770

	
20

	
Yes, for all treatments

	
Yes, for 500, 600 and 700 °C treatments

	
Yes, for 500, 600 and 700 °C treatments

	
Yes, for all treatments




	
Sewage sludge

	
Digested sewage sludge

	
DSS-2

	
Sewage sludge that has gone through anaerobic digestion for biogas production

	
500, 600, 700 and 800

	
20

	
Yes, for all treatments

	
Yes, for all treatments

	
Yes, for all treatments

	
Yes, for all treatments




	
Limed sewage sludge

	
LSS

	
Sewage sludge that has gone through anaerobic digestion for biogas production, with added lime (39% d.w.) for stabilization/hygenization

	
600 and 760

	
20

	
Yes, for all treatments

	
Yes, for all treatments

	
Yes, for all treatments

	
No




	
Dewatered sewage sludge

	
DWSS

	
Raw sewage sludge, thermally hydrolyzed (165 °C, 40 min) and then dewatered hot (90 °C) using a centrifuge.

	
600, 700, 800 and 830

	
40

	
Yes, for all treatments

	
No

	
No

	
No











 





Table 2. Fixation rates (FR, %) for HMs in pyrolysis (500 and 800 °C) of CWC = clean wood chips, WT = waste timber, GW = garden waste, FWR = food-waste reject, DSS-1 and DSS-2 = digested sewage sludge, LSS = limed sewage sludge, and DWSS = dewatered sewage sludge.
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Category

	
Feedstock

	
Pyr. Temp. (C)

	
As

	
Cd

	
Cr

	
Cu

	
Ni

	
Pb

	
Zn






	
Wood-based

	
CWC

	
530

	
100

	
0

	
100

	
100

	
100

	
22

	
21




	
600

	
91

	
0

	
100

	
100

	
100

	
11

	
11




	
700

	
70

	
0

	
100

	
100

	
100

	
13

	
3




	
750

	
76

	
0

	
100

	
97

	
100

	
41

	
2




	
WT

	
500

	
96

	
21

	
100

	
100

	
100

	
100

	
76




	
600

	
100

	
3

	
100

	
100

	
94

	
86

	
87




	
700

	
77

	
2

	
100

	
89

	
83

	
33

	
12




	
800

	
63

	
1

	
80

	
92

	
70

	
13

	
4




	
GW

	
500

	
100

	
6

	
97

	
100

	
95

	
100

	
100




	
600

	
100

	
2

	
100

	
100

	
100

	
95

	
100




	
800

	
70

	
3

	
64

	
97

	
79

	
100

	
22




	
Food-waste

	
FWR

	
600

	
59

	
9

	
96

	
21

	
100

	
100

	
46




	
800

	
63

	
2

	
100

	
21

	
100

	
65

	
6




	
Sewage sludge & food-waste

	
DSS-1

	
500

	
33

	
65

	
95

	
97

	
97

	
87

	
95




	
600

	
28

	
25

	
98

	
95

	
99

	
81

	
92




	
700

	
33

	
4

	
100

	
100

	
100

	
100

	
100




	
770

	
41

	
3

	
100

	
100

	
100

	
100

	
100




	
Sewage sludge

	
DSS-2

	
500

	
95

	
86

	
100

	
100

	
100

	
100

	
100




	
600

	
83

	
8

	
99

	
86

	
100

	
90

	
92




	
700

	
90

	
1

	
100

	
93

	
100

	
92

	
100




	
800

	
82

	
1

	
83

	
84

	
100

	
67

	
88




	
LSS

	
600

	
86

	
10

	
100

	
48

	
97

	
86

	
54




	
750

	
98

	
1

	
62

	
62

	
97

	
79

	
61




	
DWSS

	
600

	
66

	
2

	
77

	
88

	
78

	
82

	
89




	
700

	
71

	
1

	
72

	
85

	
79

	
57

	
68




	
800

	
40

	
1

	
83

	
73

	
89

	
18

	
35




	
830

	
8

	
0

	
71

	
68

	
72

	
3

	
4











 





Table 3. Flue gas emission factors (EF, mg tonne−1 of biochar produced) for heavy metals associated with aerosols (>0.45 µm) upon the pyrolysis (500–800 °C) of digested sewage sludge (DSS-1, DSS-2), limed sewage sludge (LSS), food-waste reject (FWR), waste timber (WT), garden waste (GW), and clean wood chips (CWC).
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Category

	
Feedstock

	
Pyr. Temp. (°C)

	
Emission Factors EF (mg tonne−1)




	
As

	
Cd

	
Cr

	
Cu

	
Ni

	
Pb

	
Zn






	
Wood-based

	
CWC

	
530

	
0.21

	
n.d.

	
37

	
n.d.

	
0.01

	
0.01

	
28




	
600

	
0.08

	
n.d.

	
17

	
2.6

	
22

	
n.d.

	
15




	
700

	
0.10

	
n.d.

	
n.d.

	
0.04

	
0.40

	
0.02

	
29




	
750

	
0.09

	
n.d.

	
1.5

	
11

	
0.09

	
0.51

	
41




	
WT

	
500

	
1.8

	
0.03

	
11

	
9.6

	
3.9

	
6.1

	
8.3




	
600

	
0.44

	
0.05

	
10

	
12

	
42

	
19

	
13




	
700

	
0.79

	
0.21

	
111

	
16

	
102

	
34

	
28




	
800

	
1.1

	
2.2

	
41

	
17

	
98

	
138

	
342




	
GW

	
500

	
0.23

	
0.02

	
254

	
8.9

	
133

	
4.9

	
37




	
800

	
3.3

	
0.13

	
111

	
3.6

	
35

	
129

	
85




	
Food waste

	
FWR

	
600

	
7.7

	
0.41

	
291

	
24

	
45

	
208

	
98




	
800

	
8.9

	
0.19

	
251

	
15

	
143

	
184

	
110




	
Sewage sludge & food waste

	
DSS-1

	
500

	
0.16

	
0.0002

	
1.5

	
0.02

	
0.15

	
0.02

	
0.42




	
600

	
0.92

	
0.001

	
13

	
0.13

	
1.5

	
0.44

	
1.0




	
700

	
0.92

	
0.004

	
33

	
0.52

	
7.9

	
0.95

	
3.4




	
Sewage sludge

	
DSS-2

	
500

	
2.6

	
0.01

	
28

	
0.53

	
2.0

	
1.3

	
1.2




	
600

	
3.9

	
0.12

	
78

	
4.0

	
5.6

	
17

	
7.5




	
700

	
3.2

	
0.06

	
252

	
0.81

	
92

	
2.7

	
12




	
800

	
3.9

	
0.05

	
48

	
2.2

	
9.5

	
3.7

	
14




	
LSS

	
600

	
0.04

	
0.002

	
1.3

	
0.02

	
0.09

	
0.06

	
0.09




	
760

	
8.1

	
0.55

	
208

	
2.4

	
46

	
43

	
69
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