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Table S1. Important heavy metals in water and their permissible limit set by EPA.  
	Rank (CERCLA)*
	Heavy metals
	Permissible limit (mg L-1)

	2
	Pb
	0.015

	3
	Hg
	0.002

	7
	Cd
	0.005

	17
	Cr
	0.1

	52
	Co
	-

	57
	Ni
	-

	75
	Zn
	5.0

	97
	U
	-

	125
	Cu
	1.3

	140
	Mn
	0.05



*Permissible limit according to Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA), 2011 and Environment Protection Agency (EPA).  













Table S2. The common types and operating conditions of pyrolysis for the production of biochar and other products.
	Process
	Residence time
	Temperature (oC)
	Yields %

	
	Bio-oil
	Syngas
	Biochar

	Torrefacation
	~ 10-60 min
	~290
	0
	20
	80

	Hydrothermal carbonization (HTC)
	1-16 h
	180-300
	5-20
	2-5
	50-80

	Gasification
	10-20 s
	~750-900
	5
	85
	10

	Fast pyrolysis
	<2 s
	500-1000
	75
	13
	12

	Intermediate pyrolysis
	10-20 s
	~500
	50
	30
	20

	Slow pyrolysis
	Hour-days
	300-700
	30
	35
	35



















3. Feedstock for biochar preparation
3.1 Agriculture-based materials
High sorption potential of biochar generated for agricultural-based wastes/residues could be due to the surface properties of the feed-stock biocmass as illustrated in Figure 2. Tran et al. (2017) determined that the presence of oxygen-rich functional groups such as hydroxyl (–OH), carboxyl (–COOH) and carbonate (CO32−) group on orange peel biochar provided the anionic surface structure for attachment of Cd from aqueous solution. In another study, Lu et al. (2012) investigated that Pb sorption onto biochar produced from biosolid was majorly attributed to complexation of Pb with –OH and –COOH groups. Xu et al. (2016) examined the Hg sorption capacity of biochar produced bagasse and confirmed that Hg sorption was due to the appearance of (–O)2Hg and (–COO)2Hg complexes. Moreover, thiol (–SH) groups were also responsible for Hg sorption on the surface of biochars produced from various feedstocks as indicated by extended X-ray absorption ﬁne structure analyses. Dong et al. (2011) illustrated that oxygen containing surface functional groups can facilitate the  Cr(VI) sorption onto biochar from aqueous phase by its reduction to Cr(III). 
Xu et al. (2013) conducted an experiment and proved that biochar from dairy manure was more successful for removal of Cu, Zn Pb and Cd from contaminated water with the sorption capacity of > 486 mmol kg-1 for all metals. Han et al. (2017) analyzed that Cd sorption was linked with the sorption onto C–O and C=O groups present on the surface of biochar produced from animal manure. 


5. Mechanisms of heavy metals removal by biochar from aqueous media 
Biochars have been reported to have great potential to be used as sorbent for the separation of heavy metals from aqueous media owing to its high surface are, porosity and heterogeneous structure (Kasozi et al. 2010). High surface area and porous structures of biochars have great attraction for heavy metals in aqueous solutions because these could be physically sorbed on the surface of biochars and remained in the cavities (Kumar et al. 2011). Previous research has shown that the surface of biochars was negatively charged and could bind/sorb cationic metals via electrostatic interactions. Speciﬁc surface functional groups or ligands  such as hydroxyl (–OH), carboxyl (–COOH), alkyl,  amino (–NH2) and carbonate  (CO32−) groups on biochars can also react with different metal ions to form complexes (Liu and Zhang 2009; Dong et al. 2011; Wang et al. 2015) or precipitates at the solid-mineral phases (Cao et al. 2009; Inyang et al. 2011; Inyang et al. 2012). 
6. Modification of biochar for enhance heavy metal sorption
6.1.1 Physical activation
For instance, previous research has revealed that bagasse biochar produced at pH 10.93 successfully precipitated Pb ions by making hydrocerrusite [(Pb3(CO3)2(OH)2] on biochar surface (Inyang et al. 2010). Cao et al. (2009) demonstrated that for biochar produced at 200, 250 and 350 ºC temperatures, precipitation was the main mechanism for sorption (84-87%) of Pb from aqueous solution by making Pb phosphate and Pb carbonate minerals. This was also conﬁrmed by FTIR spectroscopy, X-ray diffraction and chemical speciation data. 
Precipitation was observed to be the dominant mechanism for Cd sorption on dairy manure biochar and the increase in temperature (200 to 350 ºC) caused an increase in Cd sorption from 31.9 to 51.4 mg g-1 largely because of the higher mineral contents particularly soluble carbonate in dairy manure biochar (Table 2) (Xu et al. 2013). The FTIR spectra and Visual MINTEQ modeling showed that most of the Cd (88%) sorption was due to the precipitation of Cd with carbonate and phosphate contents of biochar obtained at 350 ºC whereas p-bonding mechanism resulted in only 12% Cd sorption (Xu et al. 2013). Cadmium-carbonate precipitates accounted for 98% of Cd sorption, while only <3% of Cd-phosphate precipitation was observed during the overall precipitation (88%) process owing to low soluble P contents in dairy manure biochar pyrolyzed at 350 ºC. Furthermore, precipitation caused 100% Cd sorption onto biochar generated at 200 ºC, off which 78 and 22% Cd sorption were due to carbonate and phosphate precipitates, respectively (Xu et al. 2013). Cadmium sorption by water hyacinth biochar was associated with phosphate and carbonate minerals confirmed by X-ray diffraction analyses (Zhang et al. 2015a).
6.1.2.2. Alkaline solutions 
Phosphoric acid treatment of pine tree saw dust biochar significantly enhanced porosity, surface area and total pore volume of the biochar (Zhao et al. 2017). Activation by phosphoric acid and resulting P–O–P bonds into carbonaceous structure improved Pb removal by > 20%, than that of untreated biochar which could be owing to precipitation of phosphate with Pb and surface attachment (Zhao et al. 2017). The activation of biochar by using strong acids could be costly and may cause environmental problems such as disposal of acidic solutions, thus research has been directed towards the use of H2O2 as an alternative activation agent which is more cost-effective and environmentally suitable. Huff and Lee (2016) demonstrated that pine wood biochar treatment with 30% H2O2 caused a substantial increase in the abundance of oxygen-rich surface functional groups. Moreover, the increase in surface functional groups of H2O2 treated pinewood biochar offered more exchange sites for metal ions and thus the cation exchange capacity of treated biochar was found to be nearly two times more as compared to untreated pinewood biochar. Xue et al. (2012) observed that hydrochar treatment with 10% H2O2 solution significantly improved Pb sorption than that of untreated hydrochar which was associated with higher contents of carboxyl functional groups making complexes with Pb. 
Although, similar mineral composition of acid treated and untreated biohcrar was observed by Xue et al. (2012) but treatment of acid dissolves and eliminates mineral contents of biochar matrix. The mineral contents such as Ca, K, Na, P and Mg are specifically vital for the precipitation of cationic metals from aqueous solutions by some biochars therefore in some cases acid activation may decrease sorption of metal ions by precipitation process (Xu et al. 2013).
6.2.2 Organic compounds
Chitosan has also been employed to enhance the impregnation of biochars with the metal oxides which results in magnetic biochars production (Zhang et al. 2015b). Mixing of chitosan biochars with ϒ-Fe2O3-biochar composites led to the abundance of functional groups, specially amino groups, which displayed increased sorption capacity of Cr(VI) from contaminated water (Zhang et al. 2015b).
Zhou et al. (2014) produced the biochar-based composites by mixing different quantities of bamboo biochar, zero valent iron (ZVI) and chitosan which demonstrated much greater sorption potential for Cr(VI) and Pb as compared to original bamboo biochar. Modification of biochar with chitosan only (no ZVI), significantly increased the removal capacity of Cr(VI) and Pb from aqueous solutions. Although, this increased sorption of metal ions was particular attributed to the strong interactions of amino groups with aqueous metal ions but the addition of ZVI to chitosan-modified biochar further enhanced the Pb and Cr(VI) removal from contaminated water. 
6.2.3 Coating with carbon-rich materials
Biochar coated with carbon nanotubes (CNT) was prepared and analyzed for sorption of heavy metals from water (Inyang et al. 2014; Inyang et al. 2015). The CNT were well coated on the biochar leading to higher pore volume, increased surface area and abundant negative surface charges (Inyang et al. 2014). Lead sorption was increased significantly when hickory chips biochar was coated with CNT, while CNT incorporation had non-significant effect on sugarcane biochar for Pb sorption (Inyang et al. 2015). CNT mixing with a surfactant (sodium dodecyl benzene sulfonate) before biomass coating increased the Pb sorption capacity of both types of biochar coated with CNT (Inyang et al. 2015). 
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