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33 1. Central Composite Design 

34 Table S1: Design matrix used in sorption experiments

Runs Ca P DOC Fe
1 low low low low
2 high low low low
3 low high low low
4 high high low low
5 low low high low
6 high low high low
7 low high high low
8 high high high low
9 low low low high

10 high low low high
11 low high low high
12 high high low high
13 low low high high
14 high low high high
15 low high high high

cu
be

 p
oi

nt
s

16 high high high high
17 medium medium medium medium
18 medium medium medium medium
19 medium medium medium medium
20 medium medium medium medium
21 medium medium medium medium
22 medium medium medium mediumce
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23 medium medium medium medium
24 very low medium medium medium
25 very high medium medium medium
26 medium very low medium medium
27 medium very high medium medium
28 medium medium very low medium
29 medium medium very high medium
30 medium medium medium very low
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31 medium medium medium very high
35

36 Very low, low, medium, high, very high correspond to the –α, −1, 0, +1, +α values 

37 provided in Table 1 of the main text. 

38
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39 2. Selection of BCs

40 Sorbent screening tests were conducted in preliminary experiments to choose an 

41 optimal sorbent for each of the metal(loid)s. Sorption experiments were done at a 

42 solid:liquid ratio of 1:1000 in ultrapure water using the 12 BC listed in Table S2. After 

43 adding 10 mg of BC and 10 mL ultrapure water in a 15 mL polystyrene tube, the 

44 suspension was allowed to equilibrate for two hours, after which the metal(loid)s were 

45 spiked at a concentration of 1 mg L−1. 

46 Table S2: List of materials screened for suitability of metal(loid) sorption

BC FEEDSTOCK PYROLYSIS 
TEMP. 

MANUFACTURER

SWP550 Soft wood pellets 550ºC UK Biochar Research Centre, UK

SWP700 Soft wood pellets 700ºC UK Biochar Research Centre, UK

WSP550 Wheat straw pellets 550ºC UK Biochar Research Centre, UK

WSP700 Wheat straw pellets 700ºC UK Biochar Research Centre, UK

RH550 Rice husk 550ºC UK Biochar Research Centre, UK

RH700 Rice husk 700ºC UK Biochar Research Centre, UK

MSP550 Miscanthus straw 
pellets

550ºC UK Biochar Research Centre, UK

MSP700 Miscanthus straw 
pellets

700ºC UK Biochar Research Centre, UK

OSR550 Oil seed rape 550ºC UK Biochar Research Centre, UK

ORS700 Oil seed rape 700ºC UK Biochar Research Centre, UK

SAWC Steam activated wood 
char

900ºC Ithaka Institute, Switzerland

BCD Wood biomass-
dolomite blend

850ºC University of Bologna, Italy
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50 Figure S1. Sorption coefficients of Pb, As(V), and Sb(III) with different BCs during 

51 screening tests in ultrapure water. SAWC and MSP550 removed Pb most efficiently 

52 out of all sorbents. Only BCD was able to remove As(V). BCD and SAWC were able 

53 to remove Sb(III). In order to investigate a different sorbent for each of the metal(loid)s, 

Sb(III)

Pb

As(V)
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54 we selected MSP550 for Pb, BCD for As(V), and SAWC for Sb(III). In this way we 

55 could include an un-activated biochar, a biochar-dolomite composite, and a steam-

56 activated biochar in the study.

57 3. Calculation of sorption coefficients and removal 
58 The amount of metal(loid)s immobilized by BCs, the equilibrium sorption coefficients 

59 and the % removal of metal(loid)s were calculated using the following equations:

Equilibrium sorption 
coefficients

Surface area normalized 
equilibrium sorption 

coefficient

Removal (%)

𝑞𝑒 =  
𝑉(𝐶0 – 𝐶𝑒)

𝑊
𝑞𝑒,𝑆𝑆𝐴 =  

𝑉(𝐶0 – 𝐶𝑒)

𝑊 × 𝑆𝑆𝐴
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =

(𝐶0 – 𝐶𝑒)

𝐶0
 × 100

𝐾𝑑 =
𝑞𝑒

𝐶𝑒
𝐾𝑆𝑆𝐴 =

𝑞𝑒,𝑆𝑆𝐴

𝐶𝑒

60

61 where (mg kg−1) is the mass of metal(loid) sorbed per unit mass of the BC at 𝑞𝑒 

62 equilibrium;  (mg m−2) is the mass of metal(loid) sorbed per unit specific surface  𝑞𝑒,𝑆𝑆𝐴

63 area of the BC at equilibrium;  and  (mg L−1) are the initial and equilibrium 𝐶0 𝐶𝑒

64 metal(loid) concentrations in the aqueous phase respectively; (kg) is the mass of 𝑊

65 BC; (L) is the volume of the aqueous phase;  (m2 kg−1) is the specific surface 𝑉 𝑆𝑆𝐴

66 area of the BC per unit mass;  (L kg−1) is the sorbent mass normalized equilibrium 𝐾𝑑

67 sorption coefficient;  is the specific surface area normalized equilibrium sorption 𝐾𝑆𝑆𝐴

68 coefficient.

69 4. Sb speciation using HPLC-ICP-MS 
70 The methodology for determining Sb(III)/Sb(V) speciation using HPLC-ICP-MS was 

71 adopted from Zheng et al, 2001 (Zheng et al., 2001). Immediately at the end of 

72 experiments, samples were stabilized by adding citric acid at a concentration of 26 

73 mM to preserve the redox state of Sb. A stock solution of 10 mg L−1 of Sb(III) and 

74 Sb(V) for HPLC-ICP-MS was freshly prepared by dissolving K2[Sb2(C4H2O6)2]·3H2O 
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75 and KSb(OH)6 in 26 mM citric acid. Sb(III)/(V) standards for HPLC-ICP-MS were 

76 obtained by diluting this stock solution to the required concentrations. A Hamilton PRP 

77 X-100 anion exchange separation column (250 mm x 4.6 mm id, 10 mm particle size, 

78 Hamilton, USA) was used to separate the two species of Sb. 10 mM of ethylene 

79 diamine tetra acetic acid (EDTA) with 1 mM phthalic acid was used as the HPLC 

80 mobile phase (flow rate: 1.5 mL min−1; injection volume: 100 µL; pH: 4.5). A flow split 

81 was installed before the ICP-MS, and a micro flow meter (TruFlo Sample Monitor 0–

82 4.0 mL min−1, Glass Expansion, Melbourne, Australia) monitored the reduced flow rate 

83 (0.4 mL min−1). Effective peak separation and quantification of Sb(V)-citrate was 

84 achieved at 10 µg L−1.The limit of quantification for Sb(III)-citrate species was 1 µg L−1. 

85

86

87 Figure S2. Time resolved chromatograms of 50 µg L−1 Sb(III)-citrate and 50 µg L−1 

88 Sb(V)-citrate spiked together, 50 µg L−1 Sb(III) complexed to citrate, and 50 µg L−1 

89 Sb(V) complexed to citrate (top to bottom). 
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90

91 5. Effects of Fe(III) on Sb(III) sorption 

92

93 Figure S3. Regression and Pearson’s correlation of sorption coefficients (Kd) of 

94 Sb(III)-SAWC with added Fe(III). 95% confidence band added.

95

96 Figure S4. Sorption coefficients for Sb-SAWC across three different added Fe(III) 

97 concentrations (bars) in the design matrix. % Sb(V) formed in the aqueous phase 

98 without SAWC (controls) at those points in the design matrix. 

99
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100

101 Table S3: Sb(V) sorption to SAWC

Ca2+ P DOC Fe(III) Sb,control Sb,SAWC

Design points in CCD 

from table S1 mg L−1

48.5 1.51 5.01 1.51 0.14 0.14
Cube point 1

48.5 1.51 5.01 1.51 0.14 0.14

96.6 3.01 10.0 3.01 0.14 0.13
Central point

96.6 3.01 10.0 3.01 0.14 0.13

193 3.01 10.0 3.01 0.14 0.13
Axial point 25

193 3.01 10.0 3.01 0.13 0.14

96.6 3.01 0.01 3.01 0.12 0.14
Axial point 28

96.6 3.01 0.01 3.01 0.13 0.14

102 Four points from the design matrix (Table S1) were selected to conduct Sb(V)-SAWC 

103 sorption experiments. Sb,control = Sb concentrations recorded in the control 

104 experiments without SAWC; Sb,SAWC = Sb concentrations recorded in the SAWC 

105 suspensions at the end of sorption experiments. No Sb(V) sorption by SAWC was 

106 observed.

107
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108 6. Miscellaneous results from aqueous phase measurements

109

110 Figure S5. Aqueous phase Ca2+ concentrations at the end of all sorption experiments. 

111 The averaged values across different initial Ca2+ concentrations for each metal(loid)-

112 BC are shown. Error bars represent the standard deviation of the values. “n” is the 

113 total number of tested water matrices at each initial Ca2+ concentration.

114

115 Figure S6. Removal of As(V), P, and total Fe across samples in As(V)-BCD 

116 experiments
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117 7. Characterization of BCs and solid phase analysis
118 The specific surface area and pore volume of the washed pristine BCs was determined 

119 by N2 physisorption isotherms at 77K based on the Brunauer, Emmett, and Teller 

120 (BET) theory after degassing at 105°C overnight (Quantachrome Nova 2000 analyzer, 

121 Quantachrome Instruments, USA) (Sigmund et al., 2017). The C, H, N, and S contents 

122 of the BCs were measured on an elemental analyzer (Elementar, Elementar 

123 Analysensysteme GmbH, Germany), and the sample was burned at 750°C for 6 hours 

124 to determine the ash content (ASTM D 1762-84, 2011). The O content was determined 

125 by difference: O% = 100 – (C + H + N + S + ash). A multiphase carbon analyzer (LECO 

126 RC612, LECO, USA) was used to quantify the total organic carbon (T<550°C) and the 

127 total inorganic carbon (50<T<1000°C) of the biochar-dolomite blend BC (BCD). 

128 Electron spin resonance  spectroscopy (X-band Bruker Elexsys-II E500 ESR 

129 spectrometer, Bruker Biospin GmbH) was used to measure persistent free radicals in 

130 the solid BCs following a methodology detailed elsewhere (Sigmund et al., 2021). X-

131 ray diffractograms of powdered samples were obtained using powder XRD (MiniFlex 

132 600, Rigaku, Japan) equipped with a monochromator and a Cu Kα radiation source (λ 

133 = 1.54 Å) operating between 15.0 kV to 40 kV. Diffraction patterns were collected over 

134 a scan range of 2θ range of 10 to 70° (step size: 0.05° 2θ; scan speed: 10° min−1) 

135 using a zero-background silicon base holder. For the BC showing presence of peaks, 

136 clearer (noise-reduced) diffractograms were obtained over a longer duration (step 

137 size: 0.05° 2θ; scan speed: 0.5° min-1). The International Center for Diffraction 

138 Database (ICDD) was used to determine mineral phases. Scanning electron 

139 microscope (SEM) images of each pristine BC was obtained using a Zeiss Supra 55 

140 VP (ZEISS Microscopy, Germany) scanning electron microscope (w.d.: 9.5 mm; 

141 magnification: 100X to 5000X; secondary electron voltage: 5 kV). Energy dispersive 

142 spectra were obtained from an Oxford X-MaxN 20 energy dispersive X-ray 

143 spectrometer attached to the SEM. An accelerating voltage of 20 kV was used. The 

144 EDS spectra were analyzed using the AZtecEnergy EDS software. Micro X-ray 

145 fluorescence (µXRF) imaging with a fine focused and high intensity beam (10 μm spot 

146 size) using a Horiba XGT 7000 (Horiba Ltd, Japan) was used for determining spatial 

147 distribution of Ca, P, and Fe on the BCs at the end of experiments at axial points of 

148 the CCD. For µXRF elemental mapping, the BCs were mixed with Hoechst wax C 
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149 micropowder as a binding agent (50:50 for SAWC, and 70:30 for MSP550 and BCD) 

150 to form 13 mm flat surfaced pellets. 

151

152
153 Figure S7. X-ray diffractograms of the BCs, both pristine as well after sorption 

154 experiments conducted using background solutions at selected end most axial points.

155
156
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157

158

159

160 Figure S8. Scanning electron microscope images of MSP550 (w.d. 9.3 mm; EHT 5 

161 kV; magnification from 100× to 5000×)
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162

163

164

165 Figure S9. Scanning electron microscope images of BCD (w.d. 9.5 mm; EHT 5 kV; 

166 magnification from 100× to 5000×)

167

168

169

170

171

172
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173

174

175

176 Figure S10. Scanning electron microscope images of SAWC (w.d. 9.7 mm; EHT 5 kV; 

177 magnification from 100× to 5000×)

178

179

180

181

182
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183

184

(b)

(a)
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185

186 Figure S11. Energy dispersive spectra of the BCs after sorption experiments, 

187 conducted using background solutions at selected end most axial points. (a) Pb-

188 MSP550; (b) As(V)-BCD; (c) Sb(III)-SAWC

(c)
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189

Ca
Fe

Ca Fe

Ca
Fe

Ca Fe(a)

(b)

(c)

190 Figure S12. µ-XRF spectra and elemental maps (10 µm spot size) of Ca and Fe for 

191 (a) pristine MSP550; (b) MSP550 at the end of Pb sorption experiments for end most 

192 axial point 0.4 mg L−1 Ca2+ with other factors at “medium” level; (c) MSP550 at the end 

193 of As(V) sorption experiments for end most axial point 192.8 mg L−1 Ca2+ with other 

194 factors at “medium” level. Medium level: 3.01 mg L−1 Fe(III), 3.01 mg L−1 P, and 10 mg 

195 L−1 DOC as NOM.

196
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197
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198 Figure S13. µ-XRF spectra and elemental maps (10 µm spot  size) of Ca, Fe, and P 

199 for (a) pristine BCD; (b) BCD at the end of As(V) sorption experiments for end most 

200 axial point 0.4 mg L−1 Ca2+ with other factors at “medium” level; (c) BCD at the end of 

201 As(V) sorption experiments for end most axial point 192.8 mg L−1 Ca2+ with other 

202 factors at “medium” level. Medium level: 3.01 mg L−1 Fe(III), 3.01 mg L−1 P, and 10 mg 

203 L−1 DOC as NOM.

204
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205
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206 Figure S14. µ-XRF spectra and elemental maps (10 µm spot size) of Ca, Fe, and P 

207 for (a) pristine SAWC; (b) SAWC at the end of Sb(III) sorption experiments for endmost 

208 axial point 0.01 mg L−1 Fe(III) with other factors at “medium” level; (c) SAWC at the 

209 end of Sb(III) sorption experiments for end most axial point 6.01 mg L−1 Fe(III) with 

210 other factors at “medium” level. Medium level: 96.6 mg L−1 Ca2+, 3.01 mg L−1 P, and 

211 10 mg L−1 DOC as NOM.
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