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Abstract 23 

Arsenic (As) pollution remains a major threat to the quality of global soils and drinking 24 

water. The health effects of As pollution are often severe and have been largely reported 25 

across Asia and South America. This study investigated the possibility of using unmodified 26 

biochar derived from rice husk (RB) and aspen wood (WB) at 400 °C and 700 °C to enhance 27 

the precipitation of calcium/arsenic compounds for the removal of As(III) from solution. The 28 

approach was based on utilizing calcium to precipitate arsenic in solution and adding 29 

unmodified biochar to enhance the process. Using this approach, As(III) concentration in 30 

aqueous solution decreased by 58.1 % when biochar was added, compared to 25.4 % in the 31 

absence of biochar. Varying the pH from acidic to alkaline enabled an investigation into the 32 

pH dependent dynamics of the approach. Results indicated that significant precipitation was 33 

only possible at near neutral pH (i.e. pH = 6.5) where calcium arsenites (i.e. Ca(AsO2)2, and 34 

CaAsO2OH•½H2O) and arsenates (i.e. Ca5(AsO4)3OH) were precipitated and deposited as 35 

aggregates in the pores of biochars. Arsenite was only slightly precipitated under acidic 36 

conditions (pH = 4.5) while no arsenite was precipitated under alkaline conditions (pH = 37 

9.5). Arsenite desorption from wood biochar was lowest at pH 6.5 indicating that wood 38 

biochar was able to retain a large quantity of the precipitates formed at pH 6.5 compared to 39 

pH 4.5 and pH 9.5. Given that the removal of As(III) from solution is often challenging and 40 

that biochar modification invites additional cost, the study demonstrated that low cost 41 

unmodified biochar can be effective in enhancing the removal of As(III) from the 42 

environment through Ca-As precipitation.  43 

 44 

Key words 45 

Biochar, Arsenic pollution, Precipitation, Calcium arsenite/arsenate, pH  46 
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1. Introduction 48 

Arsenic (As) pollution is a major threat to the quality of global soils and drinking water. 49 

Significantly high amounts of As have been reported in the ground waters of Chile, Mexico, 50 

USA, India, Bangladesh and China (Shankar and Shanker, 2014). For example, Huq et al. 51 

(2018) recently reported concentrations of arsenic as high as 452 µg L-1 in the Datong river 52 

basin of China and 590.7 μg L-1 in the Kushtia District of Bangladesh. These high levels of 53 

As contamination have caused major health risks in humans including cancer, neurological 54 

effects and cardiac disorders (Hong et al., 2014).  55 

Arsenic is highly toxic and emitted in the environment (soil, water and air) from 56 

anthropogenic activities (e.g. industrial activities, smelting) and natural sources (e.g. 57 

weathering of arsenic containing minerals). It exists in the environment mainly in two forms 58 

of inorganic oxy-anions (i.e. As(III) (arsenite) and As(V) (arsenate)) (Yokoyama et al., 59 

2012). As(III) is more toxic and prevalent in underground waters than As(V) ( Tchounwou 60 

et al., 2012; Zama et al., 2018) which is easily removed by conventional methods.  61 

Several technologies have been developed to remove As from the environment especially 62 

from drinking water. Mudhoo et al.  (2011) described over five conventional methods of As 63 

removal including; coagulation with iron salts and alum, lime softening, ion exchange, 64 

activated alumina and membrane filtration. The authors highlighted that, adsorption; using 65 

carbonaceous materials such as biochar appear to have some advantages over other 66 

technologies because of the simple design and sludge-free nature of the technology using the 67 

carbonaceous materials. The use of biochar is arguably more cost effective involving low 68 

investment in terms of both initial cost and land requirements (Kurniawan et al., 2006). 69 

However, the use of biochar without modification for the removal of As from solution has 70 

often been ineffective, with reports of slightly increased concentration of As in solution 71 

following the addition of biochar (Beesley et al., 2013; Deng et al., 2020; Zheng et al., 2015). 72 
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Biochar modification using agents like Fe (He et al., 2018), Mn (Lin et al., 2017), red mud 73 

(Wu et al., 2017) and Ca (Agrafioti et al., 2014), has therefore been tipped as “more 74 

effective” in the removal of As from solution. The majority of these modified biochars have 75 

removed significant amounts of As from solution. For example, Hu et al. (2015) impregnated 76 

hickory biochar with Fe and reported an improvement of sorption capacity from ‘no 77 

sorption’ in the pristine biochar to 2.16 mg g-1 in the modified biochar. Recently, He et al. 78 

(2018) reported large quantities of iron oxide particles tightly embedded in the porous matrix 79 

of corn straw biochar through iron-impregnation. This composition was shown to possess a 80 

larger surface area, more functional groups, and greater thermal stability, which exhibited 81 

excellent ability of adsorbing As (V) (6.80 mg g-1) compared to the unmodified biochar  82 

(0.017 mg g-1).   83 

The use of calcite and other calcium-containing compounds to immobilize As in soil or water 84 

has been widely reported (Renard et al., 2015; Guan et al., 2009; Yokoyama et al., 2012) and 85 

precipitation of arsenites/arsenates or co-precipitation with calcium carbonate (CaCO3) has 86 

been considered as the major mechanism involved in this immobilization process  (Martínez-87 

Villegas et al.,2013; Renard et al., 2015). It is believed that once As is incorporated into 88 

calcite which is not sensitive to redox changes, the As is completely “locked away” 89 

compared to iron-arsenic composites which may be affected by redox changes allowing 90 

sorbed As to be released back into the environment (Yokoyama et al., 2009).  91 

Systemically developing ways to improve the efficiency and the extent of arsenites/arsenates 92 

precipitation using calcium-containing compounds remains open for research. The 93 

objectives of this study were: (1) to investigate the influence of biochar on the precipitation 94 

process of calcium and arsenite as a mechanism for arsenite remediation. (2) To assess the 95 

influence of pH conditions (acidic, neutral and alkaline) on the removal process in the 96 

presence and absence of biochar. The study was conducted based on the hypothesis that 97 
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“biochar improves the precipitation process of calcium and arsenite as a mechanism for 98 

arsenite remediation and this process is pH dependent”. 99 

2. Materials and methods 100 

2.1.Reagents, quality assurance and data analysis 101 

All reagents (CaCl2, NaAsO2, NaOH and HNO3) used in this study were analytical grade. 102 

Working solutions were obtained by dissolving designated quantities of reagents in ultra-103 

pure water (Milli-Q, 18.2 MΩ cm, TOC 3 ppb). Treatments were mostly made in triplicates. 104 

Solutions without biochar were made as controls. All experiments were carried out at room 105 

temperature and pH controlled to the target levels (4.5, 6.5 and 9.5) using 0.1 M HNO3 or 106 

0.1 M NaOH. For data analysis, OriginPro 8.5 (OriginLab, USA), was mainly used while 107 

sorption and desorption analysis were calculated using Microsoft excel.  108 

2.2. Biochar preparation 109 

Rice husk and aspen wood biomass materials were used to produce biochars at 400 °C and 110 

700 °C by slow-dry pyrolysis. The two biomass materials and production temperatures were 111 

selected to assess the effects of different properties of biochars on arsenic precipitation. The 112 

two wood-based biomass materials (rice husk and wood) were chopped into pieces (< 1 cm) 113 

and placed in crucibles mounted in a Neytech Muffle Furnace (Vulcan 3-1750A) with very 114 

limited oxygen supply (Wang et al., 2016). The temperature was ramped at 10 °C min-1 to 115 

the designated pyrolysis temperature and maintained for 4 hours. The resulting biochars were 116 

allowed to cool to room temperature and then pulverized to particle sizes between 0.17 and 117 

0.45 mm. The biochars were coded RB4, RB7, WB4 and WB7 representing rice husk and 118 

aspen wood biochars at 400 °C and 700 °C.  119 

 120 

 121 
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2.3. Sorption experiments  122 

A solution containing 0.02 g L-1 NaAsO2 and 1.1 g L-1 CaCl2 was prepared by dissolving 123 

specific quantities of the reagent in ultra-pure water. The prepared solution was sub-divided 124 

into three parts and the pH levels were adjusted to 4.5, 6.5 and 9.5 respectively in order to 125 

evaluate the influence of pH on the sorption process. Using 50 mL test tubes, 0.05 g of 126 

biochars (RB4, RB7, WB4 and WB7) were added to 20mL of each solution and the 127 

treatments were mounted on an end-to-end shaker (150 rpm, 25 °C) for 72 h until 128 

equilibrium. The pH of the treatments was regularly adjusted (every 8 h) to the desired levels 129 

(i.e. 4.5, 6.5 and 9.5) using 0.1 M NaOH or 0.1 M HNO3. Treatments without biochar were 130 

used as controls. After 72 h, the treatments were removed and allowed to settle for 48 h. 131 

Syringes and 0.45 µm syringe filters were used to filter the supernatants, which were 132 

analysed for As concentration using the Inductively Coupled Plasma Optical Emission 133 

Spectrometry (ICP-OES, Optima 2000, PerkinElmer Co., USA). The As-loaded biochars 134 

were subsequently dried at 70 °C in an oven for XRD, XPS and FTIR analysis. These post-135 

adsorption biochars were coded RB4c, RB7c, WB4c and WB7c, representing As-loaded rice 136 

husk and aspen wood biochars at 400 °C and 700 °C.  137 

Two sorption isotherm models (i.e. the Langmuir and the Freundlich sorption models) were 138 

tested to explain the sorption behavior of As(III) on all four biochars. Parameters for the 139 

isotherms were obtained in batch sorption experiments using varying initial concentrations 140 

of As(III)  (10 µg L-1 to 50 µg L-1). Details of the methods, including the equations used are 141 

presented in supporting materials.  142 

2.4.Desorption experiments 143 

Desorption experiments were conducted to determine the stability of sorbed arsenic on the 144 

biochars over the three pH levels (i.e. pH 4.5, 6.5, and 9.5). Treatments containing 0.05 g 145 
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(dry mass) of As-loaded biochars in 10 mL of solution were mounted on an end-to-end 146 

shaker for 24 h. Syringes and 0.45 µm syringe filters were used obtain supernatants, and 147 

desorbed arsenic was measured using ICP-MS (7500a, Agilent Technologies, USA). The 148 

quantity of arsenic desorbed from the biochar into solution was used as a measure for the 149 

stability of arsenic on the biochar. 150 

2.5.Thermodynamic analysis 151 

Key thermodynamic parameters including Gibbs free energy change (∆Go), enthalpy (∆Ho), 152 

and entropy change (∆So) for As(III) sorption on biochars were calculated from equations 153 

(1) and (2) (Zama et al., 2017). Temperatures were ranged from 25 oC to 45 oC (298 - 318 154 

K). A linear plot of ∆Go versus T in equation (2) gives values of ∆Ho and ∆So from the 155 

intercept and slopes respectively (Zama et al., 2017) 156 

 157 

2.6. Analysis of physicochemical properties of biochars 158 

Yield and Ash: Biochar was heated under oxygen supply at 700 °C for 2 h, in the Neytech 159 

Muffle Furnace (Vulcan 3-1750A) for ash content analysis. Yields and ash content were 160 

obtained using equations 3 and 4, respectively. 161 

 162 

 163 

 164 

Where MBC = mass of biochar, MBM = mass of biomass, MASH = mass of ash 

MASH 

 
% Ash = × 100                                                                      (4) 

MBC 

MBC 

 
% Yield = MBM 

× 100                                                                     (3) 

                                      (1) ∆Go -RT LnKC =  

                                                (2) ∆Go =  ∆Ho - T∆So 

Where: R = the universal gas constant (8.314 J/mol/K), KC = thermodynamic constant, T = temperature (K). 

KC is dimensionless and obtained by multiplying the Langmuir equilibrium constant (KL) by 55.5 (moles of 

water per liter of solution).  Jo
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 165 

Elemental analysis: Total C, H, S, and N in biochars was measured by dry combustion using 166 

Elementar (Vario EL III) while total O was calculated on a difference basis (Yousaf et al., 167 

2017).  168 

Changes in carbonization, aromaticity and polarity of biochars were determined from their 169 

atomic ratios (i.e. H:C, O:C, (O+N):C and C:N) according to equation 5.  170 

          Atomic ratio =
Ca/Ma 

Cb/Mb 
                               (5) 171 

Where Ca and Cb are the concentrations of element ‘a’ and element ‘b’ respectively as 172 

obtained from elemental analysis on biochar, Ma and Mb are the molar masses of element 173 

‘a’ and element ‘b’ respectively.  174 

Surface area, pH, and morphology: The pH of biochars was obtained by mixing 1 g of 175 

biochar in 20 mL of deionized water on an end-to-end shaker at 120 rpm for 4 h and the pH 176 

value in the liquid phase was measured using a pH meter (Mettler Toledo 320-S). The 177 

morphological and textural properties of biochars were studied using the Field Emission 178 

Scanning Electron Microscope equipped with Energy Dispersive X-Ray Spectroscopy (FE 179 

SEM-EDX, SU8000). The surface area and porosity of the biochars were measured with the 180 

Surface Area and Porosity Analyzer (SAPA, 2020 HD88) by N2 gas adsorption at 77 K. The 181 

total internal surface area of the biochars was then determined by the Brunauer, Emmett 182 

and Teller (BET) method (BET surface area) while pore size distribution was 183 

characterized by applying the density functional theory (DFT) method to the adsorption 184 

isotherm. The volume of N2 gas adsorbed at a relative pressure (P/P0 ~1), (where P is 185 

pressure of N2 gas in the adsorption system and P0 is N2 gas saturation pressure at 77 K) 186 

was used to determine the total pore volume of the biochars (Hagemann et al., 2017).  187 
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2.7. Spectroscopic analysis of biochars 188 

An X-ray diffractometer (X'pert Pro, Netherlands) fitted with a Ni foil filter and CuKα 189 

radiation for crystalline phase identification was used to record the X-Ray diffraction pattern 190 

and crystalline formation on the biochars. The x-ray tube was energized at 40 kV and 40 mA 191 

and samples were scanned from an angle (2θ) of 5° to 90° using a step size of 0.026° (2θ) 192 

and a scan speed of 1.0° min–1 (Singh et al., 2017). The elemental composition of biochars 193 

(pre- and post-adsorption biochars) at the outermost 10 nm of the surfaces was analysed 194 

using ESCALAB 250Xi X-ray Photoelectron Spectrometer (XPS) equipped with 195 

monochromated Al K α (1486.68 eV, 150 W). The bonding behavior of organic functional 196 

groups (often scattered on the surface of biochars), was measured using the Thermo 197 

Scientific Nicolet FT-IR spectrometer (Nicolet 8700). To do this, the biochar samples were 198 

prepared in pellets of fused KBr and 32 scans were made within the 4000 – 400 cm−1 regions.  199 

3. Results and Discussion 200 

3.1.   As(III) removal from solution without biochar 201 

Arsenite was removed from solution through the formation of solid precipitates when 202 

solutions of NaAsO2 and CaCl2 were equilibrated at 25 oC with and without biochar. 203 

Previous reports (e.g. Jung et al., 2018; Renard et al., 2015) have also suggested the 204 

precipitation of Ca-As derivatives (i.e. calcium arsenites or calcium arsenates) as a 205 

mechanism for the removal of arsenic in water. X-Ray diffraction (XRD) analysis of the 206 

solid precipitates revealed the presence of crystalline calcium arsenite and Portlandite (i.e. 207 

Ca(AsO2)2 and Ca(OH)2) occurring mainly around 2θ = 10.1o and 28.8o respectively (Fig. 208 

1). Calcium arsenate was also precipitated as revealed by peaks around 2θ = 30.9° (Fig 1) 209 

corresponding to Johnbaumite (Ca5(AsO4)3OH). Calcium arsenate was unexpected given 210 

that only As(III) was added in solution during the experimental procedure. However, the 211 

occurrence of calcium arsenate could be attributed to the rapid oxidation of some As(III) to 212 
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As(V) by chloride ions from the CaCl2 used in the study as the source of Ca. This mirrors 213 

the results of Ahmad et al. (2020), Alam et al. (2018) and Hu et al. (2012) suggesting that 214 

chemicals such as chlorine, ozone and permanganate rapidly oxidize As(III) to the less toxic 215 

and easy to remove As(V) at pH levels less than 8.3.  216 

3.1.1. Effects of pH on As(III) removal  217 

The quantity of As(III) removed by precipitation from the solution was significantly affected 218 

by solution pH. At pH 4.5, precipitation was low and only 4.1 % of As(III) was removed 219 

from solution at equilibrium (Fig. 2a). At this low pH, H3AsO3 species predominate in 220 

aqueous solution and the sorption ability of H3AsO3 is weaker than water (Roman-Ross et 221 

al., 2006), leading to low sorption of As(III). This may explain why XRD analysis indicated 222 

only few peaks at pH 4.5 (Fig. 1). At pH 6.5, more peaks with greater intensity were seen on 223 

the XRD spectrum corresponding mainly to calcium arsenite, calcite and Johnbaumite (Fig 224 

1). At this pH level, 25.4 % of As(III) was removed from solution (Fig. 2a). This results are 225 

consistent with the findings of Zhu et al. (2006) who suggested that at circumneutral pH 226 

conditions, Ca-As precipitates become increasingly stable as arsenite species often exists at 227 

neutral state (As(OH)3º). According to Roman-Ross et al. (2006), up to 98 % of this neutral 228 

arsenite species is often present in solution between pH 6.5 to pH 7.5 and the sorption of this 229 

non-ionic species on a neutral, or slightly positively charged ionic surface is encouraged, 230 

leading to significant increases in sorption beyond a monolayer (eqn. 6). This may explain 231 

why As(III) removal was significantly higher at pH 6.5.  232 

 233 

As pH conditions increased to 9.5, the stability of the precipitates appeared to decrease as 234 

arsenite species become negatively charged and behave like a weak acid. At this pH level, 235 

the precipitation of calcium carbonate (eqn. 7) predominates the chemical reaction. Sumathi 236 

Ca2+ + H3AsO3
o = CaHAsO3(s) + 2H+                                                   (6) 
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& Alagumuthu, (2014) also noted that increasing concentrations of OH‒ at high pH values 237 

reverses the arsenite sorption process and the formation of competitive OH‒ plays an 238 

important role leaving behind arsenic in the aqueous solution. This may also explain why 239 

fewer and weaker peaks were detected at pH 9.5 (Fig. 1) and only 0.91 % of As (III) was 240 

removed from solution (Fig. 2a).   241 

 242 

3.1.2. Effects of biochar addition on As(III) removal   243 

Biochar addition had varying effects on the amount of As(III) removed through precipitation 244 

and this was strongly dependent not only on biochar type but also solution pH as explained 245 

in section 3.1.1. Under acidic conditions (pH 4.5), the addition of rice husk biochar (i.e. RB4 246 

and RB7) did not influence As(III) removal and there was no net reduction in the 247 

concentration of As(III) in solution. Instead, the concentration of As(III) in solution slightly 248 

increased by 0.9 % and 0.6 %, for RB4 and RB7 respectively (Fig. 2b). This slight increase 249 

in As(III) concentration may have resulted from the inherent arsenic content of the rice husk 250 

biochar (Table 1). Wood biochar (i.e. WB4 and WB7) on the other hand was slightly 251 

beneficial at pH 4.5, decreasing As(III) concentration in solution by 11.4 % and 14.6 %, 252 

respectively (Fig. 2b). XRD analysis (Fig.3a) revealed a low intensity peak at 2θ = 30.9° on 253 

wood biochars (i.e. WB4c and WB7c) corresponding to the crystalline phase of 254 

Johnbaumite.  255 

At pH 6.5, the removal of As(III) was significantly higher (i.e. 19.3, 22.5, 54.0 and 58.1 %), 256 

when all four biochars were added (i.e. RB4, RB7, WB4 and WB7 respectively) (Fig. 2b). 257 

Compared to the treatments without biochar which removed a maximum of 25.4 % of As(III) 258 

from solution, the addition of biochar (especially wood biochar), doubled  the removal of 259 

As(III) from solution by 54.0 % and 58.1 % for WB4 and WB7 respectively, indicating that 260 

Ca2+ + H2CO3 (aq) = CaCO3(s) + 2H+                                                   (7) 
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biochar addition significantly aided the precipitation process at pH 6.5. XRD analysis 261 

revealed stronger peaks on wood biochar occurring around 2θ = 28.8°, 30.1° and 30.9°, all 262 

corresponding to crystalline phases of calcium arsenites and  arsenates (i.e. Ca(AsO2)2, 263 

CaAsO2OH•½H2O, and Ca5(AsO4)3OH) (Fig. 3b). Rice husk biochar did not return any 264 

noticeable peaks.  265 

All biochars (RB4, RB7, WB4 and WB7) added under alkaline conditions (pH = 9.5) were 266 

counter-productive as their addition slightly increased the concentration of arsenic in 267 

solution by 5.3, 4.7, 2.6, and 2.0 % respectively (Fig. 2b). A slight increase in arsenic 268 

concentration in solution following the addition of biochar could be attributed to the 269 

increased conversion of precipitated Ca-As compounds to calcium carbonate (in the presence 270 

of atmospheric CO2), which in turn released the arsenic back into solution (Korchef, and 271 

Touaibi, 2020). This may happen when arsenic species become increasingly negative at 272 

higher pH conditions and competition for sorption sites between arsenic species and 273 

carbonates increases (Sø et al., 2008; Yokoyama et al., 2012). Tiwari and Pandey (2013) and 274 

Beesley et al. (2013) also explained that arsenic may be re-mobilized in solution at pH > 8 275 

when OH- ions displace anionic arsenic (AsO3
3-) through electrostatic interactions. The 276 

inherent content of arsenic in biochars (Table 1), may have also contributed to the  slight 277 

increase in arsenic concentration in solution under alkaline conditions. XRD analysis on the 278 

post adsorption biochars at pH = 9.5, did not reveal any noticeable peaks, indicating that 279 

crystalline structures were rare at this pH level (Fig. 3c). 280 

Compared to the control treatments, the addition of biochar generally enhanced precipitation 281 

that led to the increased removal of As(III) from solution. The possible reasons are two-fold: 282 

Firstly, biochar with its large surface area and porosity offers an excellent structure for the 283 

precipitation of calcium derivatives. This explains why wood biochar, which had a larger 284 

surface area and pore size compared to rice husk biochar was more effective in enhancing 285 
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the removal of As(III) from solution. Precipitates occurring deep inside the pores of the 286 

biochar may have been trapped, and “locked away”, by those formed near the surface of the 287 

biochar, especially at pH 6.5, where precipitates were more stable. The locking away of these 288 

precipitates containing As(III) reduced their chances of dissolution and therefore resulted to 289 

the significant reduction of As(III) concentration in solutions when biochar was added. 290 

Secondly, the inherent content of Ca in the biochars (especially the wood biochars) may have 291 

played a key role in increasing the amount of Ca ions involved in the precipitation process. 292 

This may also explain why wood biochar, with higher Ca content (i.e. 98.2 and 110 mgkg-1 293 

for WB4 and WB7 respectively) compared to rice husk biochar (i.e. 3.38 and 2.91 mgkg-1 294 

for RB4 and RB7 respectively), was more effective in removing As(III) from solution.  295 

3.2.Sorption isotherms and thermodynamic analysis 296 

Two sorption models (Langmuir and Freundlich models) were tested to explain the sorption 297 

behavior of As(III) on all four biochars. Based on the correlation coefficient (R2) values of 298 

the two sorption models, the Freundlich sorption model, with higher R2 values (Table 2), 299 

could best explain the sorption behavior of As(III) on all the biochars. This was an indication 300 

that As(III) sorption on the biochars was characterized by heterogeneous multilayer sorption 301 

with a distribution of sorption sites of different characteristic energies. The ‘n’ values were 302 

greater than unity (n > 1) (Table 2), implying that it was chemisorption and the isotherm was 303 

L-type with a high affinity between As(III) and the biochars (Sumathi and Alagumuthu, 304 

2014). 305 

Thermodynamic parameters obtained from all four biochars indicated that change in free 306 

energy (∆Go) was negative for all four biochars and decreased with increasing temperatures 307 

(Table 3). This was an indication that the sorption process of As(III) on all four biochars was 308 

feasible and spontaneous. The negativity of ∆Go increased with increasing temperatures 309 

from 298 to 318 K (Table 3), indicating that the sorption process was more favorable at 310 
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higher temperatures. In addition, the change in enthalpy (∆Ho) and entropy (∆So) were 311 

positive for all biochars (Table 3), indicating that the sorption process was endothermic with 312 

more randomness at the solid-solution interface. 313 

3.3.Arsenic desorption and effects of pH 314 

Desorption experiments were used to assess the stability of sorbed arsenic on the biochars 315 

over a wide range of pH levels. All four biochars (RB4, RB7, WB4 and WB7) were used 316 

and the pH was varied at 4.5, 6.5, and 9.5. Arsenic was more stable on wood biochar than 317 

rice husk biochar especially at pH 6.5 (Fig. 4). Comparatively, only small quantities of 318 

arsenic (i.e. 0.03 % and 0.33 %) were released into solution after the desorption test on WB4 319 

and WB7 respectively. This could be attributed in part, to wood biochar’s high porosity and 320 

large surface area that was able to retain Ca-As precipitates and prevent them from 321 

dissolution. Desorption on rice husk biochar at pH 9.5, was significantly high (11.6 and 10.4 322 

% on RB4 and RB7 respectively) compared to desorption on wood biochar (2.00 and 1.28 323 

% on WB4 and WB7 respectively) at the same pH level. As explained earlier, this 324 

phenomenon could be attributed to the ability of wood biochar to retain precipitates.  325 

3.4. The effects of biochar properties on As(III) removal  326 

3.4.1. Biochar porosity 327 

FE-SEM images of wood-based biochars revealed the occurrence of micro and macro sized 328 

pores that were likely sites for the retention of Ca-As precipitates (Fig. 5a). The SEM images 329 

showed precipitates occuring in aggregates in the pores of the biochars (Fig. 5b) and EDX 330 

analysis indicated higher Ca/As ratios of 1 and 1.5 in these regions (Fig. 5c) corresponding 331 

to Ca-As derivatives such as Ca(AsO2)2, CaAsO2OH•½H2O and Ca5(AsO4)3OH.  In another 332 

study, Marshall et al. (2017) suggested that such precipitates were held in place by 333 

electrostatic attractions between calcium cations and oxygen containing functional groups 334 
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(anions). In their study using phosphorus (chemical analogue of arsenic), they observed the 335 

formation of phosphate aggregates on the surface of biochar and calcium adsorbed onto the 336 

edges of short range ordered graphitic sheets through ionic interactions with oxygen 337 

containing functional groups on the biochar. The calcium sites were able to clog phosphate 338 

onto the edges of the graphitic sheet making biochar to act as seed material for the formation 339 

of calcium phosphates (Marshall et al., 2017).  340 

Porosity in rice husk biochar was poor (Fig. 6a), implying that rice husk biochar had a 341 

slightly lower ability to trap and retain precipitates compared to the wood biochar. This may 342 

explain why rice husk biochar had a slighly lower ability to retain sorbed As(III). EDX 343 

analysis on the rice husk biochars indicated high quantities of silicon (Fig. 5b) and 344 

insignificant quantities of calcium and arsenic species.   345 

3.4.2. Pyrolysis temperature  346 

As expected, pyrolysis temperature significantly affected the basic properties of biochar such 347 

as elemental contents, functional groups and biochar surface area and porosity. Increase in 348 

temperatures increased the carbon content of biochars, which was significantly higher in 349 

wood biochar (78.4 % and 91.0 % for WB4 and WB7, respectively) than rice husk biochar 350 

(49.2 % and 51.0 % for RB4 and RB7, respectively) (Table 1). Differences in carbon content 351 

was due to differences in lignocellulosic content and higher aromatic carbon in wood 352 

(McBeath et al., 2014; Zama et al., 2017). Biochar yield decreased with increasing pyrolysis 353 

temperature (Table 1) due to increasing degradation of lignocellulosic materials at high 354 

temperatures and the removal of most volatile components (Chowdhury, et al., 2016; 355 

Figueiredo et al., 2017; Novak et al., 2014). There was a significant decrease in the H:C 356 

atomic ratio with increasing pyrolysis temperature especially in wood biochars signifying an 357 

increase in carbonization and dehydration as pyrolysis temperature increased (Yuan et al., 358 

2015; Alkurdi et al., 2020). Similarly, there was a significant decrease in the O:C and 359 
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(O+N):C atomic ratios with increase in pyrolysis temperature in wood biochars indicating 360 

increased aromaticity and polarity with increase in temperature (Zhao et al., 2017). Wood 361 

biochar had a significantly higher BET surface area (125 and 308 m2 g-1 for WB4 and WB7, 362 

respectively) compared to rice husk biochar (110 and 247 m2 g-1 for RB4 and RB7, 363 

respectively). Surface areas increased with increasing pyrolysis temperature possibly due to 364 

increasing pore sizes.  365 

3.4.3. XPS analysis 366 

X-ray photoelectron spectroscopy (XPS) was used to study the surface chemistry of the 367 

biochars before and after adsorption. The XPS data was deconvulated and C1s scan of WB4 368 

revealed the presence of C-H, C-C and C=C bonds stretching at a binding energy of 284.5 369 

eV (Fig. 7a). Other functional groups (C-O-C and C-O) also occurred on WB4 at a binding 370 

energy of 285.8 eV. After adsorption, the peak at 284.5 eV shifted to 284.6 eV on WB4c 371 

and the peak at 285.8 eV shifted to 285.7 eV on WB4c (Fig. 7b). A new peak on WB4c was 372 

observed at a binding energy of 288.3 eV corresponding to O-C=O stretching but the 373 

intensity was very low (Fig. 7b). CaCO3 was also detected on WB4 at a binding energy of 374 

347.2 eV when Ca2p scans were deconvolated (Fig. 7c). This peak increased in intensity on 375 

the post-adsorption biochar (WB4c) and slighly shifted from 347.2 to 347.1 eV (Fig. 7d) with 376 

no effects on the bond constitution. A new peak also appeared at 351.6 eV on WB4c (Fig. 377 

7d) indicating an interaction between Ca and a metal; possibly As. The occurrence of trace 378 

amounts of As (due to inherent arsenic) was noticed on WB4 at a binding energy of 44.7 eV 379 

(Fig. 7e) which significantly shifted with greater intensity to 45.1 eV on WB4c (Fig. 7f) 380 

indicating an increase in the concentration of As on the post-equilibrium biochars.  381 

3.4.4. FTIR analysis 382 

As expected, biochars made at lower temperatures (i.e. WB4 and RB4) had a higher 383 

abundance of functional groups (e.g. O-H, C-H, C=H and C=O) compared to biochars made 384 
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at higher temperatures (WB7 and RB7) (Fig. 8a). Previous reports have attributed this 385 

phenomenon to the thermal decomposition of most functional groups at higher temperatures 386 

(Tomczyk et al., 2020; Chatterjee et al., 2020). As pyrolysis temperature increases, 387 

dehydration, decarbonylation and decarboxylation reactions take place and poly-condensed 388 

aromatic structures are formed and poly-aromatization becomes dominant (McBeath et al., 389 

2014). Increasing dehydration and carbonization led to the loss of hydroxyl (O-H) as well as 390 

aliphatic and asymmetric C-H functional groups on WB7 and RB7, which usually occur at 391 

wavelengths around 3200 and 2900 cm-1 respectively. Aromatic species involving C=C ring 392 

stretching of benzene derivatives and C=O stretching of conjugated ketones and quinones 393 

(Chowdhury et al., 2016; Zhao et al., 2017), occurred between 1600 cm-1 and 1400 cm-1 on 394 

the lower temperature biochars (WB4 and RB4). These species also became fewer at higher 395 

temperatures (700 °C) as carbonization and aromaticity increased. Increase in aromaticity 396 

and the occurrence of out–of-plane deformation by aromatic C–H groups occurring between 397 

750 to 890 cm-1 was likely due to the degradation and depolymerization of cellulose, 398 

hemicelluloses and lignin especially as pyrolysis temperature increased (Zhao et al., 2017).  399 

Polar functional group composition on post-adsorption biochars showed minimal differences 400 

in abundance compared to pre-adsorption biochars at pH 6.5 (Fig. 8b). There were however, 401 

major peak shifts (e.g. O-H vibrations shifting from 3340 on the pre adsorption biochars to 402 

3259 on the post adsorption biochars) (Fig. 8b), probably due to interactions with added 403 

experimental species of calcium and arsenic. Major functional groups such as C=C and C=O 404 

also became fewer on the post adsorption biochars.  405 

4. Conclusions 406 

It has been demonstrated that As pollution can be reduced through arsenic precipitation with 407 

calcium compounds (e.g. CaO and CaCl2). This study was aimed at enhancing the 408 

precipitation process using unmodified biochar, made from rice husk (RB) and aspen wood 409 
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(WB) at 400 °C and 700 °C. The addition of biochar was beneficial at pH 6.5, where arsenic 410 

sorption and Ca/As precipitation removed up to 58.1 % of As(III) on wood biochars 411 

compared to 25.4 % in solutions without biochar (controls). Calcium arsenite and arsenate 412 

species precipitated and deposited as aggregates in the pores of biochars were Ca(AsO2)2, 413 

CaAsO2OH•½H2O and Ca5(AsO4)3OH. Wood biochars (i.e. WB4 and WB7) were better at 414 

retaining precipitates with a desorption rate of 0.1 % and 0.3 % respectively compared to 415 

rice husk biochars (RB4 and RB7) with desorption rates of 3.2 % and 2.9 % respectively at 416 

pH 6.5. Overall, near neutral pH conditions were favorable for the precipitation process as 417 

well as retarding the dissolution of precipitates formed. The results demonstrated that 418 

biochar, without the need for modification, can be successfully used to enhance Ca/As 419 

precipitation, leading to increased removal of As(III) from solution. 420 
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Tables and figures legend 596 

TABLES 597 

Table 1: Physical and chemical properties of biochars 598 

Table 2: Sorption isotherm parameters for the sorption of As(III) on biochars 599 

Table 3: Thermodynamic parameters of As(III) sorption on biochars 600 

 601 

FIGURES 602 

Figure 1: XRD analysis of precipitates formed in solutions without biochar at pH 4.5, 6.5 603 

and 9.5. 604 

Figure 2: The percentage removal of As(III) from solutions without biochar added (2a) and 605 

with biochar added (2b) at pH 4.5, 6.5 and 9.5. Negative values indicate an increase in As 606 

content in the solution. 607 

Figure 3: XRD analysis of post-equilibrium biochars at pH = 4.5, 6.5 and 9.5. 608 

Figure 4: The stability of Ca-As precipitates on biochar measured by the rate of arsenic 609 

desorption into solution 610 

Figure 5: FE-SEM analysis of biochar indicating porosity and aggregated structure of 611 

precipitates formed in the pores of post-sorption biochars (5a and 5b). EDX analysis of 612 

aggregates (5c) 613 

Figure 6: SEM-EDX analysis of rice husk biochar indicating limited porosity and the 614 

concentration of silicon.  615 

Figure 7: XPS analysis of pre- and post-adsorption wood-based biochar (WB4 and WB4c). 616 

Deconvulated C1s spectra of the biochars (7a and 7b), deconvulated Ca2p spectra of the 617 

biochars (7c and 7d), deconvulated As3d scans of the biochars (7e and 7f). 618 
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Figure 8: FTIR analysis of pre-adsorption (8a) and post-adsorption (8b) biochars at pH 6.5. 619 
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 623 

Table 1  

BC C 

% 

H 

% 

N 

% 

O 

% 

Ca 

(mgkg-1) 

As 

(mgkg-1) 

C:N H:C O:C (O+N)/C Yield 

%  

Ash 

% 

BET surface area  

(m2 g-1) 

Pore area  

(m2 g-1) 

pH 

RB4 49.2 ± 

0.05 

2.25 ± 

0.8 

0.50 ± 

1.5 

48.1 ± 

0.2 

3.38 ± 

2.6 

2.98 ± 

5.3 

116 0.55 0.73 0.74 56.7 ± 

8.7 

21 ± 3.0 110 ± 23 3.47 ± 9.1 9.49 ± 0.5 

RB7 51.0 ± 

0.5 

0.3 ± 

4.7 

0.84 ± 

1.9 

47.8 ± 

0.5  

2.91 ± 

4.3 

2.22 ± 

3.5 

70.9 0.07 0.70 0.72 44.1 ± 

12 

32 ± 2.6 247 ± 19 108 ± 14 10.7 ± 0.01 

WB4 78.4 ± 

0.9 

3.72 ± 

9.1 

0.41 ± 

8.1 

17.5 ± 

1.2 

98.2 ± 

9.2 

1.77 ± 

0.3 

223 0.57 0.17 0.17 39.9 ± 

14 

8.3 ± 5.3 125 ± 16 98.3 ± 13 9.78 ± 0.9 

WB7 91.0 ± 

0.7 

1.03 ± 

10 

0.34 ± 

6.5 

7.64 ± 

1.8 

110 ± 

6.3 

2.06 ± 

0.8 

317 0.14 0.06 0.07 30.5 ± 

11 

11.4  ± 

5.2 

308 ± 11 132 ± 25 10.6 ± 0.55 
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 629 

 630 

Table 2   

Biochar Langmuir Freundlich 

 R2 Qmax (μg/g) KL R2 n Kf  (µg/g) (L/g)1/n) 

RB4 0.932 3.265 0.321 0.992 1.67 0.401 

RB7 0.846 2.601 0.301 0.872 1.64 0.921 

WB4 0.803 6.856 0.094 0.996 2.54 1.110 

WB7 0.871 5.254 0.088 0.992 2.40 0.909 

Highlighted R2 values indicate the model that best describes the sorption process of As(III) on biochars  
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 650 

 651 

Table 3     

Biochar T(K) ∆Go (KJ mol-1) ∆Ho (KJ mol-1) ∆So (J mol-1 K-1) 

RB4 293 -1.98 20.16 31.14 

 
303 -2.21 

  

 
318 -2.80 

  

RB7 293 -2.52 20.19 32.22 

 303 -2.74   

 318 -2.98   

WB4 293 -5.05 36.42 79.14 

 
303 -5.72 

  

 318 -6.26   

WB7 293 -5.65 34.98 79.42 

 303 -5.69   

 
318 -5.99 
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Highlights 

 Biochar was used to improve the precipitation of arsenic with calcium compounds. 

 Added biochar doubled the removal of arsenic by 58.1% compared to 25.4% without biochar. 

 Precipitates formed included Ca(AsO2)2, CaAsO2OH•½H2O, Ca5(AsO4)3OH, deposited in biochar 

pores.  

 The pH of solution and biochar type significantly affected the precipitation process. 

 Arsenic desorption was lowest on wood biochar (< 0.3 %) compared to rice husk biochar (3.2 %).  
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