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 23 

Abstract 24 

Rice straw biochar modified with red mud (RM-BC) is used here as an adsorbent 25 

to remove As from aqueous solutions. Rice straw is an agricultural waste material 26 

whilst red mud is a waste product from bauxite processing. SEM-EDS and XRD 27 

analyses demonstrated that red mud had distributed successfully on the surface of the 28 

rice straw biochar. With increasing solution pH, arsenate adsorbtion on RM-BC 29 

decreased whilst As(III) increased. Arsenate adsorption kinetics on RM-BC fitted the 30 

pseudo-second-order model, whilst that of As(III) favored the Elovich model. All 31 

sorption isotherms produced superior fits with the Langmuir model. RM-BC exhibited 32 

improved As removal capabilities, with a maximum adsorption capacity (Qmax) for 33 

As(V) of 5923 ug•g-1, approximately ten times greater than that of the untreated BC 34 

(552.0 ug•g-1). Furthermore, X-ray absorption near-edge spectroscopy (XANES) 35 

indicated that adsorption of As(V) on RM-BC was possibly due to surface 36 

complexation and electrostatic interactions. RM-BC may be used as a valuable 37 

adsorbent for removing As due to the waste materials being relatively abundant. 38 

 39 
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1. Introduction 47 

Arsenic (As) has been recognized as ‘a known carcinogen’ by the World Health 48 

Organization (WHO) (WHO, 2001). Many anthropogenic activities including the use 49 

of insecticides, herbicides and phosphate fertilizers, semi-conductor industries, 50 

mining and smelting operations, industrial processes, coal combustion and timber 51 

preservatives have released As into soils and groundwater causing global concern 52 

(Kim et al., 2014; Yu et al., 2015). Arsenic-contaminated soils are harmful to food 53 

safety and groundwater quality, and eventually threaten human health in many regions 54 

of the world such as Mexico, USA, China, Bangladesh and Pakistan (Jadhav et al., 55 

2015; Wu et al., 2016a). In soil, As compounds exist either as inorganic and organic 56 

species. Generally, inorganic As species (arsenite As(III) and arsenate As(V)) are 57 

more toxic than organic forms to living organisms (Beesley et al., 2014).  58 

Red mud (RM) is an alkaline waste by-product generated from the extraction of 59 

alumina from bauxite during the Bayer process. Due to the very large volumes of red 60 

mud (120 million tons per year) and difficulty with its disposal, it is essential to find 61 

alternative options for its treatment and use (Klauber et al., 2011). Generally, the 62 

mineralogical composition of red mud consists of various forms of iron and aluminum 63 

oxides, calcium and sodium aluminum silicates and numerous titanium compounds. 64 

Red mud has a fine, porous structural nature and its surface carries significant 65 

hydroxyl groups (Liu and Naidu, 2014). As a result, the material has great potential to 66 
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remediate As contamination both in soils and groundwater (Altundogan, 2000; 67 

Klauber et al., 2011; Lopes et al., 2013). Previous studies confirmed that red mud, or 68 

neutralized red mud, can remove As from aqueous solutions (Altundogan, 2000; Genc, 69 

2003).  Furthermore, it has been demonstrated that RM can influence As 70 

fractionation in soils (Lee et al., 2011; Yan et al., 2013). The interaction mechanisms 71 

between As and red mud can be mainly attributed to electrostatic attraction/repulsion, 72 

chemical interaction (Castaldi et al., 2010; Wu et al., 2016b; Rubinos et al., 2005). 73 

Biochar is a stable solid produced by thermal or hydrothermal conversion of 74 

carbonaceous biomass under oxygen-limiting conditions (Zhang et al., 2013). It has 75 

been used in numerous applications mostly as a soil amendment/conditioner, a waste 76 

management tool and to mitigate global warming (Ahmad et al., 2014). Furthermore, 77 

biochar may improve soil fertility, increase soil nutrient bioavailability, improve 78 

agricultural productivity and sequester carbon (Lone et al., 2015). Nevertheless it has 79 

been shown that biochar may also reduce the bioavailability of essential plant 80 

micronutrients (Hartley, 2016). Additionally, biochar can effectively remove water 81 

contaminants (such as As, Cr and Cd) because of its favorable physicochemical 82 

properties (large surface area and porous structure) (Tan et al., 2016). It has also been 83 

reported that the characteristics of biochar, mainly the large surface area and cation 84 

exchange capacity (CEC), can lead to the stabilization of many heavy metals in the 85 

environment (Gregory et al., 2014).  86 

 Conversely, it has been demonstrated that biochar can elevate soil pH and thus 87 

mobilize As, which has limited its application in As remediation (Hartley et al., 2009; 88 
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Beesley et al., 2014). Recent studies have focused on the application of biochar-based 89 

materials, particularly biochar-based composites, that have enhanced capabilities as 90 

adsorbents for removing As from water and soils. Biochar-based materials such as 91 

ZnCl2-activated biochar and Ca-/Fe-modified biochar were used to remove As 92 

(including As(III) and As(V)) in water (Samsuri et al., 2013; Xia et al., 2016). 93 

However, the preparation procedures for these materials are relatively complex and 94 

expensive.  95 

Biochar has a porous structure that can be used to support the distribution of 96 

particles within its matrix (Wang et al., 2015a). Red mud shows some potential for As 97 

adsorption due to its distinctive oxide-rich constitution, especially iron and aluminum 98 

oxides, surface hydroxyl groups and its porous nature (Altundogan et al., 2000; Liu et 99 

al., 2011). Both rice straw and red mud are low cost, abundant materials. However, 100 

there seems to be a lack of information on the use of biochar for As remediation, 101 

when compared with other metals (Beesley et al., 2014). Based on this evidence, the 102 

study attempts to develop a novel red mud-modified biochar, in order to (1) 103 

characterize its physicochemical properties; (2) compare the kinetics of As sorption by 104 

red mud-modified biochar and untreated biochar produced from rice straw; and (3) 105 

investigate adsorption mechanisms using X-ray absorption spectroscopy (XANES).  106 

 107 

 108 

 109 

 110 
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2. Materials and methods 113 

2.1. Materials 114 

All chemicals used in this study were analytical grade. Deionized water was used to 115 

prepare all solutions. Sodium arsenite (NaAsO2) and sodium arsenate 116 

(Na2HAsO4·12H2O) were purchased from Aldrich Chemical Co.  117 

Rice straw was collected from a paddy field located around Central South 118 

University (Hunan, P.R. China). It was milled into a powder (0.15 mm) then used for 119 

biochar production (Chang et al., 2014). Red mud (RM), obtained from the Guangxi 120 

Pingguo alumina refinery (Pingguo, Guangxi Province, China), was oven-dried 121 

overnight at 60 °C. 122 

 123 

2.2. Biochar preparation 124 

Red mud-modified biochar (RM-BC) was produced using the method adopted by 125 

Wang et al. (2015a) and Yao et al. (2014). Approximately 2 g of RM at its natural pH 126 

was added to 500 mL deionized water and stirred for 30 min with a Magnetic Stirrer 127 

(85-2, Zhongda instrument corporaion in Jintan) to obtain stable RM suspensions. 128 

Subsequently, 10 g of rice straw was thoroughly mixed with the RM suspension and 129 

the mixture stirred for 2 h. Finally, the RM-modified feedstock was separated from 130 

the liquid by oven-drying at 80℃.  131 

Pyrolysis of the RM-modified feedstock took place in a muffle furnace (SX2-5-12, 132 
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Yuandong Therm corporaion in Changsha, China) at 600 ℃. In order to keep an 133 

oxygen-free atmosphere during the pyrolysis process, oxygen-free N2 was circulated 134 

into the system at a flowrate of 200 mL/min. The temperature increased at a rate of 135 

5 ℃/min until 600℃. The samples were pyrolyzed in the muffle furnace for 6 h. All 136 

biochars were cooled to room temperature (25 ℃), washed with deionized water 137 

several times to remove foreign substances, and oven dried at 80 ℃. Rice straw 138 

without RM modification was prepared by the same process. Hereafter, red 139 

mud-modified biochar and untreated biochar are named RM-BC and BC respectively. 140 

 141 

2.3. Material characterization 142 

The surface areas of BC and RM-BC were obtained using N2 sorption on a 143 

Monosorb surface area analyzer and calculated using the Brunauer–Emmett–Teller 144 

(BET) method. Surface morphology of the each biochar was examined using a 145 

scanning electron microscope, equipped with energy dispersive X-ray spectroscopy 146 

(SEM, Phenom XL). Furthermore, the crystal structure of these materials was 147 

characterized by X-ray powder diffraction (XRD, D/max 2550 VB+X).  148 

 149 

2.4. The effects of solution pH on adsorption 150 

Two stock solutions of 1000 mg/L As(III) and As(V) were prepared by dissolving 151 

NaAsO2 and Na2HAsO4·12H2O in deionized water, respectively. Working solutions 152 

(10 mg/L As(V) and 10mg/L As(III)) were prepared by diluting stock solutions with 153 

deionized water. The working solutions contained 0.01 M NaCl to maintain a constant 154 
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ionic strength. pH was adjusted to 2, 4, 6, 8, 10 and 12 respectively, using 0.1 mol·L-1 155 

HCl/NaOH. Approximately 0.12 g of BC or RM-BC was added to 30 mL 156 

As(V)/As(III) working solutions of the different pH values to make 4 g·L-1 157 

concentrations. Subsequently these samples were shaken at a constant temperature (25158 

±1 ℃) in an oscillator bath (DDHZ-300, Experimental facility corporation in 159 

TaiCang) at 200 rpm/min for 24h. Samples were then immediately passed through 160 

syringe membrane filters (0.45 mm) to determine As concentrations. Total As in the 161 

filtrate was measured by hydride generation atomic fluorescence spectrometry 162 

(HG-AFS, AFS-8230). The adsorbed concentration q (µg g−1) of arsenate and arsenite 163 

was estimated as follows (Zhang et al., 2016): 164 

m

)VC(C
q t0 


 
165 

Where q (µg g-1) is the concentration of As(V)/As(III) adsorbed at equilibrium; 166 

C0 and Ct (µg L-1) are the initial and equilibrium solute concentrations individually; V 167 

(L) is the solute volume and m (g) is the adsorbents mass. 168 

 169 

2.5. Adsorption kinetics 170 

Prior to the study, it was observed that adsorption of As(V) and As(III) was most 171 

effective between 6 to 10 on BC and 2 to 10 on RM-BC. To investigate As adsorption 172 

mechanisms, adsorption kinetic studies were carried out at room temperature (25±173 

1℃). Approximately 0.12 g (4 g·L-1) of BC and RM-BC were added to 30 mL of 174 

As(V)/As(III) solutions (with concentrations of 10 mg·L-1). The solutions were then 175 

shaken at 200 rpm at optimal pH for predetermined time intervals of 0.5, 1, 2, 4, 8, 12, 176 
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16 and 24 h respectively. Samples were removed from the shaker and the adsorbents 177 

immediately separated from the solution by filtration. Total As in the filtrate was 178 

determined by HG-AFS (AFS-8230, Beijing Jitian Instruments Co., China). All 179 

investigations were performed in triplicate.  180 

Kinetics data for As(V) and As(III) were fitted with a pseudo-first-order model, 181 

pseudo-second-order kinetic model and the Elovich model to explain the adsorption 182 

process. The governing equations of the mathematical models are listed as follows:  183 

pseudo-first-order:
       

)q(qk
dt

dq
te1

t
             (1) 184 

pseudo-second-order:    2
te2

t
)q(qk

dt

dq
            (2)  185 

Elovich:           )q(e
dt

dq
t

t
 xp            (3) 186 

Intraparticle diffusion:     CtKq 2

1

dt              (4) 187 

Where qt and qe (µg/g) are the concentrations of As adsorbed at t and equilibrium 188 

time respectively, and k1 (h-1), k2 (g µg-1 h-1) and kd(µg g−1 min−1/2) are the rate 189 

constants for the pseudo-first-order kinetic model, pseudo-second-order kinetic model 190 

and intraparticle diffusion respectively. C(µg g−1) is the y-intercept. Initial adsorption 191 

rate is regarded as α (µg g-1) and β (µg g-1) the desorption constant. 192 

 193 

2.6. Adsorption isotherms  194 

Adsorption equilibrium isotherms for As adsorption on RM-BC and BC were 195 

measured at different initial As(V)/As(III) concentrations (1-50 mg/L). Equilibrium 196 

adsorption investigations were performed for 24h at optimal pH. Two adsorption 197 

isothermal models, Langmuir and Freundlich, were applied to describe adsorption 198 
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isotherms. Equations were expressed as follows: 199 

Langmuir:    
eL

eLm
e

CK1

Ckq
q


  200 

Freundlich:   
n

eFe CKq   201 

Where qe (µg·g−1) is the adsorbed concentration of As at equilibrium; Ce (mg·L-1) is 202 

the equilibrium concentration of As; qm (µg·g-1) denotes the maximum adsorption 203 

capacity and n is the heterogeneity parameter; KL（L·mg-1）and KF represent the 204 

constants of Langmuir and Freundlich respectively. 205 

For the Langmuir model, equilibrium parameter (RL), employed to determine 206 

whether adsorption is favorable or not, is as follows (Sun et al., 2015): 207 

0L
L

CK1

1
R


   208 

Where C0 (mg L-1) is the initial concentration of As and KL (L mg-1) is the 209 

Langmuir constant. The adsorption process is either unfavorable (RL> 1), linear (RL = 210 

1), favorable (0 < RL < 1) or irreversible (RL = 0). 211 

 212 

2.7. X-ray absorption spectroscopy analysis 213 

The mechanism of As(V) sorption on RM-BC was investigated by X-ray absorption 214 

spectroscopy (XANES). For reference XANES spectra, all minerals (hematite, 215 

goethite, magnetite and gibbsite) were purchased from Sigma. Approximately 4 g·L-1 216 

of each mineral was applied to 30 mL of As(V) solution (10 mg·L-1) for 24 h using 217 

0.01 mol·L-1 NaCl to maintain ionic strength. After sorption, the suspension was 218 

centrifuged, washed twice with 0.01 mol·L-1 NaCl at pH 5.5, then washed with 219 

Ultrapure Water and subsequently freeze-dried (Fan et al., 2014). 220 
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X-ray absorption data were recorded at beamline BL14W at the Shanghai 221 

Synchrotron Radiation Facility (SSRF) with a Si(1 1 1) double crystal monochromator. 222 

The synchrotron was operated at 3.5 GeV and beam current around 150 - 210 mA 223 

(Guo et al., 2011). Data processing was performed using Athena IFEFFIT package 224 

and SixPack. Principal component analysis (PCA), target transformation (TT), and 225 

linear combination fitting (LCF) of XANES data were used to quantitatively 226 

determine As species. 227 

 228 

2.8. Data Analysis 229 

All data was analyzed in SPSS 23.0. Figures were created in Origin 9.0. 230 

 231 

3. Results and discussion 232 

3.1. Characterization 233 

The BET N2 surface areas of BC and RM-BC were 210.29 m2/g and 186.95 m2/g, 234 

respectively. There was a decrease in the surface area of the raw biomass treated with 235 

red mud, suggesting that red mud possibly covers the pores of the biochar, which is in 236 

accordance with other materials such as kaolinite modified biochar (Yao et al., 2014) 237 

and hematite modified biochar (Wang et al., 2015a). 238 

The morphology images and EDX of RM and RM-BC are shown in Fig.1. The 239 

EDX spectrum and SEM confirmed that the surface of biochar was loaded with red 240 

mud. The EDX analysis of RM-BC revealed extra peaks for calcium, aluminum, 241 

titanium, sodium and iron, which are the elemental compositions of red mud when 242 
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compared to that of BC (Fig. 1b). The surface of RM-BC appeared smooth without 243 

adsorption (Fig. 1b) and then became coarser after the adsorption of As(V) (Fig. 1c) 244 

and As(III) (Fig. 1d). The EDS spectra analysis showed that As was coated on the 245 

surface of the RM-BC, demonstrating that adsorption had occurred (Fig. 1c and 1d). 246 

The structures of RM-BC and BC were clearly different, when examined by X-ray 247 

powder diffraction (XRD). XRD analysis of the RM-BC revealed the presence of 248 

crystalline phases identified as hematite, magnetite, goethite, calcite, gibbsite and 249 

perovskite which were not detected in the crystalline phases of BC (Fig. 2). The 250 

results further confirmed that red mud had been successfully loaded on the surfaces of 251 

the biochar matrix. 252 

 253 

3.2. Effect of pH  254 

The effect of pH on As(V) and As(III) adsorbed by BC and RM-BC are presented 255 

in Fig.3.a and Fig.3.b, respectively. The amount of adsorbed As(V) (q, µg·g-1) 256 

decreased with increasing pH on RM-BC (Fig.3.a). The maximum adsorption density 257 

for As(V) at pH=2 was 1622.51 µg·g-1. Adsorption capacity of BC for As(V) 258 

increased with increasing pH from 2 to 6, but then decreased when the pH ranged 259 

from 6 to 12. The maximum adsorption of BC was q=481.61 µg·g-1 at pH=6. Biochar 260 

had a somewhat lower As(V) adsorption capacity, when compared to that of RM-BC. 261 

The effects of pH on As(III) adsorption are presented in Fig.3.b. Clearly, BC and 262 

RM-BC showed similar trends on the pH-dependent adsorption curves. The quantity 263 

adsorbed increased with pH, increasing from 2 to 10, but when pH was elevated from 264 
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10 to 12, the adsorbed amount of both absorbents decreased. Overall, the results 265 

indicated that As(V) is adsorbed in acidic pH conditions, whilst As(III) tends to be 266 

adsorbed in alkaline environments. In addition, red mud modification significantly 267 

enhanced the sorption ability of biochar both on As(V) and As(III). 268 

pH is considered as a crucial factor influencing As species distribution and the 269 

surface charge of BC/RM-BC. Anionic species of arseneous and arsenic acids are 270 

dictated by pH. Ionization equations are listed as follows (Wei et al., 2016): 271 

H3AsO3 ↔H2AsO3
− +H+     pKa1 =9.23 272 

H2AsO3
− ↔HAsO3

2− +H+    pKa2 =12.10 273 

HAsO3
2− ↔AsO3

3− +H+      pKa3 =13.41 274 

H3AsO4 ↔H2AsO4
− +H+     pKa1 =2.24 275 

H2AsO4
− ↔HAsO4

2− +H+    pKa2 =6.94 276 

HAsO4
2− ↔AsO4

3− +H+      pKa3 =11.50 277 

When pH is below the point of zero charge (pHPZC), the surface of adsorbents will 278 

form positive charges. At this time, As(V) predominantly exists as H2AsO4
− and 279 

adsorption occurs by electrostatic and chemical attraction (Cheng et al., 2016). At 280 

higher pH values, the major As species exist as HAsO4
2− and AsO4

3−. However, the 281 

availability of binding sites declines with increasing pH. When the pH is above the 282 

pHPZC adsorbent surfaces develop negative charges, which repulse anions including 283 

HAsO4
2− and AsO4

3−. In the meantime, hydroxide ions compete for positively charged 284 

surface sites, and as a result weaken the adsorption process (Feng et al., 2015).  285 

Furthermore, an early study reported that the properties and mineralogical 286 
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composition of RM will be changed by pH and specific sorption locations of RM will 287 

decrease with increasing pH (Castaldi et al., 2010). 288 

The adsorbed volume of As(III) reached its maximum between pH 8 to 10 (Fig.3.b). 289 

This is consistent with the results obtained by Baig et al. (2014), using magnetic 290 

biochar, who noted that As(III) adsorption reached a maximum at pH=8 (Baig et al., 291 

2014). Manju et al. (1998) using copper impregnated activated carbon as a sorbent, 292 

also discovered that As(III) adsorption increased with increasing pH (Manju et al., 293 

1998). However, Yu et al. (2015) demonstrated that As(III) reached a maximum at 294 

pH=3 with manganese oxide-modified biochar (Yu et al., 2015). This variation may 295 

be the result of the diverse adsorbents used in the investigations. 296 

 297 

3.3. Adsorption Kinetics 298 

As(V) and As(III) kinetic experiments revealed a rapid initial sorption followed 299 

by a smooth increase, reaching equilibrium within less than 24 h (Fig. 4). First-order 300 

and second-order models were used to describe mononuclear and binuclear 301 

adsorption, whilst the Elovich model considers the influence of desorption (Lǚ et al., 302 

2013). Compared with BC, RM-BC showed a greater sorption capacity for As. 303 

Kinetic models and best-fit parameter values for As(V) and As(III) adsorption data 304 

are listed in Table 1. The pseudo-second-order model fits the kinetic data well when 305 

compared to pseudo-first-order for As(V) adsorption on all adsorbents (Table 1). 306 

However, for As(III) adsorption on BC and RM-BC, the fit is different. Between the 307 

three kinetic models, the former is more in favor of the pseudo-second-order model. 308 



15 
 

For the latter, the Elovich model agrees with the data more accurately. 309 

The results revealed that: (1) according to the assumptions of the 310 

pseudo-second-order kinetic model, the reaction rate is relative to the amount of 311 

BC/RM-BC surface active sites and the rate-limiting step will possibly be chemical 312 

sorption (Taty-Costodes et al., 2003; Mohan et al., 2011), (2) the adsorption of As(III) 313 

on RM-BC was a heterogeneous process and may be controlled by multiple 314 

mechanisms including chemisorption (Yao et al., 2014), and (3) both BC and RM-BC 315 

removed As(V) more effectively than As(III). In addition, the adsorption density of 316 

As(V) on RM-BC is more than that of BC.  317 

 318 

3.4. Adsorption isotherms 319 

Langmuir and Freundlich isotherms for As(V) and As(III) on BC and RM-BC are 320 

displayed in Fig. 5. With increasing As concentration, As adsorption increased greatly 321 

until reaching equilibrium. In this study, all sorption isotherms were ‘‘L’’ shaped with 322 

higher R2 compared to the Freundlich model (Table 2). The calculated Langmuir 323 

maximum adsorption capacity (Qmax) of RM-BC for As(V) and As(III) were 5923.8 324 

and 520.0 ug·g-1 respectively. In contrast, the Qmax of BC for As(V) and As(III) were 325 

only 552.0 ug·g-1 and 447.6 ug·g-1 respectively.  326 

The Langmuir isotherm is used to describe monolayer adsorption on sorbent 327 

surfaces (Awwad et al., 2010). Both BC and RM-BC obey the adsorption mechanisms 328 

of Langmuir, which is in accordance with many carbonaceous adsorbents (Zhang et 329 

al., 2013; Wang et al., 2015a). Red mud-modified biochar exhibited improved 330 
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removal for As(V) and As(III) compared to BC, suggesting that it may enhance 331 

biochar adsorption sites ( Wang et al., 2015a; Li et al., 2016). 332 

In this work, RL values for As(V) adsorption on BC and RM-BC and As(III) 333 

adsorption on BC and RM-BC were in the range of 0.0663-0.825, 0.303-0.970, 334 

0.136-0.919, 0.0778-0.860 respectively, indicating that adsorption was favorable. 335 

Table 4 presents a comparison of maximum adsorptive capacities for various As(V) 336 

adsorbents. The Langmuir maximum sorption capacity of RM-BC for As(V) is lower 337 

than that of Fe coated biochars (Samsuri et al.(2013)) and La loaded biochar (Feng et 338 

al. (2015)). Nevertheless, production of biochar treated with pure chemical reagents 339 

(Fe and La) would be expensive at an industrial level.  340 

3.5. Analysis of adsorption mechanisms 341 

K-edge XANES analyses for As standards and RM-BC-As(V) are presented in Fig. 342 

6. The excitation energies are displayed at 11872.4 eV and 11876.5 eV corresponding 343 

to As(III) and As(V) respectively. The results of XANES spectra revealed that both 344 

As(V) and As(III) were adsorbed on the surface of the red mud. Arsenate was the 345 

major species and accounted for 97.6% of the total As (Table 3). In addition, LCF 346 

results revealed three main As phases on RM-BC including hematite-As(V) (53.5%), 347 

magnetite-As(V) (33.8%), and gibbsite-As(V) (13.6%), which probably formed 348 

during the sorption process (Table 3). 349 

Previous studies demonstrated that iron and alumina oxides play a key role in As 350 

sorption (Zhang et al., 2014; Wang et al., 2015a). The presence of hematite, goethite, 351 

magnetite and gibbsite, as revealed by XRD, on RM-BC is consistent with that 352 
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reported in other studies (Li et al., 2009; Liu and Naidu, 2014). Arsenate forms inner 353 

sphere bidentate binuclear complexes on gibbsite (Ladeira et al., 2001). Hematite, 354 

goethite, and magnetite both effectively remove As(III) and As(V) from solutions, 355 

especially hematite, as this demonstrated the greatest adsorption capacity in acidic pH 356 

conditions (Gimenez et al., 2007; Mamindy-Pajany et al., 2011). Arsenate was 357 

strongly bound to iron oxides by forming inner sphere complexes through ligand 358 

exchange (Jain et al., 1999; Mamindy-Pajany et al., 2011). 359 

According to XANES results, possible adsorption mechanisms for As(V) on 360 

RM-BC are presented in Fig.7. The structure M-O-As(V) formed may substantially 361 

enhanced the adsorption capacity of As(V). This figure was consistent with previous 362 

studies demonstrating that the mechanisms responsible for As adsorption on biochar 363 

are through electrostatic interactions, surface complexation through ligand exchange 364 

(described as inner-sphere surface monodentate and bidentate complexes), and 365 

chemical interactions between As and surface functional groups (Li et al., 2016; Wang 366 

et al., 2015a; Zhang et al., 2013).  367 

4. Conclusion 368 

Red mud and rice straw biochar are promising materials for As contaminated soil 369 

remediation due to their improved adsorbent capacity. RM-BC revealed improved 370 

removal of both As(V) and As(III), with the maximum adsorption capacity ten times 371 

greater than that of the untreated biochar. All sorption isotherms produced improved 372 

fits for the Langmuir model. X-ray absorption near-edge spectroscopy indicated that 373 

the adsorption of As(V) on RM-BC was possibly due to surface complexation and 374 
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electrostatic interactions. 375 
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Table 1 Kinetic models and best-fit parameters for As(V) and As(III) adsorption data. 526 

sample   First-order  Second-order  Elovich  Intraparticle diffusion 

    k1(h-1) qe(µg/g) R2  k2(g µg-1 h-1) qe(µg/g) R2  β(µg/g) α(µg/g) R2  Kd(µg g−1 min−1/2) C(µg/g) R2 

BC As(V) 1.195 451.4 0.983  0.00357 482.9 0.987  0.0143 4168.5 0.884  62.96 233.1 0.6664 

RM-BC As(V) 1.446 1656.5 0.900  0.00126 1758.6 0.957  0.00435 31085.8 0.917  212.94 908.7 0.7298 

BC As(III) 0.805 296.0 0.948  0.00366 319.5 0.960  0.0190 1196.7 0.928  48.95 115.1 0.7662 

RM-BC As(III) 0.686 377.9 0.911  0.00236 412.0 0.927  0.0144 1253.1 0.962  66.57 132.9 0.8842 

 527 

 528 
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 529 

Table 2 Isotherm models and best-fit parameters for As(V) and As(III) adsorption data. 530 

sample 

 

Langmuir 

 

Freundlich 

    k(µg-1) Q max (µg/g) R2   k(µg(1-n) Ln g-1) n R2 

BC As(V) 0.296 552.0 0.949 

 

179.2 0.293 0.786 

RM-BC As(V) 0.0465 5923.8 0.997 

 

452.9 0.579 0.985 

BC As(III) 0.179 447.6 0.991 

 

119.9 0.401 0.898 

RM-BC As(III) 0.333 520.0 0.995 

 

171.2 0.312 0.911 
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 545 

 546 

 547 
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Table 3 SPOIL values of reference materials obtained by target transformation (TT), and linear 548 

combination fit (LCF) results of As(V) adsorption on RM-BC. 549 

References 
SPOIL Values   LCF results(%) 

Spoil R   RM-As(V) 

As(III) 0 0.01865 

 

2.4 

As(V) 0.3172 0.02239 

 

97.6 

R-factor 

   

0.00868 

Chi-square       0.0697 

gibbsite-As(V) 0 9.16E-07   13.6 

hematite-As(V) 0 1.37E-07 

 

53.5 

magnetite-As(V) 1.0423 5.61E-05 

 

33.8 

R-factor 

   

0.00241 

Chi-square       0.193 

 550 

 551 

 552 

 553 

 554 

 555 

 556 

 557 

 558 

 559 

 560 

 561 

 562 

 563 

 564 
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Table 4 Comparison of adsorption capabilities for different adsorbents of As(V). 565 

Adsorbents  Feedstock qmax(µg/g) References 

red mud modified biochar  rice straw 5923.8 This work 

hematite modified biochar loblolly pine(Pinus taeda) wood 428.7 Wang et al.(2015a) 

MnCl2·4H2O modified biochar pine wood 590 Wang et al.(2015b) 

birnessite modified biochar pine wood 910 Wang et al.(2015b) 

Fe coated biochars  empty fruit bunch  15200 Samsuri et al.(2013) 

Fe coated biochars  rice husk 16900 Samsuri et al.(2013) 

La loaded Biochar corn stalk 38020 Feng et al. (2015)  

Red mud  —— 941 Altundogan et al. (2000)  

 566 

 567 

 568 
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 577 
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Fig. 1. SEM-EDS of biochar (BC) and red mud-modified biochar (RM-BC): a. BC, b. 580 

RM-BC before adsorption; c. RM-BC after adsorption of As(V), d. RM-BC after adsorption of 581 

As(III). 582 
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 583 

Fig. 2. X-ray diffraction spectra of biochar (BC) and red mud-modified biochar (RM-BC). 584 
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Fig. 3. Effect of pH on the concentration of (a) As(V) and (b) As(III) adsorbed by BC and 598 

RM-BC. 599 
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Fig. 4. Adsorption kinetics and modeling for As on adsorbents: (a) and (b) are As(V) adsorption on 614 

BC and RM-BC respectively. (c) and (d) are As(III) adsorption on BC and RM-BC respectively.  615 
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Fig. 5. Adsorption isotherm data and modeling for As on adsorbents: (a) and (b) are As(V) 623 

adsorption on BC and RM-BC respectively. (c) and (d) are As(III) adsorption on BC and RM-BC 624 

respectively.  625 
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Fig. 6. Normalized As k-edge X-ray absorption near-edge structure (XANES) spectra for As(V) 631 

adsorption on RM-BC (a) the percentages of As species; (b) the percentages of As adsorbed on 632 

different minerals; All fit parameters are detailed in Table 3.  633 
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Fig. 7. Mechanism of As(V) adsorption on red mud-modified biochar, where M is the metal oxide 678 

composition of the red mud surface. 679 
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Table and figure legends 693 

Table 1 Kinetic models and best-fit parameter values for As(V) and As(III) adsorption data. 694 

Table 2 Isotherm models and best-fit parameter values for As(V) and As(III) adsorption data. 695 

Table 3 SPOIL values of references obtained by target transformation (TT), and linear 696 

combination fit (LCF) results of As(V) adsorption on RM-BC. 697 

Table 4 Comparison of the adsorption capacities of different adsorbents for As(V). 698 

Fig. 1. SEM-EDS of biochar (BC) and red mud-modified biochar (RM-BC): a. BC, b. RM-BC 699 

before adsorption; c. RM-BC after adsorption of As(V), d. RM-BC after adsorption of As(III). 700 

Fig. 2. X-ray diffraction spectra of biochar (BC) and red mud-modified biochar (RM-BC). 701 

Fig. 3. Effect of pH on the concentration of (a) As(V) and (b) As(III) adsorbed by BC and 702 

RM-BC. 703 

Fig. 4. Adsorption kinetics and modeling for As onto adsorbents: (a) and (b) are As(V) 704 

adsorption on BC and RM-BC respectively. (c) and (d) are As(III) adsorption on BC and RM-BC 705 

respectively.  706 

Fig. 5. Adsorption isotherm data and modeling for As onto adsorbents: (a) and (b) are As(V) 707 

adsorption on BC and RM-BC respectively. (c) and (d) are  As(III) adsorption on BC and 708 

RM-BC respectively. 709 

Fig. 6. Normalized As k-edge X-ray absorption near-edge structure (XANES) spectra for As(V) 710 

adsorption on RM-BC (a) the percentages of As species; (b) the percentages of As adsorbed on 711 

different minerals; All fit parameters are detailed in Table 3.  712 

Fig. 7. Mechanism of As(V) adsorption on red mud-modified biochar, where M is the metal 713 

oxide composition of the red mud surface. 714 
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