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 26 

Abstract  27 

Owing to its effectiveness and environment-friendly, biochar has been used for 28 

adsorbing and immobilizing pollutants in soil in recent years of studies, which is also 29 

suitable for manganese pollution in soil caused by manganese mining and processing 30 

activities. In this research, alkali modified pomelo biochar (MBC) was regarded as a 31 

soil amendment, the improvement of soil physicochemical properties as well as Mn2+ 32 

sorption and transport in soil by modifying with MBC were investigated. In 33 

incubation experiment, 0-10% (w/w) MBC addition amount significantly improved 34 

the physicochemical properties of soil. Due to the amelioration of soil 35 

physicochemical properties along with the oxygen-containing functional groups and 36 

the developed pore structure of MBC itself, the adsorption capacity of MBC 37 

modification soil towards Mn2+ (qe) was enhanced in batch adsorption experiment, 38 

and qe increased by 10-108% when MBC ratio grew from 0 to 10% at 300 mg·L-1 39 

Mn2+ solution. In column migration experiment, the Mn2+ retention rate climbed by 40 

13-106% from 0 to 10% MBC addition proportion when adopted the MBC filling way 41 

that placed MBC on the soil upper layer, and the reinforced restriction on Mn2+ 42 

transport in soil amended with MBC might ascribe to the enhanced qe as well as the 43 

reduced saturated hydraulic conductivity. These results proved that MBC effectively 44 

augmented adsorption ability and suppressed transport of Mn2+ in soil, which could 45 

provide an available mind on prevention and remediation of soil Mn contamination.  46 

 47 
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 49 
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1 Introduction 53 

Manganese (Mn), as the fourth metal in terms of average annual consumption 54 

(Yu et al., 2019), is extensively used in the production of stainless steel, dry batteries, 55 

glass, and specialty chemicals (Duan et al., 2010; Zhang et al., 2020). In recent 56 

decades, with the rapid development of modern industry, the global mining and 57 

processing of Mn ore gets more and more frequent. During these activities, a large 58 

amount of Mn will enter the topsoil around the mining area through surface runoff, 59 

wind-borne transportation and atmospheric deposition (Jiang et al., 2018). Part of the 60 

Mn accumulated in the soil surface will infiltrate into the deep soil with rainfall, and 61 

even migrate to the groundwater aquifer. Excessive Mn will be eventually adsorbed 62 

by the organism via the food chain (Duan et al., 2011). Although Mn is one of the 63 

essential trace elements for the organism, when the Mn uptake is too high, there will 64 

be symptoms of Mn poisoning in organism, examples include iron deficiency in algae, 65 

death of fish embryos, adverse effects on terrestrial plants, and human neurological 66 

diseases (Du et al., 2019; Sabina et al., 2019). Therefore, how to effectively inhibit the 67 

migration of Mn in the soil remains to be resolved.  68 

Chemical immobilization has been used for stabilizing soil pollutants to restrict 69 

their transport extensively for which is of convenience, effectiveness and can be 70 

applied on a large scale in recent years (Gong et al., 2018). Compared with other 71 

cheap chemical stabilizer, biochar, a high temperature pyrolysis product of waste 72 

biomass, mostly possesses higher specific surface area (SSA), pH, cation 73 

exchangeable capacity (CEC), total organic carbon (TOC) and richer functional 74 

groups, redox couples etc., has been demonstrated an unique superiority to mitigate 75 

the mobility of pollutants in soil by growing studies . Khorram et al. (2015) found that 76 

migration of fomesafen was restrained due to the enhanced adsorption capacity in 77 

biochar-amended soil. In a column leaching test, Daryabeigi Zand and Grathwohl 78 

(2016) observed that after the biochar was added to contaminated soil, the leaching of 79 

polycyclic aromatic hydrocarbons was remarkably decreased. The application of 80 
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biochar derived from pig significantly reduced the mobility of cadmium, lead and 81 

dibutyl phthalate in soil with low organic carbon content, Qin et al. (2018) attributed 82 

it to the high SSA, surface alkalinity, pH, and mineral contents of biochar. 83 

 Adsorption is a decisive factor in controlling the transport of pollutants in the 84 

soil (Lei et al., 2020), and adsorption of Mn by soil is closely related to the 85 

physicochemical properties of the soil itself, and pH as well as redox potential (Eh) is 86 

the most critical among all the soil physicochemical properties since they control the 87 

mutual transformation of divalent Mn (soluble and high mobility) and Mn oxide 88 

(insoluble and relatively stable). Hue et al. (2001) claimed that Mn toxicity and 89 

mobility often occurred in those high Eh soil for long-term flooded or excessive use 90 

of organic amendments and acid soil. In addition, similar to other heavy metals, soil 91 

CEC and TOC might also affect Mn adsorption (Bradl, 2004).  92 

On the one hand, it is universally acknowledged that biochar is both pollutant 93 

adsorbent and soil amendment, which may improve the adsorption performance of 94 

soil through its own excellent adsorption ability and modification on soil 95 

physicochemical properties to weaken pollutant transport. Vu et al. (2015) observed 96 

the adsorption capacity of soil for rhamnolipid was enhanced as the biochar was 97 

added to soil, which result from the improvement of soil organic matter caused by 98 

biochar, thus the migration of rhamnolipid was mitigated. Kim et al. (2015) explained 99 

that decline in the NH4NO3-extractable heavy metal of biochar modification soil was 100 

caused by the increment in soil pH and heavy metal adsorption ability induced by 101 

biochar in a soil incubation experiment. On the other hand, biochar also affects soil 102 

hydraulic characteristics to influence the transport of pollutants as well. Lei et al. 103 

(2020) thought it was one of reasons for the restricted migration of 104 

3,5,6-trichloro-2-pyridinol in biochar modified purple soil that the soil diffusion 105 

coefficient and convection velocity were decreased by biochar addition. According to 106 

Trinh et al. (2017), an intensified interaction between pollutant and soil following 107 

biochar addition caused by the declining pore-water flow rate gave rise to a 108 
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nonreversible retention of pollutant. 109 

Few studies have focused on the influence of biochar on Mn2+ sorption and 110 

transport in soil so far on the basis of collected literature. The type, dosage and 111 

application method of biochar are three influence factors needed to be consider 112 

carefully affecting pollutant sorption and transport in biochar modified soil (Li et al., 113 

2018). Alkali modified pomelo biochar (MBC) exhibited an excellent adsorption for 114 

Mn2+ in aqueous solution, whose saturated adsorption capacity was up to 163.194 115 

mg·g-1 according to a previous study (An et al., 2020). In the present study, MBC was 116 

further selected as a soil amendment, several tasks were completed: 1) the impact on 117 

soil properties with different dosage MBC addition; 2) the adsorption of Mn2+ by soil 118 

amended with MBC; 3) the influence of MBC addition amount and filling way on 119 

Mn2+ migration in soil. Based on the former study, this study aimed to further explore 120 

the application value of MBC in soil Mn contamination.  121 

 122 

2 Materials and method 123 

2.1 Soil and MBC 124 

The soil was collected from 0-20cm layer of an uncontaminated field in 125 

Chongqing Municipality (29°32′N, 106°27′E), China. Removed impurity, air-dried for 126 

days, and crushed to pass through a 2-mm sieve, the soil was pretreated before 127 

experiment was start up (Xu et al., 2016). 128 

Details of MBC preparation was described in a previous study (An et al., 2020). 129 

In short, pomelo peels modified with NaOH solution were pyrolyzed at 500 ℃ for 2 h 130 

under oxygen-free environment in a furnace (GF11Q-B, Nanjing Boyuntong 131 

Instrument Technology Co., Ltd, China), then the pyrolysis products were collected 132 

and sieved for less than 0.38 mm, which was named MBC. 133 

Determination of samples (soil and MBC) physicochemical property: deionized 134 

water was added to sample at 2.5:1 (v/w) for soil and 20:1 (v/w) for MBC respectively, 135 
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agitating them by glass rod for 1 min, then standing for 30 min, pH value and Eh 136 

value was measured using a desktop acidimeter (PHS-3C, Shanghai INESA Scientific 137 

Instrument Co., Ltd. China). In the case of CEC, hexamminecobalt trichloride 138 

solution-spectrophotometric method (Ministry of Ecology and Environmental of PR 139 

China, HJ 889-2017) was applied. TOC was determined by K2Cr2O7 – H2SO4 140 

oxidation method (Ministry of Agriculture of PR China, GB 9834-88). The bulk 141 

density of undisturbed soil was tested by the cutting ring method (Ministry of 142 

Agriculture and Rural Affairs of PR China, NY/T 1121.4-2006), while dividing the 143 

dry mass of MBC by the packed volume to estimate that of MBC. Soil texture was 144 

measured according to a simplified method described by Kettler et al. (2001). The 145 

elemental composition was conducted by energy dispersive spectroscopy (EDS; 146 

VEGA 3, TESCAN Inc., Czech Republic). The detailed data were listed in Table 1. 147 

Part of data about MBC derived from previous study (An et al., 2020). 148 

 149 

2.2 Incubation experiment 150 

Soil was treated in glass container at 25 ± 2 ℃ with different ratios of MBC: 0, 1, 151 

3, 5, 10% (w/w). To ensure relative constant water content (60% field water holding 152 

capacity), spraying water every 3 d during incubation period for 30 d (Xu et al., 153 

2016). 154 

  The modified soils were air-dried then crushed to pass through a 2-mm sieve 155 

once incubation experiment was finished, and they were here referred as B0-S, B1-S, 156 

B3-S, B5-S, B10-S corresponded to the MBC ratios of 0, 1, 3, 5, 10% (w/w) 157 

respectively. pH, Eh, CEC and TOC of modified soils were determined, and 158 

micro-morphology of B0-S and B10-S were measured by scanning electron 159 

microscope (SEM; VEGA 3, TESCAN Inc., Czech Republic). 160 

 161 

2.3 Adsorption experiment 162 

Adsorption kinetics experiment: Mn2+ solution in here was prepared with 163 
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MnCl2·4H2O. Mn2+ concentration was set to 300 mg·L-1, and the pH value of Mn2+ 164 

solution was adjusted to 7.0±0.1 by 0.1M HCl and NaOH solutions. 1 g of modified 165 

soils (including B0-S, B1-S, B3-S, B5-S, B10-S) was added to 50 mL Mn2+ solution 166 

in conical flask, which were next respectively oscillated for 10, 30, 60, 120, 180, 300, 167 

420, 540, 720, 960, 1200 and 1440 min in a constant temperature oscillator 168 

(ZWY-2102C, Shanghai Zhicheng Analytical Instrument Inc, China) at a temperature 169 

of 30 °C and a rotating speed of 120 rpm. Once the adsorption time reached the set 170 

value, the solution was centrifuged for 10 min at 3000 rpm with centrifuge (TG16-WS, 171 

Xiangyi Centrifuge Instrument Co., Ltd, China) and then filtered through a 0.45 μm 172 

filter membrane, and Mn2+ concentration in the filtrate was determined by flame 173 

atomic absorption spectrophotometer (AA800, PerkinElmer Inc, America) based on 174 

the standard (Ministry of Ecology and Environmental of PR China, GB 11911-89).  175 

Adsorption isotherm experiment: Mn2+ concentration gradient was set to 50, 100, 176 

150, 200, 250, 300 mg·L-1. 0.1M HCl and NaOH solution were used to adjust the 177 

initial pH of the Mn2+ solution to 7.0 ± 0.1. 1 g of modified soils (including B0-S, 178 

B1-S, B3-S, B5-S, B10-S) was added to 50 mL Mn2+ solution in conical flask, which 179 

were next oscillated for 24 h in a constant temperature oscillator at a temperature of 180 

30 °C and a rotating speed of 120 rpm. After the adsorption was completed, the 181 

solution was centrifuged, filtered and determined as the above procedure. In addition, 182 

soil itself wouldn’t release Mn2+, which was proved by an adsorption experiment with 183 

soil and deionized water.    184 

The adsorption capacity of soil towards Mn2+ was expressed as follow (An et al., 185 

2020): 186 𝑞𝑞𝑒𝑒 = 𝑉𝑉 ×
𝐶𝐶0−𝐶𝐶𝑒𝑒𝑀𝑀                                                       (1)   187 

Where 𝑞𝑞𝑒𝑒 (mg·g-1) is the amount of adsorbed Mn2+ per unit mass of soil in the 188 

adsorption equilibrium stage, 𝑉𝑉 (L) is the volume of Mn2+ solution, 𝐶𝐶0  and 𝐶𝐶𝑒𝑒 189 

(mg·L-1) are the initial and equilibration Mn2+ concentration respectively, M (g) is 190 

the mass of soil.  191 
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To analyze the adsorption mechanism of B0-S for Mn2+, attenuated total 192 

reflection Fourier transform infrared spectroscopy (FTIR; Nicolet iS5, Thermo Fisher 193 

Scientific Inc., USA) and X-ray diffraction (XRD; D/MAX 2500pc Rigaku 194 

Instrument Co., Japan) was applied to measure the change of functional groups and 195 

mineral crystal structure in B0-S before and after adsorption of Mn2+. 196 

 197 

2.4 Adsorption model fitting 198 

Pseudo-first-order, pseudo-second-order and intra-particle diffusion model were 199 

utilized to describe the adsorption kinetics, which were written as Eqs. (2)-(4) (An et 200 

al., 2019): 201 𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑒𝑒(1− 𝑒𝑒−𝑘𝑘1𝑡𝑡)                                                  (2) 202 𝑞𝑞𝑡𝑡 =
𝑘𝑘2𝑞𝑞𝑒𝑒2𝑡𝑡1+𝑘𝑘2𝑞𝑞𝑒𝑒𝑡𝑡                                                        (3) 203 𝑞𝑞𝑡𝑡 = 𝑘𝑘 × 𝑡𝑡0.5 + 𝑏𝑏                                                    (4) 204 

Where t (min) is adsorption time, 𝑞𝑞𝑡𝑡 (mg·g-1) is the amount of adsorbed Mn2+ 205 

per unit mass of soil at time t, 𝑘𝑘1 (min-1), 𝑘𝑘2 (g·mg-1·min-1) and 𝑘𝑘 (mg·g-1·min-0.5) 206 

respectively represent pseudo-first-order, pseudo-second-order and intra-particle 207 

diffusion rate constant, 𝑏𝑏 (mg·g-1) is intercept.  208 

For adsorption isotherm, Langmuir and Freundlich model, two of the most 209 

typical models, were applied, and they were as Eqs. (5)-(6) (An et al., 2018): 210 𝑞𝑞𝑒𝑒 =
𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒1+𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒                                                        (5) 211 𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒𝑛𝑛                                                         (6) 212 

Where 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 (mg·g-1) is the saturated adsorption capacity, 𝐾𝐾𝐿𝐿 (L·mg-1) is the 213 

affinity constant between adsorbent and adsorbate, 𝐾𝐾𝐹𝐹  (mg·g-1·Ln·mg-n) is the 214 

Freundlich equilibrium constant, n  is the constant that reflects the strength of 215 

adsorption. 216 

 217 
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2.5 Transport experiment 218 

The filling way (MBC was laid on the upper, lower layer and uniformly mixed 219 

with soil, which were respectively denoted as LUP, LLO and UMS for convenience, 220 

and CK meant no MBC addition.) and dosage (0, 1, 3, 5, 10%) of MBC were taken 221 

into account in Mn2+ transport experiment, whose detailed design were listed in Table 222 

2. A total of 3 g of natural soil and MBC were filled in a 12×100 mm (D×H) 223 

chromatography column. In order to evenly distribute the influent solution and 224 

prevented the loss of substance in column, the bottom and top of the column were 225 

both filled with 2 g of fine quartz sand, a 300 meshes polyester screen was 226 

additionally packed between quartz sand in the column bottom and the mixture of soil 227 

and MBC (Chen et al., 2017). The bulk density of the mixture of soil and MBC was 228 

calculated by the respective bulk density of the soil and MBC, then the column filling 229 

height could be determined according to the mixture bulk density (Li et al., 2018). 230 

The filling of the materials in the column were performed by wet-packed method to 231 

ensured uniformity and no interspace (Chen et al., 2017). Prior to the transport 232 

experiment, materials in the column were incubated for 1 week like the above 233 

incubation test. Deionized water was pumped slowly into the column for 12 h to 234 

saturated it by peristaltic pump (BT-600EA, Chongqing Jieheng Peristaltic Pump Co., 235 

Ltd, China), then the pore volume and porosity of the column could be 236 

gravimetrically calculated (Chen et al., 2018). After the soil column was saturated, 237 

300 mg·L-1 of Mn2+ solution with a volume of 200 mL continuously injected into the 238 

column. During the test, the flow rate of the peristaltic pump was adjusted so that the 239 

height of the liquid level above the column was always maintained at 1~2 cm (Tan et 240 

al., 2015a), and the effluent was collected regularly to measure the Mn2+ 241 

concentration by flame atomic absorption spectrophotometer. The transport 242 

experimental device was shown in Fig. S1. 243 

 244 
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2.6 Transport parameters calculation 245 𝐾𝐾𝑠𝑠 =
𝑄𝑄𝐴𝐴  ∙ 𝐿𝐿∆𝐻𝐻                                                         (7) 246 

In the above Eq. (7), where 𝐾𝐾𝑠𝑠  (cm·min-1) is the saturated hydraulic conductivity, 247 

Q (mL·min-1) is the flow rate provided by peristaltic pump, A (cm2) is the cross 248 

section area of the column, L (cm) is the filling height of the column, ∆H (cm) is 249 

the water head difference between the water level and the outlet of the column, (Tan 250 

et al., 2015a). 251 𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡 =
𝑄𝑄1000∫ (𝐶𝐶𝑂𝑂 − 𝐶𝐶𝑡𝑡)𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡0                                          (8) 252 

R =
𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡 × 100                                                    (9) 253 

Eqs. (8)-(9) were used for estimating the mass balance of Mn2+, where 𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡 254 

(mg) is the amount of Mn2+ retained in column, 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡 (min) is the total time of an 255 

integrated test, 𝐶𝐶𝑡𝑡 (mg·L-1) is the Mn2+ concentration in effluent at time t , 𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡  256 

(mg) is the total amount of Mn2+ injected in column,. R (%) is the Mn2+ retention 257 

rate in column. 258 

Furthermore, 𝑉𝑉𝑏𝑏  and 𝑉𝑉𝑠𝑠  (mL) are the breakthrough and saturation volume 259 

which are defined as an accumulated volume when 𝐶𝐶𝑡𝑡/𝐶𝐶0 reached 0.05 and 0.90 260 

respectively (Singh et al., 2012). 261 

  262 

2.7 Statistical analyses 263 

All treatment and measurement were carried out in triplicate. Experimental data 264 

were analyzed by SPSS software. One way analysis of variance was used to compare 265 

mean values, and significant differences were statistically considered when P < 0.05. 266 

Pearson correlation coefficients were calculated to determine relationship between 267 

parameters. 268 

 269 
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3 Results and discussion 270 

3.1 The impact of MBC on soil physicochemical properties 271 

The chemical properties of soil were significantly changed by modified with 272 

MBC (p<0.05), and the variation degree increased with the augment of MBC addition 273 

ratio except for CEC (Fig. 1). MBC modification increased the soil pH by 14-67%, 274 

which could attribute to the reason that high alkalinity and pH of biochar caused the 275 

release of alkali metal salts after biochar was applied to soil, and the hydrolysis of 276 

alkali metal salts increased the soil pH (Kelebemang et al., 2017). Biochar was 277 

composed of mineral phase, amorphous carbon, graphite carbon and unstable organic 278 

molecules, many of which could be electron donors or acceptors in the soil (Joseph et 279 

al., 2015), and applying MBC greatly descended the soil Eh by 21-59%, which 280 

suggested MBC possess stronger reducibility than soil. When MBC addition rate 281 

enhanced from 0 to 10%, the soil TOC grew by 47-578%, which might be due to the 282 

complexation between the metal and the oxygen-containing functional groups in the 283 

biochar (He et al., 2019). The soil CEC raised by 13-26% after MBC treatment, and 284 

this was likely to be relevant to the growing surface variation charges, which resulted 285 

from the increased pH, and resulted in the intensified adsorption affinity for cation 286 

(Liu et al., 2018). It was also observed that MBC improved the physical properties of 287 

soil, as was revealed in Fig. S2, the surface micro-morphology of B0-S was flat and 288 

homogenous, while irregular and porous structure was found in that of B10-S. The 289 

improvement on soil physical properties was linked to the porous characteristic of 290 

biochar itself, which could interact with the soil aggregate to establish a relatively 291 

developed pore structure (Tan et al., 2015b). Abdelhafez et al. (2014) found the 292 

physicochemical properties of a metal-polluted soil (including the soil aggregate 293 

stability, water holding capacity, CEC and TOC) amended with biochar originated 294 

from organic wastes were significantly ascended after incubation. As stated by Tan et 295 

al. (2015b), incubated with biochar for 1 year, the pH, CEC and micro-morphology of 296 



 

12 

 

ultisol were ameliorated a lot. Zheng et al. (2020) reported that it was an effective 297 

measurement to augment the soil fertility that applied biochar to soil since the 298 

physicochemical properties of soil would be polished. 299 

 300 

3.2 Mn2+ adsorption by soil with MBC modification 301 

3.2.1 Adsorption kinetics 302 

The adsorption of soil towards 300 mg·L-1 Mn2+ solution in different reaction 303 

time within 24 h was investigated. As was revealed in Fig. 2(a), regardless of the 304 

MBC dosage, the adsorption rate dropped rapidly with time, which was likely to 305 

relate to the available adsorption sites. Because of the finite adsorption sites, the unit 306 

time consumption of the adsorption sites would gradually decrease, which 307 

corresponded to the reduction of the adsorption rate with time (An et al., 2020). The 308 

adsorption equilibrium time of each group of soil was about 700 min, except for 309 

B10-S, there were more adsorption site in B10-S, so, it took more time for Mn2+ to 310 

occupy them. The kinetics fitting parameters were listed in Table S1, according to the 311 

correlation coefficients (R2), pseudo-second-order (R2=0.620-0.970) and intra-particle 312 

diffusion model (R2=0.702-0.952) were fitting better. The former result indicated 313 

there was chemical sorption, while the latter consequence implied a diffusion 314 

mechanism, which belonged to physical sorption (An et al., 2019), hence, a 315 

combination of physical and chemical sorption existed in the adsorption process. It 316 

was noteworthy that the effect of intra-particle diffusion was reinforced with the 317 

augment of MBC dosage according to the trend of R2 of intra-particle diffusion model, 318 

which suggested the pore structure of modified soil was developed with the increase 319 

of MBC addition rate, and the result was in keeping with the conclusion obtained 320 

from the incubation experiment.    321 

 322 

3.2.2 Adsorption isotherm 323 

To examine the adsorption capacity of soil amended by different addition amount 324 
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of MBC towards Mn2+ solution with varying initial concentration from 50 to 300 325 

mg·L-1, the adsorption isotherm test was carried out. As shown in Fig. 2(b), a higher 326 

qe was obtained in a larger C0, when C0 increased from 50 to 300 mg·L-1, qe grew by 327 

180% for B0-S, 181% for B1-S, 182% for B3-S, 197% for B5-S, and 259% for B10-S, 328 

because a larger C0 could provide more Mn2+ to adsorbent (An et al., 2018). In each 329 

C0, the soil modified with more MBC always exhibited a better qe, qe increased by 330 

10-60%, 22-92%, 13-80%, 14-69%, 13-86% and 10-108% in C0 of 50, 100, 150, 200, 331 

250 and 300 mg·L-1 respectively with the increment of MBC addition ratios from 0 to 332 

10%, which meant that MBC modification strengthened the adsorption capacity of 333 

soil towards Mn2+, and the enhancement degree became greater in higher MBC 334 

dosage. It was apparently logical that biochar amendment could boost the adsorption 335 

capacity of soil, for biochar was a specific adsorbent whose adsorption capacity was 336 

much larger than that of soil. This result was observed in other studies (Vithanage et 337 

al., 2014; Liu et al., 2015). The fitting parameters of Langmuir and Freundlich model 338 

were displayed in Table S2. In general, The Freundlich model (R2=0.929-0.998) fitted 339 

the adsorption isotherm better than the Langmuir model (R2=0.818-0.976), which 340 

showed that the adsorption was a kind of multilayer adsorption that occurred on a 341 

heterogeneous surface. Both adsorption ability and affinity were augmented as the 342 

MBC addition amount increased respectively certified by the change trend of Kf and n 343 

(An et al., 2018).  344 

 345 

3.3 The enhanced mechanism on Mn2+ adsorption in soil by MBC addition 346 

To figure out the mechanism of intensification for adsorption MBC exert on soil 347 

towards Mn2+, the distinction of adsorption of Mn2+ by B0-S and MBC must be 348 

identified firstly. For B0-S, FTIR and XRD analysis were conducted to elucidate its 349 

adsorption towards Mn2+ (Fig. 3). From Fig. 3 a, in terms of B0-S before adsorption 350 

towards Mn2+, the peak at 3621 and 3424 cm-1 were both associated with the 351 

stretching vibration of O-H in the clay minerals (Xu et al., 2020). The band centering 352 
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at 1638 cm-1 originated from the C=C and C=O stretching vibration of amides and 353 

aromatics (Churchman et al., 2010). Those vibrations of peaks all represented Si-O at 354 

1030, 797, 694, 525 and 468 cm-1, which belonged to the quartz, feldspar and 355 

kaolinite (Langford et al., 2011; Bernier et al., 2013; Chandrasekaran et al., 2015). 356 

After the adsorption of Mn2+ by B0-S, the bands at 797 and 525 cm-1 respectively 357 

became weakened and shifted to a lower wavenumber at 522 cm-1, which revealed 358 

that Si-O was involved in the adsorption process. According to MDI jade software, 359 

the main mineral crystal structure of B0-S was SiO2 (PDF# 99-0088), after adsorption, 360 

Mn2SiO4 (PDF# 02-1327) was observed at peaks of 31.1°, 35.1°and 50.2°, 361 

corresponded to the crystal face of (111), (200), and (220) respectively (Fig. 3 b). 362 

Combining FTIR results, the SiO2 in B0-S was hydrolyzed and reacting with Mn2+ to 363 

form Mn2SiO4, Yan et al. (2012) also drew the same conclusion. On the one hand, 364 

MBC modification might increase the oxygen-containing functional groups to 365 

enhance the adsorption ability of soil since there were many oxygen-containing 366 

functional groups on MBC and Mn2+ was adsorbed by CO3
2- and -COO- to form 367 

MnCO3 and -COOMn+ (An et al., 2020). On the other hand, the pore structure of the 368 

soil modified with MBC was ameliorated, which might also play a positive role in 369 

Mn2+ adsorption. 370 

Furthermore, the improvement on soil physicochemical properties with MBC 371 

might response for the reinforced sorption capacity of soil towards Mn2+ as well. 372 

There was a significant correlation between qe and pH (P < 0.05), qe and TOC (P < 373 

0.01) (Table S3). Some scholars also obtained that the improvement on soil 374 

physicochemical properties with biochar was one of the reasons for the augment of 375 

soil adsorption capacity towards heavy metals via correlation analysis (Gondek et al., 376 

2016; Liang et al., 2017; Hailegnaw et al., 2020). The increase of pH overwhelmingly 377 

affected the solubility of Mn and could heighten the electrostatic adsorption on metal 378 

cations (Sparrow and Uren, 2014). For TOC, there were more organic matters in those 379 

high TOC soil, which might complex with metal cations to adsorb them (Palansooriya 380 
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et al., 2020). 381 

To sum up, owing to the nature of MBC (high SSA, pH, TOC, rich 382 

oxygen-containing functional groups and developed pore structure), the 383 

physicochemical properties together with the adsorption capacity were improved, and 384 

the detailed mechanism was illustrated in Fig. 4. 385 

 386 

3.4 Mn2+ transport in soil affected by MBC addition 387 

3.4.1 Effect of MBC filling way 388 

Fig. 5 displayed the Mn2+ breakthrough curves (BTC) of different MBC filling 389 

methods at various biochar addition ratios. From the figure, no matter how MBC was 390 

added to the soil, its BTC was lower than that of CK, which showed that when MBC 391 

was added to the soil, the transport of Mn2+ was suppressed. When the MBC dosage 392 

was fixed, whatever the MBC filling methods was, the Mn2+ BTC of every filling 393 

method were basically identical. Ming et al. (2014) also reported that it was close to 394 

lock Cr(VI) in soil to place biochar on soil superstratum or to mix biochar with soil 395 

evenly. However, judging from Table 3, in spite of the MBC dosage, relative retention 396 

parameters of Mn2+ in column of LLO were significantly inferior to UMS and LUP (p 397 

<0.05), which demonstrated that LLO got the worst limit on Mn2+ migration, and the 398 

phenomenon might be connected with the contact between MBC and Mn2+ solution. 399 

Because of the presence of the quartz sand on the column, Mn2+ solution could be 400 

evenly dispersed on the material on the column upper layer, whereas the continuous 401 

downward infiltration of Mn2+ solution might trigger preferential flow (Zhang et al., 402 

2019), causing the formation of specific channel for Mn2+ penetration, which resulted 403 

in Mn2+ inadequately in contacted with the material in lower layer of column. 404 

Obviously, LLO made the contact between Mn2+ solution and MBC the least, which 405 

leaded to the worst Mn2+ retention effect. Moreover, as displayed in Table 2, Ks of 406 

LLO was remarkably higher than that of the other two filling methods (p<0.05). Li et 407 

al. (2018) filled the apple tree biochar into the silty clay soil with the same application 408 
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ways as this article, the largest Ks was observed with LLO filling way as well when 409 

the biochar addition ratio was 1 or 2%. The Ks value determined the residence time of 410 

solution in soil, solution always attain more sufficient contact with those soil with 411 

lower Ks value (Singh et al., 2012). Therefore, another reason for the worst Mn2+ 412 

retention effect of LLO might be that the Ks value was the highest in this filling 413 

method. In conclusion, the LLO filling way was not advisable in practical application.   414 

 415 

3.4.2 Effect of MBC dosage 416 

The BTC of different MBC dosage with UMS, LUP and LLO filling methods 417 

were depicted in Fig. 6. It could be seen from the figure that the BTC with a larger 418 

MBC addition ratio was often below the BTC with a smaller MBC addition ratio, 419 

which illustrated that as the MBC dosage grew, the retention of Mn2+ in column 420 

enhanced, and the migration of Mn2+ was more inhibited. Khorram et al. (2015) found 421 

that biochar effectively reduced the mobility of fomesafen in soil, and this inhibitory 422 

effect strengthened with the augment of biochar dosage. From the concrete parameters 423 

in Table 3, when the filling ways were unaltered, in addition to the Vb, the qtotal, R and 424 

Vs values were improved significantly (p<0.05) with the augment of MBC addition 425 

rate. With the MBC dosage increased from 0 to 10%, the qtotal and R grew by 13-95%, 426 

13-106% and 4-85%, the Vs climbed by 115-175%, 115-175%, and 115-175%, but the 427 

increment was only 18-35%, 24-35% and 12-29% for Vb respectively in filling way of 428 

UMS, LUP and LLO, and this improvement effects perhaps attributed to the following 429 

two reasons. On the one hand, since the adsorption ability of MBC towards Mn2+ was 430 

much better than that of soil, the increase of MBC dosage would enhance the 431 

adsorption affinity of the mixture for Mn2+. The adsorption experiment has already 432 

proved that the soil amended by larger MBC ratio possessed greater adsorption 433 

capacity towards Mn2+. On the other hand, in the same MBC filling method, with the 434 

MBC addition ratio was grew from 0 to 10%, the Ks values dropped by 10-21%. The 435 

reduced Ks could owe to the high SSA and low bulk density of biochar, which made 436 
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its pores, especially large pores, easy to be blocked, thereby reducing water 437 

permeability according to Lei et al. (2020). Consequently, on the premise of being 438 

economically feasible, increasing the MBC dosage as much as possible could better 439 

inhibit the migration of Mn2+. 440 

 441 

3.5 The intensified inhibition mechanism on Mn2+ transport in soil by MBC 442 

addition 443 

As shown in Table S4, the significant positive and negative correlation were 444 

respectively observed between R and qe along with R and Ks (p < 0.01), which 445 

suggested Mn2+ transport was closely connected with adsorption and saturated 446 

hydraulic conductivity. To explain the intensified inhibition mechanism on Mn2+ in 447 

soil by MBC addition, the distinction of Mn2+ migration between natural and MBC 448 

modification soil was illustrated in Fig.7. Compared to natural soil, due to the good 449 

performance of MBC for Mn2+ sorption and significant improvement for soil 450 

physicochemical property, the MBC modification soil had stronger adsorption ability 451 

towards Mn2+, which allowed more Mn2+ to be adsorbed and immobilized. Moreover, 452 

the porous structure of MBC was easily blocked, which leaded to a low water 453 

permeability and Ks in the modification soil, and the contact and residence time of 454 

Mn2+ with soil would be reinforced, then the Mn2+ migration was inhibited. In a word, 455 

both strengthened soil adsorption capacity for Mn2+ and decreased soil Ks might be 456 

response for the restrain mechanism on Mn2+ transport in soil by MBC.  457 

 458 

4 Conclusions  459 

MBC which presented prominent adsorption ability towards Mn2+ in a past 460 

research was further to serve as soil amendment to adsorb and immobilize Mn2+ in 461 

soil in this work. The chemical properties (pH, Eh, CEC, TOC) of soil modified with 462 

serval MBC dosage were significantly adjusted (P < 0.05), and its pore structure were 463 
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also improved through incubation. The chemical and physical sorption both existed in 464 

adsorption of Mn2+ by modified soils suggested by the R2 of pseudo-second-order and 465 

intra-particle diffusion model. The adsorption isotherm was well fitted by the 466 

Freundlich model (R2=0.929-0.998), which implied the sorption of soil modified with 467 

MBC for Mn2+ was multilayer adsorption. MBC modification affected the adsorption 468 

of Mn2+ by soil rely on not only its’ superb adsorption capacity but improvement of 469 

soil pH and TOC. It was sensible to employ the MBC filling method of LUP or UMS 470 

and economical MBC dosage as much as possible, which could inhibit Mn2+ 471 

migration in soil to the utmost extent. The mechanism on Mn2+ restricted transport in 472 

soil amended with MBC might be associated with intensified adsorption ability and 473 

declined Ks. The study gives some theoretical guidance and advice for soil Mn 474 

contamination remediated with chemical stabilization.  475 
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Figures

Figure 1

In�uence of MBC on soil chemical properties (a): Impact on pH (b): Impact on Eh (c): Impact on TOC (d):
Impact on CEC.

Figure 2



Adsorption kinetics and isotherm of modi�ed soils towards Mn2+ solution.

Figure 3

Adsorption mechanism analysis of B0-S towards Mn2+ (a): FTIR spectra (b): XRD.



Figure 4

Intensi�ed adsorption mechanism of soil amended with MBC towards Mn2+.

Figure 5

Mn2+ breakthrough curves in various MBC �lling ways (a): MBC addition ratios was 0 and 1% (b): MBC
addition ratios was 0 and 3% (c): MBC addition ratios was 0 and 5% (d): MBC addition ratios was 0 and
10%.



Figure 6

Mn2+ breakthrough curves in various MBC dosage (a): �lling way of UMS (b): �lling way of LUP (c):
�lling way of LLO.



Figure 7

Mn2+ transport in natural and MBC modi�cation soil.
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