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A B S T R A C T   

Metal oxide-modified biochar can effectively remediate or adsorb heavy metals in polluted soil and wastewater. 
However, the interaction between cellulose and hemicellulose on the surface of biochar/biomass and metal 
oxides is unclear, and the loading stability, adsorption capacity and mechanism of metal oxides remain to be 
explored. In this work, weakly crystalline birnessite (δ-MnO2) rice husk biomass composites (MBC) were pre
pared via hydrothermal impregnation and then used to immobilize heavy metals in cadmium-polluted soil and 
wastewater. The surface of MBC was covered by sheet-like manganese oxides with a regular layered stacking 
structure. The adsorption of Cd(II) by MBC could be mainly attributed to monolayer chemisorption, which could 
achieve a maximum adsorption capacity of 115.04 mg g− 1. The addition of 1.0 % MBC reduced the effective Cd 
concentration in CaCl2 extractant in the soil from 0.24 mg kg− 1 to 0.09 mg kg− 1, and the highest decreasing rate 
reached 62.5 %. Additionally, MBC could also reduce the concentration of H2O-leachable Cd from 22.44 μg kg− 1 

to 9.50 μg kg− 1. MBC facilitated the transformation of exchangeable Cd (EX-Cd) to iron-manganese bound Cd 
(OX-Cd) mainly comprising crystalline Mn oxide and Fe oxide. In addition, the mechanisms for MBC immobi
lization of Cd in polluted-soil and aqueous systems may include complexation-dominated and ion exchange- 
assisted processes, which contribute to a better understanding of the chemical structures and characteristics of 
metal oxides used to directly modify biomass. Overall, the findings indicate the possibility of applying MBC for 
soil and water remediation.   

1. Introduction 

Excessive release of heavy metals from industry and agriculture 
poses serious threats to the environment and human health due to their 
biological toxicity and accumulation [1–3]. Cadmium (Cd) can be bio
magnified through the food chain due to its high mobility and accu
mulation, causing damage to human bones and kidneys under long-term 
exposure [4,5]. Soil and water are main media of Cd contamination. As a 
result, Cd has been identified as a carcinogen by many agencies such as 
the US Environmental Protection Agency, and the maximum contaminant 
level (MCL) of Cd cannot exceed 0.005 mg L–1. Membrane filtration, 

coagulation, sedimentation and adsorption are commonly used methods 
in Cd-contaminated water treatment, while strategies for soil remedia
tion mainly include bioremediation, electrochemical remediation and in 
situ immobilization [6]. In situ immobilization is one of the easiest 
methods, which is characterized by low cost, strong operability, envi
ronmental friendliness and high suitability for the treatment of 
contaminated soil and wastewater [7]. 

As an organic carbon-rich material produced from a wide range of 
biomass or solid wastes by pyrolysis or hydrothermal carbonization, 
biochar can be used to remediate polluted soil and improve soil fertility 
and carbon capture due to abundant functional groups and pores on its 
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surface [8,9]. Currently, biochar is regarded as an ideal environmental 
material for remediation of soil or water pollution owing to its superior 
removal or remediation performance for organic pollutants, heavy 
metals and microbial pollutants [10]. However, unmodified biochar can 
hardly handle pollutants effectively at high concentrations in soil or 
wastewater due to its low functional group activity, hydrophobicity and 
scarcity of adsorption sites [11]. Additionally, the carbonization process 
of biomass requires high temperature, which further increases the pro
duction cost. Combination of biomass with metal oxides, including iron 
(Fe), manganese (Mn) and magnesium (Mg), may effectively reduce the 
cost and improve its adsorption performance. For example, the 
adsorption capacity of biochar combined with Mg and Al for Cd could 
reach 125.34 mg g− 1, which is approximately 4.5-fold that of pristine 
biochar [12]. 

Manganese oxides and iron oxides are widely distributed in the 
environment in different structural forms, such as α-MnO2, β-MnO2 and 
δ-MnO2. The adsorption and oxidation activity of different types of 
manganese oxides generally follows the order of δ-MnO2 > β-MnO2 >

α-MnO2, and the relatively excellent adsorption performance of δ-MnO2 
may be attributed to its intralayer octahedral vacancies [13,14]. Nagpal 
et al. [15] indicated that manganese oxides have excellent performance 
in the adsorption of cationic or anionic heavy metals and organic pol
lutants because of their high specific surface areas, pore structures and 
negative surface charges. However, manganese oxides usually have 
small particle sizes and high surface energies, and self-agglomeration 
tends to occur in micro- or nano-sized manganese oxides, affecting 
their performance in practical application [16]. Therefore, a combina
tion of manganese oxides and hydrophobic matrices may effectively 
inhibit the self-agglomeration. For example, Maneechakr et al. [17] 
employed manganese dioxide-modified biochar for the adsorption of Cd 
(II), chromium (Cr(VI)), mercury (Hg(II)) and lead (Pb(II)), whose 
adsorption capacity reached 18.60, 19.92, 49.64 and 13.69 mg g− 1, 
respectively. The contribution of modified biochar to Mn loading and 
the remediation mechanism for heavy metals remain to be further 
studied. Jung et al. [18] used hydrothermal synthesis to prepare modi
fied biochar with high affinity for copper (Cu(II)) and provided clear 
explanations for the regeneration and adsorption mechanisms. In addi
tion, Liang et al. [19] demonstrated that the adsorption of Mn-modified 
pig manure biochar for Pb(II) and Cd(II) was highly pH-dependent, and 
the removal of heavy metals was dominated by specific adsorption and 
ion exchange. 

Rice husk is a common agricultural waste with an annual global 
output of approximately 260 million tons [20,21]. It contains abundant 
cellulose, hemicellulose, trace elements and inert silica, but its utiliza
tion is currently rather limited [22]. Incineration, dumping and landfill 
disposal are conventional treatment for rice husk, which tend to cause a 
waste of resources and serious environmental pollution [12]. Prepara
tion of biochar through carbonization of rice husk can effectively avoid 
the waste of resources, but the carbonization process may further in
crease the cost and energy consumption [10]. Lignocellulose and cel
lulose from the biomass are important reactants and sources of high 
activity sites, providing many hydroxyl and carboxyl groups for Mn 
modified biomass. Therefore, this study aims to prepare δ-MnO2-loaded 
rice husk biomass composites (MBCx) to be used as an adsorbent by a 
hydrothermal process, and determine the optimal combination by 
varying the biomass particle size and potassium permanganate con
centration. Additionally, the performance of MBCx in the adsorption of 
Cd from soil and water was further evaluated through isotherms, ki
netics and characterization experiments. Overall, this study compre
hensively analyzes the use of MBCx for the adsorption of heavy metals 
and provides a potential remediation agent for practical application. 

2. Materials and methods 

2.1. Preparation of adsorbents 

Rice husk (RH) was collected from a farm in Hubei Province, washed 
with tap water and dried at 105 ◦C. The samples were crushed into 
powders and then sequentially passed through 0.85 mm, 0.42 mm and 
0.25 mm standard sieves. For the synthesis process, 0.2 or 0.4 mol L–1 

KMnO4 and RH were reacted at 100 ◦C for 6 h to obtain six different 
gradients of the tested materials. The ratio of KMnO4 and RH was 
calculated according to the reaction equation (the final loading matrix 
was rice husk powder). Specifically, the abovementioned materials were 
washed several times with ultrapure water, dried and passed through 
standard sieve with particle sizes controlled at approximately 0.85, 0.42 
and 0.25 mm. The hydrothermal system was composed of 0.2 or 0.4 mol 
L–1 KMnO4 solution, and the prepared materials were denoted as MBCx 
(x represents a number in 1 to 6), including MBC1 (0.85 mm RH, 0.2 mol 
L–1 KMnO4), MBC2 (0.85 mm RH, 0.4 mol L–1 KMnO4), MBC3 (0.42 mm 
RH, 0.2 mol L–1 KMnO4), MBC4 (0.42 mm RH, 0.4 mol L–1 KMnO4), 
MBC5 (0.25 mm RH, 0.2 mol L–1 KMnO4) and MBC6 (0.25 mm RH, 0.4 
mol L–1 KMnO4). The basic physicochemical properties, such as pH 
values and Mn contents, are shown in Table S1. According to pre- 
experiment, MBC5 (named as MBC hereafter) was selected as a soil 
remediation agent, and other MBCx were considered as control groups. 

2.2. Soil remediation experiments 

In this study, polluted soil was collected from the surface (0–20 cm) 
of a mining area in Daye city, Hubei Province. The collected soil samples 
were air-dried, pulverized, passed through a 0.85 mm standard sieve 
and mixed well. According to the 42-day remediation cycle, different 
doses of remediation agents were added and homogeneously mixed with 
the soil, and their effects on the stability and morphology of heavy 
metals were studied. Specifically, 50 g of soil was mixed with 0 (CK), 
0.05, 0.25 and 0.5 g of the remediation agent with the corresponding 
content of 0, 0.1 %, 0.5 % and 1.0 %, respectively. About 30 g of distilled 
water was added to keep the moisture content at approximately 30 %, 
and the samples were kept in a constant temperature incubator for 42 d. 
According to the Tessier sequential extraction procedure [23], the 
speciation of heavy metals in soil before and after remediation can be 
divided into exchangeable (EX), carbonate bound (CB), iron and man
ganese oxide bound (OX), organic bond (OM) and residual (RS) frac
tions. The stability of heavy metals in the soil was further determined by 
CaCl2 extraction [24]. Two grams of soil was weighed and mixed with 
20 mL of 0.01 mol L–1 CaCl2 solution, followed by horizontal shaking at 
200 r min− 1 for 120 min at room temperature, and the filtrate was then 
studied using flame atomic absorption spectrometry. H2O was used as 
the leaching agent (HJ 557–2010, Chinese standard) to verify the sta
bility of the soil after remediation in the environment. Ten grams of soil 
was accurately weighed and mixed with 100 mL of ultrapure water 
(H2O), oscillated at 110 r min− 1 for 8 h, and then allowed to stand for 16 
h. The subsequent treatment steps were the same as those for CaCl2 
extraction. 

2.3. Batch adsorption experiments 

The equilibrium adsorption time for the aqueous adsorbent solution 
was determined by kinetic experiments. About 0.05 g of adsorbent was 
weighed and mixed with 20 mL of 200 mg L–1Cd(II) solution, stirred at a 
200 r min− 1 vibration velocity for 0–90 min, filtered and tested to 
determine the concentration of Cd(II) in the adsorbed solution. The 
adsorption capacity and possible adsorption process of the adsorbent 
were determined by isotherm experiments. First, 25–800 mg L–1Cd(II) 
gradient solutions were prepared with 800 mg L–1Cd(II) as the mother 
solution and 0.01 mol L–1 Na2SO4 as the diluent electrolyte. Then, 0.05 g 
of adsorbent and 20 mL of the abovementioned Cd(II) gradient solution 
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were accurately weighed, reacted at 200 r min− 1 vibration velocity for 
120 min, filtered and used to measure the concentration of Cd(II) in the 
adsorbed solution. The pH of the solution is an important factor affecting 
the performance of the adsorbent. About 0.05 g adsorbent was weighed 
and mixed with 20 mL of 200 mg L–1Cd(II) solution. The pH was then 
adjusted to the range of 1–7 with 0.01 and 0.1 mol L–1 H2SO4 and NaOH 
solutions, and the reaction was carried out for 120 min at a vibration 
velocity of 200 r min− 1. The subsequent treatment was consistent with 
the adsorption kinetics. The content of Mn in MBCx was determined 
with 10 % hydroxylamine hydrochloride solution. Then, 0.1 g of MBCx 
was weighed into a 10 mL round-bottomed centrifuge tube, followed by 
the addition of 2 mL 10 % hydroxylamine hydrochloride solution, which 
was then transferred to a 50-mL volumetric flask after the reaction, and 
Mn concentration in the solution was measured. 

3. Results 

3.1. Characteristics and properties of MBC 

Fig. 1c shows the chemical composition and pore structure of MBC. 
The specific surface area, total pore volume and average pore size of 
MBC were 195.5 m2 g− 1, 0.1648 cm3 g− 1 and 3.37 nm, respectively, all 
of which were higher than those of original rice husk (Table S2). This 
phenomenon may be attributed to the erosion of rice husk pores caused 
by the strong oxidant KMnO4 [25]. Many studies have revealed that high 
porosity and specific surface area are conducive to the adsorption of 
heavy metals [26–28]. Table S1 shows that MBC had a higher pH value 

(10.49), with a Mn content as high as 43.1 %, which could provide more 
active sites for heavy metal immobilization. X-powder diffraction (XRD), 
Fourier transform infrared spectroscopy (FTIR), scanning electron 
microscopy-energy dispersive spectroscopy (SEM-EDS) and X-ray 
photoelectron diffraction (XPS) are commonly used methods to analyze 
material structures and surface physicochemical properties (Fig. 1a–f). 
The XRD pattern demonstrated the amorphous silica structure of pristine 
rice husk (Fig. 1a). In contrast, after KMnO4 modification, there was an 
obvious decrease in the strength of the peak for amorphous silica, and 
the characteristic peaks for δ-MnO2 crystalline planes appeared at 11.5◦

(001), 24.2◦ (001), 36.8◦ (111) and 66.2◦ (311). The δ-MnO2 loaded 
on the surface of the rice husk was weakly crystalline manganese oxide, 
which may have a higher surface adsorption energy and activity than 
other types of manganese oxides [13,14,29]. Fig. 1b shows the FTIR 
spectrum, which was used to further analyze the functional group 
composition on MBC surface. MBC and pristine rice husks showed 
vibrational peaks at 3340 cm− 1, which are attributed to water (O–H 
stretching) [30,31], and due to the coating of Mn oxide, the vibration 
intensity decreased after modification. In addition, MBC showed 
stretching vibrations of carboxyl (–COOH) and silicon bonds (Si-O-Si) at 
1651 and 1109 cm− 1, respectively. Notably, stretching vibration of the 
Mn-O bond in MBC generated a peak at approximately 500 cm− 1, further 
indicating that δ-MnO2 was successfully loaded onto the surface of the 
rice husk. Therefore, modification by KMnO4 changed the intrinsic 
properties of rice husk surface. 

SEM-EDS revealed that the surface of pristine rice husk presented a 
rough structure and uneven distribution of surface silica particles 

Fig. 1. XRD pattern (a), FTIR spectra (b), BET specific surface area (c), XPS survey spectra (C 1 s (d), O 1 s (e) and Mn 2p3/2 (f)).  
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without excellent pore structures (Fig. S1). The surface of MBC exhibited 
sheet-like structures, which could be the characteristic microstructure of 
δ-MnO2, and δ-MnO2 was successfully attached to the surface of MBC, 
which showed a surface morphology similar to that reported by Lu et al. 

[32]. EDS also verified that the sheet-like structures were mainly 
composed of two elements, Mn and O. XPS was employed to further 
analyze the elemental composition and the amount and distribution of 
functional groups on MBC surface (Fig. 1d–f). Deconvolution of the C 1 s 

Fig. 2. Fractions of Cd, Zn, Cu, Pb, Ni in soil (a); CaCl2 (b) and H2O (c) extraction rate of Cd after 7, 14, 28 and 42 d of immobilization and possible remediation 
mechanisms in soil (d). 

Fig. 3. Fractions of Cd after 7 (a), 14 (b), 28 (c), and 42 (d) days of immobilization by MBC. Note: EX, CB, OX, OM and RS stand for the exchangeable, carbonate 
bound, iron manganese oxide bound, organic bound and residual fractions, respectively. 
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peak generated four peaks, which are assigned to O-C––O (289.2 eV) 
[33], C––O (288.2 eV) [34], C–O (285.6 eV) [33] and C–C (285.0 eV), 
respectively [35,36]. The O 1 s spectrum was deconvoluted into three 
peaks assigned to C–O–C––O (533.3 eV), Si/Mn-OH (531.8 eV) and Si/ 
Mn-O (530.2 eV), respectively [37]. The Mn 2p peak was divided into a 
Mn 2p1/2 and a Mn 2p2/3 doublet, which is typical for manganese spe
cies. The abundant functional groups and active sites may further 
enhance the adsorption capacity of MBC for heavy metals. 

3.2. Remediation of heavy metal-polluted soils 

The total amounts of Cd, Cu, Zn, Ni and Pb in the soil samples were 
112.3, 1515.6, 1301.7, 180.7 and 419.6 mg kg− 1, respectively. Ac
cording to the Soil Pollution Risk Control Standard for Environmental 
Quality of Construction Land (GB 36000–2018), the tested soil was from 
a Cd-contaminated site. Fig. 2a shows that the contents of exchangeable 
Cu, Zn and Pb were low in the Tessier sequential extraction, which 
followed the order of iron manganese oxide bound (OX) > residual (RS) 
> organic bound (OM) > carbonate bound (CB) > exchangeable (EX), 
OX > RS > OM > CB > EX, and RS > OX > OM > CB > EX, respectively 
(Figs. S2-S4). Therefore, the follow-up analysis was mainly focused on 
the changes in Cd morphology and leaching concentration before and 
after remediation. CaCl2 leaching is an important indicator for envi
ronmental risks caused by changes in soil material content, which is 
often used to evaluate the solubility and mobility of Cd after remediation 
[38,39]. MBC effectively reduced the concentration of CaCl2 leachable 
Cd (CaCl2-Cd), which significantly decreased with increasing remedia
tion cycle and addition amount of MBC (Fig. 2b). With the addition of 
1.0 % MBC, the concentration of CaCl2-Cd decreased from 0.24 mg kg− 1 

(average CK) to 0.12, 0.11, 0.09, and 0.12 mg kg− 1 after 7, 14, 28, and 
42 d of treatment, respectively, and the maximum leaching rate was 
reduced by 62.5 %. In addition, the use of H2O as a leaching agent can 
also provide an evaluation index for the leaching toxicity of heavy 
metals (Fig. 2c). The concentration of H2O-leachable Cd (H2O-Cd) 
decreased from 22.44 μg kg− 1 to 9.50 μg kg− 1 with the addition of 1.0 % 
MBC after 42 d of remediation, while the corresponding reduction rate 
reached 46.7 %, 39.9 % and 44.4 % at 7, 14, and 28 d, respectively. 
These results demonstrated that MBC immobilization could significantly 
reduce the leaching concentration of Cd in the soil. 

The Tessier sequential extraction was performed to further evaluate 
the leaching rate and the content of various forms of Cd in the soil before 
and after MBC remediation (Fig. 3). EX is considered to have high 
bioavailability because it is easily absorbed and accumulated by plants 
[40,41]. The bioavailability of CB, OX, OM and RS gradually decreased, 
and RS heavy metals are more stable in soil in the form of silicate pre
cipitates or within the mineral lattice, and therefore are more difficult to 
be absorbed and utilized by organisms [42,43]. The sequential extrac
tion results showed that the EX-Cd content of CK had slight fluctuation 
in different periods, and always accounted for over 20 % of the total 
amount, indicating that Cd in the soil is highly mobile and unstable. The 
Cd fractions of CK obtained by the Tessier method followed the order of 
OX > EX > RS > CB > OM, with OX and EX being the dominant frac
tions. With CaCl2 leaching, the EX-Cd concentration decreased with 
increasing remediation time and addition amount of MBC. The addition 
of 0.1 % MBC did not effectively decrease the EX-Cd concentration after 
42 d, indicating that a low level of MBC has little remediation effect. 
However, the addition of 1.0 % MBC could obviously reduce the EX-Cd 
from 23.1 % to 19.5 %, 19.0 %, 15.0 % and 14.2 % after 7, 14, 28 and 42 
d of treatment, respectively. In the same time period, the concentration 
of OX-Cd increased obviously with increasing addition amount of MBC, 
while RS-Cd, CB-Cd and OM-Cd showed little change, indicating that Cd 
in the soil was mainly converted from EX-Cd to OX-Cd. In addition, 
Fig. 2a shows that Cu, Zn and Pb were present in the soil in relatively 
stable forms, whose concentrations in the soil were almost unchanged 
after 42 d of MBC remediation. Therefore, MBC could effectively reduce 
the potential toxicity and bioavailability of Cd in soil. 

3.3. Adsorption performance of MBCx 

Kinetics and isotherms were used to evaluate the performance of 
MBCx (Fig. 4). Fig. 4a and c show that at the initial stages of adsorption 
(0–10 min), the abundant active sites on the MBCx surface rapidly 
adsorbed Cd(II) in the solution. As the reaction proceeded, the adsorp
tion tended to equilibrium due to the decrease in Cd(II) concentration in 
the solution and gradual depletion of adsorption sites [44]. Notably, all 
MBCx could rapidly adsorb Cd(II) in the solution within 10 min at a high 
adsorption rate. In addition, adsorption of Cd(II) by MBCx can be 
divided into two stages: first, Cd(II) ions rapidly diffused and were then 

Fig. 4. Kinetics (a-d) and isotherms (e, f) fitting results of Cd(II) adsorption by MBCx.  
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adsorbed on MBCx surface, and then entered the interior to complex 
with functional groups via intraparticle diffusion [45,46]. Table 1 shows 
the fitting results of pseudo first order (PFO) and pseudo second order 
(PSO) models. The coefficient of determination (R2) for PSO fitting was 
closer to 1, and the maximum adsorption capacity was equivalent to the 
experimental results. The PSO model further showed that chemisorption 
occurred between Cd(II) ions and MBCx, which plays an important role 
in the adsorption process [47,48]. 

The mechanism by which MBCx adsorb Cd(II) was further evaluated 
by the Langmuir and Freundlich models (Fig. 4e and f). The adsorption 
capacity of MBCx increased with increasing initial concentration of Cd 
(II). When the Cd(II) concentration was within 0–200 mg L–1, the active 
sites on the MBCx surface could effectively adsorb Cd(II) ions, and there 
was a linear relationship between adsorption capacity and equilibrium 
concentration. With increasing Cd(II) concentration from 200 to 400 mg 
L–1, the number of adsorption sites for Cd(II) on the surface of MBCx 
decreased, and competitive adsorption occurred with a relatively low 
reaction rate, which was also reported by Qiu et al. [49] and Li et al. 
[50]. With the particle size decreasing from 0.85 mm to 0.42 and 0.25 
mm, the adsorption capacity showed certain improvement from 100.57 
to 104.07 and 115.04 mg g− 1 under the treatment of 0.2 mol L–1 KMnO4 
and from 91.95 to 102.25 and 108.18 mg g− 1 under the treatment of 0.4 

mol L–1 KMnO4. The adsorption capacity of MBCx under the treatment of 
0.2 mol L–1 KMnO4 was slightly higher than that under the treatment of 
0.4 mol L–1 KMnO4. This may be because with excess KMnO4, all rice 
husk powder participated in the reaction; the loading of MnO2 increased 
with decreasing particle size; and the 0.25 mm rice husk powder had a 
higher loading capacity. According to the adsorption capacity of MBCx 
and the soil remediation efficiency in section 3.2, MBC5 (named as MBC 
in soil remediation) had the highest adsorption capacity (115.04 mg 
g− 1) and thus the potential to be used as a soil remediation agent. The 
fitting parameters in Table 2 show that both the Langmuir and 
Freundlich models could well fit the process for MBCx adsorption of Cd 
(II). However, the R2 for the Langmuir model was higher than that for 
the Freundlich model, indicating that the Langmuir model could provide 
better fitting for the adsorption of Cd(II) by MBCx, and monolayer 
adsorption is the main process. 

3.4. Effect of pH 

The pH affects the surface charge density of MBC and adsorption of 
Cd(II). Cd exists mainly in the form of ions in solutions with pH lower 
than 7.0, and the percentages of Cd(OH)2, Cd(OH)3

–, Cd(OH)+ and other 
forms of Cd gradually increase with increasing pH above 8.0 [51–54]. To 
avoid precipitation during experiment, the experiments in this study 
were conducted with a pH range of 1–7. Fig. 5a shows that the 
adsorption capacity of MBC for Cd(II) first increased with increasing pH, 
and then tended to be stable at pH > 3, at which the adsorption capacity 
exceeded 75 mg g− 1. This might be because the initial concentration of 
Cd was low, and Cd could be completely adsorbed by MBC at pH ≥ 4. In 
addition, the adsorption capacity was the lowest at the initial pH of 1; 
the surface of MBC was positively charged when pH < pHPZC; and MBC 
had an electrostatic attraction effect on Cd(II) (Fig. 5b) [55–57]. On the 
other hand, MBC deprotonation and a high concentration of H+ ions in 
the solution led to competition with Cd(II) for adsorption sites, resulting 
in a drop of the adsorption capacity to 18.60 mg g− 1. In conclusion, MBC 
could efficiently adsorb Cd(II) within a wide range of solution pH values. 
In addition, Fig. S6 shows that the recovery rate of MBC could reach 
about 80 % after desorption. Cd adsorbed on MBC surface basically 
reached desorption equilibrium after 60 min of treatment. 

4. Discussion 

4.1. Mechanisms for the remediation of polluted soil by MBC 

In this study, MBC remediation was found to effectively reduce the 
bioavailability of Cd, Pb, Cu, and Zn in soil, and the effect was partic
ularly pronounced for Cd due to the high bioavailability of the EX-Cd 
fraction. In general, remediation agents immobilize heavy metals in 
soil through complexation, precipitation, electrostatic interaction and 
ion exchange [58–60]. For example, Yang et al. [61] introduced some 

Table 1 
Fitting parameters for the kinetics describing Cd(II) adsorption on MBCx.  

Sample Pseudo first order model Pseudo second order model 

ln(qe-qt) = lnqe-k1t t/qt = 1/k2qe
2 + t/qe 

k1 qe R2 k2 qe R2 

MBC1  2.73  38.67  0.9657  0.02  42.59  0.9991 
MBC3  5.02  47.87  0.9935  0.02  49.63  0.9999 
MBC5  3.53  75.71  0.9978  0.01  77.22  0.9998 
MBC2  2.13  31.42  0.9633  0.03  33.96  0.9997 
MBC4  2.98  48.02  0.9855  0.02  50.28  0.9998 
MBC6  3.91  76.73  0.9992  0.01  77.16  1.0000  

Table 2 
Constants of the Langmuir and Freundlich models for Cd(II) adsorption by 
MBCx.  

Sample Langmuir model Freundlich model 

qe = qmkLCe/(1 + kLCe) qe = k2Ce
n 

kL qm R2 kF n R2 

MBC1  0.7362  100.57  0.8971  42.6457  0.1468  0.7470 
MBC3  0.7962  104.07  0.9705  43.0157  0.1598  0.8965 
MBC5  1.1491  115.04  0.9666  43.5214  0.1767  0.9181 
MBC2  1.9351  91.95  0.9766  32.8443  0.1824  0.8853 
MBC4  1.9827  102.25  0.9782  35.5506  0.1870  0.8840 
MBC6  1.1821  108.18  0.9612  40.2142  0.1798  0.8988  

Fig. 5. Effect of pH on Cd(II) adsorption by MBC (a); and zeta potential of MBC (b).  
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trace elements such as Fe and Zn into biochar as adsorption sites for Cd, 
which was found to promote the conversion of Cd to the iron- and 
manganese-bound forms. In addition, FeO could also enhance the 
remediation of heavy metals in soil via precipitation. Remediators can 
indirectly affect the speciation and distribution of heavy metals by 
altering the physicochemical properties of the soil. The minerals and 
metal oxides in MBC can increase the soil pH to certain extent (Fig. S5). 
An increase in OH– concentration in the soil system can promote the 
conversion of metal cations such as Cd, Pb, and Cu into precipitated 
hydroxides, which may reduce the mobility of heavy metals in soil and 
thus decrease their bioavailability. In addition, alkaline conditions can 
inhibit the formation of As2O3 and improve the mobility of As, but anion 
mobility is not considered in this study due to the cationic nature of the 
soil pollutants. The surface of MBC was covered with a large amount of 
MnO2, the content of which reached 43.1 %, and the surface functional 
groups (particularly Mn-O) promoted the complexation with Cd, which 
may be the main contributor to the soil remediation performance of 
MBC. The electronegativity and hydration radius of metal elements can 
also have important impacts on heavy metal immobilization. The hy
dration radius of Cd, Cu, Pb, and Zn is 0.426, 0.419, 0.401, and 0.430 
nm, and the corresponding electronegativity is 1.69, 1.90, 2.33, and 
1.65, respectively. Heavy metals with higher electronegativity are more 

easily adsorbed or immobilized by MBC, while those with a smaller 
hydration radius are more easily adsorbed [62–64]. Due to the some
what high bioavailability of Cd, MBC may have a stronger remediation 
effect on Cd in soil. 

Tessier sequential extraction indicated that the bioavailability of five 
different Cd forms followed the order of EX > CB > OX > OM > RS. Soil 
remediation agents can affect the forms of heavy metals in the soil in 
different ways and promote the transformation of EX into more stable 
forms. Therefore, MBC can increase the OX-Cd content by generating a 
more stable Mn-O-Cd form. In addition, OX-Cd is mainly composed of 
crystalline Mn oxide and crystalline Fe oxide, and an increase in the 
addition amount of MBC greatly promoted the proportion of these two 
forms [65] (Fig. S7). Jin et al. [66] also revealed that MnO2 can form 
Mn-O-Fe-Cd inner ring complexes through oxygen-containing functional 
groups and Mn-O/Fe-O bonds, and the immobilization processes include 
complexation, ion exchange and precipitation. The contents of CB, OM 
and RS Cd were almost unchanged after remediation, indicating that 
MBC underwent a specific morphological transformation when reme
diating soil Cd, which provides certain guidance for subsequent 
improvement of the process. The proportions of Pb, Cu, and Zn were also 
almost unchanged after remediation, possibly due to the low contents of 
active forms, and the difficulty for MBC to convert small proportions of 

Fig. 6. SEM-EDS images of MBC before (a) and after (b) adsorption.  
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EX and CB fractions into OX fraction. 

4.2. Mechanisms for the wastewater remediation by MBC 

Compared with pristine biochar and other Mn-modified biochars, the 
MBC in this study showed relatively superior Cd(II) adsorption perfor
mance. Active Mn-O bonds with strong complexing ability could adsorb 
Cd(II) from the solution in a very short time. Therefore, MBC may be 
more suitable for treatment of medium- and high-concentration heavy 
metals in wastewater. The Langmuir and PSO models also suggested that 
monolayer chemisorption is the dominant process for Cd(II) removal 
[67–69]. Mn-modified remediation agents usually form inner-ring 
complexes with heavy metals to achieve the remediation. The redox 
reaction of KMnO4 with carbon (from the rice husk biomass) produced 
defects and more highly disordered carbon, decreased the aromaticity 
and increased the porosity and specific surface area of MBC (Fig. 1c). 
Therefore, MBC might rapidly adsorb Cd(II) ions through the filling ef
fect. In addition, the possible adsorption mechanisms were further 
evaluated with XRD, FTIR, SEM-EDS and XPS. MBC was found to adsorb 
Cd(II) through complexation without changes in its own surface 
morphology (Fig. 6). The percentages of C, O, Si and Mn elements in 
pristine MBC were 20.92 %, 29.91 %, 1.28 % and 47.89 %, respectively. 
The EDS spectrum showed that the Cd content increased from 0 % before 
adsorption to 2.97 %, indicating that MBC performed effective 

adsorption (Fig. 6b and Fig. S8). 
The XRD pattern after adsorption showed that there was no signifi

cant change in the specific crystalline faces of MBC (such as formation of 
new crystals, collapse and disappearance of crystal faces) (Fig. 7a). 
However, Cd ions were adsorbed to the surface of interlayer structure 
through specific complexation, leading to XRD shift after adsorption. 
Therefore, precipitation may not occur in the process of Cd(II) adsorp
tion by MBC, and SEM-EDS results confirmed the stability of MBC. The 
high surface activity of Mn ions may promote the ion exchange with Cd 
ions. The vibrational peak intensity of the –COOH, -C–O and Mn-O 
bonds in the FTIR spectrum showed significant changes after adsorp
tion (Fig. 7b). Complexation between the lone electron pair of -O- and 
Cd(II) caused changes in the –OH tensile strength [70]. The peaks for 
–COOH and -C–O may show decreases in intensity or even disappear 
upon complexation of Cd(II). It is worth noting that the Mn-O double 
bond is converted to a Cd-O metal bond via ion exchange. Therefore, the 
adsorption processes may form bidentate binuclear or polydentate 
complexes. Fig. 7c shows an obvious Cd 3d peak in the XPS full spectrum 
obtained after MBC adsorption, indicating that MBC had effectively 
adsorbed Cd(II). The Mn content did not decrease significantly after 
adsorption, and ion exchange between Mn and Cd was not the main 
process. The C 1 s spectrum after adsorption was deconvoluted into 
three peaks for O––C-Cd (288.7 eV), C–O–Cd (286.6 eV) and C–C 
(285.0 eV), respectively, indicating that MBC complexes with Cd 

Fig. 7. XRD patterns (a), FTIR spectra (b), XPS survey spectra (full survey (c), C 1 s (d), O 1 s (e), Cd 3d (f) and Mn 2p (g)) before and after Cd(II) adsorption by MBC, 
and possible adsorption mechanisms for Cd(II) in wastewater (h). 
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through the O––C-O, C––O and C–O functional groups (Fig. 7d). Simi
larly, the O 1 s peak observed after adsorption was deconvoluted into 
peaks assigned to Cd-O (534.0 eV), Cd-O-C––O (533.0 eV), Si/Mn-O-Cd 
(531.8 eV) and Mn-O-Cd (530.3 eV), further verifying the complexation 
of Cd(II) by the oxygen-containing functional groups on the surface of 
MBC. Deconvolution of the Cd 3d peak provided a typical doublet for the 
Cd 3d3/2 and Cd 3d5/2 binding energy (Fig. 7f). Fig. 7f also shows that 
the valence state of Cd(II) remained unchanged after adsorption, and 
MBC removed Cd(II) from the solution through adsorption rather than 
oxidation or reduction processes. In addition, the Mn-O-Cd peak 
resulting from complexation between Mn-O and Cd further validated the 
above process (Fig. 7g). Therefore, the mechanisms for MBC removal of 
Cd(II) in aqueous systems may include complexation-dominated and ion 
exchange-assisted processes (Fig. 7i). 

4.3. Environmental significance 

The application of Mn-modified biochar to wastewater treatment has 
been extensively studied, but little attention has been paid to direct 
modification of rice husk biomass and its application to soil and water 
remediation. The biomass in this study is not carbonized at high tem
perature and will not produce secondary pollutants such as oil fume, and 
can be produced from a simple source via green environmental pro
cesses. Table 3 shows that the MBC preparation process is simpler than 
that for other Mn-modified biochars and the adsorption capacity and 
rate of MBC are higher. Cost benefit analysis can effectively evaluate the 
application potential of MBC. Based on the reaction formula, it takes 1.8 
t of KMnO4 and 0.25 t rice husk to prepare one ton of MBC. The price of 
industrial KMnO4 in the current market is about approximately 1720 $ 
per ton. Rice husk was collected from Huangmei city, and the corre
sponding price and freight were about 57 and 114 $ per ton, respec
tively. Therefore, the preparation of one ton of MBC may consume 
approximately 3220 $. Adjustment of Mn loading according to the na
ture of the polluted site can maximize the remediation rate and reduce 
the production cost. In addition, this study provides an in-depth un
derstanding of the possible mechanism for MBC removal of heavy metals 
from soil and wastewater as well as practical guidance for the applica
tion of remediation materials. Solutions are fast-flowing systems, and 
MBC can adsorb heavy metals at a higher rate in aqueous systems than in 
soil remediation. However, MBC will release a certain amount of Mn 
ions during remediation, which should be considered when using MBC 
to treat wastewater. On the other hand, Mn can also be used as a trace 
element for plant growth and competes with Cd for the absorption 
channels of plants. After treatment, the water reaching certain standards 
can be used for farmland irrigation or foliar spraying. In terms of soil 
remediation, MBC can initiate specific transformation of heavy metals in 
the soil. The heavy metals complexed by iron and manganese in the MBC 

remediation process can exist stably in the soil. Mn is present in the soil 
at high concentrations as a major element (approximately 0.4 % in this 
study), and the Mn released into the soil does not cause additional 
pollution. In addition, soil and water bodies are mostly mixed systems 
containing various heavy metals, and the adsorption performance of 
MBC for other heavy metals should be determined. Manganese oxides 
are also good oxidants and catalysts able to reduce the toxicity of metals 
(such as As and Cr) by altering their oxidation state and have promising 
prospects of application in catalytic degradation of organic compounds. 
Therefore, subsequent studies may be carried out to expand the use of 
MBC in environmental catalysis. 

5. Conclusions 

A novel remediation agent (MBC) for heavy metals was synthesized 
via a facile hydrothermal process. The layered stacking manganese ox
ides significantly improve the specific surface area and total pore vol
ume of MBC and introduce Mn-O active groups. The enhanced 
remediation performance of MBC for Cd(II) can be mainly attributed to 
Mn-O bonds with strong complexing ability and ion exchange of Mn ions 
with Cd(II). Electrostatic interaction and pore filling play important 
roles in the immobilization of Cd(II) and may be facilitated by the 
lamellar structure of δ-MnO2. The high specific surface area and excel
lent pore structure of MBC provide many adsorption sites for the 
immobilization of Cd(II), which contribute to its rapid adsorption for Cd 
(II) in the solution, and the maximum adsorption capacity could reach 
115.04 mg g− 1. MBC removes Cd(II) from the solution mainly through 
complexation, functional group interaction and ion exchange. In addi
tion, MBC can efficiently remove heavy metals from the soil over a short 
time, and metal oxygen bond complexation and functional group 
interaction can promote the conversion of EX-Cd to OX-Cd. Among 
them, strong complexation by MBC promotes the formation of OX-Cd 
with stable crystalline Mn oxide and crystalline Fe oxide. In conclu
sion, the MBC prepared in this study has high application value and may 
provide new implications for simultaneous remediation of heavy metal 
pollution in soil and water. 
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Table 3 
Comparison of adsorption capacity for heavy metals by Mn-modified biochars/composites.  

Adsorbents Q (mg g− 1) Initial concentration (mg L–1) Heavy metal Equilibrium time References 

MBC 9.15 0–10 Pb(II) 24 h [71] 
Mn/SA-BC@nZVI 120 5–400 Cd(II) 20 min [72] 
BC-MnOx 7.62 – Cu(II) 24 h [73] 
BC-FM 120.77 25–400 Cd(II) 30 h [74] 
CP-Fe-Mn 18.60 130–155 Cd(II) 5 min [17] 

19.92 400–520 Pb(II) 2 min 
13.69 100–160 Hg(II) 40 min 

MO-L-BC 248 0–60 Sb(III) 15 min [75] 
126 Cu(II) 

MBCG 84.76 2–50 Cd(II) 20 min [76] 
70.90 Pb(II) 

KBC 123.47 50–500 Pb(II) 100 min [77] 
MBC 115.04 25–800 Cd(II) 10 min This work 

Note: MnOx dipping biochar (MBC); Manganese-crosslinking sodium alginate modified biochar and zerovalent iron composite (Mn/SA-BC@nZVI); Manganese oxide- 
modified biochar (BC-MnOx); Fe-Mn oxide-modified biochar (BC-FM); Carbonized biochar powder with Fe-Mn (CP-Fe-Mn); Manganese oxide embedded in biochar 
(MO-L-BC); 3D MnO2 modified biochar-based porous polyacrylamide gel (MBCG); KMnO4-modified biochar (KBC). 
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