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Cationic lead/cadmium and anionic arsenic exhibit opposite geochemical behaviors in soils, which makes the synchronous remediation of As, Cd, and Pb challenging. In this study, we developed an iron-manganese modified biochar (BC-Fe-Mn) that prepared from straw with iron (Fe) and manganese (Mn) loading at a pyrolysis temperature of 550 °C. After BC-Fe-Mn immobilization for 90 days, the simultaneous immobilization efficiency of Pb, Cd, and As reached 57%, 51%, and 35%, respectively. Speciation distributions shows that As transformed from specific bound state into weakly low crystallinity iron bound state. Cd transformed from carbonate fraction into Fe-Mn oxide bound fraction, and Pb transformed from carbonate fraction into residual state. During the procedure, simultaneous immobilization mechanisms might involve heavy metal morphological transformation, precipitation/co-precipitation, and surface complexation. Cd and Pb absorbed onto BC-Fe-Mn. Then the increased free iron oxides (Fed) reacted with the dissolved As to form iron-arsenic precipitation. The results show that BC-Fe-Mn is a promising material for the simultaneous immobilization of Pb, Cd, and As in multi-metal contaminated soil.
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HIGHLIGHTS

• BC-Fe-Mn has been prepared to immobilize Pb, Cd, and As.
• Simultaneous immobilization efficiency of Pb, Cd, and As reached 57%, 51%, and 35%, respectively.
• Cd and Pb absorbed onto BC-Fe-Mn and the increased free iron oxides reacted with the As to form Fe-As precipitation.
1 INTRODUCTION
As a vital resource for human survival, soil plays a crucial role in the process of human progress and development. Due to human activities such as non-ferrous metal mining and industrial waste disposal, the content of heavy metals continuously accumulates in soil and exceed the safety threshold. As reported, more than 13,300 ha in China are polluted by cadmium, with 18.6% considered moderately or lightly polluted, and 7.1% heavily polluted (GAO et al., 2016). According to the 2014 Soil Pollution Survey Report of China, lead (Pb), cadmium (Cd), and arsenic (As) pollution made up 70% of the excess ratio of heavy metal pollution in China. It pose a serious threat to human health through the bioaccumulation and food chain (TóTH et al., 2016). Therefore, an effective technique for simultaneous reducing the toxicity of the Pb, Cd and As in soil was urgently necessary.
Immobilization is advocated due to its easy-operate and high-efficiency properties (IGALAVITHANA et al., 2019). However, the pollution control of Pb, Cd, and As in soil is mainly concentrated on single heavy metals or two at most. There are few studies on the simultaneous stabilization of Pb, Cd, and As. In fact, cationic lead/cadmium and anionic arsenic exhibit opposite chemical behaviors in soil. For example, an increase in soil pH can increase the desorption of As on the soil surface due to the increasing the electronegativity of arsenate and soil particles. Pb and Cd are usually positively charged. When the pH is raised, Pb and Cd can be effectively immobilized (YANG X. et al., 2018). Therefore, their opposite chemical behavior poses a significant challenge for simultaneous immobilization of Pb, Cd, and As in soil.
Biochar (BC) is widely used in remediation of heavy metal contaminated soil (LYU et al., 2018). As compared with other materials, BC is a readily stable carbon-rich material with available porous, high specific surface area. It can increase the cation exchange capacity (CEC) and reduce the availability of heavy metals in soil through precipitation and surface immobilization (LI et al., 2019; TU et al., 2020; LV et al., 2021). Furthermore, an appreciable amount of oxygen-containing groups are contained on the surface, which show high efficiency adsorption of heavy metal cations (CHEN et al., 2021). However, due to the negatively charged surfaces of BC, its ability to remove arsenic anion pollution is clearly limited. For example, Yang’s study showed that BC has high stabilization efficiency for Pb, but the immobilization efficiency of arsenic is low (YANG X. et al., 2018). Therefore, it is necessary to modify BC for simultaneous immobilization of Pb, Cd, and As in soil.
Iron/manganese material is characterized by its high reactivity, specific surface area, and surface charge. Fe/Mn-based materials possess strong affinity for As through the formation of surface complexes or precipitates and have been widely used for As immobilization. It can promote the changes of the self-generated structure and surface properties of iron oxides to increase the adsorption capacity of heavy metals in soil (TACK et al., 2006). However, simple iron-manganese compounds exhibit limited adaptability to the soil environment and may even catalyze the activation of other heavy metals in the soil. The products of biochar combined with iron (or manganese) can overcome their shortcomings and give full play to the advantages of BC and iron (or manganese).
Recent reports showed that fabrication the Fe/Mn onto biochars seems a promising strategy to improve the efficiency of simultaneous immobilization of As with Cd and Pb. It has been reported biochar with zero-valent iron (BC-ZVI) has a good removal effect on As by reducing As(V) to As(III) and conformal substitution of As(III) and Fe(III) in the newly formed FeOOH (BAKSHI et al., 2018). The hydroxyl groups on iron oxides can effectively adsorb As and form precipitates (FU et al., 2017). As can also undergo coordination reactions on the surface of manganese oxides to form As-MnO2 complexes (VILLALOBOS et al., 2014). After modified with the iron and/or manganese, the number of functional groups on the surface of BC, such as carboxyl, hydroxyl, and phenolic hydroxyl, can be significantly increased, which can form oxygen-containing complexes with heavy metal ions via stabilization absorption configurations (O'REILLY and HOCHELLA, 2003; SONG et al., 2014; LI et al., 2017). Moreover, studies have shown that iron-manganese composites have an excellent ability to remove lead from solution due to the interaction between active functional carboxyl groups and hydroxyl groups on the surface (REN et al., 2012; HU et al., 2017). Manganese-iron binary oxide-biochar composite (FMBC) with good adsorption of Cd and copper (Cu) was prepared via impregnation/sintering method (ZHOU et al., 2018). Therefore, the combination of BC and iron-manganese materials possess great potential to overcome their respective shortcomings for the simultaneous immobilization of Pb, Cd, and As in soil.
This research hopes to develop an iron-manganese modified BC material to simultaneous immobilized the Pb, Cd, and As in multi-metal contaminated soil. The transformation process of Pb, Cd, and As in soil were studied by analyzing the speciation distribution of heavy metals and the properties of iron-manganese particles in soil. This study will provide a reliable strategy for the remediation of multi-metal contaminated soil.
2 MATERIALS AND METHODS
2.1 Soil pretreatment and characterization
Contaminated soil samples were collected from an abandoned factory in Changde, China. The samples were air-dried and crushed at room temperature, and thoroughly mixed after removing stones and plant rhizomes. The mixed soil was passed through a 20–100 mesh screen, and then digested using a mixture of HNO3-HCl-HF to determine the total concentration of Pb, Cd, and As using K. Kameda’s method (KAMEDA et al., 2017). The extraction of soil free iron oxide (Fed) was conducted using the dithionite-citric acid-bicarbonate procedure, whereas the extraction of soil amorphous iron oxide (Feo) was carried out using a solution of 0.2 mol L−1 ammonium oxalate. The concentration of crystalline iron oxide (Fec) was determined by subtracting the Feo content from the total Fed content. (CUI et al., 2020). All digested and extracted samples were measured by inductively coupled plasma optical emission spectrometry (ICP-OES, TCP-5100-VDV). The As in soil were extracted by sodium bicarbonate and measured by atomic fluorescence spectrometer (HGF-V2). Cation exchange capacity (CEC) was determined using the 1 mol L−1 NH4Ac method (SONG et al., 2017). The properties of soil samples are exhibited in Table 1.
TABLE 1 | Heavy metal content in soil.
[image: Table 1]2.2 Preparation of modified BC and characterization
The preparation of BC and modified BC are as follows: the rice straw (obtained from Changsha city, China) was soaked in an appropriate amount of deionized water and stirred for 2 h followed by drying in a constant temperature oven at 105 °C for 24 h and ground into powder. The powder was then sifted via a 40-mesh griddle. 10 g of rice straw powder was then pyrolyzed at a rate of 5 °C·min−1–550 °C for 2 h in a controlled atmosphere furnace under N2 atmosphere. As-prepared solid was washed quickly with ethanol and deionized water for 3–4 times, and finally dried in a drying oven under N2 atmosphere to obtain BC.
10 g of rice straw powder was soaked in 175 ml of 0.02 mol L−1 MnCl2, FeCl3, or MnCl2 + FeCl3 solution, the preparation scheme are shown in the Fig. S1, respectively, under magnetic stirring for 2 h. Then the solid samples were prepared under identical conditions to obtain BC-Mn, BC-Fe, and BC-Fe-Mn, respectively.
2.3 Simultaneous immobilization of lead, cadmium, and arsenic in soil: batch tests
The performance of the materials on the simultaneous immobilization of Pb, Cd, and As in soil were investigated through batch tests in 150 ml sealed plastic bottles, which contained 50 g of Pb, Cd, and As composite contaminated soil. Four different agents, i.e., BC, BC-Mn, BC-Fe, and BC-Fe-Mn were added to the soil system, respectively, with a dosage of 5 wt%. Water was added to the batch systems to maintain the water content at 80 wt%. Soil samples were withdrawn at different time points. Soil samples were naturally air-dried and crushed for further analyses. All experiments were performed at room temperature of 25 °C and carried out in triplicate.
2.4 Sample analysis
To investigate the effectiveness stabilization efficiency of heavy metals, the contents of NaHCO3-extractable As and DTPA-extractable Pb and Cd in soil samples were assessed using the method described by Liang (YANG et al., 2018b) and McLaren (MCLAREN et al., 1998). The efficiency of the as-prepared materials in heavy metals immobilization ([image: image]) was calculated using Eq. 1:
[image: image]
C0 represents the initial leaching concentration of metals in soils; Ce refers to the leaching concentration of metals in soils after 90 days passivation.
The speciation distributions of Pb and Cd were assessed using a five-step sequential extraction method (SEP) (TESSIER et al., 1979); while, the speciation of arsenic was extracted according to the method of (WENZEL et al., 2001). These methods classify Pb and Cd in soil into five fractions namely; exchangeable fraction, carbonate bound fraction, Fe-Mn oxide bound fraction, organic bound fraction, and residual fraction, and classify As into five fractions: non-specific bound arsenic, specific bound arsenic, amorphous or low crystallinity iron bound arsenic, crystalline iron or aluminum oxide bound arsenic and arsenic residue.
2.5 Separation of magnetic particles in soil
10 g of the soil after immobilization was added into a 500 ml beaker, which contained 200 ml of deionized water. Then the suspension was placed on magnetic stirring apparatus at the stirring speed of 200 rpm for 2 h. After sealed in a self-sealing bag, the strong magnet was placed along the outside wall of the beaker to collect the magnetic materials. The collected materials were washed with deionized water for several times and dried at 40 °C.
2.6 Method of analysis
Soil pH was measured at a solid-water ratio of 1:2.5 using a pH meter. The BC and modified BC were characterized by scanning electron microscope (SEM, JSM-IT300LA, Japan), which was equipped with an energy dispersive spectrometer (EDS. JED-2300, Japan). X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, United States) was employed to characterize the element composition and valence states of the materials before and after reaction. The composition and crystalline structure of the materials were analyzed via an X-ray diffractometer (XRD, Rigaku D/max-2500, Japan). Fourier-transformed infrared (FTIR, Perkin Elmer, United States) were employed to detect the functional groups on the surface of the biochar.
3 RESULTS AND DISCUSSION
3.1 Fe and Mn modification of BC
Figure 1(a∼d) displays the SEM and SEM-EDS images with element mapping of the modified BC. The BC had a tough structure with a rough and compact surface. In contrast, the modified BC possessed a porous structure. In order to explore the iron and manganese modification on the surface of BC, the SEM-coupled elemental mapping images of modified BC was analyzed. As shown in Figure 1A, almost no Fe and Mn existed on the surface of BC. However, after modification, Fe and Mn were evenly distributed on the surface of the materials. The properties of the BC-based materials prepared under various modified conditions are shown in Table 2. The content of C, H, O, and N atoms in BC decreased significantly. The C content of iron or/and manganese modified BC decreased by 12.7%–19.2% along with the introduction of metal elements. The C elements of BC participates in the reduction of metal elements and is consumed at high temperature during modification process (HOCH et al., 2008). Moreover, reduction of hydrogen and oxygen content generally involves dehydration and decarboxylation. As reported by Glaser et al., a BC with a low H/C ratio (<60%) and a low O/C ratio (<40%) has good stability and can be used as a soil conditioner (SCHIMMELPFENNIG and GLASER, 2012). Hence, the modified BC prepared in this study has the potential to improve the remediation.
[image: Figure 1]FIGURE 1 | (A–D) SEM-EDS of BC (A), BC-Fe (B), BC-Mn (C), and BC-Fe-Mn (D); XRD (E) and FTIR (F) of different materials.
TABLE 2 | The basic properties of BC derived from the different modified conditions.
[image: Table 2]The XRD pattern of the modified BC is shown in Figure 1E. There were no sharp absorption peaks of manganese after Mn modification. It indicated that manganese oxide might exist on BC in the form of amorphous phase. Conversely, after Fe modification, the diffraction peaks at 33.12◦, 35.60◦, 40.82◦, and 54.00◦ in XRD patterns were associated with Fe2O3 (PDF#89–0,597). During high temperature calcination, FeCl3 was converted into FeOOH and loaded on the BC as Fe2O3. When the MnCl2 was introduced into the calcination, certian Mn might replace Fe in FeOOH to form (Fe0.67Mn0.33)OOH during the transformation of FeOOH to Fe2O3 with the increase of calcination temperature (LI et al., 2022a). Accordingly, the application of Fe and Mn modification resulted in the appearance of two obvious peaks. The diffraction peaks at 35.67◦, 40.99◦, 54.23◦, and 64.18◦ corresponded to (Fe0.67Mn0.33)OOH diffraction (PDF-#14–0,557), and the peaks at 33.12◦, 35.60◦, 40.82◦, and 54.00◦ corresponded to the diffraction of Fe2O3 (PDF-#89–0,597). As shown in Figure 1F, FTIR was used to analyze the properties of the functional groups in BC. The absorption peak at 1,552 cm−1 corresponds to the stretching vibration of C-N, while peak at 1,662 cm−1 corresponds to the C-O vibration (LI et al., 2022b). The absorption peak at 1,356 cm−1 is attributed to the -COO vibration on the BC. It significantly shifts to 1,375 cm−1 in the modified BC, which might indicate that the introduction of iron or/and manganese during the modification (ZHANG et al., 2019a; TAN et al., 2022). The absorption peak at 646 cm−1 belongs to the absorption peak of Fe-O, which comes from the Fe-O vibration in Fe2O3 (LI et al., 2022a). These functional group structures suggest that the addition of iron results in the formation of new functional groups, whereas, the modified BC still retains its organic structures.
XPS analysis of the modified materials was carried out as Figure 2. Fe 2p and Mn 2p peaks were detected on the surface of BC after modification. The Fe 2p XPS spectra (Figure 2A) showed that the peaks at 712.5 eV and 710.8 eV were attributed to Fe(III) compounds and Fe(II) compounds, respectively (ZHU et al., 2020). While the peaks at 643.5, 641.8, and 640.8 eV (Figure 2B) were attributed to Mn(IV), Mn(III), and Mn(II) (TAN et al., 2022). On the surface of BC-Fe, Fe(III) accounted for 41.3% of the total surface atomic number of Fe. While on the surface of BC-Fe-Mn, the content of Fe(III) increased to 44.2%. At the same time, the proportion of Mn(IV) (20.8%) on the surface of BC-Fe-Mn was lower than that of BC-Mn (21.4%). It might be that certain Fe(II) was oxidized by the Mn(IV) to form Fe(III) as the introduction of iron and manganese during the calcination.
[image: Figure 2]FIGURE 2 | XPS spectra of the different types of BC. Fe2p XPS spectra of BC-Fe and BC-Fe-Mn (A); Mn2p XPS spectra of BC-Mn and BC-Fe-Mn (B).
3.2 Simultaneous immobilization of Pb-Cd-As contaminated soil
Figure 3 shows the immobilization efficiency of Pb, Cd, and As by the BC as a function of time. After 90 days of remediation, only 6.5% and 20% of Pb and Cd were immobilized by BC, respectively. It proved that a great deal of Pb and Cd in soil could not be adsorbed onto BC. Moreover, the content of As in soil increased with the remediation. One of the possible reasons was that the addition of BC increased the pH value of the soil from 6.55 to 7.23, increasing the negative charge sites for the adsorption of metal cation. In contract, the competitive adsorption of BC with anionic arsenate resulted in the increase of available As in soil. Despite Fe modification, the immobilization efficiency of As, Cd, and Pb remained low (15.5%, 21.5%, and 17.7%, respectively). The similar results were also observed by Wang et al. (WANG et al., 2020). As for the BC-Mn, the immobilization efficiency of As, Cd, and Pb increased at the initial stage (21 days) and then leveled out. The maximum immobilization efficiency of As, Cd, and Pb reached 31.1%, 38.8%, and 50.1%, respectively. During the BC-Fe-Mn remediation, the immobilization efficiencies increased with the reaction time. After 90 days, the immobilization efficiencies on Pb, Cd, and As reached 57%, 51% and 35%, respectively. Moreover, the water-soluble Pb and As were almost removed within 14 days, and more than 99% of the water-soluble Cd could be stabilized after 49 days (Fig. S2). The materials can be ranked based on their efficiency in the following order: BC-Fe-Mn > BC-Mn > BC-Fe > BC (Pb and Cd) and BC-Fe-Mn > BC-Fe > BC-Mn > BC (As). Therefore, BC-Fe-Mn exhibited the best immobilization efficiency for lead, cadmium and arsenic in soil.
[image: Figure 3]FIGURE 3 | The immobilization efficiency of the various modified BC for As (A), Cd (B), and Pb (C) in soil with 5% addition of material as a function of time and material.
3.3 Changes of soil properties
The pH of soil plays an important role in immobilization of heavy metals in soil. The application of BC resulted in a significant increase in the pH of soil (from 6.55 to 7.23, Table 3). During the pyrolysis process of the biomass, the base cations (primarily K, Ca, Na, Mg) were converted into oxides, hydroxides, and carbonates (HOUBEN et al., 2013). These alkaline substances dissolve and compete with As for the adsorption sites, resulting in As activation in soil. When the modified BC were employed in the soil remediation, the leaching of iron or manganese would cause the acidification of soil (TAO et al., 2019). Herein, the soil pH exhibited varying degrees of decrease after the application of modified BC (ranging from 6.55 to 5.66). Cd and Pb would be activated and released due to the acidification (MICHáLEKOVá-RICHV et al., 2016). The decreased pH also caused a decrease of negative charge in variable charge soil, thereby decreasing adsorption of cationic metals. Therefore, the slight change in the BC-Fe-Mn system will benefit the simultaneous immobilization of Pb, Cd, and As. The cation exchange capacity (CEC) is a dynamic component that affects the stability of soil. Upon completion of the reaction, CEC in soil changed significantly. In acidic soils, the disproportionate replacement of cations by H+ results in a decrease in negative charge, which leads to a reduction in CEC (SHARMA et al., 2015). Thus, the reduction of CEC in soil may be the result of immobilization of the heavy metals during remediation (SONG et al., 2017).
TABLE 3 | The basic properties of soil after the reaction was completed.
[image: Table 3]3.4 Speciation distributions of Pb, Cd, and As
The relationship between the morphological transitions of BC-Fe-Mn and the immobilization efficiency of heavy metals in soil was studied. As shown in Figure 4, there was no non-specifically fraction of As in soil. With the extension of time, the content of specifically-sorbed As decreased by 10%. The amorphous iron bound As increased 9%. This may be due to the formation of stable iron arsenate compounds between As and Fe (SHAN and TONG, 2013). As for the Cd, the carbonate bound (CB) fraction showed a significant decrease from 19% to 8%. The content of Fe-Mn oxide bound (OM) fraction and residual fraction (RS) increased by 4% and 7%, respectively. Therefore, the environmentally sensitive fraction of Cd transformed into a more stable state. Meanwhile, the CB fraction of Pb decreased, and the RS and OM fraction increased. Pb generally exchanges with the Mg2+ and Ca2+ on the surface of BC to form stable complexes (LI et al., 2018; BANDARA et al., 2019). It interacts with–COO–, –O–and C–π on BC to generate organically bound fraction (SUN et al., 2021; T et al., 2015). Based on speciation analysis, it can be seen that Pb, Cd, and As can be converted to a more stable state under the effect of BC-Fe-Mn. And the amorphous iron bound (or OX fraction) and RS fraction are the main forms of Cd and As conversion, while OM fraction and RS fraction are the main forms of lead conversion.
[image: Figure 4]FIGURE 4 | The SEP morphological changes of arsenic (A), cadmium (B) and lead (C) in soil after BC-Fe-Mn modification.
3.5 Changes in iron oxide fractions
In soil, iron oxide is the main carrier of positive and negative charge and has a high affinity for heavy metals such as As, Cd, and Pb (GUO et al., 2021). Compared to CK, BC reduced the content of Fed, Feo, and Fec (Figure 5), indicating that the activity of iron oxide in soil was inhibited after BC application. This may be a potential explanation for the ineffective As immobilization following BC application. The content of Fed remained unchanged after the BC-Mn application, whereas the amount of Feo decreased and the amount of Fec increased. It suggested that additional manganese can promote transformation of iron into crystalline phase (LUO et al., 2018), leading to the aging of iron oxide in soil. When BC-Fe and BC-Fe-Mn were introduced into soil, it could be supplied as a iron source to convert into the unstable and poorly crystalline iron oxide (ferrihydrite) in soil via the hydrolysis of Fe2+ and Fe3+ (CUDENNEC and LECERF, 2006). Consequently, the Fed content increased from 18,622 mg kg−1 to 21,700 and 22,100 mg kg−1, and the activity of iron in soil was enhanced. Compared with CK, the content of Feo in BC-Fe and BC-Fe-Mn system showed a substantial increase. It increased by 1700 mg kg−1 and 2,700 mg kg−1 after BC-Fe and BC-Fe-Mn application, respectively. It proved that manganese may enhance iron activation, when iron and manganese were coexist on BC (GASPARATO and S, 2012; ZHENG et al., 2020). As well known, Fed and Feo are effective Fe oxide components that facilitate the adsorption of metals by soil aggregates. Herein, the increase of Fed and Feo after BC-Fe-Mn application could improve the simultaneous immobilization.
[image: Figure 5]FIGURE 5 | Soil iron oxide fractions after reaction. Fed, free iron oxides; Feo, amorphous iron oxides; and Fec, crystal iron oxides. Means (n = 3) followed by different letters above the columns indicate significant difference at P < 0.05.
3.6 Simultaneous immobilization mechanism in soil
BC-Fe-Mn significantly influence the form of iron oxides in soil and promotes the transformation of heavy metals into iron-manganese fractions. In order to further explore the immobilization mechanism of Pb, Cd, and As, the iron-containing magnetic particles (MPs) in soil were isolated and analyzed through XRD, XPS and SEM. MPs separated from soil after BC reaction presented as agglomeration state (Supplementary Figure S3). The MP extracted from the natural soil exhibited a granular structure, while the MP extracted from BC-based materials treated soil had a scale-like surface. The XRD patterns (Supplementary Figure S4) showed the MPs were mainly consisted of iron-manganese composite carboxyl oxide (Fe0.67Mn0.33)OOH (PDF-#14–0,557) and Fe2O3 (PDF-#33–0,664). This (Fe0.67Mn0.33)OOH molecule possessed abundant oxygen vacancies and -OH, which exhibited a strong affinity towards heavy metals (LI et al., 2022a).
Surface element results were shown in the Supplementary Table S1. The concentration of As and Cd on the surface of MP were significantly higher than that of soil. It suggested that the MP is one of the reaction sites of simultaneous immobilization in soil. After the BC-Fe-Mn application, the content of As on MP increased by 90.4% as compared with the CK. It might be due to that the released Fe reacted with the adsorbed As to form the iron-arsenic precipitation during the immobilization (SHAN and TONG, 2013). The XPS spectra of MP were shown in Figure 7. The peaks at 712.5 eV was attributed to Fe(III) 2p3/2. The peak at 710.2 eV was associated with the 2p3/2 orbitals from Fe(II) (ZHU et al., 2020). On the surface of MP separated from CK, the Fe species consisted of 51.4% Fe(II) and 48.6% Fe(III). While on the surface of MP isolated from BC-Fe-Mn reaction, the content of Fe(III) increased to 50.5%, and the content of Fe(II) decreased to 49.5%. This is probably due to the oxidative effect of Mn in BC-Fe-Mn, which could convert certain Fe(II) into Fe(III) (SUN et al., 2018). It is also possible that the iron oxide (iron hydride) generated by the hydrolysis of free ferric iron in the material adsorbed on the MP, increasing the content of Fe3+ (CUDENNEC and LECERF, 2006). Meanwhile, Figure 6B shown the peaks at 44.2 and 44.5 eV belonged to the signals of As(III) and As(V), respectively. The content of As(V) on the surface of MP from BC-Fe-Mn (47.3%) is higher than that from CK (40.4%), revealing the reduction of Mn(IV) → Mn(III) → Mn(II) might lead to effective As(III) oxidation to As(V).
[image: Figure 6]FIGURE 6 | XPS spectrum of MP isolated from CK and BC-Fe-Mn treated soil. Fe 2p XPS spectra of CK and BC-Fe-Mn (A); As 3d XPS spectra of CK and BC-Fe-Mn (B); Cd 3d XPS spectra of CK and BC-Fe-Mn (C); Pb 4f XPS spectra of CK and BC-Fe-Mn (D); O 1s XPS spectra of CK and BC-Fe-Mn (E).
Thus, the BC-Fe-Mn promoted the oxidation of As(III) during the remediation. The peaks at 411.6 eV and 404.8 eV were assigned to the 3d3/2 and 3d5/2 orbitals from Cd (Figure 6C), respectively (LIANG et al., 2017). It indicated that Cd was immobilized in the form of Cd(OH)2 and Cd-Fe hydroxide (WANG et al., 2021a). Moreover, the peaks at 138.8 eV and 139.9 eV represented PbCO3/PbO and Pb2+, respectively (ZHANG et al., 2019b). The increased content of PbCO3 (from 52.0% to 55.9%) showed that BC-Fe-Mn induced the Pb immobilization in soil. The fitted O 1s spectrum (Figure 6E) presented three peaks at 530.8, 532.1 and 533.2 eV, characteristic of lattice oxygen (O2−), hydroxyl (-OH), and adsorbed water (H2O), respectively. Following remediation under BC-Fe-Mn, a reduction in O2− moiety was observed from 42.1% to 41.2%. It suggested that the heavy metals gradually replaced the hydroxyl groups during sorption.
The FTIR spectra of the MPs are shown in Figure 7. The absorption peak at 522 cm−1 corresponds to the Mn-O vibration of MnO6 octahedron (HOU et al., 2017), and the absorption peak near 1,624 cm−1 is the band of the O-H bending vibration band. The absorption peak around 890 cm−1 is associated with Fe-OH. The band at 900 cm−1 is assigned to -OH in goethite (XIAO et al., 2017). The peaks observed at 1,000 cm−1 and 700 cm−1 belongs to the Fe-OH and Mn-OH (XIAO et al., 2020) deformation vibration of iron-manganese oxides (XIONG et al., 2017; TAN et al., 2022). In general, the vacancies of manganese and iron oxides lead to the double-coordinated unsaturation, which tend to form O- and adsorb protons to form stable -OH to achieve charge balance. Thus, Mn-O and Fe-O can bond with heavy metals. Heavy metal cations in soils compete with protons to occupy the adsorption sites on iron-manganese oxides due to their strong charge interaction (LIN et al., 2020; JIN et al., 2022). Therefore, Mn-O and Fe-O are important functional groups for Cd immobilization. After immobilization, the peaks of Fe/Mn-OH appeared at higher wavenumbers, which may be attributed the decrease in the bond strength of Fe/Mn-O due to the solid electron donating effect of Cd in Fe/Mn-O-Cd (PENG et al., 2015; WANG et al., 2021b). The absorption peak at 816 cm−1 corresponded to As-OH or As-O-Fe stretching vibration. (HAN et al., 2016). Probably indicating the participation of As on MPs through the formation of an internal spherical bidentate binuclear complex adsorption (LIN et al., 2020). Furthermore, the formation of Fe-O-As(V) complex is also responsible for the adsorption of As(V) to Fe-O due to the strong binding ability of arsenic and iron (SHAN and TONG, 2013). It further proved that As also adsorbed on the surface of iron and manganese oxides.
[image: Figure 7]FIGURE 7 | FTIR spectra of MP samples of BC-Fe-Mn, BC-Mn, BC-Fe, BC, and CK for 90 d.
Fe2O3 and (Fe0.67Mn0.33)OOH played an important role in the immobilization of heavy metals in soil. When the BC-Fe-Mn was introduced, Cd and Pb were absorbed and combined with OH, C-π, -COO functional groups on BC-Fe-Mn. As(III) firstly adsorbed on the surface of BC-Fe-Mn. The more electro-positive standard redox potential of the Fe(III)/Fe(II) couple (+0.771 V), the Mn(III)/Mn(II) couple (+1.51 V), and the Mn(IV)/Mn(II) couple (+1.23 V) than that of As(V)/As(III) (+0.56 V) enables the oxidation of As(III) by Mn(IV) and Mn(III), as described by Eq. 1–Eq. 3:
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Moreover, the standard redox potential of the MnO2/Mn2+ and MnO4−/Mn2+ is also more electro-positive than that of Fe3+/Fe2+, thus Mn oxides are capable of oxidizing Fe2+ to Fe3+ as described by Eq. (4-5). Then, the reduction of Mn(IV) → Mn(III) → Mn(II) leads to effective As(III) oxidation to As(V). Meanwhile, Fe/Mn in BC-Fe-Mn hydrolyzed to generate protons, thereby reducing the pH of the soil. The decrease in pH activated iron oxides in soil, leading to an increase in free iron oxides. The free iron oxide then reacted with dissolved As, resulting in iron-arsenic precipitation and an increase in As immobilization in soil. After treatment with BC-Fe-Mn, As and Cd transformed to the Fe-Mn oxide bound fraction, while Pb transformed to the residual fraction in soil.
4 CONCLUSION
In this study, iron and manganese were employed to modified the BC. The obtained BC-Fe-Mn could reduce the content of available As, Cd, and Pb by 35%, 51%, and 57% in soil. It also promoted the heavy metals to transform from the available state into relative stable state. Moreover, simultaneous immobilization mechanisms have been detected. It might involve heavy metal morphological transformation, precipitation/co-precipitation, and surface complexation. During the procedure, Cd and Pb absorbed and combined with OH, C-π, -COO functional groups on BC-Fe-Mn. BC-Fe-Mn promoted the increase of free iron oxides, which reacted with the dissolved As to form iron-arsenic precipitation. This work provides a promising remediation strategy for simultaneous immobilization of Pb, Cd, and As in soil and promote the insight of simultaneous immobilization mechanisms.
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