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ABSTRACT 

 

Biochar, a carbon-rich material produced from the thermal treatment of biomass wastes with 

limited oxygen, was highlighted as a negative emission technology. Engineered biochar with a 

fit-for-purpose production can solve multiple environmental problems with the achievement of 

the circular economy. Among different modification technologies, impregnating iron (Fe) with 

the formation of Fe-biochar has been widely investigated owing to its high reactivity, natural 

abundance, facile synthesis, and environmental benignancy, while the precise control of Fe 

species on Fe-biochar for target pollutants immobilization is still unclear. This thesis focused 

on the precise control of Fe-species on Fe-biochar for the toxic metals immobilization process, 

and the key findings include: (i) Pyrolysis temperature affected the redox activity of the 

produced Fe-biochar. Increasing pyrolysis temperature altered the Fe-biochar from reductive 

to oxidative for the pollutants immobilization; (ii) The content of different carbon species in 

biochar led to distinct reductive-Fe and amorphous-Fe contents in the resulting Fe-biochar 

composites, and thus affected its immobilization mechanisms for arsenic; (iii) The crystallinity 

of Fe mineral affected the electron transfer routine with biochar during the Cr(VI) reduction 

process; (iv) Reductive transformation of Fe within the Fe-Mn binary oxide on Fe-Mn biochar 

was found during the pyrolysis process, forming embedded Fe(0) clusters within FeMnO2 with 

a high Fe efficiency for the Cr(VI) immobilization; and (v) The hydrothermal pretreatment 

affects the mineral species on the Fe-Mn biochar. Higher hydrothermal temperature with co-

existing urea led to the formation of nano-sized Fe(0) surrounded by the lattice-expanded MnO 

and cotton-like graphitic carbon, providing a high immobilization capacity for the frequently-

appeared toxic metals in electroplating water. Results from this study could serve as the 

guideline for efficient Fe-biochar production for toxic metal immobilization. Based on the 

current finding, future studies about particle size control, metal-carbon framework design, 

production standard of Fe-biochar, carbon emission of modified biochar, and overall economic 

concern are suggested to promote the engineered biochar for industrial-level application.  
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Chapter 1- Introduction 

1.1 Background 

Owing to rapid urbanization and growing demand for natural resources, the stability and 

functionality of the environment have been severely threatened by various environmental 

degradation processes, such as degradation of soil quality, depletion of clean water, and loss of 

biodiversity. In this context, the United Nations' Sustainable Development Goals (SDGs) for 

2030 were framed to tackle various environmental, social, and economic issues at a global scale. 

To turn promises into reality, biochar has been highlighted as a negative emission technology 

(NET) by the Intergovernmental Panel on Climate Change (IPCC 2019), which can be used to 

mitigate climate change and limit global temperature increases to 1.5 ℃.  

For more than thousands of years, biochar has been widely adopted for traditional 

agricultural practices as a pyrogenic carbonaceous material, such as Amazonian Dark Earths, 

which offers high fertility to the soil (Lehmann and Joseph 2015). The concept of biochar as a 

potential NET strategy was first introduced in 2006 (Lehmann et al., 2006) as a carbon-enriched 

material produced from the thermochemical treatment of various biomass wastes in an oxygen-

limited environment for soil amendment (IBI 2015a). The global biochar marker has had a 

significant increase in the last decade; according to the biochar industry report from IBI (IBI 

2015b), the sales volume of biochar from reported producers (~25% of all the industry) was 85 

kilotons in 2015; while the actual volume should be higher as this data was significantly 

underrepresented for the Asian market (especially in China and Southeast Asia). Currently, 

most biochar is applied for soil amendment, while biochar for other applications such as soil 

and wastewater treatment still has a great growing potential (IBI 2015b) due to the easily 
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tuneable properties, outstanding performance, and economic benefits of biochar (He et al., 

2021a).  

Controlling the biochar properties, which are highly dependent on the production 

conditions (Cai et al., 2021), was the key to its application, and biochar with a fit-for-purpose 

design has been shown to address environmental challenges with the simultaneous attainment 

of a circular economy (Chen et al., 2021a, Lehmann et al., 2021, Shaheen et al., 2019a, Yang 

et al., 2021a). Recently, various modification approaches, including physical activation, 

mineral addition, and element doping, have been applied to obtain enhanced performance of 

biochar for various applications and maximize the values of biochar application (Gong et al., 

2022, Medeiros et al., 2021, Wang and Wang 2019). Among different technologies, 

impregnating iron (Fe) with the formation of Fe-biochar composites has been widely 

investigated owing to its high reactivity, natural abundance, facile synthesis, and environmental 

benignancy (Liang et al., 2021c, Xu et al., 2022a, Xu et al., 2021f, Yu et al., 2021). 

The critical process in the tailored design of Fe-biochar composites is to manipulate the 

desirable iron speciation during the pyrolysis process. It is generally acknowledged that 

reductive gases such as carbon monoxide and methane formed during biomass pyrolysis (Chen 

et al., 2021b) through the dehydration and decomposition of organic components (Xiao et al., 

2018b), and these gas intermediates reciprocally reduce the co-present iron species from the 

+3 state (Fe2O3/Fe(OH)3) to +8/3 (Fe3O4), +2 (FeO), and even 0 (ZVI) (Feng et al., 2020, Qiu 

et al., 2020, Shen 2015, Xu et al., 2022a). In addition, the labile carbon fraction could also 

directly participate in the thermal reduction of iron oxide with the formation of metallic iron, 

which was highly related to the pyrolysis temperature (Shen 2015, Xu et al., 2021f). In addition 
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to the reduction process, the elevated pyrolysis temperature may facilitate the crystallization of 

iron minerals (Arinchtein et al., 2020, Yu et al., 2021), and higher pyrolysis temperature will 

also provide excess energy to cover the surface energy of particles for spontaneous 

agglomeration (Li et al., 2021c, Li et al., 2020e). The combination of Fe and other elements 

was also found with higher energy under high-temperature pyrolysis, which further affects the 

Fe mineral speciation, especially considering the rich impurities in biochar due to the biomass 

feedstock. However, the current study about the precise Fe speciation control (considering 

valence state, crystallinity, and particle size) on Fe-biochar still lacks. 

Moreover, the different environmental applications usually require varying Fe 

speciation on the Fe-biochar (Liu et al., 2023, Zhu et al., 2022b). Iron is widely recognized as 

the overarching active moiety in Fe-biochar for the redox-related decontamination process, and 

different iron speciations can support various redox-related remediation processes. The low-

valent (e.g., zero-valent iron (ZVI) and Fe(II)) and high-valent iron (e.g., Fe(III) and Fe(IV)) 

would preferably drive reduction (Xu et al., 2022a, Yang et al., 2022a) and oxidation (Liang et 

al., 2021c) reactions, respectively. The electron-donating capacity of Fe could support the 

reductive immobilization of pollutants (e.g., Cr(VI) reduction) (Xu et al., 2022a) or drive the 

activation of O2 or oxidant for Fenton-like reactions (Mazarji et al., 2021, Zhou et al., 2022b). 

Meanwhile, high-valent speciation of Fe resulted in the oxidation of pollutants (e.g., As(III) or 

organic pollutants) (Gubler and ThomasArrigo 2021, Liang et al., 2021c, Zhao et al., 2022b). 

In addition to the redox process, varying iron speciation might dominate different pollutants' 

immobilization routes. For instance, immobilization of As by ZVI is usually realized by the 

reduction of As on the surface of ZVI with the formation of the Fe-As complex shell (Fan et 
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al., 2020). However, co-precipitation of As with released Fe and the direct 

sorption/complexation was the main immobilization routine of amorphous ferric/ferrous 

minerals (Gubler and ThomasArrigo 2021). Besides, iron minerals' crystallinity and particle 

size will significantly affect their reactivity (Aeppli et al., 2019a, Aeppli et al., 2019b, Xu et al., 

2022b, Yu et al., 2021), which also needs more consideration during the application process. 

Crystal iron mineral usually has higher stability with less combination potential with the 

pollutants, while the amorphous iron phase could form an intense chemical combination with 

pollutants with a highly variable iron valence (Xu et al., 2022b). Notably, the surface 

functionalities and graphitic structure in the biochar phase could affect the immobilization 

reactions, which might support the remediation process of Fe-biochar (Xu et al., 2022a, Xu et 

al., 2020e). At the moment, we still lack consistent framework to assess the needed Fe-biochar 

when focused on the targeted application. 

In addition to the sole Fe-modified biochar, binary oxide modification with Fe and other 

metals has recently become a research hot spot (Gholami et al., 2020, Liang et al., 2021a, Qi 

et al., 2022, Xing et al., 2022, Yin et al., 2020b). Among different metals, Mn was the widely 

selected element to form the binary oxide with Fe due to their similar radius, properties, valence 

states, and outstanding redox reactivity (Liu et al., 2021a, Wen et al., 2020, Zhang et al., 2014). 

It was found that Fe-Mn biochar showed a higher reactivity than Fe-biochar and Mn-biochar 

with a similar metal amount, and it is customarily related to the unique Fe/Mn species with a 

strong synergy impact (Chen et al., 2020b, Xu et al., 2023b). The precise mineral speciation 

control within the Fe-contained binary metal-modified biochar is still limited currently due to 

the complexity of the potential transformation process. For example, both binary oxide (e.g., 
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FeMn2O4) (Chen et al., 2020b, Hao et al., 2020, Yang et al., 2022b) or separated Fe and Mn 

minerals (Zoroufchi Benis et al., 2022) can be formed on biochar, and they were shown 

contrasting removal capacity and mechanisms. Moreover, the underlying mechanisms for the 

pollutants' immobilization still lack solid evidence to support, especially considering the 

synergy impact of Fe and other metals. 

 

1.2 Scope and Objectives 

The tailored manipulation of iron speciation is crucial yet still challenging for further 

developing Fe-biochar for environmental application. The current studies overlook the well-

planned design of Fe-biochar synthesis, and there is still a lack of corresponding evidence about 

the iron speciation control on the Fe-biochar. In this study, we would like to figure out the Fe 

speciation control mechanisms during Fe-biochar preparation and reveal the needed Fe 

speciation when targeting different environmental applications. Toxic metals, including 

chromium (Cr) and arsenic (As), were selected as the target pollutants since immobilization 

normally needs the combined redox and sorption/complexation.  

Details objectives of this study include: 

 To understand the speciation transformation of iron minerals on the Fe-biochar during the 

fabrication process 

 To explore the redox capacity of Fe-biochar with different Fe species when targeting the 

redox-induced immobilization of Cr(VI) and As(III) 

 To investigate the As removal mechanisms of Fe-biochar with varying Fe species through 

the combined redox and complexation process 
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 To reveal the impact of Fe crystallinity on the electron transfer routine of Fe-biochar for 

Cr(VI) reduction 

 To evaluate the Fe mineral transformation within the binary Fe-Mn oxide on biochar and 

its impact on the toxic metals immobilization 

 To validate the higher removal performance of as-prepared mineral-biochar composites 

for pollutants immobilization compared to the commercial zero-valent iron (ZVI) 

 To provide strategies for desired iron speciation on Fe-biochar when targeting different 

environmental applications 

 

1.3 Thesis overview 

 The thesis contains eight chapters in total. Following Chapter 1 as the introduction, 

Chapter 2 is the literature review which reviews the Fe-biochar production technologies and 

the relevant immobilization mechanisms for the toxic metals. The current research gap is also 

summarized at the end of this chapter. 

 Chapters 3-5 studied the control of Fe-speciation on Fe-biochar composites and its impact 

on the toxic metal's immobilization. Chapter 3 focused on the redox reactivity of Fe-biochar 

with different Fe species. Electrochemical approaches are used to evaluate redox reactivity and 

determine its relationship with the Cr(VI) reduction and As(III) oxidation. Based on the 

different redox reactivity of Fe-biochar, the redox-related immobilization routine of As by 

different Fe-biochar was further revealed (Chapter 4). To further evaluate the contribution of 

mineral crystallinity on the electron transfer routine, Chapter 5 focused on the impact of iron 

minerals with different crystallinity and revealed the different electron transfer mechanisms 
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during the Cr(VI) immobilization by biochar and iron mineral.  

 

Figure 1-1 Thesis Overview 

With one step forward for better Fe efficiency and removal performance, Fe and Mn are 

co-impregnated into the mineral biochar system in Chapter 6 and Chapter 7. Chapter 6 

reveals the complex Fe mineral transformation in the Fe-Mn biochar under the pyrolysis 

condition and investigates its electron transfer efficiency and mechanisms. The reduction 

immobilization of Cr(VI) was selected as the targeted application to evaluate the electron 

donating efficiency. Hydrothermal modification is further introduced into the Fe-Mn biochar 

preparation in Chapter 7 to maximize the efficiency of the toxic metals immobilization in the 

electroplating wastewater. The impacts of hydrothermal conditions on the Fe mineral 

transformation are evaluated, and the as-prepared Fe-Mn biochar showed a higher efficiency 

than the commercial and modified ZVI, indicating the potential industrialization as a high-
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value material.  

 Chapter 8 concludes the critical findings in this thesis and suggests the next-stage research 

for preparing science-based, high-value, and eco-friendly mineral-biochar composites to 

achieve carbon neutrality and environmental remediation. 
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Chapter 2 Literature Review 

2.1 Biochar Production  

Biochar can be produced across varying scales from large industrial down to small 

domestic level, making it applicable to various socioeconomic situations (Whitman and 

Lehmann 2009, Woolf et al., 2010). Biochar production is usually accompanied by bioenergy 

products, such as bio-oil and syngas (Yang et al., 2021b), which can be used for electricity 

production, chemical substitution, heating, and diesel substitution after extra treatment (Woolf 

et al., 2010). Diverse strategies, including conventional thermal pyrolysis (300–900 °C and 

residence time >1 h), gasification (> 700 °C), and microwave pyrolysis (0.3–300 GHz), have 

been used to produce biochar (Chen et al., 2020c). Among different methods, thermal pyrolysis 

methods have the highest economic feasibility, potential for climate change mitigation, and 

technological maturity, thus becoming the dominant technologies for biochar production(Chen 

et al., 2019b). Pyrolysis conditions, feedstocks, and various modification methods determined 

the properties of produced biochar (Cai et al., 2021). 

 

2.1.1 Feedstock  

The nature of the feedstock plays a critical role in the resultant biochar’s elemental 

composition. The feedstock type ranges from lignin-rich and cellulose-rich biomass (e.g., crop 

residues and wood waste) to mineral-rich biomass (e.g., animal litter and municipal solid waste) 

(Xiao et al., 2018b, Xu et al., 2017). The formed biomass usually produced biochar with 

abundant C, H, and O content and rich aliphatic or aromatic structure, while the latter biomass 

produced biochar with higher inorganic composition, including Ca, P, Fe, S, and Mg (Xiao et 
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al., 2018b, Xu et al., 2017). Therefore, selecting suitable feedstock could produce biochar with 

the desirable elements, which has been proven for various feedstock, including Si-rich rice 

straw (Xiao et al., 2014), N-rich algae, shrimp shell (Nan et al., 2020), or water hyacinth (Liang 

et al., 2018), P-rich cow manure (Cao et al., 2009, Cao et al., 2011), Fe-rich sludge (Tao et al., 

2020, Yu et al., 2021), and K-rich crop residue (Xu et al., 2017). Moreover, some elements, 

such as Ca and Fe, significantly shape carbon speciation during the pyrolysis, which needs 

further consideration during biochar production (Nan et al., 2020, Xiao et al., 2017). 

 

2.1.2 Pyrolysis condition 

Pyrolysis temperature is a vital controller for the properties of biochar. With increasing 

pyrolysis temperature, the organic phase in the feedstock undergoes dehydration, organic 

components disruption, and subsequent aromatization, which results in the increase of C 

content and decline of H and O content in the biochar (Keiluweit et al., 2010, Lehmann and 

Joseph 2012). The increasing pyrolysis temperature will also cause the transformation of the 

carbon from aliphatic and amorphous to aromatic and graphitic (Xiao and Chen 2017a). Due 

to the loss of organic composition during pyrolysis, inorganic elements like P, Ca, and Fe will 

be concentrated at a high pyrolysis temperature. Speciation of these elements also varies with 

the increasing pyrolysis temperature from the high valence state to the low valence state, from 

mineral salt to mineral oxide or even elementary substance, and from amorphous speciation to 

crystal speciation due to the thermal synthesis process (Qiu et al., 2020, Xiao et al., 2018b). In 

addition to the element speciation and concentration, morphological and physical properties 

will change with the increasing pyrolysis temperature. A higher pyrolysis temperature will 
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cause an increased surface area with a porous pore structure due to thermal condensation (Li 

et al., 2019). 

 

2.1.3 Modification 

Various modification methods were also applied to improve the properties of biochar for 

target environmental applications (Wang and Wang 2019). Loading of endogenous materials 

was widely used to modify biochar for the targeted application, and elements, including Fe 

(Qiu et al., 2020), Ca (Liu et al., 2019), Mg (Liu et al., 2013b), Cu (Wan et al., 2019), and N 

(Wan et al., 2020a, Xiao et al., 2018b), were the commonly studied elements for modification. 

Mixing biomass or biochar with selected chemicals or wastes can form the modified biochar 

with enriched elements and high performance to treat stubborn pollutants. Additionally, ball-

milling, physical activation by steam or CO2, and chemical activation by acid, alkalinity, or 

oxidizing agent were also used to improve the reactivity of biochar for the target application 

(Anto et al., 2021, Wang and Wang 2019, Yuan et al., 2021). Considering pollutants 

immobilization mechanisms, the following strategy was widely used for biochar modification 

(Figure 2-1). 

Sorption: Physical activation (He et al., 2021a) (steam or CO2 activation) and chemical 

activation (acid (Nzediegwu et al., 2021), alkaline treatment (Li et al., 2017a), mineral 

impregnation (Yu et al., 2021), and oxidation (Sanford et al., 2019)) are widely used to improve 

the surface area, porosity and surface functionality of biochar, leading to a higher sorption 

performance (Sizmur et al., 2017). Some specific modification methods are also used to 

improve the removal capacities of target pollutants, such as Fe impregnation for As removal 
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(Yu et al., 2021).  

 

 Figure 2-1 Biochar modification for the required immobilization strategy (He et al., 2022)  

Precipitation: Increasing the alkalinity and ash content, such as phosphate, is the widely used 

strategy for precipitation enhancement (Zhao et al., 2016a). 

Redox reaction: Adding redox-active minerals, such as Fe-minerals (Xu et al., 2021f) or Mn-

minerals (Cuong et al., 2021), could substantially enhance the redox reactivity of formed 

biochar. The pyrolysis temperature is also critical for the redox reactivity of biochar because 

both the carbon and mineral phases undergo the redox-related transformation during pyrolysis 

(Xu et al., 2022a).  

Chemical catalytic: Impregnation of redox-active elements is widely used to enhance the 

electron transfer process with oxidants, facilitating ROS formation, as the higher valence 

elements cause direct oxygen transfer for the degradation of pollutants (Liang et al., 2021c). 

Doping elements inside carbon structures (Wan et al., 2021) or defect formation (Liu et al., 

2022) lead to a charge difference in biochar, facilitating the combination of pollutants and 

oxidants and thus enhancing the catalytic degradation process. Other potential strategies to 



13 
 

improve the degradation capacity of biochar include the generation of PFRs during metal 

loading or designed thermal processes (Ruan et al., 2019) and enhancing the conductivity by 

forming a graphitic structure (Sun et al., 2017). 

Electrocatalytic: Heteroatom doping (such as N) (Zhou et al., 2015), novel metal impregnation 

(such as Pt) (Yao et al., 2020), redox-active mineral addition (such as Fe and Mn) (Zhang et al., 

2022c) were used to facilitate the reduction process on the biochar cathode. Besides, a similar 

modification strategy, including both heteroatom doping (Chen et al., 2014b) and mineral 

impregnation (Zhang et al., 2020c), was used for enhanced oxidation on the biochar anode. 

In short, various types of biochar with different properties can be precisely fabricated by 

controlling the nature of the feedstock, the pyrolysis condition, and the modification methods. 

Different environmental applications need distinct biochar properties, and the designed 

synthesis of biochar for target environmental applications can remarkably improve its 

performance and value. Fe modification is the most used method when targeting pollutants 

immobilization, and the preparation of Fe-biochar composites and their capacity will be 

reviewed in the following sections. 

 

2.2 Fe-biochar Production  

Several methods are used to prepare Fe-biochar with different species, including co-

pyrolysis, post-impregnation, hydrothermal treatment, and ball milling (Figure 2-2).  
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Figure 2-2 Production approach for Fe-biochar 

2.2.1 Co-pyrolysis 

 Fe-biochar composites can be formed by co-pyrolysis with iron salts/minerals and 

biochar/biomass under an oxygen-limited environment (Gillingham et al., 2022, Lyu et al., 

2020). The biomass or formed biochar was first impregnated with a solution containing iron or 

dry mixed with iron salt/minerals and then underwent pyrolysis. The advantage of the co-

pyrolysis method is that it can form Fe-biochar with a one-step pyrolysis process, saving energy 

(Fan et al., 2020). In addition, adding Fe could catalyze the biomass pyrolysis process (Zhao 

et al., 2020), implying the potential advantage of forming bio-oil and syngas. Fe speciation on 

the formed Fe-biochar was mainly controlled by the pyrolysis condition, and a higher pyrolysis 

temperature leads to a reductive transition of the iron minerals from hematite, magnetite, 

wustite, to zero-valent iron and iron carbide (Gan et al., 2020, Qiu et al., 2020, Xu et al., 2022a, 

Yan et al., 2013). Due to the higher thermal stability of Fe3O4, it was the widely found iron 

mineral on Fe-biochar with a relatively lower temperature (<600°C), while ZVI became the 
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primary speciation under a high pyrolysis temperature with rich reducing moieties (Xu et al., 

2022a, Xu et al., 2021f). Various iron minerals/salts, including FeCl3, Fe2O3, and FeSO4, were 

selected as the iron source during the Fe-biochar production (Chen et al., 2019a, Park et al., 

2019, Qiu et al., 2020, Xu et al., 2022a), and iron-rich waste such as red mud and sludge was 

also selected as the potential iron sources to improve the waste recycling benefits (Kang et al., 

2023, Liang et al., 2023, Qin et al., 2022). However, the precise control of mineral speciation 

and repeatability is still questionable when introducing iron-rich waste as feedstock. Besides, 

co-pyrolysis processes are limited by high energy consumption, especially for biomass with 

high water content. 

 

2.2.2 Post-impregnation 

Post-impregnation was also widely used for Fe-biochar preparation. During the post-

impregnation process, pristine biochar was first produced by pyrolysis, and then iron was 

loaded on the formed biochar with additional precipitation or reduction process. Although extra 

efforts and chemicals were used for the Fe loading, it can offer a more controllable and precise 

Fe speciation on the biochar. Moreover, post-impregnation could regulate the shape and size of 

the Fe particles attached to the biochar due to the mild and controllable formation condition 

(Li et al., 2021e).   

The most common post-impregnation method was the coprecipitation process, achieved 

by the Fe precipitation under a mild or alkalinity environment. By choosing the suitable 

Fe2+/Fe3+ ratios and the reaction pH, the wanted Fe particles could be precisely formed and 

attached to the biochar surface. For instance, magnetite or maghemite particles were formed 
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by co-precipitating Fe3+ and Fe2+ with dropwise added NaOH (Han et al., 2015). In addition, 

the liquid-phase reduction was used to load reductive iron on the biochar, and the strong 

reducing agents, e.g., sodium borohydride (NaBH4) or potassium borohydride (KBH4), were 

mixed with Fe3+ for the formation of zero-valent iron (ZVI) particles on biochar (Huang et al., 

2022, Jiang et al., 2020, Zhang et al., 2019b). Based on the reductive formation of ZVI, extra 

chemical agents can be further added to the reaction system to obtain a higher reactivity. For 

instance, sulfur was introduced during the reductive transformation of ZVI on the biochar by 

Gao et al., (2023), and the sulfidated nanoscale ZVI showed higher reactivity than the pure ZVI 

attached to the biochar. Although the surface functionality on biochar could serve as the fixing 

site to stabilize the nano-sized ZVI particles (Huang et al., 2022), the stabilizing agent, such as 

carboxymethyl cellulose, can also be introduced during the reduction process for higher 

stability with less aggregation (Zhang et al., 2019b). Some studies have demonstrated that the 

adsorption capacity of Fe-biochar produced by the post-impregnation methods showed a higher 

capacity for pollutants immobilization than the Fe-biochar prepared by co-pyrolysis (Wang et 

al., 2015a), which might overcome the high chemical input and complex fabrication process.  

 

2.2.3 Hydrothermal treatment 

Hydrothermal treatment is cost-effective with a relatively low temperature (100–300 °C) 

and self-generated pressure, which have been widely used for material synthesis. The 

hydrothermal process can be directly used for biomass carbonization by forming so-called 

hydrochar, and thus the one-pot synthesis of Fe-(hydrothermal)-biochar was conducted by the 

co-hydrothermal of biomass and iron minerals (Cai et al., 2019, Rong et al., 2019). For instance, 
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magnetic bamboo-based biochar could be produced by the 200°C hydrothermal of bamboo 

waste, FeCl3, and CH3COONa. Nano-sized Fe3O4 was formed and strictly attached to the 

biochar surface, and a high removal capacity for the toxic U(VI) in the solution was found 

(Chen et al., 2023). Alkalinity was normally added during the hydrothermal process to ensure 

the precipitation of iron particles, and a reducing agent (e.g., organic carbon or inorganic 

reducing moiety) was used to manipulate the iron speciation (Zhang et al., 2020a, Zhang and 

Hay 2020). For instance, reducing Na2S2O4 was added into the hydrothermal system for the 

reductive transformation of iron, and sulfidated Fe was successfully formed on biochar. In 

addition to the one-pot synthesis, hydrothermal of biochar and different iron minerals was also 

conducted to control the Fe speciation precisely. For example, Yu et al., (2022) conducted 120°

C hydrothermal of FeSO4 with NH4OH and biochar, and Fe3O4-loaded biochar was 

successfully formed. The doping elements, such as nitrogen, could also be introduced into the 

Fe-biochar by adding a suitable co-hydrothermal agent (Ahmad et al., 2023). According to the 

studies from Chen et al., (2023), different ratios of urea and FeCl3 were added together with 

biochar during the hydrothermal process, and a series of Fe-biochar with Fe-N bonding was 

thus formed, which showed a higher reactivity for the pollutants removal. 

 Normally, hydrothermal treatment provides a smaller size of Fe particles and a better 

distribution compared to pyrolysis and post-impregnation due to the repeated dissolution and 

precipitation during the hydrothermal treatment. Therefore, Fe-biochar prepared by 

hydrothermal treatment had a higher removal capacity for Cr(VI) (142.9 mg g-1), compared to 

the Fe-biochar prepared by reductive formation (58.82 mg g-1), co-pyrolysis (43.122 mg g-1), 

or coprecipitation (23.85 ± 0.23 mg g-1) (Cai et al., 2019, Li et al., 2021e, Rong et al., 2019). 
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However, the hydrothermal itself cannot provide a strong reducing condition for the formation 

of ZVI if no potent reducing agent is added, and high pressure during the treatment leads to a 

potential risk during the real application. 

 

2.2.4 Ball-milling  

Ball milling, as a mechanochemical technique, has attracted increasing attention for 

biochar modification and biochar-mineral impregnation in recent years due to its operational 

simplicity (Kumar et al., 2020). During the high-energy process, chemical bonding within the 

iron minerals and biochar will be destroyed and reformed (Zhuang et al., 2016), and the particle 

size of both biochar and iron minerals will be decreased. Different iron minerals were used for 

the Fe-biochar production through ball milling. Shan et al., (2016) mixed biochar with ZVI, 

hematite, or magnetite under 550 rpm ball-milling and ultrafine Fe-biochar, and results showed 

that Fe3O4-biochar showed the best pollutants sorption performance. Although the ball-milling 

normally provided a robust oxidation environment with high energy input, Fe(0) could still be 

preserved due to the protection of biochar after ball-milling with a good distribution and small 

size of the biochar (Wang et al., 2020c). In addition to the smaller size, ball milling will also 

decrease the crystallinity of iron minerals with a higher surface area, leading to a higher 

sorption potential (Feng et al., 2021).  

In short, Fe speciation on the Fe-biochar can be fabricated through various approaches for 

the targeted application. Due to the complex Fe speciation on the Fe-biochar, the precise control 

of Fe speciation is challenging, and the relevant mechanisms are unknown. Besides, different 

Fe-speciation might lead to distinct properties and removal mechanisms, and its relationship 
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with the production methods and conditions is also unclear. 

 

2.3 Mechanisms Involved in the Removal of Pollutants by Fe-biochar  

 Fe-biochar has been developed to deal with contaminants (inorganic metals and organic 

pollutants) in different environmental matrices according to their unique properties (Lyu et al., 

2020). The immobilization process was driven by a combined redox reaction and sorption 

process, which is highly related to the Fe/C species on the Fe-biochar. 

 

2.3.1 Sorption 

 Fe-biochar has shown an excellent capacity for the sorption removal of various toxic 

metals, including As, Cr, Ni, Cu, and Pb, due to the electrostatic interaction, surface 

complexation, ion exchange, and precipitation (Lyu et al., 2020). Both Fe-phase and biochar-

phase can contribute to the sorption of pollutants. For instance, oxygen-containing functional 

groups on the biochar and the surface Fe–OH on iron minerals can form stable complexation 

with the toxic metals, leading to efficient removal. Besides, precipitation with the alkalinity 

released from the biochar (e.g., Cd(OH)2 precipitation) and the coprecipitation with released 

iron (e.g., Fe-As coprecipitation) both occurred during the removal of toxic metals. Moreover, 

in some cases, Fe mineral and biochar might complement each other during the removal 

process. Iron oxides usually contain a positive charge on the surface, attracting the anionic 

pollutants during removal, while a negative charge was widely found in biochar. Therefore, 

iron impregnation could facilitate the removal of anionic pollutants, such as arsenic, through 

electrostatic attraction. This reciprocal process helped overcome the drawbacks of using 



20 
 

biochar or iron minerals alone as the sorption materials, such as the limited As removal capacity 

of biochar.  

 

2.3.2 Reduction 

 The reducing capacity, or electron-donating capacity, of Fe-biochar, was the dominant 

property in some remediation processes, such as Cr(VI) reduction and immobilization. Similar 

to the sorption process, both biochar and iron minerals with suitable species could serve as the 

electron-donating moiety for the reduction process. For biochar, it has been widely proved that 

its reducing capacity mainly came from the surface reductive functionality such as phenol and 

hydroxyl, and the reducing capacity decreased with the increasing pyrolysis temperature due 

to the change of surface functionality (Klüpfel et al., 2014). However, the iron species normally 

changed from oxidative to reductive phase with the increasing temperature during the co-

pyrolysis process, and the latter, especially the ZVI, showed a higher reducing capacity (Qiu et 

al., 2020, Xu et al., 2022a). Therefore, producing the Fe-biochar with reductive Fe and C phases 

might be difficult through a simple co-pyrolysis process. Focusing on the higher reducing 

capacity of Fe phase on Fe-biochar is the typical approach, usually for ZVI with the highest 

electron donating potential, and biochar mainly serves as the supporting matrix. For example, 

Qian et al. (2019) prepared the nZVI-loaded biochar by the liquid-phase reduction approach of 

FeSO4 with KBH4, and a high reducing capacity for the Cr(VI) was found. They also tested the 

effects of BC pyrolysis temperatures on the effectiveness and stability of the supported nZVI, 

and BC400 showed the highest ability to support the nZVI due to the rich carboxyl. The sulfur 

introduction is the primary approach for an enhanced reducing capacity of ZVI-biochar 
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composites (Pang et al., 2019), while phosphate doping is also reported to facilitate the electron 

transfer of ZVI on biochar recently (Huang et al., 2023). Other reducing Fe species, such as 

FeS and FeO, were studied as the potential loading moiety on biochar for the reduction process  

(Lyu et al., 2020, Lyu et al., 2017, Yang et al., 2017). Although they principally provided fewer 

electrons than ZVI, the accessibility of releasable Fe2+ might lead to a faster reduction and 

immobilization process. 

 

2.3.3 Oxidation  

 The oxidation of pollutants by Fe-biochar could be achieved by either direct oxidation or 

mediated oxidation with oxidants. Due to the electron-rich nature of Fe-biochar, it can also 

serve as the catalysis for the mediated oxidation process for the pollutants immobilization. 

Reactive oxygen species, including OH·, O2
−·, SO4

−·, and 1O2, can be generated based on the 

catalytic impact of Fe-biochar with oxidants (O2, H2O2, persulfate), leading to the oxidative 

transformation and degradation of pollutants (Mao et al., 2019, Wang et al., 2020b, Zhang et 

al., 2020d). The mediated oxidation started from the electron donation from Fe-biochar to the 

oxidants, and thus, the contributing moiety was similar to the reduction process (i.e., surface 

oxygen-containing functional groups and defects on biochar and reduced-state iron) (Li et al., 

2020f, Mao et al., 2019). For example, Wang et al. (2017a) produced Fe-biochar from sewage 

sludge, and the electron from Fe(II) on iron and hydroxyl on biochar dominated the catalytic 

degradation process. A similar contradiction in the pyrolysis condition of Fe-biochar was also 

found for the mediated oxidation process, i.e., the oxidative transformation of carbon and 

reductive transformation of iron, and some studies indicated that a mild temperature might 
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benefit the mediated oxidation process (Yi et al., 2020). In addition, the electron-shuttling 

capacity of Fe-biochar also contributed to the electron transfer from pollutants to oxidants, 

leading to the facilitated degradation process (Liang et al., 2021b).  

 Fe-biochar might also directly oxidize the pollutants through an electron-accepting process. 

Biochar itself could act as the oxidant during the reaction, and higher pyrolysis temperature 

facilitates the formation of oxidative quinone on the biochar surface (Zhang et al., 2019d). High 

valence Fe (Fe(IV)) on the Fe-biochar might also contribute to the direct oxidation with the co-

existed oxidants, and the low pyrolysis temperature of Fe-biochar led to this oxidation pathway 

(Liang et al., 2021c).   

 In summary, different targeted applications required different Fe-species based on the 

immobilization mechanisms. The sorption, reduction, and oxidation process can be caused by 

various Fe species, while the controlling approach for the wanted immobilization route with 

precise Fe species control is still questionable. Moreover, the combined redox reaction with the 

sorption or immobilization process by each specific Fe species during the pollutants removal 

process remained cloudy. 

 

2.4 Fe-contained Binary Metal-modified Biochar  

 The binary oxide-modified biochar, such as Fe-Mn biochar, has become a research hot spot 

in recent years. Fe and Mn were the widely selected binary oxide among different metals due 

to their similar radius, properties, valence states, and outstanding redox reactivity (Liu et al., 

2021a, Wen et al., 2020, Zhang et al., 2014). Similar preparation methods, including co-

pyrolysis (Ding et al., 2022, Yin et al., 2020a, Zoroufchi Benis et al., 2022) and post-
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impregnation (Chu et al., 2022, Qu et al., 2023), were used to prepare Fe-Mn biochar. The main 

mineral species were binary oxide (e.g., FeMn2O4) (Chen et al., 2020b, Hao et al., 2020, Yang 

et al., 2022b) or separated Fe and Mn minerals (Zoroufchi Benis et al., 2022), according to the 

different preparation approaches. One-step impregnation usually leads to a high possibility of 

the formation of binary oxide, while the separated loaded process causes the formation of 

separated oxide (Zoroufchi Benis et al., 2022).  

 It was found that Fe-Mn biochar showed a higher reactivity than Fe-biochar and Mn-

biochar with a similar metal amount(Xu et al., 2023b). The synergistic effect between Fe and 

Mn through the valence transformation was the key to the higher redox reactivity of Fe-Mn 

biochar (Chen et al., 2020b), and the higher sorption affinity with the Mn doping also 

contributed to the immobilization process (Sun et al., 2023, Yang et al., 2022b). In addition, 

the formation of the Mn-metal complex was widely found during the immobilization of heavy 

metals(Tan et al., 2023), and thus, less Fe-metal complex was formed on the Fe surface, causing 

efficient electron exchange with pollutants and Fe. Besides, Lin et al. (2017) indicated that the 

strong oxidation capacity of the Mn oxide might contribute to the direct oxidative 

transformation of pollutants (As(III)) and facilitate its afterwards immobilization with the Fe 

phase.  

 Other Fe-contained binary metal-modified biochar, including Fe-Cu biochar (Gholami et 

al., 2020, Liang et al., 2021a, Qi et al., 2022), Fe-Ni biochar (Xing et al., 2022, Yin et al., 

2020b), and Fe-Ca biochar (Zhang et al., 2023), was also studied. The synergistic effect mainly 

came from the higher charge transfer efficiency, regulated electronic structure, enhanced 

electron exchange, and the selectivity to targeted pollutants of Fe-metal structure (Hou et al., 
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2021, Qi et al., 2022, Xing et al., 2022). However, the research progress of this Fe-metal 

biochar is still limited and far less than Fe-Mn biochar 

 The precise mineral speciation control within the Fe-contained binary metal-modified 

biochar is still limited currently due to the complexity of the potential transformation process. 

Moreover, the underlying mechanisms for the pollutants' immobilization still lack solid 

evidence to support, especially considering the synergy impact of Fe and other metals. More 

studies about the formation species and related immobilization mechanisms are highly 

recommended.  

  

2.5 Research Gap  

Based on the literature review, sustainable research had been conducted on Fe-biochar 

production and evaluated its potential capacity for the remediation process. However, some 

crucial problems for precise Fe-biochar fabrication and the related immobilization mechanisms 

are still unclear.  

Firstly, precise control of Fe speciation on Fe-biochar is still questionable. Fe on the Fe-

biochar contained varying valence states, crystal structure, binding parameters, and particle 

size based on the production process. How to precisely control the Fe speciation on biochar 

will be critical to maximizing its value during environmental decontamination. Secondly, the 

relationship between the redox reactivity and Fe speciation on the Fe-biochar is unknown, and 

the redox reactivity of Fe-biochar will be vital for the redox-related immobilization, including 

Cr(VI) and As(III) immobilization. Thirdly, the combined redox and immobilization 

mechanisms during toxic metals removal by Fe-biochar need further evaluation, especially 
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considering different Fe speciation. Fourthly, the impact of the Fe mineral crystallinity on its 

redox and immobilization performance with biochar remains unclear since current studies 

widely overlooked the potential impact of the crystallinity on the electron transfer mechanisms. 

Above the sole Fe control on Fe-biochar, binary metal-modified biochar has obtained an 

increasing interest in recent years, while the control of the Fe speciation on the binary metal-

modified biochar is limited in the existing literature, and its impact on pollutants removal is 

also uncertain. Moreover, the impact of hydrothermal treatment on Fe speciation also needs a 

more detailed study, especially within the Fe-contained binary mineral-modified biochar. The 

impact of introduced hydrothermal treatment on Fe speciation needs further investigation. Last 

but not least, Fe-biochar's potential economic benefits and removal efficiency compared to the 

commercial/modified ZVI also needs a systematical evaluation to evidence the advantage and 

large-scale application potential of Fe-biochar. 

This cutting-edge research aims to inform next-generation engineered Fe-biochar 

production for sustainable environmental remediation and carbon neutrality. The objective is 

to unravel the precise Fe speciation control on the Fe-biochar for the target pollutants 

immobilization process via addressing the above-mentioned research gaps. 
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Chapter 3 Impact of Fe Species on the Electroactive Nature of Fe-

Biochar for the Redox-induced Pollutants Immobilization 

 

3.1 Introduction 

Toxic element contamination in the water matrix is recognized as a global environmental 

problem (Miranda et al., 2022, Yin et al., 2019). Among different toxic elements, the anionic 

metal(loid)s, including both chromium (Cr) and arsenic (As), have attracted more attention due 

to the varying speciation, high toxicity, carcinogenicity, and mobility (Smedley and Kinniburgh 

2002, Xu et al., 2020e). Cr and As predominately exist in two oxidation states, Cr(VI)/Cr(III) 

and As(V)/As(III), and one valence state (Cr(VI) and As(III)) has higher mobility, solubility, 

and toxicity than the other one (Fei et al., 2022, Wang et al., 2022b). Therefore, driving the 

redox reaction (i.e., reduction and oxidation) to change the speciation of Cr/As becomes a 

promising strategy. Various approaches, such as electrochemical, photo-electrochemical, 

biological treatment, and redox processes accelerated by electroactive materials, have been 

employed (Ghoreishian et al., 2021, Yin et al., 2019, Zuo et al., 2021). Among these 

technologies, Fe-biochar, an electroactive material produced via scalable pyrolysis of naturally 

occurring Fe-rich biomass waste, has been widely investigated (Kamali et al., 2021, Yu et al., 

2021). Due to its facile synthesis, wide availability of raw materials, the advantage for circular 

bioeconomy, and a spectrum of iron speciation (Tian et al., 2021b, Zeng et al., 2020, Zhou et 

al., 2021), Fe-biochar can be a sustainable and practical alternative for the redox-related 

remediation of As- and Cr-containing wastewater.  

Iron is widely recognized as the overarching redox-active moiety in Fe-biochar. Different 
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iron speciations, which can be affected by the temperature-dependent carbothermal reduction 

process, can support various redox-related remediation processes (Feng et al., 2020, Qiu et al., 

2020). The low-valent (e.g., Fe(0) and Fe(II)) and high-valent iron (e.g., Fe(III) and Fe(IV)) 

would preferably drive reduction (Wei et al., 2021) and oxidation (Liang et al., 2021d, Tian et 

al., 2020) reactions, respectively. The carbon phase (biochar) in Fe-biochar is generally 

considered as the support substrate to disperse iron particles or additives to fabricate the iron 

speciation, but it could also provide considerable electron reactivity (Li et al., 2020a). The 

electron-donating (e.g., phenolic −OH) and electron-withdrawing (e.g., quinoid and carbonyl) 

functionalities on the biochar surface could mediate the reducing or oxidizing reactions 

depending on the physicochemical characteristics (Xu et al., 2020f, Zhong et al., 2019), while 

they have been largely overlooked in the existing literature. For instance, recent studies have 

claimed that As(III) oxidation by Fe-biochar can be attributed to newly formed •OH radicals 

with electrons donated from Fe(0), whereas the possible role of oxidative biochar produced at 

a high temperature (700 °C) has not been elucidated (Liu et al., 2020b, Yang et al., 2020a). 

Based on a recent machine learning study about Cr(VI) immobilization by Fe-biochar, the 

surface functionality of carbon is believed to play a more significant role than iron in 

determining the overall effectiveness (Zhu et al., 2022b), while there is a lack of supportive 

evidence and mechanisms from experimental investigations. 

The holistic redox state of the Fe-biochar, determined by the reactivity from both iron and 

carbon phases, is crucial to the preferred redox reaction. Only considering one composition of 

Fe-biochar (i.e., iron or carbon) might misunderstand the integral redox state, leading to limited 

efficiency and even a potential risk (e.g., As(V) reduction to more toxic As(III)). However, the 
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current research failed to articulate the integral redox state of Fe-biochar in view of the 

contrasting transformation of iron and carbon’s speciation. With a rising temperature, reductive 

phenolic and hydroxyl may evolve into oxidative quinoid and carbonyl (Klüpfel et al., 2014), 

while oxidative ferric may transform into reductive ferrous (Qiu et al., 2020). Meanwhile, the 

redox reaction between biochar and iron would also be responsible for the variable redox state 

of Fe/C sites (Xu et al., 2020e, Xu et al., 2021e). Besides, it is often overlooked that the 

disparity of crystallinity/aromaticity may change the redox performance of Fe/C (Aeppli et al., 

2019a, Sun et al., 2018b). Little information is available for scrutinizing the impact of the 

crystallization/graphitization process on Fe-biochar's holistic redox state and performance. 

In addition to the inherent redox properties of the Fe-biochar, the redox condition of the 

polluted water matrix also affect the transformation of As/Cr. The introduction of the O2 might 

generate the reactive oxygen species (ROS), especially hydroxyl radical (•OH), with the 

support of carbon material (Fang et al., 2015) or Fe(II) (Zhang et al., 2020b). The formed ROS 

can cause either oxidation or reduction process, thus altering the redox transformation of As/Cr 

(Zhong et al., 2019). Water matrix normally contains a wide range of the O2 from anoxic to 

oxic (Stein et al., 2021, Zhang et al., 2020b, Zhong et al., 2021a), while there is still no 

sufficient study evaluated the performance of Fe-biochar under different water redox 

conditions. Moreover, the relationship between the inherent redox properties of Fe-biochar and 

the redox condition of the water matrix during the pollutants transformation is also unknown. 

In this study, I hypothesize that the redox transformation of As/Cr was controlled by the 

inherent redox properties of Fe-biochar and the redox condition of the water matrix, and the 

former was mainly governed by Fe/C speciation and crystallinity. To testify this hypothesis, a 
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series of Fe-biochar with tuneable Fe/C speciation were designed and fabricated via a novel 

two-step pyrolysis at different temperatures to adjust the integral redox reactivity. Batch redox 

reactions were performed under both anoxic and oxic conditions in simulated wastewater to 

obtain insight into the transformation mechanisms of Cr/As with Fe-biochar. Through multiple 

advanced characterization, electrochemical analyses, and experimental techniques, we 

deliberated the vital roles of Fe/C in the rational design of Fe-biochar with high redox reactivity 

for environmental remediation. 

 

3.2 Materials and Methods 

3.2.1 Preparation of Fe-biochar 

Raw biomass, the local yard waste collected from the EcoPark in Hong Kong, was crushed 

to pass through a 120-mesh sieve (particle size < 0.125 mm) before pyrolysis. Yard waste was 

selected as the biomass feedstock based on its low ash content with limited impact on the Fe 

speciation transformation. The first pyrolysis process of biomass without iron could regulate 

the redox moiety and graphitization degree of formed biochar (Sun et al., 2018b, Zhang et al., 

2018b, Zhang et al., 2019d), and different biochar properties could alter the iron properties 

during the second pyrolysis process with iron (Xu et al., 2021d). Four temperatures (i.e., 400, 

550, 700, and 850 °C) were first used to prepare the pristine biochar (i.e., BC400, BC550, 

BC700, and BC850) through slow pyrolysis of the yard waste in a N2 atmosphere for 1 h with 

a ramping rate of 10 °C min−1 (Xu et al., 2021d). The suspension of biochar and Fe3+ was 

obtained by mixing 10 g of the biochar with a 100-mL FeCl3 solution in a glass beaker (Fe 

concentration of 10 g L–1, Fe-to-biochar ratio of 1:10 based on the Fe concentration prepared 
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from natural Fe-rich biomass) (Yu et al., 2021), which was then stirred at 200 rpm for 24 h. 

The mixtures were dried at 60 °C for over 72 h, ground and sieved again for homogeneity, and 

then stored in a dry container before its second pyrolysis. These mixtures were named as 

BC400-Fe, BC550-Fe, BC700-Fe, and BC850-Fe, respectively. 

Two temperatures, 400 °C and 850 °C, were selected as the second pyrolysis temperature 

to produce the Fe-biochar with different Fe/C speciation and redox reactivity. A high 

temperature (850 °C) could support the formation of low-valent iron (e.g., Fe(0)), while low 

temperature (400 °C) would probably result in high-valent iron (e.g., Fe2O3) (Qiu et al., 2020). 

Meanwhile, distinct crystallinity of both carbon and iron phases was expected to be formed at 

low and high temperatures, considering that a higher temperature could facilitate the iron 

crystallization and carbon graphitization process (Sun et al., 2018b). It is worth noting that the 

surface moieties on the biochar could be further changed due to the iron-carbon interactions 

and pyrolysis reactions, especially at a high temperature. The ramping rate was set as 10 °C 

min−1 and the pyrolysis duration was 1 h. The resultant Fe-biochar were denoted as BCX-Fe-

Y, where X and Y are the first pyrolysis temperature (400–850 °C) and second pyrolysis 

temperature (400 or 850 °C), respectively. Chemicals used in this study were of analytical grade 

(Appendix A). 

 

3.2.2 Redox-related transformation and immobilization of pollutants with Fe-biochar 

Batch experiments of Cr(VI) reduction and As(III) oxidation were carried out in simulated 

wastewater to evaluate the redox-related transformation and immobilization of both As(III) and 

Cr(VI) by Fe-biochar. Briefly, 0.1 g of Fe-biochar sample was added into a 100-mL solution 
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containing Cr(VI) or As(III) at an initial concentration of 30 mg L−1, which was prepared by 

dissolving a pre-determined amount of NaAsO2 or K2CrO4 in simulated wastewater (44ௗmg L–

1 KH2PO4, 23ௗmg L–1 NH4Cl, 14ௗmg L–1 CaCl2, 90ௗmg L–1 MgSO4∙7H2O, 1.3 g L–1 NaAc, and 

0.3 mL L–1 trace element solution, see Appendix A) (He et al., 2019). The concentration of 

pollutants was based on the possible concentration in wastewater (Fu et al., 2021b, He et al., 

2019). The solution pH was set as ~6.5 by adding an appropriate HCl or NaOH. Both anoxic 

and oxic situations were conducted to simulate different redox conditions in the water matrix. 

For the anoxic reaction, all solutions were purged with ultrapure nitrogen (99.999%) for over 

two hours first (dissolved oxygen concentration below 0.3 mg L–1), and the biochar samples 

were also deoxygenated under vacuum. The reactors were sealed after adding all solutions and 

Fe-biochars, and the mixtures were mechanically shaken at 250 rpm for 48 h until apparent 

equilibrium was reached. For the oxic reaction, a wide-mouth reactor was used to ensure the 

interaction with O2 (dissolved oxygen concentration over 8.0 mg L–1), and the reaction time 

and the shaking speed were similar to the anoxic reaction. Both anoxic and oxic reactions were 

conducted at 25 °C and covered with aluminium foil to avoid the possibility of a photochemical 

reaction. All the experiments were performed in triplicate, and the total Cr(VI) reduction 

amount and As(III) oxidation amount by Fe-biochar were calculated based on the newly formed 

Cr(III) and As(V), respectively. After the 48 h redox reaction between the Fe-biochar and 

pollutants (i.e., Cr(VI) or As(III)), these mixtures were filtered through a 0.45-µm membrane 

filter to collect the filtrates and solids.  

For Cr(VI) reduction, a part of the collected filtrates was immediately analyzed for the 

concentration of total Cr (Cr(Total)) by an inductively coupled plasma optical emission 
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spectroscopy (ICP-OES, SPECTROBLUE) after acidic digestion with concentrated HNO3. 

Cr(VI) concentration was determined by the diphenyl-carbohydrazide spectrophotometric 

method (Xu et al., 2020f). The concentration of Cr(III) in the solution was calculated by the 

difference between the total Cr and Cr(VI) concentrations in the solution. Given that both Cr(VI) 

and Cr(III) existed on the solid, XPS analysis was used to classify Cr(VI) and Cr(III) proportion 

on the solids. Cr2p was divided into 2p3/2 orbitals of Cr(III) (~575.5 eV), 2p3/2 orbitals of Cr(VI) 

(~582 eV), 2p1/2 orbitals of Cr(III) (~587.5 eV), and 2p1/2 orbitals of Cr(VI) (~591 eV), 

respectively, to obtain the proportion of Cr(III) and Cr(VI) on the solids (results were shown 

in Table C1)(Xu et al., 2021e, Xu et al., 2020f). The total Cr(VI) reduction amount was 

calculated based on the Cr(III) amount in both the solution and the solid (Eq. 3.1).  

𝐶ோௗ =
େ୰(୍୍୍)ା[େ୰(୭୲ୟ୪)బିେ୰(୭୲ୟ୪)]

 ಷష್ೌ
               Eq. 3.1 

where Cr(Total)0 was the initial concentration of Cr(Total), all in Cr(VI) speciation, 60 

mg L–1; Cr(Total)e and Cr(III)e were the concentrations of Cr(Total) and Cr(III) after 48-h redox 

reaction, respectively; α was the proportion of Cr(III) on the solid phase obtained from XPS 

analysis; mFe-biochar was the concentration of the Fe-biochar, 1 g L–1. CRed was the total reduction 

amount of Cr(VI) by the Fe- biochar, mg g–1
. 

Similarly, the As(III) oxidation amount was determined by the As(V) concentration in 

both the solution and the solid. Arsenic speciation in the solution (i.e., As(III) and As(V)) was 

determined by the combined use of arsenic speciation cartridge (Metal Soft) and ICP-OES 

(Chen et al., 2017, Meng et al., 2000). Theoretically, arsenate (As(V)) in the samples was 

removed by the cartridge at controlled pH (4–9), while arsenite (As(III)) remained in the 

filtered water. Therefore, the As(III) concentration was directly detected by ICP-OES, and the 
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proportion of As(V) was determined by the difference between the total As and As(III). The 

proportion of As(V) and As(III) on the solid was determined by XPS analysis for the As 3d 

spectra, which was divided into As(V) (45.2–45.8 eV) and As(III) (44.0–44.8 eV), respectively 

(Yu et al., 2021). The total As(III) oxidation amount was calculated based on the As(V) amount 

in both the solution and solid (Eq. 3.2). 

Cை௫ =
ୱ()ାஒ[ୱ(୭୲ୟ୪)బିୱ(୭୲ୟ୪)]

 ಷష್ೌೝ
               Eq. 3.2 

where As(Total)0 was the initial concentration of As(Total), all in As(III) speciation, 60 

mg L–1; As(Total)e and As(V)e were the concentrations of As(Total) and As(V) after 48-h redox 

reaction, respectively; β was the proportion of As(V) on the solid phase obtained from XPS 

analysis; mFe-biochar was the concentration of the Fe- biochar, 1 g L–1. COx was the total oxidation 

amount of As(III) by the Fe- biochar, mg g–1
. 

 

3.2.3 Electrochemical analysis  

The redox capacity of the pristine biochar and Fe-biochar was quantified by the mediated 

electrochemical reduction (MER) and oxidation (MEO) methods (Klüpfel et al., 2014). All the 

electrochemical analysis was performed in an anoxic glove box, and all the Fe-biochar were 

placed under a vacuum in the antechamber to remove the adsorbed O2. The Fe-biochar (1 g L–

1) was suspended in glass vials containing a neutral (pH= ~6.5−7.0) anoxic buffer solution (0.1 

mol KCl and 0.01 mol 3-morpholinopropane-1-sulfonic acid). For the MEO test, a 9-mL glassy 

carbon cylinder served both as the working electrode and electrochemical reaction vessel. The 

Ag/AgCl electrode served as the reference electrode, and the counter electrode was a coiled 

platinum wire with porous glass wrapped outside. The working potential was set at 0.61ௗV, and 
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ABTS (2, 2′-azino-bis (3-ethyl-benzthiazoline-6-sulfonic acid) diammonium salt) was selected 

as the mediator for the MEO reaction. The Fe-biochar suspensions were spiked into the cells, 

and the electron-donating capacity (EDC) of the composites was determined by integrating the 

current peak response with triplicates (Eq. 3.3). For the MER test, Ziv (Zwitterionic viologen 

4,4′-bipyridinium-1,1′-bis(2-ethylsulfonate)) was chosen as the mediator, and the working 

potential was set at -0.49 V. Electron-accepting capacity (EAC) of the composites was 

determined by the triplicated MER test (Eq. 3.4) with a similar testing procedure as the MEO 

test. The detailed procedures can be found in previous publications (Zhang et al., 2018b, Zhang 

et al., 2019d). 

𝐸𝐷𝐶 =
∫

ೀೣ
ಷ

ௗ௧

ಷష್ೌೝ
                             Eq. 3.3 

𝐸𝐴𝐶 =
∫

ೃ
ಷ

ௗ௧

ಷష್ೌೝ
                             Eq. 3.4 

where IRed and IOx [A] are the corrected electrochemical currents in the MER and MEO tests, 

respectively; F [s A (mol e−)−1] is the Faraday constant; and mFe-biochar [g] is the mass of the Fe-

biochar sample. Electron exchange capacity (EEC = EAC + EDC) [mmol e– (g Fe-biochar)−1] 

was calculated to evaluate its total capacity to accept and donate electrons. The ratios of 

EDC/EEC and EAC/EEC were determined to identify the redox state of the Fe-biochar. The 

relationship between the EDC/EAC and the related pollutants transformation amount under 

either oxic or anoxic environment were also evaluated to study the electron transfer 

mechanisms during the redox process of Cr(VI) and As(III) with Fe-biochar. 

 

3.2.4 Characterization for Fe-biochar 

Iron speciation in the different Fe-biochar was characterized by quantitative X-ray 
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diffraction (Q-XRD), and crystallinity of iron minerals was determined by an XRD pattern as 

well as a transmission electron microscopy (TEM) with selected area electron diffraction 

patterns (SAED) and energy-dispersive X-ray spectroscopy (EDX). A Fourier transform 

infrared spectrometer (FTIR) and an X-ray photoelectron spectroscopy (XPS) was used to 

identify the surface functionality of the Fe-biochar. Meanwhile, the carbon structure was 

evaluated through XRD, Raman spectroscopy, and XPS analysis. Elemental analysis and 

surface area analysis was also conducted. Moreover, the electron paramagnetic resonance (EPR) 

analysis was also performed with 5,5-dimethyl-1-pyrrolidine N−Oxide (DMPO) under the oxic 

environment to evaluate the formation of radicals by different Fe-biochars. Details of the 

characterization methods were available in Appendix B. 

 

3.3 Results and Discussion 

3.3.1 Redox-related transformation of Cr(VI) and As(III) in simulated wastewater  

Distinct redox transformation of Cr(VI) and As(III) was found by different Fe-biochars 

under both oxic and anoxic environments (Table 3-1). For the Cr(VI) reduction and 

immobilization process, Fe-biochar showed a more potent Cr(VI) reducing capacity than 

pristine biochar in both anoxic (4.93−20.51 > 2.41−4.11 mg g−1) and oxic environments 

(5.27−22.40 > 2.70−4.42 mg g−1). Due to the enhanced reductive transformation, Fe-biochars 

also performed a better total Cr removal capacity than pristine biochar (4.94−21.02 > 3.05−4.09 

mg g−1, Table C1 and Figure C1, Appendix C). In particular, the BCX-Fe-400 with a lower 

second-step pyrolysis temperature obtained a higher amount of Cr(VI) reduction (7.50−22.40 

mg g−1, 0.43−1.29 mmol e− g−1) than the BCX-Fe-850 produced by a higher temperature 
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(4.93−6.58 mg g−1, 0.28−0.38 mmol e− g−1). Interestingly, a slightly higher reduction amount 

of Cr(VI) by low-temperature BCX-Fe-400 was found in the oxic environment than the anoxic 

environment, while no apparent difference can be detected for pristine biochar and high-

temperature BCX-Fe-850. The introduction of O2 might lead to the formation of ROS with 

either carbon or iron, which would affect the redox transformation of Cr(VI) by Fe-biochars.  

Table 3-1 Redox performance of Fe-biochar for pollutants transformation in simulated 

wastewater 

Biochar 
Cr(VI) reduction amount (mg g−1) As(III) oxidation amount (mg g−1) 

Anoxic Oxic Anoxic Oxic 

BC400 4.11 ± 0.38 4.41 ± 0.34 0.88 ± 0.26 1.44 ± 0.25  

BC550 3.51 ± 0.33 3.82 ± 0.19 2.06 ± 0.43 2.10 ± 0.31 

BC700 2.41 ± 0.21 2.70 ± 0.14 1.66 ± 0.35 1.95 ± 0.11 

BC850 2.67 ± 0.28 3.34 ± 0.05 1.73 ± 0.06 2.03 ± 0.17 

BC400-Fe-400 14.78 ± 0.44 15.20 ± 0.70 6.95 ± 0.18 9.51 ± 0.14 

BC550-Fe-400 20.51 ± 0.45 22.40 ± 0.07 7.49 ± 0.17 10.46 ± 0.22 

BC700-Fe-400 12.33 ± 0.43 13.96 ± 0.41 5.72 ± 0.31 7.63 ± 0.40 

BC850-Fe-400 7.49 ± 0.37 7.89 ± 0.22 5.82 ± 0.19 7.69 ± 0.59 

BC400-Fe-850 6.58 ± 0.15 5.44 ± 0.12 8.75 ± 0.36 10.52 ± 0.19 

BC550-Fe-850 5.51 ± 0.62 5.47 ± 0.13 7.98 ± 0.15  9.77 ± 0.05 

BC700-Fe-850 4.93 ± 0.17 5.27 ± 0.12 7.29 ± 0.20 8.54 ± 0.43 

BC850-Fe-850 6.45 ± 0.29 5.96 ± 0.13 5.54 ± 0.28 6.65 ± 0.29 

 

A contrasting performance was found for the As(III) oxidation and immobilization process 

(Table 3-1 and Figure C-2, Appendix C). More effective As(III) oxidation was achieved by 

the BCX-Fe-850 compared with the BCX-Fe-400 (5.54−8.75 mg g−1 > 5.72−7.49 mg g−1) 

under the anoxic situation, while a similar or even higher oxidation performance can be found 
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for BCX-Fe-400 under oxic status (7.63−10.46 mg g−1) compared with BCX-Fe-850 

(6.65−10.52 mg g−1). The As(III) oxidation process resulted in the effective As removal by Fe-

biochar in both oxic and anoxic environment (up to 9.44 mg g−1), and the pristine biochar 

showed limited As removal capacity with a lower As(III) oxidation amount (0.89−2.10 mg g−1, 

Figure C2, Appendix C). The existence of O2 had a noticeable impact on the increase of As(III) 

oxidation by all Fe-biochar, and a higher raise was found with low-temperature BCX-Fe-400 

(1.87−2.97 mg g−1, 0.05−0.08 mmol e− g−1) than BCX-Fe-850 (1.11−1.79 mg g−1, 0.03−0.05 

mmol e− g−1), which might be related to the effective formation of ROS with BXC-Fe-400 

(Liang et al., 2021). EPR analysis supported this statement because a more apparent 

characteristic pattern of DMPO-OH adduct could be found on BCX-Fe-400 compared with 

BCX-Fe-850 and BCX (Figure 3-1).  

 

Figure 3-1 EPR spectra of DMPO-OH adducts at the initial 2 min 

In short, the BCX-Fe-400 was most effective for Cr(VI) reduction, while the BCX-Fe-850 

was most suitable for As(III) oxidation in the anoxic conditions. Under the oxic conditions, 

BCX-Fe-400 was more sensitive to activate O2 with the formation of ROS compared with 
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BCX-Fe-850, and an enhanced As(III) oxidation and Cr(VI) reduction was thus found with 

BCX-Fe-400. The elevated redox-related transformation process led to the enhanced 

immobilization performance by Fe-biochar, and distinct redox transformation should be related 

to the redox moiety of Fe-biochar for either donating or accepting process.  

 

3.3.2 Redox reactivity of Fe-biochar determined the pollutant's transformation 

According to the electrochemical analysis, the Fe-biochar showed a high EEC of 

0.87−1.82 mmol g−1 compared with the pristine biochar (0.56−1.04 mmol g−1) (Figure 3-2). 

Reducing activity (EDC of 0.43−1.28 mmol g−1 and EDC/EEC up to 70.6%, Figure 3-3) was 

dominant for the Fe-biochar (BCX-Fe-400) produced at a lower second-step pyrolysis 

temperature. By contrast, a higher pyrolysis temperature (BCX-Fe-850) resulted in a strong 

oxidization potential (EAC of 0.71−1.39 mmol g−1 and EAC/EEC of 63.7−76.2%). The varying 

holistic redox state determined the redox performance during the transformation of pollutants. 

The higher direct electron-donating capacity of low-temperature BCX-Fe-400 caused a potent 

Cr(VI) reducing capacity, while As(III) oxidation was more effective by the oxidative BCX-

Fe-850. Moreover, the higher electron-donating capacity of BCX-Fe-400 might facilitate the 

reductive formation of •HO2, H2O2, and •OH with the O2 (Eqs. 3.5 − 3.7), and these ROS would 

cause the enhanced redox transformation of either As(III) (Eqs. 3.8 − 3.10) or Cr(VI) (Eqs. 

3.11) with a successive single/double-electron transfer process (Dehghani et al., 2016, Kim et 

al., 2015, Zhong et al., 2019). The elevated formation of ·OH by BCX-Fe-400 further evidenced 

this mediated electron transfer process under the oxic environment (Figure 3-1).  
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Figure 3-2 Changes of electron exchange capacity (EEC) (green) and relative contributions 

of EAC (blue) or EDC (red) to the total EEC 

 

O2 + H+ + e− → ·HO2                              Eq. 3.5 

·HO2 + H+ + e− → H2O2                              Eq. 3.6 

e− + H2O2 → OH− + ·OH                         Eq. 3.7 

As(III) + H+ + •OH → As(IV) + H2O                       Eq. 3.8 

As(IV) + H+ + •OH → As(V) + H2O                       Eq. 3.9 

As(III) + 2H+ + H2O2 → As(V) + 2H2O                      Eq. 3.10 

2Cr(VI) + 3H2O2 → 2Cr(III) + 6H+ + 3O2                 Eq. 3.11 
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Figure 3-3 The electron-accepting capacity (EAC) (blue) and electron-donating capacity 

(EDC) (red) of the Fe-biochar produced from various pyrolysis temperatures 

Overall, the transition of a reducing state (BCX-Fe-400) to an oxidizing state (BCX-Fe-

850) of Fe-biochar can be ascribed to the transformation of both iron and carbon phases during 

the second-step pyrolysis. The production temperature of the carbon substrate could affect its 

redox activity. The Fe-biochar derived from the low-temperature biochar (BC400 and BC550, 

in the first-step pyrolysis) exhibited a much higher EEC (1.74−1.82 mmol g−1) compared with 

that of high-temperature biochar (0.87−1.47 mmol g−1). These results indicated that the redox 

reactivity of the Fe-biochar could be a function of the properties of biochar support through the 

regulation of Fe-speciation or its intrinsic redox reactivity. The roles of different moieties 

during the redox transformation on Fe-biochar were discussed separately in the following 

section.  

 

3.3.3 Amorphous ferrous mineral determined the EDC of Fe-biochar   
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The iron minerals are customarily considered as the primary factor to the varied redox 

reactivity in Fe-biochar, and thus the transformation of Fe was first evaluated. The Fe content 

increased from 74.6–81.4 mg g–1 (BCX-Fe-400) to 84.6–90.0 mg g–1 (BCX-Fe-850) with an 

increasing pyrolysis temperature, probably due to the thermal decomposition of biochar under 

a high temperature (Table C2, Appendix C) (Qiu et al., 2020). Meanwhile, the Fe-speciation 

changed with the pyrolysis temperature based on the Q-XRD analysis of the Fe-biochar 

(Figure 3-4 and C3). Amorphous-Fe (68.5–100%) and low-crystalline akaganeite (0–31.5%) 

were the primary Fe speciation on the Fe-biochar (BCX-Fe) after the wet-impregnation process. 

These iron minerals transformed into low-crystalline FeCl2 (9.4–35.6%) and hematite (Fe2O3, 

24.0–33.1%) under 400 °C, and then further converted into crystal magnetite (Fe3O4, 70.1–

79.7%), wustite (FeO, 8.5–18.7%), and metallic-Fe (3.6–12.1%) at 850 °C (Figure 3-4). The 

TG-DTG analysis (Figure C4) identified that pyrolysis over 800 °C induced a carbothermal 

reduction process with a quick mass loss of the Fe-biochar (Eqs. 3.12−3.14), causing the 

formation of low-valent iron minerals. 

6 Fe2O3 + ≡C → 4 Fe3O4 + CO2 ↑                  Eq. 3.12 

 2 Fe3O4 + ≡C → 6 FeO + CO2 ↑                 Eq. 3.13 

 2 FeO + ≡C → 2 Fe + CO2 ↑                  Eq. 3.14 
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Figure 3-4 XRD patterns of the different Fe-biochar (a−d) and their Fe speciation obtained 

from Q-XRD analysis (e−f) 

It should be noted that different carbon substrates also changed the composition of Fe 

minerals. About 15.2–35.6% FeCl2 with no Fe2O3 was formed on the BC400-Fe-400 and 

BC550-Fe-400, while Fe2O3 (24.0%) was the only crystal iron mineral on the BC850-Fe-400. 

Under the high pyrolysis temperature of 850 °C, a higher amount of metallic-Fe(0) (3.6–12.1%) 

was formed in the BC400-Fe-850 and BC550-Fe-850, while there was no Fe(0) in the BC700-

Fe-850 and BC850-Fe-850. This difference in speciation could be ascribed to the distinct 

properties of the carbon substrate produced by the first-step pyrolysis. Strong reducing capacity 

with higher EDC in the BC400 and BC550 was observed to induce the reduction of iron to a 

lower valence state, and the higher amount of volatile carbon in the low-temperature biochar 

might also facilitate iron reduction during the pyrolysis process (Shen 2015, Sun et al., 2019). 
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 There was inconsistent variation in the reductive transformation of iron minerals and the 

reducing capacity of Fe-biochar. For instance, the BC400-Fe-850 contained the largest fraction 

of metallic Fe(0) and FeO, but it showed a limited EDC with a lower reducing capacity for 

Cr(VI). Meanwhile, the BC550-Fe-400 with no metallic Fe(0) showed the best electron-

donating capacity for either direct Cr(VI) reduction or mediated As(III) oxidation with O2. It 

has been widely recognized that the metallic Fe(0) can theoretically offer more electrons than 

other iron minerals under similar conditions; however, it failed to act as the primary electron-

donating moiety in this study. The transition of iron morphology and crystallinity might 

contribute to the unexpected changes in the reducing capacity of the Fe-biochar.  

Homogeneous distribution of Fe element was found on the surface of the BCX-Fe before 

pyrolysis, and it would gradually transform to the mineral grains during the second-step 

pyrolysis (Figure 3-5a and Figure C5, Appendix C). A lower temperature of 400 °C turned 

the iron minerals into spherical particles with a small diameter (1–5 μm), which further 

transformed into a crystal phase with an enlarged diameter (10–20 μm), possibly due to the 

mineral aggregation under a high temperature of 850 °C (Figure 3-5). The TEM-EDX mapping 

with SAED patterns (Figure 3-5b and Figure C6, Appendix C) illustrated that 

amorphous/low-crystalline iron grains (ring-structure without light spots in the SAED patterns) 

with an average length lower than 50 nm attached on the carbon edge of the BCX-Fe-400 

(Nadejde et al., 2015). With the increase in pyrolysis temperature, crystal iron particles (light 

spots in the SAED patterns) (Nadejde et al., 2015) with a longer length (0.5–1 μm) aggregated 

and attached on the BCX-Fe-850, collaborating with the SEM results and Q-XRD analysis 

(Figure 3-5). Meanwhile, the average crystallite size in the BCX-Fe-850 (27.7–30.4 nm) was 
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larger than that in the BXC-Fe-400 (3.0–9.0 nm) based on the Scherrer formula and XRD 

analysis (Table C3, Appendix C).  

 

Figure 3-5 SEM-EDX images (a) and TEM-EDX images with corresponding SAED patterns 

(b) of the selected Fe-biochar. Transformation of the iron particles during the impregnation 

and pyrolysis processes (c) 

The small particle sizes and high iron solubility of these amorphous ferrous minerals could 

facilitate electron delivery through released Fe ions or interfacial reactions (Aeppli et al., 2018, 

Heinrich et al., 2021, Xie et al., 2020), accounting for the potent reducing capacity of low-

temperature Fe-biochar (i.e., BCX-Fe-400), especially for BC400-Fe-400 and BC550-Fe-400 

with a high amount of amorphous/low crystalline ferrous minerals. In contrast, fewer electrons 

could be offered by large-size crystal iron minerals on the high-temperature Fe-biochar (i.e., 

BCX-Fe-850), probably due to limited surface contact with the reactant and a highly stable 
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crystal structure (Aeppli et al., 2019a, Aeppli et al., 2018). XPS analysis revealed that a higher 

decrease of Fe(II) was found in BC400-Fe-400 (8.8%) than BCX-Fe-850 after Cr(VI) removal 

(3.6−5.9%) (Figure C7), evidencing the higher availability of Fe(II) with smaller particle size 

and lower crystallinity for the electron-donating process (Xu et al., 2022b). To further evaluate 

the critical role of amorphous ferrous minerals on EDC, seven additional Fe-biochar were 

produced via pyrolysis of the BC850-Fe at 400–700 °C (Figure C8). High-temperature carbon 

substrate (BC850) might contain a limited degree of reductive functionality (e.g., hydroxyl), 

while pyrolysis under 700 °C might only allow the limited formation of crystal iron minerals 

through carbothermal reduction based on the TG analysis (Figure C4). A positive linear 

relationship between the EDC and amorphous Fe content was observed, corroborating the 

importance of amorphous ferrous minerals on the electron-donating process (Figure C8).  

Consequently, the amorphous ferrous mineral in BCX-Fe-400 dominated the electron-

donating process, which was related to the direct Cr(VI) reduction (Eq. 3.15) and mediated 

As(III) oxidation with O2 (Eqs. 3.16-3.20). However, the oxidation capability of Fe-biochar 

for pollutants cannot be fully justified by the transition of Fe speciation and crystallinity. The 

strongest direct oxidation capability for As(III) was found in the BC400-Fe-850 with abundant 

metallic Fe(0) and FeO but a limited amount of ferric oxide. Besides, the BC850-Fe-400 with 

the largest fraction of ferric oxide (hematite, Fe2O3) only exhibited a slightly higher EAC 

compared with its carbon substrate (BC850) (Figure 3-2). It was, thus, speculated that 

carbon/oxygen moieties were mainly responsible for the differences of oxidizing capability 

among Fe-biochar. 

Cr(VI) + 3≡Fe(II) → Cr(III) + 3≡Fe(III)                    Eq. 3.15 
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O2 + H+ + ≡Fe(II) → •HO2 + ≡Fe(III)                     Eq. 3.16 

·HO2 + H+ + ≡Fe(II) → H2O2 + ≡Fe(III)                     Eq. 3.17 

≡Fe(II) + H2O2 → OH− + •OH + ≡Fe(III)                Eq. 3.18 

•HO2 + ≡Fe(III) → O2 + ≡Fe(II) + H+                   Eq. 3.19 

≡Fe(III) + H2O2 → •HO2 + H+ + ≡Fe(II)                 Eq. 3.20 

 

3.3.4 Critical role of O-functionality for the redox reactivity of Fe-biochar 

The biochar surface functionality was extensively altered following the pyrolysis with Fe 

at different temperatures. The FTIR spectra (Figure 3-6a and Figure C9, Appendix C) 

described a rich surface functionality in the BC400-Fe-400, including carboxyl (−COO, 1376 

and 1453 cm−1), hydroxyl (−OH, ~3400 cm−1), quinoid (1614 cm−1), and carbon-oxygen 

bonding (C−O, ~1255 cm−1) (Clurman et al., 2020, Rajabi et al., 2021, Tian et al., 2019, Zhong 

et al., 2019). Compared with the pristine BC400, a narrowed gap between the peaks within 

1300−1500 cm−1 (i.e., symmetric and asymmetric vibrations of −COO−) in the BC400-Fe-400 

might indicate bidentate chelation between the carboxyl groups and iron ions (Deng et al., 2021, 

Sutton et al., 2015). A substantial amount of hydroxyl groups (−OH, ~3400 cm−1) was found 

in the BC400-Fe-400 compared with the BC400, ascribed to biochar oxidation by ferric 

minerals (Eq. 3.21) and hydroxyl groups in amorphous iron minerals (Xu et al., 2020e). With 

further pyrolysis at a high temperature (850 °C), an apparent decrease of hydroxyl groups on 

the BC400-Fe-850 was observed due to the decomposition of iron hydroxides and −OH groups 

at high temperatures (Xu et al., 2020f, Zhang et al., 2019d). However, a noticeable boost of 

symmetric and asymmetric vibrations of carboxyl (1376 and 1459 cm−1) was shown on the 
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BC400-Fe-850, indicating the enhanced oxidation of surface functionality associated with the 

reduction of Fe under a high pyrolysis temperature (Eqs. 3.22−3.23).  

 

Figure 3-6 FTIR patterns (a), XPS spectrum of O1s (b), −C=O/−C−O ratio obtained from 

XPS analysis, and O/C ratio from EA analysis of Fe-biochar (c) (X = 400, 550, 700, and 850 

with the order shown in the figures) 

2Fe(OH)3 + −CH3 → 2Fe(OH)2 + −CH2−OH + H2O           Eq. 3.21 

4Fe(OH)3 + −CH2−OH → 4Fe(OH)2 + −COOH + 3H2O         Eq. 3.22 

2Fe(OH)2 + −CH2−OH → 2Fe + −COOH + 3H2O              Eq. 3.23 

2Fe(OH)3 + >CH2 → 2Fe(OH)2 + >CH−OH + H2O         Eq. 3.24 

2Fe(OH)3 + >CH−OH → 2Fe(OH)2 + >C=O + H2O            Eq. 3.25 

Although the pristine BC700 and BC850 contained limited O-moieties, peaks of hydroxyl 

(~3400 cm−1), quinoid (1634−1640 cm−1), and carboxyl (1458−1459 cm−1) were still detected 
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on the BC700-Fe-400 and BC850-Fe-400 (Figure 3-6a and Figure C9, Appendix C). The 

redox reactions between iron and carbon might facilitate the formation of O-moieties on the 

biochar surface (Eqs. 3.24−3.25) (Xu et al., 2020e), as evidenced by higher O/C ratios of the 

BC700-Fe-400 and BC850-Fe-400 (0.14−0.15) than the pristine biochar (0.07−0.09 for BC700 

and BC850) (Table S2 and Figure 3-6c). Compared with the pristine biochar produced at 

850 °C (BC850), a larger amount of carboxyl (1376−1460 cm−1) and quinoid (1638−1641 cm−1) 

groups were formed on the BCX-Fe-850 (Figure 3-6a and Figure C9, Appendix C) with a 

higher O/C ratio (0.17 > 0.07, Figure 3-6c) due to the oxidation induced by iron. Moreover, 

semiquinone-type persistent free radicals (PFRs) with higher redox reactivity might be formed 

on the biochar with rich O-functional groups (Eq. 3.26) (Zhong et al., 2019). These surface 

functionalities could serve as the primary electron-accepting moieties, contributing to the 

higher oxidizing capacity of the BCX-Fe-850.  

The redox state of the carbon was further scrutinized based on quantitative analysis of the 

O-moieties. The deconvoluted O1s XPS spectra (Figure 3-6b and Figure C10, Appendix C) 

demonstrated a decline of hydroxyl content in the BCX-Fe-400 (11.2−20.5%) and a further 

decrease to 6.0−18.0% on the BCX-Fe-850 in comparison to the pristine biochar (19.9−27.0%). 

Meanwhile, Fe−OC (12.3−37.1%, iron chelation with O-moiety) and metal−O (10.9−21.2%, 

mainly Fe−O) were newly formed on the Fe-biochar. The pristine biochar exhibited a limited 

oxidizing potential (−C=O/−C−O of 0.26−0.73), which was significantly improved (0.59−1.09 

for BCX-Fe-400 and 2.12−3.49 for BCX-Fe-850) (Figure 3-6c) after pyrolysis with Fe at 

higher temperatures. In conclusion, the direct oxidation by the surface quinoid, carboxyl, or 

semiquinone-type PFRs was responsible for the higher As(III) oxidation by BCX-Fe-850 (Eqs. 
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3.27−3.29).  

The transition of surface functionalities also indicated the limited contribution of the 

reductive O-moieties (i.e., −OH or −C−O) for the direct reduction of Cr(VI) by Fe-biochar. 

However, the PFRs might be responsible for the electron-donating processes of Fe-biochar 

(Eqs. 3.30−3.33) (Zhao et al., 2018b, Zhong et al., 2019, Zhong et al., 2021b, Zhong et al., 

2018), especially for BCX-Fe-850 with rich surface functionality. It was worth mentioning that 

the transition of the O-functionalities determined the redox performance of pristine biochar. 

The decrease of reductive O-moieties with the increase of oxidative functionalities (Figure 

C10, Appendix C) resulted in the decline of electron-donating performance (both Cr(VI) 

reduction and •OH formation, Figure 3-1) with an increase in As(III) oxidation amount. 

2>C=O + >C−OH → 2>C−O• + H+ + >C−O−            Eq. 3.26 

As(III) + 2H+ + >C=O → As(V) + >CHOH               Eq. 3.27 

2As(III) + 4H+ + −COOH → 2As(V) + −CH2−OH +H2O      Eq. 3.28 

As(III) + 4H+ + 2>C−O• + 2>C−O−→ As(V) + 4>C−OH              Eq. 3.29 

Cr(VI) + 3>C−O• + 3>C−O−→ Cr(III) + 6>C=O                Eq. 3.30 

O2 + H+ >C−O• + >C−O− → •HO2 + 2>C=O             Eq. 3.31 

•HO2 + H+ + >C−O• + >C−O− → H2O2 + 2>C=O             Eq. 3.32 

H2O2 + >C−O• + >C−O− → OH− + •OH + 2>C=O       Eq. 3.33 

 

3.3.5 Enhanced electron transfer by the graphitic carbon structure  

By comparison of the relationship between the oxidative surface functionality and 

oxidizing capacity of biochars, a significant linear relationship with a steep slope of 6.1 (Figure 
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3-7a) between EAC and the carbon-oxygen double bond (i.e., −C=O and chelated carboxyl 

/carbonyl /quinoid as C−OFe) was only observed for the BCX-Fe-850. This implied that the 

enhanced oxidation potential of the BCX-Fe-850 was possibly related to the graphitic 

crystallite, rich defects, and porous structure formed at a high temperature. Moreover, higher 

electron efficiency was also found on BCX-Fe-850 for the mediated oxidation of As(III) with 

O2 compared with BC400-Fe-400 and BC550-Fe-400. Although the EDC of BCX-Fe-850 

(0.38−0.44 mmol g−1) was much lower than BC400-Fe-400 and BC550-Fe-400 (1.01−1.28 

mmol g−1), it can cause an approximate mediated oxidation amount (0.03−0.05 mmol g−1 vs. 

0.07−0.08 mmol g−1) with a higher electron efficiency (i.e., percentage of the electron used for 

the mediating process, 7.3−11.0% > 6.2−6.8%), which might also relate to the properties of 

high-temperature-formed carbon. 

A higher graphitization degree of Fe-biochar was found under a higher pyrolysis 

temperature with the emergence of typical graphite at 2θ = 23° (002) and 43° (100) (Figure 3-

4a) (Sun et al., 2018b). The XPS analysis (Figure C11, Appendix C) proved a higher −sp2 C 

level on the BCX-Fe-850 (54.8−64.2%) compared with the BCX-Fe-400 (24.8−49.2%), again 

indicating the formation of a more graphitic structure after high-temperature pyrolysis. Both 

La (in-plane coherence length) and Lc (perpendicular size of the turbostratically stacked 

crystallites) (Sun et al., 2018b, Wang et al., 2021b) were elevated with increasing pyrolysis 

temperature (Figure 3-7b, and Table C4, Appendix C), reaffirming a high graphitization 

degree of the BCX-Fe-850. This would enhance the carbon conductivity for faster electron 

transfer and better expression of active redox sites (Sun et al., 2017, Sun et al., 2018b, Xu et 

al., 2019b). It should be noted that the −sp2 C level, Lc, and La of the BCX-Fe-850 were even 
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higher than those of the BC850 or BC850-Fe (46.6%, 1.10 nm, and 4.89 nm, Figure 3-7b), 

suggesting that co-pyrolysis with iron could further enhance the graphitization process of 

biochar. 

 

Figure 3-7 Relationship between the EAC and the content of carbon-oxygen double bond 

obtained from XPS analysis (a); the size of graphite crystallites (b); the ratios of AD/AG and 

AD/AD* obtained from Raman spectra (c); or the textile properties including SSA and PV (d) 

of the different Fe-biochar (X = 400, 550, 700, and 850 with the order shown in figures) 

 
Figure 3-8 Raman spectra of the different Fe-biochar 
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Besides, more carbon defects were formed with higher pyrolysis temperatures based on 

the Raman spectra. Two prominent peaks, D-band at ~1350 cm−1 representing a disordered 

graphitic carbon structure and G-band at ~1560 cm−1 assigned to graphitic carbon with 

aromatic rings, were highlighted in all Fe-biochars, and the ratios of AD/AG were higher in the 

BCX-Fe-850 (Figure 3-7c) due to disorientation and corrugation of graphitic basal planes 

during co-pyrolysis with Fe (McDonald-Wharry et al., 2013). Similar AD/AG ratios of the BCX-

Fe-400 and BCX-Fe suggested a limited change of carbon defects during low-temperature 

pyrolysis (Figure 3-7c and 3-8). The S-band (~1290 cm−1, transformation of sp2 to sp3 

hybridization), V-band (~1510 cm−1, amorphous carbon phase), and D*-band (~1620 cm−1, 

related to defect features) were also obtained after peak deconvolution (Yang et al., 2020b), 

and the ratios of AD/AD* were used to evaluate the specific defect types (e.g., boundaries, 

vacancies, or sp3 carbon) of the different Fe-biochar (Xue et al., 2021, Yang et al., 2020b). 

Edge-type defects with a low AD/AD* (2.59−2.77) were dominant on the BCX-Fe-850 (Figure 

3-7c), which would enhance the electronic affiliation and mediating process, accounting for a 

more substantial oxidation potential. In contrast, the low-temperature Fe-biochar contained a 

higher AD/AD*, inferring a different type of carbon defect (Figure 3-8). For instance, the 

BC400-Fe-400 (high AD/AD* of 26.9) presented a distinct defect type of sp3 hybridization or 

vacancies, which generally manifest a lower redox reactivity than edge-type defects (Eckmann 

et al., 2012, Yang et al., 2020b).  

The porous structure affecting the accessibility of redox-active sites on the Fe-biochar (Li 

et al., 2020a) was also changed by the graphitization of different carbon substrates during co-

pyrolysis with Fe. A low specific surface area (SSA) of 3.14−7.83 m2 g−1 with a small pore 
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volume (PV) of 0.011−0.014 cm3 g−1 was found on the BCX-Fe-400 (Figure 3-7d and Figures 

C12−C13, Appendix C). An inferior porosity of the BC400 and BC550 (SSA of 1.53−2.43 m2 

g−1 and PV of 0.002−0.004 cm3 g−1) corresponded to a low SSA of their respective Fe-biochar 

(BC400-Fe-400 and BC550-Fe-400). Nevertheless, pore blockage by newly formed iron 

minerals on a well-developed carbon structure (BC700 and BC850, with SSA of 104−201 m2 

g−1 and PV of 0.031−0.141 cm3 g−1) also resulted in a lower SSA and PV for the BC700-Fe-

400 and BC850-Fe-400. The BCX-Fe-400 was featured with macropores (> 50 nm) (30.8−55.7% 

of the total PV) (Table C5) as micropores and mesopores (< 50 nm) might be blocked by the 

small nano-sized iron grains according to the TEM images. Unlike the low-temperature 

produced Fe-biochar, a well-developed porous structure (SSA of 308−373 m2 g−1 and PV of 

0.018−0.056 cm3 g−1) was formed on the BCX-Fe-850 (Figure 3-7d) with enriched small 

mesopore (2−10 nm) (60.0−68.2% of total PV) (Table C5). This structure might facilitate the 

exposure of redox-active sites and contribute to elevated electron transfer of BCX-Fe-850 than 

BCX-Fe-400 during either direct electron donating/accepting or mediated electron transfer 

with O2.  
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Figure 3-9 Graphical summarization of Chapter 3 

3.4 Conclusions  

Turning the iron mineral and biomass waste into remediation materials brings the “win-

win” effect (i.e., waste reuse and environmental remediation), making Fe-biochar a sustainable 

alternation for the electroactive materials for redox-related wastewater treatment. The results 

demonstrated that low-temperature Fe-biochar had a higher reducing capacity for Cr(VI) due 

to its higher EDC, predominantly offered by the amorphous/low-crystalline ferrous minerals. 

Besides, effective generation of ROS (e.g., •OH) by the electron-donating moiety of low-

temperature Fe-biochar was found, leading to the mediated redox-related transformation of 

pollutants under the oxic environment. By contrast, the oxidative surface functionalities on the 

high-temperature Fe-biochar caused the potent As(III) oxidation, but it failed to generate ROS 

sufficiently with O2. Moreover, graphitic structure, edge-type defects, and the porous structure 

formed in high-temperature Fe-biochar could facilitate the electron transfer, leading to higher 
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electron efficiency. The shift of primary redox moieties of Fe-biochar and the critical impact 

of carbon substrate on the overall redox reactivity should be considered during the production-

design stage for effective wastewater treatment. Oxidative Fe-biochar can be directly used for 

the oxidation process during the pollutants control, while reductive Fe-biochar might be 

desirable for direct reduction or mediated electron transfer with O2 (Figure 3-9). 
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Chapter 4 Impact of Fe Species on the Arsenic Immobilization 

and Redox-induced Transformation 

 

4.1 Introduction 

Arsenic (As) has been recognized as a global environmental concern due to its high toxicity 

towards human health and ecosystems (Shi et al., 2017, Song et al., 2020). Various 

decontamination methods, including bioremediation, sorption, precipitation, phytoremediation, 

and electro-coagulation, have been explored to control As pollution in recent years (Alka et al., 

2021, Amen et al., 2020, Liu et al., 2020a, Weerasundara et al., 2021). Among these methods, 

iron-based materials (e.g., ferric hydroxide (Guan et al., 2008), zero-valent iron (ZVI) (Das and 

Bezbaruah 2021, Sun et al., 2011, Yan et al., 2012a), nano-sized iron/iron oxide (Brockgreitens 

et al., 2020, Otero-González et al., 2020), and sulfide-modified ZVI (Singh et al., 2021)) have 

advantages in the immobilization of As via several mechanisms (i.e., electrostatic interaction, 

monodentate/bidentate complexation, co-precipitation, and redox interactions). In particular, 

Fe-biochar composites prepared through the pyrolysis of iron-rich biomass or mixture of iron 

sources and selected biomass waste have attracted growing interest as an effective material for 

As decontamination (Bakshi et al., 2018, Sun et al., 2019, Zou et al., 2016). This low-cost and 

eco-friendly procedure can simultaneously realize environmental remediation along with 

carbon sequestration (Lehmann 2007a, b, Rawal et al., 2016, Shaheen et al., 2019b, Wang et 

al., 2020d).  

The key process in the tailored design of Fe-biochar composites is to manipulate the 

desirable iron speciation during the pyrolysis process to achieve an optimal As immobilization 
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capacity. It is generally acknowledged that reductive gases such as CO and CH4 are formed 

during biomass pyrolysis (Chen et al., 2021b) due to the dehydration and decomposition of 

organic components (Xiao et al., 2018a), and these gas intermediates reciprocally reduce the 

co-present iron species from the +3 state (Fe2O3/Fe(OH)3) to +8/3 (Fe3O4), +2 (FeO), and 0 

(ZVI) (Shen 2015, Yang et al., 2008). The labile carbon fraction could also directly participate 

in the thermal reduction of iron oxide (Cazetta et al., 2016, Shen 2015, Sun et al., 2019). 

Furthermore, the elevated pyrolysis temperature may facilitate the transformation of 

amorphous/low-crystallinity iron hydroxides to crystalline iron minerals, even without the 

participation of carbon (Arinchtein et al., 2020, Francis et al., 2009, Yu et al., 2021). We 

speculate that labile-/amorphous-carbon with a higher degree of volatile compounds possibly 

induces the formation of lower-state iron, while stable-/graphitic-carbon may primarily change 

the crystallinity of newly formed iron species with limited change in the chemical state of iron. 

Both the reductive-Fe amount (e.g., ZVI) (Bakshi et al., 2018, Fan et al., 2020) (related to the 

former process) and the crystallinity of Fe (Yu et al., 2021) (associated with the latter process) 

may have repercussions on the As removal capacity and mechanisms by the Fe-biochar 

composites. Therefore, controlling the fractions of amorphous-/labile-carbon and graphitic-

/stable-carbon for the manipulation of iron speciation is probably conducive to fabricating fit-

for-purpose Fe-biochar composites for As decontamination. However, current research often 

overlooks the well-planned design of Fe-biochar synthesis and there is still a lack of 

corresponding evidence about the influence of carbon species on iron speciation. 

Iron species on the biochar govern the immobilization mechanisms and redox reactions of 

As. For reductive iron species such as ZVI, As(V) and As(III) reduction occurred on the surface 
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of ZVI accompanied by the oxidation of iron (Ling and Zhang 2017), where the newly formed 

ferric oxide could also stabilize As (Ling and Zhang 2014, Yan et al., 2012b). Meanwhile, 

As(III) oxidation was found to be triggered by the intermediates formed through interactions 

between ZVI and O2 (e.g., Fe(IV) species or hydroxyl radicals (Pang et al., 2011)) at the solid-

liquid interface. The resultant As(V) was subsequently immobilized through electrostatic 

interaction, complexation, and co-precipitation on the surface of iron minerals (Gubler and 

ThomasArrigo 2021, McCann et al., 2018, Yoon et al., 2016). Other Fe species (e.g., 

amorphous ferric hydroxide) contributed to As immobilization via direct sorption and co-

precipitation (Luo et al., 2018, Luong et al., 2018, Sowers et al., 2017, Yu et al., 2021), although 

As(III) oxidation may happen on the ferric mineral surface in the presence of Fe(II) (Gubler 

and ThomasArrigo 2021, Ona-Nguema et al., 2010). Moreover, redox-active moieties (e.g., 

phenolic −OH and quinoid −C═O) on biochar may drive the redox transformation of As (Amen 

et al., 2020, Yuan et al., 2017). Direct oxidation of As(III) by the quinoid −C═O on the surface 

of biochar was reported (Niazi et al., 2018, Zhong et al., 2019), and electron-donating moieties 

could indirectly oxidize As(III) together with intermediates (e.g., hydroxyl radicals) produced 

at the solid-liquid interface (Wang et al., 2021c, Zhong et al., 2019). The resultant As(V) was 

fixed on the iron phases through sorption and complexation (Alkurdi et al., 2019, Amen et al., 

2020, Zhang et al., 2016a). The variations in both reaction sites and reaction sequence of redox 

and sorption may cause a “layered distribution” of As and Fe with different valence states. In 

this study, the unprecedented revealing of this hierarchical distribution of Fe-biochar 

composites with amorphous-Fe or reductive-Fe can provide insightful details about the As 

immobilization mechanisms. 
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Herein, a series of Fe-biochar composites with varying iron speciations was fabricated by 

controlling the co-pyrolyzed carbon phases (i.e., ranging from labile-/amorphous-C to stable-

/graphitic-C) and pyrolysis conditions. Immobilization capacities and mechanisms of these Fe-

biochar composites for As(V) and As(III) were analyzed. The main objectives of this study 

were to scrutinize (i) the roles of different carbon fractions on regulating the Fe speciation in 

the Fe-biochar composites and (ii) the hierarchical depth distributions of As and Fe on the Fe-

biochar composites after As immobilization. Using multiple characterization methods, 

including semi-quantitative Q-XRD, depth-profiling XPS analysis, Raman spectroscopy, and 

Pearson correlation coefficient (PCC) analysis, we unveiled the vital roles of carbon structures 

in manipulating the resultant Fe speciation and the distinct depth distributions of Fe and As 

provided direct evidence for the underlying mechanisms of As immobilization with the Fe-

biochar composites. 

 

4.2 Materials and Methods 

4.2.1 Preparation of Fe-biochars 

Detailed information about used chemicals is provided in Appendix A. A mixture of 

locally available light yard waste (LYW), collected from EcoPark in Hong Kong, was selected 

as the raw biomass. This biomass was crushed to pass through a 120-mesh sieve (particle size 

< 0.125 mm) and dried at 60 ℃ for 24 h before pyrolysis. Four biochars (BC400, BC550, 

BC700, and BC850) pyrolyzed at different temperatures (i.e., 400, 550, 700, and 850 °C) were 

first prepared through the slow pyrolysis of LYW under N2 atmosphere for 1 h with a ramping 

rate of 10 °C min−1. These temperatures were selected to obtain biochars with varying carbon 
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structures, including transition char, amorphous char, composite char, and graphitic char 

(Keiluweit et al., 2010).  

The basic properties of the resulting biochars are summarized in Figure D1 (Appendix 

D). Then, 20 g of each biochar was added into 200 mL FeCl3 solution (10 g Fe L−1) (biochar-

to-Fe mass ratio as 10:1). Each mixture was stirred with a magnetic stirrer at 200 rpm for 24 h, 

dried at 60 °C for over 72 h, and then crushed to pass a 120-mesh sieve and stored in a dry 

container before its second pyrolysis. The resulting Fe-biochar composites were denoted as 

BCX-Fe, where X indicates the first pyrolysis temperature.  

 

Figure 4-1 Designed procedures to fabricate the Fe-biochars 

Two series of Fe-biochars (a total of 7) were designed. Firstly, four Fe-biochar composites 

(BC400-Fe, BC550-Fe, BC700-Fe, and BC850-Fe) were pyrolyzed at 850 °C for 1 h to 

evaluate the potential of varied carbon structures to form a diverse spectrum of reduced Fe 

species. A higher pyrolysis temperature over 800 °C can lead to the formation of ZVI with the 

reduction by biochar matrix (Sun et al., 2019). These four Fe-biochar composites with rich 

reductive-Fe were named BCX-Fe-850, where X indicates the first pyrolysis temperature. 

Secondly, to study the variations in the Fe species with initially stable-/graphitic-carbon, only 

BC850-Fe was used to fabricate the second series of Fe-biochars through pyrolysis at 400 °C, 
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550 °C, and 700 °C for 1 h. Due to the high stability of BC850, these three pyrolytic 

temperatures might result in relatively high contents of amorphous-Fe on the Fe-biochar 

composites with limited Fe valence transformation. This series of Fe-biochar composites with 

high amorphous-Fe contents were named BC850-Fe-X, where X was the second pyrolysis 

temperature. The design and preparation procedures for all seven Fe-biochar composites are 

summarized in Figure 4-1, and all these Fe-biochar composites were stored in a sealed 

container before further use.   

4.2.2 Characterization 

Detailed information about XRD, XPS, Raman spectrometer, Quantitative X-ray 

diffraction (Q-XRD), and other characterization methods can be found in Appendix B. Various 

Fe extraction methods were also conducted to quantify the Fe-speciation in the Fe-biochar 

composites, including the soluble-, reducible-, and extractable-Fe, which are explained in 

Appendix B. 

4.2.3 As Immobilization mechanisms and hierarchical depth distributions 

The immobilization capacities of all Fe-biochar composites for both As(V) and As(III) 

were evaluated through batch experiments. Briefly, 0.1 g of selected Fe-biochar composite was 

added into a 50 mL centrifuge tube containing 50 mL of 60 mg L−1 As(III) or As(V) solution, 

which was prepared by dissolving an appropriate amount of NaAsO2 or Na2HAsO4·7H2O, 

respectively, in a 20 mM NaCl background solution. The resulting concentrations of As(III) or 

As(V) were within the maximum concentrations of As wastewater generated by smelting, 

metallurgical plant, or soil washing (Kim and Baek 2019, Li et al., 2021f, Tang et al., 2017). 

The above mixtures were shaken at 250 rpm under 25 ± 1 °C without light irradiation until 
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equilibrium was reached (48 h). All experiments were conducted in triplicate, and the detection 

methods were similar to the section 3.2.2. The filtrates was analyzed for the concentration of 

As and Fe by ICP analysis, and the Fe(II) concentration was detected by UV-Vis at 510 nm 

wavelength after phenanthroline complexation (Luan et al., 2012, Xu et al., 2019c). The solids 

fractions after filtration were collected carefully and freeze-dried before further 

characterization, including Q-XRD, SEM-EDX, and XPS analysis with depth profiling. 

The Pearson correlation coefficient (PCC) was calculated to assess the vector similarity 

between the physicochemical properties, Fe-speciation, and As removal capacities of Fe-

biochars with the supplement of extra 11 Fe-biochar composites as elaborated in Appendix D. 

Depth profiling XPS analysis was used to evaluate the hierarchical depth distributions of As 

and Fe on typical Fe-biochar composites after As(III) or As(V) removal from the solution. An 

argon gun was used to etch the surface of Fe-biochar composites with a standard sputter rate 

before XPS analysis, and thus the distributions and chemical properties of As and Fe under the 

different depths of Fe-biochar composites could be evaluated. Detailed information about the 

depth profiling XPS can be found in Appendix B. 

4.3 Results and Discussion 

4.3.1 Manipulation of iron speciation in Fe-biochar 

After the designed fabrication (Figure 4-1), the total Fe contents of the resulting seven Fe-

biochar composites ranged between 81.4–90.0 mg g−1 (Table D1, Appendix D), and various 

Fe speciations were observed according to the XRD analysis (Figure 4-2). The use of a second 

pyrolysis temperature of 850 °C induced the formation of wustite (FeO) and magnetite (Fe3O4), 

while ZVI was only formed on BC400-Fe-850 and BC550-Fe-850 that contained abundant 
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labile-C. Based on semi-quantitative Q-XRD analysis, the highest ZVI content of 10.9 mg g−1 

was found in the BC400-Fe-850, which also had the lowest amorphous-Fe content (3.11 mg 

g−1) (Figure 4-2b, Figure D2, and Table D2, Appendix D). These results implied that labile 

carbon in the low-temperature biochars promoted reductive-Fe formation (e.g., ZVI), whereas 

stable/graphitic carbon in the high-temperature biochars failed to act similarly an effective 

reducing agent.  

 

Figure 4-2 XRD patterns (a), semi-quantitative Q-XRD analysis (b), Raman spectra (c), and 

FTIR spectra (d) of different Fe-biochars (Hematite: Fe2O3; Magnetite: Fe3O4; Wustite: FeO; 

Metallic Fe: Fe). 

For the Fe-biochar composites produced via pyrolysis of BC850-Fe at a lower pyrolysis 

temperature, only magnetite (Fe3O4) (BC850-Fe-700 and BC850-Fe-550) and hematite (Fe2O3) 
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(BC850-Fe-400) were formed, and no completely reductive-Fe species (i.e., ZVI and FeO) 

were observed (Figure 4-2a). XPS analysis showed that these three Fe-biochar composites 

exhibited slightly higher Fe(III) proportion (28.0-30.2%) than those produced at 850 °C (25.5-

27.6%) (Figure D3), further suggesting the limited Fe reduction process. According to the Q-

XRD analysis, amorphous-Fe was the dominant Fe-species in BC850-Fe-400, and its amount 

decreased from 61.9 mg g−1 to 28.9 mg g−1 with the increase of second pyrolysis temperature 

to 700 °C (Figures 4-2b, D2, and Table D2, Appendix D). The amorphous-Fe contents in these 

Fe-biochar composites were much higher than those produced at second pyrolysis temperature 

of 850 °C (< 10.3 mg g−1). These results indicated that graphitic-C only promoted the formation 

of high-valence Fe minerals and amorphous-Fe during the co-pyrolysis, which was supported 

by other recent findings (Qiu et al., 2020). SEM-EDX analysis revealed that similar and 

spherical Fe particles were attached on the biochar surface in all Fe-biochar composites despite 

the difference in Fe speciations (Figure D4), indicating that the surface morphology of these 

composites might play a less significant role in the As decontamination compared with Fe-

species.  

The driving role of carbon structures in tuning the Fe speciation was further verified using 

Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), and elemental analysis 

(EA). An increased value of Ad/Ag (i.e., area ratio between D-band and G-band from Raman 

spectroscopy) from 1.62–1.82 to 2.36–2.38 (Figure 4-2c and Figure D1), a decreased surface 

functionality (Figures 4-2d and Figure D1), and a reduced O/C atomic ratio from 0.24 to 0.17 

(Figure D1 and D5, Appendix D) were observed after the pyrolysis of BC400-Fe/BC550-Fe 

at 850 °C. This corresponded to the transformation from labile-/aliphatic-C to stable-/aromatic-
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C during the second pyrolysis at a higher temperature (Xiao et al., 2018a, Zhang et al., 2019d). 

This carbon transformation would facilitate the carbothermal reduction process (Shen 2015), 

leading to a higher content of reductive-Fe in the resulting Fe-biochar composites (Figures 4-

2a and b). However, limited carbon transformation occurred on the graphitic-C (BC850-Fe) 

during its second pyrolysis, as indicated by the negligible changes in the Ad/Ag ratio and H/C 

atomic ratio (Figures 4-2c, D1, D5, and D6, Appendix D). The higher stability of BC850-Fe 

accounted for the limited carbon transformation and the high proportion of amorphous-Fe on 

BC850-Fe-700/550/400 with a limited reducing process. A peak of Fe–OH/Fe–O (~557 cm–1) 

was observed on BC850-Fe-400 (Figure 4-2d), which could be attributed to amorphous iron 

hydroxide (Shi et al., 2019, Zhu et al., 2017b), further confirming its high content of amorphous 

iron. Despite their distinct carbon structures before the second pyrolysis process, all seven Fe-

biochar composites displayed similar final carbon properties (i.e., surface functionality) after 

variable carbon transformation processes (Table D1, Figures 4-2c-d, D5, and D6, Appendix 

D). This suggested that the impact of the carbon matrix may be secondary and indirect when 

comparing the As immobilization capacities of these Fe-biochar composites.  

The porosity change of Fe-biochar composites also supported the different carbon 

transformations with Fe (Table D1 and Figures D7-D8). There was an apparent increase of the 

specific surface area (SSA) from 2.62–5.74 m2 g–1 (BC400/550/700/850-Fe) to 308–373 m2 g–

1 (BC400/550/700/850-Fe-850) with an increased pore volume (PV) from 0.007–0.018 cm3 g–

1 to 0.018–0.056 cm3 g–1 after the second pyrolysis at 850 °C. The carbothermal reduction 

process of Fe appeared to consume the labile fraction in the carbon matrix and thus formed a 

more porous structure in the resulting Fe-biochar composites. By contrast, there were limited 
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transitions of SSA from 5.74 m2 g–1 (BC850-Fe) to 7.83–10.7 m2 g–1 (BC850-Fe-400/550/700) 

and PV from 0.018 cm3 g–1 to 0.014–0.020 cm3 g–1 on graphitic-C (BC850-Fe) after the second 

pyrolysis at lower temperatures, confirming the negligible transformation of stable/graphitic 

carbon with Fe. Overall, labile-/amorphous-C under a higher temperature in the second 

pyrolysis resulted in a Fe-biochar composite containing more reductive-Fe species (e.g., ZVI), 

while stable-/graphitic-C substrate (BC850) produced more amorphous-Fe species after the 

second pyrolysis. This remarkable difference of Fe-speciation in these Fe-biochar composites 

would play a key role in governing variable As immobilization capacities.  

 

4.3.2 Arsenic immobilization capacities 

The immobilization capacities of the two series of Fe-biochar composites for both As(V) 

and As(III) were explored (Figures 4-3a and 4-3b). Among those Fe-biochar composites 

containing more reductive-Fe (i.e., BC400/550/700/850-Fe-850), BC400-Fe-850 showed the 

highest immobilization capacities for both As(V) (4.34 mg g–1) and As(III) (7.72 mg g–1). The 

As(V) and As(III) removal capacity declined markedly to 0.29 mg g–1 and 1.18 mg g–1, 

respectively, when the first pyrolysis temperature was raised to 850 °C (BC850-Fe-850) (Table 

4-1). Interestingly, Fe-biochar composites with more amorphous-Fe species (i.e., BC850-Fe-

400/550/700) also showed considerable removal capacities for both As(V) and As(III) despite 

the absence of ZVI. About 1.68–1.82 mg g–1 As(V) and 2.97–2.98 mg g–1 As(III) were removed 

by BC850-Fe-550 and BC850-Fe-700 after 48-h immobilization, and BC850-Fe-400 

effectively immobilized 11.0 mg g–1 As(V) and 7.70 mg g–1 As(III) (Table 4-1). BC850-Fe-

400 could provide an even higher As immobilization capacity than BC400-Fe-850 (4.34 mg g–
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1 for As(V) and 7.72 mg g–1 for As(III)), which had the highest ZVI content. It is worth noting 

that pristine BC850 with high SSA (201 m2 g–1, Figure D8) and similar carbon properties 

(Figure D1) showed a limited immobilization capacity for both As(V) and As(III), indicating 

that the Fe species instead of carbon properties primarily determined the As removal 

performance.  

 
Figure 4-3 Removal capacities for As(V) (a) and As(III) (b) of the Fe-biochars and the 

change of solution pH after the reaction. Pearson correlation coefficient analysis of the 

As(III)/(V) removal capacities and Fe-speciation in the Fe-biochars containing abundant  

reductive-Fe (c) or abundant amorphous-Fe (d) (**p < 0.01, *p < 0.05). Pearson correlation 

matrix of the pyrolysis conditions, Fe speciation, and physicochemical properties of all Fe-

biochars (e). 

Both series of Fe-biochar composites with variable Fe species (i.e., reductive-Fe and 

amorphous-Fe) could accomplish considerable As decontamination, which was close to those 

in relevant studies with similar Fe speciation and Fe loading (Table D3); however, the 

dominant immobilization mechanisms would be distinct. For instance, the ZVI content may 
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contribute to As(V) and As(III) removal by Fe(0)-biochar (Bakshi et al., 2018, Fan et al., 2020), 

while direct sorption and co-precipitation might dominate As immobilization for the Fe-biochar 

possessing abundant amorphous Fe (Yu et al., 2021). 

Table 4-1 Arsenic removal capacities of different Fe-biochars 

Fe-biochar As(V) removal capacity (mg g−1) As(III) removal capacity (mg g−1) 

BC400-Fe-850 4.34±0.23 7.72±0.32 

BC550-Fe-850 2.83±0.23 6.37±0.08 

BC700-Fe-850 1.39±0.19 4.83±0.31 

BC850-Fe-850 0.29±0.19 1.19±0.30 

BC850-Fe-700 1.68±0.02 2.97±0.12 

BC850-Fe-550 1.82±0.24 2.98±0.08 

BC850-Fe-400 11.0±0.5 7.70±0.41 

 

4.3.3 Role of ZVI on the As immobilization by reductive-Fe rich biochar 

A slight increase in the pH value from ~7.8 to 8.3–8.6 was found in the As(V) solution after 

the addition of Fe-biochar composites containing high proportion of reductive-Fe (BCX-Fe-

850) (Figure 4-3a). As the intrinsic pH of these Fe-biochar composites (7.3–7.5, Table D1) 

was lower than that of the solution, the increased solution pH may be attributed to the 

consumption of H+ during the As(V) reduction by reductive-Fe (Eq. 4.1) (Bakshi et al., 2018). 

No Fe dissolution and only limited soluble As(III) were detected (< 0.15 mg g−1) after the As 

immobilization (Figure D9, Appendix D), indicating that this reaction might be an interfacial 

process instead of a solution reaction (Yan et al., 2012a). As(V) was reduced on the ZVI surface 

and then directly immobilized as the Fe-As surface complex (Bakshi et al., 2018, Hu et al., 

2015), which could be evidenced by a well-overlapping distribution of Fe and As observed in 
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the SEM-EDX mapping (Figure 4-4).  

HAsO4
2– (As(V)) + 2e– + 3H+ → H2AsO3

– (As(III)) + H2O          Eq.4.1 

 

Figure 4-4 SEM images with EDX elemental (C, Fe, As, O, and Cl) distribution of the 

different Fe-biochars after arsenic removal. 

A slight increase in the solution pH from 7.7 to 8.1–8.2 was detected after As(III) 

immobilization by BC400-Fe-850 and BC550-Fe-850, while a marginally increased or even a 

decreased pH occurred for BC700-Fe-850 and BC850-Fe-850 (Figure 4-3b). This 

phenomenon could be attributed to As(III) oxidation with simultaneous H+ generation (Eq. 4.2). 

About 0.65–5.48 mg g–1 of As(V) was formed after adding these four Fe-biochar composites 

(Figure D9), and BC700-Fe-850 and BC850-Fe-850 reached relatively high soluble As(V) 

concentrations of 3.34 mg g–1 and 5.48 mg g–1, respectively. The carbon phase in Fe-biochar 
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may be the primary oxidizing moieties for As(III) (Zhong et al., 2019) in view of the 

remarkable electron-accepting capacity of high-temperature biochar (Kluepfel et al., 2014, 

Zhang et al., 2019d). As(III) oxidation by ZVI-derived intermediates, such as Fe(IV) and 

hydroxyl radicals (Pang et al., 2011, Zhang et al., 2021), was possibly less critical considering 

relatively low As(V) concentrations in BC400/550-Fe-850 (i.e., high ZVI content) as compared 

with BC700/850-Fe-850 (i.e., low ZVI content). An overlapping elemental distribution of Fe 

and As was also observed on BC400-Fe-850 after As(III) removal (Figure 4-4), corroborating 

the indispensable role of Fe-As combination in As(III) immobilization. Both the redox reaction 

with carbon fraction and the sorption onto Fe-phases contributed to the As(III) removal by the 

Fe-biochar enriched with reductive-Fe.  

H2AsO3
– (As(III)) - 2e– + H2O → HAsO4

2– (As(V)) + 3H+          Eq.4.2 

To verify the critical role of ZVI, several Fe-biochar composites with different reductive-

Fe loadings (i.e., ZVI and FeO) and similar pH values were designed (Appendix D). PCC 

analysis between the As removal capacities and Fe speciation of these Fe-biochars showed that 

the As(V) and As(III) removal capacities were positively related to the contents of ZVI (r = 

0.98) and FeO (r = 0.90–0.91), but negatively associated with the amount of Fe3O4 (r = -0.97) 

(Figure 4-3c and Figure D10, Appendix D). In addition, the As removal capacities were highly 

correlated with the reducible-Fe content (r = 0.95–0.96), as determined by the hydroxylamine-

HCl extraction method (Poulton and Canfield 2005, Slotznick et al., 2018). A nearly linear 

relationship (R2= 0.90–0.92, Figure D11) could be well established between As removal 

capacity and reducible-Fe fraction, reinforcing the importance of ZVI (PCC of 0.80 between 

ZVI and reducible-Fe, Figure 4-3e and Table D4). Moreover, Q-XRD revealed a decrease of 
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ZVI from 10.91 mg g–1 to 6.51–7.91 mg g–1 on BC400-Fe-850 with a concomitant increase of 

amorphous-Fe from 3.11 mg g–1 to 11.4–16.9 mg g–1 during the As immobilization process 

(Figure 4-5). Overall, the formation of ZVI related to the labile-C was the critical component 

for an efficient As removal by Fe-biochar composites with rich reductive-Fe.  

 

Figure 4-5 Q-XRD patterns (a) and semi-quantitative analysis (b) of the different Fe-biochars 

before and after arsenic immobilization with the addition of CaF2 standard (Hematite: Fe2O3; 

Magnetite: Fe3O4; Wustite: FeO; Metallic Fe: Fe).  

 

4.3.4 Core-shell structure generated by redox reactions between arsenic and ZVI 

To explore the As immobilization mechanisms of Fe-biochar composites, an advanced 

depth profiling XPS analysis was conducted on BC400-Fe-850, which was the typical 

reductive-Fe rich biochar. Results showed that BC400-Fe-850 was covered by an iron-oxide 

layer (~10–20 nm) after the reaction with As(V) or As(III) with no Fe(0) (Figure 4-6 and 

Figure D12). Fe(0) could only be detected at the depths of 20–50 nm, and its proportion 

increased to 6.2% and 9.9% at the 200 nm depth after As(V) and As(III) removal, respectively. 

The atomic ratio of O/Fe also suggested the formation of an oxide shell on the ZVI surface 

(Figures 4-6 and D13). Higher O/Fe atomic ratios of 3.8–6.5 were found on Fe-biochar 
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composites after As(V) decontamination within the first ~20 nm from the surface, and they 

decreased to 2.8–3.4 in the depth range between 20 to 200 nm. A similar transition was found 

after As(III) immobilization that the O/Fe atomic ratios as 3.4–8.1 were found within the ~20 

nm from the surface, and then declined to 2.6–2.8 from 20 nm to 200 nm.  

 

Figure 4-6 Depth-profiling XPS analysis of the Fe speciation (upper part) and atomic 

elemental ratio (O/Fe and As/Fe) (down part) on the typical Fe-biochars after As removal. 

Besides, As accumulation also varied over depth. High As/Fe atomic ratios were observed 

within 0–10 nm of the surface of BC400-Fe-850 (0.8–1.2 for As(V) and 0.7–1.5 for As(III)), 

and the ratios decreased to 0.6–0.7 when depth approached below 20 nm. No apparent change 

of As/Fe atomic ratios could be observed between a depth range of 20-200 nm (0.6–0.7 for 

As(V) and 0.6 for As(III)) (Figure 4-6).  

The proportion of different As species (i.e., As(V), As(III), and As(0)) varied in different 

layers of BC400-Fe-850 (Figure 4-7). For As(V) immobilization, As(V) was the primary As 

species on the surface (92.7%, Figure 4-7a), and its proportion gradually decreased to 42.8% 

with an increasing depth (Figure 4-8). Meanwhile, the proportion of As(III) and As(0) showed 
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a noticeable increase to ~37.8% and 19.4% (Figure 4-7a), respectively. These results provided 

credible evidence for the critical role of ZVI in As(V) immobilization (Figure 4-7c).  

 

Figure 4-7 Depth-profiling XPS analysis of As 3d binding state on the typical Fe-biochars 

after As removal (a, b, d, e). The schematic diagram of As immobilization mechanisms by the 

Fe-biochars (c, f). 

Specifically, the reduction of As(V) to As(III) and even As(0) through As–Fe binding 

happened after the intraparticle diffusion of As into the ZVI layer. The As(V) reduction led to 

the formation of the iron-oxide on the surface of ZVI, and this newly formed iron oxide could 

effectively attract As(V) and As(III) through electrostatic interactions and surface 

complexation with Fe (Fe–O–As(III/V)) (Ling et al., 2017, Ling and Zhang 2017). A core-

shell structure was formed during the As removal process, i.e., ZVI coordinating with 

As(0)/As(III) acted as the core, and amorphous iron oxide complexing with As(V)/As(III) was 

the outside-shell (Figure 4-7c). The higher As/Fe atomic ratios (0.8–1.2) within the first ~10 
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nm from the surface indicated the preferable As immobilization onto the surface oxide shell 

compared with the inner reduction and adjoint complexation with ZVI core. For As(III) 

removal by BC400-Fe-850 (Figure 4-7b and Figure 4-8), the appearance of As(0) (13.9–

26.0%) below 10 nm suggested a similar As intraparticle diffusion and reduction process by 

Fe(0). As(V) was mainly observed on the outside layer of BC400-Fe-850 (36.6%) during the 

As(III) immobilization and decreased to 12.0–18.4% at 10–200 nm depth (Figures 4-7b and 

Figure 4-8), indicating that As(III) was probably oxidized by the surface functional groups of 

biochar (Zhong et al., 2019, Zhong et al., 2020) or intermediates (e.g., Fe(IV) and hydroxyl 

radicals (Pang et al., 2011, Zhang et al., 2021)) and then stabilized on the iron-oxide shell. 

 

Figure 4-8 As speciation on the selected Fe-biochars after As removal based on the XPS 

depth profiling analysis. 
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4.3.5 Acidity from amorphous-Fe rich biochar facilitated arsenic decontamination 

Unlike the Fe-biochar composites rich in reductive-Fe (i.e., BC400/550/700/850-Fe-850), 

an apparent decrease in solution pH was found after the addition of Fe-biochar composites 

containing a higher fraction of amorphous-Fe (BC850-Fe-400/550/700) during both As(V) 

(from 7.6 to 3.1–3.2) and As(III) (from 8.0 to 3.1–3.2) immobilization. This phenomenon was 

plausibly due to the high acidity of these Fe-biochar composites (pH = 2.9–3.1, Table D1). The 

hydrolysis process of amorphous-Fe (Pan et al., 2021) was evidenced by the negative 

relationship between pH and amorphous-Fe content (PCC of -0.92, Figure 4-3e and Table D4).  

To identify the role of acidity from amorphous-Fe, the initial solution pH was adjusted to 

10.2–10.4 before the addition of amorphous-Fe-rich composites (Figure D14, Appendix D). 

Compared with the unadjusted experiments, the pH after As immobilization by Fe-biochar 

composites increased to 3.4–3.8, and the immobilization capacities slightly changed to 1.73–

10.1 mg g–1 for As(V) and 2.50–7.10 mg g–1 for As(III). The lower As immobilization capacity 

of BC850-Fe-400 at a higher pH confirmed the importance of acidity during the As 

immobilization process. The acidic condition could facilitate Fe dissolution and enhance 

electrostatic interactions between Fe-biochar and As (Amen et al., 2020, Wen et al., 2021), thus 

improving their As immobilization capacities. Results from the adjusted pH experiments also 

indicated that the amorphous-Fe could effectively buffer the solution's alkalinity and maintain 

an acidic environment, leading to a considerable immobilization capacity for As even at a high 

initial pH. In addition, a low initial pH (3.2–3.3) was also set for the Fe-biochar composites 

containing reductive-Fe to test the As immobilization capacities, where improved removal was 
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found for both As(V) (0.85–12.1 mg g−1 > 0.29–4.34 mg g−1) and As(III) (1.24–9.78 mg g−1 > 

1.19–7.72 mg g−1) (Figure D14). These results indicated that the As immobilization capacity 

of Fe-biochar would be inhibited by the limited acidity due to the less amorphous-Fe content. 

 

4.3.6 Arsenic removal via co-precipitation with the Fe released from amorphous-Fe rich 

biochar 

Despite the strengthened As immobilization by the acidity, the soluble Fe released from 

these amorphous-Fe-rich composites might determine the As removal. There was no significant 

correlation between different iron minerals (i.e., amorphous-Fe, Fe2O3, and Fe3O4) and As 

removal capacities (r=-0.51–0.17, p>0.05, Figures 4-3d and D15) based on the PCC analysis 

of these Fe-biochar composites. In contrast, the As removal capacities were highly relevant to 

extractable-Fe (r = 0.93–0.95), soluble-Fe (r = 0.91–0.94), and reducible-Fe (r = 0.84–0.86) 

(Figures 4-3d and D15), determined through different extraction methods. These Fe fractions 

represented the active Fe in the amorphous-phase that could be readily released into the 

solution through chelation by dissolved organic carbon from biochar (Kim et al., 2020) or 

reduction to soluble Fe(II) by reductive biochar moieties (Xu et al., 2020e). There was a linear 

relationship (R2 = 0.71–0.90) between the As removal amount and the Fe content of Fe-biochar 

composites (Figure D16). The released Fe ions can co-precipitate with As to form As-Fe 

amorphous complexes on carbon (Daenzer et al., 2014, Yu et al., 2021), which was 

corroborated by the homogeneous distribution of As on the biochar surface (Figure 4-4), the 

increase in amorphous-Fe content (Figure 4-5), and the decline in the soluble Fe concentration 

after As immobilization (Figure D17). Limited As(V) reduction was induced (< 0.5 mg g−1, 
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Figure D9) by amorphous-Fe-rich biochar composites, but As(III) oxidation could possibly be 

achieved due to oxidizing capacity of both biochar (Zhong et al., 2020) and ferric minerals 

(Alkurdi et al., 2019, Amstaetter et al., 2010, Ona-Nguema et al., 2010) during the co-

precipitation process. More soluble Fe(II) was formed after As(III) removal compared with 

As(V) removal, evidencing the oxidation of As(III) along with Fe(III) reduction (Figure D17). 

In short, Fe released from the amorphous-Fe was a critical factor for As removal by Fe-biochar 

with abundant amorphous-Fe.   

 

4.3.7 Fixed layered composition of arsenic and rron by the co-precipitation process  

BC850-Fe-400 was selected as the representative Fe-biochar composites with rich 

amorphous-Fe to evaluate the depth distribution of As and Fe generated through the co-

precipitation process. There was no noticeable change of O/Fe atomic ratio at different depths 

of BC850-Fe-400 after As(V) (2.9–4.1) or As(III) (3.0–3.8) removal, and the Fe valence 

remained constant at different layers (Figures 4-6c, 4-6d, and Figure D13). The As/Fe atomic 

ratios also kept stable in BC850-Fe-400 after As(V) (~1.0–1.1) or As(III) (~0.8) immobilization, 

and As(V) was the dominant form on BC850-Fe-400 in both systems (76.2–100% for As(V) 

immobilization and 57.5–87.8% for As(III) immobilization) (Figures 4-7d, 4-7e and 4-8). The 

fairly stable ratio and speciation of As/Fe indicated the possible formation of an amorphous 

scorodite-like mineral (FeAsO4, Fe/As ~1) or ferrous arsenate (FeHAsO4, Fe/As ~1) on 

BC850-Fe-400, reaffirming the As removal by the co-precipitation process (Figure 4-7f). 

Accordingly, lower As/Fe atomic ratios were found after As(III) removal as the As(III) should 

be oxidized to As(V) with the consumption of extra Fe before co-precipitation.  
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4.3.8 Comparison between the reductive-Fe-biochar and amorphous-Fe-biochar 

Various primary Fe species on Fe-biochar caused the different immobilization processes, 

leading to a distinct hierarchical distribution of As and Fe in the biochar composites. Core-shell 

structure on the reductive-Fe-biochar after As immobilization offered plausible evidence of 

combined redox and sorption process for As in the presence of ZVI. By contrast, a marginally 

changed As/Fe ratio and steady compositions of As and Fe were found in the amorphous-Fe-

biochar after As removal, corresponding to the co-precipitation process. 

The intrinsic advantages/disadvantages of reductive-Fe-biochar and amorphous-Fe-biochar 

for As immobilization can be inferred in light of the varying removal mechanisms and 

hierarchical depth distributions. For reductive-Fe-biochar, highly toxic As(III) was 

encapsulated inside the iron oxide shell during the immobilization process; however, the 

stability of this iron oxide shell remained uncertain. Dissolution of the amorphous oxide layer 

might represent a potential risk of As(III) remobilization into the environment. The fate of 

elemental As combined with Fe(0) was also unclear. Thus, future studies are required to prove 

the long-term stability of As fixed on the reductive-Fe-biochars under seasonally changeable 

field-relevant conditions. For the amorphous-Fe-biochars, the oxidative transformation of 

As(III) to low toxicity As(V) and the high As removal capacity offered apparent advantages, 

especially considering the lower energy input for biochar composites production. However, the 

unintended environmental risk of the indigenous acidity associated with released Fe ions and 

the competition of coexisting anions (e.g., PO4
3-) during the co-precipitation process still 

mandate further investigation.  
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Figure 4-9 Graphical summarization of Chapter 4 

 

4.4 Conclusions 

We proposed a hypothesis-driven manipulation of Fe speciation in the design of Fe-biochar 

composites, and the underlying mechanisms and hierarchical depth distributions of Fe and As 

were scrutinized (Figure 4-9). Our results evidenced that reductive-Fe species, which mainly 

immobilized As through redox reaction and sorption/complexation, were formed at a high 

pyrolysis temperature with co-pyrolyzed labile-/amorphous-C. In contrast, amorphous-Fe 

species were primarily produced with stable-/graphitic-C, and they removed As through co-

precipitation with released Fe. Our study highlighted the key roles of carbon structures in 

regulating Fe species in biochar composites. Labile-/amorphous-C and stable/graphitic-C led 

to distinct ZVI and amorphous-Fe contents in the resulting Fe-biochar composites during the 

pyrolysis process. Therefore, understanding and customizing the carbon structures is a 

prerequisite for fabricating biochar composites with the targeted Fe species. The hierarchical 

distributions analyzed in this study offered unprecedented high-resolution details on the As 

removal mechanisms by different Fe-biochar composites, thus providing direct evidence about 
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As immobilization through co-precipitation and/or sorption with redox reaction. Overall, these 

findings can guide our rational design of multifunctional Fe-biochar composites for broader 

and fit-for-purpose applications, which are indispensable for actualizing sustainable 

environmental remediation together with global decarbonization. 
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Chapter 5 Impact of Fe Mineral Crystallinity on the Electron 

Transfer Routine during Cr(VI) Reduction by Biochar 
 

5.1 Introduction 

Iron, which is widely existed as ferric oxyhydroxide mineral in nature, plays a vital role 

in the dynamics of toxic metal(loid)s in the environment (Boland et al., 2014, Borch et al., 2010, 

Kawamoto et al., 2021). Specifically, redox cycling of Fe(III)/Fe(II) (Bishop et al., 2019) and 

the adjoint sorption-desorption of toxic elements (Mamun et al., 2017) are crucial processes 

that eventually influence the mobility and toxicity of metal(loid)s. Redox processes of iron 

minerals often involve organic matter as an electron donor due to its high reducing capability 

and binding affinity (Herndon et al., 2017, Poggenburg et al., 2018). Recently, biochar was 

recognized as a potential electron-donating moiety for various environmental applications 

(Bowman et al., 2009, Lehmann 2007b). This particular organic carbon shows a unique 

character due to its rich functional groups and aromatic structure (Kluepfel et al., 2014). The 

phenol-like groups within the pyrogenic carbon can influence the biogeochemical cycling of 

contaminants due to the high redox reactivity (Huang et al., 2019), and the superior 

conductivity of pyrogenic carbon related to the aromatic conjugated carbon structure may 

facilitate the electron transfer with iron mineral (Sun et al., 2017). These specific properties of 

pyrogenic carbon might provide different interaction mechanisms with iron minerals and 

pollutants.  

The high reducing capacity of the pyrogenic carbon/biochar has been highlighted for the 

pollutant reduction-immobilization in the past few years. Biochar could directly reduce high 

toxic Cr(VI) (Mandal et al., 2017) and immobilize the generated Cr(III) through sorption and 

precipitation (Li et al., 2017b). Recent studies mainly focused on the direct electron transfer 

process between biochar and Cr(VI) (Xu et al., 2019a, Xu et al., 2020f). The fate of Cr(VI) 
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might be further affected by the existence of iron minerals due to the interaction between iron 

minerals and biochar. Such a process will oxidize the surface functional group of biochar (Yang 

et al., 2016), and the resulting Fe-biochar complex may inhibit the direct Cr(VI) reduction 

process by biochar (Xu et al., 2020e, Xu et al., 2021e).  On the other hand, this interaction 

process might also cause the indirect electron transfer from biochar to Cr(VI) through iron 

minerals. That is, Fe(III) from iron minerals might be reduced to Fe(II) through interaction with 

biochar, and the generated Fe(II) might subsequently reduce the Cr(VI). The indirect electron 

transfer process is crucial to explain the fate of chromium since the chromium have a high 

sorption affinity on the positive iron minerals (Moreira et al., 2018). Until now, there is still no 

sufficient evidence regarding the indirect electron transfer route from biochar to Cr(VI) through 

the transformation of iron.  

Moreover, the crystallinity of iron minerals might greatly affect the redox routine with 

Cr(VI). In general, amorphous ferric hydroxide or ferrihydrite, which usually acts as a 

dominant sink for numerous metals (Hajji et al., 2019, Taylor et al., 2009), could be formed 

through rapid Fe(II) oxidation (Cismasu et al., 2016) or hydrolysis of Fe(III) (Wu et al., 2020). 

These ferric oxyhydroxides are thermodynamically unstable (Chen et al., 2015a, Cornell and 

Schwertmann 2003) and generally transform into more crystalline iron phases, through ageing 

or thermal incubation (Cismasu et al., 2016, Hu et al., 2018, Li et al., 2020d). Therefore, 

different crystalline iron minerals with various redox capacities and sorption capabilities can 

be formed (Aeppli et al., 2019b, Sun et al., 2018a). Aeppli et al. found that the redox capacity 

of iron minerals decreased through the transformation from poorly crystalline ferrihydrite to 

thermodynamically more stable goethite by mediated electrochemical reduction test (Aeppli et 

al., 2019a). Therefore, it can be speculated that the fate of Cr(VI) will be affected by iron 

minerals with different crystallinity in the presence of biochar.  

Overall, research regarding the electron transfer route for Cr(VI) reduction in soil by iron 
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minerals and biochar is limited. Especially, it remains unclear what impacts the crystallinity of 

ferric oxyhydroxide exert on such an electron transfer process with biochar. Therefore, this 

study was conducted (1) to determine the direct and indirect reduction of Cr(VI) with different 

crystalline ferric oxyhydroxides in the presence of biochar by kinetics experiment, alkalinity 

extraction, XPS analysis, etc.; and (2) to elucidate the electron transfer mechanism of Cr(VI) 

reduction with different crystalline ferric oxyhydroxides and biochar through multiple 

advanced analysis including transmission electron microscopy with electron energy loss 

spectroscopy (TEM-EELS), TEM-EDS, XPS, and Raman imaging combined with Emission 

Scanning Electron Microscope (Raman-SEM). 

 

5.2 Materials and Methods 

5.2.1 Preparation of ferric oxyhydroxides with different crystallinity 

Ferric oxyhydroxides with different degrees of crystallinity were prepared using a 

modified method by Villalobos and Leckie(2000). Specifically, 0.5 L of 2 M NaOH solution 

was added into 0.5 L of 0.5 M FeCl3 solution to form ferric oxyhydroxides (goethite) above 

the required stoichiometric ratio (i.e., 3:1 for Fe3+ and OH- to form Fe(OH)3 precipitation). In 

order to simulate the change of ferric oxyhydroxides from low-crystallinity to high-crystallinity 

(Aeppli et al., 2019a), we incubated the precipitated ferric oxyhydroxide at 60 °C in the oven 

for 6 h or 72 h, and the resulting product could be considered as low- and high-crystallinity 

ferric oxyhydroxides, respectively, since ageing at 60 °C for over 24 h ensured the formation 

of crystal ferric oxyhydroxide (Matta et al., 2007). These two ferric oxyhydroxides were 

filtered, washed with distilled water, freeze-dried, and denoted as Fe-L and Fe-H, respectively. 

XRD and SEM were used to confirm the different crystallinity degrees of these ferric 

oxyhydroxides. Basic properties such as surface area and zeta potential were determined, and 

detailed information can be found in Appendix B. 
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5.2.2 Preparation and characterization of biochar 

Biochar samples were produced under O2-limited pyrolysis of peanut shells based on the 

previous study (Xu et al., 2019c). Peanut shell was selected as the feedstock since the produced 

biochar has a high reducing capacity (Xu et al., 2019c), which can offer more electrons for the 

Cr(VI) reduction with iron mineral. Biochar was produced at 400 °C and 700 °C with a holding 

time of 4 h, denoted as BC400 and BC700, respectively. These two biochars were selected as 

the representative pyrogenic carbon since they contained different reducing moieties for Cr(VI) 

reduction, i.e., surface O-moiety or carbon defects with aromatic conjugated clusters, based on 

our previous research (Xu et al., 2022a, Xu et al., 2020f). The produced biochar was ball-milled 

and then passed through a 200-mesh (0.074 mm) sieve. Basic characterizations of biochar, 

including elements content, Raman spectra, XPS analysis, etc., were described in Appendix B.  

 

5.2.3 Immobilization of soil Cr(VI) with ferric oxyhydroxides and biochar 

The Cr-contaminated soils were prepared from the standard OECD (Organization for 

Economic Cooperation and Development) soils (Pontoni et al., 2016), which contained 68.5% 

quartz sand, 13.6% kaolin clay, and 10.0% sphagnum peat, with the addition of 0.5% K2CrO4 

and ~6.4% ferric oxyhydroxide (Fe-L or Fe-H) (pH= ~7.0). The OECD soil was used to 

precisely control the crystallinity of ferric oxyhydroxides and exclude the possible impact from 

other active soil components. The detailed preparation procedures, references, and composition 

of these Cr(VI) polluted soils are shown in Appendix E. The Cr-contaminated soils were mixed 

with 1% (w/w) BC400 or BC700 and then equilibrated for 3-month in triplicates. Water content 

was kept as ~70% WHC (water holding capacity) with daily addition referred to the soil 

condition in the previous study (Xu et al., 2018b). The Cr-contaminated soils without any 

biochar addition were set as control. These soil samples were freeze-dried after incubation and 
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then evaluated for Cr(VI) immobilization by toxicity characteristic leaching procedure (TCLP) 

extraction with triplicates. TCLP extraction was conducted through 0.1 M acetic acid with a 

sample-to-fluid ratio of 1:20 according to the USEPA Method 1311 (EPA 1992), which has 

been widely applied to evaluate the immobilization effectiveness of heavy metals in 

contaminated soil receiving the treatment. The concentration of Cr(VI) in the extraction 

solution was detected with the diphenyl-carbohydrazide spectrophotometric method at 540 nm 

(Xu et al., 2020f). Cr(VI) immobilization amount in different soil was calculated by the 

difference between the extracted Cr(VI) concentration with and without biochar addition. 

 

5.2.4 Reduction and conversion of aqueous Cr(VI) with ferric oxyhydroxide and biochar 

To elucidate Cr(VI) reduction process in soil, an ideal solution system was set to determine 

Cr(VI) reduction and conversion process with different ferric oxyhydroxide and biochar. 

Briefly, 2 g Fe-L or Fe-H were added into 1 L of 100 mg L-1 Cr(VI) solution (K2CrO4 with 0.1 

M KCl) to form the ferric oxyhydroxide-associated Cr(VI) that commonly exists in the Cr-

contaminated soil system. These mixtures were mechanically shaken at 200 rpm for 7-day to 

ensure the thorough mixing and equilibrium of Cr(VI) sorption on ferric oxyhydroxides. Then 

2 g biochar (BC400 or BC700) was added into the solution above for another 7-day reaction to 

simulate the appearance of pyrogenic carbon. The pH was controlled at 6.5 during the whole 

reaction process by 1 M NaOH or HCl. Detailed setting reference, sampling methods, and 

control experiments, including biochar, ferric oxyhydroxide, dissolved biochar (released 

dissolved organic carbon from biochar) with ferric oxyhydroxide, and carbonaceous material 

comparison (i.e., graphite and activated carbon) with or without ferric oxyhydroxide were all 

described in Appendix E.  

Filtrates collected at the selected time interval were immediately analyzed for the 

concentration of total Cr (CrTotal) and Cr(VI), and the concentration of Cr(III) in solution was 
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calculated by the difference between the total Cr and Cr(VI) concentration. Besides, the amount 

of Cr sorbed on biochar and ferric oxyhydroxide was calculated from the difference between 

the initial and measured concentrations of CrTotal in the solution. Given that both Cr(VI) and 

Cr(III) existed on the solid, alkalinity extraction experiment (Zhao et al., 2016c), XPS, and 

TEM-EELS were used to clarify the Cr(VI) and Cr(III) distribution on the solid after the 14-

day reaction. Details for these characterizations are described in Appendix E.  

 

5.2.5 Exploration of electron transfer mechanisms for Cr(VI) reduction by ferric 

oxyhydroxides and biochar 

There could be two ways of electron transfer for Cr(VI) reduction: (i) direct electron 

transfer from biochar to Cr(VI) and (ii) indirect electron transfer from first biochar to iron 

mineral and then to Cr(VI) with Fe(III)/Fe(II) transformation. Aqueous Cr(VI) can be directly 

reduced by biochar with the participation of the surface-reducing functional groups. The direct 

transfer of electrons from biochar for Cr(VI) reduction was studied by detecting electron-

donating moieties on biochar and Cr existing forms after Cr(VI) reduction by XPS and TEM-

EELS. The Cr(VI) sorbed on the iron mineral might also be reduced indirectly through the 

biochar-induced transformation of Fe(II)/Fe(III) on iron minerals. To determine this indirect 

electron transfer route, firstly, TEM-EDS and Raman-SEM were used to determine the 

association and electron transfer through surface functionality and carbon defects between 

biochar and iron mineral. Besides, the reduction of pristine Fe-L/Fe-H by biochar without 

Cr(VI) was also conducted, and the transformation of Fe(III)/Fe(II) was determined by XPS 

and TEM-EELS analysis to verify the electron transfer from biochar to iron mineral. Secondly, 

the amount and distribution of Fe and Cr with different valence states on iron minerals after 

biochar reduction were detected by XPS analysis and TEM-EELS to evidence the electron 

transfer from Fe to Cr. The Cr(VI) reduction performance and mechanisms by biochar and 
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biochar-reduced ferric oxyhydroxide were compared to further evaluate this electron transfer 

routine. Details of EELS analysis, XPS analysis, Raman-SEM analysis, and redox reaction 

between iron minerals and biochar were described in Appendix E. 

 

5.3 Results and Discussion 

5.3.1 Different crystallinity ferric oxyhydroxides, biochar, and their effects on soil Cr(VI) 

immobilization 

The XRD analysis showed the dominance of goethite in iron minerals with different 

crystallinity (Figure 5-1). The Fe-L, which was incubated within a short time of 6 h, showed 

broader and shorter characteristic peaks of goethite with an average crystalline diameter of 17.6 

nm (Table E1, Appendix E), while it also had the broad peaks of ferrihydrite between 35° and 

63° (inserted Figure 5-1a), indicating the formation of a poor crystallinity ferrihydrite in Fe-L 

(Zhu et al., 2019a). When the iron mineral was incubated for 72 h, only sharp peaks of goethite 

were found in the XRD pattern (Figure 5-1a), indicating the formation of crystalline goethite 

(crystalline size as 29.8 nm, Table E1) in Fe-H. Results from XRD confirmed our assumption 

that Fe-L was mainly a low-crystallinity ferric oxyhydroxide, while high-crystallinity ferric 

oxyhydroxide was dominant in Fe-H. This result was further evidenced by the SEM image in 

which the mineral in Fe-L was mainly in an amorphous irregular shape (Figure 5-1b) while 

that in Fe-H was acicular crystal (Figure 5-1c) (Aeppli et al., 2019a). Besides, Fe-L had a 

higher specific surface area (~118 m2 g-1) than Fe-H (~32 m2 g-1), with a similar surface zeta 

potential (pHpzc = 8.0–8.4, Table E1). The higher crystallinity with the decreased specific 

surface area of Fe-H might lead to the lower sorption capacity for Cr(VI) compared with Fe-L 

(Hajji et al., 2019).  

Biochar produced at two temperatures also showed different properties (Table E2, 

Appendix E). Compared to BC700, BC400 had a higher O content (16.6% vs. 5.4%) and H 
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content (3.5% vs. 1.1%), but with a lower ID/IG ratio (i.e., intensity ratio between D-band and 

G-band obtained from Raman spectrum, 1.15 vs. 1.55) and surface area (19.8 m2 g-1 vs. 283 m2 

g-1), indicating the richness of aliphatic carbon with limited pore structure in BC400, while 

BC700 contained fewer O-moieties with rich aromatic conjugated clusters. The difference 

between BC400 and BC700 was given by the “percolation” temperature at about 700 °C, which 

could enhance the expansion of aromatic cluster size with loss of O moiety (Pignatello et al., 

2017).  

 

Figure 5-1 XRD patterns of iron minerals with different crystallinity (a); SEM image of iron 

minerals with different crystallinity (b-c). Fe-L: iron mineral with low crystallinity; and Fe-

H: iron mineral with high crystallinity.  

 

Figure 5-2 Concentrations of Cr(VI) extracted by TCLP from different crystallinity iron 

mineral soil with the presence of pyrogenic carbon biochar 
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Figure 5-3 Cr(VI) immobilization amount by Fe-L or Fe-H alone (a), and immobilization 

amount of Cr(VI) by biochar in soil with different iron minerals after the 3-months 

incubation. (mean values in each experiment followed by the same letters are not 

significantly different using Tukey’s HSD test at p < 0.05); 

 

The existence of Fe-L and Fe-H reduced the extracted Cr(VI) amount from 1.26 mg g-1 to 

0.90 mg g-1 and 1.18 mg g-1 in the soil, respectively (Figure 5-2). A higher decline of Cr(VI) 

with Fe-L (0.36 mg g-1) was found compared to that with Fe-H (0.08 mg g-1) (Figure 5-3), 

which was probably due to the higher surface area of the Fe-L (Table E1, Appendix E). With 

the addition of biochar, a further decrease of the extracted Cr(VI) concentration was found in 

soils with both Fe-L and Fe-H. BC400 and BC700 declined the extracted Cr(VI) from 0.90–
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1.18 mg g-1 to 0.65–0.79 mg g-1 and 0.74–0.83 mg g-1, respectively, after 3-month incubation 

(Figure 5-3), and BC400 offered a relatively higher immobilization capacity than BC700. 

About 0.16–0.25 mg g-1 Cr(VI) was further immobilized with biochar addition in Fe-L soil 

after 3-month incubation (Figure 5-3), and a higher Cr(VI) immobilization amount (0.34–0.39 

mg g-1) was found in Fe-H soil with biochar (Figure 5-3). These results indicated that biochar 

could enhance the Cr(VI) immobilization with iron minerals in the soil, but the underlying 

mechanisms might be varied with the crystallinity of existing iron minerals in the soil. 

 

5.3.2 Pyrogenic carbon-induced reduction of Cr(VI) with ferric oxyhydroxides 

To explore the underlying mechanism of Cr immobilization in the soil, the solution 

experiment was conducted. Similar to the soil system, both Fe-L and Fe-H significantly 

decreased the Cr(VI) concentration in the ideal solution system from 100 mg L-1 to 63.2 mg L-

1 and 91.6 mg L-1, respectively, after 7-day co-existence (Figure E1, Appendix E). The total 

Cr (CrTotal) had a similar decline (Figure E1), and the alkalinity extraction showed that over 

96.5% of Cr on the ferric oxyhydroxide was Cr(VI) after 7-day sorption (Table E3). These 

observations indicated the limited occurrence of Cr(VI) reduction into Cr(III). Furthermore, 

TEM-EELS analysis showed that the main form of Fe on the Cr-Fe complex was still Fe(III) 

(EELS peak at 706.4–706.8eV (Archanjo et al., 2017), Figure E1), further indicating the 

negligible electron transfer during the decontamination process. These results proved that 

sorption rather than reduction was responsible for Cr(VI) removal by both Fe-L and Fe-H. The 

electrostatic adsorption and surface complexation could be the main sorption mechanisms 

(Johnston and Chrysochoou 2012, Veselská et al., 2016), and Fe-L provided an elevated Cr(VI) 

sorption capacity with a higher proportion of inner-sphere complexation (56.4%) than Fe-H 

(25.6%) (Figures E2–E3, Appendix E). 
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Table 5-1. Relative distribution of Cr in both aqueous and solid phase (biochar and iron 

mineral alone or in combination) after 14-day Cr(VI) removal in solution system (Total 

Cr concentration was 100 mg L-1) 

 
Solution 
(%) 

  Solid 
(%) 

  
Total Cr(VI) reduced 
or Cr(III) generated 
proportion (%) Cr(VI)  Cr(III)   Cr(VI) Cr(III)  

Fe-L 61.7 0.9  36.4 1.1  1.9 
Fe-H 87.3 0.3  11.6 0.8  1.1 
        
BC400 62.8 7.6  0.9 28.7  36.3 
BC400 + Fe-
L 

49.5 8.5  20.6 21.4  29.9 

BC400 + Fe-
H 

61.8 13.8  1.7 22.8  36.6 

        
BC700 58.0 7.3  0.7 34.0  41.3 
BC700 + Fe-
L 

42.8 14.4  21.4 21.4  35.8 

BC700 + Fe-
H 

52.2 19.5  3.8 24.5  43.9 

 

After a 7-day reaction of Cr(VI) with ferric oxyhydroxides, biochar was added, and a 

further decrease in aqueous Cr(VI) concentration was found (Figure 5-4 and Table 5-1). 

BC400 and BC700 reduced aqueous Cr(VI) concentrations from 63.2–91.6 mg L-1 to 49.5–

61.7 mg L-1 and 42.8–52.2 mg L-1, respectively, after another 7-day reaction (Figure 5-4a and 

Figure 5-4b). The CrTotal concentration also decreased from 63.1–91.3 mg L-1 to 58.0–75.6 mg 

L-1 and 57.2–71.7 mg L-1 for BC400 and BC700, respectively (Figure E4), meanwhile Cr(III) 

was formed in solution with a concentration of 8.5–13.8 mg L-1 and 14.4–20.0 mg L-1 for 

BC400 and BC700, respectively (Figure 5-4d and Figure 5-4e). The considerable amount of 

soluble Cr(III) in the solution might relate to the complexation with dissolved organic matter 

from biochar.51 Biochar increased the reduction rate of Cr(VI) by Fe-L and Fe-H to 1.5–2.0×10-

3 h-1 and 1.8–2.7×10-3 h-1, respectively (Figure 5-4g). It is worth noting that no further change 

in CrTotal, Cr(VI), and Cr(III) was found with ferric oxyhydroxide alone (i.e., without biochar 
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addition) during the further 7-day reaction (Figure 5-4 and Figure E1, Appendix E), and the 

decrease of Cr(VI) and increase of Cr(III) with no Fe presence only happened after biochar 

addition (Figure 5-4c and Figure 5-4f). These results indicated that the reduction process 

happened after biochar addition and became the main Cr(VI) abatement process (Xu et al., 

2019a, Xu et al., 2020f). As carbonaceous materials, activated carbon and graphite gave a slight 

decrease of Cr(VI), and no Cr(III) generation was observed due to their limited reducing 

capacity (Figure E5), reaffirming the high reducing ability of biochar was responsible for the 

reduction reaction of Cr(VI).  

As a fact, biochar alone can decrease about 37.2–42.0 mg L-1 aqueous Cr(VI) (Figure 5-

4c), higher than the reduction amount (13.5–39.4 mg L-1) of biochar with ferric oxyhydroxides 

(Figure 5-4a and Figure 5-4b). Correspondingly, the reduction rates of aqueous Cr(VI) by 

biochar alone (2.4–2.8 ×10-3 h-1 ) were higher than that by biochar with Fe-L (1.5–2.0 ×10-3 h-

1 ) and Fe-H (1.8–2.7 ×10-3 h-1 ) (Figure 5-4g). These results indicated that iron minerals, 

especially the Fe-L, inhibited the direct reduction rate and amount of aqueous Cr(VI) by biochar. 

One possible reason might be the lower initial Cr(VI) concentration in the Fe-L system (63.2 

mg L-1) compared with Fe-H (91.6 mg L-1) and no Fe system (100 mg L-1) when biochar was 

added. To exclude the possible impact from the initial concentration on the Cr(VI) reduction 

rate by biochar, different initial Cr(VI) concentrations from 60–100 mg L-1 were set for biochar 

reaction (Figure E6 and Figure E7, Appendix E). Interestingly, no noticeable difference in 

the reduction rate constant was found with various initial concentrations for both BC400 and 

BC700 (Figure E6 and Figure E7, Appendix E), indicating the initial Cr(VI) concentration 

was not the rate-limited step for biochar reduction within this concentration range. Instead, the 

consumption of electron by Cr(VI)-ferric oxyhydroxides complex (i.e., electron for reduction 

of Cr(VI) sorbed on ferric oxyhydroxides or Fe(III) on ferric oxyhydroxide) should be the 

primary reason for the decrease of reduction constant and amount with Fe-L, which was 
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explained detailedly in the following section.  

 

 

Figure 5-4 Changes in the concentration of Cr(VI) (a, b, c) and Cr(III) (d, e, f) in solution 

with biochar and iron minerals (biochar+Fe-L: a&d; biochar+Fe-H: b&e; biochar alone: 

c&f); reduction rates of Cr(VI) in solution (g). 
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Looking at the solid phase of the ferric oxyhydroxide-biochar mixture, we found that the 

proportion of Cr(VI) in the solids decreased from 97.2% to 49.0–49.9% for Fe-L and from 93.8% 

to 6.90–13.5% for Fe-H, with the increase of solid Cr(III) to 50.1–93.1% (Table E3). XPS 

analysis further confirmed the change of dominant Cr form from Cr(VI) to Cr(III) after reaction 

with biochar (Figure E8, Appendix E), again evidencing the occurrence of Cr(VI) reduction 

on the solid surface. TEM-EELS analysis on the iron mineral region also showed that the 

primary forms of Cr and Fe might be the Cr(III) (~578.8 eV) (Daulton and Little 2006) and 

Fe(III) (~706.0 eV) (Archanjo et al., 2017), respectively after biochar addition (Figure 5-5). 

The areas of Fe and Cr were highly associated, indicating the possible formation of iron-

chromium minerals on iron minerals (e.g., Fe2-xCrxO3
 (Bishop et al., 2014, Mullet et al., 2007), 

Figure 5-5f and Figure 5-5h). Besides, sorption of the generated Cr(III) on the carbon area 

might also increase the Cr(III) proportion on the solid phase, which caused the formation of 

10-nm Cr(III) spherical particles according to the EELS peak of Cr L3 edge at ~575.2 eV 

(Bishop et al., 2019, Daulton and Little 2006) (Figure 5-5d and Figure 5-5e). It should be noted 

that Cr L3 edge (~578.8 eV) on the iron mineral area (Figure 5-5g) was larger than Cr L3 edge 

(~575.2 eV) on the carbon area (Figure 5-5e) since more Cr(VI) with higher L3 edge (Arevalo-

Lopez and Alario-Franco 2009, Daulton and Little 2006) were left on the iron minerals, which 

was consistent with XPS analysis (Figure E8). 

Considering the reduction proportion of Cr(VI) in both solid and aqueous phases (Table 

5-1), biochar with high crystallinity Fe-H showed a similar Cr(VI) reduction to biochar alone 

(36.6–43.9% vs. 36.3–41.3%). However, the Cr(VI) reduction proportion decreased from 36.3% 

in biochar alone to 29.9% and from 41.3% in biochar alone to 35.8% for BC400 and BC700 

with lower crystallinity Fe-L, respectively (Table 5-1). Similar results were found in the soil 

system that the Cr(VI) immobilized amount by biochar in Fe-L soil (0.16–0.25 mg g-1) was 
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lower than its amount in the No-Fe soil (0.38–0.42 mg g-1), while no significant differences 

were found between No-Fe soil (0.38–0.42 mg g-1) and Fe-H soil (0.34-0.39 mg g-1) with 

biochar (Figure 5-3). The discrepancy in the impact of Fe-L and Fe-H on the total Cr(VI) 

reduction amount was probably due to the different electron transfer routines and mechanisms 

among biochar-iron minerals-Cr(VI). It is worth noting that two pyrogenic carbon (BC400 and 

BC700) underwent a similar impact from iron minerals, implying that the different electron 

transfer processes might occur for a wide range of pyrogenic carbon.  

 

 
Figure 5-5 TEM image of BC400-Fe-L-Cr complex (a); TEM-EELS mapping (d) and EELS 

pattern (e) of Cr on carbon region (b, red); TEM-EELS mapping (f & h) and EELS pattern (g 

& i) of Cr and Fe on the iron region (c, blue). 

 

5.3.3 Indirect electron transfer routine for Cr(VI) reduction with low-crystallinity ferric 

oxyhydroxides and pyrogenic carbon 
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Even if the reduction amount of Cr(VI) on the solid phase was considered, less reduction 

amount of Cr(VI) was observed for biochar with Fe-L than biochar alone or biochar with Fe-

H. In addition to the direct reduction of Cr(VI) by biochar, low-crystallinity Fe-L could easily 

complex with biochar particles and thus caused the indirect electron transfer from biochar to 

Cr(VI) through iron mineral, leading to the lower Cr(VI) reduction amount. 

 

Step one for indirect electron transfer routine: chemical bonding between biochar and Fe.  

 

Figure 5-6 Element mapping of the complex of BC400-Fe-L-Cr(a), BC700-Fe-L-Cr (b), 

BC400-Fe-H-Cr (c), and BC700-Fe-H-Cr (d) formed by reaction between biochar and Cr-

laden Fe-L/Fe-H. 

TEM-EDS (Figure 5-6) showed a well-proportioned distribution of Fe on the biochar with 

Fe-L (i.e., Fe almost covered the biochar surface, Figure 5-6a and Figure 5-6b) compared with 

Fe-H (i.e., Fe still kept its acicular shape, Figure 5-6c and Figure 5-6d), indicating a stronger 
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association of Fe-L on biochar surface. Higher solubility and complex potential of low-

crystallinity iron led to this strong and homogeneous aggregation with biochar via electrostatic 

interaction and surface complexation (Bonneville et al., 2009, Lian et al., 2019). Besides, the 

change in the crystalline size of Fe-L was also higher than that in Fe-H after reaction with 

biochar (Figure E9), further suggesting the potent interaction between Fe-L and biochar. In 

fact, the aggregation of organic matter with iron minerals (e.g., ferric hydroxide) widely occurs 

in the natural environment through adsorption, co-precipitation, or chemical bonding 

(Bahureksa et al., 2021, Fritzsche et al., 2021, Joseph et al., 2010). 

 

 

Figure 5-7 SEM images and Raman spectra mapping of ID, IG, and ID/IG for BC400-Fe-L-Cr 

complex (a), BC700-Fe-L-Cr complex (b), BC400-Fe-H-Cr complex (c), and BC700-Fe-H-

Cr (d); Raman spectra and selected mapping area were shown in Figure E10 
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Raman-SEM and XPS analysis revealed the chemical combination between Fe-L and 

biochar. As detected by Raman-SEM (Figure 5-7 and Figure E10, Appendix E), the ratios of 

ID/IG, which represents the amount of carbon defects, were higher near the joints of Fe-L for 

both BC400 and BC700 (Figure 5-7a and Figure 5-7b) compared with the other area. The 

higher carbon defects might be attributed to the combination between ferric oxyhydroxides and 

biochar surface (Sun et al., 2019) through chemical bonding such as C–O–Fe, introducing the 

metal-atom sites and -sp3 hybridization defects (Xue et al., 2020) on the biochar surface (Figure 

E10). XPS analysis (Figure 5-8 and Table E4) further evidenced this chemical bonding that a 

new peak centered at ~532.5–533 eV (ether-type-O of C–O–Fe bonding (Qian et al., 2017, 

Zhou et al., 2007)) was found on the Fe-L-biochar complex. Besides, oxidation of the biochar 

surface by Fe(III) might also result in the doping of O atoms on biochar (e.g., oxidative 

formation of carbonyl or carboxyl (Xu et al., 2020e, Xu et al., 2021e)), leading to the increase 

of defects on the joint area (Figure E10). The high defect level around the joint area indicated 

the intense combination through chemical bonding (i.e., C–O–Fe) between biochar and Fe-L, 

which might be the premise for the electron transfer from biochar to Fe-L (Zeng et al., 2020). 

Besides, this chemical combination might block the reactive sites on the biochar, alleviating 

the probability of direct interaction between biochar and Cr(VI) during the reduction process. 
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Figure 5-8 XPS spectra of O1s for biochar (BC400 and BC700), iron mineral (Fe-L and Fe-

H)-biochar complex before and after Cr(VI) removal. 

 

Step two for indirect electron transfer routine: electron from biochar to Fe-L 

The electron transfer process from biochar to Fe-L was investigated by TEM-EELS 

analysis. Fe(II) could be found in the middle of Fe-L, which was near the combined region of 

biochar (Figure 5-9a), indicating the Fe(III) reduction on Fe-L by biochar. Besides, less 

reductive phenol was found on biochar near the region of Fe-L, again evidencing the 

consumption of electrons on biochar (Figure 5-9a). XPS further supported that Fe(II) was 

formed on Fe-L with about 30.1–30.5% Fe(II) as detected by XPS analysis (Figure E11 and 

Table E5). Moreover, the redox reaction between biochar and Fe-L without Cr(VI) also showed 

the reductive formation of Fe(II) on Fe-L with the oxidative transformation of the surface 

functional group (i.e., –C–O to –C=O) on biochar according to both XPS (Figure 5-8, Figure 

E12, and Figure E13, Appendix E) and TEM-EELS analysis (Figure E14), reaffirming this 

second step of indirect electron transfer, i.e., electron transfer from biochar to Fe-L. 
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Figure 5-9 TEM-EELS mapping of C, Cr, and Fe with speciation on the selected area of 

biochar-Fe-L-Cr complex (a) and biochar-Fe-H-Cr complex (b); Schematic diagram for the 

electron transfer route between biochar and low crystallinity Fe-L (c). EELS spectrum can be 

found in Figure E15; 

 

Step three for indirect electron transfer routine: electron from Fe(II) to Cr(VI).  

TEM-EELS also revealed the formation of Cr(III) in the middle of the iron mineral with 

Fe(II), while Cr(VI) was only found at the bottom of the iron particle with Fe(III), which was 

far away from the combination region (Figures 5-9a and E15). Several electron transfer 

processes might contribute to this unique and representative distribution of Cr(VI)/Cr(III) and 

Fe(III)/Fe(II) on the biochar-mineral surface (Figure 5-9 and Figure E16). The first and most 

possible one was the indirect electron transfer through the valence transformation of the iron 

(Figure 5-9c), i.e., the electron on Fe(II) further transferred to Cr(VI). Since electrons on the 

biochar failed to transfer to Fe(III) at the bottom of ferric oxyhydroxide, which was relatively 

far from carbon particles, limited Cr(VI) reduction was found on these iron areas (Figure 5-

9a). The Fe(II) proportion on the biochar-reduced Fe-L (i.e., Fe-L after reduction by biochar) 

decreased from 31.5–32.9% to 21.6–23.9% after 7-day Cr(VI) reduction (Figure E13, 

Appendix E), further evidencing the existence of this electron transfer process. Another 
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possibility was that biochar might directly reduce Cr(VI) on the approached ferric 

oxyhydroxide. However, this process might be less crucial compared with the first indirect 

routine due to the following reason: (1) the reduction rate of the formed Fe(II) on Fe-L was 

faster than biochar (Figures E17–18, Appendix E); (2) Reducing moiety (e.g., –C–O) on 

biochar would be oxidized by Fe(III) quickly, which inhibited the reducing capacity of biochar 

alone (Xu et al., 2020e, Xu et al., 2021e) (Figure 5-8 and Figure E12). (3) Transition of Fe(II) 

to Fe(III) was much more apparent than the transition of –C–O to –C=O during the Cr(VI) 

reduction by biochar-Fe-L complex (Figure 5-8, Figure E12, and Figure E13); (4) Cr(VI) was 

combined on Fe-L mainly through inner-sphere complexation (Figure E2 and Figure E3), 

limiting its potential to release and reduced by biochar; (5) chemical combination between Fe-

L and biochar might cause the attenuation of direct Cr(VI) reduction by biochar due to the 

block of reactive sites. Besides, released organic carbon from bulk pyrogenic carbon might also 

have a considerable reducing capacity (Xu et al., 2021a), which might be sorbed on the iron 

surface and then reduce the Cr(VI). However, the dissolved organic carbon from BC400 had a 

limited effect on the Cr(VI) reduction and even inhibited the sorption of Cr(VI) on ferric 

oxyhydroxides (Figure E19), which might be attributed to its low concentration and 

competition of sorption sites with Cr(VI). 

In summary, the electron transfer from biochar to Cr(VI) combined with Fe-L occurred 

mainly through the indirect pathway (Figure 5-9c); that is, biochar combined with iron mineral 

(step 1) and reduced the Fe(III) to Fe(II) (step 2) before the Cr(VI) reduction by Fe(II) (step 3). 

During this electron transfer routine, Fe(III) on Fe-L “catches” the electron from biochar, which 

was stored as Fe(II) even after Cr(VI) reduction, as evidenced by XPS and TEM-EELS. These 

electrons could not “reach” Cr(VI) and thus caused the decrease of Cr(VI) reduction amount 

compared to the direct reduction of Cr(VI) by biochar. In fact, the electron-donating capacity 

(EDC) of biochar also showed an apparent decrease with the co-existence of Fe-L (0.66–0.96 
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mmol e– g–1) compared with biochar alone (0.84–1.12 mmol e– g–1) or with Fe-H (0.81–1.06 

mmol e– g–1, Figure 5-10). Higher electron accepting capacity (EAC) of Fe-L might cause this 

decrease due to the electron transfer from biochar to Fe-L. These electrochemical results further 

evidenced the indirect electron transfer process and the “capture” of electrons within the 

biochar-Fe-L complex. 

 

Figure 5-10 EDC and EAC of biochar and iron mineral in the separated or combined system 

 

It is worth mentioning that the direct electron transfer between biochar and Cr(VI) also 

occurred with the formation of Cr(III) on the biochar surface (Figure 5-5), but its contribution 

might be lower than the indirect one. To evaluate the potential contribution of these two 

electron transfer routines, the remained Cr(VI)-containing solution was replaced by the 
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background solution without any Cr(VI) after 7-day sorption of Cr(VI) by Fe-L. Then biochar 

was added to launch the indirect electron transfer, and about 21.8–23.9 mg L–1 Cr(VI) on the 

Fe-L was reduced, representing 66.6–73.0% of the Cr(VI) reduction amount in the system with 

the solution Cr(VI) (Figure E20). Therefore, we could conclude that the majority of Cr(VI) 

was reduced via the indirect electron transfer routine with Fe-L and biochar. 

 

5.3.4 Direct electron transfer routine for Cr(VI) reduction by high-crystallinity ferric 

oxyhydroxides and pyrogenic carbon  

Compared to Fe-L (Figure 5-6a and Figure 5-6b), limited complexation between biochar 

and high-crystallinity iron mineral Fe-H was found, and Fe-H was physically attached to the 

biochar surface since it kept its original acicular morphology (Figure 5-6c and Figure 5-6d). 

No significant change in ID/IG was found near the joint area of Fe-H and biochar, and a similar 

strength of ID/IG was found on the whole biochar surface (Figure 5-7c and Figure 5-7d), again 

evidencing the limited combination and reaction between biochar and Fe-H. Only Fe-

O/Fe(O)OH bound could be detected on the biochar-Fe-H complex (Figure 5-8), and a slight 

change of the crystalline size was found on Fe-H after the interaction of biochar (Figure E9), 

further verifying that only physical attachment was formed between biochar and Fe-H. Limited 

chemical combination and higher stability of the crystal iron mineral (Chen et al., 2015a, 

Cornell and Schwertmann 2003) would inhibit the electron transfer between biochar and Fe-H, 

contributing to the low Fe(II) proportion on Fe-H (14.4–17.0%, Figure E11 and Table E5). 

Thus, only Fe(III) and Cr(III) could be detected by TEM-EELS (Figure 5-9b and Figure E15) 

on the Fe-H with inconspicuous signal and distribution of Cr(VI) and Fe(II). These 

observations indicated that the indirect electron transfer between the high-crystallinity ferric 

oxyhydroxide (Fe-H) and biochar might be more laboursome than the low-crystallinity ferric 

oxyhydroxide (Fe-L). Besides, less sorption amount (Figure 5-3) and limited inner-sphere 
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complexation (Figure E1 and Figure E2) of Cr(VI) on the Fe-H would also alleviate the 

indirect electron transfer through the iron mineral. Instead, the direct electron transfer process 

between biochar and aqueous Cr(VI) should be dominant for Fe-H. 

Rich surface functional groups on pyrogenic carbon can directly serve as the moiety for 

Cr(VI) reduction (Xu et al., 2020f). The ratio of –C–O to –C=O for BC400 and BC700 

decreased from 0.91 to 0.34-0.50 and from 0.96 to 0.19-0.25, respectively, after Cr(VI) 

reduction based on the XPS analysis of O1s (Table E2 and E4). XPS analysis about the C1s 

showed similar results that more oxidative O-containing functional groups, such as the –COO 

group, were formed on the biochar surface (Table E6) after Cr(VI) reduction.  

The occurrence of Fe3+ might inhibit the direct reduction of aqueous Cr(VI) by biochar 

since the interaction with Fe(III) would oxidize the surface functional groups of biochar, which 

might result in the decrease of aqueous Cr(VI) reduction amount (Xu et al., 2020e, Xu et al., 

2021e). A similar phenomenon was found on Fe-L in this study with an apparent decrease of 

biochar’s surface –C–O (–C–O/–C=O ratio as 0.19-0.34) and higher Fe(II) amount (30.1–

30.5%). However, no apparent change of O-moiety was found on the biochar with Fe-H, which 

only altered the –C–O/–C=O ratio from 0.25-0.50 to 0.25-0.48, compared with the biochar 

alone after Cr(VI) reduction. The higher stability of iron and limited chemical combination 

between Fe-H and biochar might block the oxidation of O-moiety on biochar by Fe(III).  

In summary, direct electron transfer from the reductive C-O functional group on biochar 

to Cr(VI) was the main electron transfer route for Cr(VI) reduction with high-crystallinity ferric 

oxyhydroxides. The similar EDC of biochar with and without Fe-H also evidenced that the 

direct electron transfer was dominant for Cr(VI) reduction process by biochar with Fe-H 

(Figure 5-10). The indirect electron transfer from biochar to Fe-H for reducing Cr(VI) was 

alleviated due to the weak combination between Fe-H with biochar, high iron stability, lower 

EAC, and negligible Cr complexation on Fe-H.  
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5.4 Conclusions 

This study demonstrated that the crystallinity of ferric oxyhydroxide minerals affected the 

immobilization/reduction capacity and electron transfer routes of Cr(VI) in the presence of 

biochar (Figure 5-11). The reduction of Cr(VI) in the low-crystallinity ferric oxyhydroxide 

system was mainly caused by the indirect electron transfer, i.e., biochar firstly donated the 

electron to Fe(III) on the iron minerals for Fe(II) generation, which further reduced the Cr(VI) 

sorbed on iron minerals afterwards. Parts of the electrons from biochar were consumed for 

Fe(II) formation even after Cr(VI) reduction during the indirect electron transfer, leading to a 

decreased reduction amount of Cr(VI) compared with the direct electron transfer from biochar 

to Cr(VI). For the high-crystallinity ferric oxyhydroxides, the indirect electron transfer pathway 

was alleviated due to its limited combination with biochar, less sorption amount of Cr(VI), and 

higher Fe(III) stability of the iron crystalline. Direct electron transfer from biochar to Cr(VI) 

became the main electron transport for Cr(VI) reduction. Our results indicated that electron 

transfer mechanisms involving iron minerals would change with the iron crystallization process, 

which was critical for the immobilization of contaminants with biochar. 

 

Figure 5-11 Graphical summarization of Chapter 5 
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Chapter 6 Fe species in Fe-Mn Biochar for Effective Cr(VI) 

Reduction: Key Role of the Embedded Zero-valent Iron Clusters 

within Fe-Mn Oxide 

 

6.1 Introduction 

The global environmental concern is increasing due to the growing demand for clean water 

and population expansion. Practical, affordable, and environmentally benign treatment 

technologies for water decontamination are urgently needed (Kümmerer et al., 2018, Shannon 

et al., 2008, Zhang et al., 2022b). Zero-valent iron (ZVI) is one of the most critical 

multifunctional materials for water purification due to its unique properties, including high 

reactivity, natural abundance, facile synthesis, the broad spectrum of pollutants immobilization, 

and environmental benignancy (Bae et al., 2018, Zhao et al., 2016b).  

One of the main bottlenecks in practical applications of ZVI-based materials in water is 

the low Fe efficiency caused by self-aggregation (Zhou et al., 2022b). Controlling the particle 

size to the nano-level and stabilizing the ZVI particles with carbon materials, such as biochar, 

a carbon-rich product from biomass-waste pyrolysis with rich porous structure and surface 

functionality (He et al., 2022, Lehmann et al., 2021, Xiao et al., 2018a), can be a promising 

strategy to prevent ZVI self-aggregation (Xu et al., 2020c). The nature of waste utilization and 

carbon sequestration of biochar also bring the environmental and sustainable advantage of as-

formed ZVI-biochar composites (Lehmann et al., 2021, Wan et al., 2020c). Moreover, pyrolysis 

with biochar can directly reduce the iron oxides to ZVI, simplifying the preparation process of 

ZVI-biochar composites with no extra chemicals (Fan et al., 2020, Xu et al., 2022a).  
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However, surface passivation during the storage and decontamination process has been a 

major concern for the efficiency of ZVI (Bae et al., 2018, Gu et al., 2019, Guan et al., 2015). 

Surface passivation is caused either by the interactions of ZVI with O2 and H2O that results in 

the surface iron oxide layer (mainly amorphous Fe (hydro)oxide) (Bae et al., 2018) or by the 

formation of the iron-pollutant complexes and precipitates during the pollutant removal (Fan 

et al., 2020, Zhang et al., 2018a). Although the passivation layer could assist in removing 

contaminants through sorption and complexation (Mu et al., 2017, Xu et al., 2021c), it 

significantly inhibits the electron-donating potential and efficiency of the ZVI for the redox-

related process since the electron transfer between core ZVI and surface iron oxide was the 

rate-limited step (Hu et al., 2019, Li et al., 2021b, Vogt and Weckhuysen 2022). In the latest 

studies, even the integration of ZVI with supporting carbon typically had a limited effect on 

the de-passivation (Zhang et al., 2022a), and the strong oxidation capacity of high-temperature 

biochar might enhance the oxidation of ZVI (Xu et al., 2022a, Zhong et al., 2021b).  

To improve the efficiency of the core-ZVI during the application, different strategies, 

including de-passivation (acid treatment or chemical reduction) and surface modification (Bae 

et al., 2018, Garcia et al., 2021, Ling et al., 2022) were used. For example, Wei and co-workers 

(2022) exert tensile strain on ZVI by boron introduction, thereby populating the oxide shell 

with abundant electrons for pollutant immobilization. However, the de-passivation approach 

normally requires a high amount of chemicals (mainly acid and reducing agent) before usage, 

and the de-passivated ZVI will quickly react with O2 or H2O to form the dense oxide layer 

again, leading to lower stability and high cost. Besides, surface passivation might still happen 

on modified ZVI during the interaction with pollutants during the utilization, accounting for 
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the commonly found decreased reactivity and efficiency. Therefore, developing a better 

strategy and designing an active ZVI-containing composite with higher passivation-resistance 

stability, electron/iron efficiency, and economic benefits is crucial.  

Inhibiting the Fe atom diffusion and restricting its coordination with O2, H2O, impurities, 

and pollutants can be the key to the passivation resistance of ZVI-based material(Bae et al., 

2018, Li et al., 2021d). Using binary oxide as the precursor may be a potential strategy to 

separate and stabilize the ZVI. In particular, Fe and Mn can form a series of binary oxides, 

including MnFeO3, MnFe2O4, and MnFeO2, with chemical binding (Fe−O−Mn), due to the 

similar radius, properties, and valence states (Liu et al., 2021a, Wen et al., 2020, Zhang et al., 

2014). The Fe atoms can be separated by Mn in the binary oxides when Fe and Mn ions are 

homogeneously dispersed and mixed on the supporting material (biochar). After forming the 

binary oxides, Fe oxides can be reduced to metallic Fe via a suitable reducing condition (i.e., 

thermal reduction with biochar) (Xu et al., 2022a, Xu et al., 2021f). This process may resemble 

oxygen-vacancy formation within the binary oxides  (Wu et al., 2021), but a more strongly 

reductive state would be needed to construct ZVI with the complete removal of oxygen (Zhou 

et al., 2022a).  

Chromium, a commonly encountered toxic metal, was selected as the target to evaluate the 

electron-donating potential of different ZVI species. The current remediation technologies still 

face low removal performance for highly toxic Cr(VI), and the reduction of Cr(VI) to less toxic 

Cr(III) is the key to effective Cr removal from wastewater. This study proposes biochar as an 

appropriate supporting material for anchoring Fe-Mn oxide and customizing its transformation, 

owing to its rich surface area, oxygen functionality, and inherent alkalinity (Xia et al., 2019). 
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Through this tailored process, Fe(0) is hypothesized to be formed, embedded, and stabilized in 

the Fe-Mn oxide structure during biochar pyrolysis, which can impart a higher Fe efficiency 

for electron donating. To testify the hypothesis, a series of Fe-Mn biochar with different 

embedded ZVI contents were fabricated, and the mineral speciation and valence state were 

characterized to evidence the in-situ formation of embedded ZVI clusters. The Fe utilization 

efficiency of the embedded ZVI clusters was evaluated and compared with commercial and 

modified ZVI. The theoretical calculation was conducted to evidence the underlying 

mechanisms, and the economic benefits were accordingly assessed. Accordingly, we proposed 

a brand-new strategy for preparing active and low-cost ZVI-based material for water 

decontamination. 

 

6.2 Material and Methods 

6.2.1 Preparation of Fe-Mn biochar 

All reagents used in the synthesis process were analytical grade unless noted, with the 

detailed information provided in Appendix A. The biochar used in this study was produced 

from the locally abundant woody yard waste at the EcoPark in Hong Kong (He et al., 2021b). 

To understand the impact of biochar properties on the Fe-Mn mineral transformation and 

embedded ZVI clusters formation, we produced two pristine biochar by pyrolysis at 550 and 

850°C for 2 h under the N2 atmosphere with a ramping rate of 10 °C min−1, based on the before 

results. The as-prepared biochar was ground by mortar and sealed in a dry container. Next, Fe 

and Mn salts (2% each by mass of biochar) were co-dissolved in a beaker with DI water (200 

mL) and biochar (2 g). The mixture was stirred at 200 rpm for 24 h and dried at 60°C for at 
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least 72 h. The biochar-mineral complex was ground for homogeneity, passed through a 120-

mesh sieve, and then pyrolyzed under 850 °C for 2 h for ZVI formation. The formed biochar 

composites were denoted as BC550-FeMn-850 and BC850-FeMn-850 (Fe-Mn biochar).  

To better understand the potential transformation of mineral clusters during the pyrolysis 

with biochar, different holding times ranging from 1−8 h were selected to treat Fe-Mn 

precursors with BC850. In addition, optimized Mn amounts (0.5−8%) were used to prepare 

different Fe-Mn precursors with BC850 and 2% Fe to evaluate the potential role of Mn on the 

efficiency of formed ZVI. Fe-Mn biochar with higher Fe and Mn amounts (2−4%) was also 

produced. For comparison, Fe biochar and Mn biochar were produced with a similar process 

(2 h pyrolysis at 850°C). Fe biochar served as the control to compare the reactivity of the ZVI 

alone on biochar, while the potential impact from Mn oxides was evaluated by Mn biochar. 

Pristine biochar without any mineral addition was also prepared under a similar procedure, and 

it was washed with HCl and water to ensure a similar acidity compared with Fe-Mn biochar. 

All the samples were stored in the container under a dry N2 atmosphere until their 

characterization and use. 

 

6.2.2 Cr(VI) removal efficiency 

We conducted batch experiments for the Cr(VI) removal in simulated wastewater open to 

the atmosphere at 25 °C. Typically, 0.1 g of the Fe-Mn biochar composite was mixed at 250 

rpm in 100 mL solution containing 15 mg L−1 Cr(VI). The solution pH was maintained at ~6.5 

by adding an appropriate amount of HCl or NaOH, and the ionic strength was controlled by 

adding 10 mmol of NaCl. During the 24-h reaction, ~1 mL of solution was collected and 
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separated to detect Cr concentration and speciation at the selected time intervals. The 

concentration of Cr(VI) was determined by the colourimetric method at 540 nm using diphenyl-

carbohydrazide, and the total Cr concentration was determined by the ICP-OES (Xu et al., 

2019b). The Cr(VI) removal kinetics by different Fe-Mn biochar was calculated based on the 

Cr(VI) concentrations at different times. All kinetics experiments were conducted in triplicate.  

After the 24-h reaction, the solids were collected through filtration (0.45 μm) and freeze-

dried to evaluate the Cr speciation (similar to section 3.2.4). The Cr(VI) removal efficiencies 

of Fe biochar and Mn biochar were assessed for comparison under a similar procedure. We also 

conducted batch experiments for the Cr(VI) removal efficiency under co-existed anions and 

simulated wastewater (Appendix F). Commercial-ZVI, reduced ZVI, S-ZVI, and Ni-ZVI were 

also prepared as the widely used ZVI-based materials (Tian et al., 2021a, Xu et al., 2020b, 

Zhou et al., 2022b) (Appendix F), aand the removal efficiency was tested to compare Cr(VI) 

removal performance and Fe efficiency. The Fe utilization efficiency (Fe efficiency), i.e., the 

proportion of Fe used for the Cr(VI) reduction by offering electron, was calculated (Eq.6.1) 

based on the electron transfer between Fe(0) and Cr(VI) (1:1) (Eq.6.2).  

Fe efficiency for Cr(VI) reduction (mol/mol) =
(ூ) ௩ௗ ()

ୣ ୟୢୢୣୢ (୫୭୪)
            Eq.6.1 

Fe(0) + Cr(VI) → Fe(III) + Cr(III)                    Eq.6.2 

 

6.2.3 Passivation-resistance stability 

Passivation caused by the oxidation of Fe(0) by water or oxidants might lead to fewer 

electrons received by the Cr(VI). To assess the stability of as-prepared Fe-Mn biochar during 

the interactions with H2O and O2, Fe-Mn biochar was oxidized by natural oxidation (room 
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conditions for 1 and 3 months), wet oxidation (water with O2, 10 g L−1), water interaction 

(water without O2 by N2 purging, 10 g L−1), or accelerated oxidation with H2O2 (0.5, 1, and 5%, 

10 g L−1). The change in ZVI proportion was estimated, and the reducing capacity for Cr(VI) 

removal after the oxidation process was determined by batch experiments. Fe-biochar was set 

as the control to compare the passivation-resistance stability of ZVI without Mn. Reduced ZVI 

by NaBH4 (Appendix F) was also used as the control for the oxidation stability of ZVI particles 

alone. 

 

6.2.4 Characterization 

To evidence the speciation and morphology of embedded ZVI in Fe-Mn oxides, different 

Fe-Mn biochar composites were characterized by XRD, AC-STEM with selected area electron 

diffraction patterns (SAED), and HR-TEM with EDX. An XPS with depth etching was used to 

identify the Fe(0) contents and Mn states over varying depths within the Fe-Mn biochar, which 

is critical for evaluating the surface passivation of ZVI and the potential formation of ZVI 

clusters without a crystal lattice (Hu et al., 2019, Li et al., 2021d). Hydrogen temperature-

programmed reduction (H2-TPR) and Raman analyses were conducted to evaluate the 

construction of embedded ZVI clusters associated with biochar pyrolysis. Details for the 

characterization methods was shown in Appendix B. Besides, DFT calculations were 

performed to assess the transformation process of Fe-Mn minerals with biochar and the 

combination energy during the immobilization and passivation process (Appendix F). An 

economic comparison of as-prepared Fe-Mn biochar and ZVI was conducted based on the costs 

of the feedstock only (Appendix F).  
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6.3 Results and Discussion 

6.3.1 Cr(VI) removal performance 

 

Figure 6-1 Change of chromium concentration with different biochars; The numbers showed 

the removal proportion of Cr(VI) after 0.25 h or 24 h and the removal kinetics constants. 

Approximately 74.3−86.2% of Cr(VI) was removed by the Fe-Mn biochar after the 24-h 

reaction (Figure 6-1), and the removal kinetics (rate coefficients) were estimated to be 

10.1−16.4 × 10−2 h−1. Compared with the unary metal-modified and pristine biochar with the 

same holding time (2 h) and total metal content (2% + 2% vs 4%), the removal capacity of Fe-
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Mn biochar (~74.3−86.2%) was slightly higher than that of Fe biochar (~80.3−84.0%) but 

much larger than that of Mn biochar (~16.1−16.8%) and pristine biochar (12.8−14.6%, Figure 

F1, Appendix F). These results indicated that Fe was the key to the Cr(VI) reduction and 

immobilization by the Fe-Mn biochar, while the Mn minerals and carbon phases had only 

limited contributions. The XPS analysis revealed that the main Cr species was Cr(III), with a 

binding energy of 577.0−577.4 eV after the immobilization process (Figure 6-2), implying the 

reduction of Cr(VI) by ZVI was the key to the Cr(VI) decontamination. It is noted that a higher 

amount of Cr(III) remained in the solution after 24-h reaction, which required further treatment 

by precipitation for the entire removal process. In this study, we primarily focused on the Cr(VI) 

reduction process to evaluate the Fe utilization efficiency in Fe-Mn biochar. 

 

 

Figure 6-2 XPS depth profiling analysis of the Cr 2p binding state in the BC850-Fe-Mn-850-

2h and BC550-Fe-850-2h after Cr(VI) removal. 

 

6.3.2 Fe efficiency of Fe-Mn biochar for Cr(VI) removal 
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Theoretically, each Fe(0) atom could reduce one Cr(VI) to Cr(III) by offering electrons 

(Eq.6-2), and the Fe efficiency for the Cr(VI) reduction of different Fe-Mn biochar and Fe-

biochar was calculated accordingly. The efficiency of Fe-Mn biochar was much higher than the 

Fe biochar containing the same Fe content (0.55−0.71 > 0.51−0.52 for 2% Fe; 0.41 > 0.33−0.34 

for 4% Fe) (Figure 6-3).  

 

Figure 6-3. Fe efficiency of different Fe-Mn biochar and Fe biochar during the Cr(VI) 

removal, all Fe-Mn biochar was prepared with BC850 to compare holding time and ratio if it 

was not specified. 

Considering the different preparation conditions, the Fe-Mn biochar produced with BC550 

as the precursor showed lower Fe efficiency for Cr(VI) removal than BC850-FeMn-850, and 

the Fe efficiency increased first (1−4 h) and then decreased with the increasing holding time 
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(Figure 6-3 and Figure F2). Besides, reducing Cr(VI) by the Fe-Mn biochar was sensitive to 

a critical concentration of Mn (0.5−8%). That is, increasing the Mn content to 4% in the 

composites facilitated the Cr removal, while a further increase in the Mn content caused a net 

decrease in the Cr removal (Figure 6-3 and Figure F2). Moreover, Fe-Mn biochar produced 

with BC850 showed a higher efficiency than that produced with BC550, while different results 

was found for Fe biochar (Figure 6-3). This contrasting phenomenon indicates the different Fe 

species in Fe-Mn biochar and Fe biochar. Suitable preparation conditions determined the high 

Fe efficiency related to the suitable species, and varying Fe efficiency also indicated the 

complicated mineral transformation process in Fe-Mn biochar. 

 

6.3.3 Comparison of Fe efficiency between Fe-Mn biochar, Fe-biochar, and ZVI 

All Fe-Mn biochar showed a noticeably higher Fe efficiency for the Cr(VI) immobilization 

than ZVI alone. Either commercial ZVI (0.47 × 10-2) or modified ZVI (0.94−1.3 × 10-2) showed 

a low Fe efficiency for Cr(VI) immobilization with a considerable amount of Cr(VI) left in the 

solution (4.3−10.6 mg L−1), indicating the inhibited reduction process was related to the surface 

passivation of ZVI instead of the low remaining Cr(VI) concentration. In addition, the Cr(VI) 

reduction by ZVI might be achieved by the electron transfer between Cr(VI) and Fe(II) after 

the oxidative generation of Fe(II) during Fe(0) passivation, leading to lower Fe efficiency (0.33 

in theory). These results confirmed that the unique Fe speciation in the Fe-Mn biochar 

(especially for that with 4h holding and 2% : 4% Fe : Mn ratio) might inhibit the ZVI 

passivation and aggregation, causing the direct electron transfer between Fe(0) and Cr(VI) with 

a high Fe efficiency. It is noted that the carbon and Mn phase might also contribute to the Cr(VI) 
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reduction (<16.8%). After excluding this contribution, all Fe-Mn biochar could still show 

higher efficiency (0.27−0.64) than the ZVI or modified ZVI (0.47−1.3 × 10-2). 

Table 6-1 Fe efficiency of Fe-Mn biochar, Fe-biochar, commercial ZVI, and reduced ZVI 

for the Cr(VI) immobilization in different wastewater. 

Material 

Electroplating Wastewater Mining Wastewater Textile Wastewater 

Immobilized 

Cr(VI) 

(mg g-1) 

Fe 

efficiency 

(mol mol-1) 

Immobilized 

Cr(VI) 

(mg g-1) 

Fe 

efficiency 

(mol mol-1) 

Immobilized 

Cr(VI) 

(mg g-1) 

Fe 

efficiency 

(mol mol-1) 

BC850-

FeMn-850-1h 
320.2±5.7 0.34±0.01 250.7±31.4 0.40±0.03 312.7±22.1 0.34±0.02 

BC850-

FeMn-850-2h 
606.9±12.4 0.65±0.01 483.4±29.0 0.66±0.03 528.3±22.1 0.57±0.02 

BC850-

FeMn-850-4h 
765.5±13.0 0.82±0.01 707.0±14.9 0.90±0.02 619.1±5.3 0.67±0.01 

BC850-

FeMn-850-6h 
752.6±19.3 0.81±0.02 545.7±27.9 0.72±0.03 593.7±11.4 0.64±0.01 

BC850-

FeMn-850-8h 
367.2±3.4 0.40±0.00 197.6±59.3 0.35±0.06 22.2±12.4 0.24±0.01 

BC550-Fe-

850-2h 
250.9±8.6 0.27±0.01 250.1±2.8 0.27±0.01 174.9±4.2 0.19±0.00 

Reduced ZVI 15.4±0.4 0.02±0.00 19.2±0.5 0.02±0.00 13.8±0.1 0.01±0.00 

Commercial 

ZVI 
6.3±0.5 0.01±0.00 5.3±0.4 0.01±0.00 6.4±0.0 0.00±0.00 

Moreover, we found that the Fe-Mn biochar could still keep high efficiency of 0.34−0.90 

in simulated wastewater from electroplating, mining, and textile industry, especially for the 

BC850-FeMn-850-4h with a Fe efficiency of 0.67−0.90 (Table 6-1). A similar trend of Fe-Mn 

biochar's efficiency with the increasing holding time was found in the wastewater matrix; that 

is, it increased first (1−4 h) and then decreased (4−8 h). A much lower Fe efficiency was found 

for Fe-biochar (0.19−0.27), commercial ZVI (0.00−0.01), and reduced ZVI (0.01−0.02) (Table 

6-1), further evidencing the outstanding Fe efficiency in Fe-Mn biochar. 

The widely co-existed impurities in the wastewater might participate in forming the 

passivation layer of ZVI through complexation or co-precipitation and thus decrease the Fe 
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efficiency. As shown in Figure 6-4, Cl- and SO4
2- have a limited impact on the Fe efficiency 

under either low (1:1) or high (10:1) concentration, while the existence of phosphate alleviated 

the Cr(VI) reduction process due to the competitive complexation (Xu et al., 2022b). 

Commercial ZVI and modified ZVI showed a significant decline in Fe efficiency from 0.47 × 

10-2 to 0.31× 10-2
 and from 0.94−1.3× 10-2 to 0.62−0.77× 10-2, respectively, with the existence 

of 1:1 phosphate. The efficiency further decreased to 0.10−0.33 × 10-2 in the presence of a 10-

times higher phosphate (71.7−81.1 % decrease compared to the origin efficiency). However, 

Fe in the Fe-Mn biochar showed higher stability with only 35.9−46.7% decrease in the presence 

of phosphate, while limited stability improvement was demonstrated in the Fe biochar (80.7% 

decrease). This result indicated that the higher stability for the co-existed phosphate should 

mainly come from the unique properties of Fe in the Fe-Mn oxide instead of the biochar.  

 

Figure 6-4 Fe efficiency of Fe-Mn biochar, Fe biochar, and commercial/modified ZVI for 

Cr(VI) immobilization with/without co-existing impurities. The insert figure was the enlarged 

version to show the difference between ZVI 
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6.3.4 Preserved Fe efficiency of Fe-Mn biochar with oxidants.  

 

Figure 6-5 Cr(VI) removal efficiency of Fe-Mn biochar, Fe-biochar, and reduced-ZVI after 

natural oxidation (NO), accelerated oxidation (AO), interaction with water only (N2 purged to 

remove O2) (W), and interaction with O2-contained water (WO). 0.5, 1, and 5% indicated the 

concentration of the used H2O2 for the accelerated oxidation process. 1M and 3M represent 

the natural oxidation with 1 and 3 months. 

Interaction between the oxidants with ZVI during the storage (O2 in air) and application 

(O2 or H2O in wastewater) might also decline the electron efficiency of ZVI for the targeted 

pollutants. The Cr(VI) removal proportion of BC850-FeMn-850-2h could still achieve 

79.3−83.3% after the proposed oxidation process (Figure 6-5), comparable to the initial 

efficiency of 84.2%. A greater decrease in Cr(VI) immobilization was found in BC850-FeMn-

850-4h after the oxidation processes, yet it could maintain an efficiency of over 78.9%. By 

contrast, the reactivity of Fe-biochar (BC550-Fe-850) significantly decreased to 32.3−42.2% 

(accelerated oxidation), 64.1% (water interaction), 59.1% (wet oxidation), and 40.5−47.8% 
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(natural oxidation) after the interaction with oxidants, and reduced ZVI also showed a similar 

decrease from 60.2% to 17.8−44.8%. Promising stability with preserved efficiency of Fe-Mn 

biochar was found after interaction with O2, water, or strong oxidants (H2O2), and it should be 

oriented from the unique Fe species. Moreover, the stable efficiency also indicated the potential 

advantage of Fe-Mn biochar during long-term utilization or storage. 

 

6.3.5 Mineral species in Fe-Mn biochar 

According to the HR-TEM with EDX analysis (Figure 6-6a), Fe, Mn, and O fitted on the 

carbon phase of Fe-Mn biochar, evidencing the formation of Fe-Mn binary oxide. XRD 

analysis confirmed that FeMnO2 was the primary mineral speciation in the Fe-Mn biochar with 

2-6 h holding time (Figure 6-6b), and the (111) plane of FeMnO2 was also detected with HR-

TEM (Figure F3). These results indicated the formation of binary oxide with Fe-O-Mn bond 

in the lattice instead of the physical mixture of FeO and MnO, and the formation of the solid 

solution under high-temperature pyrolysis is the key to the transformation process. 

Interestingly, the peak position of FeMnO2 slightly left-shifted with the increasing holding 

time (Figure 6-6b) and Fe-Mn ratio (Figure F4) due to the evolution of the FeO/MnO ratio in 

the formed FeMnO2. Based on the peak positions of Fe-Mn biochar over varying Fe/Mn ratios 

and those of standard FeMnO2 in the database, we concluded that the FeO proportion in 

FeMnO2 decreased with the increase of holding time from 2h to 6h (Figure 6-6b and Figure 

F4) due to the reductive transformation of FeO structure in FeMnO2 to ZVI cluster without a 

crystal structure. It is worth noting that crystal ZVI could be found on Fe-Mn biochar with 1h 

and 8h pyrolysis. It might be caused by the limited combination of Fe and Mn minerals under 
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a short interaction time (1h) or spontaneous agglomeration of Fe particles with excess energy 

under a longer pyrolysis duration (8h) (Li et al., 2021c, Li et al., 2020e).  

 

Figure 6-6 TEM-EDX analysis of the Fe-Mn biochar (a); XRD pattern of Fe-Mn biochar and 

the (200) peak position (b); ZVI proportion (c) under the different depths of Fe biochar and 

Fe-Mn biochar 

 

The AC-STEM with SAED analysis revealed the formation of nano-sized ZVI clusters 

with the specific plane surrounding the FeMnO2 and MnO2 (2.0 Å, (110) lattice of Fe(0), 

Figure F5, Appendix F). The XPS analysis with depth profiling confirmed the ZVI cluster 

formation during the high-temperature pyrolysis of the Fe-Mn biochar (BC850-FeMn-850). 

Fe(0) content increased during the first 2 h of pyrolysis, attained its largest content at 4 h, and 
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then maintained during the subsequent pyrolysis (4−8 h, Figure 6-6c). The ZVI might exist in 

the form of nano-sized ZVI clusters without forming the lattice structure because no XRD 

peaks of ZVI were found, manifesting the excellent dispersion and embedment of ZVI clusters 

in the oxide support(Zhou et al., 2022a). Compared with the Fe-biochar with ZVI alone 

(evidenced by XRD BC550-Fe-850, Figure F3), the Fe(0) proportion of Fe-Mn biochar was 

higher at all depths (5.0−13.6% > 0.0−12.9%, Figure F6 and Table F1, Appendix F), leading 

to the higher reduction capacity and efficiency. A considerable amount of Fe(0) was formed on 

the surface (0 nm) of Fe-Mn biochar, while no Fe(0) was detected on Fe-biochar, evidencing 

that the ZVI cluster on Fe-Mn biochar might undergo limited surface passivation and keep its 

high efficiency. 

Moreover, H2-TPR analysis confirmed the formation of the ZVI cluster on the Fe-Mn 

biochar (Figure F7). The intensity of the H2 reduction peaks of Fe-O decreased with the 

increase of holding time (BC850-FeMn-850-4h < BC850-FeMn-850-2h), pointing the 

formation of ZVI clusters with the decrease of FeO under longer pyrolysis. Besides, the Raman 

spectrum supported the in-situ formation of embedded ZVI clusters (Figure F7). The 

characteristic peaks of iron oxides (~700 and 540 cm−1) (Achola et al., 2020, Gong et al., 2021) 

disappeared, and only characteristic peaks of the Mn−O bonding (~640 cm−1) (Li et al., 2020b, 

Portillo-Vélez and Zanella 2020) can be found in Fe-Mn biochar with 2h and 4h pyrolysis time.  
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Figure 6-7 Proposed reaction mechanism for O vacancy formation on the FeMnO2 with CO 

reduction (a). The inset shows the calculated energy profiles; The structures of intermediates 

and transition states are shown in the reaction route; Comparison of energy required for the 

first (VO) and second (VO-O) O-vacancy formation on the FeMnO2 (b) 

The reduction of Fe with the formation of ZVI cluster on Fe-Mn oxide might be caused by 

surface functionality on biochar (Xiao et al., 2018a, Xu et al., 2021f). The DFT calculations 

unveiled the potential reaction route for the O removal with the CO generated by biochar's 

surface functionality (Figure 6-7a). Based on the calculations, CO is first adsorbed on the 

FeMnO2 by forming Fe−C and O−C bonds. After overcoming the energy barriers of 2.0 and 

0.8 eV, the Fe−C bonding and O−Metal bonds were broken in sequence with the formation of 

oxygen vacancy and the release of CO2. In this case, the Fe-C bond cleavage was the rate-

limited step due to the higher energy barrier (2.0 eV), requiring a high pyrolysis temperature. 

We also found that the energy demand for the further removal of the O was lower than the first 

O linked with the same Fe atom (Figure 6-7b), implying the potential construction of ZVI. 

Both increased O/C ratio and oxidative conversion of the O-functional group on biochar (Table 

F2, Table F3, and Figure F8, Appendix F) with rising holding time can directly evidence this 
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reduction process.  

The valence transformation of M occurred during the reductive formation of ZVI (Table 

F4, Appendix F). Based on XPS analysis, different Mn speciation, including Mn(IV), Mn(III), 

and Mn(II), were formed on the Fe-Mn biochar (Figure F9). The average Mn state significantly 

increased from 2.5−3.4 (1 h) to 3.2−3.6 (2−4 h) with the rising pyrolysis duration and kept 

steady later 3.4−3.9 (8 h) (Figure F9). The increase in the Mn state indicated the generation of 

Mn(III) and Mn(IV) in the Fe-Mn biochar during the in-situ formation of Fe(0), and more 

Mn(IV) and Mn(III) were formed on Fe-Mn biochar surface with a longer holding time as 4 h. 

The AC-STEM-SAED revealed the potential formation of MnO2 on the Fe-Mn biochar with a 

specific lattice distance of 4.0 Å (101) and 3.1 Å (110) (Figure F5), and the metallic iron (2.0 

Å (110) lattice) was formed surrounding the MnO2 structure. These results suggested a 

potential formation pathway for ZVI clusters via the oxygen transfer from the FeO to the MnO 

structure, along with the formation of ZVI clusters and MnO2.  

 

6.3.6 Transformation route of Fe during the pyrolysis  

Motivated by the characterizations and calculation, a possible in-situ formation mechanism 

of embedded ZVI clusters within Fe-Mn oxide was proposed (Figure 6-8). We found that 

crystal ZVI with amorphous Mn mineral was first formed within a short pyrolysis time and 

then gradually transformed into crystal FeMnO2 with increasing pyrolysis time (step 1 in 

Figure 6-8). The Mn in the amorphous mineral might combine with the iron and iron oxides 

to construct FeMnO2 during pyrolysis (1-h ripening stage). The reductive formation of ZVI 

clusters occurred with further pyrolysis, and the formed ZVI would be embedded into the 
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FeMnO2 skeleton. The generated CO molecules during biochar pyrolysis may first remove the 

skeleton oxygen and promote the formation of oxygen vacancies with FeO (step 2 in Figure 

6-8), and the concomitant O removal would result in the construction of ZVI (step 3 in Figure 

6-8). The DFT calculations unveiled the potential reaction route for the O vacancy formation 

during the biochar pyrolysis, indicating the potential formation of ZVI (2−6 h reduction). 

Interestingly, the characteristic peaks of ZVI appeared again when the holding time 

reached 8 h based on the XRD analysis, and the possible reason was the agglomeration and 

crystallization of the formed ZVI clusters with the excessive pyrolysis duration (step 4 in 

Figure 6-8). A longer pyrolysis duration could provide excess energy to promote sufficiently 

fast surface diffusion and supply the surface energy of particles for spontaneous agglomeration 

(Li et al., 2021c, Li et al., 2020e). Hence, the spontaneous agglomeration of ZVI clusters, along 

with the formation of the lattice structure, was the primary process for the longer duration of 

pyrolysis.  

 

Figure 6-8. FeMnO2 transformation with embedded ZVI cluster formation on the Fe-Mn 

biochar during the pyrolysis with increased holding time. 
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6.3.7 Mechanism for the hhigh Fe efficiency of embedded ZVI cluster.  

Based on the XPS analysis (Figure F10 and Table F5, Appendix F), over 100 nm depth 

of Fe(0) on the Fe-Mn biochar was consumed for the Cr(VI) reduction with the formation of 

Fe(III)/Fe(II) (Figure 6-9a). These results indicated that electrons in the core area of the 

embedded ZVI clusters on Fe-Mn biochar were fully utilized, which could be the key to 

efficient electron-donating of Fe-Mn biochar. By contrast, a considerable amount of Fe(0) was 

left after the Cr(VI) immobilization process by Fe-biochar,  and only the surface 20 nm-deep 

ZVI was used for Cr(VI) reduction (Figure 6-9b) (Li et al., 2021b). The ZVI/electron in the 

deeper depth was normally hard to be used due to surface passivation since the electron/ZVI 

diffusion through the passivation layer was the rate-limited step (Li et al., 2021d). 

 

Figure 6-9 The ZVI content under the different depths of Fe-Mn biochar (a) and Fe biochar 

(b) before and after Cr(VI) removal. The schematic below shows the Fe(0) variation for 

Cr(VI) reduction from surface to depth.  
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 The following process might contribute to the high Fe efficiency of embedded ZVI 

cluster during the immobilization process: 

(i) Limited Fe-Cr Complexation with Fe-Mn Oxide. Different combination processes 

during the Cr(VI) immobilization by Fe-Mn biochar and Fe biochar might determine electron 

utilization. For ZVI alone on Fe-biochar, a dense passivation layer was formed by the 

accompanied reduction and sorption processes of chromium (Mu et al., 2017, Zhao et al., 

2022a), evidenced by the highly fitted distribution of Fe and Cr after immobilization (Figure 

6-10a), and it will restrict the further electron transfer between core ZVI and Cr(VI). By 

contrast, the embedded ZVI clusters in the Fe-Mn biochar did not fix the formed Cr(III) after 

reduction, and the Cr(III) was mainly sorbed and precipitated on the carbon surface (Xu et al., 

2019e) afterwards (Figure 6-10b). In other words, no Fe-Cr passivation layer was formed on 

the ZVI clusters on Fe-Mn biochar due to the potent combination between Fe and Mn, leading 

to the facilitated electron transfer between core-ZVI and Cr(VI). In addition, the intense 

binding between Fe and Mn might lead to the limited passivation of ZVI with impurities like 

phosphate, causing the preserved efficiency (Figure 6-4). 

 

Figure 6-10 The distribution of different elements on Fe biochar (a) and Fe-Mn biochar (b) 
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(ii) High Cr(VI) Affinity of the Surface Fe-Mn Oxide. In addition to the limited 

passivation of ZVI clusters on Fe-Mn biochar, the surface Fe-Mn oxide has an active affinity 

with Cr(VI), which is also critical for efficient electron-donating. The DFT calculations 

revealed that FeMnO2 had a higher HCrO4
− adsorption potential than FeCrO3 and Fe2CrO4 (the 

model mineral for the Fe−Cr complex covered on the ZVI) due to the lower adsorption energy 

(-3.9 eV < 2.0−2.1 eV, Figure 6-11). The potent coordination of FeMnO2 with HCrO4
− could 

facilitate the reduction of Cr(VI) by the Fe(0) at a deeper depth, while the surface coverage 

with the Fe−Cr complex inhibited this electron transfer. In short, the separated processes of 

reduction and immobilization by the embedded ZVI clusters in the Fe-Mn oxide could ensure 

a high Fe efficiency by forming an "activated" layer (Fe-Mn oxide) instead of a passivation 

layer (Fe-Cr complex).  

 

Figure 6-11 The combined energy and pattern of HCrO4
- on the FeCrO3, FeCr2O4, and 

FeMnO2. FeCrO3 and FeCr2O4 were selected as the model mineral for the Fe-Cr complex 

formed during the Cr(VI) removal by Fe biochar 

 

(iii) Oxidation Resistance of Embedded ZVI Clusters on Fe-Mn Biochar. The oxidation 

of Fe(0) by water or oxidants also leads to the less electron received by the Cr(VI), which also 
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causes the low efficiency of ZVI. The formation of surface Fe-Mn oxide protected the inner 

ZVI cluster during its interaction with impurities/oxidants, leading to a higher efficiency for 

Cr(VI) removal. A thinner layer of oxidized Fe was formed on Fe-Mn biochar than Fe biochar 

(ZVI alone) (Figure 6-12, Figure F11, and Table F6, Appendix F), indicating less electron 

consumption with oxidants (oxidants and water). Using 10% Fe(0) content as the benchmark 

to evaluate the iron oxide layer, the passivation layer of ZVI alone could reach over 100 nm 

after the oxidation, while the surface oxide layer of the embedded ZVI clusters only increased 

from ~10 nm to ~50 nm (accelerated oxidation) and ~20 nm (natural oxidation) (Figure 6-12). 

The oxidation resistance stability was further confirmed by the preserved reducing capacity of 

Fe-Mn biochar and the significant decline of Fe-biochar/ZVI after interacting with different 

oxidants (Figure 6-5). 

According to the DFT calculation, the surface of FeMnO2 had a lower potential to trap O2 

than Fe2O3 and FeO (model minerals for the surface passivation layer of ZVI) with higher 

energy demand (-0.4 eV > -1.4−-1.0 eV, Figure 6-13), leading to the protection impact for ZVI 

clusters. In addition, forming the FeMnO2 layer with Fe−O−Mn bonding (~10−20 nm) might 

alleviate the Fe oxidation since the rate-limiting step of surface passivation was the diffusion 

of Fe ions in the oxide layer (Bae et al., 2018). We found that the valence state of Mn, especially 

at the 5−20 nm depth, decreased during the oxidation process (Figure F12 and Table F4), 

which might be related to the formation of FeMnO2. Moreover, higher reductive surface 

functionality on the BC850-FeMn-850 than BC550-Fe-850 (Figure F8) could also alleviate 

the Fe oxidation (Xu et al., 2020e, Xu et al., 2022b), and the noticeable increase in the O/C 

ratio across the entire depth of BC850-FeMn-850 after the oxidation process further supported 
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this conclusion (Table F7).  

 

Figure 6-12 The Fe(0) content under different depths of Fe biochar (a) or Fe-Mn biochar (b) 

before and after the oxidation process. The schematic diagram shows the oxidation of ZVI to 

iron oxide from the surface during the interaction with O2. Less Fe(0) was oxidized on Fe-Mn 

biochar during the interaction with O2, water, and strong oxidant, leading to more electron 

transfer with Cr(VI); 

 

Figure 6-13 The combination energy and pattern of O2 on the FeCrO3, FeCr2O4, and 

FeMnO2. Fe2O3 and FeO were selected as the model iron oxide for the passivation layer of 

the ZVI on Fe biochar. 
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(iv) Electron Transfer by Mn. The valence state of Mn increased after the Cr(VI) removal 

process (Figure F13), implying that the Mn electron might partially contribute to the Cr(VI) 

reduction process directly or through the electron mediating (Xu et al., 2021e). The contribution 

of the Mn electron might mainly be achieved with the embedded ZVI clusters since Fe-Mn 

biochar only showed a higher efficiency by forming embedded ZVI clusters within Fe-Mn 

oxide (Fe-Mn biochar with 2-6 h holding) instead of the separated ZVI and Mn minerals (Fe-

Mn biochar with 1 or 8 h holding) (Figure 6-3 and Table 6-1). In addition, the variation of Fe 

efficiency with different Fe: Mn ratios (Figure 6-3) also supported this conclusion since 

increasing Mn content at a higher Mn amount decreased the Fe efficiency.  

In short, the FeMnO2 coverage inhibited the interactions between inner ZVI and oxidants 

but facilitated its binding with Cr(VI). The limited formation of the Fe-Cr complex also 

alleviated the passivation of ZVI during Cr(VI) reduction, and the Mn might further support 

the electron transfer between ZVI and Cr(VI). All of these processes could account for higher 

efficiency of the embedded ZVI clusters on Fe-Mn oxide, resulting in efficient Cr(VI) removal 

by Fe-Mn biochar. 

 

6.3.8 Economic analysis of Fe-Mn biochar 

The feedstock costs of different Fe-Mn biochar, Fe-biochar, and ZVI has been calculated 

accordingly (Table 6-2 and Appendix F). The cost of commercial ZVI particles was 6.3 times 

higher than the Fe-Mn biochar, and a much higher cost (63.3−75.4 times higher) was found for 

the modified ZVI (reduced ZVI, S-ZVI, and Ni-ZVI). Even considering the potential cost of 

the pyrolysis process, the price of preparing Fe-Mn biochar is still lower than the commercial 
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and modified ZVI (Table 6-2). Based on the cost and the Fe efficiency in simulated wastewater, 

using Fe-Mn biochar to treat the concentrated industry wastewater had up to 6.4−8.0 and 

20.6−26.9 times higher economic benefits than commercial ZVI and modified ZVI, 

respectively. It is noted that potential degeneration of the performance during storage and 

transportation of Fe-based materials was not considered, which might also be crucial for the 

actual application of Fe-based materials. Due to the higher stability for oxidation-resistance of 

Fe-Mn biochar (Figure 6-5), it should have a much higher economic benefit because of storage 

and transportation during field-scale applications. 

Table 6-2 Cost and Performance Balance of Different Fe-based Materials 

Materials 

Material 
Cost 
(USD 
Kg -1) 

Electroplating Mining Textile 

Needed 
amount 
(×10 -2 

Kg L-1) 

Cost for 
treating 
(USD L-

1) 

Needed 
amount 
(×10 -2 

Kg L-1) 

Cost for 
treating 
(USD L-

1) 

Needed 
amount 
(×10 -2 

Kg L-1) 

Cost for 
treating 
(USD L-

1) 

BC850-
FeMn-850-

1h 
67.3 3.1 2.1 10.0 6.7 2.0 1.4 

BC850-
FeMn-850-

2h 
78.4 1.6 1.3 6.2 4.8 1.2 0.9 

BC850-
FeMn-850-

4h 
100.6 1.3 1.3 4.5 4.5 1.0 1.0 

BC850-
FeMn-850-

6h 
122.9 1.3 1.6 5.6 6.9 1.0 1.3 

BC850-
FeMn-850-

8h 
145.1 2.7 4.0 11.6 16.9 2.3 3.3 

BC550-Fe-
850-2h 

82.4 2.0 1.6 7.5 6.2 1.7 1.4 

Reduced ZVI 2501.3 1.3 32.4 3.9 97.8 1.0 25.5 
Commercial 

ZVI 
289.1 3.2 9.2 14.2 40.9 2.3 6.7 
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6.4 Conclusions 

A dense surface passivation layer restricts the efficiency of ZVI for environmental 

applications, which was the main bottleneck of ZVI-based materials for wastewater treatment. 

Our solution, the Fe-Mn biochar with embedded ZVI clusters, presented a higher Fe efficiency 

with outstanding stability for water decontamination with potential economic benefits. 

According to the Cr(VI) removal efficiency, the embedded ZVI cluster could perform up to 

80.5-161.7 times higher efficiency than the commercial/modified ZVI in the (waste)water 

matrix with lower cost (Figure 6-14). The unique embedded ZVI clusters contributed to the 

high Fe efficiency due to the less formation of the passivation layer and enhanced affinity with 

Cr(VI). This work provides a new direction for developing future ZVI-based materials with a 

high atom efficiency, while further analysis is needed to unveil and quantify the long-term 

interactions. Our findings advocate the customized production of high-value engineered 

biochar, which will benefit the biochar industry and end-users in different fields. 

 

Figure 6-14 Graphical summarization of Chapter 6 
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Chapter 7 Hydrothermal Treatment for the Fe-Mn Minerals 

Speciation Control on Biochar: Targeted the Toxic Metals 

Immobilization  

 

7.1 Introduction 

 Due to growing industrialization, toxic metals are being released into the environment 

from various industries (e.g., electroplating and mining) at an ever-growing amount (De Beni 

et al., 2022). For instance, about 2–20% of the chemicals used in the electroplating industry 

contain toxic metals and would be discharged (Costa et al., 2022). Based on the estimation, 

approximately 2 million tons of industrial wastewater with high toxic metal content are 

discharged daily, causing severe toxic metal pollution in the water matrix (Bolisetty et al., 2019, 

Rajoria et al., 2021). Toxic metal pollution is one of the foremost global risk factors for illness 

and diseases and contributes to reducing the available drinkable water worldwide (Bolisetty et 

al., 2019). Therefore, a suitable approach for toxic metal immobilization is urgently needed.  

Engineered biochar has attracted growing attention for the toxic metals removals from 

wastewater due to the facile synthesis, wide availability of raw materials, high efficiency and 

the potential advantage of circular bioeconomy (He et al., 2022, Shaheen et al., 2022, Wang 

and Wang 2019). Among different modification methods, Fe-Mn co-modified biochar was the 

recent research hot spot due to the following reason: (1) Both Fe and Mn oxides have multiple 

valence states, which might bring extra redox reactivity (Qi et al., 2012, Xu et al., 2023a); (2) 

Fe and Mn are relatively cheap, less toxic, and easy to acquire from nature; (3) the introduction 

of Fe and Mn can further affect the properties of carbon phase during the production process, 
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leading to the enhanced performance (Tian et al., 2021b, Wang et al., 2022a, Xu et al., 2022a); 

(4) Similar atomic radius of Fe and Mn atoms enable the formation of binary oxide with 

different valence state during the fabrication process; (5) biochar with rich surface functionality 

can improve the stability of the mineral particles by the firmly anchoring process (Wan et al., 

2020b, Wan et al., 2023); and (6) the magnetic properties of Fe-Mn mineral improves the 

separability of catalysts (Xie et al., 2022, Xu et al., 2020d).  

However, the current study mainly produced Fe-Mn biochar through simple impregnation 

methods without precise control of the Fe-Mn mineral speciation. Due to the variety of Fe (0, 

+2, +3) and Mn valence states (+2, +3, +4, +7), a complex mineral speciation with different 

Fe/Mn species might exist on the Fe-Mn biochar according to the preparation condition. 

Besides, Fe and Mn can be either combined as binary oxide or separated as single Fe oxide and 

Mn oxide on the biochar, and the different mineral combinations might also affect the reactivity 

of the Fe-Mn biochar (Chen et al., 2020b, Zoroufchi Benis et al., 2022). Therefore, unveiling 

the mineral transformation mechanisms during the Fe-Mn biochar production is highly needed. 

Besides, the underlying mechanism during the toxic metal immobilization by Fe-Mn biochar 

is also unclear. Most studies used the synergy impact from Fe and Mn to explain the enhanced 

immobilization impact without convincing evidence. The specific role of each moiety (i.e., Fe, 

Mn, and C) during the pollutants immobilization needs further clarification for the on-demand 

Fe-Mn biochar production. 

Moreover, the settlement of the spent engineered biochar after the toxic metals removal is 

another problem for real industrial-level applications. If the toxic metals on the spent Fe-Mn 

biochar could keep stable, applying the Fe-Mn biochar might be a promising approach since 
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biochar will benefit the soil properties as the amendment (Cai et al., 2021, Hagemann et al., 

2017, Lehmann et al., 2021, Qian et al., 2023), and thus a win-win impact, i.e., pollutants 

immobilization and soil improvement, can be achieved. Moreover, it simplifies traditional 

wastewater treatment, i.e., removing pollutants from water to solids and stabilizing them with 

further treatment, to a simple one-step approach (removing and stabilizing the toxic metals in 

one step). Therefore, the stability of the toxic metals on the spent engineered biochar is another 

focus of this study.   

 In this chapter, we focus on the Fe-Mn mineral transformation during the production of 

Fe-Mn biochar with hydrothermal treatment, which is widely reported as an impregnation 

approach for mineral loading (Guo et al., 2019, Nandagudi et al., 2022), and the role of each 

moiety was scrutinized during the toxic metals immobilization. The electroplating wastewater 

with varying properties is selected as the target wastewater in this chapter, which contains 

numerous toxic metals (Costa et al., 2022, Martín-Lara et al., 2014). Moreover, the stability of 

the toxic metals on spent Fe-Mn biochar after incubation with soil was also evaluated to 

evidence the feasibility of direct settlement in soil.  

 

7.2 Materials and Methods 

7.2.1 Preparation of Fe-Mn Biochar with hydrothermal pretreatment 

All reagents used in the synthesis process were analytical grade, and the detailed 

information was summarized in Appendix A. The biochar used in this study was produced 

from the locally abundant woody waste at the EcoPark in Hong Kong, and pristine biochar was 

first produced at 550°C for 2 h under the N2 atmosphere (BC550) before further treatment.  
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Fe and Mn impregnation was achieved by a hydrothermal process. FeCl3 and MnCl2 (2 

mmol each) were co-dissolved in a beaker with DI water (50 mL). Biochar (BC550, 3g) was 

added with afterwards 30 min stirring, and then alkalinity (NaOH or Urea, 15 mmol in 15 ml 

DI water) was dropwise added with stirring. After another 30 mins stirring, the mixture was 

transferred into the hydrothermal autoclave and heated at 120 or 180°C for 12 h. After cooling 

to the ambient temperature, the composite was washed with DI water and ethanol and dried in 

a freeze-dryer. A second pyrolysis at 850°C with 4 h holding time was then conducted on the 

as-prepared biochar-mineral complex, and the formed biochar composites were denoted as 

120-OH, 120-U, 180-OH, and 180-U according to the hydrothermal temperature and co-

hydrothermal alkalinity. 

To better evaluate the mineral transformation during the hydrothermal and pyrolysis, 

150°C was also set as the hydrothermal temperature to study the mineral speciation on the as-

prepared Fe-Mn biochar. In addition, since the carbon properties normally affect the mineral 

transformation during the pyrolysis process, we also produced different biochar precursors, i.e., 

biochar produced under 850°C under N2 atmosphere (BC850) and biochar produced under 850°

C with CO2 activation (BC850C), for the Fe-Mn mineral loading and studied the impact of 

biochar properties on the mineral speciation after hydrothermal and pyrolysis process. For 

comparison, Fe biochar and Mn biochar were produced with a similar hydrothermal (120 and 

180°C with NaOH or urea) and pyrolysis (850°C for 4h). All these samples were stored in the 

container under a dry N2 atmosphere until their characterization and use. 

 

7.2.2 Decontamination of the simulated electroplating wastewater 
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 The properties of the real electroplating wastewater were first collected from the published 

literature, and relevant information about the used literature and results are shown in Appendix 

G and Figure 7-1. According to the collected properties, batch experiments were conducted to 

remove toxic metals. Typically, 0.2 g of the Fe-Mn biochar composite was mixed at 250 rpm 

in the 100 mL solution containing toxic metals, including Cr(VI), Cu(II), Ni(II), and Zn(II), 

and the concentration and ratio between each toxic metals was determined based on the 

literature (Appendix G). The solution pH was adjusted to ~2-6.5 by dropwise adding HCl or 

NaOH, and the ionic strength was controlled by adding ten mmol of NaCl. The batch 

experiment was conducted for 24 h to ensure the completed removal of pollutants by Fe-Mn 

biochar, and the solution was collected and separated to detect metals concentration and 

speciation. ICP-OES and colourimetric methods were used for the detection, and detailed 

information was described in the previous chapter and Appendix B. Kinetics experiments were 

also conducted for 24 h to evaluate the removal constant of different Fe-Mn biochar. All 

experiments were conducted in triplicate. Commercial ZVI, reduced ZVI, S-ZVI, and Ni-ZVI 

were also set as the comparison for the removal efficiency evaluation (Tian et al., 2021a, Xu et 

al., 2020b, Zhou et al., 2022b) (details in Appendix G).   

 

7.2.3 Stability of the immobilized toxic metals on the Fe-Mn biochar 

 Two extraction methods, acid extraction and CaCl2 extraction, were used to extract the 

toxic metals from spent Fe-Mn biochar. The acid extraction was set based on the HJ-299-2007 

and similar to the synthetic precipitation leaching procedure (SPLP) procedure, which 

simulated the leaching that originates from acidic rain (Pandey et al., 2012). The extracting 
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fluid was prepared by adding a mixture of sulfuric acid/nitric acid (2/1, w/w) to deionized water 

until the pH was 3.2 ± 0.05. The samples were mixed with the solution with the liquid-to-solid 

ratio of 10:1, agitated for 18 ± 2 h at 30 rpm, and then separated through filtration. 0.01 M 

CaCl2 solution was also used to extract the spent Fe-Mn biochar (the liquid-to-solid ratio of 

10:1) (Xu et al., 2018c) since the extraction amount is highly related to the bioavailability of 

toxic metals in soil (Meers et al., 2007). The mixed solution was shaken at 150 rpm for 24 h 

and then filtered for further detection. The concentration of toxic metals in the solution was 

evaluated by the ICP-OES, and the spent reduced ZVI was also set as the control for the 

comparison. 

 A potential approach to settle the spent Fe-Mn biochar was applied to the soil, and the 

stability of the toxic metals on the Fe-Mn biochar will be the determining property of this 

process. Therefore, we mixed the spent Fe-Mn biochar and soil (1% mixing ratio) and 

incubated for 1 month under 70% water content, and similar extraction methods were then 

conducted to evaluate the release of toxic metals after the incubation process. 

 

7.2.4 Characterization 

To evidence the mineral transformation of Fe-Mn oxides during the hydrothermal and 

pyrolysis process, Fe-Mn biochar composites were characterized by XPS, XRD, and AC-

STEM with SAED and EDX (Appendix B). Besides, Raman analysis was conducted to 

evaluate the properties of carbon during the modification process. An XPS with depth profiling 

was conducted to identify the valence states of toxic metals on Fe-Mn biochar after 

immobilization. Besides, STEM with EDX analysis was also conducted to evidence the toxic 
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metals distribution on Fe-Mn biochar after the immobilization. DFT calculations compared the 

metal sorption capacity of different Fe/Mn minerals for the targeted toxic metals. H2-TPR was 

used to support the redox reaction during the immobilization process. Details for the 

characterization methods are shown in Appendix B. 

7.3 Results and Discussion 

7.3.1 Pollutants removal capacity of Fe-Mn biochar under typical electroplating 

wastewater 

 The typical condition of electroplating wastewater was summarized in Figure 7-1a and 

Figure 7-1b according to the reported data in the literature. Seven metals commonly exist in 

the electroplating wastewater with varying concentrations from 0 to over 600 mg L-1 (Figure 

7-1a). Chromium (Cr), nickel (Ni), zinc (Zn), and copper (Cu) show a relatively higher 

concentration in the electroplating wastewater, and its average value could reach 366.9 mg L-1 

(Cr), 233.7 mg L-1 (Ni), 143.9 mg L-1 (Zn), and 604.1 mg L-1 (Cu). The concentration of toxic 

metals is highly variable, but the most common concentration exists in the range of 0-200 mgL-

1. The total organic carbon in these wastewaters is also highly variable, and its average amount 

could reach 135 mg L-1. High acidity is widely found in the electroplating wastewater (Figure 

7-1b) with a widely reported pH of around 2–3. The co-existed anion metals (Cr) and cation 

metals (Ni, Zn, and Cu) under an acidic situation might be the key to the efficient 

immobilization of the electroplating wastewater.  

 According to the reported ratio between anion and cation in the real electroplating 

wastewater (Figure 7-1b), we first evaluated the Cr(VI) reduction capacity of Fe-Mn biochar 

and ZVI under the different ratios of anion and cation pollutants. A high reduction amount can 
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be found in both Fe-Mn biochars, and it was significantly higher than the commercial and 

modified ZVI (Figure 7-1c). Considering the impact of the increasing co-existed cations, a 

much more apparent decrease in the removal amount was found for ZVI, and a preserved 

capacity was shown for Fe-Mn biochar. Similarly, Fe-Mn biochar could keep a high reducing 

efficiency with varying pH, while a significant decrease was found in ZVI with the increasing 

pH in the wastewater (Figure 7-1d).  

 

Figure 7-1 Box chart for the metal concentration in the electroplating wastewater (a); Violin 

with box chart for the anion/cation ratio and pH of the electroplating wastewater (b); Cr(VI) 

reduction concentration under different anion/cation ratio (c) and pH (d).  

 The removal capacity of different toxic metals was then evaluated under the selected 

condition (pH=~2.5 and Anion/Cation=~1). A higher hydrothermal temperature and co-
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hydrothermal with urea benefited the metals removal capacity of Fe-Mn biochar. The highest 

removal capacity for Cr, Cu, Ni, and Zn was found for the Fe-Mn biochar produced with 180°C 

hydrothermal and urea, and its removal capacity reached 12.1 mg g-1 (Cr), 5.0 mg g-1 (Cu), 4.7 

mg g-1 (Ni), and 4.9 mg g-1 (Zn) (Figure 7-2a). The removal capacity was higher than the 

widely-used commercial ZVI and modified ZVI, which only performed a moderate removal 

capacity of 4.4–9.0 mg g-1 (Cr), 3.4–5.0 mg g-1 (Cu), 1.0–3.4 mg g-1 (Ni), and 1.6–4.0 mg g-1 

(Zn). Using the emission standard of pollutants for the electroplating industry (GB 21900-

2008), only Fe-Mn biochar produced with 180°C hydrothermal treatment and urea could reach 

the standard requirement with remained metal concentration of 0.3 mg L-1 (Cr (Total)), 0.1 mg 

L-1 (Cr (VI)), 0.0 mg L-1 (Cu), 0.4 mg L-1 (Ni), and 0.5 mg L-1 (Zn) (Figure 7-2b, Figure 7-2c, 

and Figure 7-2d). By contrast, the commercial/modified ZVI failed to reach the emission 

standard, especially for the chromium emission, which might be caused by the inhibition from 

the co-existed cations (Figure 7-1c).  

 Comparing with the Fe-Mn biochar without hydrothermal treatment (Figure G1, 

Appendix G), hydrothermal treatment, especially the high-temperature treatment with urea, 

significantly improved the removal performance for Cr(VI), Zn, and Ni, while Cu can be totally 

immobilized even without hydrothermal treatment. Moreover, Fe-Mn biochar produced with 

hydrothermal treatment also showed a higher removal capacity than Fe-biochar (Figure G2) 

or Mn biochar (Figure G3) with similar hydrothermal treatment, further evidencing the 

importance of binary oxide modification with biochar.  

 Removal kinetics was also evaluated for the Fe-Mn biochar and reduced ZVI (Figure 7-

3). All toxic metals can be removed within 5h for either Fe-Mn biochar or ZVI. The reduction 
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of Cr(VI) was faster than the immobilization of total Cr, causing the accumulation of Cr(III) 

under a shorter reaction time (< 5h) with Fe-Mn biochar. More toxic metals were moved by 

Fe-Mn biochar compared with the ZVI during the 24h reaction, which is consistent with the 

batch experiment (Figure 7-2).  

 

 

Figure 7-2 Toxic metal removal capacity of different Fe-Mn biochar and ZVI (a); Remaining 

total metal concentration after treatment (b) and enlarged version of the blue box in the b (c); 

Remaining Cr(VI) concentration after treatment and enlarged version of the green box (d). 

pH was set as ~2.5, and the concentration of Cr(VI), Cu, Ni, and Zn was set as 25 mg L-1, 10 

mg L-1, 10 mg L-1, and 10 mg L-1, respectively. The added amount of Fe-Mn biochar or 

modified ZVI was 2 g L-1, and the reaction time was 24h. The black line in the c and d 

represent the emission standard of pollutants for the electroplating industry 



144 
 

 

Figure 7-3 Change of the Cr(Total), Cr(VI), and Cr(III) during the 24 h reaction with Fe-Mn 

biochar produced with urea and 180°C hydrothermal temperature (a) or reduced ZVI (b); 

Change of the Cu, Ni, and Zn during the 24 h reaction with Fe-Mn biochar produced with 

urea and 180°C hydrothermal temperature (c) or reduced ZVI (d); Setting condition was 

similar to the Figure 7-2. 

 In short, Fe-Mn biochar produced with the 180°C hydrothermal treatment with urea 

showed a higher removal capacity for different toxic metals in the electroplating wastewater 

compared to the commercial/modified ZVI). It also showed a preserved efficiency under 

varying acidity and anion/cations ratio conditions in the electroplating wastewater, indicating 

the potential target as the varying electroplating plants. The unique Fe species with the Mn 

mineral fabrication under this hydrothermal condition might bring this advantage. 
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6.3.2 Stability of the immobilized toxic metals on the Fe-Mn biochar 

 

Figure 7-4 The mobilized percentage from spent Fe-Mn biochar or modified/commercial 

ZVI by acid (a) or CaCl2 extraction (b); Released metals from spent Fe-Mn biochar or 

modified/commercial ZVI by acid (c) or CaCl2 extraction (d) 

 Two extraction methods were used to evaluate the released potential of toxic metals 

(Figure 7-4). Fe-Mn biochar produced with 180°C hydrothermal treatment and urea (180-U) 

showed the best stability with only 0.32–1.35% and 0.01–0.03% toxic metals released after 

aicd and CaCl2 extraction, respectively. More toxic metals were released with Fe-Mn biochar 

produced with lower hydrothermal temperature and NaOH (up to 2.56–14.08% (acid) and 

0.10–0.52% (CaCl2)), indicating the key role of the hydrothermal treatment condition. 

Moreover, a significantly higher proportion of all toxic metals was extracted from ZVI than the 
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Fe-Mn biochar by either CaCl2 or acid extraction. The released proportion could reach up to 

8.65–17.39% (acid) and 0.35–1.60% (CaCl2) with a high released amount of 0.32–0.84 mg g-1 

material (acid) and 0.01–0.05 mg g-1 material (CaCl2). This again confirms the advantage of 

the Fe-Mn biochar, the outstanding stability during the extraction. 

Table 7-1 Extraction amount and proportion of toxic metals from spent Fe-Mn biochar 

and ZVI after one month's incubation in soil 

Materials 
Toxic 

Metals 

CaCl2 extraction Acid extraction 

Released 

amount 

(×10-3 mg g-1) 

Proportion 

(%) 

Released 

amount 

(×10-3 mg g-1) 

Proportion 

(%) 

Fe-Mn 

biochar 

(U-180) 

Cr 2.1 0.02 23.3 0.19 

Cu 1.0 0.02 13.9 0.28 

Ni 0.6 0.01 11.0 0.24 

Zn 2.2 0.05 46.7 0.95 

Reduced ZVI 

Cr 16.7 0.22 498.6 6.50 

Cu 14.0 0.33 374.2 8.91 

Ni 11.9 0.41 97.7 3.39 

Zn 23.4 0.72 374.7 11.51 

According to the high stability of the fixed metals on the Fe-Mn biochar during the 

extraction process, it has a high potential for long-term stability after the settlement of the spent 

Fe-Mn biochar. Therefore, we further evaluate the stability of spent Fe-Mn biochar after long-

term incubation in the soil through similar extraction methods (Table 7-1). Fe-Mn biochar (U-

180) still showed higher stability than reduced ZVI after 1 month of soil incubation. Only 

23.3×10-3 mg g-1 Cr, 13.9×10-3 mg g-1 Cu, 11.0×10-3 mg g-1 Ni, and 46.7×10-3 mg g-1 Zn can 

be extracted from spent Fe-Mn biochar through acid extraction, and an even lower extraction 

amount was found through CaCl2 extraction (0.6–2.2×10-3 mg g-1). A higher proportion of toxic 
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metals was extracted from spent reduced ZVI by both acid (3.39–11.52 % > 0.24–0.95%) and 

CaCl2 extraction (0.21–0.72% > 0.01–0.05%).  

 The promising stability of Fe-Mn biochar might mainly come from the fixation of biochar 

on immobilized metals, as biochar is widely reported as immobilizing agent for toxic metals 

through surface functionality or porous structure. More importantly, the unique Fe species with 

Mn oxide on the Fe-Mn biochar prepared under suitable conditions (180°C hydrothermal and 

urea) might also bring the advantage of immobilizing toxic metals.  

 

6.3.3 Mineral species controlled by the hydrothermal process 

 Co-hydrothermal alkalinity significantly affected the mineral speciation during the 

hydrothermal process, leading to the different reactivity of the Fe-Mn biochar (Figure 7-2 and 

Figure 7-4). Based on the XRD analysis, co-hydrothermal alkaline agents affected the Fe-Mn 

speciation on the Fe-Mn biochar. For the hydrothermal process with NaOH, MnFe2O4 was the 

main mineral speciation on the Fe-Mn biochar after the hydrothermal process, while MnCO3 

and Fe2O3 were found on Fe-Mn produced with urea (Figure 7-5a). The hydrothermal 

decomposition of urea might be the main reason for the separated formation of Fe and Mn 

minerals. It is worth noting that no apparent difference can be found when comparing different 

hydrothermal temperatures, indicating the completed reaction under a lower hydrothermal 

temperature (120°C).  

 Urea was trended to be decomposed under a higher temperature (>80°C) with the 

formation of CO2 and NH3 (Goel et al., 2022, Li et al., 2021a) Eq.7.1), and the formed NH3 

will further react with water for the formation of OH- during the hydrothermal process (Eq.7.2). 
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Then, the alkalinity will then cause the precipitation of Fe3+ with hydroxide formation and then 

further transformed into oxide with the high-temperature hydrothermal process (Eq.7.3). 

Meanwhile, the formed CO2 might directly react with the Mn2+ and OH- in the solution with 

the formation of MnCO3 (Eq.7.4). In short, the decomposition of urea caused the formation of 

separated Fe2O3 and MnCO3. For NaOH, it will immediately react with Fe3+ and Mn2+ during 

the mixing process with the formation of Fe-Mn hydroxide. The binary mineral precursor will 

then transform to the binary oxide (MnFe2O4) during the further hydrothermal process (Eq.7.5) 

 

Figure 7-5 XRD pattern of Fe-Mn biochar after the hydrothermal process (a) and after 

hydrothermal and further pyrolysis process (b); The enlarged XRD pattern for the Fe-Mn 

biochar after hydrothermal and pyrolysis process (c&d). 

CO(NH2)2 + H2O → CO2 + 2NH3                        Eq.7.1 

NH3 + H2O → NH4
+ + OH-                         Eq.7.2 

6OH- + 2Fe3+ → Fe2O3 + 3H2O                       Eq.7.3 

Mn2+ + CO2 + 2OH- → MnCO3 + H2O                       Eq.7.4 

Mn2+ + 2Fe3+ + 8OH- → MnFe2O4 + 4H2O                   Eq.7.5 

MnFe2O4 + CO → MnFe2O3 ((MnO)1/3(FeO)2/3) + CO2         Eq.7.6 

MnFe2O3 ((MnO)1/3(FeO)2/3) + CO → MnFeO2 ((MnO)1/2(FeO)1/2) + Fe + CO2   Eq.7.7 
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MnFeO2 + CO → MnO + Fe + CO2                              Eq.7.8 

Fe2O3 + 3CO → 2Fe + 3CO2                                     Eq.7.9 

 Different mineral species after the hydrothermal process will further affect the final 

mineral speciation after the second pyrolysis process. As shown in Figure 7-5b, Fe(0) can be 

found in all Fe-Mn biochar except the 120-OH (120°C hydrothermal with NaOH), and the 

FexMn1-xO2 was formed in all Fe-Mn biochar with a varying peak position. The thermal 

reduction process with the biochar-formed CO could be the main reason for the formation of 

these minerals (Feng et al., 2020, Qiu et al., 2020, Shen 2015, Xu et al., 2022a) (Eq.7.6–Eq.7.9). 

With an enlarged version (Figure 7-5c and Figure 7-5d), a left shift was shown in the Fe-Mn 

biochar with the increasing hydrothermal temperature, and urea-produced samples also showed 

a minor peak position than the NaOH sample.  

To further evidence the impact of hydrothermal treatment on mineral speciation, different 

biochar precursor was also involved in studying the mineral speciation transformation. Results 

showed that the biochar precursor has less impact on mineral speciation before (Figure G4, 

Appendix G) or after pyrolysis (Figure G5, Appendix G) compared to the hydrothermal 

conditions, evidencing the determined role of hydrothermal conditions on the mineral 

regulation. MnFe2O4 and Fe2O3/MnCO3 were still the main minerals after the hydrothermal 

treatment (Figure G4), and they will transform to Fe and FexMn1-xO2 after the pyrolysis 

process (Figure G5). More Fe(0) was formed on the Fe-Mn biochar with the BC550 as the 

precursor than BC850 and BC850C due to the rich reductive potential on low-temperature-

produced biochar (Xu et al., 2021f). 
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Figure 7-6 Relationship of peak position and X in the FeXMn1-XO2 (a); The calculated ratio 

of different Fe-Mn biochar (upper part, b), and the left shift of peak caused by the expansion 

of MnO lattice (down part, b) 

According to the standard peak position of FeMnO2 with different Fe to Mn ratios (Figure 

7.6), we can conclude that the Fe content in the binary oxide decrease with the increasing 

hydrothermal temperature with NaOH due to the reductive formation of Fe(0) (Eq.7.7 and 

Eq.7.8), and binary oxide with limited Fe(0) was the primary mineral speciation in the Fe-Mn 

biochar produced with 120°C hydrothermal. A high hydrothermal temperature might form a 

loose structure of the minerals with smaller particle sizes (Numpilai et al., 2022, Zeng et al., 

2021), thus leading to an easy reductive transformation. For the urea-treated sample, less binary 

oxide was formed even under 120°C hydrothermal temperature, indicating the more 

straightforward Fe reduction from Fe2O3 than the MnFe2O4. Besides, the higher hydrothermal 

temperature (over 150°C) might lead to the further left shift of peaks of MnO. The potential 

reason is the expansion of the Mn-O lattice in the crystal structure due to the high-pressure 

treatment during the hydrothermal process. The decomposition of urea with high pressure due 

to the gas generation (Eq.7.1) and the decomposition of MnCO3 during the thermal treatment 
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might also cause the expansion of the crystal lattice. This unique Mn species with the completed 

Fe(0) formation could be the key to the high reactivity of the Fe-Mn biochar produced with 

urea and 180°C hydrothermal temperature. It is worth noting that biochar precursors also affect 

the mineral speciation of the produced Fe-Mn biochar; that is, the reductive transformation of 

Fe was inhibited with the biochar produced at 850°C and CO2 (850-C), and it might be caused 

by the limited CO formation with higher thermal stability. 

 

Figure 7-7 XPS analysis for the Fe 2p spectrum of different Fe-Mn biochar; Different etching 

was conducted to evaluate Fe species under different depths of Fe-Mn biochar 

XPS analysis with depth profiling was then conducted to further evaluate the mineral 



152 
 

speciation of the produced Fe-Mn biochar. Consistent with the XRD results, the Fe(0) peak can 

be found in all Fe-Mn biochar after pyrolysis except the 120-OH (Figure 7-7). Besides, the 

Fe(0) peak was more apparent under a higher hydrothermal temperature and with the addition 

of urea. It is worth mentioning that a high proportion of Fe(0) can be found even on the surface 

of the Fe-Mn biochar, especially for the U-180, indicating the limited passivation of the Fe(0) 

with the protection of biochar and Mn oxide, which might contribute to the higher reactivity. 

Similarly, Mn(II) was the main Mn species in all Fe-Mn biochar, suggesting the limited valence 

transformation of Mn with different hydrothermal conditions (Figure G6). However, a slight 

red shift was found with increasing hydrothermal temperature, which might manifest the Mn 

oxide's lattice expansion.   

 

7.3.4 Impact of hydrothermal condition on the Fe-Mn mineral distribution on the biochar 

 TEM-EDX and SAED analysis were used to confirm the mineral distribution of the Fe-

Mn biochar (Figure 7-8). A highly fitted distribution of Fe and Mn minerals was found on the 

low-hydrothermal-temperature produced biochar (120°C), while a slight separation was shown 

with a high hydrothermal temperature. This result indicated that the higher energy with pressure 

during hydrothermal processes could affect the mineral distribution on carbon. Normally, the 

high hydrothermal temperature will accelerate the formation of crystal nuclei with enhanced 

anisotropy (Zeng et al., 2021), thus leading to the separated distribution of mineral particles 

with smaller sizes. For the low hydrothermal temperature Fe-Mn biochar, binary oxide 

(FeMnO2 for 120-OH) and cooperative Fe and Mn oxide (Fe/FeO and MnO for 120-U) were 

the existing primary forms. With the increasing hydrothermal temperature, separated Fe(0) and 
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MnO became the main existing mineral forms in biochar. In addition, SAED analysis 

confirmed the formation of Fe(0) with the lattice as 1.99-2.00 Å on 120-U, 180-OH, and 180-

U, while only FeXMn1-XO2 was found on 120-OH, which is consistent with the XRD and XPS 

analysis. Moreover, the lattice expansion of the MnO was also confirmed by the SAED analysis 

that the lattice of MnO increased from 1.53–1.54 Å to 1.58–1.60 Å with a higher hydrothermal 

temperature.  

 

Figure 7-8 TEM-EDX-SAED analysis for the Fe-Mn biochar produced under different 

hydrothermal conditions. 

 With a high-resolution TEM analysis, the existence of FeXMn1-XO2 and Fe was further 

confirmed with the specific lattice of 1.99–2.01 Å (110) of Fe(0) and 2.50–2.59 Å of FeXMn1-

XO2 (Figure G7 and Figure 7-9). Moreover, the separation of Fe and Mn minerals with a higher 
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hydrothermal temperature was also confirmed by the HR-TEM analysis. We could find the 

formation of Fe(0) (1.98 Å) from the surrounding MnO (2.50 Å) on 180-U (Figure 7-9b), 

evidencing the potential separation process with the reductive transformation. By contrast, the 

existence of Fe (2.00 Å) and FeMnO2 was highly fitted in 120-U (Figure 7-9a), indicating 

cooperative growth.  

 

Figure 7-9 HR-TEM analysis of Fe-Mn biochar (a:120-U, b:180-U). The right figure was the 

enlarged version of the red square in the middle figure. 

 

7.3.5 Change of the carbon properties during the hydrothermal process 

 A broad peak around 23–25° can be found on the XRD pattern of Fe-Mn biochar produced 

under 180°C hydrothermal and urea (Figure 7-5 and Figure G5, Appendix G) and a lattice of 

3.35–3.50 Å was shown in the SAED pattern (Figure 7-8). All these characterizations indicate 

the potential formation of the graphite structure on the Fe-Mn biochar; thus, Raman analysis 
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was conducted to evaluate the difference with varying hydrothermal conditions. Five peaks, 

including S-band (~1290 cm−1, the transformation of sp2 to sp3 hybridization), D-band (~1350 

cm−1 representing a disordered graphitic carbon structure), A-band (~1500 cm−1, amorphous 

carbon phase), G-band (~1560 cm−1 assigned to graphitic carbon with aromatic rings), and D*-

band (~1620 cm−1, related to defect features) were obtained after peak deconvolution 

(McDonald-Wharry et al., 2013, Yang et al., 2020b) (Figure 7-10, Figure G8, and Figure G9, 

Appendix G). The indicators, including ID/IG (representing the formation of disorder structure) 

and IA/IG (representing the amorphous carbon content) (Xue et al., 2021, Yang et al., 2020b), 

were calculated to compare the change in the graphitic structure during the production of Fe-

Mn biochar (Figure 7-10).  

  The hydrothermal process has a limited impact on the disordered structure and carbon 

defects on the graphitic carbon, except the 180°C hydrothermal treatment increased the 

disorder degree of the BC550 (Figure 7-10d). The lower stability of low-temperature-produced 

biochar (Leng and Huang 2018, Xu et al., 2021b) and the higher energy provided by the 180°

C hydrothermal process might cause the aromatization of biochar with the increase of disorder 

carbon structure (Zhang et al., 2019c), especially under the catalyze by co-existed Fe (Wang et 

al., 2022a). Besides, the hydrothermal process increased the amorphous carbon content of 

BC550, while little change was found in BC850 and BC850C (Figure 7-10e), which might still 

be caused by the lower stability of BC550. All these results confirmed that the high-temperature 

hydrothermal process mainly affected the carbon structure of BC550 instead of the high-

temperature produced biochar, and the potential affecting process might be the dehydration and 

decarboxylate process (Xie et al., 2023).  
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Figure 7-10 Raman peaks deconvolution of Fe-Mn biochar (a:180-OH; b:180-U); Symbol 

explanation (c) for the comparison of ID/IG (d) and IA/IG (e) ratio during the preparation of 

Fe-Mn biochar; The Raman peaks deconvolution of other Fe-Mn biochar was shown in the 

Figure G8 and Figure G9, Appendix G. 

 During the further pyrolysis after the hydrothermal treatment, the amorphous carbon 

content in BC550 is deceased (Figure 7-10e), and the amorphous carbon might participate in 

the thermal reduction process, leading to the high reductive formation of Fe on the BC550 even 
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with a lower hydrothermal temperature (Figure 7-6 and Figure G5). The disorder degree also 

decreased after the pyrolysis process, implying graphitization of the carbon structure (Figure 

7-10d). Compared to the biochar precursor, a more ordered graphitic structure was formed after 

the hydrothermal and pyrolysis (Figure 7-10d), which might facilitate the immobilization 

process due to the enhanced electron transfer from Fe with graphitic carbon (Xu et al., 2022a). 

The higher hydrothermal temperature and co-hydrothermal with urea showed a higher decrease 

in disorder degree and amorphous content, contributing to the higher immobilization capacity 

of Fe-Mn biochar produced with 180°C hydrothermal and urea. Notably, an increase in disorder 

degree was found on BC550 after 120°C hydrothermal and pyrolysis. The potential reason 

might be the limited impact of 120°C hydrothermal on the carbon structure of BC550, and thus 

it increased to a similar disorder degree of BC850 after the pyrolysis process due to the 

disorientation and corrugation of graphitic basal at high temperature. 

 

Figure 7-11 TEM analysis of Fe-Mn biochar (U-180) produced with 180°C hydrothermal and 

urea under different scales 
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In conclusion, more graphitic carbon was formed on the Fe-Mn biochar after the 180°C 

hydrothermal process with urea. TEM analysis revealed the nature of the graphitic carbon phase 

on the Fe-Mn biochar; it was a cotton/sponge-like structure supporting the nano-sized mineral 

particles (Figure 7-11). This kind of structure could support the dispersibility of the mineral 

particles with a higher reactivity and stability. Similar results were also found in the literature 

that a high-temperature hydrothermal process caused the formation of a sponge-like supporter 

with a high stabilization impact for the attached nanoparticles (Numpilai et al., 2022). Besides, 

due to the high conductivity of the graphitic carbon, it might also facilitate the fast electron 

transfer between Fe(0) and the pollutants (Xu et al., 2022a, Xu et al., 2019b, Xu et al., 2020f), 

thus causing an efficient immobilization of toxic metals.  

 

7.3.6 Role of Fe: fast electron transfer for the toxic metals reduction 

 XPS analysis with depth profiling was conducted to evaluate the metal valence state of the 

Fe-Mn biochar after the immobilization process. Ni(II), Cr(III), Cu(II), and Zn(II) were the 

main existing forms of toxic metals on the spent Fe-Mn biochar (180-U and 120-U), with the 

existence of Fe(III) and Mn(II) (Figure 7-12). With the increasing etching depth, Ni(0) and 

Cu(0) appeared, becoming the primary forms of Ni and Cu on the spent Fe-Mn biochar. By 

contrast, Mn(II), Fe(III), and Zn(II) remain unchanged in the overall 200s etching depth. The 

existing nature of toxic metals indicated the existence of the redox reactions between Fe(0) and 

toxic metals during the immobilization process (Eq.7-10, Eq.7-11, and Eq.7-12), and it could 

be the key to the toxic metals immobilization and its long-term stability. Moreover, the H2-TPR 

analysis also confirmed this redox reaction due to the increase of iron oxide peaks after the 
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immobilization (Figure G10).  

Fe(0) + Cr(VI) → Fe(III) + Cr(III)                                 Eq.7-10 

2Fe(0) + 3Cu(II) → 2Fe(III) + 3Cu(0)                               Eq.7-11 

2Fe(0) + 3Ni(II) → 2Fe(III) + 3Ni(0)                               Eq.7-12 

 

Figure 7-12 XPS analysis for the Cr, Mn, Fe, Ni, Cu, and Zn of different Fe-Mn biochar after 

the toxic metals immobilization process; Different etching was conducted to evaluate to Fe 

species under different depths of Fe-Mn biochar 

 The reduction of Cr(VI) was normally the determining step for the Cr immobilization since 

Cr(III) has a higher potential for precipitation and sorption (Liu et al., 2020c). The Cr(III) 

usually have higher stability than the Cr(VI) due to the positive nature and lower mobility in 

the environment matrix. Besides, the redox reaction might directly combine with the growth of 

the Fe-Cr/Mn-Cr complex, serving as the direct immobilization approach. Although the 

reduction reaction was not the premise of the immobilization process for Cu and Ni 

immobilization, forming a zero-valent metal state might also bring the advantage of its stability 
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in the environment matrix, which could be the main reason for the less leachability during the 

extraction process. 

 Comparing the valence state between 120-U and 180-U (Figure 7-12), we found that 

Cr(VI) can be formed on the surface of 120-U, while only Cr(III) was formed on 180-U. The 

lower Fe(0) content of the Fe-Mn biochar produced with the low hydrothermal temperature 

might be the main reason for the limited reduction process. The maintained Cr(VI) on the 120-

U also led to its lower stability with a higher releasing amount during the extraction process. 

 

7.3.7 Role of Mn: Fixation site for the toxic metals after the reduction 

According to the TEM-EDX analysis for the spent Fe-Mn biochar, a highly fitted 

distribution of Mn and toxic metals (Cr, Cu, Ni, and Zn) was found on both 120-U and 180-U 

(Figure 7-13 and Figure G11, Appendix G). For 120-U, since the Fe and Mn were still 

combined due to the lower hydrothermal process, the complex of Mn and toxic metals was 

formed surrounding the iron minerals. Meanwhile, a clear separation between Mn-toxic metals 

and Fe was found on the 180-U, implying Mn mainly contributed to the fixation of toxic metals 

after the reductive transformation.  

The separated reduction and immobilization process might bring the following advantages 

to the removal process. Firstly, no Fe-metals passivation layer was formed on the Fe surface, 

facilitating its electron transfer process (Bae et al., 2018, Zhang et al., 2018a). This might also 

explain the better reducing capacity of 180-U than 120-U since still surface complex was 

formed on the Fe surface of 120-U. Secondly, the surrounding Mn-toxic metal complex around 

the Fe might also stabilize the iron particles, leading to less passivation with impurities and 
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long-term stability (evidenced by the less iron release with the co-existed Mn, Figure G12, 

Appendix G). Thirdly, oxygen on the MnO usually showed a better sorption affinity to cationic 

metals than the Fe oxide, leading to higher stability. DFT calculation revealed that MnO 

showed a stronger combination affinity to Cr and Ni than FeMnO2 or FeO, while higher 

sorption affinity was found on FeO when targeting as the Cr(VI) (existed as HCrO4). The 

calculation results confirmed the existence of the separated reduction and immobilization 

process, especially targeting the Cr immobilization; that is, Cr(VI) was sorbed and reduced by 

iron, and the formed Cr(III) was fixed on the MnO afterwards. We also set a mineral model to 

study the combining affinity of MnO with an expanded lattice (MnO*) based on the XRD 

results (Figure 7-5), and a higher sorption affinity was found for both Cr and Ni. The more 

robust combination of toxic metals on MnO with the expanded lattice might contribute to the 

higher stability of metals sorbed on 180-U.   

 

 

Figure 7-13 TEM-EDX analysis of Fe-Mn biochar after the toxic metals removal 
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Figure 7-14 DFT calculation of different Fe/Mn oxides and the sorption capacity for different 

speciation of the toxic metals 

 

7.3.9 Role of C: Stabilization of the mineral particles and electron transfer 

 As shown in Figure 7-13 and Figure G13, cotton-like graphitic carbon still existed after 

the proposed immobilization process, and this carbon supported the long-term stability of 

mineral particles even under an acidic environment (Figure 7-4, acid extraction). The lower 

release potential of Fe from the Fe-Mn biochar also supported this conclusion (Figure G12, 

Appendix G).  

 Notably, the conductivity from the well-grown graphitic structure might also support the 

reduction and immobilization process (Xu et al., 2022a, Xu et al., 2019b, Xu et al., 2020f). The 

conductivity from the graphitic carbon might facilitate the electron transfer among Fe, Mn, and 



163 
 

different toxic metals. Since the cationic metals (i.e., Ni and Cu) have a higher potential to be 

immobilized on the MnO surface, they might accept the electron from the Fe(0) through the 

carbon mediating, i.e., the electron from Fe(0) mediated through the graphitic carbon and 

reached the toxic metals sorbed on the MnO afterwards. In short, the highly graphitic carbon 

might greatly support the separate reduction and immobilization process, leading to higher 

efficiency.  

 

7.4 Conclusion 

 We studied the impact of hydrothermal conditions on the Fe/Mn speciation on the Fe-Mn 

biochar and its capacity for toxic metals immobilization in the electroplating wastewater. A 

higher hydrothermal temperature with co-existing urea (U-180) provided the best 

immobilization capacity for the frequently-appeared toxic metals in electroplating water, and 

the outstanding removal efficiency of Fe-Mn biochar (U-180) kept constant under varying 

conditions in electroplating wastewater. Besides, higher stability of the immobilized metals on 

U-180 was found, implying the possibility of direct settlement of spent Fe-Mm biochar without 

treatment. The Fe(0) surrounded by the lattice-expanded MnO and cotton-like graphitic carbon 

was formed on Fe-Mn biochar after the hydrothermal and pyrolysis process, and the separated 

reduction and immobilization process, i.e., toxic metals were reduced by Fe(0) and 

immobilized on the MnO, was the primary decontamination mechanism, leading to the high 

immobilization capacity. Our result could support the efficient electroplating wastewater 

treatment and provide a guideline for the hydrothermal treatment of the binary oxide-modified 

biochar.  
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Chapter 8 Conclusions and Recommendation 

8.1 Conclusions 

 Precise control of Fe speciation in Fe-biochar composites was studied, and the relevant 

immobilization mechanisms for the targeted application were evaluated. The key findings are 

summarized below: 

 Pyrolysis temperature affected the redox activity of the produced Fe-biochar. Low-

temperature produced Fe-biochar had a higher reducing capacity (Cr(VI) reduction), 

predominantly offered by the amorphous/low-crystalline ferrous minerals. By contrast, the 

oxidative surface functionalities on the high-temperature Fe-biochar dominated its 

oxidizing capacity (As(III) oxidation). The shift of primary redox moieties of Fe-biochar 

should be taken into account during the production-design stage for effective wastewater 

treatment. (Chapter 3) 

 Carbon species of biochar, labile-/amorphous-C and stable/graphitic-C, led to distinct 

reductive-Fe and amorphous-Fe contents in the resulting Fe-biochar composites during the 

pyrolysis process. The reductive-Fe species, mainly immobilized As through redox 

reaction and sorption/complexation, were formed at a high pyrolysis temperature with co-

pyrolyzed labile-/amorphous-C. In contrast, amorphous-Fe species were primarily 

produced with stable-/graphitic-C, and they removed As through co-precipitation with 

released Fe. A deep understanding of the role of carbon species on the Fe-biochar species 

can guide our rational design of multifunctional Fe-biochar composites for broader and fit-

for-purpose applications. (Chapter 4) 

 The crystallinity of Fe mineral greatly affects the electron transfer routine with biochar. 
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The reduction of Cr(VI) by biochar with the low-crystallinity ferric oxyhydroxide was 

mainly caused by the indirect electron transfer, i.e., biochar firstly donated the electron to 

Fe(III) on the iron minerals for Fe(II) generation, which further reduced the Cr(VI) sorbed 

on iron minerals afterwards. For the high-crystallinity ferric oxyhydroxides, the indirect 

electron transfer pathway was alleviated due to its limited combination with biochar, less 

sorption amount of Cr(VI), and higher Fe(III) stability of the iron crystalline. Direct 

electron transfer from biochar to Cr(VI) became the main electron transport for Cr(VI) 

reduction. Considering the reactivity of Fe-mineral with different crystallinity is needed 

for the immobilization of contaminants by Fe-biochar. (Chapter 5) 

 Reductive transformation of Fe within the Fe-Mn binary oxide on biochar was found 

during the co-pyrolysis process, forming embedded ZVI clusters within FeMnO2 on Fe-

Mn biochar. An up to 80.5-161.7 times higher Cr(VI) removal efficiency was found for 

the embedded ZVI cluster compared to the commercial/modified ZVI due to the less 

formation of the passivation layer and enhanced affinity with Cr(VI). This work provides 

a new direction for developing future Fe-biochar with high atom efficiency and stability. 

(Chapter 6) 

 The hydrothermal pretreatment affects the mineral transformation of the Fe-Mn biochar. 

A higher hydrothermal temperature with co-existing urea provided a high immobilization 

capacity for the frequently-appeared toxic metals in electroplating water, and outstanding 

stability of the immobilized metals was also found on the as-prepared Fe-Mn biochar. The 

Fe(0) surrounded by the lattice-expanded MnO and cotton-like graphitic carbon was 

formed on Fe-Mn biochar after the hydrothermal and pyrolysis process, and the separated 
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reduction and immobilization process led to the high decontamination capacity. 

Hydrothermal pretreatment could produce a more efficient Fe-Mn biochar for wastewater 

decontamination. (Chapter 7) 

 

8.2 Recommendations and future work 

 Precise control of Fe species on the Fe-biochar for the targeted remediation process can 

help us to provide efficient engineered biochar. Future work can be conducted in the following 

aspects based on the current progress. 

 The Fe mineral transformation during the pyrolysis and hydrothermal with biochar has 

been studied. However, this study mainly focused on the mineral forms and crystallinity 

control of Fe mineral, and the size control of the attached Fe-mineral is overlooked. 

Simple pyrolysis and hydrothermal might not provide precise control of the mineral 

particle size on the biochar, and future studies are needed by involving more external 

stabilizers to control the particle size of the mineral. Besides, adjusting the pore on 

biochar with the control of mineral formation inside the pore can also be a possible 

approach for mineral size control.  

 In addition to the mineral-biochar composites, the metal-carbon framework can be a 

future direction for engineered biochar materials. Fe atoms can be fixed on the biochar 

through Fe-O-C or Fe-N-C bonding, i.e., atomic-level dispersed Fe on biochar, and the 

formed modified biochar should have higher atomic efficiency and activity for the 

degradation of the pollutants. Compared with the current single-atom catalyst, biochar's 

economic benefits and easily tuneable properties bring a higher industrialization potential.  



167 
 

 The properties of modified biochar are highly variable due to the inconsistency of the 

feedstock and production conditions. Different studies reported variable 

biochar/modified biochar performances, which will mislead the selection and production 

of biochar. The production guideline and standard of Fe-biochar are needed based on its 

properties and capacities, which will benefit the industrialization of engineered biochar 

production. 

 Lignin and cellulose-based feedstock with limited ash content (i.e., woody yard waste 

and peanut shell) were selected to produce biochar in this study. Other feedstock, such as 

rice straw, cow manure, sludge, and crop residue with rich and different ash content, 

might lead to a different Fe transformation and performance during Fe-biochar 

production, which also needs further evaluation. Involving more biomass waste for 

producing biochar and engineered biochar with environmental benefits is crucial for the 

large-scale promotion of the biochar industry. 

 Biochar production has been considered the negative-emission technology due to its 

carbon stability and bioenergy generation, while the potential carbon emission of 

modified biochar is unclear. Introducing iron and the modification process could cause a 

potential carbon emission; thus, future study about carbon emission is needed to confirm 

the carbon sequestration nature of modified biochar technology. 

 The overall economic concern of the Fe-modified biochar and its life cycle assessment 

during the industrial-scale application needs more studies. Current studies only focused 

on the efficiency of a well-controlled Fe-biochar, while the higher production cost might 

alleviate its industrial application. The balance between high efficiency and low cost 
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needs further research. Moreover, the current studies mainly used pure chemicals for 

biochar modification, which might impose additional financial burdens. Thus, finding 

suitable sources for biochar modification, such as waste-based feedstock, and evaluating 

the capacities of the as-prepared modified biochar are needed.  
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Appendix A Chemicals 

 

Ultrapure water (UW, 18.2 MΩ cm) obtained from a Millipore Milli-Q water 

purification system (Milford, USA) was adopted to configure all the aqueous solutions. Sodium 

chloride (NaCl), manganese chloride (MnCl2), 1,10-phenanthroline, sodium arsenite (NaAsO2), 

and potassium chromate (K2CrO4) were obtained from AccuChem Co. Ltd. Ferric chloride 

hexahydrate (FeCl3·6H2O), magnesium sulfate (MgSO4∙7H2O), potassium bromide (KBr, 

FTIR-spectrum grade), sodium hydroxide (NaOH), ferrous sulfate heptahydrate (FeSO4·7H2O), 

metallic Fe (Fe, >99.9%), ammonium acetate (CH3CO2NH4), 3-morpholinopropane-1-sulfonic 

acid (MOPs), 1,5-diphenylcarbazide ((C6H5)NHNH)2CO), calcium chloride (CaCl2), and 

calcium fluoride (CaF2) were purchased from Sigma-Aldrich Chemical Co. Ltd. Ethanol 

(C2H5OH), hydrochloric acid (HCl, 37%), and acetone ((CH3)2CO) were obtained from Anaqua 

Global International Inc. Ltd. Nitric acid (HNO3), phosphoric acid (H3PO4, 85%), potassium 

phosphate monobasic (KH2PO4), 5,5-dimethy-l-1-pyrroline-N-oxide, magnetite (Fe3O4), 

maghemite (Fe2O3), and oxalic acid (H2C2O4·2H2O), and sulfuric acid (H2SO4) were purchased 

from Aladdin Chemical Co. Ltd. Plasma Emission Standard (ICP) (PE-CAL2-ASL-1) was 

purchased from AccuStandard. The trace element solution contained 30ௗmg L−1 CuSO4∙5H2O, 

120ௗmg L−1 ZnSO4∙7H2O, 150ௗmg L−1 CoCl2∙6H2O, 150ௗmg L−1 H3BO3, 180ௗmg L−1 KI, and 

10ௗg L−1 EDTA-2Na, and the chemical used was obtained from Sigma-Aldrich Chemical Co. 

Ltd and Aladdin Chemical Co. Ltd. 
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Appendix B Characterization Methods 

 

Raman Spectrometer. Raman spectrometer (Renishaw, UK) was used to reveal the defective 

level and graphitization degree of the samples at 532 nm edge excitation. All the related 

deconvolution and calculation were conducted using the Origin2019 software.  

Fourier Transform Infrared Spectroscopy (FTIR). The FTIR (PerkinElmer UATR Two) was 

adopted to investigate surface functional groups with the wavelength range of 400–4000 cm–1 

after tabletting with KBr.  

Elemental Analysis. Ultimate elemental analysis (EA, Vario EL cube, Germany) was 

implemented to estimate CHONS elemental content in the samples.  

Textual Properties. Textural characteristics of the different Fe-biochar and pristine biochar 

were determined by using N2 adsorption-desorption isotherms obtained from a surface area 

analyzer (Quantachrome Autosorb, USA) for Brunauer-Emmett-Teller (BET) surface area and 

Barrett-Joyner-Halenda (BJH) porosity analyses at 77 K.  

Thermogravimetric Analysis. Weight loss associated with thermal pyrolysis of the Fe-biochar 

mixtures (BCX-Fe) was detected through thermogravimetry-derivative thermogravimetry 

analysis (TG/DTG). The thermal analysis started at 30 °C with a ramping rate of 10 °C min–1 

to 900 °C in a N2 environment to simulate the pyrolysis process.  

Metal Content. The metal content on the biochar was characterized by ICP-OES or Atomic 

Absorption Spectrometry (AAS, Agilent 240 AA) analysis after total digestion with HNO3.  

Electron Paramagnetic Resonance (EPR). The EPR spectra were obtained using an 

EMX10/12 spectrometer (EMX10/12, Bruker, Germany). In the sample vials, 150 mM 5,5-
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dimethyl-1-pyrroline-N-oxide (DMPO) was added as the spin-trapping agent into the solution 

with biochar (1 g L–1) and air purging. Peak intensities of the DMPO–OH signals at 2 min were 

applied as indexes of the generated ROS.  

X-ray Photoelectron Spectroscopy (XPS). An XPS (Thermo Scientific Nexsa) with Al Kα 

radiation was used to study the chemical state of oxygen on the sample surfaces. The binding 

energy of all the characteristic peaks was calibrated before devolution. Devolution of the XPS 

data was conducted using the CasaXPS software with the Gaussian-Lorentzian model, and the 

component peaks were identified by comparing their binding energies with the values reported 

in the literature. The C1s spectra were divided into aromatic carbon (C–C sp2 284.4–284.6 eV), 

aliphatic carbon (C–C sp3, 285.0–285.1 eV), hydroxyl (C–OH, 285.6–285.8 eV), epoxy (C–

O–C, 286.7–286.9 eV), carbonyl (C=O, 288.0–288.1 eV), and carboxyl (O–C=O, 289.1–289.3 

eV) (Kovtun et al., 2019, Wang et al., 2021b). The O1s spectra were divided into peaks of –C–

OH (533.5eV), –C–OC (532.4–532.6 eV), –C=O (531.5–531.8 eV), –Fe–OC (530.8–531.2 eV), 

and Metal–O (~529.8 eV) (Arrigo et al., 2010, Qian et al., 2017, Xu et al., 2021e, Zhou et al., 

2007). The ratio of the carbon-oxygen double bond and carbon-oxygen single bond was 

calculated based on Eq.B–1, where A represents the area ratio of different speciation. The Fe2p 

was divided into peaks of 2p3/2 orbitals of Fe2+ (711.0–712.0 eV), 2p3/2 orbitals of Fe3+ (712.5–

713.5 eV), Fe satellite (715.7–720.0 eV), 2p1/2 orbitals of Fe2+ (724.1–725.6 eV), and 2p1/2 

orbitals of Fe3+ (727.0–728.5 eV), respectively (Sun et al., 2019, Wu et al., 2012, Xu et al., 

2016, Xu et al., 2020e, Xu et al., 2021e). 

– C = O
– C– Oൗ =

–ిసోା–ూ–ోి

–ి–ోిା–ి–ోౄ
                      Eq. B–1 

X-ray Diffraction Pattern (XRD). XRD (Rigaku SmartLab-9kW-advance) was used to 
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examine crystal iron speciation on the Fe-biochar. The scanning rate was set at 10° min–1, and 

the 2θ collection range was 10–80°. The MDI Jade 6.0 was employed to identify diffraction 

peaks and crystalline iron speciation based on the Joint Committee on Powder Diffraction 

Standards (JCPDS) database and Crystallography Open Database. The following mineral 

information from the database was used in this study: hematite (PDF33-0664, CIF9000139), 

magnetite (PDF19-0629, CIF1539747), wustite (PDF06-0615, CIF1011168), metal-iron 

(PDF06-0696, CIF1100108), iron chloride hydrate (PDF16-0123, CIF1532206), and calcium 

fluoride (PDF48-1298, CIF1000043). Quantitative X-ray diffraction (Q-XRD) with CaF2 as a 

standard internal material was performed to evaluate the content of each crystal iron speciation 

in the Fe-biochar. A certain amount of CaF2 (5–8 wt.%) was mixed with each Fe-biochar before 

the XRD analysis, and the scan speed was set at 5° min–1 with a scanning range of 10–60°. 

Amorphous-Fe content was calculated by the gap between total Fe content (detected by total 

digestion) and the sum of each crystal Fe mineral. 

Morphology Analysis. A scanning electron microscopy (SEM, TESCAN VEGA3) and a 

transmission electron microscopy (TEM, FEI Talos F200X) equipped with the Oxford energy-

dispersive X-ray spectroscopy (EDX) detector was conducted to study the morphology of iron 

minerals on the Fe-biochar. Selected area electron diffraction patterns (SAED) images were 

also acquired using an FEI Tecnai T-12 operated at 120 kV to evaluate the crystallinity of iron 

minerals on the Fe-biochar. The spherical aberration-corrected scanning transmission electron 

microscopy (AC-STEM, JEM-ARM200F) was also conducted to evaluate the morphology and 

speciation of formed minerals. 

H2-TPR analysis. The H2-TPR experiments were performed on a Chemisorp TPx 290 
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instrument; the samples were degassed at 200 °C for three hours under an Ar atmosphere before 

the tests, and the reducing gas was 10% H2/Ar (Li et al., 2021c). 

Particle Size of Crystal Iron Minerals. The particle size of the different Fe-minerals was 

calculated by the Scherrer formulas (Eq. B–2) (Scherrer 1912). The baseline deduction and 

peak fitting were conducted by the MDI Jade 6.0 and Origin 2019. The particle size obtained 

from different facets was comparable, and thus the particle size calculated by the main 

characteristic peak was selected to represent the particle size of the iron minerals (Table S3).   

𝐿ி =
 × ఒ

ఉ ×ୡ୭ୱ ఏ
                                Eq. B–2 

𝐿௩ =
∑ ×ெ


సభ

∑ ெ

సభ

 × 100%                         Eq. B–3 

where k was 0.89, and λ was 0.15406 nm, the wavelength of Cu Kα radiation. Besides, 

the β and θ were the half-peak width (FWHM) and diffraction angle of the corresponding 

diffraction peak, respectively. The average crystal particle size of the iron minerals was also 

calculated based on the proportion (Mn) and particle size (Ln) of each iron mineral in the Fe-

biochar (Eq. B–3). It was worth mentioning that the crystalline size of amorphous-Fe was set 

as 0 nm during calculating the average crystal particle size.  

La and Lc of Graphite Crystallite. Since the peaks of iron minerals and graphitic carbon might 

be overlapped, the Lorentz-Gaussian curve was used to fit the peaks of (002) and (100) crystal 

face with Origin 2019 after deducting the baseline to exclude the peaks of iron mineral. The 

obtained peak position and FWHM were used to calculate the graphite crystallite size La (in-

plane coherence length) and Lc (perpendicular size of the turbostratically stacked crystallites) 

(Sun et al., 2018b, Wang et al., 2021b). The Warren formula was used to calculate La (Eq. B–

4), and the Scherrer formula is used to calculate Lc (Eq. B–5) (Scherrer 1912, Wang et al., 
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2021b, Warren 1941). 

𝐿 =
ଵ.଼ସ × ఒ

ఉభ ×ୡ୭ୱ ఏభ
                          Eq. B–4 

𝐿 =
.଼ଽ × ఒ

ఉమ ×ୡ୭ୱ ఏమ
                          Eq. B–5 

 where λ was the wavelength of Cu Kα radiation, and the β and θ were the FWHM and 

diffraction angle of the corresponding diffraction peak, respectively.  

Quantitative X-ray diffraction (Q-XRD). Q-XRD with CaF2 as an internal standard material 

was performed to evaluate the content of each crystal iron speciation in Fe-biochar. A certain 

amount of CaF2 (5–8 wt.%) was mixed with each Fe-biochar before the XRD analysis, and the 

scan speed was set at 5° min–1 with a scanning range of 10–60 °. Rigaku’s PDXL software was 

applied to analyze the quantitative X-ray diffraction (QXRD) using whole powder pattern 

fitting. Amorphous Fe content was calculated by the difference between the total Fe content 

and the sum of each crystal iron mineral content obtained by Q-XRD analysis.  

Pure iron minerals, including maghemite (Fe2O3), magnetite (Fe3O4), and metal Fe were 

set as quality control to test the accuracy of the Q-XRD analysis for iron minerals. Five mass 

ratios of iron mineral to CaF2 were set within 0.4–0.8 (i.e., 40–80%) were set between iron 

mineral and (Figure B1), and the difference between the actual content and the calculated 

content was within 10% for Fe3O4 and Fe2O3 (Figure B1d–e). For metallic-Fe, a relatively 

higher gap (10–20%) was found (insert Figure B1f), which was possibly attributed to the 

surface oxidation of metallic-Fe with the formation of Fe3O4 as detected by Q-XRD (Figure 

B1c). Therefore, the metallic Fe content was re-calculated by adding the Fe amount in Fe3O4 

to the calculated content. Then the difference between the actual and calculated content was 

lower than 10% (Figure B1f). Overall, these results proved that Q-XRD analysis could serve 
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as a semi-quantitative method to detect crystal and amorphous Fe speciation.  

 

Figure B1 Q-XRD analysis of the typical iron minerals, including Fe2O3 (a), Fe3O4 (b), and 

Fe (c). Comparison of the actual Fe content and the calculated Fe content by Q-XRD analysis 

for Fe2O3 (d), Fe3O4 (e), and Fe after correcting the oxidized Fe amount (f) (insert f is the 

comparison using the un-corrected Fe content) 

Zeta Potential. The Zeta potential was determined by TR-DLS (Malvern Zetasizer Nano ZS90, 

Malvern, Worcestershire, UK) under different pH. 

Fe Extraction. Different extraction methods were also conducted in triplicate to analyze the 

iron speciation of each Fe-biochars, including (1) Soluble Fe, also considered as exchangeable 

Fe or release Fe(Poulton and Canfield 2005), which was directly extracted by mixing 2 g L–1 

Fe-biochar with 20 mM NaCl for 48 h (in accordance with the reaction time of the As 

immobilization experiment); (2) Reducible Fe was extracted by a mixed reagent of 1 M 

hydroxylamine–HCl solution in 25% (v/v) acetic acid (Poulton and Canfield 2005, Slotznick 

et al., 2018). A mass of ~100 mg samples was mixed with 10 mL hydroxylamine–HCl solution, 
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and this mixture was then shaken for 48 hours to complete the extraction; and (3) Extractable 

Fe was determined using a mixed solution (pH = 3.2) of 0.2 M ammonium oxalate and 0.17 M 

oxalic acid solution (Slotznick et al., 2018). The strong chelating capacity of oxalic acid could 

provide extraction of labile iron minerals (Hammond et al., 2020, Yu et al., 2021). An aliquot 

of 100 mg sample was added into 10 mL mixed solution, and the extraction process was 

conducted without light for 6 h at 200 rpm. The extracted Fe concentrations from different 

extraction methods were all determined by AAS. The Fe(II) content in the soluble Fe was also 

determined photo-metrically using the UV-Vis at 510 nm wavelength (Luan et al., 2012, Xu et 

al., 2019c) after complexation with phenanthroline.  

Depth-profiling XPS analysis. The distribution of As and Fe in different depths below the 

surface of the selected Fe-biochar samples was examined by XPS with an argon gun (1 eV) for 

depth profiling. The XPS depth profile spectra were collected using an argon ion gun (1000 eV 

energy, 1.00 mm raster size). These conditions lead to a sputter rate of 0.34 nm s–1 for Ta2O5. 

The diameter of the analyzed area was 200 × 200 μm, and the average atomic concentration of 

the tested elements (i.e., Fe, As, C, O) was presented. Sputtering under a vacuum may result in 

the reduction of Fe(III) and Fe(II), according to previous studies (Lewin et al., 2009, Xu et al., 

2016). However, this process might be negligible in this study since no Fe(0) was found within 

a 100 nm depth of the materials. Deconvolution methods were similar to the normal XPS 

analysis mentioned before. The Fe2p was divided into 2p3/2 orbitals of Fe0 (707.0–708.0 eV), 

Fe2+ (711.0–712.0 eV), 2p3/2 orbitals of Fe3+ (712.5–713.5 eV), Fe satellite (715.7–720.0 eV), 

2p1/2 orbitals of Fe0 (720.0–721.0 eV), Fe2+ (724.1–725.6 eV), and 2p1/2 orbitals of Fe3+ (727.0–

728.5 eV), respectively (Sun et al., 2019, Wu et al., 2012, Xu et al., 2016, Xu et al., 2020e, Xu 
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et al., 2021e). The As 3d spectra were divided into As(V) (45.2–45.8eV), As(III) (44.0–44.8 

eV), and As(0) (40.0–42.0eV), respectively (Liao et al., 2021, Ramos et al., 2009, Xi et al., 

2019, Zhang et al., 2016b). Mn 2p spectra can be divided into Mn(II) (~641.5 eV), Mn(III) 

(~643 eV), and Mn(IV) (~644.1 eV) (Xu et al., 2021e), respectively. The average valence state 

of Mn was also calculated based on the proportion. 
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Appendix C 
 
Table C1. The proportion of Cr(VI)/Cr(III) and As(V)/As(III) on the Fe-biochar surface 
after the redox-related immobilization process 

Fe- biochar 
Cr-Anoxic (%) As-Anoxic (%) Cr-Oxic (%) As-Oxic (%) 

Cr(VI) Cr(III) As(V) As(III) Cr(VI) Cr(III) As(V) As(III) 

BC400 83.6 16.4 N.D. N.D. 84.1 15.9 N.D. N.D. 

BC550 84.9 15.1 N.D. N.D. 86.9 13.1 N.D. N.D. 

BC700 82.6 17.4 N.D. N.D. 82.8 17.2 N.D. N.D. 

BC850 82.5 17.5 N.D. N.D. 84.9 15.2 N.D. N.D. 

BC400-Fe-400 84.1 15.9 92.6 7.4 83.2 16.8 96.5 3.5 

BC550-Fe-400 83.9 16.1 88.1 11.9 83.5 16.6 100.0 0 

BC700-Fe-400 81.2 18.8 79.4 20.6 85.9 14.1 91.3 8.7 

BC850-Fe-400 80.4 19.6 86.3 13.8 86.4 13.6 99.1 0.9 

BC400-Fe-850 78.1 22.0 85.7 14.3 73.7 26.4 95.9 4.1 

BC550-Fe-850 77.9 22.1 95.1 4.9 84.8 15.2 100.0 0 

BC700-Fe-850 75.9 24.1 95.6 4.4 85.4 14.6 93.8 6.2 

BC850-Fe-850 82.2 17.9 100.0 0 85.3 14.7 100.0 0 
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Table C2. Basic physicochemical properties of the pristine biochar and Fe-biochar. 

Fe-biochar Yield (%) 
Element content (%) a 

H/C b O/C b 
Ash  

(wt. %) 

Total Fe content  

(mg g–1)c C H N O 

BC400 37.1 d 70.5 4.8 0.8 22.4 0.81 0.24 1.5 N.D.f 

BC550 26.4 d 77.3 3.2 1.0 15.9 0.49 0.15 2.6 N.D.f 

BC700 23.8 d 83.8 1.9 0.9 10.1 0.27 0.09 3.3 N.D.f 

BC850 21.4 d 85.6 1.2 0.9 8.4 0.16 0.07 4.0 N.D.f 

BC400-Fe / 64.4 3.8 0.8 21.5 0.70 0.25 9.5 57.3 

BC550-Fe / 68.6 2.9 0.9 18.1 0.50 0.20 9.6 58.2 

BC700-Fe / 70.4 1.6 0.7 15.9 0.27 0.17 11.3 62.3 

BC850-Fe / 71.0 1.0 0.7 15.1 0.17 0.16 12.2 66.2 

BC400-Fe-400 74.2 e 63.8 3.2 0.8 17.3 0.60 0.20 15.0 74.6 

BC550-Fe-400 74.3 e 67.0 2.4 0.8 14.0 0.43 0.16 15.8 76.9 

BC700-Fe-400 83.5 e 68.8 1.0 0.6 13.4 0.17 0.15 16.1 76.7 

BC850-Fe-400 87.3 e 69.3 0.8 1.2 13.2 0.14 0.14 15.5 81.4 

BC400-Fe-850 70.8 e 66.5 0.9 1.3 14.8 0.16 0.17 16.5 90.0 

BC550-Fe-850 72.2 e 66.7 0.9 1.3 15.2 0.16 0.17 15.8 86.9 

BC700-Fe-850 76.2 e 66.7 0.9 1.7 15.5 0.17 0.17 15.2 85.0 

BC850-Fe-850 80.3 e 66.5 0.9 1.4 15.5 0.15 0.17 15.8 84.6 

a mass content; b atomic ratio; c detected by total digestion; d yield of the first-step pyrolysis; e yield of second-

step pyrolysis; f Not detectable 
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Table C3. The particle size of different iron minerals in the Fe-biochar. 

Fe-biochar Characteristic Peaks 
Average size 

(nm) 

BCX-Fe 
(3 0 -1)Akaganeite (2 1 -1) Akaganeite a (2 1 -5) Akaganeite   

2θ (°) FWHM LFe (nm) 2θ (°) FWHM LFe (nm) 2θ (°) FWHM LFe (nm) 
X=400 N.D. N.D. N.D.  0 
X=550 26.66 0.66 13.30 35.12 0.52 18.47 55.82 0.80 17.46 1.38 
X=700 26.72 0.38 23.27 35.16 0.57 16.95 55.86 0.88 17.07 5.34 
X=850 36.88 0.82 10.75 35.18 0.52 18.38 55.86 0.67 21.02 5.05 
BCX-Fe-
400 

(0 0 1) FeCl2 a (-2 0 1) FeCl2 (0 1 2) Fe2O3 (1 1 0) Fe2O3
 a  

2θ (°) FWHM LFe (nm) 2θ (°) FWHM LFe (nm) 2θ (°) FWHM LFe (nm) 2θ (°) FWHM LFe (nm) 
X=400 16.20 0.42 19.39 22.46 0.34 24.86 N.D. N.D. 2.95 
X=550 16.50 0.66 12.49 22.34 0.33 25.74 N.D. N.D. 4.45 
X=700 16.12 0.56 14.68 22.34 0.32 26.63 24.02 0.60 14.38 35.62 0.42 22.85 8.95 
X=850 N.D. N.D. 24.22 0.38 22.73 35.70 0.38 25.80 6.18 
BCX-Fe-
850 

(2 2 0) Fe3O4 (3 1 1) Fe3O4
 a (2 0 0) FeO (1 1 0) Fe  

2θ (°) FWHM LFe (nm) 2θ (°) FWHM LFe (nm) 2θ (°) FWHM LFe (nm) 2θ (°) FWHM LFe (nm) 
X=400 30.18 0.29 31.77 35.44 0.29 33.02 41.78 0.40 26.08 44.76 0.39 28.59 30.35 
X=550 30.08 0.23 40.17 35.40 0.29 33.70 41.68 0.38 27.68 44.76 0.40 27.45 30.41 
X=700 30.04 0.25 36.59 35.40 0.30 31.91 41.68 0.32 32.46 N.D. 28.71 
X=850 30.06 0.28 32.07 35.42 0.31 31.40 41.76 0.32 33.12 N.D. 27.72 
a Only the prominent characteristic peaks of akaganeite, FeCl2, Fe3O4, and Fe2O3 was used to represent the mineral size of specific minerals 
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Table C4. Peak position, FWHM, and size of graphitic carbon in the Fe-biochar. 

Fe- biochar 
Peak position (2 Theta) FWHM 

Lc (nm) La (nm) 
(002) (100) (002) (100) 

BC400-Fe 20.61 N.D. 12.34 N.D. 0.68 N.D. a 

BC550-Fe 24.36 N.D. 9.24 N.D. 0.93 N.D. 

BC700-Fe 24.20 44.26 7.97 4.86 1.08 4.66 

BC850-Fe 24.82 43.61 7.86 4.58 1.10 4.89 

BC400-Fe-400 21.44 N.D. 13.66 N.D. 0.62 N.D. 

BC550-Fe-400 22.31 N.D. 10.74 N.D. 0.79 N.D. 

BC700-Fe-400 24.21 44.20 7.95 4.56 1.08 4.97 

BC850-Fe-400 23.15 43.95 8.31 4.56 1.03 4.95 

BC400-Fe-850 23.85 43.65 7.46 3.98 1.15 5.64 

BC550-Fe-850 23.77 43.91 7.44 4.25 1.15 5.31 

BC700-Fe-850 23.48 44.60 7.48 4.32 1.15 5.28 

BC850-Fe-850 23.73 43.55 7.62 4.23 1.13 5.30 

a peaks of La was not detected based on the XRD pattern. 
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Table C5. Pore distribution of the different Fe-biochar. 

Fe- biochar 

Pore volume (cm3 g-1) Pore proportion (%) 

Micro 

<2 nm 

Small-meso  

2-10 nm 

Large-meso  

10-50 nm 

Macro  

>50 nm 

Micro 

<2 nm 

Small-meso  

2-10 nm 

Large-meso  

10-50 nm 

Macro  

>50 nm 

BC400 0.0000 0.0007 0.0002 0.0016 0.0 27.5 8.3 64.2 

BC400-Fe 0.0002 0.0013 0.0014 0.0043 3.7 18.2 19.0 59.2 

BC400-Fe-400 0.0001 0.0029 0.0028 0.0059 0.9 24.6 24.3 50.2 

BC400-Fe-850 0.0021 0.0118 0.0009 0.0030 12.1 66.0 5.2 16.7 

BC550 0.0000 0.0002 0.0006 0.0025 2.2 6.7 18.5 72.6 

BC550-Fe 0.0002 0.0013 0.0035 0.0030 2.5 15.6 44.2 37.7 

BC550-Fe-400 0.0001 0.0022 0.0052 0.0067 0.9 15.1 36.8 47.1 

BC550-Fe-850 0.0021 0.0119 0.0013 0.0030 11.5 65.1 7.0 16.4 

BC700 0.0013 0.0198 0.0047 0.0052 4.3 63.8 15.0 16.8 

BC700-Fe 0.0000 0.0009 0.0029 0.0029 0.6 13.3 43.4 42.8 

BC700-Fe-400 0.0000 0.0013 0.0037 0.0063 0.1 11.7 32.5 55.7 

BC700-Fe-850 0.0028 0.0153 0.0012 0.0031 12.3 68.2 5.5 14.0 

BC850 0.0031 0.0752 0.0564 0.0067 2.2 53.2 39.8 4.8 

BC850-Fe 0.0000 0.0040 0.0057 0.0079 0.0 22.9 32.3 44.8 

BC850-Fe-400 0.0002 0.0040 0.0056 0.0044 1.4 28.4 39.4 30.8 

BC850-Fe-850 0.0031 0.0333 0.0143 0.0048 5.6 60.0 27.8 8.7 
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Figure C1. Cr(Total) removal, Cr(VI) removal, and Cr(III) formation amount of the different 

Fe-biochar or pristine biochar under the oxic or anoxic environment. 

 
Figure C2. As(Total) removal, As(III) removal, and As(V) formation amount of the different 

Fe-biochar or pristine biochar under the oxic or anoxic environment.
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Figure C3. Q-XRD patterns of the different Fe-biochar with the addition of CaF2 as the 
standard. 

 

Figure C4. TG-DTG analysis of the different Fe-biochar.
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Figure C5. SEM-EDX images of all the Fe-biochar (BCX-Fe, BCX-Fe-400, and BCX-Fe-

850) (right) and line scanning of element content on the Fe-biochar (left). 

 

Figure C6. TEM-EDX images of the BC400-Fe-400 (a−b) and BC400-Fe-850 (c−e). b and e 
were the high magnification images of the marked area in a and d 
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Figure C7. Fe2p XPS spectra of the different Fe-biochar or pristine biochar before and after 

pollutants removal. 

 

Figure C8. Q-XRD analysis of the Fe-biochar with different amorphous-Fe content (a); 

Relationship between the amorphous-Fe proportion and EDC of these Fe-biochar (b). 

A series of Fe-biochar was designed to exclude the possible effect from the aliphatic 

composition of the biochar. The BC850-Fe was pyrolyzed at 400−700 °C with a keeping time 

of 1 or 4 h. These Fe-biochar were named BC850-Fe-X-Y, where X was the pyrolysis 

temperature, and Y was the keeping time. Only the amorphous-Fe content in the Fe-biochar 

might be altered with limited valence transformation. EDC of these Fe-biochar was detected 

and compared with the proportion of amorphous-Fe obtained from the Q-XRD analysis. A 

positive linear relationship (R2 = 0.89) between the EDC and amorphous Fe proportion can be 

found, evidencing the importance of amorphous ferrous minerals for EDC of the Fe-biochar. 
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Figure C9. FTIR patterns of the different Fe-biochar with a wavelength of 1000−1800 cm−1 

(up part) and 400−4000 cm−1 (down part) 

 

Figure C10. O1s XPS spectra of the different Fe-biochar or pristine biochar.
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Figure C11. C1s XPS spectra of the different Fe-biochar or pristine biochar.
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Figure C12. Specific surface area (SSA) and pore volume (PV) of the different Fe-biochar. 

 

Figure C13. The pore distribution of the different Fe-biochar.
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Appendix D 

 

Pearson Correlation Analysis for Fe-speciation and As Removal Performance. To enlarge 

the database of the As removal performance by different Fe-biochar with designed Fe-

speciation, several Fe-biochars were designed as follows:  

(i) The BC400-Fe and BC850-Fe were pyrolyzed at 850 °C with a longer keeping time of 4 h, 

which offered a more reducing environment and a complete formation of reductive Fe (Sun et 

al., 2019). The obtained Fe-biochars were named as BC400-Fe-850-4 and BC850-Fe-850-4, 

respectively; 

(ii) The BC400-Fe and BC850-Fe were also pyrolyzed at 400 °C for 4 h to thoroughly transform 

amorphous-Fe to crystal-Fe. These two composites were denoted as BC400-Fe-400-4 and 

BC850-Fe-400-4, respectively; 

(iii) The BC400-Fe, BC550-Fe, and BC700-Fe also undergo the second pyrolysis at 400 °C for 

1 h. A varied amount of amorphous-Fe content with limited iron reduction would be formed 

due to the different carbon speciation. These Fe-biochars were named as BC400-Fe-400-1, 

BC550-Fe-400-1, and BC700-Fe-400-1 (or BC400-Fe-400, BC550-Fe-400, and BC700-Fe-

400 in short); 

(iv) The FeCl3-pretreated biomass was directly pyrolyzed at 400, 550, 700, and 850 °C, 

respectively, for 1 h with a ramping rate of 10 °C min–1. The mass ratio between biomass and 

Fe was set as 30:1 to ensure a similar Fe content (~10% wt.%) in the produced Fe-biochars. 

Briefly, 60 g of biomass was added into 200 mL FeCl3 solution with the iron concentration of 

10 g L–1. This mixture was stirred for 24 h at 200 rpm, dried at 60 °C for over 72 h, crushed to 
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pass a 120-mesh sieve, and stored in a dry container before the second pyrolysis. The produced 

Fe-biochars were named as BCFe-400-1, BCFe-550-1, BCFe-700-1, and BCFe-850-1 (or 

BCFe-400, BCFe-550, BCFe-700, and BCFe-850 in short). 

Basic properties, including the Raman spectrum and element content, were determined. 

Fe-speciation of these 11 Fe-biochars was conducted carefully by Q-XRD and different 

extraction methods (see Appendix B). Removal capacities of these Fe-biochars for both As(V) 

and As(III) were also conducted with the same procedure, as shown in section 4.2.3. The basic 

properties and removal performance used for the PCC analysis were summarized in Figure 

D14, D18-D19, and Table D5-D6.  

The quantized linear dependences between any two variables were calculated by the PCC 

with the Eq. D-1(Zhu et al., 2019b, Zhu et al., 2021): 

𝑟 =
∑ (௫ି௫̅) ∑ (௬ି௬ത)

సభ

సభ

ට∑ (௫ି௫̅)మ
సభ  ට∑ (௬ି௬ത)మ

సభ

                  (Eq. D-1) 

where �̅� or 𝑦ത indicated the mean value of variable 𝑥 or y.  

The significant level test (t) of PCC was available with Eq. D2, while the p-value was 

acquired through two-tailed t distribution with N-2 degrees of freedom. 

𝑡 =
√ேିଶ

√ଵିమ
                             (Eq. D-2) 

where N was the number of samples and r was the Pearson correlation coefficient. All these 

statistical analyses were realized in Origin 2019. 

Two databases were used to evaluate the Pearson correlation coefficient of As removal 

capacities and Fe speciation based on the distinct mechanisms. The first one included the 

BC400-Fe-850-1, BC550-Fe-850-1, BC700-Fe-850-1, BC850-Fe-850-1, BC400-Fe-850-4, 

BC850-Fe-850-4, and BCFe-850-1, because they contained various reductive-Fe content and 
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similar mild pH. Besides, they mainly immobilized As by reductive Fe (e.g., ZVI) through 

redox reaction. The second database consisted of BC850-Fe-700-1, BC850-Fe-550-1, BC850-

Fe-400-1, BC850-Fe-400-4, BC400-Fe-400-1, BC550-Fe-400-1, BC700-Fe-400-1, BC400-

Fe-400-4, and BCFe-400-1. All these Fe-biochars contained high amorphous-Fe content with 

acidic pH. The released Fe content under low pH conditions might be the key moiety for the 

As immobilization.  
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Table D1. Basic physicochemical properties of the Fe-biochars 
 

Fe-biochar 

Element content (%) a 

H/C b O/C b Ad/Ag pH 
Ash  
(wt. %) 

SSAc 
(m2 g–1) 

Pore Volume 
(cm3 g–1) 

Total Fe content  
(mg g–1) 

C H N O 

BC400-Fe-850 66.5 0.88 1.29 14.8 0.16 0.17 2.38 7.5±0.1 16.5 373 0.018 90.0 

BC550-Fe-850 66.7 0.90 1.33 15.2 0.16 0.17 2.36 7.3 15.8 345 0.018 86.9±0.1 

BC700-Fe-850 66.7 0.92 1.74 15.5 0.17 0.17 2.35 7.4±0.1 15.2 360 0.022 85.0±0.2 

BC850-Fe-850 66.5 0.85 1.42 15.5 0.15 0.17 2.31 7.3±0.2 15.8 308 0.056 84.6±1.4 

BC850-Fe-700 67.5 0.80 1.64 14.5 0.14 0.16 2.30 3.1 15.6 10.7 0.017 83.3±0.6 

BC850-Fe-550 67.9 0.78 1.82 13.7 0.14 0.15 2.30 3.1 15.8 10.2 0.020 81.5±0.9 

BC850-Fe-400 69.3 0.78 1.21 13.2 0.14 0.14 2.31 2.9 15.5 7.83 0.014 81.4±0.8 

a Mass proportion; b Atomic ratio; c specific surface area obtained from Brunauer-Emmett-Teller (BET) methods 
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Table D2 Iron speciation of the different Fe-biochars based on the Q-XRD analysis and Fe-different extraction methods 

Fe-biochar 
Q-XRD analysis (mg g–1)a Fe-extraction methods (mg g–1) 

Fe3O4 FeO Fe Fe2O3 Amorphous-Fe Reducible Fe Extractable Fe Soluble Fe Soluble Fe(II) 

BC400-Fe-850 63.1 12.9 10.9 N.D. 3.1 67.8±1.5 89.9±5.1 N.D. N.D. 

BC550-Fe-850 62.5 16.3 3.1 N.D. 5.0 55.1±5.2 77.7±6.7 N.D. N.D. 

BC700-Fe-850 67.7 8.6 N.D. N.D. 8.7 43.9±2.9 30.0±0.3 N.D. N.D. 

BC850-Fe-850 67.7 7.2 N.D. N.D. 10.3 38.4±2.6 18.4±3.4 N.D. N.D. 

BC850-Fe-700 54.4 N.D. N.D. N.D. 28.9 12.6±0.7 4.0±0.1 0.8±0.1 0.4±0.1 

BC850-Fe-550 28.0 N.D. N.D. N.D. 53.5 12.0±0.2 4.1±0.1 1.9±0.1 0.6±0.1 

BC850-Fe-400 N.D. N.D. N.D. 19.5 61.9 14.7±0.4 14.8±0.6 7.4±0.8 4.2±0.9 
a XRD pattern for the Q-XRD analysis could be found in Figure D2 
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Table D3. Comparison of the As removal capacities with published references. 

Fe-biochar 
Fe content 
(wt. %) 

Fe speciation 
As(V) removal 
(mg g–1) 

As(III) removal 
(mg g–1) 

Reference 

ZVI-biochar complexes 55.7–59.6 Zero-valent-iron 7.9–15.6  (Bakshi et al., 2018) 
Fe-impregnated biochar 6.1 Maghemite & hematite 6.8  (He et al., 2018) 
Magnetic biochar 3.0 Hematite 0.4  (Wang et al., 2015b) 
Iron oxide biochar 8.6 Akaganeite 8.1 6.0 (Wei et al., 2019) 
magnetic biochar 2.7–8.0a Magnetite & Fe3C 8.9–13.1  (Cho et al., 2017) 
bark-based magnetic 
iron oxide 

> 50 Magnetite  13.7 
(Dhoble et al., 2018) 

Fe-Biochar composite 0.3–3.0a 
Magnetite & Zero-
valent-iron 

5.6–7.5  
(Yoon et al., 2020) 

nZVI-sludge biochar > 0.2 Fe, FeO, & Magnetite 11.3  (Liu et al., 2021b) 
Magnetic biochar 10.4–14.8 Magnetite  6.1–7.0 (Wang et al., 2021d) 

ZVI/biochar 10.5 
Zero-valent-iron & 
maghemite 

9.2–26.7  
(Wang et al., 2017b) 

Magnetic biochar 8.3–12.8 Magnetite 1.3–3.1 1.6–2.0 (Baig et al., 2014) 
Reductive-Fe biochar 8.5–9.0 Fe, FeO, & Magnetite 0.3–4.3 1.2–7.7 This study 

Amorphous-Fe biochar 8.1–8.3 
Amorphous-Fe, 
hematite, & magnetite 

1.7–11.0 3.0–7.7 
This study 

a Determined by the EDX results from SEM-EDX 

 
Arsenic removal capacities of Fe-biochar with different speciation, including metallic iron (Fe(0)), FeO, magnetite (Fe3O4), hematite (Fe2O3), 

maghemite (Fe2O3), and akaganeite (FeOOH), were collected from literature. The removal capacities for both As(V) and As(III) in most literature 

(0.4–13.1 mg g–1) were similar to this study (0.4–11.0 mg g–1), while higher removal capacities (i.e., 15.6–26.7 mg g–1) might be attributed to the 

higher iron content (55.7–59.6 %), especially for the Fe speciation with high reactivity (i.e., Fe(0)).
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Table D4. Pearson correlation coefficient analysis of the pyrolysis condition, Fe speciation, and basic physicochemical properties of the Fe-
biochars (in total 18 samples) (**p < 0.01, *p < 0.05) 

 
1

st
 

tempera
ture 

2
nd

 
tempera
ture 

Keepin
g time 

Fe
3
O

4
 FeO Fe Fe

2
O

3
 FeCl

2
 Amorp

hous-Fe 
Reduci
ble Fe 

Extract
able Fe 

Soluble
-Fe 

Soluble
-Fe(II) 

H/C O/C A
d
/A

g
 pH 

1
st
 

tempera
ture 

1 0.00 0.19 -0.27 0.24 0.05 0.39 0.02 0.13 -0.03 0.06 0.08 0.04 -0.51* -0.37 0.56* -0.12 

2
nd

 
tempera
ture 

0.00 1 0 0.77** 0.70** 0.43 -0.49* -0.45 -0.94** 0.66** 0.33 -0.63** -0.58 -0.54* -0.28 0.61** 0.94** 

Keepin
g time 

0.19 0.00 1 -0.36 0.37 0.62** 0.18 -0.16 0.00 0.30 -0.06 -0.11 -0.10 -0.21 -0.67** 0.31 0.03 

Fe
3
O

4
 -0.27 0.77** -0.36 1 0.17 -0.13 -0.49* -0.43 -0.78** 0.21 0.10 -0.58* -0.53* -0.38 0.10 0.31 0.71** 

FeO 0.24 0.70** 0.37 0.17 1 0.69** -0.28 -0.25 -0.64** 0.79** 0.54* -0.36 -0.33 -0.37 -0.46 0.55* 0.73** 

Fe 0.05 0.43 0.62** -0.13 0.69** 1 -0.17 -0.16 -0.43 0.80** 0.26 -0.23 -0.20 -0.25 -0.67** 0.36 0.43 

Fe
2
O

3
 0.39 -0.49* 0.18 -0.49* -0.28 -0.17 1 -0.01 0.39 -0.35 -0.14 0.16 0.04 -0.30 -0.25 0.13 -0.42 

FeCl
2
 0.02 -0.45 -0.16 -0.43 -0.25 -0.46 -0.01 1 0.35 0.06 0.25 0.93** 0.96** 0.52* 0.13 -0.49* -0.40 

Amorp
hous-Fe 

0.13 -0.94** 0.00 -0.78** -0.64** -0.43 0.39 0.35 1 -0.72** -0.36 0.54* 0.49* 0.52* 0.36 -0.49* -0.92** 

Reduci
ble-Fe 

-0.03 0.66** 0.30 0.21 0.79** 0.80** -0.35 0.06 -0.72** 1 0.63** -0.10 -0.05 -0.26 -0.52* 0.34 0.73** 

Extract
able-Fe 

0.06 0.33 -0.06 0.10 0.54* 0.26 -0.14 0.25 -0.36 0.63** 1 0.17 0.20 -0.08 -0.02 0.28 0.44 

Soluble
-Fe 

0.08 -0.63** -0.11 -0.58* -0.36 -0.23 0.16 0.93** 0.54* -0.10 0.17 1 0.99** 0.55* 0.15 -0.52* -0.57* 

Soluble
-Fe(II) 

0.03 -0.58* -0.10 -0.53* -0.33 -0.20 0.04 0.96** 0.49* -0.05 0.20 0.99** 1 0.59* 0.17 -0.54* -0.51* 

H/C -0.51* -0.54* -0.21 -0.38 -0.37 -0.25 -0.30 0.52* 0.52* -0.26 -0.08 0.55* 0.59* 1 0.65** -0.85** -0.44 

O/C -0.37 -0.28 -0.67** 0.10 -0.46 -0.67** -0.25 0.13 0.36 -0.52* -0.02 0.15 0.17 0.65** 1 -0.54* -0.23 

A
d
/A

g
 0.56* 0.61** 0.31 0.31 0.55* 0.36 0.13 -0.49* -0.49* 0.34 0.28 -0.52* -0.54* -0.85** -0.54* 1 0.53* 

pH -0.12 0.94** 0.03 0.71** 0.73** 0.43 -0.42 -0.40 -0.92** 0.73** 0.44 -0.57* -0.51* -0.44 -0.23 0.53* 1 
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Table D5.  Basic physicochemical properties of the Fe-biochar prepared under different pyrolytic conditions. 

Fe-biochar 
Element content (%)a 

H/C b O/C b Ad/Ag
c pH 

Ash content 
(wt. %) 

Total Fe content  
(mg g−1) C H N O 

BC400-Fe-850-4 70.5 0.82 0.74 9.25 0.14 0.10 2.38 7.2±0.2 18.7 99.6±3.2 

BC850-Fe-850-4 71.5 0.86 0.70 8.36 0.14 0.09 2.32 6.8 18.6 86.9±0.8 

BC400-Fe-400-4 67.8 1.81 0.85 14.0 0.32 0.15 2.17 2.9 15.5 80.7±1.7 

BC850-Fe-400-4 70.4 0.66 0.61 12.2 0.11 0.13 2.36 2.9 16.2 83.1±1.4 

BC400-Fe-400-1 63.8 3.18 0.75 17.3 0.60 0.20 2.02 2.8 15.0 74.6±0.6 

BC550-Fe-400-1 67.0 2.40 0.78 14.0 0.43 0.16 2.05 2.9 15.8 76.9±0.7 

BC700-Fe-400-1 68.8 0.99 0.64 13.4 0.17 0.15 2.12 2.8 16.1 76.7±0.4 

BCFe-400-1 64.3 2.87 0.62 19.2 0.54 0.22 2.00 3.1 13.0 69.6±0.4 

BCFe-550-1 67.5 2.13 0.60 15.1 0.38 0.17 2.01 4.2 14.7 72.4±3.4 

BCFe-700-1 68.0 1.27 0.49 14.9 0.22 0.16 2.07 6.1 15.4 84.3±5.0 

BCFe-850-1 68.9 0.91 0.56 13.0 0.16 0.14 2.30 6.8±0.1 16.6 86.0±0.3 
a Mass proportion;  b Atomic ratio; c Raman spectrum could be found in Figure D17 
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Table D6. Iron speciation of other Fe-biochar based on Q-XRD analysis and different Fe-extraction methods 

Fe-
biochar 

Q-XRD analysis (mg g−1)a Fe-extraction methods (mg g−1) 

 Fe3O4 FeO Fe Fe2O3 FeCl2·4H2O Amorphous-
Fe 

Reducible 
Fe 

Extractable 
Fe 

Released 
Fe 

Released 
Fe(II) 

BC400-Fe-
850-4 

10.8 24.6 61.5 
N.D. N.D. 

2.7 103.0±3.6 46.2±4.5 
N.D. N.D. 

BC850-Fe-
850-4 14.6 28.6 35.3 

N.D. N.D. 
8.3 77.6±2.9 20.4±0.4 

N.D. N.D. 

BC400-Fe-
400-4 

17.0 N.D. 
N.D. N.D. 

2.5 61.2 17.5±1.2 18.1±1.2 12.0±0.1 11.0±0.2 

BC850-Fe-
400-4 

N.D. 
N.D. N.D. 

29.3 N.D. 53.8 6.2±0.8 7.5±0.1 2.7±0.2 1.0±0.1 

BC400-Fe-
400-1 

N.D. 
N.D. N.D. N.D. 

11.3 63.3 24.6±3.0 30.3±0.4 23.8±0.6 22.1±0.8 

BC550-Fe-
400-1 

N.D. 
N.D. N.D. N.D. 

27.3 49.5 52.1±0.5 49.9±0.3 34.2±0.4 32.4±0.1 

700-Fe-400-1 N.D. N.D. N.D. 25.4 7.2 44.1 28.6±1.9 32.2±1.2 17.7±0.4 12.8±0.2 

BCFe-400-1 N.D. N.D. N.D. N.D. N.D. 69.6 2.5±0.6 1.2±0.1 0.6 0.2±0.1 

BCFe-550-1 51.3 N.D. N.D. N.D. N.D. 21.1 25.0±2.1 9.1 N.D. N.D. 

BCFe-700-1 73.1 N.D. N.D. N.D. N.D. 11.2 45.6±0.4 5.1±1.5 N.D. N.D. 

BCFe-850-1 87.4 N.D. N.D. N.D. N.D. N.D. 32.7±2.4 5.3±0.1 N.D. N.D. 
a: XRD pattern for the Q-XRD analysis could be found in Figure D18 
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Figure D1. The FTIR spectra (a), Raman spectra (b), and element ratio (c) of the pristine 

biochars (BC400, BC550, BC700, and BC850). 
 

With the increasing pyrolysis temperature, biochar undergoes dehydration, the 

disruption of organic components, and subsequent aromatization (Ai et al., 2020, Keiluweit et 

al., 2010, Xiao et al., 2018b). Different carbon phases such as (1) transition phase with the 

preserved character (<400 °C); (2) Amorphous phase with cracked molecules and aliphatic 

carbon (~450–550 °C); (3) Composite phase with the poorly ordered graphene stacks (~600–

700 °C); and (4) Crystal phase (>700 °C) will be formed with the increasing pyrolysis 

temperature (Keiluweit et al., 2010). BC400 contained abundant surface O-functionality 

including –OH (~3400 cm-1), –C=O (1600–1700 cm-1), and –C–O (1000–1400 cm-1), while 

relative lower O-functionality was found on BC550 with the appearance of aromatic C–H 

(~875 cm-1) (Chen et al., 2015b, Fang et al., 2014, Xu et al., 2019a). Limit amounts of 

functional groups were found when the temperature reached 700 °C (i.e., BC700 and BC850). 

Increasing Ad/Ag ratio from 1.62 to 2.31 with rising pyrolysis temperature also confirmed the 

formation of disordered graphitic crystallites at high temperatures (McDonald-Wharry et al., 

2013, Wan et al., 2019). The decreased O/C ratio and H/C ratio further confirmed aromatization 

with the deoxygenating and dehydration of O-moieties with the increasing pyrolysis 

temperatures (Keiluweit et al., 2010, Xiao and Chen 2017b, Zhao et al., 2018a). 
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Figure D2. Q-XRD patterns of the different Fe-biochar with the addition of standard CaF2. 

 

Figure D3. XPS spectra of Fe2p binding state in the different Fe-biochars.
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Figure D4. SEM images with EDX elemental (C, Fe, O, and Cl) distribution of the BC400-
Fe-850 (up two), BC850-Fe-850 (middle two), and BC850-Fe-400 (down two). 
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Figure D5. Elemental ratio and proportion of O-moieties of the different Fe-biochars (a); 

XPS deconvolution analysis of C1s binding state in the different Fe-biochars (b). 
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Figure D6. Raman results of the D-band position, G-band position, and Ad/Ag ratio for 

different Fe-biochars. 

 

Figure D7. Pore distribution of different Fe-biochars. (SSA: specific surface area; PV: pore 

volume)
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Figure D8. Pore distribution of Fe-biochar composites before pyrolysis (BC400/550/700/850-Fe) and BC850 substrate. 
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Figure D9. Amount of As(III) formation after As(V) removal (a&c) and the amount of As(V) formation after As(III) removal (b&d) by the 

different Fe-biochars. 
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Figure D10. Pearson correlation matrix of the As removal capacities, Fe speciation, and basic 
physicochemical properties of Fe-biochars produced at high second pyrolysis temperature 

(850 °C) with rich reductive-Fe content and mild-pH. 

 

Figure D11. Linear relationship between Fe-speciation detected by different extraction 
methods and As removal capacities of Fe-biochars produced at high second pyrolysis 

temperature (850 °C) with rich reductive-Fe content and mild-pH.
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Figure D12. XPS depth profiling analysis of the Fe2p binding state in the selected Fe-biochars after As removal.
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Figure D13. Atomic ratios of C, O, Fe, and As of the selected Fe-biochars after As removal 

based on the XPS depth profiling analysis.
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Figure D14. Removal capacities for As(V) (a&c) and As(III) (b&d) of the Fe-biochars prepared under different pyrolytic conditions and the 

change of solution pH before/after the reaction.  
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Figure D15. Pearson correlation matrix of the As removal capacities, Fe speciation, and basic 

physicochemical properties of Fe-biochars produced at low second pyrolysis temperature 
(≤700 °C) with rich amorphous-Fe content and acidic pH. 

 
Figure D16. Linear relationship between Fe-speciation detected by different extraction 

methods and As removal capacities of Fe-biochars produced at low second pyrolysis 

temperature (≤700 °C) with rich amorphous-Fe content and acid-pH. 
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Figure D17. Amount of Fe dissolution before and after immobilization of As(V)/As(III).  

 

 
 

Figure D18. Raman patterns of the Fe-biochars prepared under different pyrolytic conditions. 
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Figure D19. Q-XRD patterns of the Fe-biochars prepared under different pyrolytic 

conditions with the addition of standard CaF2. 
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Appendix E 

Preparation of Cr(VI)-contaminated OECD soils with low- and high-crystallinity ferric 

oxyhydroxides. Standard OECD soil, prepared according to the previous study (Pontoni et al., 

2016), was selected as the basis of all test soils. Briefly, 68.5% quartz sand, 20% kaolin clay, 

and 10% sphagnum peat sieved at 2 mm were mixed first, and then about 1% powdered calcium 

carbonate was added to adjust the soil pH to 7.0 ± 0.2. About 0.5% K2CrO4 was added to 

simulate the Cr(VI) pollution, which resulted in Cr(VI) concentration of about 1340 mg kg-1. 

This concentration was within the chromium concentration in the industrially polluted soil 

(Chen et al., 2021c, Yang et al., 2018b, Yang et al., 2021c). About 6.38% Fe-L or Fe-H was 

also added to represent kaolin clay, which targeted the iron concentration as ~4% in the soil 

involved in the typical iron content of red soil/swamp soil in China (Hu et al., 2021). The 

proportion of different components in soils was concluded below. These components were 

placed in glass containers, moistened distilled water, thoroughly mixed to ensure a 

homogeneous distribution, and then left stabilizing for 30 days. After 30 days of incubation, 

these soils were air-dried, passed through a 2 mm sieve, and stored in a closed container before 

further use. 

Soil Name 
Quartz 

Sand (%) 

Kaolinite 

Clay (%) 

Sphagnum 

Peat (%) 

Calcium 

Carbonate 

(%) 

Hexavalent 

Chromium 

(%) 

Ferric 

Oxyhydroxide 

(%) 

No-Fe Soil 68.50 20.00 10.00 ~1.00 0.50 0.00 

Fe-L Soil 68.50 13.62 10.00 ~1.00 0.50 6.38 Fe-L 

Fe-H Soil 68.50 13.62 10.00 ~1.00 0.50 6.38 Fe-H 
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Sampling Process and Control Settings of Cr(VI) Immobilization Experiment in Solution 

System. Firstly, 2 g Fe-L or Fe-H were added into 1 L of 100 mg L-1 Cr(VI) solution, which 

was prepared by dissolving an appropriate amount of K2CrO4 in 0.1 M KCl background 

solution. The concentration ratio between ferric oxyhydroxides and chromium was set 

according to the possible concentration in polluted soil (Chen et al., 2021c, Yang et al., 2018b, 

Yang et al., 2021c). These mixtures were mechanically shaken for 7 days at 200 rpm to ensure 

the homogeneity of the reaction system. This process was implemented to simulate the natural 

sorption process of Cr(VI) on ferric oxyhydroxides and determine the Cr(VI) removal ability 

of ferric oxyhydroxides with different degrees of crystallinity. 

After the 7-day reaction, 2 g biochar (BC400 or BC700) was added to the solution above 

to simulate the artificial addition of pyrogenic carbon. The mixtures were further shaken for 

another 7-days at 200 rpm to keep the reaction system homogenized. All experiments were 

done in triplicates. According to the previous study, the reaction time and the ratio between 

biochar and Cr(VI) were selected.(Xu et al., 2018a, Xu et al., 2019d, Xu et al., 2021e) About 3 

mL mixtures were sampled and filtered using a 0.45-µm membrane filter to collect the filtrates 

and solids at selected time intervals during the whole 14-day process, and the pH was kept at 

the initial value of 6.5±0.1 by adding 1M HCl or 1M NaOH after each sampling. It is worth 

mentioning that the sampling process was conducted carefully and rapidly to keep the 

homogeneous distribution of the solid particles during the sampling process. Besides, the redox 

condition of the solution was not controlled during the whole reaction. Control experiments 

were set as follows: 

(1) Graphite and activated carbon were set as the carbon material comparisons and were added 
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instead of biochar after the 7-day reaction between ferric oxyhydroxide and Cr(VI).  

(2) Biochar without ferric oxyhydroxide existence was set as a control to reveal biochar's 

immobilization capacity alone. 100 mg L-1 Cr(VI) solution was shaken for 7-day alone without 

any ferric oxyhydroxide, and then biochar was added.  

(3) Dissolved biochar of BC400 was set as the control to reveal the electron transfer mechanism 

from biochar to Cr(VI) on the ferric oxyhydroxide since the dissolved organic matter of biochar 

might donate electrons for Cr(VI) and Fe(III) reduction (Zhang et al., 2019a). Dissolved 

biochar was prepared by filtering the fresh BC400 with deionized water at a ratio of 1:100 (w/v) 

ratio after stirring for 48 h (Yang et al., 2018a). The dissolved organic carbon concentration 

was 83.4 mg L-1 (determined by a multi-N/C 2100 TOC (Germany) analyzer). 20 mg dissolved 

biochar was added into 1L 100 mg L-1 Cr(VI) solution with 2g ferric oxyhydroxide and shaken 

at 200 rpm for 7 days. 

(4) Ferric oxyhydroxide without biochar addition was also set as a control to reveal the Cr(VI) 

immobilization ability of ferric oxyhydroxide alone. The mixture of Cr(VI) solution and ferric 

oxyhydroxide was shaken at 200 rpm for 14 days without biochar addition on the seventh day. 

The sorption process was stabilized after seven days, and little change occurred from the 7th 

day to the 14th day.  

 
Alkalinity Extraction Experiment. An alkaline extraction method (Zhao et al., 2016c) was used 

to determine Cr species in biochar for comparison with XPS results. An appropriate amount of 

NaOH and Na2CO3 was dissolved by deionized water to make the 0.5 M NaOH + 0.28 M 

Na2CO3 extraction solution. 100 mg biochar after Cr(VI) reduction was mixed with 50 mL 

alkaline extraction solution. The mixtures were mechanically shaken at 160 rpm at 50°C for 24 

h. The liquid phase was collected using a 0.45 μm Millipore filter for Cr(VI) measurement to 

determine the Cr(VI) amount on the solid surface.  
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Transmission Electron Microscopy (TEM) with Electron Energy Loss Spectroscopy (EELS) 

analysis. The biochar and ferric oxyhydroxide complex was dispersed in ethanol with 

sonication for 5 min. Samples were prepared by placing ten μL of the solution onto the micro 

carbon grid. After drying under anoxic conditions for 1 day, the samples were put directly into 

the TEM and analyzed by EELS for C, Fe, and Cr species. All spectra were normalized using 

the C K-edge integrated intensity. TEM and EELS data were processed by Gatan Digital 

Micrograph. EELS mapping of C was obtained using 0.5 eV window on the C edge at 285.0 

eV (aromatic C), 286.75 eV (phenol), and 288.5 eV (carboxyl) (Archanjo et al., 2015, Chen et 

al., 2014a). A long window range among 284-292 eV was also used to evaluate the distribution 

of carbon in all possible speciation. EELS mapping of Cr was obtained using 2 eV wide 

windows on the Cr L3-edge at 575 eV(Cr(III)) and 581 eV(Cr(VI)) (Arevalo-Lopez and Alario-

Franco 2009, Bishop et al., 2019, Daulton and Little 2006, Daulton et al., 2002). EELS mapping 

of Fe was obtained using 1 eV wide window on the Fe L-edge at 705 eV (Fe(II)) and 707 eV 

(Fe(III)) (Archanjo et al., 2017).  

 

XPS Analysis. The XPS data were processed by using the CasaXPS software with the 

Gaussian-Lorentzian model and plotted with Origin 8.6. The C1s could be divided into sp2-C 

(284.5 eV), sp3-C (285.6eV), C-O (286.7 eV), -C=O (287.8 eV), and –COO (288.8 eV) by XPS 

(Fan et al., 2011). The O1s could be divided into C-O/C-OH (~533.5-534eV), -C-O-Fe(~532.5 

eV), -C=O (~531-532 eV), and -Fe-O/-Fe(O)OH (~530-531 eV) by XPS according to the 

reference (Arrigo et al., 2010, Qian et al., 2017, Zhou et al., 2007). Fe 2p could be divided into 

2p3/2 orbitals of Fe2+ (711-712.5 eV), 2p3/2 orbitals of Fe3+ (713-714.5 eV), Fe satellite (715-

720 eV), 2p1/2 orbitals of Fe2+ (724 -725.5 eV), and 2p1/2 orbitals of Fe3+ (726.5-728.0 eV), 

respectively (Wu et al., 2012, Xu et al., 2021d, Yan et al., 2018).   
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Raman Imaging combined with Emission Scanning Electron Microscope (Raman-SEM) 

analysis. The carbon structure of biochar after Cr(VI) reduction with ferric oxyhydroxide was 

characterized with Raman Imaging combined with an Emission Scanning Electron Microscope 

system (TESCAN-MAIA3/ WITEC/MAIA3 GMU model 2016) with excitation line set to λ0 

= 532 nm. The areas were selected for mapping as the position marked as ~1320 cm-1 with 70 

cm-1 wide window representing the disorder carbon defects (ID), while ~1520 cm-1 with 70 cm-

1 wide window represents the high order graphitic carbon (IG) (Hu et al., 2017, Li et al., 2006, 

Wan et al., 2019). The ratio of ID/IG was a typical indicator to represent the disorder carbon 

degree (Sun et al., 2019, Wan et al., 2019), and its relevant strength was also calculated for the 

mapping. The Raman spectra on the ferric oxyhydroxide showed no peaks but an increase with 

the wavenumber due to the fluorescence.  

 

Quantification of the contribution of direct and indirect electron transfer during the Cr(VI) 

reduction with Fe-L and biochar. To semi-quantified the contribution of the direct and indirect 

electron transfer routine during the Cr(VI) reduction with Fe-L and biochar, the remaining 

Cr(VI)-containing solution was replaced with the same volume of background solution without 

Cr(VI) after 7-day Cr(VI) sorption by Fe-L. Limited Cr(VI) concentration in the solution can 

inhibit the potential direct reduction of Cr(VI) by biochar. Then, 2 g L-1 biochar was added into 

the system to launch the reduction process for 7-day. The remaining Cr(VI) in both solid and 

solution was determined compared with the main experiment (i.e., Cr(VI)-containing solution 

was not removed). We find that about 21.8–23.9% Cr(VI) can be reduced without the solution 

Cr(VI), representing the 66.6–73.0% Cr(VI) reduction amount in the system with the solution 

Cr(VI). Although parts of Cr(VI) were released into the solution during the reaction process, 

its concentration was low (< 3.3 mg L-1, less than 10 %). Thus, the main electron transfer 
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routine was indirect electron transfer for the Cr(VI) reduction with Fe-L and biochar. 

Electrochemical analysis for the biochar with or without iron mineral. The electron-donating 

capacity (EDC) of biochar in the absence or presence of iron minerals was quantified by the 

mediated electrochemical oxidation (MEO) methods (Zhang et al., 2018c). All the 

electrochemical analysis was performed in an anoxic glovebox, and all the biochar and iron 

minerals were placed under a vacuum in the antechamber to remove the adsorbed O2. The 

biochar (2 g L–1) was suspended in glass vials containing a neutral (pH= 7.0) anoxic buffer 

solution (0.1 mol KCl and 0.1 mol phosphate). Iron mineral (2 g L–1) was also added to study 

the impact of iron minerals on the electron-donating process of biochar. A 9-mL glassy carbon 

cylinder served both as the working electrode and electrochemical reaction vessel. The 

Ag/AgCl electrode served as the reference electrode, and the counter electrode was a coiled 

platinum wire with porous glass wrapped outside. The working potential was set at 0.61ௗV, and 

ABTS (2, 2′-azino-bis (3-ethyl-benzthiazoline-6-sulfonic acid) diammonium salt) was selected 

as the mediator for the MEO reaction. The biochar suspensions were spiked into the cells, and 

the (EDC) of the composites was determined by integrating the current peak response with 

triplicates (Eq. E1).  

𝐸𝐷𝐶 =
∫

ೀೣ
ಷ

ௗ௧

್ೌೝ
                      Eq.E1 

𝐸𝐴𝐶 =
∫

ೃ
ಷ

ௗ௧

ಷ
                       Eq.E2 

 

where IRed and IOx [A] are the corrected electrochemical currents in the MER and MEO tests, 

respectively; F [s A (mol e−)−1] is the Faraday constant; and mbiochar/mFe [g] is the mass of 

biochar or iron mineral sample. 
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EDC of Fe-L and Fe-H was also determined with a similar method. Besides, the 

mediated electrochemical reduction (MER) test was also conducted to evaluate the oxidizing 

capacity of iron minerals. Diquat (1,1′-ethylene-2,2′-bipyridyl）was chosen as the mediator, 

and the working potential was set at -0.35 V (Aeppli et al., 2019a, Aeppli et al., 2018, Aeppli 

et al., 2019b). For the MEO test, 0.01 mol MOPs (3-morpholinopropane-1-sulfonic acid) was 

selected as the buffering agent to control the pH as 7. Electron-accepting capacity (EAC) of 

iron minerals was determined by the triplicated MER test (Eq. E2) with a similar testing 

procedure as the MEO test. The co-existence of Fe-L decreased the EDC of biochar, while limit 

change was found with Fe-H. Iron mineral contained limited electron-donating capacity, while 

the high electron-accepting capacity of Fe-L might cause the decrease of biochar’s EDC. 
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Table E1. Selected Physicochemical Properties of Ferric oxyhydroxides 
 

 

 
Table E2. Selected Physicochemical Properties of Biochar Derived from Peanut Shell at 
400℃ and 700℃ 

Ferric oxyhydroxides SBET (m2·g-1) pHpzc
a Crystalline size (nm)b 

Fe-L 19.8 ~8.5 17.6 

Fe-H 283 ~8.0 29.8 

a detected based on the Zeta potential; b calculated based on the Scherrer formula 

 
ID/IG

 

a 

SBET 

(m2·g-

1) 

Element content (%)  C species (%)b  
O species 

(%)b 
 

C H N O  sp2C sp3C 
-C-

O 

-

C=O 

-

COO 
 

-C-

O 

-

C=O 

BC400 1.15 19.8 71.4 3.49 1.39 16.6  54.0 34.0 4.98 3.74 3.25  47.5  52.5  

BC700 1.55 283 83.0 1.14 0.88 5.38  63.6 26.9 3.41 3.32 2.71  49.1 50.9  

a Determined with Raman spectrometer; b Determined using X-ray photoelectron spectroscopy;  
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Table E3. Distribution of Cr in solid phase (biochar and iron mineral alone or in combination) after 14-day Cr(VI) removal in solution 

system 

 
CrTotal concentration in 

solid phase (mg g-1) 

Cr(VI) concentration 

in solid phase (mg g-1) 

Cr(III) concentration 

in solid phase (mg g-1) 

Cr(VI) distribution 

in solid phase (%) 

Cr(III) distribution 

in solid phase (%) 

      

Fe-L 18.75 (18.45)a 18.22 (18.15) 0.53 (0.30) 97.15 (98.37) 2.85 (1.63) 

Fe-H 6.18 (4.33) 5.80 (4.18) 0.38 (0.17) 93.75 (96.54) 6.25 (3.46) 

      

BC400 14.85 0.45 14.35 3.03 96.97 

BC400 + Fe-L 10.48 5.14 5.34 49.03 50.97 

BC400 + Fe-H 6.39 0.44 5.95 6.89 93.11 

      

BC700 16.91 0.35 16.56 2.07 97.93 

BC700 + Fe-L 10.69 5.34 5.35 49.94 50.06 

BC700 + Fe-H 7.02 0.95 6.07 13.53 86.47 

      

a Results shown in parentheses were obtained after 7-d Cr(VI) sorption by iron mineral 
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Table E4. XPS Results for the O 1s Binding State and Its Relative Atomic Percentage on the Biochar Surfaces after Cr(VI) Removal in 
Different Reaction Systems. 
 

Reaction System O species (%)  

-C-O or C-OH -C-O-Fe -C=O -Fe-O or Fe(O)OH Ratio of -C-O/-C=O  

BC400 after Cr(VI) removal 33.41  66.59  0.50  

BC400 + Fe-L after Cr(VI) removal 13.72 19.33 39.90 27.04 0.34  

BC400 + Fe-H after Cr(VI) removal 27.36  57.31 15.33 0.48  

       

BC700 after Cr(VI) removal 19.21  80.79  0.24  

BC700 + Fe-L after Cr(VI) removal 8.05 18.25 43.32 30.38 0.19  

BC700 + Fe-H after Cr(VI) removal 14.32  57.01 28.67 0.25  
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Table E5. XPS Results for the Fe 2p Binding State and Its Relative Atomic Percentage on the Biochar Surfaces after Cr(VI) Removal in 
Different Reaction Systems. 
 

Reaction System Fe species (%) 

Fe(II) Fe(III) Fe(salt) Ratio of Fe(II)/Fe(III) 

BC400 + Fe-L after Cr(VI) removal 30.54 46.28 23.19 0.66 

BC400 + Fe-H after Cr(VI) removal 17.01 55.52 27.48 0.31 

     

BC700 + Fe-L after Cr(VI) removal 30.11 49.16 20.74 0.61 

BC700 + Fe-H after Cr(VI) removal 14.37 62.94 22.69 0.23 
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Table E6. XPS Results for the C 1s Binding State and Its Relative Atomic Percentage on 
the Biochar Surfaces after Cr(VI) Removal in Different Reaction Systems. 
 

Reaction System C1s (%) 

-sp2C -sp3C -C-O -C=O -COO 

BC400 76.97 13.40 3.86 1.48 4.29 

BC400 + Fe-L  73.53 15.22 4.58 1.87 4.97 

BC400 + Fe-H  70.74 17.19 5.00 2.62 4.45 

      

BC700  79.03 11.30 3.52 1.39 4.76 

BC700 + Fe-L  75.17 13.70 4.11 1.92 5.10 

BC700 + Fe-H  69.98 16.53 5.15 2.70 5.64 
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Figure E1. Changes in the concentration of Cr(VI) (a), Cr(Total) (b), and Cr(III) (c) after addition of different iron minerals for 7-day. TEM image 

of Fe-L (d) and Fe-H (f) after Cr(VI) sorption and its EELS spectra for Fe on the square area in d (Fe-L: e) and f (Fe-H: g). 
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Figure E2. FTIR spectrum of different ferric oxyhydroxides before and after reaction with 

Cr(VI) and biochar (800-1000 cm-1). The left shift of the peaks on Fe-L after Cr(VI) removal 

indicating the inner-sphere complexation of Cr(VI) on Fe-L, while no noticeable left shift 

was found on Fe-H. 
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Figure E3. The proportion of inner-sphere and outer-sphere complexation of Cr(VI) is 

determined by different extraction agents. Phosphate can form strong inner-sphere 

complexation with iron minerals, which principally extracts all complexed anion ions on the 

iron mineral. Sulfate might only affect the outer-sphere complexed anion ions, while only 

free anion ions fixed through electrostatic attraction can be removed by chloride. Therefore, 

the proportion of inner-sphere and outer-sphere complexation of Cr(VI) can be determined by 

the gap of different extraction methods. 

 

Quantification of the inner- and outer-complexation amount of Cr(VI) on the ferric 

oxyhydroxide. The Fourier transform infrared spectroscopy was first adopted to investigate the 

change of surface functional groups on ferric oxyhydroxides after Cr(VI) sorption (Figure E2). 

A shift to a high-wavenumber of the peak at ~890 cm-1 was found on Fe-L after Cr(VI) sorption, 

indicating the possible formation of inner-sphere complexation of Cr(VI) (monodentate 

complexation at 910 cm-1) instead of out-sphere complexation (875 and 830 cm-1) (Johnston 

and Chrysochoou 2016). In contrast, no noticeable shift can be found on Fe-H after Cr(VI) 
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removal.  

 Moreover, we use different agents to extract the complexed Cr(VI) on the ferric 

oxyhydroxide (Figure E3). Phosphate can form strong inner-sphere complexation with ferric 

oxyhydroxide (Zhu et al., 2015), which principally extracted all complexed Cr(VI) on the ferric 

oxyhydroxide. Sulfate might only affect the outer-sphere complexed Cr(VI), while only free 

Cr(VI) fixed through electrostatic attraction can be removed by chloride (Gao et al., 2021). 

Therefore, we can quantify the inner-sphere Cr(VI) change during the reaction through the gap 

between each extraction method. The concentrations of different extraction agents were set at 

0.1 M, and the pH was controlled at 6.5. Results showed that inner-sphere Cr(VI) was the 

primary speciation on Fe-L (56.4%), while a lower amount of inner-sphere Cr(VI) was found 

on Fe-H (25.6%).  
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Figure E4. Changes in the concentration of Cr(Total) in solution with or without different iron 

minerals and biochar. Fe-L: iron mineral with low-crystallinity after 6-h aging and Fe-H: iron 

mineral with high-crystallinity after 72-h aging.
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Figure E5. Changes in the concentrations of Cr(Total) (a-c), Cr(VI) (d-e) and Cr(III) (g-i) with or without different iron minerals and carbon 

material. Carbon materials were added at 168-h after ferric oxyhydroxide addition into Cr(VI) solution.
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Figure E6. Changes in the concentration of Cr by adding BC400 (a) or BC700 (b) for 7-day with different initial Cr(VI) concentrations (60, 80, 

and 100 mg L-1); Changes in the concentration of Cr by adding biochar after 7-day sorption of 100 mg L-1 Cr(VI) with Fe-L (c) or Fe-H (d); the 

Cr(VI) concentration was around 60 and 80 mg L-1 after 7-day sorption by Fe-L and Fe-H, respectively.
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Figure E7. Comparison of the Cr(VI) reduction rate constant of biochar with different Cr(VI) 

initial concentrations (60, 80, and 100 mg L-1) or after 7-day Cr(VI) sorption with different 

ferric oxyhydroxides (Fe-L or Fe-H). 

 

Impact of the initial concentration on the Cr(VI) removal by biochar.  

The impact of initial Cr(VI) concentration on the Cr(VI) removal by biochar was evaluated. 

Three initial concentrations of 60, 80, and 100 mg L-1 were set base on the Cr(VI) concentration 

after sorption by ferric hydroxide. No noticeable difference in the reduction rate constant was 

found with various initial concentrations for both BC400 and BC700, indicating the Cr(VI) 

concentration was not the rate-limited step for biochar reduction within this concentration 

range. Mass transfer from the liquid phase to the interfacial of biochar might be fast enough 

under this concentration. However, the reduction rate with a similar Cr(VI) concentration was 

still far lower than the reduction rate with Fe-L (1.8–2.0× 10-3 h-1 < 2.8–3.6 × 10-3 h-1), 

evidencing the occurrence of indirect electron transfer through valence transformation of Fe on 

ferric oxyhydroxides should be the primary reason for the decrease of reduction rate with Fe-

L.  
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Figure E8. The proportion of Cr(VI) and Cr(III) on the solid residue of biochar and iron 

mineral after Cr(VI) removal as detected by XPS analysis.
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Figure E9. XRD pattern of Fe-L (a) and Fe-H (b) before and after incubation with biochar or Cr(VI); Crystalline size of the goethite in Fe-L or 

Fe-H (c) calculated by the XRD pattern based on the Scherrer formula.
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Figure E10. Raman patterns on BC400 region (a), BC700 region (b) and iron mineral region 
(c) and selected area of ID and IG for mapping as shown in Figure 5-7; possible mechanisms 

of the formation of defects on the biochar with Fe-chelating (d) and oxidation (e). 
 
 

 

Figure E11. XPS spectra of Fe 2p for biochar-Fe mineral-Cr(VI) formed by reaction between 
biochar and Cr-laden Fe-L/Fe-H



236 
 

 

Figure E12. XPS spectra of O1s for biochar-Fe mineral complex before and after Cr(VI) removal; the biochar-Fe mineral complex was formed 

by incubation of biochar and Fe mineral for 7-day before the Cr(VI) removal process. A decrease of -C-O with the increase of -C=O on both 

BC400 and BC700 was found compared with the pristine biochar.
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Figure E13. XPS spectra of Fe 2p for biochar-Fe mineral complex before and after Cr(VI) removal; biochar-Fe mineral complex was formed by 

incubation of biochar and Fe mineral for 7-day prior to the Cr(VI) removal process.
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Figure E14. TEM images of the biochar-iron mineral complex region and EELS mapping of 

C and Fe with different states on the selected area; 704.5-705.5 eV was assigned to Fe(II); 

706.5-707.5 eV was assigned to Fe(III).284.75-285.25 eV was assigned to aromatic C; 286.5-

287 eV was assigned to phenol; 286.75-287.25 eV was assigned to carboxyl. A long-range 

from 284-292 eV was assigned to all carbon (C) speciation; an example can be found in 

Figure E15. 

 
Redox transformation between ferric oxyhydroxide and biochar  

 To further evaluate the redox transformation between Fe-L/Fe-H and biochar, the 

ferric oxyhydroxide (2 g L-1) was mixed with biochar (2 g L-1) in solution (0.1 M KCl, pH=6.5), 

and these mixtures were mechanically shaken for 7-day at 200 rpm to ensure the homogeneity 

of the reaction system. After the 7-day redox reaction, XPS and TEM-EELS analyses were 
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conducted to evaluate the formation of Fe(II) and oxidation of surface functionality. Based on 

the XPS analysis of the Fe speciation, a higher proportion of Fe(II) was formed on Fe-L (31.5–

32.9%) compared with Fe-H (20.9–23.6%) by BC400/BC700 (Figure E13). Meanwhile, 

oxidation of the surface functional group on biochar also occurred during the interaction 

process, which caused the decrease of –C–O/–C=O ratio (Figure E12) from 0.90–0.96 to 0.25–

0.31 for Fe-L and to 0.48–0.56 for Fe-H, respectively. These results strongly supported that the 

redox reaction happens between ferric oxyhydroxide and biochar, and Fe-L was more sensitive 

to be reduced. Moreover, TEM-EELS mapping confirmed Fe(II) formation on the surface of 

ferric oxyhydroxide, especially for the Fe-L (Figure E14). 

        The Cr(VI) removal potential of these biochar-reduced ferric oxyhydroxide was 

further evaluated. 100 mg L-1 Cr(VI) was directly added into the solution after a 7-day reaction 

between ferric oxyhydroxide and biochar. These mixtures will be further shaken for another 7-

day at 200 rpm. About 3 mL mixtures were sampled and filtered using a 0.45-µm membrane 

filter to collect the filtrates and solids at selected time intervals during the 7-day reaction 

process, and the pH was kept at the initial value of 6.5±0.1 by adding 1 M HCl or 1 M NaOH 

after each sampling. The concentration of Cr(VI) in the solution was evaluated, and the 

proportion of Cr(VI) on the solid phase was also determined by XPS analysis and alkaline 

extraction. All experiments were conducted in duplicate. It was worth noting that the control 

group of biochar or ferric oxyhydroxide alone was also set based on a similar incubation 

process, i.e., biochar/ ferric oxyhydroxide incubated in solution 0.1 M KCl, pH=6.5) alone for 

7-day prior to the Cr(VI) addition and 7-day Cr(VI) reduction process. Results are shown in 

below Figure E17 and Figure E18. 

     



240 
 

 

Figure E15. EELS pattern of C (a), Cr (c) and Fe (e) for biochar-Fe-L-Cr(VI) complex; 

EELS pattern of C (b), Cr (d) and Fe (f) for biochar-Fe-H-Cr(VI) complex. 574-576 eV was 

assigned to Cr(III); 580-582 eV was assigned to Cr(VI); 704.5-705.5 eV was assigned to 

Fe(II); 706.5-707.5 eV was assigned to Fe(III).284.75-285.25 eV was assigned to aromatic C; 

286.5-287 eV was assigned to phenol; 286.75-287.25 eV was assigned to carboxyl. 
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Figure E16. TEM images of the biochar-iron mineral complex after Cr(VI) reduction and EELS mapping of C, Cr, and Fe with different states 

on the selected area of Fe-L and Fe-H; 704.5-705.5 eV were assigned to Fe(II); 706.5-707.5 eV was assigned to Fe(III).284.75-285.25 eV was 

assigned to aromatic C; 286.5-287 eV was assigned to phenol; 286.75-287.25 eV was assigned to carboxyl. Long-range from 284-292 eV was 

assigned to all carbon (C) speciation. 574-576 eV was assigned to Cr(III); 580-582 eV was assigned to Cr(VI); Fe-overlap, Cr-overlap, and C-

Overlap was the overlap figure of different speciation; The example of the selected range can be found in Figure E15.
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Figure E17. Comparison of the Cr(VI) reduction amount and reduction rate constant of biochar and biochar reduced iron mineral (i.e., iron 

mineral incubated by iron mineral before the Cr(VI) reduction). Since the primary Cr speciation on the solid was Cr(III) after Cr(VI) removal 

(Figure E18), the Cr(VI) reduction was assumed to be the main immobilization for both biochar and biochar-reduced iron minerals. A higher 

reduction rate constant of biochar-reduced Fe-L (3.3-3.8 × 10-3 h-1) was found compared with biochar (1.8-2.6 × 10-3 h-1) and biochar-reduced 

Fe-H (2.0-2.8 × 10-3 h-1), indicating the fast Cr(VI) reduction by Fe(II) formed on Fe-L.
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Figure E18. XPS spectra of Cr 2p for biochar reduced Fe mineral after Cr(VI) removal. Fe 

mineral was mixed and reduced by biochar prior to the Cr(VI) removal process. 
 

 

Biochar-reduced iron mineral for Cr(VI) reduction. 

 Results showed that the primary speciation of Cr was Cr(III) of all biochar-ferric 

oxyhydroxide complex (74.4–79.6% by XPS analysis and 67.6–85.5% by alkaline extraction, 

Figure E18), indicating the reduction process was the primary immobilization mechanism for 

the Cr(VI) removal by biochar-reduced ferric oxyhydroxide. The higher proportion of Fe(II) 

on Fe-L might contribute to the reduction process, and its proportion decreases to 21.6–23.9% 

after Cr(VI) reduction (Figure E13).  

        Interestingly, we found that the reduction rate constant (Figure E17) of biochar-
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reduced Fe-L (3.3–3.8 × 10-3 h-1) was much higher than biochar-reduced Fe-H (2.0–2.8 × 10-3 

h-1) and biochar alone (1.8–2.6 × 10-3 h-1), implying the fast Cr(VI) reduction by the formed 

Fe(II) on ferric oxyhydroxide. This result also indicated that the indirect electron transfer 

routine through the valence transformation of Fe(II)/Fe(III) might have a higher opportunity 

than the direct electron-donating by biochar. It is worth mentioning that the total removal 

amount of Cr by biochar reduced Fe-L was still lower than the sum of biochar and Fe-L (Figure 

E17), indicating there is still a proportion of electron was consumed by the formation of Fe(II) 

on Fe-L after Cr(VI) reduction, which was also evidenced by the TEM-EELS analysis (Figure 

E16). Cr(VI) and Fe(III) were mainly found on the Fe-L far away from biochar, while Cr(III) 

and Fe(II) were the central speciations near the joint area of biochar and Fe-L (Figure E16). 

This distribution is similar to the biochar-Fe-L-Cr(VI) complex in the manuscript (Figure 5-

9), which was prepared with a different addition order, i.e., ferric oxyhydroxide was first mixed 

with Cr(VI), and then biochar was added, implying that this distribution was representative 

during the Cr(VI) reduction by biochar with low-crystallinity ferric oxyhydroxide. Besides, we 

also found that the crystalline size of the Fe-L significantly decreased from 17.6 nm to 14.9–

15.3 nm after biochar reduction because of the Fe(III) reduction process and increased to 22.8–

26.7 nm after Cr(VI) removal due to the Fe(II) oxidation by Cr(VI) (Figure E9). This 

transformation of the crystalline size of Fe-L also supported the valence transformation of Fe 

during the redox reaction with biochar and Cr(VI). In contrast, no noticeable change was shown 

in Fe-H during the interaction with biochar and Cr(VI) (28.9–29.8 nm).
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Figure E19. Changes in the concentration of Cr after addition of different iron minerals with or without dissolved biochar (DBC)

1 
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Figure E20 Comparison of the Cr(VI) reduction amount by biochar with Fe-L in the solution 

with/without Cr(VI). Cr(VI) in the solution was removed by replacing it with a background 

solution without Cr(VI) after 7-day sorption of Cr(VI) by Fe-L. The number in white 

represented the Cr(VI) reduction proportion launched by biochar addition. The number in 

blue and violet represented the contribution of the indirect electron transfer routine to the 

total reduction amount. 
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Appendix F 

 
Batch removal of Cr(VI) in simulated wastewater or with the presence of anions 

For the study about the impacts of the co-existed anions, the Cr(VI) concentration was set 

as 15 mg L-1, and three co-existed anions (Cl-, SO4
2-, and PO4

3-) with two different 

concentrations (molar ratio as 1:1 or 10:1) was selected. The pH was modified to around 6.5 

by adding HCl or NaOH. For each setting, 0.05 g of Fe-Mn biochar, Fe biochar or 

commercial/modified ZVI was added into a 50-mL solution containing Cr(VI) and the co-

existed ions in the wastewater, and the mixture was shaken at 250 rpm for 48 hours. Three 

different types of Cr(VI)-containing wastewater were also prepared according to the reported 

conditions in the literature: (i) electroplating wastewater (Zhu et al., 2022a): 200 mg L-1 Cr(VI), 

125 mg L-1 Ca(II); 30 mg L-1 Al(III), 234 mg L-1 Zn(II), and 480 mg L-1 SO4
2-, pH=2.84; (ii) 

smelting wastewater (Han et al., 2022): 750 mg L-1 Cr(VI), 400 mg L-1 Cu(II), 40 mg L-1 Zn(II), 

20 mg L-1 Pb(II), and 5 mg L-1 Cd(II), pH=~2.0; (iii) textile wastewater (Abdel-Karim et al., 

2021, Garg et al., 2022): 15 mg L-1 Cr(VI), 46.5 mg L-1 Ca(II), 0.15 mg L-1 Pb(II), 0.57 mg L-

1 Ni(II), 15.6 mg L-1 Mg(II), 500 mg L-1 Na(I), and 485.6 mg L-1 SO4
2-, 1g L-1 glucose, 0.2 g L-

1 acetic acid, 0.6 g L-1 sucrose, and 0.1 g L-1 sodium dodecyl sulphate (total organic carbon was 

tested as 915.8 mg L-1), pH=6.0. According to the maximum Fe efficiency for the Cr(VI) 

immobilization, different amount of materials (10 g L-1 for electroplating wastewater, 20 g L-1 

for smelting wastewater, and 1 g L-1 for textile wastewater) was added to the simulated 

wastewater with 24 h (250 rpm) shaking afterwards. In addition to the different Fe-Mn biochar, 

modified/commercial ZVI was also selected as the adding material to evaluate ZVI's efficiency 

alone. 

After the 24 h immobilization of Cr(VI) containing wastewater, these mixtures were 

filtered through a 0.45-µm membrane filter to collect the filtrates and solids. As mentioned 
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above, the Cr(VI) concentration was analyzed through the diphenyl-carbohydrazide 

spectrophotometric, while ICP-OES was also used to detect the concentration of Cr(Total) and 

other metals in the wastewater. The Fe efficiency was also calculated accordingly.  

 

ZVI modification 

In addition to the commercial ZVI (opened within one month), three different modified 

ZVI were also prepared, and its potential for the Cr(VI) immobilization and Fe efficiency was 

analyzed. S-ZVI was modified according to the previous methods (Xu et al., 2020a); 200 mL 

of 37 g L-1 NaBH4 and 2.2 g L-1 Na2S2O4 solution (molar ratio, S: Fe = 0.14) was added 

(dropwise addition) into a continuously stirred 200 mL of 10 g L-1 Fe3+ solution under N2 

purging, followed by 10 min of stirring. The ratio and sulfur source was selected based on the 

previous studies, which reported that the as-prepared S-ZVI contained the best reactivity and 

selectivity (Xu et al., 2020a). Similarly, the Ni-ZVI was also prepared by reducing the Fe3+ 

solution and Ni2+ solution (molar ratio, Ni: Fe= 0.14) through the dropwise addition of NaBH4 

under N2 protection (Zhu et al., 2017a). 200 mL of 37 g L-1 NaBH4 was added into 200mL of 

10 g L-1 Fe3+ and corresponding Ni2+ under N2 purging, followed by 10 min of stirring. Reduced 

ZVI was prepared by mixing commercial ZVI particles (10 g L-1) with NaBH4 (37 g L-1) with 

30 mins stirring under N2 protection. In all cases of modified ZVI, the formed particles were 

washed three times with deoxygenated DI water and freeze-dried. The vacuum was slowly 

released by air to stabilize the particles, which were ground and stored under anaerobic 

conditions before use. 

 

First-principles calculations 

All calculations in this study were performed with the Vienna ab initio Simulation Package 
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(VASP) within the framework of density functional theory (DFT). The exchange-correlation 

interactions of the electron were described via the generalized gradient approximation 

(GGA+U) with PBE functional, and the projector augmented wave (PAW) method was used to 

describe the interactions of electron and ion. The Monkhorst-Pack scheme4 with a 2x2x1 k-

point mesh integrated the irreducible Brillouin zone. The kinetic energy cut-off of 500 eV was 

chosen for the plane wave expansion. The lattice parameters and ionic position were fully 

relaxed, and the total energy was converged within 10-5 eV per formula unit. The final forces 

on all ions were less than 0.02/Å. 

DFT calculation was mainly conducted to analyze the formation routine of the embedded 

ZVI clusters on FeMnO2 during the thermal reduction with biochar (reduction with the 

generated CO). In addition, the combination affinity of the Cr(VI) and O2 on the FeMnO2 and 

other iron minerals was also compared. 

All the mineral model was set based on the crystal structure shown in Materials Project 

(https://materialsproject.org/). Details for the model of the FeMnO2 (mp-1221648) are shown 

in Figure F14. The calculation model for the O vacancy was set by removing O beside the Fe-

atom to simulate the partial reduction of Fe by the CO generated from biochar (Figure F14). 

Fe oxide (Fe2O3 (mp-19770) and FeO (mp-18905)) and Fe-Cr mineral (FeCr2O4 (mp-1104680) 

and FeCrO3 (1078458)) were selected as the calculation model for the passivation layer of the 

ZVI after oxidation or complexation with Cr, respectively. The model details are also shown in 

Figures F15-16.   
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Economic Analysis 

The feedstock cost of different materials was 39.5 USD kg-1 (Fe-Mn Biochar), 43.4 USD 

kg-1 (Fe Biochar), 289.1 USD kg-1 (Commercial ZVI), 2501.3 USD kg-1 (Reduced ZVI), 2975.8 

USD kg-1 (S-ZVI), and 2860.1 USD kg-1 (Ni-ZVI) based on the average price from the varying 

companies (Innochem, Acros, Alfa, Macklin, Fisher, and Aladin; 597.9 USD kg-1 NaBH4, 289.1 

USD kg-1 Commerical iron powder, 204.2 USD kg-1 FeCl3·6H2O, 219.1 USD kg-1 

MnCl2·4H2O, 69.7 USD kg-1 Na2S2O4, 185.1 USD kg-1 NiCl2·6H2O). The price of biochar was 

set based on the price on Taobao (www.taobao.com, 4.15 USD kg-1 Biochar) 

The feedstock cost of different materials was 39.5 USD Kg-1 (Fe-Mn Biochar), 43.4 USD 

Kg-1 (Fe Biochar), 289.1 USD Kg-1 (Commercial ZVI), 2501.3 USD Kg-1 (Reduced ZVI), 

2975.8 USD Kg-1 (S-ZVI), and 2860.1 USD Kg-1 (Ni-ZVI) based on the chemicals from the 

varying companies (Innochem, Acros, Alfa, Macklin, and Aladin). After considering the cost 

for the pyrolysis process with different duration times, the preparation cost of different Fe-

based materials is shown in Table 6-2. Considering the efficiency of industrial wastewater 

treatment, we found that Fe-Mn biochar produced with 2 and 4 h holding time offered the best 

economic benefits for treating all industrial wastewater (Table 6-2), which is significantly 

higher than the commercial and modified ZVI. It is also worth noting that the cost was 

calculated based on the lab level, and the potential cost for long-term storage and transportation 

was not included.
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Table F1 XPS Depth-profiling results for the Fe 2p speciation and its relative atomic 

percentage on the Fe-Mn biochar 

 

Biochar type Depth (nm) Fe(0) (%) Fe(II) (%) Fe(III) (%) 

BC850-Fe-Mn-
850-1h 

0  0.0 73.5 26.5 
5 0.0 74.6 25.5 
10 0.0 78.0 22.0 
20 0.0 75.9 24.1 
50 0.6 76.0 23.5 
100 1.0 74.6 24.4 

BC850-Fe-Mn-
850-2h 

0  5.0 69.8 25.2 
5 5.1 70.3 24.6 
10 11.2 66.5 22.3 
20 12.1 66.5 21.4 
50 12.9 66.2 20.9 
100 13.6 65.5 20.9 

BC850-Fe-Mn-
850-4h 

0  2.0 67.7 30.3 
5 14.2 59.0 26.9 
10 17.9 58.2 24.0 
20 15.9 59.5 24.6 
50 15.2 58.9 25.9 
100 13.7 63.6 22.8 

BC850-Fe-Mn-
850-8h 

0  3.3 74.1 22.6 
5 6.7 68.5 24.8 
10 9.7 65.4 24.9 
20 13.9 60.6 25.4 
50 15.5 60.1 24.4 
100 16.5 59.5 24.0 

BC550-Fe-850-
2h 

0  0.0 77.1 22.9 
5 2.8 73.7 23.5 
10 4.2 71.4 24.4 
20 6.6 72.2 21.2 
50 10.6 68.4 21.0 
100 12.9 65.1 22.0 
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Table F2 XPS Depth-profiling results for the O 1s speciation and its relative atomic 

percentage on the Fe-Mn biochar 

Biochar 

type 

Depth 

(nm) 

–C–OH 

(%) 

–C–OC 

(%) 

–C=O 

(%) 

–M–OC 

(%) 

Metal–

O (%) 

–C–OH + –C–OC 

/–C=O + –M–OC 

BC850-

Fe-Mn-

850-1h 

0 40.0 56.6 3.5 0.0 0.0 27.6 

5 37.1 55.6 5.8 1.6 0.0 12.5 

10 32.0 59.0 5.0 2.7 1.2 11.8 

20 29.2 61.8 4.6 4.4 0.1 10.1 

50 22.5 65.5 4.6 3.6 3.7 10.7 

100 22.2 62.3 6.3 4.3 4.9 8.0 

BC850-

Fe-Mn-

850-2h 

0 41.7 53.0 4.9 0.0 0.5 19.4 

5 36.0 56.1 6.8 0.0 1.1 13.6 

10 28.3 61.9 6.4 0.0 3.4 14.1 

20 23.1 66.1 7.6 0.0 3.2 11.7 

50 18.5 68.3 7.2 0.0 6.1 12.1 

100 16.2 69.5 6.1 0.0 8.1 14.1 

BC850-

Fe-Mn-

850-4h 

0 18.6 74.6 0.0 5.7 1.1 16.2 

5 27.3 51.3 14.6 2.1 4.7 4.7 

10 23.0 47.8 12.7 11.9 4.5 2.9 

20 12.4 23.2 21.1 33.0 10.3 0.7 

50 12.1 24.7 24.2 29.2 9.9 0.7 

100 11.8 24.4 20.0 33.3 10.5 0.7 

BC850-

Fe-Mn-

850-8h 

0 30.2 37.2 31.0 0.0 1.7 2.2 

5 29.4 41.4 17.9 8.1 3.1 2.5 

10 17.2 50.6 18.5 12.9 0.8 1.8 

20 14.8 50.2 23.4 9.4 2.2 2.7 

50 26.8 41.9 19.8 7.9 3.6 2.2 

100 24.7 39.3 28.9 6.9 0.1 2.0 

BC550-

Fe-850-

2h 

0 16.1 35.3 16.8 1.4 30.5 2.8 

5 15.5 30.0 18.2 1.5 34.9 2.3 

10 14.9 30.2 18.7 0.4 35.8 2.4 

20 12.7 29.2 21.5 1.0 35.8 1.9 

50 11.7 28.6 23.5 0.9 35.3 1.7 

100 9.3 27.1 27.8 1.9 34.0 1.2 
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Table F3 XPS Depth-profiling results for the elemental content and its atomic ratio on the 

Fe-Mn biochar 

Biochar 

type 

Depth 

(nm) 
C (%) O (%) Mn (%) Fe (%) O/C Fe/Mn O/Fe 

BC850-

Fe-Mn-

850-1h 

0 89.1 9.7 0.7 0.5 0.11 0.78 18.31 

5 90.4 8.1 1.0 0.5 0.09 0.52 16.18 

10 91.0 7.5 0.9 0.6 0.08 0.62 13.46 

20 91.4 7.3 0.8 0.5 0.08 0.61 14.77 

50 91.9 6.6 0.9 0.6 0.07 0.70 10.94 

100 92.6 6.0 0.8 0.6 0.07 0.75 10.12 

BC850-

Fe-Mn-

850-2h 

0 87.7 11.3 0.5 0.5 0.13 1.06 21.87 

5 90.2 8.7 0.6 0.5 0.10 0.95 16.11 

10 91.1 7.9 0.6 0.5 0.09 0.81 15.95 

20 89.9 8.9 0.6 0.6 0.10 1.04 14.13 

50 90.8 7.8 0.7 0.7 0.09 0.94 11.23 

100 91.4 7.2 0.7 0.7 0.08 1.01 9.80 

BC850-

Fe-Mn-

850-4h 

0 86.7 12.3 0.5 0.6 0.14 1.20 21.73 

5 86.7 12.1 0.5 0.6 0.14 1.29 18.75 

10 88.1 11.1 0.4 0.4 0.13 1.05 27.38 

20 90.0 9.2 0.4 0.4 0.10 1.07 22.19 

50 90.9 8.2 0.4 0.4 0.09 1.08 18.50 

100 91.6 7.5 0.4 0.4 0.08 0.97 17.64 

BC850-

Fe-Mn-

850-8h 

0 87.5 11.1 1.0 0.3 0.13 0.33 32.78 

5 91.2 7.0 1.2 0.6 0.08 0.45 12.48 

10 91.7 6.7 1.2 0.4 0.07 0.33 16.75 

20 92.2 6.4 1.0 0.4 0.07 0.40 15.36 

50 92.8 5.8 0.9 0.5 0.06 0.50 12.31 

100 93.1 5.6 0.9 0.5 0.06 0.58 11.32 

BC550-

Fe-850-

2h 

0 87.8 10.8 

/ 

1.4 

2.0 

2.0 

2.1 

2.7 

2.9 

0.12 

/ 

7.83 

5 86.9 11.1 0.13 5.54 

10 86.6 11.3 0.13 5.57 

20 85.8 12.0 0.14 5.62 

50 85.2 12.1 0.14 4.57 

100 85.1 12.0 0.14 4.07 
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Table F4 XPS Depth-profiling results for the Mn 2p speciation and its relative atomic 

percentage on the Fe-Mn biochar 

Biochar type Depth (nm) Mn(II) (%) Mn(III) (%) Mn(IV) (%) 
Average 
state 

BC850-Fe-
Mn-850-1h 

0 0.0 62.8 37.2 3.4 
5 52.8 15.9 31.2 2.8 
10 56.2 19.1 24.7 2.7 
20 71.9 0.0 28.1 2.6 
50 76.5 0.0 23.4 2.5 
100 75.1 0.0 24.9 2.5 

BC850-Fe-
Mn-850-2h 

0 0.0 35.7 64.3 3.6 
5 0.0 60.6 39.4 3.4 
10 0.0 63.8 36.2 3.4 
20 0.0 63.8 36.2 3.4 
50 7.2 65.3 27.5 3.2 
100 3.7 63.2 33.1 3.3 

BC850-Fe-
Mn-850-4h 

0 1.4 33.1 65.5 3.6 
5 8.7 53.6 37.8 3.3 
10 9.8 54.1 36.1 3.3 
20 9.9 59.1 31.1 3.2 
50 7.2 63.4 29.4 3.2 
100 0.0 65.3 34.7 3.3 

BC850-Fe-
Mn-850-8h 

0 0.0 14.7 85.3 3.9 
5 0.0 19.7 80.3 3.8 
10 0.0 46.1 53.9 3.5 
20 0.0 36.3 63.7 3.6 
50 0.0 61.7 38.3 3.4 
100 3.8 56.8 39.4 3.4 

BC850-Fe-
Mn-850-2h 
after 
accelerated 
oxidation 

0 19.4 71.8 8.8 2.9 
5 46.1 40.5 13.5 2.7 
10 53.6 16.4 30.0 2.8 
20 65.2 3.2 31.6 2.7 
50 23.9 42.9 33.2 3.1 
100 46.6 21.1 32.3 2.9 

BC850-Fe-
Mn-850-2h 
after natural 
oxidation 

0 0.0 69.0 31.0 3.3 
5 13.4 10.9 75.8 3.6 
10 62.4 10.0 27.6 2.7 
20 68.7 4.8 26.5 2.6 
50 0.0 53.1 46.9 3.5 
100 19.3 14.3 66.5 3.5 
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Table F5 XPS Depth-profiling results for the speciation of Fe, Mn, and Cr, and the atomic content on the Fe-Mn biochar after Cr(VI) 
removal 
 

Biochar 

type 

Depth 

(nm) 

Fe speciation Mn speciation Cr speciation Atomic content (%) Ratio 

Fe(0) 

(%) 

Fe(II) 

(%) 

Fe(III) 

(%) 

Mn(II) 

(%) 

Mn(III) 

(%) 

Mn(IV) 

(%) 

Average 

state 

Cr(III) 

(%) 

Cr(VI) 

(%) 
C O Cr Mn Fe O/C Cr/Fe Cr/C 

BC850-

Fe-Mn-

850-2h  

0 0.0 73.3 26.7 0.0 69.1 30.9 3.3 80.7 19.3 74.8 20.7 3.4 0.6 0.5 0.28 7.06 0.05 

5 0.0 74.9 25.1 0.0 74.7 25.3 3.3 85.0 15.0 80.2 14.9 3.8 0.6 0.5 0.19 7.99 0.05 

10 0.1 76.7 23.2 0.0 59.7 40.3 3.4 83.4 16.6 83.7 12.3 3.2 0.5 0.4 0.15 8.87 0.04 

20 1.6 72.7 25.6 0.0 62.1 37.9 3.4 84.9 15.2 87.4 9.3 2.4 0.5 0.4 0.11 5.81 0.03 

50 0.0 70.5 29.5 0.0 45.7 54.3 3.5 85.3 14.7 90.3 7.2 1.7 0.4 0.4 0.08 4.79 0.02 

100 0.0 73.2 26.8 0.0 0.0 100.0 4.0 82.8 17.2 91.5 6.2 1.4 0.4 0.5 0.07 3.08 0.02 

BC550-

Fe-850-

2h  

0 0.0 73.1 26.9 

/ 

82.8 17.2 67.9 27.2 2.9 

 

2.0 0.40 1.43 0.04 

5 0.0 71.1 29.0 84.0 16.0 62.5 29.6 4.6 3.3 0.47 1.42 0.07 

10 0.0 74.5 25.5 83.0 17.1 63.2 28.8 5.1 3.0 0.46 1.73 0.08 

20 1.4 71.3 27.3 85.1 14.9 64.9 27.2 5.2 2.7 0.42 1.89 0.08 

50 4.8 71.6 23.6 83.4 16.6 70.6 22.1 4.7 2.7 0.31 1.79 0.07 

100 6.2 72.7 21.1 84.5 15.5 74.4 19.2 4.2 2.2 0.26 1.90 0.06 
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Table F6 XPS Depth-profiling results for the Fe 2p speciation and its relative atomic 

percentage on the Fe-Mn biochar after the oxidation process 

Biochar  
Depth 

(nm) 

Fe(0) 

(%) 

Fe(II) 

(%) 

Fe(III) 

(%) 

BC850-Fe-Mn-850-2h after accelerated 

oxidation 

0  2.0 70.5 27.6 

5 1.5 72.8 25.8 

10 4.5 71.7 23.8 

20 9.8 65.5 24.7 

50 8.6 68.6 22.8 

100 13.2 64.4 22.4 

BC850-Fe-Mn-850-2h after natural oxidation 

0  5.0 69.8 25.2 

5 1.7 69.4 28.9 

10 6.0 69.0 25.0 

20 7.7 67.5 24.8 

50 10.2 64.6 25.2 

100 10.6 64.7 24.7 

BC550-Fe-850-2h after accelerated oxidation 

0  0.0 63.5 36.5 

5 0.0 73.6 26.4 

10 0.0 75.2 24.8 

20 0.0 69.8 30.2 

50 0.0 68.9 31.2 

100 3.8 65.1 31.1 

BC550-Fe-850-2h after natural oxidation 

0  0.0 73.4 26.6 

5 0.0 71.8 28.2 

10 2.8 69.5 27.7 

20 3.2 67.0 29.8 

50 3.9 67.0 29.0 

100 4.6 69.7 25.7 
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Table F7 XPS Depth-profiling results for the elemental content and its atomic ratio on the 

Fe-Mn biochar after the oxidation process 

Biochar type 
Depth 

(nm) 

C 

(%) 

O 

(%) 

Mn 

(%) 

Fe 

(%) 
O/C Fe/Mn O/Fe 

BC850-Fe-Mn-850-2h 

after acclerated oxidation 

0 84.0 14.8 0.6 0.7 0.18 1.23 20.95 

5 84.8 13.8 0.6 0.8 0.16 1.33 16.88 

10 85.1 13.4 0.6 0.8 0.16 1.26 16.81 

20 86.5 12.2 0.6 0.8 0.14 1.35 15.78 

50 86.1 12.1 0.9 0.9 0.14 1.05 13.38 

100 87.4 11.1 0.9 0.8 0.13 1.11 13.23 

BC850-Fe-Mn-850-2h 

after natural oxidation 

0 83.6 15.1 0.6 0.8 0.18 1.19 20.02 

5 84.8 13.2 0.9 1.1 0.16 1.30 12.04 

10 85.6 12.3 1.0 1.0 0.14 0.97 12.09 

20 85.8 12.4 0.9 0.9 0.14 1.05 13.85 

50 86.5 11.4 0.9 1.1 0.13 1.20 10.19 

100 87.0 11.0 1.1 1.0 0.13 0.93 11.09 

BC550-Fe-850-2h after 

acclerated oxidation 

0 82.8 15.7 

/ 

1.5 0.19 

/ 

10.55 

5 82.8 15.9 1.3 0.19 12.44 

10 83.4 14.9 1.7 0.18 8.79 

20 84.1 14.0 1.9 0.17 7.60 

50 86.5 11.7 1.8 0.14 6.34 

100 86.1 12.0 1.9 0.14 6.30 

BC550-Fe-850-2h after 

natural oxidation 

0 81.6 16.8 1.7 0.21 10.08 

5 80.5 17.6 1.9 0.22 9.26 

10 80.5 17.1 2.4 0.21 7.26 

20 82.5 14.9 2.6 0.18 5.67 

50 85.1 12.7 2.2 0.15 5.66 

100 86.3 11.8 1.8 0.14 6.43 
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Figure F1. Cr concentration during the 24-h removal by pristine biochar. The numbers showed the removal proportion after 0.25 or 24 h reaction 

and the removal kinetics constants. 



259 
 

 

Figure F2. Cr concentration during the 24-h removal by Fe-Mn biochar with different hold times (a) or different Fe:Mn ratios (b). The numbers 

showed the removal proportion after 0.25 or 24 h reaction and the removal kinetics constants.
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Figure F3. XRD pattern of different Fe-Mn biochars, Fe biochars, and Mn biochars (a); AC-STEM image of the BC850-FeMn-850-2h(b,c), 

BC850-Fe-Mn-4h (d), and BC850-FeMn-850-6h (e).
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Figure F4. XRD pattern of Fe-Mn biochar with different Fe: Mn ratios (left); The comparison of the peak position of Fe-Mn biochar with 

MnFeO2 contained different Fe: Mn ratios from the standard database (middle). Relationship between the peak position of (200) plane and Fe 

proportion in the FeMnO2 oxide obtained from the standard minerals and Fe-Mn biochars (right). 

 

The standard peak position of a series of FeMnO2 from the database, including (FeO)0.1(MnO)0.9 (77-2362), (FeO)0.2(MnO)0.8 (77-2361), 

(FeO)0.33(MnO)0.67 (77-2360), (FeO)0.5(MnO)0.5 (77-2359), (FeO)0.67(MnO)0.33 (77-2358), (FeO)0.8(MnO)0.2 (77-2357), and (FeO)0.9(MnO)0.1 (77-

2356), was used to evaluate the proportion of FeO in the formed FeMnO2 on biochar. A linear relationship could be found between the peak 

position and the FeO proportion from the database. Based on this relationship, the proportion of FeO in the FeMnO2 of Fe-Mn biochar produced 

with different ratios and hold times was calculated. 
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Figure F5. AC-STEM with SAED analysis for the representative area of BC850-FeMn-850-2h (a-b) and BC850-FeMn-850-4h (c-d) with Fe(0) 

(PDF#06-0696), FeMnO2 (PDF#77-2359) and MnO2 (PDF#24-0735 and PDF#44-0142) formation. 
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Figure F6. XPS depth profiling analysis of the Fe2p binding state in the selected biochars (Fe-Mn biochar with a hold time of 1, 2, 4, and 8 h and 

Fe biochar, the detailed proportion could be found in Table F1)
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Figure F7. H2-TRP and Raman analysis of modified biochar. 

 

H2-TPR analysis also revealed the transformation of Fe speciation during the pyrolysis 

process. BC850 only showed a peak at ~690 °C due to carbon gasification, while another peak 

(~600 °C) appeared in BC550-Fe-850 due to the reduction of iron oxides (mainly amorphous 

ferrous oxides) to metallic iron (Gai et al., 2017, Li et al., 2020c). The reduction peak of iron 

oxides to ZVI was only shown in the BC850-FeMn-850-1h and BC850-FeMn-850-8h, 

indicating the presence of similar iron species compared with BC550-Fe-850. Interestingly, 

several unique peaks at ~650 °C, ~770 °C, and ~840 °C appeared in BC850-FeMn-850-2h and 

BC850-FeMn-850-4h, which were attributed to the reduction of the Fe−O structure in the 

FeMnO2. The Fe−O within FeMnO2 (i.e., Fe−O−Mn) was more stable than that in ferrous 

oxides and required higher energy for reduction. A similar phenomenon was observed in the 

Fe−O reduction after the coordination with SiO2 due to the formation of the Fe−O−Si structure 
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(Li et al., 2020c). In addition, the higher required temperature might be related to the 

stabilization of FeO structure by the oxide support with strong interfacial compatibility (Wang 

et al., 2021e, Zhou et al., 2022a). The intensity of all reduction peaks in BC850-FeMn-850-4h 

was lower than that in BC850-FeMn-850-2h, which corroborated the decrease of oxygen 

content in the Fe-Mn oxides along with the formation of ZVI clusters.  

 Raman spectrum further supported the in-situ formation of embedded ZVI clusters during 

pyrolysis. Characteristic peaks of iron oxides (~700 and 540 cm−1) (Achola et al., 2020, Gong 

et al., 2021, López-Sánchez et al., 2022) were shown in the BC550-Fe-850, BC850-FeMn-850-

1h, BC850-FeMn-850-6h, and BC850-FeMn-850-8h, indicating the surface passivation of ZVI 

alone due to natural oxidation or Raman scattering. By contrast, only characteristic peaks of 

the Mn−O bonding (~640 cm−1) (Li et al., 2020b, Portillo-Vélez and Zanella 2020) could be 

found in BC550-Mn-850, BC850-FeMn-850-2h, and BC850-FeMn-850-4h samples, and no 

noticeable peaks of the iron oxides were formed. This result supported that the nature of ZVI 

in the BC850-FeMn-850-2h and BC850-FeMn-850-4h notably differed from the ZVI particles 

in the Fe biochar, and they featured greater stability against oxidation. Moreover, Fe−O 

bonding peaks were formed again in the BC850-FeMn-850-6h and BC850-FeMn-850-8h, 

evidencing the ZVI reformation under a relatively long pyrolysis period. 

 

 

Figure F8. The ratio of C-O/C=O under the different depths of Fe-Mn/Fe biochar (left, Table 

F2); The O/C ratio under different depths of Fe-Mn/Fe-biochar (right, Table F3) 
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Figure F9. XPS depth profiling analysis of the Mn 2p binding state in the selected biochars (left) and average Mn valence state under the 

different depths of Fe-Mn biochar with different holding times (right) (detailed proportion can be found in Table F4)
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Figure F10. XPS depth profiling analysis of the Fe2p binding state in the BC850-Fe-Mn-

850-2h and BC550-Fe-850-2h after Cr(VI) removal. 
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Figure F11. XPS depth profiling analysis of the Fe2p binding state in the BC850-Fe-Mn-850-2h and BC550-Fe-850-2h after accelerated 

oxidation with 5% H2O2 or natural oxidation for 2 months
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Figure F12. XPS depth profiling analysis of the Mn 2p binding state in the BC850-Fe-Mn-850-2h and BC550-Fe-850-2h after accelerated 

oxidation with 5% H2O2 or natural oxidation for two months (left) and the average Mn Valence state under different depth (right)
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Figure F13. XPS depth profiling analysis of the Mn2p binding state in the BC850-Fe-Mn-

850-2h and BC550-Fe-850-2h after Cr(VI) removal.
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Figure F14. DFT model for the FeMnO2 and FeMnO2 with one or two O vacancies.
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Figure F15. DFT model for the O2 binding with FeMnO2, Fe2O3, and FeO.
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Figure F17. DFT model for the HCrO4 binding with FeCrO3, FeCr2O4, and FeMnO2. 
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Appendix G 

 

Collected properties of Electroplating wastewater. The concentration of toxic metals, co-

existed impurities, organic matters, and pH of real electroplating wastewater was collected 

from the following references: (Adhoum et al., 2004, Ajmal et al., 2001, Al-Shannag et al., 

2015, Algarra et al., 2005, Ayalew et al., 2020, Bankole et al., 2019, Cao et al., 2013, Chang 

and Kim 2007, Chang and Wang 2007, Chen et al., 2020a, Chen et al., 2007, Chen et al., 2008, 

Chen et al., 2009, Cui et al., 2014, Deng et al., 2012, Duong et al., 2019, Ebersbach et al., 2016, 

Feng et al., 2007, Feng et al., 2019, Fu et al., 2021a, Guan et al., 2020, Hackbarth et al., 2016, 

Hamdy et al., 2019, Hu et al., 2020, Hunsom et al., 2005, Huo et al., 2021, Ithan et al., 2019, 

Javaid et al., 2011, John et al., 2016, Khatoon et al., 2021, Kim et al., 2017, Kim et al., 2022, 

Kobya et al., 2017, Kumar et al., 2008, Lan et al., 2019, Lee et al., 2017, Lee et al., 2016, Li et 

al., 2018, Li et al., 2022, Liu et al., 2016, Liu et al., 2014, Liu et al., 2017, Liu et al., 2018, Liu 

et al., 2013a, Lu et al., 2022, Malamis et al., 2012, Martin-Lara et al., 2014, Nguyen et al., 2022, 

Oden and Sari-Erkan 2018, Orescanin et al., 2013, Peng et al., 2020a, Peng et al., 2020b, Pereira 

et al., 2010, Qu et al., 2020, Rahman et al., 2020, Rahman et al., 2021, Sankararamakrishnan 

et al., 2007, Senthilnathan et al., 2005, Sharma et al., 2020, Shi et al., 2011, Shi et al., 2009, 

Sirianuntapiboon et al., 2008, Suksabye and Thiravetyan 2012, Suksabye et al., 2007, Sze and 

Xue 2003, Tang and Qiu 2019, Tao et al., 2022, Velazquez-Pena et al., 2012, Verma and 

Balomajumder 2020, Verma et al., 2020, Wang et al., 2021a, Wang et al., 2018, Wang et al., 

2020a, Wei et al., 2013, Xiao et al., 2021, Xu et al., 2015, Yalcin et al., 2001, Yan et al., 2020, 

Zhang et al., 2015, Zhao et al., 1999, Zhao et al., 2019, Zhao et al., 2013, Zhou et al., 2020). 

 Based on the data, the average impurity concentration was 347.3 mg L-1 SO4
2-, 352.8 mg 

L-1 NO3
-, 136.6 mg L-1 total organic carbon, and 443.9 mg L-1 Cl-, and these concentrations of 

impurities were used in all experiments. 
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Figure G1. Removal capacities of different Fe-Mn biochars with different hydrothermal condition and carbon precursor. (line in the figure 

indicated the removal performance of Fe-Mn biochar without the hydrothermal treatment). pH was set as ~2.5, and the concentration of Cr(VI), 

Cu, Ni, and Zn was set as 25 mg L-1, 10 mg L-1, 10 mg L-1, and 10 mg L-1, respectively. The added amount of Fe-Mn biochar was 2 g L-1, and the 

reaction time was 24h.
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Figure G2. Removal capacities of different Fe biochars with different hydrothermal condition and carbon precursor. pH was set as ~2.5, and the 

concentration of Cr(VI), Cu, Ni, and Zn was set as 25 mg L-1, 10 mg L-1, 10 mg L-1, and 10 mg L-1, respectively. The added amount of Fe 

biochar was 2 g L-1, and the reaction time was 24h.
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Figure G3. Removal capacities of different Mn biochars with different hydrothermal condition and carbon precursor. pH was set as ~2.5, and the 

concentration of Cr(VI), Cu, Ni, and Zn was set as 25 mg L-1, 10 mg L-1, 10 mg L-1, and 10 mg L-1, respectively. The added amount of Mn 

biochar was 2 g L-1, and the reaction time was 24h. 
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Figure G4. XRD pattern of Fe-Mn biochar after the hydrothermal process 
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Figure G5 XRD pattern of Fe-Mn biochar after the hydrothermal and pyrolysis process. The 

right figure was the enlarged version of the selected area 
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Figure G6 XPS analysis with depth profiling on the Mn2p spectrum of different Fe-Mn 

biochar 
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Figure G7. HR-TEM analysis of different Fe-Mn biochar 
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Figure G8 Raman analysis of different Fe-Mn biochars after the hydrothermal process 
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Figure G9 Raman analysis of different Fe-Mn biochars after the hydrothermal and pyrolysis process 
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Figure G10 H2-TPR analysis for the Fe-Mn biochar before (left) and after (middle) the toxic metals immobilization process; H2-TPR spectrum 

of the standard iron minerals (right) 
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Figure G11 HR-TEM-EDX analysis of the Fe-Mn biochar after the immobilization process 
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Figure G12 Release amount of Fe (a) and Mn (b) from Fe-Mn biochar after the 

immobilization process; Release amount of Fe from Fe-biochar (c) and Mn from Mn-biochar 

(d) after the immobilization process. 
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Figure G13 HR-TEM image of the Fe-Mn biochar after the toxic metals immobilization 
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