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Abstract

Sulfate radical-based advanced oxidation processes (SR-AOPs) have received

intensively attention due to the ability and adaptability. Biochar-based catalysts have

been regarded as the effective catalysts for activating peroxymonosulfate (PMS) to

generate sulfate radicals (SO4•
― ). This article discussed the advance of the PMS

activation by biochar-based catalysts. Firstly, the sources and synthesis methods of

biochar-based catalysts have been discussed. Secondly, the different activation

mechanisms (including radical pathways and non-radical pathways) of pristine

biochar, heteroatom doping biochar and biochar composites catalysts for PMS

activation are reviewed, respectively, which includes (i) the significant role of

persistent radical (PFRs) and the special structures (defects and graphitization) of

pristine biochar, (ii) the effects of element doping (especially N atom) and metal

species on the biochar catalysts, (iii) the production mechanisms of reactive oxygen

species (ROS) and special non-radical mechanism. Thirdly, the influences of PMS and

catalysts concentration, temperature, pH, anions and natural organic matter (NOM) on

the contaminants degradation process have been presented. Finally, the conclusion

and prospects section discussed the challenges and possible future directions for the

degradation of contaminants by biochar/PMS systems. This review is expected to

provide new ideas for the application of biochar-based catalysts and broaden the ways

for the removal of organic contaminants.

Keywords: Biochar-based catalysts; Peroxymonosulfate activation mechanisms;

Organic contaminants; Advanced oxidation processes
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1. Introduction

Due to the continuous introduction of new chemicals into the environment, the

environment pollution has become a challenging multidisciplinary problem in recent

years [1-4]. Water pollution caused by refractory organics, especially emerging

contaminants (including drugs and personal care products, endocrine disruptors,

volatile organic compounds, disinfection by-products, etc.), have caused serious

ecological impact [5-9]. Hence, various technologies such as adsorption [10],

photocatalytic degradation [11, 12], biological treatment [13-18], enzymatic

degradation [19, 20] and advanced oxidation processes (AOPs) [21-25] have been

applied to solve the problem of water pollution. Among them, AOPs have received

intensively attention because of its great potential in removing organic and inorganic

contaminants. The contaminants could be decomposing into low-toxic or non-toxic

substances, and even directly mineralized into carbon dioxide (CO2) and water (H2O)

[26]. However, the oxidants involved in traditional AOPs are hydrogen peroxide

(H2O2), and the produced radicals are hydroxyl radicals (•OH) [27]. In recent years,

sulfate radical-based advanced oxidation processes (SR-AOPs) have gradually

emerged due to its unique advantages. Compared with •OH, sulfate radicals (SO4•
― )

have longer half-life (SO4•
―, 30-40 μs, • OH, < 1 μs), higher oxidation potential

(SO4•
―, E0 = 2.5-3.1 V, • OH, E0 = 1.9-2.7 V), stronger selectivity, and are less

affected by pH value (pH = 2-8) [28-30]. In addition, persulfate (PS), as a SO4•
―

oxidizer, could transport in the solid phase, while H2O2 is transport in the liquid phase

[31].
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SO4•
― are usually produced by PS activation, the PS includes peroxodisulfate

(PDS) and peroxymonosulfate (PMS). The physical and chemical properties of PMS

and PDS are different: the standard reduction potential of PMS is 1.82 VNHE while

PDS is 2.08 VNHE. PMS has an asymmetric structure while PDS has a symmetric

structure, and the O-O bond length of PDS (1.497 Å) is longer than that of PMS

(1.453 Å) [32]. Different physical and chemical properties between PMS and PDS can

lead to differences in the reactivity and activation mechanism. The reactivity of PMS

is higher than PDS due to the structural asymmetry, the peroxide bond of PMS has a

partial positive charge, while the charge distribution of the peroxide bond of PDS is

symmetrical, so non-polar PMS is more vulnerable to nucleophiles [33]. Duan et al.

reported that the activation of PMS is dominated by radical pathway, while the

activation of PDS is dominated by non-radical pathway involving singlet oxygen (1O2)

and surface activated PDS complexes [34]. However, the cause of this phenomenon

(correlation between the different activation mechanisms and physical and chemical

properties of PDS and PMS) still needs to be further explored. It may be misleading to

draw general conclusions about PS by studying the activation system of single PDS or

PMS. So this review only focuses on the activation of PMS. The most commonly used

PMS in the laboratory is Oxzone (2KHSO5·KHSO4·K2SO4), which a white solid

powder. It can be easily dissolved in water and the solubility is greater than 250 g/L

[35].

PMS can be activated by many methods, including energy activation (e.g., heat,

UV light, ultrasound, and microwaves), transition metal activation (e.g., Co, Fe, Cu,
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Mn) and nonmetal carbon activation (e.g., carbon nanotubes, activated carbon,

nanodiamonds and graphene, etc.) [36-41]. However, the PMS activation by energy

needs continuous energy supply, resulting in a large amount of energy loss and the

metal-based activation easily leads to toxic metals exudation and causes secondary

pollution. Compared with metal-based catalysts, nonmetal carbon catalysts have the

advantages of less pollution and good thermal stability [42]. Dikdim et al. suggested

that PMS could improve the degradation of atrazine by activated carbon [43]. Wang et

al. indicated that the N-doped graphene (NRGO) could act as the PMS activator and

promote the degradation of sulfamethoxazole (SMX) [44]. However, most of the raw

materials used to prepare these nonmetal carbon catalysts are expensive, and the

preparation process of the catalysts is complicated [26, 45]. From the perspective of

application, it’s an urgent task to search carbon materials with simple preparation

process, environmental friendliness and low cost.

Biomass, such as rice straw [46], wood chips [47], potato waste residue [48],

sewage sludge [49], and cotton [50], have been regarded as important precursors for

the synthesis of biochar-based catalysts with easy accessibility and sustainable

development requirements. Biomass has rich functional groups and good porous

structure, which provides natural advantages for the preparation of biochar-based

catalysts [51]. Biochar-based catalysts have the advantages of wide sources and

simple preparation [52, 53]. In recent years, synthesized highly efficient catalysts

which come from waste biomass to activate PMS for organic contaminants

degradation have been widely studied [46, 54-56] and the number of research papers
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continues to increase (Fig. 1). However, there are no articles reviewing the advance of

biochar-based catalysts to activate PMS for organic contaminants degradation.

Consequently, this article reviewed the research progress of various

biochar-based catalysts made from different biomass to activate PMS in recent years.

The various mechanisms of PMS activation by pristine biochar, heteroatom doping

biochar and biochar composites catalysts were reviewed and discussed in detail.

Additionally, the activated PMS can be applied in the contaminants degradation and

the effects in terms of (i) PMS and catalysts concentration, (ii) temperature, (iii) pH,

(iv) anions and (v) natural organic matter (NOM) were analyzed. This article provided

a deep comprehension of the mechanisms of biochar-based catalysts to active PMS

and summarized the application of PMS for the degradation of organic contaminants.

2. Sources and synthesis methods of biochar-based catalysts

2.1 Sources

In generally, the properties of materials determine their functions, their

composition and structure determine their properties. Biomass has evolved different

microstructures due to its different functions. Biochar prepared from different biomass

will inherit the excellent structure of its precursor, and then showed discrepant

characteristics. For example, biochar prepared from bagasse has better pore structure

and larger specific surface area than biochar prepared from straw [57, 58]. Human

hair-derived biochar not only has large surface area (> 2000 m2/g), but also forms

natural N and S co-doped biochar without add additional N and S sources [59]. The
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selection of biochar precursors has an important effect on its catalytic performance.

Food waste pristine biochar was reported to efficient activate PMS to degrade azo dye

[60], while the myriophyllum aquaticum pristine biochar shows poor activity towards

PMS activation [61]. Oh et al. pointed out that the percentage of graphitic N (could be

the active site to active PMS) in the biochar various with the choice of waste biomass

but structure defects and sp2-hybridized carbon are not affected by precursors [62].

However, there are many studies concentrate on a single precursor, and there is a lack

of systematic comparison between different sources of biochar. How to select the

appropriate biomass according to the actual application requirements of biochar is

also a problem that should be paid attention to in the future.

Lignocellulosic waste, as a ubiquitous natural resource, consists of cellulose,

lignin, and hemicellulose. The composition of lignocellulose varies with the biomass

but does not affect the formation of biochar, and the heat treatment will decompose

the surface structure of the biomass and carbonize it into porous biochar [63]. The

activity and production of biochar is affected by the composition of lignocellulose.

Meng et al. pointed out that when the ratio of cellulose in biomass is higher than that

of lignin, the activation of PMS will be promoted [64]. Nidheesh et al. suggested that

increase the lignin content of biomass would promote the carbonization and increase

the production of biochar [65]. Besides this, the analysis of the relationship between

lignocellulose composition and catalytic activity of biochar is still relatively limited.

Researchers have obtained some fascinating biochar-based catalytic materials to

active PMS by pyrolyzing different lignocellulose waste, such as fruit skin,
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agricultural waste, wood and waste coffee grounds. Besides lignocellulose biomass,

several non-lignocellulose wastes such as sewage sludge, household garbage (food

waste and human hair) are applied in the preparation of biochar and the activation of

PMS (Table 1). At present, the biomass that has been studied and applied to activate

PMS for the degradation of organic contaminants is still limited. Plant-based biochar

derived from wood and agricultural waste has been widely used to activate PMS, but

there are almost no PMS activators derived from animal manure and litter. Fig. 2

showed the sources of various biochar-based catalysts used in PMS activation and the

research gap between plant-based waste and animal-based waste.

Most of the biomass used to activate PMS is the wastes generated in industry,

agriculture and daily life that directly discarded or difficult to dispose. For example,

using sludge as the precursor of biochar not only effectively treats sludge, but also

provides a new idea for the preparation of biochar. Converting carbon-rich

agricultural wastes into biochar is a promising option. The wheat straw, maize stalk,

rice hull and corncob are pyrolyzed to prepare biochar with large specific surface area,

rich oxygen-containing functional groups and stable structure [66]. The actual

application potential is often closely related to the processing cost. The cost of biochar

produced by rapid pyrolysis is about $560 per ton [67]. Compared with dry wastes

such as agricultural wastes and wood (moisture content < 30%), wet wastes such as

animal manure and litter and sewage sludge (moisture content > 30%) have higher

moisture content and thus require more heat and time [68]. Therefore, biomass with

low moisture content has higher economic feasibility.
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2.2 Synthesis methods

At present, the preparation methods of biochar include pyrolysis (300-900 ℃)

[69], gasification (> 700 ℃) [70, 71] and hydrothermal carbonization (180-250 ℃)

[72-74]. However, the preparation methods of biochar for catalytic degradation are

not significantly different [75]. The most conventional method to preparing biochar

catalysts for catalytic degradation is pyrolysis, and the gasification and hydrothermal

carbonization processes even have not confirmed the circumscription of biochar.

Pyrolysis is usually carried out under oxygen-limited conditions at 300 to 900℃ [76],

and the solid, liquid and gas products are formed together, the solid content is called

biochar. The synthesis methods of pristine biochar, heteroatom doping biochar and

biochar composites catalysts will be discussed in detail in the next paragraph.

The preparation of the pristine biochar is very simple. The biomass is washed,

crushed, sieved and direct pyrolyzed in a tube furnace or a muffle furnace. Some

scholars wash the obtained product with HCl and KOH to remove residual inorganic

impurities and silicate [77]. For the preparation of heteroatom doping biochar, it can

be divided into one-pot synthesis method and post-treatment method. The one-pot

synthesis method is to mix the chemical reagents containing heteroatoms with the

biomass for pyrolysis. Oh et al. prepared N-doped biochar (NBC) using an

easy-to-operate pyrolysis process [62] (Fig. 3A). The introduction of N heteroatom is

usually achieved by adding urea. Zaeni et al. demonstrated that increasing the initial

urea concentration, the formation of graphitic N could be promoted [78]. Besides urea,

thiourea, melamine and dicyandiamide can also be used as N atom introduction
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reagents. Xu et al. explored the influence of four different N precursors (thiourea, urea,

melamine and dicyandiamide) on PMS activation, and found that N-doped biochar

prepared by dicyandiamide as N precursors had the best activation effect on PMS [79].

The post-treatment method refers to mixing the prepared biochar sample with

chemical reagents and then pyrolyzing them again. Wang et al. prepared sulfurized

biochar derived from sewage sludge (SSB) using the method of post-treatment [80].

As for biochar composites catalysts, the preparation processes are relatively

diversified but can also be divided into one-pot synthesis method and post-treatment

method. Tian et al. prepared Co@C core-shell nanoparticles containing N and S

porous biochar catalysts (Co-NS-PCs) using an easy-to-operate one-pot pyrolysis

strategy [81]. Du et al. synthesized the S-Co3O4 assembled N doped biochar catalyst

(Co-S@NC) using the method of one-step pyrolysis [82]. The preparation processes

and formation mechanisms of Co-NS-PCs and Co-S@NC are shown in Fig. 3B and

Fig. 3C. Co-NS-PCs were synthesized by mixing the wheat flour, sodium bicarbonate

cysteine and cobalt nitrate hexahydrate, and pyrolying the dried mixture. Co-S@NC is

obtained by pyrolysis the mixture of sulfate saturated biosorbent and cobalt(II) acetate.

Li et al. first prepared the pristine biochar called C400, then mixed C400 and KHCO3

for the second calcination to obtain C800. The dried Co(NO3)2·6H2O, Fe(NO3)3·9H2O

and C800 mixture was calcined for the third time to obtain the biochar supported

CoFe2O4 nanocomposite (post-treatment method) [83]. However, the difference and

connection of biochar-based catalysts synthesized by one-step synthesis method and

post-treatment method, and their different properties for PMS activation still need to
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be further explored.

During the pyrolysis process, operating parameters such as pyrolysis temperature,

reaction residence time, and pyrolysis atmosphere play important role in the formation

of biochar [84]. These operating parameters not only affect the surface properties, but

also affect the yield of biochar. Pyrolysis temperature has a great effect on the

distribution, composition, yield and calorific value of pyrolysis gas. The different

pyrolysis temperature has great influence on chemical and physical properties of

biochar, which could then affect the reactivity of biochar-based catalysts [85]. Da et al.

pointed out that the porosity and specific surface area of biochar would increase with

the increase of pyrolysis temperature [86]. In addition, the increase of pyrolysis

temperature would cause the conversion of sp3-hybrid carbon, resulting in the collapse

of the carbon skeleton and increasing the defect structure of biochar so as to

increasing the potential for PMS activation. Yu et al. showed that the pyrolysis

temperature could not only change the carbon configuration, transform sp3-hybrid

carbon to sp2-hybrid carbon, but also induce the formation of graded porous carbon

[87]. Wang et al. prepared sludge-derived biochar (SBC), compared with the

preparation temperature of 700 °C, the catalytic activity of biochar at 600 °C was

even decreased by 20%, which might be due to the increase in amorphous carbon

content and the decrease in specific surface area of biochar [88]. In addition, in the

N-doped biochar/PMS system, the proportion of graphitized N would increase with

the rise of pyrolysis temperature. This was because the thermal stability of graphitic N

was stronger than that of pyridinic N and pyrrolic N. Pyridine N and pyrrolic N had a
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tendency to convert to graphitic N during the pyrolysis process [89].

The reaction residence time will affect the carbonization degree and yield of

biochar [90]. It is worth noting that the pyrolysis of biomass usually takes place in N2

atmosphere. Some recent studies have reported that the use of CO2 instead of N2 as

the reaction medium can increase the production of natural gas and make the

synthesized biochar have better surface properties [91, 92]. Kwon et al. and heidic et

al. mentioned in their research that the use of CO2 as a pyrolysis reaction medium can

significantly increase the porosity of biochar [93, 94]. It is well known that the yield

and characteristics of biochar are affected by the operating parameters of the pyrolysis

process. However, the relationship between operating parameters and the final product

seems to be lacking.

3. Biochar-based catalysts

Many researchers have demonstrated that biochar-based catalysts could activate

PMS for the degradation of organic contaminants [95, 96]. The biochar-based

catalysts used for PMS activation can be divided into pristine biochar, heteroatom

doping biochar and biochar composites catalysts. This section discussed the structures

and groups associated with PMS activation (active sites) come from three types of

biochar-based catalysts, such as persistent free radicals (PFRs), graphitization

structures and defect structures, N species (graphitic N, pyridinic N and pyrrolic N)

and variable metals (Fig.4).
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3.1 Pristine biochar

At present, the researches on activation of PMS by biochar-based catalysts are

still in its infancy, and there are not many studies on pristine biochar. This may be due

to the limited active sites and catalytic performance of the pristine biochar. However,

some scholars still obtained the pristine biochar catalysts with excellent catalytic

performance through pyrolysis of biomass [60, 97]. The PFRs and special structures

(defect structures and graphitized structures) in the pristine biochar catalysts play an

important role in the PMS activation process.

The pristine biochar here refers to the products produced by the pyrolysis of

biomass at a certain temperature without adding any compound. Incomplete pyrolysis

of biomass will produce PFRs, which the half-life varies from several hours to several

days. High temperature calcination (above 700 °C) will decompose most of the PFRs,

but some graphitized carbon structures will appear at the same time. PFRs are the key

factors affecting the activation ability of biochar [98-100]. Recently, the role of PFRs

existed in biochar on the activation of PMS has attracted the attention of some

scholars [58, 101]. Numerous studies have reported that PFRs could be used as

electron shuttle agents who are beneficial for the mediate electron transfer reactions

[102, 103]. Fang et al. proposed that the PFRs could be the redox centers to

decompose PDS and elaborated the production mechanisms of PFRs and reactive

oxygen species (ROS) in detail [98]. However, in the biochar/PMS system, there is

still a lack of reliable researches on the mechanism of PMS activation related to PFRs.

Besides PFRs, structural defects such as edges and disorder in biochar are very
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favorable for catalytic degradation. Da et al. studied that the key factor for biochar to

activate PMS so as to eliminate 1,4-dioxane was the defect structures rather than the

PFRs [86]. They can not only increase the density of active sites by carrying active

redox pairs [104, 105], but also serve as active sites for ROS [106]. However, it is

worth noting that excessive structural defects will reduce the mechanical strength and

durability of biochar, which will affect the catalytic performance of biochar. What’

more, the catalytic performance of biochar is closely related to the degree of

graphitization [107]. Graphitized structures can not only induce direct electron

transfer between contaminants and PMS bridged by the graphitized structures but also

promote electron transfer by increasing the charge density of C atoms [83]. What’s

more, the graphitized structures could stabilize radicals and electrons, thereby

increasing the efficiency of active radical in degrading contaminants [108].

3.2 Heteroatom doping biochar

Despite the great diversity in the composition and structure of biochar from

different sources, almost all pristine biochar have defects such as limited function and

poor anti-interference ability, resulting in limited catalytic capacity [109]. Chemical

modification can effectively overcome the above-mentioned shortcomings and break

the limitations of the pristine biochar in removing contaminants in the catalytic fields

[110-112]. Heteroatom doping is an important modification method. In the past few

decades, researchers have tried to synthesize functional catalysts with specific

characteristics and enhanced performance by introducing heteroatoms [113, 114]. The
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addition of non-metallic heteroatoms into catalytic materials can not only introduce

surface defects and change the intrinsic characteristics of biochar catalysts, such as

specific surface area and pore diameter, but also increase the amount of Lewis acid

sites, thus expanding the active sites [115]. The doping of heteroatoms can

significantly strengthen the electron shuttle ability of the catalysts [116]. In the

metal-free catalytic systems (except biochar catalysts), the doping of single N, single

S, single B and multiple doping (such as N, P-carbon, P, S-carbon, N, S, P-carbon and

N, P, S, B-carbon) have been widely studied [115, 117-120]. However, in the

biochar/PMS system, the types of doped heteroatoms are still very single, most of

which are concentrated on N atoms, and there are small amount of researches focuses

on S atoms [80].

The doping of N can significantly enhance the catalytic efficiency of biochar

materials during the activation of PMS [50, 121, 122]. Doping N atoms can not only

promote the surface adsorption of PMS by increasing the basicity of biochar, but also

promote the electron transfer reaction between biochar and PMS by activate the

adjacent sp2-hybrid carbon [123]. The compositions of N species in N-doped biochar

were confirmed by the XPS spectra analysis. The N species include graphitic N,

pyridinic N and pyrrolic N. Compared with pyridinic N and pyrrolic N, there are more

reports about the graphitic N. Graphitic N can be the active site to activate PMS to

generate ROS, and it can also be used as adsorption site to adsorb PMS to promote the

direct electron transfer between PMS and contaminants [124]. Some scholars also

pointed out that pyridinic N and pyrrolic N are also redox active species that are
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beneficial to the activation of PMS [89, 125]. Pyridinic N located in the edge of

catalysts can play the role of Lewis basic site to induce the redox process [126, 127].

However, as the main active site, the graphitic N would convert into pyridinic N and

the reaction was irreversible in the catalytic process, and the pyridinic N and pyrrolic

N would be rapidly decomposed (have the cannibalistic reactions with ROS) under

highly-oxidizing environment [128]. This phenomenon can be used to explain why the

durability of N-doped biochar active sites found by many studies is poor [129].

S atom is similar to N atom that has a unique electronic structure (the outermost

p orbital), but its electronegativity is lower. Wang et al. firstly prepared a single

S-doped biochar and revealed the unique role of S-doping in the activation of PMS

[80]. The zigzag edge S can greatly disturb the electron distribution in the pristine

biochar structure, and cooperate with the inherent graphitic N/pyridinic N to create

more Lewis acid and basic sites. In addition, S atoms can be used as electron

acceptors to accept electrons from PMS to produce 1O2 [82]. It is worth mentioning

that compared with single N and S doping, dual N and S doped biochar has higher

catalytic activity. This may be due to the synergistic effect of N and S co-doping,

which cause the reconstruction of charge density and the spin state of C [130-132].

3.3 Biochar composites catalysts

Besides the heteroatom doping, preparing biochar composites catalysts is another

important biochar modification method. The use of biochar-based catalysts to activate

PMS to remove contaminants in water has the dual advantages of carbon
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sequestration and water pollution control [133]. In recent years, researchers have

prepared many biochar composites catalysts with good catalytic performance, such as

MnOx-N-biochar composites catalysts, Fe3O4 porous biochar composites, graphitized

hierarchical porous biochar and MnFe2O4 magnetic composites catalysts, magnetic

nitrogen doped biochar supported CoFe2O4 composite, Co9S8 and CoO encapsulated

N and S co-doped biochar [134]. The substances composited with biochar are usually

metals with variable valence states such as Co, Fe and Mn, because the valence

conversion between metals can induce redox reactions and increase the pathway of

ROS production. Constructing metal compound and heteroatoms (N and S)

co-composite biochar catalysts is a good idea, which can greatly increase the active

sites and break the inert structure of the pristine biochar.

For metal-based catalysts, toxic metal leakage has always been an important

factor limiting its practical application. Heterogeneous magnetic catalysts such as

MFe2O4 (M = Co, Cu, Mn) can alleviate this problem. In the biochar composites

catalysts/PMS system, the biochar loaded MFe2O4 composites not only solves the

problem of toxic metal leakage and the easy agglomeration of MFe2O4, but also

solves the problem of difficult separation of biochar catalysts due to the presence of

magnetic metals (especially Fe) [135, 136].

4. Mechanisms of PMS activation by biochar-based catalysts

The activation mechanism of PMS includes radical mechanism and non-radical

mechanism. The radical mechanism is to activate PMS through the active sites on the

surface of catalysts (such as defective structure, C=O, sp2-hybridized carbon, metal
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species, etc.) to produce SO4•
― and •OH, so as to achieve the degradation of

contaminants. The non-radical mechanism is to produce singlet oxygen (1O2) as the

active species. In addition, a special non-radical activation mechanism, that no ROS

are produced, just according to surface electron transfer (contaminants, catalysts, PMS

as electron donors, electron shuttles and electron acceptors, respectively) or

surface-bound reactive species [137, 138]. In this section, the mechanisms of PMS

activation by biochar-based catalysts are discussed in detail.

4.1 Production of ROS: the role of biochar-based catalysts

In the current literatures, SR-AOPs are not limited to SO4•
― , but include ROS

such as •OH, 1O2, and non-radical pathways without the participation of radicals [33].

Different systems have different conclusions about which ROS plays a leading role.

Sun et al. pointed out that when using the N-functionalized sludge carbon (NSC) to

active PMS, both non-radical and radical (SO4•
― and •OH) mechanisms existed

simultaneously, but 1O2 was considered as the main ROS [139]. Wang et al. and Yang

et al. prepared sludge-derived biochar and Co-impregnated biochar to active PMS,

and the •OH and SO4•
― were considered as the dominant ROS, respectively [88, 140].

However, the reasons for the dominant role of each ROS and the dynamic relationship

with the species of biochar-based catalysts still need to be constructed in the future.

In the activation process of PMS, biochar-based catalysts can be used as both

electron acceptors and electron donors. The production of ROS is closely related to

the role played by biochar-based catalysts. Fig. 5 showed the generation pathway of
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ROS. Biochar-based catalysts are used as electron donors in the production of SO4•
―

and • OH. The electron donation of biochar-based catalysts is closely related to PFRs,

structural defects and oxygen-containing functional groups. Jiang et al. reported that

the SO4•
― and •OH can be generated by the reaction between PFRs and PMS [101].

The electrons can be transformed from PFRs in the biochar to O2 to generate

superoxide radical anions (SRA), which can be reacted with PMS, and then generated

SO4•
― [141]. Fig. 6 showed the catalytic mechanisms of pristine biochar for activating

PMS and the significant role of structural defects for contaminants degradation.

Biochar approaches PMS and adsorbs it on the surface of biochar firstly. The defect

structures of biochar (edge defects, curvature, vacancies, etc.) can generate dangling σ

bonds, which can keep the π-electrons of biochar from being limited by the edge

carbon atoms, thereby transferring electrons from biochar to PMS and generate SO4•
―

and •OH [142]. Besides this, the lone pair of electrons in the Lewis basic site in the

biochar-based catalysts (such as the oxygen atom in C=O, pyridinic N and pyrrolic N),

and the free flowing π-electrons in the sp2-hybridized carbon can transfer from

biochar-based catalysts to PMS to induce the production of SO4•
― and •OH. The

production of SO4•
― and •OH is shown in Eqs. (1) and (2).

When biochar-based catalysts contain variable valence metals, there will be one

more way to generate radicals. Mn+, as an electron donor, provides an electron to the

PMS and break the O-O, which results in the generation of SO4•
― . The generated

SO4•
― will further react with water to produce •OH. The produced Mn+1 can continue

to react with PMS and be reduced to Mn+ to complete the redox cycle (Eqs. (3) - (6)).
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However, it is worth noting that the reduction potential of HSO5‒/SO5•
― (1.1 V) is

more positive than Fe3+/Fe2+ (0.77V), the reduction of Fe3+ by PMS is

thermodynamically unfavorable. With the exist of O2•
― in the reaction system, the

reduction potentials of O2•
―/O2 (-0.33 V) is more negative than that of Fe3+/Fe2+, thus

the Fe3+ can be reduced by the O2•
― in the perspective of thermodynamics (Eqs. (7) -

(9)).

HSO5− + e− → OH− + SO4•
― (1)

HSO5− + e− → •OH + SO42− (2)

Mn+ + HSO5− → Mn+1 + SO4•
― + OH− (3)

Mn+ + HSO5− → Mn+1 + •OH + SO42− (4)

Mn+1 + HSO5− → Mn+ + SO5•
― + H+ (5)

SO4•
― + H2O → SO42− + H+ + •OH (6)

HSO5– →H+ + SO52– (7)

SO52– + H2O→ O2•
― + SO42– + 2H+ (8)

Fe3+ + O2•
― → Fe2+ + O2 (9)

It is generally believed that 1O2 can be produced by PMS self-decomposition

(Eqs. (7) and (10)). Besides this, biochar-based catalysts can act as electron acceptors

to induce the production of 1O2. Gao et al. reported that the electron-deficient C atom

near graphitic N is the active site of 1O2 production [143, 144]. Compared with

graphitic N, the covalent radius of C atoms is larger and the electronegativity is lower

[145]. Electrons can be transferred from a weakly electronegative C atom to an

adjacent highly electronegative N atom. The positively-charged C atoms form an
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electron-deficient environment and attract electrons from the PMS. PMS loses

electrons and produce SO5•
―, the SO5•

― would further react with H2O to produce 1O2

(Eqs. (11) and (12)). Zou et al. reported that PMS molecules can release electrons to

electrophilic C=O groups to form SO5•
―, the self-reaction of SO5•

―would produce 1O2

(Eqs. (11) and (13)) [146]. Nevertheless, the mechanisms of the production of 1O2

during PMS activation by biochar-based catalysts are still unclear, and more reliable

active sites need to be further explored.

HSO5− + SO52− → SO42− + HSO4− + 1O2 (10)

HSO5− → SO5•
― + H+ + e (11)

2SO5•
― + H2O → 1/21O2 + 2HSO4

― (12)

SO5•
― + SO5•

―
→ 1O2 + SO4

― (13)

4.2 Direct electron transfer and surface-bound reactive species

In the process of PMS activation by biochar-based catalysts, there are several

special non-radical mechanisms, including surface-bound reactive species and direct

electron transfer. It is worth noting that the formation of surface-bound reactive

species is also classified in the non-radical mechanism. The aforementioned radicals

refer to the free radicals that can exist in the bulk solution after generation. There are

very few reports about surface-bound reactive species. Fu et al. confirmed the

existence of surface-bound SO4•
― and •OH through phenol quenching experiments in

their experiments [147, 148]. However, the mechanism and scene of the generation of

surface-bound SO4•
― and •OH still need to be further explored.
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In the direct electron transfer process, PMS is first adsorbed on the electron

sites such as graphitized N on the surface of biochar. The π-π reaction between the

contaminants and the carbon or oxygen functional groups of the biochar-based

catalysts makes the contaminants adsorb on the biochar-based catalysts. Organic

contaminants and PMS acted as electron donors and electron acceptors, respectively,

and the biochar-based catalysts was the electron shuttle between organic contaminants

and PMS [137, 149]. Organic contaminants lose electron to convert into intermediate

products or even directly mineralized into CO2 and H2O. PMS gets electrons to form

OH− and SO42− (Eqs. (14)). Direct electron transfer is a very important non-radical

mechanism and can even be in a dominant position. Zhao et al. reported that when

used sludge derived biochar-supported MnOx as PMS activator, direct electron

transfer is the dominant PMS activation mechanism [150]. But what influences the

contribution rates of various activation mechanisms? What is the dynamic relationship

between the contribution rates of various activation mechanisms and biochar-based

catalysts or contaminants? These problems need to be solved urgently.

HSO5− + 2e− → OH− + SO42− (14)

5. Effects of reaction parameters on contaminants degradation

Biochar-based catalysts can effectively activate PMS to degrade various organic

contaminants such as pharmaceuticals, organic dyes, endocrine disruptors, and

pesticides. Table 2 showed the performances of biochar-based catalysts as PMS

activator for the degradation of various organic contaminants. Reaction conditions,
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including PMS and catalysts concentration, temperature, pH, anions and NOM, all

have effects on activating PMS and degrading contaminants (Fig. 7). PMS

concentration and catalyst dosage have a positive effect on the degradation process,

but excessive amounts will inhibit the degradation of contaminants. The increase in

temperature is beneficial to the entire catalytic degradation process. The influence of

pH values on the degradation of contaminants varies with the kinds of contaminants

and catalysts. Most ions will inhibit the degradation of contaminants. The presence of

NOM will have a dual effect on degradation. Therefore, the influence of various

reaction parameters on the biochar/PMS system is worth exploring.

5.1 PMS and catalysts concentration

The presence of PMS will induce the generation of ROS, and different

concentrations of PMS will have different effects on the removal rate of contaminants.

Wang et al. pointed out that the degradation rate of triclosan (TCS) increased with the

increase of PMS concentration but decreased when the concentration of PMS reached

to 1.2 mM [88]. Fu et al. also reported that the removal rate of p-hydroxybenzoic acid

(HBA) was increased first but decreased later with the increase of PMS concentration

[147]. Adding PMS can provide more oxidants, thus improving the removal efficiency

of contaminants, but excessive PMS can cause the self-quenching reactions of PMS.

As described in Eqs. ((15)-(16)), excessive PMS will promote the conversion of •OH

and SO4•
― to SO5•

― and HSO4‒ with lower reactivity. This is similar to the results of

some previous studies [151, 152]. Therefore, choosing the optimal concentration of
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PMS is crucial for practical applications [153].

•OH + HSO5‒→ SO5•
― + H2O (15)

SO4•
― + HSO5‒ → SO5•

― + HSO4‒ (16)

Catalysts concentration is also an important factor for the activation of PMS.

Increasing the concentration of biochar-based catalysts may not only add active sites

to activate PMS but also increase the react chance with contaminants molecules. In

addition, increasing the concentration of biochar-based catalysts was beneficial to the

generation of radical such as SO4•
― , which promoted the degradation of tetracycline

(TC) [154]. However, excessive increasing biochar concentration may generate

abundant oxidative radical and promoting the self-interaction between radicals (Eqs.

(17-19)) [155]. Gan et al. reported that when the catalyst concentration ranged from

0.1 g/L to 0.5 g/L, the degradation rate of dimethyl phthalate (DMP) gradually

increased, but it changed little when the catalyst concentration was higher than 0.5 g/L.

This was due to the more reaction active sites provided by catalysts and the later

quenching reactions between radicals.

•OH + •OH → H2O2 (17)

SO4•
― + SO4•

― → S2O82‒ (18)

SO4•
― + •OH → HSO5‒ (19)

Oh et al. pointed out that during the BPA degradation process, increasing the

PMS concentration less contributed to BPA degradation than increasing the catalyst

dose [62]. Although increasing the concentration of PMS can enhance its reactivity

and promote the degradation of contaminants, however, the limited active sites
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provided by the catalyst will inevitably lead to competition between PMS molecules,

which will affect the entire degradation process.

5.2 Temperature

Temperature has proven to be one of the most significant factors affecting the

activation of PMS and the subsequent degradation of contaminants. Obviously,

increasing reaction temperature within a certain range will improve the remove rate of

contaminants. Temperature will affect the stability of PMS, and high temperature will

accelerate the decomposition of PMS to ROS. Fu et al. showed that it took 6 min to

completely degrade Orange II at 25 ℃, while 5 min at 45 ℃ [148]. In the

Fe3O4-biochar/PMS reaction system, the higher the temperature, the faster of the

growth rate and the larger of the size of Fe3O4 nanoparticles, which were conducive to

the formation of the mesoporous structure of the catalyst [147]. The increase of

temperature will accelerate the molecular movement and promote the mass transfer

process of heterogeneous systems. Therefore, the view that the degradation rate of

contaminants will increase with the increase of temperature in reasonable range has

been unanimously recognized in previous studies [156, 157].

5.3 pH

The pH value of the solution is an important parameter that affects the chemical

reaction [158]. It not only determines the state of the chemical substance, but also

affects the surface properties of the catalysts [159]. The effects of different pH values

(3-12) on the activation of PMS and subsequent degradation of contaminants by
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different biochar-based catalysts have been reported by many scholars [160].

It is reported that the degradation rate of the contaminants under near-neutral

conditions is higher than the conditions of overly acidic or alkaline [28]. In most cases,

the degradation rate of contaminants increases when the pH increases from 2 to 8 or 9,

and decreases when the pH continues to increase. That is to say, when the pH is 8 or 9,

the degradation rate of contaminants is the highest [46, 58, 101, 161]. Under acidic

conditions, excess H+ will form strong hydrogen bonds with O-O in PMS, thereby

inhibiting the reaction between biochar-based catalysts and PMS [162]. Ahmadiet et

al. reported that high concentrations of H+ could affect the formation of SO4•
― and

•OH [35, 163]. Under strongly alkaline conditions, more divalent PMS anions are

formed [164], and electrostatic repulsive forces are generated between various

negatively charged PMS components and negatively charged catalysts, preventing the

generation of ROS, and further impeding the degradation of contaminants [165]. In

addition, PMS will hydrolyze to form inactive materials such as SO42− under basic

conditions (Eqs. (20)). What’s more, the pKa of PMS is 9.4. When the pH of the

solution is higher than 9.4, PMS will have a self-decompose reaction, which will

affect the activation and degradation process [166, 167].

HSO5− + 2OH− → 2SO42− + H2O + O2 (20)

Nevertheless, many scholars have reported that the change of pH value has no

obvious effect on the degradation of contaminants [153, 168]. Hu et al. reported that

this may be related to the rapid production of a large number of active species on the

active sites of the biochar-supported MnFe2O4 composite catalysts [148]. Factors such
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as the isoelectric point of the biochar-based catalysts and the dissociation constant of

the contaminants will affect the effect of pH on PMS activation. Therefore, the effect

of solution pH value on the reaction activity of the whole system varies with the kinds

of contaminants and catalysts.

5.4 Anions

There are many different anions in the water environment, such as chloride (Cl‒),

bicarbonate (HCO3‒) and dihydrogen phosphate (H2PO4–). In fact, the presence of

various anions in wastewater, even at low concentrations, can potentially affect the

PMS activation process [169], which may affect the generation of ROS and the

degradation of contaminants [170, 171]. Since each anion has different physical and

chemical properties (rate constants of radicals, existence forms, etc.), it has different

influence on the elimination of contaminants.

The influence of Cl− on the elimination of contaminants various with the type of

ROS, the reaction rate between Cl− and ROS and the activation pathways. Chen et al.

reported that when the Cl− concentration increased, the contaminant degradation rate

decreased gradually [46]. Fu et al. reported that Cl− had a significant positive effect on

the remove of p-hydroxybenzoic acid [147]. Hu et al.'s research showed that the Cl−

had no significant effect on the degradation of methylene blue (MB) [172]. Cl− was an

SO4•
― and •OH scavenger that could consume SO4•

― /•OH and produce •Cl and

HOCl•― , but the reaction rate of Cl− and SO4•
― is 3.1 × 108 M−1s−1, which is lower

than the reaction rate between Cl− and •OH (4.3 × 109 M−1s−1) [173-176]. Besides this,
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under neutral conditions, HOCl• will be converted back to •OH, while under acidic

conditions, HOCl• will react with H+ to form Cl• (Eqs. (21)-(23)). It is mentioned

before that different system has different conclusions about which ROS plays a

leading role, so the effect of Cl− in different systems is not the same. In addition, the

HSO5− can oxidize excess Cl−, and the HOCl formed by the reaction had a strong

oxidation capacity (Eqs. (24)), which could promoting the degradation of

contaminants [35, 177]. When the activation mechanism is dominated by non-radical

mechanism, the effect of Cl− can be ignored naturally.

HCO3– and H2PO4– usually have a double effect on the degradation of

contaminants [178]. HCO3– and H2PO4– can quench the SO4•
― and •OH and generate

•HCO3 and •H2PO4, respectively (Eqs. (25)-(28)). But the oxidation potential of

•HCO3 and •H2PO4 is lower than that of SO4•
― and •OH, which inhibits the reaction

[30,36]. However, a large amount of HCO3– can adjust the pH of the system to an

alkaline atmosphere at 8.5 [179], this conditions is beneficial to the conversion of

HSO5– to SO52– (Eqs. (27)), provide more opportunities for the generation of 1O2 [180].

Furthermore, it is worth noting that the asymmetric structure of PMS makes it easy to

be attacked by nucleophiles (HCO3‒, H2PO4–) and decompose rapidly, which means

that HCO3‒ and H2PO4– can directly activate PMS [181]. Du et al. and Ye et al.

mentioned in their researches that H2PO4– and HCO3‒ have a positive effect on the

degradation of contaminants, respectively [82, 144]. But in most cases, H2PO4– and

HCO3‒ still act as inhibitors.

SO4•
― + Cl− → SO42− + •Cl (21)
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•OH + Cl− ↔HOCl•― (22)

HOCl•− + H+→ •Cl + H2O (23)

HSO5− + Cl− ↔ SO42− + HOCl (24)

SO4•
― + HCO3– → SO42– + •HCO3 or

HCO3‒ + SO4•
― → SO42‒ + CO3•

― + H+ (25)

•OH + HCO3– →H2O + CO3•
― (26)

SO4•
― + H2PO4–→ SO42– + •H2PO4 (27)

•OH + H2PO4– →OH–+ •H2PO4 (28)

HSO5–+ OH– → SO52– + H2O (27)

5.5 NOM

NOM and inorganic salts are widely present in actual wastewater. The decrease

of contaminants removal efficiency caused by the reaction of ROS with NOM and

other background organic components has always been a challenge for the practical

application of heterogeneous catalysis. On the one hand, the biochar-based catalysts

can adsorb the NOM to its surface through the carboxyl and phenolic hydroxyl groups

contained in the NOM, thereby blocking the active sites of the biochar-based catalysts.

In addition, NOM will compete with ROS and thus acts as a radical scavenger [180].

On the other hand, phenols contained in NOM will form semiquinone radicals with

hydroquinone and quinones, which can activate PMS and promote the production of

SO4•
― [182]. As is known to all, humic acid (HA), rich in carboxyl and phenolic

hydroxyl groups, is a typical NOM and prevalent in aquatic environment. It has also
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been reported that HA can eliminate radicals or block the normal process of

contaminants degradation and the elimination rate of contaminants decreases with the

increases of HA dosage [134]. This result can be attributed to HA competing with

contaminants in wastewater for a limited number of ROS [148, 183]. However, the

mechanism of biochar-based catalysts to activate PMS is changeable. When it comes

to special non-radical mechanisms that do not contain ROS, the influence of HA is

weakened [33]. Ma et al. studied human-hair-derived carbon for PMS activation to

degrade BPA, however, in their studies, no inhibition was found when 5mg/L HA was

added [59]. This phenomenon can be explained by the fact that the concentration of

radical in the reaction system may be very low.

6. Conclusion and prospects

PMS activation by biochar-based catalysts has become a promising SR-AOPs

method for organic contaminants degradation. This article summarizes the

development of biochar-based materials for the activation of PMS to remove

contaminants. The different activation mechanisms of pristine biochar catalysts and

modified biochar-based catalysts, including radical (SO4•
― and •OH) and non-radical

(1O2 and direct electron transfer) mechanisms were described in detail. Biochar-based

catalysts will be considered as a new generation of green catalysts due to their own

excellent characteristics, which can avoid the leaching problem of metal-based

catalysts and secondary pollution. The PMS/biochar-based catalysts system has great

catalytic potential. However, there are still many key issues to be further explored.
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(1) Introduce more biochar-based catalysts from various sources.

In the preparation of biochar-based catalysts, as well as PMS activators, it is

important to select attractive and suitable biomass. Different biomass has its unique

structure and composition, which determines the performance and function of

biochar-based catalysts. According to actual application requirements, choosing the

right biomass is critical. For example, when activating PMS, it is obviously desirable

to select biomass that can generate biochar-based catalysts with large specific surface

areas and rich active sites (such as graphite N). But this requires a systematic

comparative analysis of biochar-based catalysts come from various sources, which is

currently lacking. In addition, the current sources of biochar-based catalysts used to

activate PMS are still limited. There are many studies on lignocellulose-rich

plant-based biochar (from wood or agricultural waste), while animal-based biochar

from animal manure and garbage has not been studied. The potential and research gap

between animal-based biochar and plant-based biochar for PMS activation need to be

researched in the further.

(2) Construct more excellent biochar-based catalysts.

The special structure (defects and graphitization) and functional groups of

biochar-based catalysts that facilitate PMS activation need to be paid attention to. The

types and quantities of functional groups contained in biochar-based catalysts, as well

as the amount of transferrable electrons in the functional groups, will affect the

catalytic performance, but there is still a lack of quantitative research in this area. The

combination of heteroatoms can further enhance the catalytic activity, such as N, S, P,
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B. At present, most of the studies on heteroatom doped biochar catalysts focus on the

N-doped biochar, and some scholars have studied the catalytic effects of N-S

co-doped biochar catalysts and N-S doped biochar-based catalysts (such as S-Co3O4

in N doped biochar (Co-S@NC) [82], core-shell Co@C nanoparticles with N and S

into hierarchically porous biochar (Co-N-S-PCs)) [81]. In the future, doping other

electron donors or receptors may be considered to improve the performance of

biochar-based catalysts. Studies on biochar composite catalysts mainly focus on

metal-based biochar composites with single metal species, mainly concentrate on Fe,

Mn and Co. More kinds of metal (such as Cu, Ni, Zn and other metals with variable

valence states) or nonmetal-based biochar composite catalysts need to be explored.

(3) Depth of surface activation mechanisms.

The surface activation mechanism of biochar-based catalysts is not fully

understood. Currently, the known reaction pathways include radical pathways induced

by SO4•
― and •OH, non-radical pathways induced by 1O2, and direct degradation of

contaminants through surface electron shuttle. The activation mechanism that relies

on the formation of PDS-biochar surface-confined complexes has not been reported in

PMS/biochar-based catalysts system. The mechanism of the production of 1O2 during

PMS activation is still unclear, and more reliable active sites need to be further

explored. Radical and non-radical pathways can coexist among various reaction

systems, but often one side dominates. However, the reasons for the dominant role of

each pathway and the dynamic relationship with biochar-based catalysts or

contaminants types need to be further studied.
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Different reaction pathways have their own unique characteristics, advantages

and disadvantages. Radical pathway has higher degree of mineralization of organic

contaminants but its active site is difficult to regenerate while non-radical pathway is

less affected by competitive organic/inorganic components in water. However, the

current research is mainly focused on identifying the reaction pathway, and the

dynamic relationship between the reaction pathways and the catalysts has not been

explored. At present, there are only reports of changing the pyrolysis temperature and

changing the ratio of K2FeO4 to the pristine biochar to regulate the reaction pathway

[77, 87]. It is of great significance for the application of SR-AOPs to regulate the

pathway of radical and non-radical in line with the characteristics of each path and

practical application requirements.

(4) The reusability of biochar-based catalysts.

In the practical applications, the reusability of biochar catalysts is one of the

factors that must be considered. The deterioration of catalytic performance can be

attributed to five points. Firstly, ROS will cause oxidation reaction on the surface of

catalysts. Secondly, during continuous cycle operation, the catalysts will be lost, and

the active sites on the catalysts surface will be consumed. Thirdly, intermediate

degradation products will inhibit the active sites and block the porous structure of

biochar. Fourthly, PMS or contaminants will be adsorbed on the surface of catalysts,

and occur surface oxidation reaction, reducing its specific surface area. Fifthly, for

N-doped biochar-based catalysts, graphitic N will be irreversibly converted to

pyridine N, which will affects PMS activation efficiency. Heat treatment can remove
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intermediate products that block the pore structure and active sites. But this still

cannot meet actual application requirements.

(5) Application in actual water treatment.

At present, the SR-AOPs of biochar-based catalysts to activate PMS are mainly

concentrated on the research level and have not been widely used in the actual

engineering field. The actual problems it faces include: low catalytic activity of the

pristine biochar catalysts, the influence of hetero ions and NOM in the actual

wastewater, the reusability of the biochar-based catalysts, production of halogenated

intermediates and sulfate ions. Developing more excellent biochar precursors and

constructing modified biochar-based catalysts can solve the problem of low activity of

the pristine biochar. The interference of anions and NOM is a challenge for

heterogeneous catalysis. But in fact, in the non-radical pathway which does not

involve radical, the interference of anions and NOM can be weakened or even ignored.

The problem is that the key factors that determine the activation mechanism of PMS

are still unknown. How to regulate specific activation mechanism according to actual

application needs is one of the challenges facing in the future. The H2SO4 produced

after PMS decomposition causes potential secondary contamination problems. In the

standard for drinking water (GB 5749-2006), the maximum SO42– concentration is

250 mg/L, so the dose of PMS requires to be minimized to reduce its underlying

environmental hazard. As for halogenated intermediates, which has been widely

concerned in SR-AOPs, it can be alleviated by adding online secondary treatment

facilities or adjusting pH through kinetic control and chemical addition to inhibit the
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rate of formation of halogenated intermediates.
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Fig. 1. The number of publications concerning the keywords of “biochar + activation”
on indexed journals from 2012 to 2020. The search results are based on the database
of “Web of Science”.
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Fig. 2. The sources of various biochar-based catalysts used in PMS activation and the
research gaps between plant-based waste and animal-based waste.
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Fig. 3. The synthesis process of (A) Co-N-S-PCs [81], Copyright 2017 Elsevier. (B)
NBC [128], Copyright 2018 Elsevier. and (C) Co-S@NC [82]. Copyright 2019
Elsevier.
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Fig. 4. The biochar-based catalysts used for PMS activation (pristine biochar,
heteroatom doping biochar and biochar composites catalysts) and the active sites
come from three types of biochar-based catalysts, such as PFRs, graphitization
structures and defect structures, N species (graphitic N, pyridinic N and pyrrolic N)
and variable metals. Reproduced with permission from Ref. [83, 184, 185]. Copyright
2019 Elsevier.
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Fig. 5. The generation pathway of SO4•
― , •OH and 1O2 and the role of the

biochar-based catalysts in the production of ROS.
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Fig. 6. The intrinsic catalytic mechanism of pristine biochar activating PMS for (A)
BPA and TC [97], and (B) 1,4-dioxane degradation [86]. Copyright 2019 Elsevier.
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Fig. 7. The influence of various reaction parameters on the biochar/PMS system.
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Table .1. Sources and preparations of biochar-based catalysts.

Feedstock Synthesis method Process Product Ref.

Lignocellulose
Lignocellulosic waste
Old corrugated containers
(OCC)
FeCl3·6H2O

Facile solvent-free
carbothermal redox
approach

20 g OCC and 10 g FeCl3·6H2O were first shear mixed. The
obtained OCC and FeCl3·6H2O mixture was then annealed in a
tube furnace at 850 ℃ for 2 h in an N2 atmosphere with a
heating rate of 5℃/min.

2D nZVI/biochar (OCF-850) [54]

Cellulose
Fe(NO3)3·9H2O
Co(NO3)2·6H2O

Pyrolysis Fe(NO3)3·9H2O (3.2652 g, 8.08 mmol) and Co(NO3)2·6H2O
(1.1765 g, 4.04 mmol) were added, and dissolved in 125 mL
H2O. Then the CCNF was added into the above solution. The
mixture was then transferred into a Teflon-lined autoclave and
heated at 180℃ for 24 h.

carbon nanofiber (CCNF)
supported cobalt ferrite
( CoFe2O4/CCNF)

[108]

Lignin
CoCl2

Pyrolysis The mixture was placed on a ceramic crucible for pyrolysis in
N2 or CO2 at a ramping rate of 10 ℃/min to 720 ℃ with a high
gas flow rate of 600 mL/min for maintaining the desired
atmosphere environment for pyrolysis.

Co-impregnated biochar (CoIB) [140]

Lignin Facile one-pot
synthesis route

The mixed solution was placed in the Teflon-lined autoclave
with a capacity of 100 mL, sealed, and subjected to HTC at
200 ℃ for 18 h. The hydrothermal products were further
calcined in a constant flow of N2 (3 ℃/min) at 550, 700, 800,
900, or 1000℃ for 2 h.

Nanoscale zero-valent iron (ZVI)
in situ encapsulated in
lignin-derived hydrochar
(Fe@HC)

[186]

Citrus peels Pyrolysis The citrus peels were cut into small strips and then washed
with water and ethanol, the clean peels were continuously
stirred in ultrapure water for 12 h to separate the TP from the
e-TPs. The TP powders were carbonized at different
temperatures (350−900 °C) for 90 min in N2 atmosphere.

Biochar [64]
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Rice straw
Co(NO3)2·6H2O
FeSO4·7H2O

Robust
impregnation-pyrolysis

2.91 g Co(NO3)2·6H2O, 5.56 g FeSO4·7H2O, urea (3.0 g) and
ascorbic acid (2.5 g) were added, then heated to a desired
temperature (400–800 ℃) in a muffle furnace with a ramp of
5℃/min and maintained for 4 h.

Magnetic nitrogen doped biochar
supported CoFe2O4 composite
(MNBC)

[58]

Rice hull
FeSO4·7H2O

Pyrolysis Dried rice hulls were then loosely placed in a muffle furnace
for 6 h at a temperature of 350 ℃ under oxygen-limited
condition, nZVI particles were synthesized by reduction of
FeSO4·7H2O using NaBH4.

Biochar supported nanoscale
zero valent iron (BC-nZVI)

[187]

Maize stalk Pyrolysis After cut, washed, and dried at 60 ℃ for 24 h, biomass was
pyrolyzed in muffle furnace at 300℃ for 2 h.

Maize stalk (S)-derived biochars
as a carbon-based support for
nanoscale zero-valent iron
(nZVI).

[188]

Corncob Pyrolysis 5 g of corncob powder was added to the urea solution in the
weight ratio of 1:0, 1:1, 1:2, 1:3 and 1:4, the obtained mixture
was transferred to the furnace, heated at 5℃/min to 700℃ and
maintained under a nitrogen flow for 2 h.

N-doped biochars (NBCs) [189]

Corn stems
Fe(NO3)3·9H2O
MnCl2·4H2O

Pyrolysis,
one-step strategy and
solvothermal method

Pyrolyzed in a tube furnace at 400℃ for 3 h with a heating rate
of 5 ℃/min in N2 atmosphere (80 L/min); the solid mixture
was grinded, and heated in a tube furnace at 800℃ for 2 h with
a heating rate of 5 ℃/min in N2 atmosphere (100 mL/min); the
obtained mixture was transferred into a 100 mL Teflon-lined
stainless steel autoclave and heated at 180℃ for 24 h.

Graphitized hierarchical porous
biochar (MX) and MnFe2O4

magnetic composites
(MnFe2O4/MX)

[148]

Wheat straw
Co(NO3)2•6H2O

Pyrolysis, modified
coprecipitation
method

2.0 g of Co(NO3)2·6H2O and 20 g of BC was dissolved in
purewater. The resulting precipitate was dried at 70 ℃ for 6 h
and calcined in air at 450℃ for 4 h.

Biochar (BC)-supported
Co3O4 composite (Co3O4-BC)

[190]
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Sawdust
FeCl3

Pyrolysis 4.0 g DICY and a certain amount (0, 0.5, 1.0 and 2.0 g) of
FeCl3 were first added into 60 mL of pure water. 1 g of sawdust
was added into the above mixture and stirred until dry at 80 ℃
in a heated magnetic stirrer. The dry powder obtained was
pyrolyzed to form Fe/N co-doped biochar under 800 ℃ for 1 h
in a tube furnace under an N2 atmosphere.

Fe/N co-doped biochar (Fe-N-C) [191]

Sawdust Pyrolysis 1.0 g of sawdust and a certain amount (1.0, 2.0, 4.0 and 6.0 g)
of the different nitrogen precursors were added to 60 mL of
pure water. Then, the resulting mixture was calcined at
different thermal annealing temperatures (500, 600, 700 and
800 ℃) under a N2 atmosphere for 60 min in a tube furnace
with the heating rate of 10℃/min.

Nitrogen-doped biochar
(N-biochar)

[79]

Spent coffee grounds
(SCGs)

Facile pyrolysis
process

Exactly 400 mg of SCP and 2.0 g of urea were mixed
homogeneously in a quartz boat, and then into a horizontal
tubular furnace operated under nitrogen atmosphere. The
furnace was gradually heated at a heating rate of 10 °C/min to
desired Tp and maintained for 1 h.

Redox-active carbocatalyst
(NBC)

[128]

Non-lignocellulose

Sewage sludge (SS) Urea-mediated
pyrolysis

Dried at 60℃, grounded into fine particles, and subsequently,
transferred into furnace for calcination under 700℃ for 2 h
(heating rate: 10℃/min).

Nitrogen-functionalized sludge
carbon (NSC)

[95]

Sludge Oxygen-limited
pyrolysis

Dried coagulation sludge was grinded and sifted through 100
mesh sieve. 10 g sludge was calcined at 400, 500, 600 and
700℃ for 2 h under argon atmosphere, respectively.

Biochar [192]

Sludge Pyrolysis Dried sewage sludge was pyrolysis to form SDBC under
700 ℃ for 2 h in a tubular furnace under a N2 flow with the
temperature increasing at a rate of 10℃/min.

Sludge-derived biochar (SDBC) [193]
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Sludge Facile one-step
pyrolysis

Dried sludge was mixed with urea at a mass ratio (urea/dried
sludge) of 2/1. The mixture was fully grinded and calcined at
500, 600, 700, or 800 ℃ under N2 atmosphere (100 mL/min)
for 120 min in a tubular furnace (OTF-1200X, Hefei, China)
with a ramping rate of 10℃/min.

Nitrogen-doped carbon (NC) [168]

Yeast cells One-step calcination
procedure

The powder mixture was calcined at 700 ℃ for 2 h with
ramping rate of 5 ℃/min. The annealed samples were washed
with distilled water to remove the salts and then dried in a
vacuum oven at 60℃ overnight.

Nitrogen-doped biochar
nanosheets (NCS-x)

[185]

Food waste digestate Pyrolysis 500 g of the dry food waste digestate was fed into the chamber
of an atmosphere furnace. Nitrogen flow of 3 L/min was
pumped in the furnace for about 10 min to ensure an
oxygen-free atmosphere. Then, the N2 flow was decreased to
0.2 L/min, and the furnace was heated to 800 ℃ with a heating
rate of 5℃/min. The temperature was hold for 100 min.

Food waste digestate biochar
(FWDB)

[60]

Human hair Pyrolysis 12.0 g of human hair was mixed with 100 mL of KOH solution
(1.13 M), pyrolysis at a predetermined temperature (700, 800,
and 900 ℃) for 1 h with a heating rate of 2 ℃/min under N2

atmosphere.

Nitrogen and sulfur codoped
carbon (NSC)

[59]
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Table. 2. The performances of biochar catalysts as PMS activator for the degradation of various organic contaminants.
Pollutants Catalysts Optimal experiment terms Removal rate Ref.

Pharmaceuticals
Triclosan (TCS) Sludge-derived biochar (SBC) pH 7.2, SBC dosage of 1.0 g/L and PMS concentration of 0.8 mM at

25 °C.
99.2% [88]

Sulfapyridine (SPY) Biochar-supported
Fe composite (Fe/C)

[SPY] = 10 mg/L, [PMS] = 1 mM, [catalyst] = 0.5 g/L, pH = 8.2. 100% [194]

Chloramphenicols Biochar (BC)-supported
Co3O4 composite (Co3O4-BC)

10 wt% Co3O4 loading on BC, 0.2 g/L Co3O4-BC, 10 mM PMS and
pH = 7

Almost 100%
(10min)

[190]

sulfamethoxazole
(SMX)

Co9S8 and CoO encapsulated by
nitrogen and sulfur co-doped
sludge-derived biochar
(CoO/Co9S8@N-S-BC)

[PMS]0= 1.6 mM, [SMX]0= 0.08 mM, [Catalyst] = 0.2 g/L,
pH = 3.0, T = 25℃.

100% (20min) [134]

Acetaminophen
(ACE)

Co-impregnated biochar (CoIB) Catalyst = 50 mg/L, ACE = 5 mg/L, PMS = 200 mg/L, and T =
30℃.

>90% [140]

Ofloxacin (OFX) Co3O4 fabricated with assistance of
rice straw derived biochar
(BC-Co3O4)

[OFX] = 50 μM, [Oxone] = 0.5 mM, [BC-Co3O4] = 0.2 g/L, pH = 7,
T = 25℃

>90% (10 min) [46]

Tetracycline (TC) Rice husk biochar (RBC) pH 6.0, 0.2 g RBC, PMS concentration of 20 mM, 20 mg/L TC. 90.3% [97]

Tetracycline (TC) Nitrogen-doped biochar fiber
(PGBF-N)

[biochar fiber] = 0.1 g/L, [PMS] = 1 mM, [temperature] = 25℃,
[TC] = 20 mg/L.

100% [144]

Tetracycline (TC) Cobalt-impregnated biochar
(Co-SCG)

TC concentration of 0.2 mM, PMS concentration of 0.6 mM,
Co-SCG dosage of 100 mg/L, and pH of 7.0.

97% [161]
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Organic dyes
Rhodamine B (RhB) Biochar (BC) PMS dosage = 30 mg/L, initial RhB concentration = 10 mg/L,

catalyst dosage = 0.5 g/L.
81.9% [192]

Methylene blue (MB) Nitrogen-doped carbon (NC) [MB]0= 50 mg/L, catalyst = 0.3 g/L, PMS = 0.2 g/L and
temperature = 25℃.

98.7% [168]

Acid orange 7 (AO7) N-doped biochar [catalyst] = 0.1 g/L, pollutant: PMS ratio = 1:50, pH = 3-4 and [AO7]
= 10 mg/L.

100% (30min) [78]

Acid orange 7 (AO7) A sludge derived carbon-supported
MnOx (ASMn-Nb)

Catalysts = 0.2 g/L, AO7 = 20 mg/L, PMS = 1.6 mM, pH=10,
T=25℃.

100% [150]

Acid Orange 7 (AO7)
Methylene Blue
(MB)

Biochar supported copper oxide
composite (BC-CuO)

[Na2SO4] = 200 mM, [PMS] = 2 mM, [catalyst] = 0.2 g/L,
[MB] = 0.1 mM, [Acid orange7 (AO7)] = 0.1 mM, initial pH= 7.

100%
99.68%

[195]

Orange II Graphitized hierarchical porous
biochar (MX) and MnFe2O4
magnetic composites
(MnFe2O4/MX)

[PMS]0 = 0.5 g/L, [Catalyst]0 = 0.05 g/L, [MnFe2O4/MS]0 = 0.05 g/L,
[orange II]0= 20 mg/L, initial pH = 5.8, T = 25℃.

92% (MnFe2O4/ML)
95% (MnFe2O4/MC)

[148]

Endocrine disruptors
Bisphenol A (BPA) Biochar (BC) pH 6.0, 0.2 g/L catalyst, 0.1 g/L PMS, and 10 ppm initial BPA in 0.1

M phosphate buffer.
~80% (TOC) [153]

Bisphenol A (BPA) N-doped biomass-derived carbon
(NBC)

[BPA] = 5 mg/L, [Oxone®] = 0.30 g/L, [catalyst] = 0.20 g/L, reaction
time = 60 min, and pH = 4.0.

99 ± 1%
(NBC-1000)

[128]

Bisphenol A (BPA) N-doped porous carbons (N-doped
PCs)

[BPA] = 5 mg/L, [catalyst] = 0.20 g/L, [PMS] = 0.30 g/L, and
pH = 4.0.

>95% (PC-SC) [62]
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Bisphenol A (BPA) Nitrogen-doped biochar
(N-biochar)

BPA = 10 mg/L, initial pH = 6.28, catalyst concentration = 0.5 g/L,
PMS concentration = 2.0 mM, temperature = 25℃.

100% (5min) [79]

Bisphenol A (BPA) Biochar loaded with CoFe2O4
nanoparticles (CoFe2O4/HPC)

[PMS]0 = 0.5 g/L, [CoFe2O4/HPC]0 = 0.05 g/L, [BPA]0 = 10 mg/L,
initial pH = 7.4, T = 25℃.

100% (8min) [83]

Bisphenol A (BPA) Nitrogen-doped biochar nanosheets
(NCS-x)

Catalyst = 0.4 g/L, PMS =0.4 g/L, BPA = 20 mg/L,
temperature = 25℃ and pH = 7.

100% (6min,
NCS-6)

[185]

Bisphenol A (BPA) Nitrogen and sulfur codoped carbon
(NSC)

[NSC-X] = 0.08 g/L, [Oxone] = 0.40 g/L, and [BPA] = 25 mg/L. 96.4% (NSC-900) [59]

Biphenol A (BPA) Iron embedded carbon composites
(Fe-BC-700)

100 mL solution, 20 mg/L BPA, 0.2 g/L PMS and 0.15 g/L catalyst. 100% (5 min) [101]

Pesticides
Dinotefuran (DIN) S-Co3O4 in nitrogen doped carbon

martix (Co-S@NC)
Catalyst dose = 0.1 g/L, [DIN]0= 10 mg/L, [PMS]0= 0.65 mM,
pH = 4.8

100% [82]

Metolachlor (MET) Magnetic nitrogen doped
biochar-supported
CoFe2O4 composite (MNBC)

[MET] = 10 mg/L, [Catalyst] = 200 mg/L, [PMS] = 0.5 mM,
[Reaction time] = 40 min, pH unadjusted.

100% (MNBC-800) [58]

Others
p-hydroxybenzoic
acid (HBA)

Core-shell Co@C
nanoparticles with nitrogen and
sulfur into hierarchically porous
carbons (Co-N-S-PCs).

Catalyst = 0.066 g/L, PMS = 6.5 mM, T = 25℃. >98% [81]

p-hydroxybenzoic
acid (HBA)

Fe3O4 and porous biochar
composites (Fe3O4/MC)

[PMS]0 = 1.0 g/L, [catalyst]0 = 0.2 g/L, [HBA]0 = 10 mg/L,
T = 25℃.

Almost 100%
(Fe3O4/MC700)

[147]
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Trichloroethylene
(TCE)

Biochar-based support for
nanoscale zero-valent iron
(Fe-CB600)

TCE concentration: 0.1 mM, catalyst dosage: 1 g/L, PMS
concentration: 5 mM, pH = 8.2, T = 25℃.

100% (Fe-CB600,
20 min)

[188]

Phenol Nanoscale zero-valent iron (ZVI) in
situ encapsulated in lignin-derived
hydrochar (Fe@HC)

20 ppm phenol; 2 g/L PMS; 0.4 g/L catalyst; 30 ℃; without pH
adjustment

100% (20min) [186]

1,4-dioxane Biochar (BC) [PMS] = 8.0 mM, [1,4-dioxane] = 20.0 μM, [biochar] = 1.0 g/L,
[DMPO] = 100.0 mM ((c)), [Temperature] = 25 ℃ and the initial pH
was 6.5.

84.2% (BC-800) [86]
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