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a b s t r a c t 

Generation of hydroxyl radicals ( �OH) is the basis of advanced oxidation process (AOP). This 

study investigates the catalytic activity of microporous carbonaceous structure for in-situ 

generation of �OH radicals. Biochar (BC) was selected as a representative of carbon mate- 

rials with a graphitic structure. The work aims at assessing the impact of BC structure on 

the activation of H 2 O 2 , the reinforcement of the persistent free radicals (PFRs) in BC using 

heavy metal complexes, and the subsequent AOP. Accordingly, three different biochars (raw, 

chemically- and physiochemically-activated BCs) were used for adsorption of two metal ions 

(nickel and lead) and the degradation of phenol (100 mg/L) through AOP. The results demon- 

strated four outcomes: (1) The structure of carbon material, the identity and the quantity of 

the metal complexes in the structure play the key roles in the AOP process. (2) the quantity 

of PFRs on BC significantly increased (by 200%) with structural activation and metal loading. 

(3) Though the Pb-loaded BC contained a larger quantity of PFRs, Ni-loaded BC exhibited a 

higher catalytic activity. (4) The degradation efficiency values for phenol by modified biochar 

in the presence of H 2 O 2 was 80.3%, while the removal efficiency was found to be 17% and 

22% in the two control tests, with H 2 O 2 (no BC) and with BC (no H 2 O 2 ), respectively. Over- 

all, the work proposes a new approach for dual applications of carbonaceous structures; 

adsorption of metal ions and treatment of organic contaminants through in-situ chemical 

oxidation (ISCO). 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

Introduction 

Hydrogen peroxide (H 2 O 2 ) has been effectively used for the remedi- 

ation of diverse kinds of organic contaminants via in-situ chemical 

oxidation processes ( Xue et al., 2012 ). Although H 2 O 2 is a very strong 
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oxidant, its direct reaction with organic contaminants is generally 

slow. Hence, it is often subjected to certain activation agents includ- 

ing heat, UV radiation, metal-based activation, etc. ( Devi et al., 2016 ; 

Zhang et al., 2020 ; Zhu et al., 2020 ). The activation of H 2 O 2 leads to 

the formation of hydroxyl ( • OH) radicals, which further react with 

the target contaminants resulting in their degradation ( Devi et al., 

2016 ). Recently, activated carbon combined with H 2 O 2 has been used 

in the generation of • OH radicals to degrade organic contaminants 

present in water and wastewater systems ( Karthikeyan et al., 2015 ). 

H 2 O 2 interacts with the activated carbon surface to generate free • OH 

https://doi.org/10.1016/j.jes.2020.06.030 

1001-0742/© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V. 
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radicals through an electron transfer mechanism, similar to Fenton’s 

reaction ( Rey et al., 2016 ). The ability of activated carbons to induce 

the formation of free �OH radicals from H 2 O 2 has been attributed to 

the graphitic structures and the iron content of the activated carbons. 

Biochar, the carbonaceous residue derived from thermal decom- 

position of biomass, exhibits properties similar to activated car- 

bon and contains some resonance-stabilized radicals known as per- 

sistent free radicals (PFRs), such as, semiquinones, cyclopentadi- 

enyls, and phenoxyls ( Fang et al., 2015 ). PFRs are formed by the 

thermal decomposition of organic compounds like hydroquinones, 

catechols, and phenols in the presence of metal oxides (e.g., CuO, 

Fe 2 O 3 ) through an electron-transfer mechanism ( Dellinger et al., 

2007 ; Fang et al., 2014b ). The type and concentration of PFRs vary 

with the operating pyrolysis temperature used for the production of 

biochar ( Fang et al., 2014a ). PFRs are resonance stabilized and can pro- 

mote the catalytic decomposition of H 2 O 2 to • OH radicals ( Qin et al., 

2018 ; Khachatryan et al., 2011 ). Semiquinone-type PFRs can transfer 

an electron to molecular oxygen resulting in the formation of super- 

oxide radical ion, which further induces Fenton reactions to produce 
• OH radicals in the presence of silica/CuO particles ( Khachatryan and 

Dellinger, 2011 ). 

The PFRs generation on biochar surface can be enhanced by load- 

ing BC with metal or metal oxide nano particles (NP) ( Fu et al., 

2017 ; Yu et al., 2015 ). For example, it was found that Cr(VI) remedi- 

ation facilitated the formation of PFRs on rice husk derived biochar 

( Zhang et al., 2019 ). Fu et al. reported a 97.8% removal efficiency for 

tetracycline using a solid-digestate-biochar-Cu NP-based composite 

activator system for H 2 O 2 ( Fu et al., 2017 ). It has been reported that 

electron transfer between biochar and metal ions increases the for- 

mation of PFRs on biochar surface ( Kiruri et al., 2014 ; Yan et al., 2020 ). 

However, their formation in the presence of metal ions generally re- 

quires a heating treatment prior to pollutant removal ( Zhang et al., 

2019 ). While formation of PFRs without thermal treatment has not 

been studied, it likely has a profound effect in their behaviour and 

fate. 

A previous study performed by our group has shown that the 

physical treatment of biochar with ultrasound radiation followed by 

chemical functionalization can significantly improve its adsorption 

capacity towards heavy metals, mainly Ni 2 + ( Sajjadi et al., 2019a ). Ul- 

trasonic treatment exfoliates the biochar’s graphitic clusters, facili- 

tates the leaching of mineral compounds and creates new microp- 

ores, thus increasing the surface area and porosity significantly and 

improving the functionalization efficiency and the adsorption capac- 

ity. Therefore, this study aims to (1) use physically and chemically 

treated biochar for removal of two heavy metal ions (Ni and Pb) from 

water as a model for wastewater remediation; (2) explore the ability 

of the adsorbed metal to increase the quantity of PFRs on biochar; 

and (3) investigate the catalytic activity of the metal-loaded biochar 

for in-situ activation of H 2 O 2 and ensuing degradation of an organic 

contaminant. Phenol was selected as a model contaminant since it 

is a priority pollutant in the EPA list because of its high toxicity and 

resistance to biodegradation. 

1. Materials and methods 

Biochar-Now Company (Berthoud Colorado, USA) supplied raw 

biochar for the experiments. The feedstock used for this biochar is 

softwood pine; its pyrolysis was accomplished at temperatures rang- 

ing between 823 K and 873 K in an oxygen-deprived environment in 

a kiln reactor. The activating acid was phosphoric acid (H 3 PO 4 , 85%) 

and the functionalizing agent was diethanolamine DEA (C 4 H 11 NO 2 , > 

98%, solid). The heavy metals to be adsorbed, nickel (NiCl 2 , 98%, pow- 

der) and lead (PbCl 2 , 98%, powder); the phenol (C 6 H 6 O, > 99%) for AOP 

studies; and hydrogen peroxide (H 2 O 2 , 30%) were purchased from 

Sigma-Aldrich. For adsorption experiments, the various test kits, in- 

cluding nickel (TNTplus 856), lead (TNTplus 850), and phenol (TNT- 

plus 868), were ordered from Hach. All water used for dilutions was 

deionized water purchased from Walmart. 

Biochar activation, characterization, metal adsorption and ad- 

vanced oxidation (AOP) experiments were explained in the supple- 

mentary information. In short, three different categories of activated 

Table 1 – Surface area analysis of raw and acoustic- 
activated biochars before metal adsorption and (sono)- 
chemically activated biochars after metal adsorption. 

Biochar ID BET surface 

area 

(m 2 /g) 

Porosity 

(cc/g) 

t -plot micropore 

area 

(m 2 /g) 

Raw 196.10 0.101 149.68 

US-BC 175.60 0.086 168.07 

BC + Ni 155.55 0.073 143.82 

BC + Pb 128.04 0.069 119.30 

US-BC + Ni 146.12 0.071 114.11 

US-BC + Pb 101.85 0.058 86.00 

US-BC-P-DEA + Ni 58.44 0.031 55.74 

US-BC-P-DEA + Pb 13.57 0.007 8.16 

biochars were synthesized: (1) Ultrasono-modified biochar without 

any kind of chemical treatment or functionalization (US-BC); (2) 

Chemically activated biochar without any acoustic treatment (BC-P 

and BC-P-DEA), and (3) Chemically activated biochar with ultrasonic 

treatment (US-BC-P-DEA and US-BC-P-DEA). In metal adsorption ex- 

periments, solutions including 100 mg/L Ni(II) or Pb(II) were treated 

with 0.5 g of activated biochar for 8 hr. AOP tests were then conducted 

using mixtures including 0.1 g of metal-loaded biochar and phenol 

solution (100 mg/L) in presence of 1 mL of 30% H 2 O 2 . 

2. Results and discussions 

2.1. Surface area analysis 

The surface area and porosity of biochar affect its adsorption capac- 

ity, and thus the mechanisms involved in the metal removal process 

( Li et al., 2017 ; Yu et al., 2015 ); for example, biochar with relatively 

small pore size is inefficient in trapping a large adsorbate, regard- 

less of the surface charges or polarity ( Khare et al., 2017 ). Biochar 

surface area generally tends to increase with pyrolysis temperature 

(Abbas et al., 2018). However, it can also be modified through phys- 

ical activations such as acoustic treatment ( Table 1 ). The results in- 

dicate that micropore surface area of raw biochar increased as a re- 

sult of sonication, suggesting the creation of new micropores into the 

biochar structure. Meanwhile, BET surface area and meso-porosity 

of raw biochar showed a reduction due to the conversion of meso 

pores into micro-pores. Increase of micropore surface area and re- 

duction of macro-pore area upon sonication have been observed in 

our previous works as well ( Sajjadi et al., 2019a ). Increased micropore 

area favours chemical functionalization, as it provides suitable chan- 

nels for the chemical compounds to converge on the lower layers of 

the carbonaceous structure. The meso and micro surface areas and 

porosity of both raw and activated biochar reduced significantly af- 

ter the adsorption of nickel or lead metal ions. This reduction was 

more prominent in Pb 2 + loaded samples due to higher adsorption 

of lead ions into biochar structure. The ultrasono-chemically acti- 

vated/functionalized biochar with adsorbed lead metal ions had the 

lowest surface area and pore volume, clearly indicating the positive 

effect of chemical activation and functionalization on the adsorption 

of metal ions onto the biochar surface (as suggested by elemental 

analysis as well), though this reduction could also be partly attributed 

to the coating of DEA on BC. 

2.2. SEM Analysis 

The changes in the surface morphologies of raw ( Fig. 1 a) and soni- 

cated biochar ( Fig. 1 b) were exhibited by SEM imaging. As observed, 

the surface textures of the raw biochar contained irregular patterns 

of blocked pores, which could result from residues of the formation 

of volatile compounds and ash during the pyrolysis of the cellular 

structure of the biomass ( Fig. 1 a). On being treated with ultrasound, 
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Fig. 1 – Scanning electron micrograph showing the surface morphology of (a) raw biochar and (b) ultrasound treated biochar, 

(c) lead-loaded biochar taken in backscattered electron mode (BED-C), (d) showing the presence of different elements based 

on atomic number contrast. Bar = 20 µm, working distance (WD) = 11 mm, accelerating voltage (AV) = 10.0 kV, spot size (SS) 

= 50, SED. 

there was a generation of new micropores, or the opening of blocked 

ones, resulting in an increase in the biochar’s porosity and surface 

area ( Fig. 1 b). In addition to the development of new pores, ultrasonic 

exposure imparts a cleaning effect on the biochar surface by remov- 

ing various lumps present on the unmodified biochar, even in under- 

layers, thus resulting in a smoother and more even surface. SEM im- 

ages of lead-loaded biochar ( Fig. 1 c) and a point analysis ( Fig. 1 d) re- 

vealed the heavy metal ions trapped onto the surface of biochar. This 

observation is in accordance with the surface area analysis results of 

metal-loaded biochar showing a significant decrease in biochar sur- 

face areas after metal adsorption. 

2.3. Elemental Analysis 

The content of elements composing raw, modified and metal-loaded 

BCs are listed in Table 2 . Low contents of lead and nickel were ob- 

served in samples that were not treated with metal. The quantity of 

lead was significantly lower in the ultrasound activated sample (US- 

BC) compared to raw BC, which could reflect the reduction of ash con- 

tent (from 4.13% to 3.22%). Low contents of P were observed in sam- 

ples that were not treated with phosphoric acid (raw BC: 389 μg/g; BC 

treated with Ni: 365 μg/g or Pb: 305 μg/g). The P contents were fur- 

ther reduced in their corresponding ultra-sonicated biochars (US-BC: 

292 μg/g, US-BC treated with Ni: 323 μg/g) except for the P content of 

raw BC treated with Pb, which was almost equal to its correspond- 

ing ultra-sonicated BC: 308 μg/g. It should be noted that ash contains 

Na, Mg, K, Ca, P and other mineral elements ( Sajjadi et al., 2019b ). 

Due to a significant reduction of ash, the highest reduction of P con- 

tent is observed in US-BC compared to raw BC, both untreated with 

any metal. Upon metal treatment, the quantity of absorbed metal in- 

creased in both BC and US-BC samples. The quantity of Pb assayed 

in metal-treated US-BC was almost 5-times that of Ni (around 10,000 

versus 2,000 μg/g). Due to the difference atomic masses of the metals, 

this represents a 1.4-fold higher amount of lead on an atomic basis. 

Whether the BC was raw and ultrasonicated made little difference in 

the mass of metal observed, in spite of higher micro-porosity of the 

US-BC. This is attributed to the leaching of adsorbed metal during 

long durations of adsorption (8 hr). In other words, US-BC initially ad- 

sorbed higher quantities of metal, mainly through physical adsorp- 

tion; however, eventual leaching of adsorbed metals is inevitable due 

to the lack of sufficient functional groups on these biochars. 

Similar behaviour was observed in acid-treated biochar. However, 

treatment with phosphoric acid lowered the metal loading of both 

pristine (BC-P) and acoustic-activated BC (US-BC-P) to approximately 

40% of those in BC and US-BC. As expected, phosphorous content of 

the samples increased after acidic treatment. By further functional- 

ization using DEA, the average nitrogen content of BCs significantly 

increased from 0.36% to 1.21%, indicating the successful attachment 

of DEA, which subsequently increased Pb and Ni adsorption/loading 

on the functionalized BCs. Accordingly, the maximum of Ni and Pb 

was observed in US-BC-P-DEA, which include 34% and 66% more Ni 

and Pb, respectively, compared to BC-P-DEA. This observation sug- 

gests the prominent advantage of acoustic activation prior to acid- 

treatment and DEA-functionalization. 
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Table 2 – Elemental compositions (dry basis) of raw and activated biochar samples with/without metal adsorption. 

Sample ID Metal 

adsorption 

Carbon 

% w/w Hydrogen 

% w/w 

Nitrogen 

% w/w 

Oxygen 

% w/w 

Ash 

% w/w 

Lead 

(μg/g) 

Nickel 

(μg/g) Phosphorus 

(μg/g) 

BC – 79.99 2.66 0.28 14.37 4.13 30 5 389 

US-BC – 80.93 2.72 0.28 13.08 3.22 13 4 292 

BC Ni 2 + 80.00 2.73 0.29 12.98 3.42 22 1940 365 

BC Pb 2 + 79.95 2.80 0.50 13.73 3.49 10500 8 305 

US-BC Ni 2 + 80.05 2.75 0.50 13.28 3.40 16 2040 323 

US-BC Pb 2 + 79.76 2.79 0.53 13.04 3.83 10100 8 308 

BC-P Ni 2 + 81.41 2.83 0.30 12.95 1.99 7 657 744 

BC-P Pb 2 + 81.25 2.88 0.33 13.28 2.18 3640 8 801 

US-BC-P Ni 2 + 81.26 2.95 0.31 14.02 1.51 33 701 1130 

US-BC-P Pb 2 + 80.55 2.89 0.33 14.10 2.72 3020 10 1050 

BC-P-DEA Ni 2 + 78.60 3.27 1.20 15.77 2.03 6 4570 766 

BC-P-DEA Pb 2 + 79.53 3.12 1.16 14.47 2.27 8600 10 723 

US-BC-P-DEA Ni 2 + 79.79 3.09 1.21 15.52 1.97 8 6140 564 

US-BC-P-DEA Pb 2 + 78.45 3.12 1.27 15.05 2.79 14300 11 542 

2.4. FT-IR analysis 

FT-IR spectra of raw and modified biochar with and without metal 

loading are shown in Fig. 2 . CO 2 stretching provides a common peak 

observed in all the spectra at 2350 cm −1 . The strong and broad peak 

between 3200 and 3550 indicates the stretching of surface hydroxyl 

(-OH) groups. The two bands between 2850 and 2950 indicate the 

symmetrical or asymmetrical stretching vibration of –CH 3 and –CH 2 

groups of aliphatic hydrocarbons, and it can be noted that both these 

peaks are enhanced in the samples containing heavy metals. The 

small peak at around 2690 could represent C-H (aldehyde) stretching. 

The bands at 1600-1730 indicate the stretching vibrations of carboxyl 

or carbonyl C = O groups or C = C bonds in aromatic rings. 

It was observed that active functional groups, such as phenolic 

hydroxyl (C-OH) and carboxylic (COOH) are involved in metal ions 

adsorption. Upon adsorption of Pb(II) and Ni(II), a new peak appeared 

at 1384 cm −1 . This was due to the symmetric stretches of COO- com- 

plexed with metal ions ( Ibrahim et al., 2005 ; Papageorgiou et al., 2010 ). 

Similarly, the bands at 1110 and 1180 cm −1 are related to C-O stretch- 

ing vibrations; they are less prominent in the spectra of raw and 

ultrasound-treated biochars without any metal. The strong absorp- 

tion at 2125 is likely an overtone of this signal (Mozgawa et al., 2009). 

The peaks at 1180 (the asymmetric stretch of C-O-H) and 1110 cm −1 

(the symmetric stretch of C-O-H) ( Shi et al., 2018 ) also increased, re- 

spectively, after the complexation of metal ions in the current study. 

Fig. 3 presents the adsorption efficiencies of raw and activated 

biochars towards lead and nickel, within 1 and 8 hr. Metal removal, 

the mechanisms of metal ion adsorption and the impact of physi- 

cal activation using low-frequency ultrasound irradiation, acidic pre- 

treatment and functionalization have been discussed in detail in our 

previous studies ( Sajjadi et al., 2019a ; Sajjadi et al., 2020 ). Accordingly, 

just the results of the test conducted for this study are provided here 

and more discussion can be found in Appendix A. 

2.5. PFR Analysis 

The Electron Paramagnetic Resonance (EPR) spectra in Fig. 4 

demonstrate the persistent free radical content of raw and acoustic- 

activated biochars before and after metal adsorptions. The presence 

of PFRs in raw bicohar (red line) was reduced as a result of ultrasound 

activation and hence the minimum intensity of PFRs was observed 

in US-BC. Biochar has graphite and graphitic oxide clusters that 

consist of the different functional groups, such as hydroxyl ( ̠OH), 

aldehyde ˗((C = O)H) and carboxyl ̠ ((C = O) OH). Metal oxides are the 

other important source of PFRs in biochar, which are generated 

during pyrolysis of biomass. Hence the PFRs on biochar were likely 

Fig. 2 – FT-IR analysis showing the effect of ultrasound 

activation, phosphoric acid treatment, DEA 

functionalization and metal adsorption on the formation of 

PFR in Ni 2 + and Pb 2 + -loaded biochar. 
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Fig. 3 – The effect of ultrasound activation, phosphoric acid 

treatment and DEA functionalization on adsorption of Ni 2 + 

and Pb 2 + by biochar within 1 and 8 hr. 

Fig. 4 – EPR spectra showing the effect of ultrasound 

activation, phosphoric acid treatment, DEA 

functionalization and metal adsorption on the formation of 

PFR in Ni 2 + and Pb 2 + -loaded biochar. 

a mixture of carbon and oxygen-centered radicals ( Zhang et al., 

2019 ). Fang et al ( Fang et al., 2015 ) reported that the PFR concen- 

tration rapidly increased with pyrolysis time at 300 and 400 °C, 

while it markedly reduced to below detection limit for pyrolysis 

at 500 and 600 °C. The nature of this reduction can be attributed 

to the decomposition and removal of reactive oxygen containing 

functional groups. A similar phenomenon occurs under ultrasound 

irradiation. Acoustic activation tends to remove a significant number 

of functional groups, particularly oxygen-containing groups (as also 

confirmed with oxygen content of BC, Table 2 ), which subsequently 

reduces the oxygen-centered PFRs of biochar. The mechanisms of 

possible radical reactions on the edge site of biochar with hydroxyl 

and hydrogen radicals in ultrasound irradiated aqueous solution 

was studied in our previous work ( Zubatiuk et al., 2017 ). According to 

reaction pathways, the energy diagrams, and the computed enthalpy 

change, �H of the reaction of hydrogen and hydroxyl radicals with 

an edged carbon is exothermic and barrierless. However, the loss 

of HO • is about 12 kcal/mol more favorable than H desorption from 

the same carbon site. Both simulation ( Zubatiuk et al., 2017 ) and 

experimental results suggest that oxygen content is reduced upon 

ultrasound activation while hydrogen content increases. In addition, 

ultrasound activation facilitates the leaching of mineral compounds 

(ash) from biochar structure, which are mainly in the oxidized form. 

As also shown in Fig. 4 , the PFR concentration increased sharply 

with metal loading, particularly in Pb loaded BCs. These results sug- 

gest that metal loading (or adsorption of heavy metals) would partic- 

ipate in the formation of PFRs in biochar. Most of the previous stud- 

ies on the formation of PFRs ( Khachatryan et al., 2011 ) suggest the 

key role of thermal treatment of organic compounds in the presence 

of metal oxides followed by electron transfer from the adsorbate to 

the metal atom. Although PFR formation without heating treatment 

has not been investigated yet, this could be one of the important 

missing features in PFR behaviour; the results of the current study 

show the possibility of PFR formation upon metal chemisorption on 

carbonaceous adsorbent even without thermal treatment. In addi- 

tion, in contrast with the PFR content observed in raw and acoustic- 

activated samples, the latter showed a more intense PFR peak for all 

samples after metal adsorption. This effect, though, could not be at- 

tributed solely to the loading of metals after acoustic activation, since 

the elemental analysis ( Table 2 ) and adsorption results ( Fig. 3 ) do not 

show any significant difference between the Pb or Ni content of the 

raw and acoustic-activated BC. Accordingly, the higher PFR content of 

US-BC following metal treatment must be partly due to the structure 

changes of biochar after physical activation under ultrasound. 

Generally, the concentrations of PFRs in Pb-loaded samples were 

higher than those containing Ni. This is attributed to the greater con- 

tent of Pb in biochar structure, as also was suggested by elemental 

contents of biochar ( Table 2 ) and the Pb adsorption. The lowest con- 

tent of PFRs was observed in the phosphoric acid treated biochars 

BC-P-Ni and BC-P-Pb, which contained the lowest quantity of nickel 

and lead. The concentrations of PFRs increased markedly for the 

DEA-functionalized samples. Again, this impact was significantly en- 

hanced by acoustic activation. These results suggest that acoustic ac- 

tivation synergistically boosted the effect of metal loading on PFR, 

even though ultrasound treatment alone reduced the PFR content of 

biochar. Accordingly, the maximum content of PFRs was observed for 

US-BC-P-DEA-Pb and US-BC-Pb; which were 177 and 197% above the 

PFR signal of raw biochar, respectively. 

2.6. Possible mechanisms of PFR formation and H 2 O 2 

decomposition by BC 

According to previous studies ( Fang et al., 2014a ; Devi et al., 2016 ), the 

chemisorption and oxidation of organic pollutants and the reduction 

of quinones, or the oxidation of phenolic hydroxyls, to form phenoxyl 

radicals are the two possible sources of generation of PFRs Because 

no organic pollutants were used in this study, the increase of PFRs can 

be attributed redox reactions between Pb 2 + or Ni 2 + and reactive func- 

tional groups on biochar. Fig. 5 proposes the conversion of a metal ad- 

sorbed on biochar to a PFR. PFR formation proceeds through a 3-step 

mechanism including: physisorption, chemisorption with the elimi- 

nation of H 2 O, and electron transfer to form a reduced metal along 

with the PFRs on the carbonaceous surface. The resulting PFRs may 

be both oxygen-centered and carbon-centered, as represented by the 

two resonance forms in Fig. 5 , with the major form depending on the 

properties of the PFR-metal complex. 

Biochar and H 2 O 2 have a three-way interaction with each other. 

Firstly, H 2 O 2 oxidizes biochar ( Nie et al., 2019 ); secondly, H 2 O 2 decom- 

poses over carbon surfaces and forms free radicals; and thirdly, PFRs 

of biochar can reduce O 2 to H 2 O 2 ( Yang et al., 2017 ). 

Biochar or activated carbon catalyze the conversion of H 2 O 2 to 

HO • by one-electron reduction ( Fang et al., 2014a ; Yang et al., 2017 ) 

that resembles the Fenton reactions: 

C •m + H 2 O 2 → C m ( + ) + HO 
•
+ OH 

− (1) 

C m ( + ) + H 2 O 2 → C •m + HO 
•

2 + H + (2) 

Positive correlation has been reported between the concentra- 

tions of HO • and the initial concentration of PFRs. On the other hand, 

significant reduction of PFR concentration has also been observed af- 

ter reaction with H 2 O 2 . In addition, the decomposition rate of H 2 O 2 is 

proportional to the quantity of hydroxyl groups on the biochar sur- 

face. These observations suggest that PFRs might participate in the 

production of HO • from H 2 O 2 with biochar ( Fang et al., 2014a, 2014b ). 
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Fig. 5 – Proposed Mechanism of PFR formation from a metal adsorbed on biochar, developed based on the previous 

publications ( Fang et al., 2014a; Balakrishna et al., 2009; Lomnicki et al., 2008 ). M n + : Transition metal. 

Not only do the PFRs of BC play a key role in H 2 O 2 decomposition 

and HO • generation, but BC PFRs may also convert ambient oxygen 

into H 2 O 2 , for example by β-elimination of adsorbed O 2 (Reaction (3)) 

( Yang et al., 2017 ). This provides an additional source of H 2 O 2 which 

can then back-react with the BC to generate HO • . In addition, oxygen 

covalently bonded to a PFR could eliminate another reactive oxygen 

species, peroxyl radical HO 
•

2 (Reaction (4)). Electron transfer from hy- 

droquinone or semiquinone groups to oxygen could produce O −•

2 (Re- 

action (5)), as could electron transfer from carbon-centered radicals 

(Reaction (6)). The combination of two radical species, as in (Reaction 

(7)), would remove them as reactants, but would generate another 

H 2 O 2 to continue the AOP ( Yang et al., 2017 ). 

C m ( O 2 ) + H 2 O → C m ( −2H + ) + H 2 O 2 (3) 

C m ( OO 
• ) + H 2 O → C m ( −H + ) + HO 

•

2 (4) 

hydroquinone , semiquinone + O 2 → semiquinone , quinone + O −•

2 (5) 

C •m + O 2 + H 2 O → C m ( −H + ) + O −•

2 (6) 

HO 
•

2 + O −•

2 + H 2 O → H 2 O 2 + O 2 + OH 
− (7) 

2.7. AOP study 

To investigate the possibility of H 2 O 2 activation by metal-loaded 

biochar, the oxidative degradation of phenol was studied under dif- 

ferent conditions. Fig. 6 shows that after 4 hr of reaction time, phe- 

nol removal efficiency was 21.7% for raw biochar (BC) and 28.1% 

for ultrasound treated biochar (US-BC), with the removal essentially 

complete after 15 min. This slight increase in phenol removal effi- 

ciency on addition of US-BC can be attributed to better adsorption 

of phenol on the surface of biochar. The raw BC and US-BC (with- 

out any adsorbed metal), when used in combination with H 2 O 2 , re- 

sulted in a decreased concentration of phenol. However, after 15 min 

of reaction time an increase in the concentration was observed for 

the BC-H 2 O 2 sample (Appendix A Figure 9bS), reaching a peak value 

at about 1 hr. It was followed by a decrease in concentration until 

2 hr of reaction time, after which the concentration of phenol re- 

mained almost constant. Overall, the removal efficiency of phenol 

was 32.9% for BC-H 2 O 2 and 37.9% for US-BC-H 2 O 2 systems. In the ac- 

tivator (metal-biochar) - H 2 O 2 systems, the phenol removal efficiency 

reached up to 40.9% and 32.8% on addition of nickel- and lead-loaded 

BCs, respectively. A further increase in the removal efficiency was 

observed on using metal-loaded US-BC combined with H 2 O 2 , with 

a value of 43.2% for nickel and 38.6% for lead loading. This can be 

possibly attributed to increased adsorption of both the heavy met- 

als, which further enhanced the formation of PFRs on the biochar 

surface, hence improving the phenol removal process. A slight re- 

duction was then observed in phenol degradation by acid-treated 

samples (except for BC-P-Pb). It could also be attributed to the re- 

duced adsorption of metal ions. Ultimately, the highest removal ef- 

ficiencies of phenol were found for H 2 O 2 biochar combinations in- 

volving ultrasound treated, phosphoric acid activated, amine func- 

Fig. 6 – Phenol degradation in control tests: H 2 O 2 (without 

BC), BC and US-BC (without H 2 O 2 ) and using different 

activated BCs in presence of H 2 O 2 . M: Transition metal 

loaded. � Ni(II), � Pb(II). 

tionalized, metal loaded biochar. As displayed in Appendix A Figures 

9 and 9bS, approximately 80.3% of phenol was removed in 4 hr when 

nickel-loaded, fully activated biochar was used in combination with 

H 2 O 2 . In case of the lead-loaded biochar activator system, the phe- 

nol removal efficiency approached a value of 62%. These results re- 

flect that nickel-loaded modified biochar (US-BC-P-DEA-Ni 2 + ) exhib- 

ited the most effective activation of H 2 O 2 . 

Two points must be highlighted. (1) As already discussed, Pb- 

loaded samples (US-BC-P-DEA-Pb 2 + and US-BC-Pb 2 + ) contained the 

maximum quantity of PFRs. In contrast, the highest degradation 

of phenol was observed by nickel-loaded biochars, suggesting that 

the activity (or identity) of the PFRs plays a key role in this pro- 

cess rather than only their quantity. However, the impact of US 

activation on BC structure cannot be eliminated. (2) Georgi and 

Kopinke (2005) revealed that the reaction of the organic contami- 

nants with HO • has the superior influence for degradation in the AC 

(Activated Carbon)/H 2 O 2 system in the aqueous phase. Since the ad- 

sorbed contaminant is nearly unreactive with the HO • , the adsorption 

is detrimental to degradation by HO • . In contrast, Yang et al. (2016, 

2017) showed that addition of a radical scavenger to remove HO • did 

not completely suppress the decomposition of p-nitrophenol (PNP), 

indicating that surface reaction of PNP with both radical and non- 

radical sites is likely an important contributor to PNP degradation. 

The results of the current study demonstrated 20%-30% of phenol 

adsorption with raw BS and US-BS, even in the absence of H 2 O 2 or, in 

other words,HO • . 
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3. Conclusion 

The results of this study suggested that biochar exhibited enhanced 

reactivity in decomposing H 2 O 2 to generate • OH through the activ- 

ity of persistent free radicals; the concentration of PFRs increased 

after the adsorption of heavy metals onto the biochar surface; and 

metal-loaded BC (biochar) could efficiently be used for an in-situ ox- 

idation process (ISOP). The increased formation of PFRs in metal- 

loaded biochar was confirmed through EPR studies and their contri- 

bution in enhancing the oxidative activity of BC was suggested by the 

degradation of phenol in aqueous solution through ISOP in the metal- 

loaded BC-H 2 O 2 system. However, although Pb-loaded BCs contained 

the highest quantity of PFRs, the maximum phenol degradation was 

observed in Ni-loaded BCs. Therefore, the type or activity of PFRs gen- 

erated was the other key. Metal loading appeared to participate in the 

formation of PFRs in biochar, even without thermal treatment. How- 

ever, the impact of a secondary thermal treatment on PFR formation 

needs further studies. Overall, this study provides a novel approach 

to manipulate the PFR content of carbonaceous structures and sug- 

gest a new strategy to reuse biochar after heavy metal adsorption in 

the catalytic decomposition/oxidation of organic contaminants. 
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