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Fe-biochar as a safe and efficient catalyst to activate peracetic acid for the 
removal of the acid orange dye from water 

Changjie Shi a, Yong Wang a, Kai Zhang a, Eric Lichtfouse b, Cong Li a,*, Yunshu Zhang a

a School of Environment and Architecture, University of Shanghai for Science and Technology, Shanghai, 200433, China 
b Aix-Marseille Univ, CNRS, IRD, INRAE, CEREGE, Avenue Louis Philibert, Aix en Provence, 13100, France   

• The mechanism of the Fe-biochar/PAA
process was investigated by removing
acid orange.

• CH3C(O)O⋅ and CH3C(O)OO⋅ act as the
primary radicals.

• There may also be non-radical effects in
the process of acid orange removal.

• Fe-biochar has a high recycling rate in
the Fe-biochar/PAA process.
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A B S T R A C T

Pollution of wastewater and natural waters by organic contaminants is a major health issue, yet actual reme-
diation methods are limited by incomplete removal of recalcitrant contaminants and by secondary pollution by 
chlorinated contaminants and catalytic metals. To attempt to solve these issues, we tested the removal of acid 
orange by peracetic acid (PAA), a safe oxidant, activated by Fe-biochar that iron anchored on biochar to prevent 
secondary pollution by iron. Fe-biochar was synthesized using a simple, one-step pyrolysis method. We inves-
tigated the effects of PAA concentration, pH, humic acids, chloride, bicarbonate on the reaction. Radical 
quenching and electron paramagnetic resonance were used to identify reacting species. Results showed that the 
granulous structure of Fe-biochar and the presence of Fe, Fe3O4, Fe2O3, and Fe3C on Fe-biochar surface. The 
highest removal of acid orange of 99.9% was obtained with 1.144 mM PAA and 0.3 g/L Fe-biochar at pH 7. Acid 
orange removal increases with Fe-biochar dose, decreases with pH, is slightly inhibited by humic acids and 
bicarbonate, and is not modified by chloride. Our experimental results suggested that CH3C(O)OO⋅ and CH3C(O) 
O⋅ are the main radical species, but there may also be non-radical effects in Fe-biochar/PAA process. Fe-biochar 
displayed high re-usability, with 92.8% removal after five uses.   
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1. Introduction

Peracetic acid (PAA) is a common oxidant with low toxicity gener-
ating few by-products, and has a high redox potential of 1.06–1.96 V. 
PAA has been extensively used in medical and health, agricultural 
construction, food production, beverage processing, and the textile in-
dustry (Monarca et al., 2002; Domínguez Henao et al., 2018; Jo et al., 
2019; Silva et al., 2020; Tang et al., 2020). PAA spontaneously de-
composes into reactive oxygen species at pH below 8.2, thus removing 
pollutants (Coyle et al., 2014). Therefore, PAA is considered as an 
alternative to chlorinated disinfectants. Nonetheless, PAA alone cannot 
remove most refractory organic pollutants. To solve this issue, the low 
peroxy bond energy, of 38 kcal mol− 1, of PAA can be activated by 
catalysis to generate highly reactive radicals such as HO⋅ and R–O⋅ 
(Rokhina et al., 2010; Rizzo et al., 2019; Ao et al., 2021). Such catalysis 
has been successfully applied to the removal of phenols (Rokhina et al., 
2010; Ghanbari et al., 2021; Zhao et al., 2021), dyes (Zhou et al., 2015; 
Abd-Elhamid and Nayl, 2021; Yuan et al., 2021), and antibiotics (Wu 
et al., 2020; Chen et al., 2021; Liu et al., 2021) using various methods. 

For instance, ultraviolet-catalyzed PAA removal of pharmaceuticals 
has revealed the presence of HO⋅, CH3C(O)O⋅ and CH3C(O)-OO⋅(Cai 
et al., 2017). Ultrasound-catalyzed PAA and NaCl allows efficient mi-
crobial decontamination (Görgüç et al., 2021). Thermal activation of 
PAA also generates abundant free radicals (Wang et al., 2020a). Appli-
cation of these methods at large scale is nonetheless limited by the cost 
of external energy. Alternatively, PAA can be activated by transition 
metals such as Fe2+(Wang et al., 2020b, 2021b), Co2+(Kim et al., 2020), 
Co3O4(Wu et al., 2020), CoFe2O4(Wang et al., 2021a), and 
Mn2+(Rothbart et al., 2012) to generate free radicals such as HO⋅ and 
R–O⋅, yet the recovery of those catalysts after reaction is difficult, thus 
inducing secondary pollution of natural waters. Safer energy-activated 
carbon materials can also be used to produce R–O⋅ and HO⋅ (Eqs. (1)– 
(3)), though the catalytic power is usually lower than metal catalysis 
which produce abundant R–O⋅ with longer oxidation performance (Eqs. 
(4) and (5)). Therefore, research is actually focusing on anchoring
metals on carbon materials to prevent metal leakage, to increase metal
recyclability and to combine the catalytic effects of carbon and metals.
In particular, cobalt salts has been anchored on carbon materials (Dong
et al., 2022). Since cobalt is toxic and costly, here we hypothesized that
anchoring iron salts on a carbon material would produce an efficient and
safer catalysis. A one-step co-precipitation method has been studied to
synthesize magnetic sludge -derived biochar and use it to activate per-
sulfate to remove acid orange7 (Wang et al., 2017). However, relevant
research on PAA activation has not yet appeared.

We report here the synthesis of Fe-biochar by simple pyrolysis, and 
the activation of PAA by Fe-biochar to remove the acid orange dye from 
water. We characterized the structure of Fe-biochar and we tested the 
effects of PAA concentration, pH, humic acids, chloride, bicarbonate on 
the reaction. The reaction mechanism was studied by radical quenching 
and electron paramagnetic resonance to identify radicals. The stability 
of the synthetic materials was evaluated. The study will provide refer-
ence for the development of activated PAA technology that can be 
practically applied to advanced treatment of drinking water or sewage. 

CH3C(O)OOH̅̅→
energy CH3C(O)O ⋅ + HO⋅ (1)  

CH3C(O)OOH + HO⋅→CH3C(O)OO⋅ + H2O (2)  

CH3C(O)OOH +CH3C(O)O⋅→CH3C(O)OO⋅ + CH3C(O)OH (3)  

Mn+ +CH3C(O)OOH → M(n+1)+ +CH3C(O)O ⋅ + OH− (4)  

M(n+1)+ +CH3C(O)OOH → Mn+ +CH3C(O)OO ⋅ + H+ (5)  

2. Materials and methods

2.1. Chemicals

The raw material of biochar is wheat straw provided by a farmland in 
Jining, Shandong. Acid orange and 15–20% PAA are from Aladdin Re-
agent Co, Shanghai. Supplementary Text S1 report the sources of other 
chemical reagents. All chemicals are of analytical grade. All solutions 
were prepared by deionized water. 

2.2. Experimental procedures 

Wheat straw was soaked 48 h in 0.2 mol/L NaOH for removing ash, 
wax and impurities on the surface of it. Then washed with deionized 
water until neutral, dried and grinded until it could pass through a 100- 
mesh sieve, then dried and stored for later use. Straw powder (6 g every 
time) was dipped 6 h into the 30% Fe (NO3)3⋅9H2O, filtered and dried at 
60 ◦C until constant weight. Then, the 2 g straw power was pyrolyzed 2 h 
in a tube furnace (700 ◦C) with nitrogen flow to produce Fe-biochar 
which was water-washed and 70% ethanol-washed (remove small mo-
lecular organics), dried, sealed and stored for later use. 

All reactions were performed in 250 ml glass conical flasks with 400 
rpm stirring at 23 ± 2 ◦C. PAA, H2O2 and Fe-biochar or biochar were 
added to 200 ml of 50 mg/L acid orange solution, then 2 mL samples 
were taken out with a syringe at different times and quickly quenched in 
excess Na2S2O3 solution. The pH of the initial solution was adjusted by 
adding 0.2 mol L− 1 NaOH or 0.1 mol L− 1 H2SO4 to the solution. Free 
radical scavengers were ascorbic acid, tert-butyl alcohol (TBA), meth-
anol and 2,4-hexadiene (2,4-HD). In the experiments of different influ-
encing factors, the corresponding chemical agents were added before 
the reaction. As for the catalyst cycling tests, Fe-biochar was collected by 
suction filtration (0.45 μm) and washed with deionized water for three 
times, then dried under vacuum condition at 40 ◦C. PAA concentration 
was determined periodically. All experiments were at least repeated or 
performed multiple times. 

2.3. Analytical methods 

PAA concentration was measured by iodimetry (Chen et al., 2019). 
The residual concentration of PAA during the experiment was deter-
mined by N, N-diethyl-p-phenylenediamine colorimetric method (Cav-
allini et al., 2013). The content of H2O2 was determined by the titanium 
potassium oxalate method (Yang et al., 2018). pH was monitored by a 
pH meter PHSJ3 from Leici, Shanghai. The concentration of acid orange 
was analyzed by spectrophotometry. The free radicals were measured by 
electron paramagnetic resonance (EPR) analysis using 5,5-dimethyl2--
pyrrolidone-N-oxyl (DMPO) and 2,2,6,6-Tetramethyl-1-piperidinyloxy 
(TEMP) as the trapping agent. The surface features and internal crys-
tal structure of the samples were analyzed by the scanning electron 
microscope (SEM, ZEISS Sigma 500, Germany) and transmission elec-
tron microscope and high-resolution transmission electron microscope 
(TEM and HRTEM, FEI talos f200s, America). X-ray diffraction (XRD) 
patterns of samples were analyzed by X-ray diffractometer (Bruke D8 
Advance, Germany) with Cu Kα radiation. N2 adsorption-desorption 
curve was analyzed at 77 K (ASAP 2020, America) and the specific 
surface areas and bore diameter were measured by the standard Bru-
nauer–Emmett–Teller (BET) method. The dissolved iron concentration 
was measured by ICP-OES (Optima8000, PerkinElmer, US). 

3. Results and discussion

3.1. Characterization of Fe-biochar and biochar

We compared the structure of biochar and Fe-biochar by scanning 
electron microscopy (SEM, Fig. 1). At low magnification of 20 μm, 
biochar displays hollow cavities that should be suitable for loading Fe 



catalytic compounds (Fig. 1a). Both biochar and Fe-biochar has a similar 
layered structure of this scale (Fig. 1a, c). At high magnification of 2 μm, 
biochar has a smooth surface, whereas Fe-biochar displays numerous 
small granules, which likely result from the FeNO3⋅9H2O treatment 
before biochar pyrolysis. Analysis of Fe-biochar by transmission electron 
microscopy (TEM) reveals dispersed granules at low magnification of 
500 nm (Fig. 1e). Interplanar spacings between adjacent lattice fringes 
reveals the presence of Fe2O3 (320) at 0.215 nm, Fe (110) at, 0.244 nm, 
Fe3O4 (311) at 0.250 nm and Fe3C (221) at 0.304 nm (Fig. 1f). 

Analysis by X-Ray diffraction confirms the presence of Fe at 44.5◦, 
Fe2O3 at 38.7◦, Fe3O4 at 35.6◦, and Fe3C at 51.9◦ in Fe-biochar versus 
raw biochar (Fig. 1g). According to peak intensity, the relative abun-
dance of Fe compounds is in decreasing order: Fe, Fe3O4, Fe2O3, and 
Fe3C. N2 adsorption/desorption isotherms at high pressure, of P/P0 
higher than 0.5, reveal hysteresis loop for Fe-biochar (Fig. 1f). This 
isotherm type indicates a mesoporous structure (Ahmad et al., 2019). 
The specific surface area of Fe-biochar before the activation, of 128.36 
cm2/g, is lower than that of biochar, of 146.15 cm2/g (Table S1). This 
might be due to the presence of Fe compounds in Fe-biochar pores, and 
to the stacking of biochar flakes around Fe compounds. The addition of 
iron also enlarged the pore volume from 0.06 to 0.29 cm3/g, and pore 
size from 2.5 to 8.0 nm of biochar (Table S1). Overall, our findings 

reveal the granulous structure of Fe-biochar and the presence of Fe, 
Fe3O4, Fe2O3, and Fe3C on Fe-biochar surface. At low relative pressure, 
it was similar to the type II curve, while at higher pressure (P/P0 > 0.5), 
capillary condensation occurred in Fe-biochar with a hysteresis loop. 
This isotherm type corresponded to the mesoporous structure (Ahmad 
et al., 2019). In contrast, the curve change of biochar was weak, and the 
trend was closer to type II. It belongs to the microporous structure in 
terms of pore volume and pore size. 

3.2. Removal of acid orange 

We tested the removal of acid orange with PAA, biochar, biochar and 
PAA, Fe-biochar, Fe-biochar and H2O2, and Fe-biochar and PAA in 
distilled water (Fig. 2). Results show that PAA alone induces the lowest 
removal of 6.3% after 25 min of reaction. This suggests that PAA alone 
has little oxidizing power, and agrees with the fact that PAA reacts 
poorly with electron-withdrawing groups (Kim and Huang, 2021). Bio-
char alone induces a slightly higher removal of 24.2%, which is likely 
explained mainly by adsorption of acid orange on biochar surface. A 
study also verified that biochar has a limited capacity and takes a long 
time to adsorb acid orange (Huang et al., 2020). Biochar and PAA induce 
a slightly higher removal of 30.5%, which suggests an additive 

Fig. 1. The SEM images of (a) biochar (2 μm), (b) biochar (20 μm), (c) Fe-biochar (2 μm), (d) Fe-biochar (20 μm), (e) TEM image and (f) HRTEM image of Fe-biochar, 
(g) N2 adsorption-desorption isotherm curves of biochar and Fe-biochar, (h) XRD patterns of biochar and Fe-biochar.



contribution of biochar adsorption and PAA oxidation. Remarkably, all 
materials containing iron display higher removals, of 45.5% for 
Fe-biochar, 49.7% for Fe-biochar and H2O2, and 93.3% for Fe-biochar 
and PAA. This indicates that a major part of acid orange removal is 
due to catalytic transformation induced by Fe species. Possible products 
include acid orange radicals and various removal products, which may 
be adsorbed on Fe-biochar or mineralized to CO2. 

H2O2 +Fe2+→⋅OH + Fe3+ + OH− (6)  

H2O2 +Fe2+→H2O + FeⅣO2+ (7)  

CH3C(O)OOH +Fe2+→CH3C(O)O⋅ + Fe3+ + OH− (8)  

CH3C(O)OOH +Fe2+→CH3C(O)O− + Fe3+ + ⋅OH (9)  

CH3C(O)OOH +Fe2+→CH3C(O)OH + FeⅣO2+ (10) 

The slight removal improvement from 45.5% for Fe-biochar to 
49.7% for Fe-biochar and H2O2 results probably from direct H2O2 
oxidation and H2O2, activation by Fe (Eq. (6) and (7)). To further study 
the effect of H2O2, different concentrations of H2O2 were added to the 
Fe-biochar/PAA/AOII process, as shown in Fig. S1. H2O2 with higher 
concentration will inhibit the degradation effect of Fe-biochar/PAA. 
And we suspect that H2O2 will quench the formed free radicals, which 
was also confirmed by Wang et al. (2020c). Therefore, the degradation 
of AOII was due to the activation of PAA by Fe-biochar. By contrast, the 
high removal improvement from 45.5% for Fe-biochar to 93.3% for 
Fe-biochar and PAA likely results from the strong activation of PAA by 
Fe (Eqs. (8)–(10)) followed by removal of acid orange, which might 
partly favor adsorption of products on biochar. This finding agrees with 
the high reactivity of a mixture of Fe(II) and PAA (Kim et al., 2019). The 
highest removal with to 93.3% for Fe-biochar and PAA is also supported 
by our results on the higher decomposition of PAA with Fe-biochar 
versus biochar and PAA alone (Fig. S2). Our further study of the 
optimal concentrations of Fe-biochar and PAA showed that a Fe-biochar 
dose of 0.3 g/L and a PAA concentration of 1.144 mM induced the 
highest removal of 99.8% (Text S2, Figs. S3 and 4). Overall, anchoring 
Fe onto biochar induced a substantial increase of acid orange removal. 
This is explained by activation by Fe species anchored on the biochar, 
followed by removal of acid orange then possible adsorption of acid 
orange products on biochar. 

3.3. Effect of pH 

We studied the effect of pH on the removal of acid orange by Fe- 
biochar and PAA. Results show that acid orange removal in decreasing 
with pH, from 99.5% at pH 3–83.4% at pH 11 after 20 min of reaction 
(Fig. 3). The corresponding removal rates decrease from 0.2804 min− 1 

at pH 3 to 0.0519 min− 1 at pH 11 (Fig. S5). After 20 min, curiously, the 
removal decreases at pH 9 and 11, which can first be partly ascribed to 
the reduction of actives species induced by the decomposition and hy-
drolysis of PAA (Eq. (11)–(13)). Second, another explanation is the 
formation of peracetate radicals in alkaline conditions, which can in turn 
consume PAA (Eq. (14)), similarly to reports on the removal of naproxen 
with UV and PAA (Zhang et al., 2017; Chen et al., 2019). Third, Fe 
species anchored on biochar are likely to form complexes in alkaline 
conditions, similarly to the formation of cobalt hydroxide complexes 
that inhibit reactions (Zhang et al., 2021b). Fourth, the Fenton reaction 
involving Fe2+ activation of PAA works better under acidic conditions, 
as shown for the removal of methylene blue (Yuan et al., 2021). Fifth, 
alkaline conditions should decrease the adsorption of acid orange onto 
Fe-biochar following the formation of more anions both on acid orange 
and on Fe-biochar, and in turn increase electrostatic repulsion. This 
would agree with the fact that the most efficient method to extract 
humic substances, e.g. from soils, involves alkaline extraction (Mohi-
nuzzaman et al., 2020). Overall, we found that acid orange removal 
decreases with pH and is possibly explained by removal of PAA, inac-
tivation of Fe catalytic sites of Fe-biochar by formation of Fe hydroxydes 
and less adsorption of acid orange onto Fe-biochar due to formation of 
anionic groups. 

CH3C(O)OOH +H2O→CH3C(O)OO⋅− + H3O+ (11)  

2 CH3C(O)OOH → 2 CH3C(O)OH + O2 (12)  

CH3C(O)OOH +H2O̅→
OH−

CH3C(O)OH + H2O2 (13)  

CH3C(O)OO⋅− + CH3C(O)OOH→CH3C(O)OH + CH3C(O)O− + O2

(14)  

3.4. Effect of humic acids, HCO3
− and Cl− on acid orange removal 

In Fig. 4, it was obvious that humic acids and HCO3
− has an inhibitory 

Fig. 2. Removal of acid orange under different processes. [acid orange]0 =

0.143 mM, [PAA]0 = [H2O2]0 = 1.144 mM, [catalysts]0 = 0.3 g/L, pH = 7.0. 

Fig. 3. (a) Effect of initial pH on the removal of acid orange in the Fe-biochar/ 
PAA process. [acid orange]0 = 0.143 mM, [PAA]0 = 1.144 mM, Fe-biochar0 =

0.3 g/L. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 



effect on the removal of acid orange under the Fe-biochar/PAA process. 
The decomposition of PAA was also investigated in the presence of 
humic acids in Fig. S6, which showed the amount of decomposition of 
PAA was significantly reduced, indicating that the addition of humic 
acids affected the effect of PAA. It was reported that humic acids can 
compete with acid orange and O2 for electrons (Chen et al., 2021) and 
inhibit the activation of PAA, the formation of free radicals and the 
scavenging of acid orange. In addition, humic acids can react with R–O⋅ 
with the rapid reaction rate constant of 1 × 104 L mg− 1 s− 1 (Chen et al., 
2019). The inhibitory effect of HCO3

− was partly attributed to the for-
mation of unreactive cobalt-bicarbonate complexes. The similar results 
were also found on the removal of SMX in the Co/PAA process (Wang 
et al., 2020c). Besides, HCO3

− can react with radical species in Eq. (15), 
inhibiting the removal of acid orange. The result is consistent with the 
UV/PAA process (das Neves et al., 2021). As shown in Fig. S6, the 
decomposition of PAA in the Fe-biochar/PAA process with HCO3

− was 
inhibited, which indicated that the formation of unreactive iron- bi-
carbonate complexes. In Fig. 4c, the effect of Cl− on the removal of acid 
orange could be ignore. Cl− can react with radical species as Eq.(16)– 
(20). As shown in Fig. S6, the addition of Cl− had a negligible effect on 
the decomposition of PAA in the Fe-biochar/PAA process before 10 min, 
but in the end, it will affect the total amount of decomposition. Low 
concentration of Cl− is not sufficient to affect the Fe-biochar/PAA pro-
cess and the reaction of high concentration of Cl− and radical species to 
form Cl⋅ will also accelerate the removal of acid orange (Görgüç et al., 
2021). The intermediate concentration of Cl− inhibited the removal of 
acid orange to a certain extent due to the inhibition of R–O⋅ and HO⋅. 

HCO−
3 +HO⋅→CO⋅−

3 + H2O (15)  

CH3CO3 ⋅ + Cl− + H+→Cl⋅ + CH3CO3H (16)  

Cl− +HO⋅→HClO− ⋅ (17)  

HClO− ⋅ + H+→Cl⋅ + H2O (18)  

Cl− + Cl⋅→Cl−2 (19)  

Cl ⋅ + Cl⋅→Cl2 (20)  

3.5. Reactive species accounting for acid orange removal in the Fe- 
biochar/PAA process 

In Fig. 5a, ascorbic acid significantly decreases the removal rate of 
acid orange (38.1%) compared with without ascorbic acid (99.3%) in 
the same conditions. Ascorbic acid is a typical free radical scavenger, 
which was used to initially investigate whether the removal of acid or-
ange in Fe-biochar/PAA process was caused by free radicals. Since the 
catalyst played a dominant role in the reaction, further research found 
that the addition of ascorbic acid did not affect the catalytic effect of Fe- 
biochar, which is consistent with the PAA and activated carbon fibers 
process results (Zhou et al., 2015). The above result indicated that there 
are active radicals in this process. According to the Eqs. (1)–(3), (22) and 
(21) of PAA, it can be inferred that there are some radicals like singlet
oxygen (1O2), HO⋅, CH3CO2⋅, CH3CO3⋅, ⋅CH3 and CH3CO2⋅ in
Fe-biochar/PAA process. To further clarify the radical species, quench-
ing experiments were performed by using different quenchers. Methanol
can react with HO⋅ and R–O⋅ effectively (Zhang et al., 2021b). TBA has
obvious quenching effect on HO⋅, but cannot react with R–O⋅(Sun et al.,
2018; Chen et al., 2019; Yan et al., 2021). 2,4-HD was used as the
scavenger for the R–O⋅(Kim et al., 2020). As shown in Fig. 5b, addition of
TBA only slightly slowed down the removal of acid orange. The result
indicated that there are HO⋅ in this process, but not the main radical
species, which was consistent with the results reported in the Co3O4/-
PAA, CoFe2O4/PAA and UV/PAA processes (Wang et al., 2021a; Zhang
et al., 2021a). In contrast, both methanol and 2,4 showed significant
inhibitory effects on the removal of acid orange. After adding 1 mM

Fig. 4. Effect of(a) humic acids, (b)HCO3
− and (c) Cl− on the removal of acid orange in the Fe-biochar/PAA process. [acid orange]0 = 0.143 mM, [PAA]0 = 1.144 mM, 

Fe-biochar0 = 0.3 g/L, pH 7.0. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 



methanol and 2,4-HD, the removal rate of acid orange decreased from 
99.9% to 29.4% and 25.4%. The decomposition of PAA by 1 mM 
methanol and 2,4-HD was slightly (Fig. S6), which is not enough to 
explain the effect of decomposition of PAA. Furthermore, as shown in 
Fig. S7, excessive PAA did not affect the inhibition of acid orange 
removal by methanol and 2,4-HD, which indicated that the inhibition 

was not attributed to the decomposition of PAA but the radical species of 
HO⋅ and R–O⋅. Further result showed that 2,4-HD significantly inhibited 
the removal of acid orange, indicating that the major radical species 
were R–O⋅. 

Fig. 5b and c showed EPR spectra of DMPO and TEMPO adducts in 
the different processes. There were no obvious signals in PAA alone or 
Fe-biochar alone process whereas strong signals in Fe-biochar/PAA 
process, which was consistent with PAA/UVC-LED/Fe (II) process 
(Ghanbari et al., 2021). As shown in Fig. 5c, HO⋅ signal (4-line signal, 
indicated by black stars in Fig. 5c) and carbon-centered radicals signal 
(6-line signal, indicated by red stars in Fig. 5c) were found which could 
be attributed to the oxidation of DMPO by CH3C(O)O⋅ and CH3C(O)OO⋅. 
In addition, 1O2 also be found in Fe-biochar/PAA process with a strong 
intensity signal after addition of TEMPO, suggesting that there is 
another possible cause for the formation of DMPOX. The DMPO was 
directly oxidize by 1O2 in non-radical pathways. As shown in Fig. 5, the 
signal intensity of 1O2 in Fe-biochar/PAA process was much stronger 
than that in PAA alone solution, suggesting that 1O2 was formed from 
the catalytic effect on the PAA rather than the self-decomposition of PAA 
alone. Combining the above radical species scavenging experimental 
results, it can be concluded that CH3C(O)O⋅ and CH3C(O)O⋅ are the main 
radical species in Fe-biochar/PAA process, but there may also be 
non-radical effects in the process of acid orange removal. 

CH3C(O)O ⋅ →⋅CH3 + CO2 (21)  

⋅CH3 + O2→CH3OO⋅ (22)  

3.6. Reusability of Fe-biochar for the removal of acid orange 

The reuse rate of the catalyst is an important index to evaluate the 
performance of the catalyst. As shown in Fig. 6, after the catalyst was 
recycled for 5 times, the removal rate was still as high as 92.8%, which 

Fig. 5. (a) Effect of different free radical scavengers on the removal of acid orange in the Fe-biochar/PAA process, experimental and simulated EPR spectra of spin- 
trap adducts in the Fe-biochar/PAA process: (b) DMPO, (c) TEMPO. [acid orange]0 = 0.143 mM, [PAA]0 = 1.144 mM, Fe-biochar0 = 0.3 g/L, pH 7.0. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Reusability of Fe-biochar in the Fe-biochar/PAA process for the removal 
of acid orange. [acid orange]0 = 0.143 mM, [PAA]0 = 1.144 mM, Fe-biochar0 
= 0.3 g/L, pH 7.0. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 



4. Conclusion

In this study, the Fe-biochar catalyst was successfully prepared by a
one-step method, and was applied to PAA activation for the first time. 
The results showed that the Fe-biochar/PAA process degraded acid or-
ange rapidly and had a good effect, which was better than that of metal- 
free biochar/PAA process. Affected by the metals and the properties of 
PAA, this process had better removal effect under acidic and neutral 
conditions. The inhibition on the removal of acid orange was enhanced 
with the increase of the concentration of humic acids and H2CO3

− in 
water, but the effect of Cl− was negligible. The process produced mainly 
R–O⋅, HO⋅ and 1O2, and quenching experiments suggested that R–O⋅ 
played a dominant role in the removal process, but there may also be 
non-radical effects in the process of acid orange removal. Compared 
with the effective metal catalysis, this process can effectively prevent 
secondary pollution caused by metal leakage, and the results showed 
that the iron content in the solution after 25 min of reaction was far 
lower than the drinking water standard requirements. The Fe-biochar/ 
PAA process was selective for the removal of different pollutants. In 
addition, the high recycling rate of Fe-biochar also indicated the prac-
ticality of the Fe-biochar/PAA process in selectively degrading pollut-
ants. The first proposal of Fe-biochar/PAA process and its remarkable 
removal effect provide a reference for drinking water or sewage 
treatment. 
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Text S1. Sources of the chemical reagents 
FeNO3·9H2O, H2O2 (30% w/w), methanol, NaCl, 70% alcohol, Na2HCO3, Humic acid (HA), KI, Na2S2O3, N,N-

diethyl-p-phenylenediamine (DPD), H2SO4, NaOH, Ascorbic acid (AA), Tertiary Butyl Alcohol (TBA), methanol 
and 2,4-hexadiene (2,4-HD), sulfamethoxazole (SMX), bisphenol A (BPA) and perfluorooctanoic acid (PFOA) were 
purchased from Aladdin (Shanghai, China), 5,5-dimethyl2-pyrrolidone-N-oxyl (DMPO) and 2,2,6,6-Tetramethyl-
1-piperidinyloxy (TEMP) were purchased from Enzo Biochem (Inc., New York, USA).

Text S2. Effects of peracetic acid and Fe-biochar concentrations 
Effect of PAA dose on the acid orange removal in the Fe-biochar/PAA process was investigated in Fig.S2. 

Compared with the process of Fe-biochar alone (removal rate=44.5%), the removal rate of acid orange was increased 
to 82.7%- 99.9% in the Fe-biochar/PAA process with the concentration of PAA changed, indicating that PAA play 
an important role in the process of Fe-biochar/PAA process removal. As shown in Fig.S2a, when the dose of PAA 
increased from 0.143 to 1.144mM, the removal rate also increased. Higher concentrations of PAA will provide more 
reactive species for degrading acid orange. But when the concentration of PAA was higher than 1.144mM, the result 
was opposite. The reaction rate constant had the same changes (Table.S2). In this research, PAA concentration of 
1.144mM had the largest reaction rate constant (kobs=0.2574 min-1). When the concentration of PAA is too high, the 
excess PAA will inhibit the production of reactive species (Dong et al., 2022). In addition, as the PAA concentration 
increases, the concentration of coexisting H2O2 also increases in the reaction solution(Wu et al., 2020). Fig.S3 
showed the effect on removal of acid orange when the H2O2 concentration in the process was increased. The result 
suggested that excess H2O2 will inhibit the generation of R-O· (mainly CH3C(O)OO· and CH3C(O)O·) (Eq. S1 and 
S2) and then affect the removal of acid orange. Active radicals are mainly generated by PAA, while excess H2O2 
inhibits the decomposition of PAA in the reaction solution (Chen et al., 2019). 

𝐻"𝑂" + 𝐶𝐻&𝐶(𝑂)𝑂𝑂 ·→ 𝐻𝑂"∙ + 𝐶𝐻&𝐶(𝑂)𝑂𝑂𝐻  (S1) 
𝐻"𝑂" + 𝐶𝐻&𝐶(𝑂)𝑂 ·→ 𝐻𝑂"∙ + 𝐶𝐻&𝐶(𝑂)𝑂𝐻   (S2) 

The effect of Fe-biochar concentration on the removal of acid orange in Fe-biochar/PAA process was investigated. 
In Fig.S2b, the concentration of acid orange hardly changed in the absence of Fe-biochar process and the removal 
of AOII by PAA alone can be negligible. However, the concentration of acid orange decreased significantly after 
adding Fe-biochar to the reaction process. The experimental result showed that the removal rates of acid orange 
increased with increment of Fe-biochar dosages, indicating PAA required Fe-biochar as a catalyst to promote the 
generation of active radicals (Rokhina et al., 2013). In addition, more Fe-biochar will accelerate the removal of acid 
orange from Table.S3. The inconspicuous removal of acid orange when the dosage of Fe-biochar was higher than 
0.3g/L was likely owing to the dosages of 0.3g/L were enough to accelerate PAA generate radicals. The results 
indicated that when the initial concentration of Fe-biochar is 0.3g/L under this experimental condition, acid orange 
has been degraded completely in 25 min, that is, the removal rate reaches 99.8%. 

Table S1 Properties of biochar and Fe-biochar 
Test content biochar Fe-biochar 

BET surface area 146.15m2/g 128.36 m2/g 
Pore volume 0.02 cm3/g 0.29 cm3/g 

Pore size 2.5 nm 8.0 nm 



Table S2 kobs of different PAA doses 
PAA doses (mM) 0.143 0.286 0.715 1.144 1.432 7.151 

kobs (min-1) 0.0798 0.0944 0.1212 0.2574 0.1404 0.0697 

Table S3 kobs of different Fe-biochar doses 
Fe-biochar doses (g/L) 0 0.1 0.2 0.3 0.4 0.5 

kobs (min-1) 0.0051 0.031 0.1135 0.2486 0.3015 0.3516 

Figure S1. Acid orange removal in the Fe-biochar/PAA process with different concentrations of H2O2. [acid 
orange]0 = 0.143 mM, Fe-biochar0 = 0.3g/L, pH 7.0 

Figure S2. Decomposition of PAA in the Fe-biochar/PAA, biochar/PAA and PAA alone processes. [acid orange]0 
= 0.143 mM, PAA0=1.144mM, Fe-biochar0 = 0.3g/L, pH 7.0 



Figure S3. Effect of initial PAA dose, on the removal of acid orange in the Fe-biochar/PAA process. [acid orange]0 
= 0.143 mM, Fe-biochar0 = 0.3g/L, pH 7.0 

Figure S4. Effect of Fe-biochar dose on the removal of acid orange in the Fe-biochar/PAA process. [acid orange]0 
= 0.143 mM, PAA0=1.144mM, pH 7.0 

Figure S5. The corresponding kinetic constants of different pH in the Fe-biochar/PAA process 



Figure S6. Decomposition of PAA in the Fe-biochar/PAA process with and without humic acids, HCO3
- and Cl-. 

[acid orange]0 = 0.143 mM, [PAA]0= 1.144mM, Fe-biochar0 = 0.3g/L, pH 7.0 

Figure S7. (a) Peracetic acid (PAA) consumption and (b) acid orange removal in the Fe-biochar/PAA process with 
and without the presence of methanol, 2,4-HD. [acid orange]0 = 0.143 mM, [PAA]0= 1.144mM, Fe-biochar0 = 

0.3g/L, pH 7.0 

Figure S8. The XRD patterns of Fe-biochar before and after reaction 



Figure S9. Removal of BPA, SMX and PFOA by the Fe-biochar/PAA process. [acid orange]0 = 0.143 mM, 
[PAA]0= 1.144mM, Fe-biochar0 = 0.3g/L, pH 7.0 
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