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ABSTRACT 28 

Zero valent iron-loaded biochar (Fe0-BC) has shown promise for the removal of various 29 

organic pollutants, but is restricted by reduced specific surface area, low utilization 30 

efficiency and limited production of reactive oxygen species (ROS). In this study, iron 31 

carbide-loaded activated biochar (Fe3C-AB) with a high surface area was synthesized 32 

through the pyrolysis of H3PO4 activated biochar with Fe(NO3)3, tested for removing 33 

bisphenol A (BPA) and elucidated the adsorption and degradation mechanisms. As a 34 

result, H3PO4 activated biochar was beneficial for the transformation of Fe0 to Fe3C. 35 

Fe3C-AB exhibited a significantly higher removal rate and removal capacity for BPA 36 

than that of Fe0-BC within a wide pH range of 5.0–11.0, and its performance was 37 

maintained even under extremely high salinity and different water sources. Moreover, 38 

X-ray photoelectron spectra and density functional theory calculations confirmed that 39 

hydrogen bonds were formed between the COOH groups and BPA. 1O2 was the major 40 

reactive species, constituting 37.0% of the removal efficiency in the degradation of BPA 41 

by Fe3C-AB. Density functional reactivity theory showed that degradation pathway 2 of 42 

BPA was preferentially attacked by ROS. Thus, Fe3C-AB with low cost and excellent 43 

recycling performance could be an alternative candidate for the efficient removal of 44 

contaminants. 45 

Keywords: H3PO4 activation; Fe3C-loaded activated biochar; hydrogen bond; singlet 46 

oxygen degradation; degradation pathway 47 

1. Introduction 48 

Bisphenol A (BPA) is a persistent endocrine disrupting chemical, and has been 49 

associated with various types of heart disease and cancer (vom Saal and Hughes, 2005). 50 

BPA can accumulate along the food chain and has been widely detected in wastewater 51 

and surface waters (Belfroid et al., 2002; Yang et al., 2018). More seriously, it was 52 
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detected in the human blood and tissues (vom Saal and Hughes, 2005). Thus, the 53 

European Food Safety Authority (EFSA) reduced the tolerable daily intake to 4 µg/kg 54 

body weight/day in 2015 (EFSA, 2016).  55 

Adsorption is deemed an effective, low-cost, and well-established treatment 56 

method for organic pollutant removal. To this end, biochar has been widely investigated 57 

as an adsorbent from inexpensive feedstocks (Kumar et al., 2020; Wang et al., 2019; 58 

Zhao et al., 2020). However, the adsorption performance of conventional biochar 59 

remains limited owing to its low specific surface area and unfavorable physicochemical 60 

characteristics (Zhao et al., 2017). Zero-valent iron (Fe0) has been used to combine 61 

adsorption and reductive degradation for removing organic pollutants (Cuervo 62 

Lumbaque et al., 2019). It could also be applied as a source of non-photochemical 63 

reactive oxygen species (ROS) to degrade pharmaceutically active compounds. 64 

However, Fe0 is prone to oxidation and surface passivation (Pang et al., 2019), which 65 

causes insufficient ROS concentration and poor recycling performance. To overcome 66 

these drawbacks, Fe/C composites have been increasingly studied as they exhibit 67 

superior properties compared to individual materials, such as improved reactivity, 68 

stability, and environmental safety and reduced toxicity (Kumar et al., 2020; Liang et al., 69 

2019). Moreover, they integrate adsorption, complexation, and reduction and show 70 

improved removal and degradation of organic pollutants (Sun et al., 2019). In this 71 

regard, Fe0 has been most commonly used for modifying biochar.  72 

Fe0-magnetite loaded biochar (ZVI-MBC) has been studied to treat 73 

pentachlorophenol (PCP), chloramphenicol, trichloroethylene, and trichloromethane 74 

through adsorption and reductive degradation (Ahmed et al., 2017; Devi and Saroha, 75 

2014; Qian et al., 2020). The dissolution of H2O molecules by Fe0 caused the 76 

production of H2 and then formed atomic H. Atomic H could degrade PCP through 77 
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reduction to remove chloride. Fe0 could also activate O2 to form H2O2, 
•OH and •O2

− for 78 

the oxidation degradation of PCP and these ROS were responsible for the 79 

mineralization of PCP (Shih et al., 2016). However, in situ adsorption and oxidative 80 

degradation, without adding oxidants for removing organic contaminants, were rarely 81 

reported.  82 

 Fe0-BC has magnetic property, which is easily separated and recycled in the 83 

practical application for the treatment of real wastewater. But, its removal capacity will 84 

be affected because the material was susceptible to suffer from surface passivation in 85 

the existence of O2 and H2O (Devi and Saroha, 2014). For Fe0/Fe3C/C composite, 86 

Fe3C/C could protect the Fe0 core against oxidization and maintain excellent stability 87 

during the removal of pollutant. Li et al. also indicated that Fe/C system had low 88 

utilization efficiency as compared to Fe0/Fe3C/C composite because Fe3C could 89 

improve the electron tunneling efficiency between Fe0 and the graphitic shell (Li et al., 90 

2019). Meanwhile, Fe0-BC has a small surface area and pore volume due to pore 91 

blocking. For example, the surface area of ZVI-MBC is 101 m2/g (Devi and Saroha, 92 

2014), which limits their adsorption capacity for organic contaminants. To increase the 93 

surface area, the chemical activation of biochar has been employed using various 94 

chemical modification reagents, including alkalis (NaOH, KOH, and NH3), mineral 95 

salts (MnOx, FeCl3 and ZnCl2), and acids (H2SO4, H3PO4, and HCl) (Fierro et al., 2006; 96 

Mohan and Pittman 2006; Yao et al., 2018). These modification reagents can also 97 

change the physicochemical properties, graphitization degree, morphology, and surface 98 

chemistry of biochars, then affect the affinity between carbon matrix and loaded Fe0 as 99 

well as the catalytic activity of biochar (Li et al., 2020; Yang et al., 2019). Although the 100 

simultaneous activation by using FeCl3 and ZnCl2 enlarged the surface area and 101 

promoted the formation of Fe3C and graphite (Yao et al., 2018), the existence of Fe3O4 102 
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in Fe3C/Fe3O4/C nanosheets might reduce the reactivity of the materials and ZnCl2 103 

could induce toxicity concerns. Thus, it is important to regulate the complete reduction 104 

of Fe3O4 to Fe0. 105 

H3PO4 activated biochar has been wildly used to increase the removal capacity of 106 

pollutants (Chen et al., 2018; Puziy et al., 2020; Zhao et al., 2017). H3PO4, is 107 

inexpensive, harmless, and effective in increasing the surface area and carbonization of 108 

biochar (Zhao et al., 2017). And, the formed amorphous carbon is beneficial for 109 

converting Fe2O3 and Fe3O4 to Fe0 and can react with Fe species to form Fe3C (Yao et 110 

al., 2018; Zeng et al., 2021). Thus, H3PO4 activated biochar was used as the host 111 

material for iron carbide (Fe3C). Fe3C-loaded activated biochar (Fe3C-AB) was 112 

synthesized and tested for its potential in removing BPA from aqueous solutions. The 113 

specific objectives were to 1) explore the formation mechanism of Fe3C-AB, 2) 114 

investigate the BPA removal kinetics of Fe3C-AB and compare with Fe0-BC, 3) examine 115 

the effects of various critical parameters (initial concentration, pH, ion strength, and 116 

water sources) on the removal performance, and 4) elucidate the removal mechanisms 117 

and degradation pathways using experimental and theoretical calculation method.  118 

2. Materials and methods 119 

2.1. Preparation of Fe3C-AB and Fe0-BC  120 

The preparation of biochar and H3PO4 activated biochar were depicted in the 121 

supplementary material. Fe0-BC and Fe3C-AB were prepared by thermal reduction 122 

method (Zhang et al., 2019). Fe0-BC was synthesized under N2 atmosphere with a flow 123 

rate of 25 cm3/min, by mixing 400 mg of the untreated biochar (without the acid 124 

pre-treatment) with Fe(NO3)3·9H2O (800 mg) in 50 mL of high purity water. The pH 125 

was adjusted to 4.0 using 0.1 M HNO3 to prevent hydrolysis. After stirring at room 126 

temperature for 7 h, the mixture was dried at 105 ºC for 48 h. The dried mixture was 127 
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transferred to a tube furnace and pyrolyzed at 600 ºC for 2 h (10 ºC/min). Fe3C-AB was 128 

synthesized following the same process, except that H3PO4 activated biochar was used. 129 

The biochar and H3PO4 activated biochar pyrolyzed at 600oC without the addition of Fe 130 

salt were used as the control samples and denoted as BC and AB. Finally, the resulting 131 

Fe/C materials were ground and sieved through a 100-mesh screen, and those that 132 

passed the screen were used in this study. The Fe contents in Fe0-BC and Fe3C-AB were 133 

20.3% and 27.7%, respectively. The free iron and dissolved organic matter of Fe/C 134 

composites were not removed before the BPA removal experiments. The releasing 135 

concentrations of free iron when Fe/C composites reacted with high purity water for 24 136 

h were 8-9.3 µg/L.  137 

2.2. BPA removal kinetic experiments 138 

Batch kinetic experiments were carried out to determine the removal kinetics of 139 

BPA by the prepared Fe/C composites. The tests were initiated by adding 12 mg of a 140 

given Fe/C composite into 15 mL of a BPA solution (50 mg/L) in 50 mL brown glass 141 

tubes. The mixtures were then shaken at 180 rpm and at 25 ± 1 ºC. At pre-determined 142 

times (0, 50, 150, 240, 480, 720, and 1440 min), the mixtures were sampled and 143 

centrifuged at 3000 rpm for 5 min, and the supernatant was collected and filtered 144 

through a 0.22 µm polytetrafluoroethylene membrane. The filtrates were then analyzed 145 

for BPA using ultraviolet–visible (UV–Vis) spectroscopy at 276 nm. Control 146 

experiments were also performed with the materials only or with BPA only to exclude 147 

the effect of impurities or natural organic matters on the absorbance and adsorption to 148 

the vials. All the experiments were conducted in duplicate. The removal amounts of 149 

BPA on Fe/C composites were calculated by Eq. (1) 150 

qe=V(C-Ce)/m               (1) 151 

qe is the removal amount, V is the solution volume, C is initial concentration of BPA, Ce 152 
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is equilibrium concentration, and m is the mass of Fe/C composites. 153 

3. Results and discussion  154 

3.1. Characterization of Fe3C-AB and Fe0-BC  155 

The crystalline phases of the samples were examined via X-ray diffraction analysis 156 

(XRD). The diffraction peaks at 44.7º, 65.0º, and 82.3º corresponded to the (110), (200), 157 

and (211) planes of Fe0, respectively (Fig. S1a). The peaks at 37.6º, 42.9º, 43.8º, 44.6º, 158 

45.0º, 45.9º, 51.8º, 54.4º, and 74.5º corresponded to the (210), (211), (102), (220), (031), 159 

(112), (122), (040), and (400) planes of Fe3C, respectively (Fig. S1b). In addition, the 160 

peaks of Fe0 were also present. During the carbothermic reduction process, carbon 161 

atoms could diffuse into bulk iron until saturation, which could lead to iron 162 

nanoparticles being gradually encapsulated by H3PO4 activated biochar to form Fe3C at 163 

600oC under N2 atmosphere. Moreover, it is noted that the H3PO4 activated biochar had 164 

a higher carbon content (69.0%) than untreated biochar (60.2%), which could promote 165 

the crystallization and growth of the graphite shell. Therefore, Fe3C was formed on the 166 

outer layer of Fe0 during the formation of the graphite shell (Wan et al., 2020; Yan et al., 167 

2013). To further analyze the formation of Fe3C-AB in this study, the XRD patterns of 168 

the untreated and H3PO4 activated biochars pyrolyzed at 600 oC without Fe species were 169 

also obtained (Fig. S1c and S1d). For the untreated biochar, the pyrolyzed crystalline 170 

product was determined to be SiO2, while for the H3PO4 activated biochar, a wide peak 171 

centered at 25.5º suggested the presence of amorphous carbon (Li et al., 2018). 172 

Therefore, it can be inferred that the H3PO4 pre-treatment eliminated SiO2 and promoted 173 

the formation of amorphous carbon because the integration of H3PO4 towards the 174 
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internal surface of corn straw increased the graphitization of biochar (Guediri et al., 175 

2020), however the graphitization was light.  176 

Fig. S2 shows the scanning electron microscopy (SEM) images of the Fe/C 177 

composites. For Fe0-BC, a considerable portion of Fe0 particles were uniformly 178 

dispersed and loaded on the surface of the corresponding composites. This phenomenon 179 

was not beneficial for the interaction between Fe nanoparticles and char matrix (Fig. 180 

S2a). In contrast, for Fe3C-AB, the Fe3C particles were partially or completely 181 

embedded into the porous char matrix (Fig. S2b), leading to the coverage of the char 182 

matrix. Furthermore, Fig. 1 shows the transmission electron microscope (TEM) images. 183 

For both Fe0-BC and Fe3C-AB, the iron spheres were wrapped in film-like carbon shells 184 

with a thickness of 4 and 2.3 nm, respectively. The particle size of the Fe0 particles in 185 

Fe0-BC ranged from 12 to 88 nm (Fig. 1a), whereas that for Fe3C was smaller (18–53 186 

nm) and more evenly distributed (Fig. 1b). Moreover, the carbon shells of Fe0-BC 187 

appeared amorphous and those of Fe3C-AB were crystalline (Figs. 1c and 1d), probably 188 

due to the H3PO4 pre-treatment which promoted the transformation from amorphous 189 

carbon to graphitic carbon. Furthermore, the average distance of the interlayer spacing 190 

in Fe3C-AB was 0.34 nm, which conformed to the graphite plane (002) (Wang et al., 191 

2008). The graphitic carbon in Fe3C-AB was resulted from aromatized and graphitized 192 

organic matter in AB. Meanwhile, Fe(NO3)3 activation could improve the graphitization 193 

degree of AB during the pyrolysis process (Zeng et al., 2021; Zhu et al., 2020). In 194 

summary, the biochar was modified by iron nanoparticles, which were in turn covered 195 

by a carbonaceous shell, during the pyrolysis process. 196 

Fig. S3a shows the N2 adsorption isotherms for BC, AB, Fe0-BC and Fe3C-AB. BC 197 

presented very low N2 adsorption capacity, implying that it was non-porous. The 198 

isotherms of AB and Fe3C-AB belonged to type I pattern, indicating that they were 199 



9 

 

microporous materials and the microporous ratios were as high as 71.0% and 76.6%, 200 

respectively (Table S1). The isotherms of Fe0-BC showed a combination of type IV and 201 

I pattern, which suggested the formation of mesopores and micropores (Kruk and 202 

Jaroniec, 2001; Tammam et al., 2018; Zhao et al., 2018). The pore size distribution 203 

curve (Fig. S3b) also indicated that AB and Fe3C-AB had porous structures with 204 

abundant micropores (Zhao et al., 2017). AB exhibited higher specific surface area of 205 

553 m2/g and the increased surface area could be attributed to the activation of H3PO4, 206 

which was indicated by the decrease in the average pore size and the increase in 207 

porosity. The abundant pores were beneficial for the entry of Fe(NO3)3 solution and the 208 

reaction of Fe species with the precursor. Thus, the surface area of Fe3C-AB reduced to 209 

278 m2/g after loading of Fe3C and the micropore and mesopore volumes were also 210 

reduced, probably because the Fe3C particles blocked the mesopores and micropores.  211 

To confirm the phase transformation from Fe0 to Fe3C after the activation of H3PO4, 212 

thermogravimetry-mass spectrometry (TG-MS) was conducted and the mass changes of 213 

the precursors and outlet gases for BC, AB, Fe0-BC and Fe3C-AB were plotted in Fig. 214 

S4 and Fig. 2. The weight losses of the precursors for BC and AB were only 36.6% and 215 

21.7% at 600oC, respectively, and more kinds of small molecules were escaped during 216 

the pyrolysis process of the precursor for BC than that of AB (Fig. S4). After the Fe 217 

impregnation, the mass of the precursor for Fe0-BC was drastically decreased about 218 

25% up to 300oC because of the evaporation of water molecules (Fig. 2a-b). Meanwhile, 219 

the pyrolysis of labile O containing functional groups of BC in 100-300oC yielded CO 220 

and CO2 (Fig. 2b). The reduction of Fe2O3 by CO to produce Fe3O4 was initiated around 221 

430oC. The next was the reduction of Fe3O4, which might occur in 450-500oC. The 222 
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thermal decomposition also resulted in a greater mass loss in the temperature 540-600 223 

oC, indicating that FeO was reduced to Fe0 (Neeli and Ramsurn, 2018). 224 

3Fe2O3 + CO → 2Fe3O4 + CO2 (3) 

Fe3O4 + CO → 3FeO + CO2 (4) 

FeO + CO → Fe0 + CO2 (5) 

On the opposite, the precursor in Fe3C-AB presented different phenomenon. No CO 225 

was detected in the thermal decomposition process. The signal intensity for H2O was 226 

very weak which could be explained as more water molecules have been removed in the 227 

H3PO4 activation process (Fig. 2d). CO2 in 120-300oC was produced by the 228 

decomposing of O containing groups in AB. The wide CO2 peak at 400-500oC was 229 

assigned to the carbothermal reduction of Fe oxides and the amorphous carbon could 230 

concert Fe2O3 and Fe3O4 directly to Fe0. At last, the partial dissolution of carbon into 231 

Fe0 led to the formation of the well-crystallized Fe3C particles (Eqs. 6-8; Zeng et al., 232 

2021): 233 

2Fe2O3 + 3C → 4Fe0
 + 3CO2 (6) 

Fe3O4 + 2C → 3Fe0 + 2CO2 (7) 

               3Fe0 + C → Fe3C        (8) 234 

3.2. Removal kinetics of BPA 235 

Fig. 3a shows the removal kinetics of BPA by Fe3C-AB. A faster initial removal 236 

was observed in the first 240 min, followed by a slow BPA removal process, which 237 

gradually got to the equilibrium after 480 min. About 50.5% of BPA was removed in the 238 

initial 240 min and 58.2% was removed at equilibrium. Fe3C-AB exhibited higher 239 

removal rate and removal capacity, with an equilibrium removal amount being 2 times 240 
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greater than that of Fe0-BC. The pseudo-second order kinetic model best fit the kinetic 241 

data (Table S2). The removal rate for Fe3C-AB was 1.08 mg g−1 min−1, which was 32 242 

times higher than that of Fe0-BC. The XRD diffraction peaks of the used samples at 243 

2θ = 44.7º and 35.5º were sharply reduced, indicating the loss of crystalline iron or its 244 

involvement in BPA removal (Figs. 3b and 3c), but they still kept their states. However, 245 

there was no Fe0 on the surface of Fe0-BC after reacting with BPA, as determined by 246 

X-ray photoelectron spectroscopy (XPS), indicated that Fe0-BC was unstable (Figs. S5a 247 

and S5b). For Fe3C-AB, the internal Fe0 was well protected by the outside Fe3C and 248 

graphite layer (Figs. S5c and S5d).  249 

3.3. Effects of experimental parameters on BPA removal  250 

3.3.1. Initial concentration 251 

Fig. 4a and Fig. S6 showed that the removal efficiency of BPA decreased by 46.4%, 252 

54.6%, 80.9%, 84.3%, 56.6% and 60.4% when the initial concentrations increased from 253 

100-350 mg/L on Fe0-BC, Fe3C-AB, Fe0, Fe3C, BC and AB, respectively. The marked 254 

reduction for the removal efficiency in Fe0 and Fe3C systems was because the 255 

availability of the sufficient number of ROS was reduced. The existence of carbon 256 

matrix in Fe0-BC and Fe3C-AB could significantly increase the removal efficiency and 257 

provided extra adsorption sites for BPA as compared to pure Fe0 and Fe3C. AB had 258 

higher removal efficiency than BC because a higher pore volume could lead to a greater 259 

removal capacity for BPA (Acostaa et al., 2018; Zhao et al., 2017). Thus, it was the AB 260 

supporter made Fe3C-AB has a higher removal capacity than Fe0-BC. Fe3C-AB as a 261 

novel Fe/C composite with higher pore volume could be used to effectively remove 262 

high concentrations of organic pollutants from contaminated water. 263 

3.3.2. Initial solution pH 264 

For Fe0 and Fe3C, the highest removal was observed at pH 5.0 and decreased in the 265 
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following order of pH 5.0 > 8.0 > 11.0 (Fig. 4b). It is noted that Fenton-like processes 266 

were favored under acidic conditions, as they could deactivate the iron ions at pH >5.0 267 

(Zhong et al., 2019). Thus, the enhanced removal at the acidic pH was attributed to the 268 

Fenton-like degradation. Fe0-BC and Fe3C-AB exhibited diverse removal performances 269 

at different initial pH values, indicating that different removal mechanisms were 270 

involved. The optimal pH was observed at pH 8.0, and the removal was lower under 271 

acidic (pH 5.0) or strongly alkaline (pH 11.0) conditions. The point of zero charge 272 

(pHPZC) of Fe0-BC and Fe3C-AB was determined to be 5.25 and 5.21, respectively. 273 

Given that BPA is electro-positive at pH <9.0, the electrostatic repulsion reduced the 274 

removal at pH 5.0. In contrast, at pH 8.0, the O-containing groups on the Fe/C 275 

composites were fully ionized (–O−, –COO−), resulting in electrostatic attraction 276 

interactions and hydrogen bonding (Quan et al., 2019). Furthermore, based on the pKa 277 

value of BPA that ranged from 9.6 to 10.2, BPA was electro-negative at pH 11.0 (BPA2− 278 

and HBPA−) (Yoon et al., 2003). The Fe3C-AB composite was also negatively charged 279 

at pH 11.0, and the electrostatic repulsion was further enhanced, reducing the BPA 280 

removal. However, the decrease in BPA removal was only 24.3%, indicating that 281 

Fe3C-AB can perform well over a wide pH range.  282 

3.3.3. Ionic strength  283 

Inorganic salts, such as NaCl, are widely present in various concentrations in real 284 

wastewater samples. It was reported that the Cl- in the groundwater of Yuncheng Basin, 285 

China was 1686 mg/L and tannery industrial waste water contained high up to 80 g/L of 286 

NaCl (Lefebvre and Moletta, 2006; Li et al., 2016). The existence of NaCl could either 287 

improve or impair organic contaminant removal (Li et al., 2020; Yang et al., 2018). Fig. 288 

4c shows the effect of ionic strength on BPA removal. The presence of NaCl increased 289 

the removal efficiency of BPA on Fe0 and Fe3C. We assumed that •Cl might produce 290 
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(Fang et al., 2014) and consequently enhanced BPA decomposition (Eqs. 9-10). 291 

However, Fe/C composites behaved differently in the presence of NaCl. Specifically, 292 

the BPA removal efficiency reduced by 42.4% and 14.6% in the presence of 50 mg/L 293 

NaCl for Fe0-BC and Fe3C-AB, respectively, likely because of the occupation of the 294 

active adsorption sites of biochars. Nevertheless, although the removal efficiency 295 

decreased with increasing NaCl concentrations, the removal capacity of Fe3C-AB 296 

remained about 3 times higher than that of Fe0-BC. 297 

•OH + Cl- → •ClOH-     (9) 298 

•ClOH- +H+ → •Cl + H2O    (10) 299 

3.3.4. Different kind of waters 300 

In order to evaluate the BPA removal performance from different kind of waters 301 

using the prepared Fe/C composites, three different water substrates were tested (Table 302 

S4). Fig. 4d shows that the BPA removal performance in the tap water and lake water 303 

reduced significantly in Fe3C, Fe0-BC and Fe3C-AB systems and the lake water had a 304 

stronger impact than the tap water. These decreases were caused by the competitive 305 

Fenton oxidation of natural organic matter (Jiang et al., 2018). The inhibitive effect was 306 

negligible for Fe0 in tap water and a small reduction was happened in lake water due to 307 

the higher content of total organic carbon (5.68 mg/L). However, despite the removal of 308 

BPA which reduced by 35.9% for Fe3C-AB, its overall removal efficiency was still 3 309 

times higher than that of Fe0-BC.  310 

3.4. Removal mechanisms 311 

3.4.1. Adsorption mechanism 312 

The adsorption mechanism of BPA on the Fe/C composites was studied via XPS 313 

(Figs. S7a-7d), where the wide O1s peaks suggested the presence of different chemical 314 

oxygen states including the organic oxygen atoms of carboxyl, carbonyl, alkoxyl, and 315 
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ether groups, and the inorganic oxygen atoms of iron oxides  (Datsyuk et al., 2008). 316 

The binding energies of 530.1–530.4, 531.4–531.6, and 532.2–533.4 eV in the O1s 317 

region were attributed to the O–Fe, O=C–OH, and O–C bonds, respectively (Hu et al., 318 

2015; Oh et al., 2014). All peaks shifted significantly after BPA adsorption, indicating 319 

that the O-containing functional groups of the Fe/C composites were involved in BPA 320 

removal. In particular, the adsorption of BPA on Fe0-BC reduced the amount of O–C 321 

groups, indicating their involvement in the removal process as adsorption sites. Unlike 322 

Fe0-BC, the O=C–OH group was mainly responsible for BPA adsorption on Fe3C-AB. 323 

Previous studies have reported that the O=C–OH group could form a hydrogen bond 324 

with BPA (Quan et al., 2019; Zhang et al., 2014). Thus, DFT calculations were 325 

performed to confirm the formation of hydrogen bonds. Benzoic acid, whose carboxylic 326 

group is ionized at pH 8.0, was used as a model of the carboxylic group in the Fe/C 327 

composites to interact with the BPA molecule. The results in Figs. S7e-7f display that 328 

BPA was bound to the carboxylic group through a hydrogen bond with interaction 329 

energies of −7.72 and −7.80 kcal/mol. The negative energy values suggested that the 330 

carboxylic group spontaneously interacted with the BPA hydroxyl group via a hydrogen 331 

bond. Consequently, the synergistic functions of the hydrogen bonds and the pore filling 332 

may increase BPA removal capacity with a faster removal rate by Fe3C-AB as compared 333 

to Fe0-BC. 334 

3.4.2. Reactive oxygen species responsible for degradation  335 

Fig. 5a shows the BPA removal efficiency in the presence of 0.1 M tert butyl 336 

alcohol, 1 mM benzoquinone, and 60 mg/L β-carotene for Fe3C-AB, was decreased 337 

from 32.7% to 31%, 29.4%, and 20.6%, respectively. Hence, 1O2 was identified as the 338 

most important ROS (Fig. 5b), as the BPA degradation efficiency induced by 1O2 was 339 

considerably high (37.0%). Moreover, ~52.3% of the BPA removal efficiency for 340 
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Fe3C-AB was due to the degradation mechanism, which was higher than the total 341 

removal of BPA by Fe0-BC (15.4%). In the Fe0-BC system, ~83.6% of the BPA removal 342 

was caused by degradation.  343 

Electron spin resonance (ESR) measurements were also performed to detect the 344 

ROS species during BPA removal. Based on Figs. 5c–5d, the characteristic peaks of 345 

•OH and •O2
− with signal intensity ratios of 1:2:2:1 and 1:1:1:1 were obtained in water 346 

and methanol, respectively. The typical three-line ESR spectra were also obtained (Fig. 347 

5e), confirming the presence of 1O2 in the Fe/C systems. All these findings indicated 348 

that the •OH, •O2
−, and 1O2 species played a significant role in BPA degradation. 349 

Moreover, the signal intensity of •OH was greater in Fe0-BC. However, the signal 350 

intensity of •O2
− and 1O2 were higher in the Fe3C-AB system than in Fe0-BC, indicating 351 

that Fe3C-AB could enhance •O2
− and 1O2 generation due to the well-dispersed Fe3C 352 

nanoparticles in biochar.  353 

Eqs. 11-16 illustrate the reactions in Fe0-BC and Fe3C-AB systems (Bao et al., 354 

2020; Cuervo Lumbaque et al., 2019; Yang et al., 2018). The generation of ROS by 355 

Fe0-BC and Fe3C-AB was initiated through the oxidation of Fe0 by dissolved oxygen to 356 

form H2O2 (Eq.11) and the decomposition of H2O2 could produce •OH (Eq.12). The 357 

concentrations of in situ formed H2O2 were 97.6 µM and 72.5 µM when Fe0-BC and 358 

Fe3C-AB reacted with H2O for 24 h, respectively. Further, they were observed to 359 

decrease after BPA addition, indicating the decomposition of H2O2 by Fe/C composites 360 

exhibited potential for BPA degradation due to the generation of •OH (Fig. S8). The 361 

oxidation of Fe2+ which derived from the corrosion of Fe0 under the anaerobic condition 362 

could also generate •OH (Eq.13). Meanwhile, the surface-adsorbed water could donate 363 

an electron to Fe3+ to engender •OH (Wang et al., 2021). After purging N2, the removal 364 

efficiency of BPA was decreased (Fig. S9), indicating that •O2
− was produced via 365 
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electron transfer from Fe2+ to O2 (Eq.14), while recombination of the •O2
− species and 366 

the reaction between •O2
− and •OH afforded 1O2 (Eqs.15-16) (Xi et al., 2021). H3PO4 367 

activation was reported to increase the number of electron transferred per O2 molecule 368 

(Puziy et al., 2020) and the greatest improvement in oxygen reduction reaction activity 369 

was observed for P/Fe ratios of 0.33 (The P/Fe ratio in this paper was 0.30). The 370 

electron transfer processes could also be facilitated by graphitized carbon of Fe3C-AB to 371 

activate O2 to generate more •O2
− and 1O2.  372 

Fe0 + O2 + 2H+ → Fe2+ + H2O2           (11) 373 

Fe0 + 2H2O2 → Fe2+ + 2•OH +2OH−         (12) 374 

Fe2+ + H2O2 →Fe3+ + •OH + OH−                          (13) 375 

Fe2+ + O2 → Fe3+ + •O2
-            (14) 376 

•O2
− + •O2

− + 2H+ → 1O2 + H2O2          (15) 377 

•O2
−+•OH→ 1O2 + OH−                                         (16) 378 

Fig. 6 summarizes the possible mechanisms governing BPA removal by Fe/C 379 

composites. BPA was quickly adsorbed by the abundant pores in Fe3C-AB, and the 380 

greater pore volume and the formation of hydrogen bonds enhanced the adsorption 381 

capacity of BPA on Fe3C-AB. In addition, the degradation and adsorption occurred 382 

simultaneously in both Fe/C systems. In Fe0-BC and Fe3C-AB, •OH, •O2
−, and 1O2 were 383 

mainly produced and the generation of 1O2 was predominantly favored in Fe3C-AB. The 384 

graphitized carbon used as the electron donor in Fe3C-AB could provide more electrons 385 

to O2 for generating 1O2. Thus, the Fe3C-loaded activated biochar was beneficial to 1O2 386 

generation. 387 

3.4.3. Degradation pathways  388 

Figs. 7, S11-13 showed the high-performance liquid chromatography with mass 389 

spectra of the reaction products after 50 min, 150 min and 24 h. Additional peak 390 
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corresponding to by-product was detected at 50 min, indicating the degradation of BPA 391 

was happened (Fig. S11). In the case of Fe0-BC, most BPA molecules (m/z 227, 392 

retention time (RT): 4.99 min) were not completely adsorbed or degraded at 24 h. Six 393 

main by-products were identified in this system, among which the peak intensity of 394 

product J (propanedioic acid, m/z 103, RT: 1.08 min) was the highest. In the Fe3C-AB 395 

system, most BPA molecules were adsorbed or degraded into other by-products. In 396 

particular, ten by-products were detected with relatively low peak intensities, implying 397 

that Fe3C-AB had both strong adsorption and degradation capacities.  398 

The degradation pathways of BPA by Fe/C composites were thus proposed, 399 

consisting of two different routes (Figs. 7c-7d). In route 1 of Fe0-BC (Fig. 7c), the two 400 

methylene groups of BPA were cleaved and the demethylated product A was formed 401 

(m/z 199, RT: 1.96 min). Then, isomerization, ring-closing, and oxidation reactions 402 

followed, which afforded intermediate C (m/z 185, RT: 1.58 min). Alternatively, in route 403 

2, BPA was first oxidized to product B (m/z 191, RT: 3.22 min) through a ring-closing 404 

reaction. Afterward, products C and H (m/z 149, RT: 4.35 min) were further oxidized to 405 

benzoic acid (product I, m/z 121, RT: 3.07 min). Propanedioic acid, with the lowest 406 

molecular weight (product J), was the final degradation product of both routes using 407 

Fe0-BC. In contrast, the degradation mediated by the Fe3C-AB system was more 408 

complex. In route 1, the ring-closing and oxidation reactions of product C led to the 409 

formation of product D (m/z 183, RT: 2.98 min), which was subsequently oxidized to 410 

6-hydroxymethyl-2-naphthol (product E, m/z 173, RT: 0.99 min). In route 2, product B 411 

was oxidized to product F (m/z 165, RT: 1.83 min), then dehydrogenation process 412 

induced the formation of G (m/z 163, RT: 3.54 min). The loss of methyl group 413 

accounted for the production of H. At last, product I was transformed into butenedioic 414 

acid (J, m/z 115, RT: 4.14 min). The degradation products of D, E, F and G in Fe0-BC 415 
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system were not detected which might be adsorbed on Fe0-BC material. 416 

Further, density functional reactivity theory (DFRT) was used to analyze the ROS 417 

attack site and Fenton reactivity. In the Fukui function, f-(r) and f0(r) could be used to 418 

indicate the difficulty of a molecule to being attacked by electrophilic reagents and free 419 

radicals, and the larger the value, the more vulnerable a molecule would be attacked by 420 

electrophilic reagents and free radicals (Cao et al., 2015). The dual descriptor Δf(r) 421 

could also describe the site where the molecule was susceptible to electrophilic attack, 422 

and the more negative the area, the more susceptible to electrophilic attack (Morell et al., 423 

2005). The ROS were electrophiles, hence, f-(r), f0(r) and Δf(r) were used to predict the 424 

site of BPA being attacked by ROS. The isosurface distribution of f-(r), f0(r) and Δf(r) 425 

was shown in Fig. S14. The green and blue parts denoted the positive and negative 426 

values, respectively. The positive parts (green) of f0(r) and f-(r) were vulnerable to free 427 

radicals and electrophilic attacks, and the negative parts (blue) of Δf(r) were vulnerable 428 

to electrophilic attacks. According to f0(r) and f-(r), the attack area of ROS mainly 429 

occurred in the benzene ring, C13 and C15, however, the attack activity of each site by 430 

ROS was different. Furthermore, according to Δf(r), the attack area of ROS was more 431 

biased toward the C3, C6, C9, C12, C13, C15, O1, and O2 regions. 432 

To further understand the reactivity of each atom attacked by ROS, the condensed 433 

Fukui function values (fA
− and fA

0) and the condensed dual descriptor (ΔfA) of each atom 434 

were calculated (Fig. 8, Table S5). ROS would preferentially attack atoms with larger 435 

fA
− and fA

0 values and more negative ΔfA values (Yin et al., 2019). For the alkyl chain 436 

(C13-C14-C15), C13 and C15 both have the largest fA
0 and fA

− values (Figs. 8a and 8b), 437 

and the ΔfA value was negative (Fig. 8c), hence, ROS would preferentially attack C13 438 

and C15 on the alkyl chain, which corresponded to the products of degradation pathway 439 

1. 440 
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For the benzene ring, C5 and C8 have the largest fA
0 values (Fig. 8a, Table S5), and 441 

ROS as a free radical will attack the C5 and C8 sites preferentially. Among the benzene 442 

ring and its connecting atoms, O1, C3, C5, and C9 and its central symmetry atoms O2, 443 

C12, C8, and C9 have larger fA
− values, but only O1, C3, and C6 and its central 444 

symmetry atoms O2, C12, and C9 showed negative ΔfA values (Fig. 8c), indicating that 445 

ROS as an electrophile will preferentially attack O1, C3, and C6 and their centrally 446 

symmetric atoms. The values of the condensed Fukui functions and condensed dual 447 

descriptors of centrally symmetric atoms were not equal (Table S5). Notably, ring I had 448 

larger fA
0 and fA

− values than ring II (Figs. 8d and 8e). At the same time, ring I had a 449 

smaller ΔfA value than ring II. This indicated that the attack of ROS on rings I and II 450 

was asymmetric, ROS would preferentially attack ring I, which corresponded to the 451 

product of degradation pathway 2. 452 

4. Conclusions 453 

Porous Fe3C-AB was successfully synthesized through a facile route of pyrolyzing 454 

H3PO4 pre-treated biochar with Fe(NO3)3 at 600 ºC to efficiently remove BPA from 455 

contaminated aqueous solution. The high removal rate and capacity of Fe3C-AB for 456 

BPA were mainly attributed to its improved surface area and porous structure compared 457 

to that of Fe0-BC. The excellent performance of Fe3C-AB was maintained even under 458 

extreme conditions, such as high salinity, different water sources, and a wide pH range 459 

from 5.0 to 11.0. In addition, we confirmed that both adsorption and degradation 460 

mechanisms were involved in BPA removal by Fe/C composites. The development of 461 

hydrogen bonds and the microporous structure of Fe3C-AB resulted in its high 462 

adsorption capacity. Nevertheless, Fe3C-AB also exhibited oxidative activity and •OH, 463 

•O2
−, and 1O2 were generated for BPA degradation. Quenching experiments provided 464 

evidence that 1O2 accounted for 37.0% in the removal of BPA by Fe3C-AB. DFRT 465 
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calculation showed that ROS would preferentially attack ring I, which corresponded to 466 

the product of degradation pathway 2. Given the favorable stability, remarkable 467 

adsorption capacity, oxidative characteristics, excellent reusability, higher PC, and 468 

lower cost of Fe3C-AB, compared to other materials and Fe/C composites, this novel 469 

Fe3C-modified biochar with multiple applications could promote the elimination of 470 

other organic contaminants over a wide pH range and increase the resistance towards 471 

NaCl. The mechanisms for the in situ adsorption and oxidation degradation would 472 

provide a theoretical basis for the application of this system without purging O2 or 473 

adding extra H2O2 in the treatment of organic contaminants in water and create 474 

economic values.  475 
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 683 

Fig. 1. TEM images of (a) Fe0-BC, (b) Fe3C-AB, and the single iron sphere of (c) Fe0-BC, 684 

(d) Fe3C-AB.  685 
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 700 

Fig. 2. Analysis of the outlet gases from the decomposition of the precursors for (a, b) 701 

Fe0-BC and (c, d) Fe3C-AB by TG-MS. 702 
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 704 

 705 
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 710 

 711 

 712 

 713 

 714 

 715 

Fig. 3. (a) The removal kinetics of BPA. Lines represent pseudo second-order kinetic 716 

fitting and the bars are standard deviation. All samples were run in duplicate. The 717 

experiment conditions were 50 mg/L initial concentration at pH 8, 25oC from high 718 

purity water. XRD patterns of (b) Fe0-BC, and (c) Fe3C-AB after reacting with BPA at 719 

24 h. 720 
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Fig. 4. The removal of BPA under (a) different initial concentration, (b) pH, (c) ion 724 

strength and (d) different kind of waters by Fe0-BC, Fe3C-AB, Fe0 and Fe3C at 24 h. 725 

The bars are standard deviation and all samples were run in duplicate. 726 
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 749 

 750 

 751 

Fig. 5. (a) Effect of radical scavengers on BPA removal at 24 h. (b) Quantitative 752 

removal of BPA on different Fe/C composites by adsorption and degradation at 24 h. All 753 

samples were run in duplicate. DMPO spin-trapping spectra for (c) 
•
OH, (d) 

•
O2

- and 754 

TEMP spin-trapping spectra for (e) 1O2 in different Fe/C composites. The bars are 755 

standard deviation. The experiment conditions were 100 mg/L initial concentration at 756 

pH 8, 25 oC from high purity water. 757 
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Fig. 6. Schematic representation of BPA removal mechanism by Fe/C composites. 770 
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 779 

 780 

Fig. 7. Liquid chromatograph of BPA observed at 24 h for (a) Fe0-BC and (b) Fe3C-AB; 781 

Proposed degradation pathway of BPA by (c) Fe0-BC and (d) Fe3C-AB. Dotted square 782 

means the product was not detected in the solution, which might be adsorbed on the 783 

surface of Fe0-BC. The experiment conditions were 50 mg/L initial concentration at pH 784 

8, 25oC from high purity water. 785 
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 791 

Fig. 8. (a), (b), (c) condensed Fukui function fA
0 and fA

−, and condensed dual descriptors 792 

ΔfA value of C1–C15 and O1–O2; (d), (e), (f) box diagram of fA
0, fA

− and ΔfA value of 793 

ring I and ring II. 794 
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