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ABSTRACT 17 

Magnetic biochar (MBC) has been used to remove hexavalent chromium (Cr(VI)) from 18 

water, but the roles of Fe3O4 and persistent free radicals (PFRs) in MBC in Cr(VI) 19 

removal are still less investigated. In this work, the MBC synthesized by microwave co-20 

pyrolysis of solid-state FeSO4 and rice husk was employed to remove Cr(VI) from water. 21 

In comparison to the rice husk biochar (BC), the MBC exhibits the 3.2- and 11.7-fold 22 

higher adsorption and reduction efficiency of Cr(VI), resulting in the higher Cr(VI) 23 

removal efficiency (84.3%) and equilibrium adsorption capacity of MBC (8.35 mg g–1) 24 

than that (26.5% and 2.63 mg g–1) of BC. Multiple characterization results revealed that 25 

the high Cr(VI) removal performance of MBC was mainly attributed to the presence of 26 

active Fe3O4 and carbon-centered PFRs in the porous and graphitic MBC. The Fe3O4 not 27 

only provided active chemisorption/reduction sites for Cr(VI) via its Fe(II)oct and 28 

Fe(III)oct coordination, but also facilitated the generation of more active electron donating 29 

carbon-centered PFRs than carbon-centered PFRs with an oxygen atom in the graphitic 30 

structure to reduce Cr(VI). The presence of Fe3O4 also elevated 36.7 m2 g–1 of BET-31 

surface area and 0.043 cm2 g–1 of pore volume of MBC, promoting the Cr(VI) removal. 32 

The Fe3O4 and carbon-centered PFRs contributed to ~81.8% and ~18.2% of total Cr(III) 33 

generation, respectively. In addition, the initial solution pH was responsible for 34 

determining the relative significance of Cr(VI) adsorption and reduction. This study 35 

provides new insights into the mechanisms of Cr(VI) removal from water by the MBC. 36 
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Capsule: This study shed new mechanistic light on the key roles of Fe3O4 and persistent 37 

free radicals in the MBC in the removal of Cr(VI). 38 

 39 

Keywords: 40 

Magnetic biochar; Hexavalent chromium; Synergistic removal; Magnetite; Persistent free 41 

radicals.  42 
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1. Introduction 43 

Hexavalent chromium (Cr(VI)) in water poses severe threat to human health and 44 

environment due to its high toxicity, carcinogenicity, and mutagenicity (Qian et al., 2017). 45 

It has been designated as a priority pollutant by the U.S. EPA (Guo et al., 2012). Various 46 

Cr(VI) treatment technologies have been reported, such as adsorption (Zhou et al., 2018), 47 

electrocoagulation (Pan et al., 2016), membrane separation (Duan et al., 2017), and ion 48 

exchange (Rapti et al., 2016). Among all these strategies, adsorption is one of the most 49 

effective methods owing to its high efficiency and cost effectiveness (Liu et al., 2016). In 50 

comparison to Cr(VI), trivalent chromium (Cr(III)) is almost 100 times less toxic, less 51 

soluble, less mobile, and can readily form precipitate (e.g., Cr(OH)3) in aqueous solutions 52 

(Katz Sidney and Salem, 1993; Zhang et al., 2017a). Hence, the effective strategy for 53 

concurrent Cr(VI) reduction and in situ adsorption arouses extensive interest for 54 

detoxification of Cr(VI)-contaminated media (Jiang et al., 2014; Wang et al., 2015). It 55 

minimizes the associated health and ecological risks through the decrease of total 56 

chromium (Cr(tot)) in water. 57 

Magnetic biochar (MBC) through the introduction of Fe3O4 has been applied in the 58 

treatment of Cr(VI) contaminated water owing to its easy separation property and high 59 

removal capacity (Cao et al., 2016; Qiu et al., 2015). For example, Wang et al. (2014) 60 

reported that MBC exhibits an excellent magnetic separation property for Cr(VI)-61 

containing electroplating wastewater, and the turbidity of adsorption-treated solution 62 
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could be significantly reduced after 10 min magnetic separation. Recently, several studies 63 

showed that MBC has a higher Cr(VI) removal capacity than unmodified biochar (Li et 64 

al., 2013; Qiu et al., 2014; Qiu et al., 2015). They further suggested that the proposed 65 

mechanisms involve reduction of Cr(VI) to Cr(III) by functional groups (i.e., C–O, and 66 

C–C) of biochar and chemical adsorption on Fe3O4 in MBC. However, the relative 67 

significance of the reduction and sorption roles of Fe3O4 and other potentially active 68 

components in MBC in the removal of Cr(VI) is still unclear. 69 

Recently, an unintentional product (i.e., solid-phase free radicals (SFRs)) after biomass 70 

pyrolysis, although ubiquitous in biochar, has been found by using electron paramagnetic 71 

resonance technique (Chu et al., 2017; Fang et al., 2015b; Yang et al., 2017). Compared 72 

to commonly studied free radicals (e.g., •OH), these SFRs exhibit reactivity with longer 73 

time, ranging from days to months, and thereby are referred as persistent free radicals 74 

(PFRs) (Yang et al., 2017). The PFRs have been reported to mediate electron-transfer 75 

reactions and alter the transformation of contaminants in water (Fang et al., 2014; Yang 76 

et al., 2016). In particular, PFRs in biochar have been demonstrated to donate electrons 77 

to oxidizing agents, including persulfate, hydrogen peroxide, and molecular oxygen, to 78 

form reactive oxygen species for the degradation of organic pollutants (Fang et al., 2015a; 79 

Fang et al., 2015b; Yang et al., 2017). However, the role of PFRs in the MBC in treatment 80 

of Cr(VI)-contaminated water remains relatively nascent. 81 

In the present study, MBC prepared by microwave (MW) pyrolysis of rice husk mixed 82 
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with ferrous sulfate (FeSO4) were employed for Cr(VI) removal. The main objective of 83 

this research was to decipher the roles of Fe3O4 and PFRs in the MBC in the Cr(VI) 84 

removal process and underlying mechanisms of Cr(VI) removal. Detailed comparisons 85 

for Cr(VI) removal performances by MBC and BC, especially adsorption and reduction 86 

capacity, were performed. In particular, X-ray photoelectron spectroscopy (XPS), 87 

electron paramagnetic resonance (EPR), Raman spectroscopy, electrochemical 88 

impedance spectroscopy (EIS) were used to reveal the roles of Fe3O4 and PFRs in the 89 

MBC in the Cr(VI) removal process. Knowledge of this study could shed new 90 

mechanistic light on the Cr(VI) removal by MBC. 91 

 92 

2. Materials and methods 93 

2.1. Chemicals 94 

All the chemicals used in this study are described in the Text S1 of Supporting 95 

information (SI). 96 

 97 

2.2. Magnetic biochar preparation and characterization 98 

Rice husk (RH) was collected from a farm located in Hubei province, China. The 99 

collected RH was washed with deionized water (18.2 MΩ cm), and air-dried at room 100 

temperature. A 25-g portion of RH was evenly mixed with 2.5 g of solid FeSO4 powder, 101 

then the mixture was manually milled. The milled solid particles (with the particle size ≤ 102 
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0.149 mm) was subsequently transferred into a silicon carbide (which is an excellent MW 103 

absorber) vessel covered with a cap in a MW oven (Boyou Microwave Technology 104 

Development Co., Ltd., Nanjing, China) for co-pyrolysis (1 kW, 30 min) under oxygen-105 

limited conditions. The obtained biochars were simply pretreated by 0.1 M HCl solution 106 

for ~5 min to remove some possible impurities (e.g., FeSO4, and alkali-metal salts) in the 107 

MBC, followed by deionized water washing until the pHs reached stable (~4.5). After 108 

being washed, these solid particles were dried in a vacuum oven, then passed through a 109 

0.149-mm sieve again, and finally stored in amber vials (4 °C) for later use. For 110 

comparison, the unmodified biochar was prepared without FeSO4 powder by the similar 111 

procedure. These two biochars aforementioned were labelled as MBC and BC, 112 

respectively. Details of the preparation processes are described in Text S2 of SI. The 113 

production yield of MBC was 33.5%, lower than that (47.2%) of BC. 114 

Fe speciation (i.e., Fe2+ and Fe3+) and content of biochar samples after 1.0 M HCl 115 

digestion for 24 h were analyzed with a modified method (Liao et al., 2017) (Text S3 of 116 

SI). Meanwhile, the other transition metals (e.g., Cu and Mn) in the digestion solution 117 

were also determined by the inductively coupled plasma optical emission spectrometry 118 

(ICP‒OES, Optima 8300, PerkinElmer, U.S.) because they might influence the Cr(VI) 119 

reduction (Table S1). The characterizations of morphology, element contents (C, N, O, 120 

and H), textural properties, crystalline structure, surface chemistry, Zeta potentials, PFRs 121 

species and contents, and electrochemical properties are presented in detail in Text S4 of 122 



8 
 

SI. 123 

 124 

2.3. Batch experiments 125 

Unless otherwise specified, the batch experiment was conducted as follows: 0.2 g of 126 

adsorbent (10 g L‒1) was added to 20 mL of 100 mg L‒1 Cr(VI) solution in a 50 mL plastic 127 

centrifuge tube with screw cap. The initial pH solution was adjusted to 3.0 ± 0.1 with 0.01 128 

and 0.1 M HNO3 or NaOH solution. The HNO3 was selectively used to adjust the initial 129 

solution pH due to little effect of HNO3 itself on Cr(VI) reduction (Text S5 of SI). Then 130 

the mixture was incubated at a rate of 200 rpm at 25 °C for 1440 min (24 h). The 131 

preliminary test demonstrated that the Cr(VI) removal had reached equilibrium within 132 

1440 min (Fig. S1). At different time intervals, 2 mL of sample solutions were sampled 133 

and then filtered through a 0.45 μm membrane for the subsequent analysis. The Cr(VI) 134 

and Cr(tot) in the filtrate were measured by a 1,5-diphenylcarbazide method and ICP‒135 

OES, respectively. The aqueous Cr(III) concentration was calculated based on the 136 

difference of Cr(tot) and Cr(VI). Meanwhile, the Fe(II), Fe(III), and Fe(tot) 137 

concentrations were also analyzed, respectively (Liao et al., 2017). The resulting solid 138 

residues were freeze-dried and then analyzed. 139 

The effect of initial solution pH (from 1.0 to 11.0) was investigated. The effect of anion 140 

species (2 mmol L–1 of Cl–, NO3
–, and SO4

2–, respectively) on the adsorption and 141 

reduction of Cr(VI) was also tested. All the experiments data were the average values of 142 
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triplicate determinations, with the relative errors below 5%. 143 

 144 

3. Results and discussion 145 

3.1. Characterization 146 

As shown in Fig. S2a and S2b, the MBC exhibited more honeycomb and tunnel-like 147 

structures than that of BC. Small pores (0.5–1 μm) were well distributed in the inner-wall 148 

of MBC. This was possibly because the MW “hotspot” effect in the presence of iron-149 

based MW absorbers could promote the release of low-molecular-weight organic matter 150 

of rice husk, resulting in the development of porous structure as well as BET-surface area. 151 

As expected, the BET-surface area and pore volume of MBC were nearly doubled 152 

compared to that of BC (76.9 vs. 40.2 m2 g–1, and 0.087 vs. 0.044 cm3 g–1, respectively), 153 

which suggested that the FeSO4 addition could improve the textural properties of MBC. 154 

The texture properties of as-synthesized MBC were superior to that (BET-surface area of 155 

1.04–50.0 m2 g–1) of many magnetic adsorbents reported in previous studies (Cui et al., 156 

2015; Mohan et al., 2014; Rajput et al., 2016; Ren et al., 2013). In the aid of the EDS 157 

spectrum (inset in Fig. S2b), we observed that iron oxide was anchored into the tunnel-158 

like structures of MBC. It was reported that the attachment of iron oxide could improve 159 

interface contact and mitigate acid dissolution, thereby facilitating the electron transfer 160 

and acid-stability of the composite (Veerakumar et al., 2016). TEM characterization 161 

further validated the presence of mosaic of iron oxide in the thin MBC layer (Fig. S2c). 162 
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High-resolution TEM (HRTEM) analysis demonstrated that the iron oxide exhibited a 163 

well crystalline texture, and its lattice space was 0.294 nm, which might be corresponding 164 

to (220) plane of Fe3O4 (Fig. S2d). 165 

To verify the presence of magnetite Fe3O4 in the MBC, XRD analysis was employed 166 

to check the crystalline structure of MBC as well as BC. As shown in Fig. S2e, after the 167 

FeSO4 addition, the new diffraction peaks at 2θ = 30.1°, 35.4°, 43.2°, 56.9°, and 62.5° were 168 

observed on the MBC, which could be ascribed to respective facets of the (220), (311), 169 

(400), (511), and (440) planes of magnetite Fe3O4 (PDF card 19-0629) (Li et al., 2013), 170 

which was consistent with the XRD pattern of standard Fe3O4. The digestion test showed 171 

that the contents of Fe(II) and Fe(III) in the MBC were 0.272 and 0.493 mmol g−1 (i.e., 172 

Fe(II)/Fe(III) = 1/1.8), respectively, which was fairly close to the expected ratio of 1/2 173 

(Fe3O4). This suggested the presence of Fe3O4 with the average content of 0.255 mmol 174 

g−1 in the MBC. The Fe3O4 formation in the MBC could be explained by the reactions 175 

R1–R4. During the MW heating process, FeSO4·7H2O was first subjected to dehydration 176 

reaction (R1), then the formed FeSO4 was further decomposed into Fe2O3 by the reaction 177 

R2 (Fig. S3), as reported in previous literature (Kanari et al., 2016). After that, Fe2O3 was 178 

finally reduced to Fe3O4 by the main intermediates CO (R3) and H2 (R4) produced from 179 

biomass pyrolysis (Yao et al., 2016). 180 

FeSO4·7H2O 
MW
→   FeSO

4
 + 7H2O       (R1) 181 

FeSO4 
MW
→   Fe2O3 + SO2 + O2        (R2) 182 
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Fe2O3 + CO 
MW
→   Fe3O4 + CO2       (R3) 183 

Fe2O3 + H2 
MW
→   Fe3O4 + H2O        (R4) 184 

The FTIR spectra of MBC and BC are presented in Fig. S2f. In comparison to the BC, 185 

the MBC exhibited a new peak at ~586 cm–1, which was indicative of stretching vibration 186 

of Fe–O in Fe3O4. The peak positions of aromatic C=O and C–O vibrations considerably 187 

shifted from 1585 and 1095 cm–1 to 1541 and 1121 cm–1, respectively, suggesting that 188 

these two groups were likely to interact with Fe3O4 (Jiang et al., 2014; Jin et al., 2015; 189 

Rao et al., 2013). Their relative peak intensities also decreased, which may be attributed 190 

to decomposition at a high pyrolysis temperature due to the presence of iron-based MW 191 

absorbers. The magnetic property of MBC was investigated. Fig. S4 shows that the MBC 192 

was well dispersed in Cr(VI) containing solution, the spent MBC could be easily 193 

separated from the dispersion solution by holding the samples close to a magnet. This 194 

indicated that the magnetic separation of MBC was feasible for the treatment of Cr(VI)-195 

contaminated water by an external magnetic field. 196 

 197 

3.2. Cr(VI) adsorption and reduction performance 198 

The MBC and BC were employed to remove Cr(VI) from water. The time profiles of 199 

aqueous Cr species variations with MBC and BC show contrasting differences (Fig. 1a 200 

and 1b). For the BC-Cr(VI) system, the aqueous Cr(VI) concentration slowly decreased 201 

from 100 to 73.6 mg L−1 within 1440 min, whereas the aqueous Cr(III) concentration was 202 
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extremely low (< 0.5 mg L−1), reflecting that the BC had a comparatively poor Cr(VI) 203 

removal performance. In contrast, the Cr(VI) removal by the MBC clearly presented three 204 

stages in the whole process (0−1440 min). More information about the subdivision of 205 

three stages can be seen in the Text S6 of SI. The aqueous Cr(VI) concentration 206 

dramatically decreased from 100 to 33.2 mg L−1 (0−160 min), gradually decreased to 15.8 207 

mg L−1 (160–1120 min), and ultimately equilibrated to 15.7 mg L−1 (1120–1440 min). 208 

This was mainly ascribed to the electrostatic attraction between the Cr(VI) anions (e.g., 209 

HCrO4
–) and the positive surface charge of MBC (pHzpc = 4.4, solution pH 3.0–4.4) (Fig. 210 

S5 and S6). At the respective stage, the aqueous Cr(III) generated by Cr(VI) reduction 211 

clearly increased from 0 to 5.1 mg L−1, slowly reduced to 0.9 mg L−1, and finally achieved 212 

0.8 mg L−1. This indicated that some of positively charged Cr(III) (Fig. S7) was initially 213 

released into solution from solid MBC due to the electrostatic repulsion (solution pH 3.0–214 

4.4), then adsorbed onto MBC via electrostatic attraction again (solution pH 4.4–5.4). 215 

These results revealed that MBC had a much higher removal efficiency (84.3%) than BC 216 

(26.5%), also confirmed that the Cr(VI) removal by MBC and BC was a hybrid 217 

adsorption-reduction process. 218 

To decipher the difference of Cr(VI) removal between MBC and BC, the abilities of 219 

MBC, BC and pure Fe3O4 to adsorb Cr(VI) (ηads) were first evaluated using Eq. (1). 220 

η
ads

 (%) = 
(C0 - C

t
T

) 

C0
 × 100          (1) 221 

where C0 is the aqueous Cr(VI) concentration at the time 0 (min). Ct
T (mg L−1) is the 222 
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aqueous Cr(tot) concentrations (mg L−1) at the time t (min). 223 

As presented in Fig. 1c, the Cr(VI) adsorption efficiency of BC was 26.3%, which was 224 

3.2-fold lower than that (83.5%) of MBC. In contrast, pure Fe3O4 (at an amount 225 

equivalent to Fe3O4 content of MBC addition) had just 31.2% of Cr(VI) adsorption 226 

efficiency, which was substantially lower than that of MBC. Moreover, the sum of Cr(VI) 227 

adsorption efficiency of their individuals was 57.5%, which was less than that of MBC. 228 

This demonstrated that the presence of Fe3O4 in the MBC played a synergistic role in the 229 

Cr(VI) adsorption process. The equilibrium Cr(VI) adsorption capacities of MBC, BC, 230 

and Fe3O4 were 8.35, 2.63, and 3.12 mg g–1, respectively. The adsorption capacity 231 

normalized with BET-surface area were also calculated (Table S2), which reflected that 232 

the higher Cr(VI) adsorption capacity of MBC was not ascribed only to the BET-surface 233 

area, but probably involved the Cr(VI) reduction. 234 

Based on the Cr 2p3/2 XPS quantitative analyses of Cr-loaded adsorbents and aqueous 235 

Cr(III) concentration after 1440 min (Table S3 and Fig. 2a), we further investigated the 236 

Cr(VI) reduction efficiencies (ηred) of MBC, BC, and pure Fe3O4 by employing Eq. (2), 237 

respectively. 238 

η
red

 (%) = 
(Ct

T-Ct)  + (C0 - Ct
T

) Rs

C0
 × 100        (2) 239 

where Ct is the aqueous Cr(VI) concentrations (mg L−1) at the time t (min). Rs (%) is the 240 

percent of Cr(III) to Cr(tot) adsorbed on the surface of adsorbents. 241 

As depicted in Fig. 1d, we found that ~58.7% of Cr(VI) was reduced by MBC, while 242 



14 
 

the Cr(VI) reduction efficiency of BC and pure Fe3O4 was just ~5.0% and ~27.4% (more 243 

information can be seen in Text S7), respectively. This indicated that the MBC had the 244 

most reduction sites for Cr(VI). Furthermore, ~46.9% of Cr(VI) reduction resulted from 245 

the full oxidation of Fe3O4 in the MBC (Fig. 2b), higher than that (27.4%) of pure Fe3O4, 246 

which might be due to well-dispersion of Fe3O4 in the MBC. The active carbon-based 247 

compartment of MBC contributed to ~11.8% of Cr(VI) reduction, higher than that (~5.0%) 248 

of BC. This revealed that the carbon-based compartment of MBC had a higher reduction 249 

capacity than that of BC, which might be related to different types and/or contents of 250 

reduced components in the adsorbents. After the Cr(VI) removal, the solution pH 251 

increased from 3.0 to 5.4 for MBC, 5.7 for BC, and 4.2 for Fe3O4, i.e., the apparent pH 252 

change of MBC-Cr(VI), BC-Cr(VI), and Fe3O4-Cr(VI) solution was 2.4, 2.7, and 1.2, 253 

respectively. However, the apparent pH change unnecessarily indicated the Cr(VI) 254 

reduction efficiency due to the inherent alkaline properties of carbon-based adsorbents. 255 

In summary, the formation of Fe3O4 in the MBC could induce a synergistic effect on the 256 

generation of adsorption and reduction sites for Cr(VI) instead of a simple sum of their 257 

individuals, accounting for the significant improvement of Cr(VI) removal. 258 
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 259 

Fig. 1. Time profiles of aqueous Cr species variation with MBC (a) and BC (b), 260 

comparisons of Cr(VI) adsorption (c) and reduction (d) efficiency of MBC, BC, and pure 261 

Fe3O4. Conditions: 10 g L–1 of MBC and BC, 0.6 g L–1 of pure Fe3O4 (at an amount 262 

equivalent to Fe3O4 content of MBC addition); the initial solution pH of 3.0; the initial 263 

Cr(VI) concentration of 100 mg L‒1; reaction time of 0−1440 min; reaction temperature 264 

of 25 °C. 265 

 266 

3.3. Roles of Fe3O4 and PFRs in Cr(VI) adsorption and reduction 267 

3.3.1. Role of Fe3O4 268 

The surface information of MBC before and after the Cr(VI) removal was checked to 269 

propose the role of Fe3O4 in the adsorption and reduction of Cr(VI). As presented in the 270 
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Fe 2p3/2 XPS spectra in Fig. 2b and Table S4, before the Cr(VI) removal, three peaks at 271 

710.6, 711.6, and 714.1 eV were observed on the MBC, which were attributed to Fe(II) 272 

and Fe(III) in octahedral coordination (Fe(II)oct and Fe(III)oct) and Fe(III) in tetrahedral 273 

coordination (Fe(III)tet) of Fe3O4, respectively (Bhargava et al., 2007; Eltouny and Ariya, 274 

2012; Wilson and Langell, 2014; Yamashita and Hayes, 2008). After the Cr(VI) removal, 275 

the Fe(II)oct peak obviously disappeared, while a new peak emerged at 719.9 eV for Fe 276 

2p3/2 satellite peak, indicating that Fe(II) was oxidized to Fe(III). The XRD pattern of Cr-277 

loaded MBC (Fig. S8a) should be attributed to the presence of γ-Fe2O3 rather than Fe3O4, 278 

although they have exhibited similar XRD patterns. This assignment can be further 279 

consolidated by the XPS results that demonstrated a fully oxidized state of iron oxides 280 

and previous studies (Liu et al., 2012; Pinakidou et al., 2016; Yuan et al., 2010). During 281 

the oxidation process of the Fe(II)oct atoms to Fe(III), cation vacancies were generated at 282 

the octahedral sites. Considering the balance of electroneutrality, there should be either 283 

the electron migration or diffusion of Fe(II) from internal Fe3O4 to the oxidized iron-284 

based surface of bulk MBC. Therefore, the adsorbed Cr(VI) could be reduced to Cr(III) 285 

by reaction with the migrated electrons or Fe(II) (Liu et al., 2015). In addition, the 286 

variation of Fe(III)oct peak suggested the participation of Fe(III)oct in the Cr(VI) 287 

adsorption. These results demonstrated that the Fe(II)oct and Fe(III)oct coordination in 288 

Fe3O4 could provide the active chemisorption/reduction sites for Cr(VI) via the reactions 289 

R5–R6, promoting the Cr(VI) removal. Such active chemisorption/reduction sites for 290 
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Cr(VI) was not affected by competitive anions, such as Cl–, NO3
–, and SO4

2– in our 291 

supplementary tests (Fig. S9). 292 

≡Fe(II)
oct

+ Cr(VI)
ads

  + Hads
+  → ≡Fe(III)

oct
–Cr(III) + H2O  (R5) 293 

≡Fe(III)
oct

 + Cr(VI)
ads

 → ≡Fe(III)
oct

–Cr(VI)     (R6) 294 

As provided in Table S4, the Fe(II)/Fe(III) ratio of MBC decreased from 0.5 to 0 after 295 

the Cr(VI) removal, indicating that Fe3O4 was completely oxidized to Fe2O3. Thus, 0.051 296 

mmol Fe3O4 in 0.2 g of MBC resulted in 0.018 mmol of Cr(III) generation, accounting 297 

for ~81.8% (i.e., 0.018 mmol/0.022 mmol) of the sum of Cr(III) (i.e., 0.032 mmol × 298 

~69.6%) on the surface of MBC. In other words, the complete oxidation of Fe3O4 299 

quantitatively contributed to the ~81.8% of total Cr(III) generation on the surface of MBC 300 

particles. 301 

 302 

Fig. 2. (a) Cr 2p3/2 and (b) Fe 2p3/2 XPS spectra of MBC or BC before and/or after the 303 

Cr(VI) removal. 304 

 305 

3.3.2. Role of PFRs 306 
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We hypothesized that the Cr(VI) reduction capacities of MBC and BC might be related 307 

to PFRs, and therefore analyzed the EPR spectra to quantify PFRs in the MBC and BC. 308 

Both MBC and BC had the broad singlet EPR signals, which indicated the presence of 309 

PFRs in both biochars (Fig. 3a). The PFRs concentration of MBC was 5.754 × 1017 spins 310 

g–1, lower than that (8.943 × 1017 spins g–1) of BC, reflecting the MBC contained less 311 

PFRs. It was reported that g-factors of PFRs are less than 2.0030 for carbon-centered 312 

radicals but fall in the range of 2.0030–2.0040 for carbon-centered radicals with an 313 

adjacent oxygen atom, respectively, whereas g-factors are over 2.0040 for oxygen-314 

centered radicals (Yang et al., 2017). Based on our results, g-factors of MBC and BC 315 

were 2.0026 and 2.0038, which were characteristic of carbon-centered radicals (denoted 316 

as aromatic •C) and carbon-centered PFRs with an adjacent oxygen atom (denoted as •C–317 

O), respectively. After the Cr(VI) removal, we found that these PFRs concentrations of 318 

MBC (1.491 × 1017 spins g–1) and BC (1.108 × 1017 spins g–1) were consumed to different 319 

extents (Fig. 3b). This suggested that these two PFRs could participate in the Cr(VI) 320 

reduction by the reaction R7, but the aromatic •C in the MBC showed a higher reduction 321 

capacity than that of •C–O in the BC. 322 

≡PFRs + Cr(VI)
ads

+ Hads
+  → ≡Oxidized organic matter + Cr(III)

ads
 + H2O  (R7) 323 

These could be ascribed to the following reasons: (1) the carbon atom in aromatic •C 324 

(0.007 e) had a lower positive Mulliken charge than that in •C–O ( 0.150 e) (calculated 325 

with Material Studio version 8.0) (Li et al., 2017), indicating that the former had a higher 326 
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electron donating ability to reduce Cr(VI) (Fig. S10). The detailed calculation process can 327 

be seen in the Text S8 of SI; (2) the carbon-based compartment of MBC with graphitic 328 

structure possessed a higher electrical conductivity compared to BC, suggesting that 329 

MBC could promote the transfer of electrons from the reduced components such as PFRs 330 

and Fe3O4 to Cr(VI). 331 

To verify this, Raman spectroscopy was used to investigate the graphitic properties of 332 

MBC and BC that may affect the ability of electron transfer. The characteristic D band is 333 

owing to the disorder in aromatic ring structure in sp3carbon atoms, and G band is related 334 

to the vibration of carbon atoms in sp2 sites (Luo et al., 2014; Zhang et al., 2016). The 335 

intensity ratio of the D and G band (ID/IG) is a useful indicator to evaluate the ordered and 336 

disordered crystal structures of carbon (Li et al., 2013). Fig. 3c demonstrates that the D 337 

and G bands for the BC and MBC at about 1353 cm−1 and 1590 cm−1 were both observed, 338 

respectively, which were in good correspondence with the literature (Zhang et al., 2016). 339 

The ID/IG ratio of MBC was 0.78, lower than that (0.93) of BC, which indicated the 340 

presence of more sp2 graphitic domains in the MBC. This suggested that MBC could 341 

facilitate a larger extent of electron transfer reactions to improve the Cr(VI) reduction. 342 

This was because the MW “hotspot” effect could enhance localized pyrolysis temperature 343 

to facilitate the development of graphitic structure in the presence of iron-based MW 344 

absorbers (e.g., Fe3O4 and Fe2O3) during the MW irradiation process (Sun et al., 2011; 345 

Wang et al., 2014). 346 
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EIS tests were further performed and presented in Fig. 3d, in which the smaller radius 347 

of semicircle for MBC than that for BC revealed an increase in electrical conductivity in 348 

the MBC due to the formation of graphitic structure. In addition, as summarized in Table 349 

S5, the H/C and O/C ratios of MBC were lower than those of BC (0.02 vs. 0.05, and 0.93 350 

vs. 1.17, respectively), suggesting that the MBC had a higher potential to induce electron 351 

transfer reactions than that of BC (Sun et al., 2017). Therefore, the formation of aromatic 352 

•C in the graphitic carbon-based compartment of MBC could play an important role in 353 

the Cr(VI) reduction. Nevertheless, considerable amounts of PFRs still remained in the 354 

MBC after the Cr(VI) removal, which was possibly because the low concentrations of 355 

Cr(VI) (~15.7 mg L–1) and proton (1.0 × 10–5.4 M) at the final stage (Fig. 1a and Fig. S6) 356 

could not initiate the redox reaction. This also implied that the reactivity of Fe3O4 was 357 

higher for Cr(VI) reduction than that of PFRs. 358 

Although the carbon-containing groups (e.g., C–C) were suggested to reduce Cr(VI) 359 

(Qiu et al., 2015), as shown in Fig. S11, the contents of carbon-containing (i.e., C–C, C=C, 360 

and C–H) groups displayed little differences (Table S6) before and after the Cr(VI) 361 

removal. Therefore, it is important to note that these functional groups should have a 362 

minimal role in the Cr(VI) reduction due to a lower reactivity compared to that of active 363 

Fe3O4 and PFRs. Owing to the pH- and concentration-dependent Cr(VI) redox potential 364 

(Eh), the increasing pH (from 3.0 to 5.4) and decreasing Cr(VI) concentration (from 100 365 

to 15.7 mg L–1) during the Cr(VI) removal process possibly inhibited the redox reactions 366 
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between these functional groups and Cr(VI), especially in the presence of active Fe3O4 367 

and PFRs. After the Cr(VI) removal, the slight shifts of C–O and C=O groups suggested 368 

the complexation with Cr(III) (Fig. S8b), which was consolidated by previous studies 369 

(Zhang et al., 2017b; Zhao et al., 2016). Also the peak position shifted from 586 to 578 370 

cm–1 demonstrated the presence of Fe–O–Cr bond (Rajput et al., 2016), which may 371 

indicate the formation of some precipitates (e.g., FexCr1–x(OH)3). In addition, the effects 372 

of inherent components such as dissolved organic matter (DOM) and transition metals 373 

(Fe, Mn, and Cu) on the Cr(VI) reduction were explored, which had little effect on the 374 

reduction of Cr(VI) (Text S9). It appears that Cr(VI) could not be reduced by the 375 

traditional functional groups, DOM, and transition metals in the MBC, hence the aromatic 376 

•C in the MBC was considered to be responsible for the production of the rest of 0.004 377 

mmol Cr(III), accounting for 18.2% of the total Cr(III) generation (i.e., 0.004 mmol/0.022 378 

mmol). 379 
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 380 

Fig. 3. EPR spectra of BC (a) and MBC (b) before and after the Cr(VI) removal, Raman 381 

spectra (c), and EIS (d) of BC and MBC. 382 

 383 

3.4. Effect of solution pH 384 

The aqueous Cr(VI) concentration was found to dramatically increase from 0.2 to 70.3 385 

mg L−1 as the initial solution pH increased from 1.0 to 11.0 (Fig. 4). There was a strong 386 

and positive correlation (R2 = 0.997) between the initial solution pH and residual Cr(VI) 387 

concentration (Fig. S12). The results demonstrated that the low initial solution pH could 388 

facilitate the Cr(VI) removal. Fig. S13 shows the major speciation of Cr(VI) in aqueous 389 

solution were HCrO4
– CrO4

2−, and Cr2O7
2−, whose distributions were highly dependent 390 

on solution pH at a given total chromate concentration (100 mg L–1). At solution pH 1.0–391 

6.3, the predominant HCrO4
– in the aqueous solution had more negative adsorption free 392 
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energy than that of other two Cr(VI) anions (i.e., CrO4
2− and Cr2O7

2−) (Rajput et al., 2016), 393 

thus improving the Cr(VI) adsorption. However, CrO4
2–

 was dominant above pH 6.3, 394 

which was unfavorable for the Cr(VI) adsorption. In addition, a lower pH value can 395 

facilitate Cr(VI) reduction to Cr(III) by MBC (Table S7 and Fig. S14), thereby resulting 396 

in the higher Cr(VI) removal. 397 

The initial solution pH also had a significant effect on the surface charge and solubility 398 

of MBC. The high Cr(VI) removal by electrostatic attraction occurred below solution pH 399 

4.4 (pHzpc = 4.4) where the surface of MBC had a net positive charge (e.g., FeOH2
+ in 400 

Fe3O4 and –COOH2
+ in functional groups). However, the surface charge of MBC became 401 

more negative (e.g., Fe–O– and –COO–) with increasing pH from 4.4 to 11.0. This 402 

indicated that both stronger electrostatic repulsion and higher competition with OH– 403 

hindered the Cr(VI) removal. Moreover, Fe3O4 was reported to be ineffective for the 404 

Cr(VI) adsorption and reduction under basic conditions (He and Traina, 2005), and 405 

solution pH was expected to affect Fe dissolution from iron-based composites. Hence, the 406 

concentrations of Fe(II) and Fe(III) in solution were simultaneously monitored at pH 1.0–407 

11.0 (Fig. S15). At pH 1.0, only Fe(III) (113.3 mg L−1) instead of Fe(II) was detected in 408 

the solution. This suggested that the dissolved Fe(II) from the MBC was fully oxidized to 409 

Fe(III) by Cr(VI) in the solution, i.e., homogeneous redox reaction. At pH ≥ 3.0, both 410 

Fe(II) and Fe(III) concentrations in the solution were undetectable, reflecting that the 411 

MBC was relatively stable under acidic condition and the Cr(VI) removal was a 412 
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heterogeneous redox process. 413 

In addition, the effect of solution pH on PFRs for the Cr(VI) reduction was investigated. 414 

As seen in Fig. S16, after the Cr(VI) removal, the decreasing intensity of EPR signals was 415 

clearly observed with decreasing solution pH, consistent with the residual Cr(VI) 416 

concentration in the solution. This implied that the higher oxidation potential of Cr(VI) 417 

at lower pH could stimulate its reduction by PFRs. At a concentration equivalent (mg L–418 

1), the higher concentration of Cr(III) generation (more than 73.8 mg L–1) at pH 1.0 than 419 

that at pH 3.0 (58.7 mg L–1) further supported that more Cr(VI) could be reduced by PFRs 420 

at a lower pH. These confirmed the high dependence of reduction of Cr(VI) by PFRs on 421 

the solution pH. 422 

 423 

Fig. 4. Effect of initial solution pH on the Cr(VI) adsorption and reduction. Conditions: 424 

10 g L–1 of MBC; the initial solution pH of 1.0–11.0; the initial Cr(VI) concentration of 425 

100 mg L‒1; reaction time of 1440 min; reaction temperature of 25 °C. 426 
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 427 

3.5. Mechanisms of the Cr(VI) removal by the MBC 428 

Based on the aforementioned results and analyses, the mechanisms of Cr(VI) removal 429 

by Fe3O4 and carbon-centered PFRs in the MBC at the initial solution pH 3.0 were 430 

proposed and illustrated in Scheme 1: (1) The Cr(VI) was electrostatically adsorbed onto 431 

the Fe(II)oct and Fe(III)oct coordination in Fe3O4. The adsorbed Cr(VI) could be partially 432 

reduced to Cr(III) by the Fe(II)oct coordination to form precipitates (e.g., FexCr1–x(OH)3) 433 

as well as small release of Cr(III) cation due to electrostatic repulsion, while the rest of 434 

Cr(VI) interacted with the Fe(III)oct coordination via lattice oxygen. At the final stage, 435 

some of released Cr(III) could be again adsorbed onto the MBC by the electrostatic 436 

adsorption. (2) The Cr(VI) could be brought into close proximity with carbon-based 437 

compartment of MBC, subsequently reduced by adjacent carbon-centered PFRs as well 438 

as far carbon-centered PFRs in the graphitic basal MBC via electron conduction. Finally, 439 

the formed Cr(III) can complex with the functional groups (e.g., C–O and C=O) on the 440 

surface of MBC. 441 
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 442 

Scheme 1. Mechanisms of the Cr(VI) removal from solution by the MBC. 443 

 444 

4. Conclusions 445 

In this work, we prepared the MBC with active Fe3O4 and carbon-centered PFRs using 446 

one-step microwave co-pyrolysis of rice husk and solid FeSO4, then systematically 447 

investigated the Cr(VI) removal behaviors and deciphered the key roles of these two 448 

active components in the Cr(VI) removal from water. The MBC exhibited 84.3% of Cr(VI) 449 

removal efficiency, which was a much higher than BC (26.5%). The Fe(II)oct and Fe(III)oct 450 

coordination in Fe3O4 can act as active chemisorption/reduction sites to directly remove 451 

Cr(VI). Interestingly, Fe3O4 not only induced the increase of BET-surface area and pore 452 

volume to improve Cr(VI) adsorption, but also stimulated the generation of more electron 453 

donating carbon-centered PFRs and development of graphitic structure to enhance the 454 

Cr(VI) reduction. The Fe3O4 and carbon-centered PFRs in the MBC accounted for 81.8% 455 
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and 18.2% of total Cr(III) generation, respectively. In addition, the initial solution pH had 456 

a significant influence on the Cr(VI) removal. Although the MBC has been systematically 457 

investigated to treat model Cr(VI)-containing water, the application of MBC for practical 458 

Cr(VI)-contaminated water treatment needs to be further studied, especially the 459 

corresponding Cr(VI) removal mechanisms.  460 
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