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Transition metal iron and persistent free radicals (PFRs) both affect the redox properties
of biochar, but the electron transfer relationship between them and the coupling reduc-
tion mechanism of Cr(VI) requires further investigation. To untangle the interplay between
iron and PFRs in biochar and the influences on redox properties, FeCl;-modified rice husk
biochar (FBCs) was prepared and its reduction mechanism for Cr(VI) without light was eval-
uated. The FBCs had higher surface positive charges, oxygen-containing functional groups,
and PFRs compared with pristine rice husk biochar (BC). Phenoxyl PFRs with high electron-
donating capability formed in biochar. The pronounced electron paramagnetic resonance
signals showed that the PFRs preferred to form at lower Fe(IIl) concentrations. While a high
concentration of Fe(IIl) would be reduced to Fe(Il) and consumed the formed PFRs. Adsorp-
tion kinetics and X-ray photoelectron spectroscopy analysis indicated that the FBCs effec-
tively enhanced the Cr(VI) removal efficiency by 1.54-8.20 fold and the Cr(VI) reduction ef-
ficiency by 1.88-9.29 fold compared to those of BC. PFRs quenching and competitive reduc-
tant addition experiments revealed that the higher Cr(VI) reduction performance of FBCs
was mainly attributed to the formed PFRs, which could contribute to ~74.0% of Cr(VI) re-
duction by direct or indirect electron transfer. The PFRs on FBCs surfaces could promote the
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Fe(III)/Fe(Il) cycle through single electron transfer and synergistically accelerate ~52.3% of
Cr(VI) reduction. This study provides an improved understanding of the reduction mecha-
nism of iron-modified biochar PFRs on Cr(VI) in environments.

© 2023 The Research Center for Eco-Environmental Sciences, Chinese Academy of

Sciences. Published by Elsevier B.V.

Introduction

Biochar, derived from incomplete biomass combustion, is
a carbon-rich substance with abundant surface functional
groups and developed micropore structures (Mandal et al,,
2021; Vithanage et al., 2017). Recently, biochar has received
extensive attention due to its application in improving soil
fertility, sequestering carbon, and controlling the migration
of contaminants (Lehmann et al., 2011). Many investigators
have shown the excellent adsorption ability of organic con-
taminants and toxic metal ions on biochar (Hu et al., 2019;
Zhao et al., 2018). A few of the findings regarding the redox
properties of biochar have been documented (Cuong et al,,
2021; Shen et al., 2021). For example, biochar can accept or do-
nate several hundred micromoles of electrons per gram due to
its abundant phenolic, and quinone moieties, as well as con-
jugated w-electrons (Kemper et al., 2008; Kliipfel et al., 2014;
Xu et al., 2013).

Persistent free radicals (PFRs), generated from pyrolysis
or hydrothermal carbonization of biomass, have been found
on biochar surfaces and can affect the redox properties of
biochar (Chacén et al., 2020; Zhu et al., 2020; Zhao et al., 2018;
Fang et al.,, 2015). In addition, the significant effect of PFRs
type on the redox properties of biochar has been reported
(Chen et al., 2021; Ruan et al., 2019; Zhong et al., 2018). For in-
stance, carbon-centered PFRs (i.e., cyclopentadiene radicals)
have a strong electron-supplying capacity (Zhong et al., 2018).
Oxygen-centered PFRs (i.e., semiquinone radicals) can be in-
voked as temporary electron carriers to participate reversibly
in redox reactions (Xu et al., 2019). Recently, transition met-
als have been discovered as one key factor determining the
formation and stability of biochar PFRs (Ruan et al., 2019;
Fang et al., 2015). Exogenous Fe(Ill) could facilitate the decar-
boxylation of organic matter during biochar pyrolysis and pro-
mote the formation of PFRs (Vejerano et al., 2011). However,
Fangetal. (2015) found that the excess exogenous Fe(III) would
consume the formed PFRs, since PFRs can act as an electron
donor to mediate the reduction of Fe(IIl) to Fe(Il). Therefore,
transition metal ions may exhibit a double-effect in the for-
mation of PFRs, yet this double-effect on biochar redox prop-
erties needs to be further verified.

Chromium (Cr), a redox-active metal element, predomi-
nately exists in two states, namely Cr(Ill) and Cr(VI) (Xu et
a., 2020b; Park et al., 2004). Cr(VI) in the form of an oxyanion
(i.e., CrO4?7) is regarded as a typical toxic contaminant by the
U.S. EPA due to its impacts on chronic liver damage and pul-
monary congestion (Zhu et al., 2020; Gonzalez et al., 2005). The
toxic risks are mainly from the high mobility of Cr(VI) owing to
repulsive electrostatic interactions between the Cr(VI) oxyan-
ion and negatively charged soil or sediment (Fendorf, 1995).
Cr(I1I) is of low toxicity and mobility compared with Cr(VI) and
plays an important role in sugar and fat metabolism as essen-

tial for living organisms (Pechova and Pavlata, 2007). There-
fore, the transformation of Cr(VI) to Cr(Ill) is an important
process of soil Cr(VI) remediation. Recently, PFRs on biochar
could trigger a successive single-electron transfer reaction to
Cr(VI) detoxification has been demonstrated (Zhu et al., 2020;
Yang et al., 2016a). However, biochar has a relatively weak ad-
sorption affinity for Cr(VI) due to its negative surface charge,
further restricting its conversion of Cr(VI) to Cr(Ill) (Wang et al.,
2020). Iron modification can regulate the surface charge and
produce reductive Fe(ll) or Fe® on biochar, and the porous
structure of biochar can reduce the agglomerations of these
highly activated Fe, thus improve the adsorption-reduction
ability of Cr(VI) (Liu et al., 2020; Su et al., 2021; Wang et al,,
2020; Zhong et al., 2018; Zhou et al., 2022). Additionally, due
to the magnetic effect of iron, iron-modified biochar can be
easily separated and has been widely used in soil remediation
(zhong et al., 2018). However, they did not focus on the cou-
pling electron transfer mechanism of iron and PFRs on iron-
modified biochar for Cr(VI) reduction. Additionally, enhanced
electron transfer of biochar PFRs by ultraviolet or visible-light
irradiation has been documented (Chen et al., 2021; Tanget al.,
2021; Yi et al., 2021). These photo-derived PFRs, different from
that derived during pyrolysis processes, are reversible and un-
stable, which was documented to induce the release of elec-
trons to oxygen and promote the generation of active free rad-
icals, thus improved the degradation or transformation of pol-
lutants (Shiet al., 2020; Tang et al., 2021). Whilst, the studies on
the transformation of heavy metals without light (such as soil
environment) and the contribution mediated by the pyrolysis
irradiated PFRs in the iron-modified biochar are limited.

For this purpose, iron-modified biochar was prepared by
infiltrating rice husk with FeCl;y before slow pyrolysis and
its reduction mechanism for Cr(VI) without light was evalu-
ated. The objectives of this work were (1) to study the sur-
face properties (functional groups, electronic charge, etc.) and
PFRs of biochar after FeCl; modification, and (2) to investigate
the removal performance and reduction mechanism of Cr(VI)
for FeClz-modified biochar, as well as (3) to clarify the cou-
pling electron transfer mechanism and contribution of FeCl;-
modified biochar from PFRs and Fe(II) to Cr(VI) in the natural
dark environment.

1. Materials and methods
1.1. Preparation of biochar and iron-modified biochar

Rice husk, a typical agricultural waste, was chosen as biomass.
The collected rice husk was washed with distilled water,
dried at 60°C for 24 hr, and crushed to pass through a 60-
mesh sieve. The biochar was produced by slow pyrolysis
under an oxygen-limited condition as previously reported
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(Zhangetal., 2019). Briefly, crushed biomass was pyrolyzed un-
der the N,-atmosphere with a temperature programming pro-
cess as follows: 100°C for 30 min, and then elevated to 300°C
(400, 500, 600, 700, and 800°C) at 10 °C/min and maintained for
2 hr. The PFRs concentration of biochar at different temper-
atures was measured using electron paramagnetic resonance
(EPR). The highest PFRs concentration was found at 500°C (Ap-
pendix A Fig. Sla). Therefore, the subsequent iron-modified
biochar samples (FBCs) were pyrolyzed at 500°C, and the pris-
tine biochar pyrolyzed at 500°C was named BC.

Rice husk powders were impregnated in FeCl; solution for
12 hr at Fe/biomass of 1% and 5% (W/W). Then the mixture
was dried at 80°C and ground before thermal treatment. The
powdered samples were slowly pyrolyzed at 500°C under a N,
atmosphere for 2 hr, yielding FBC-1 and FBC-5, respectively.

1.2.  Characterization of biochar and iron-modified
biochar

The C, H, and N contents of the samples were measured us-
ing a Vario EL CUBE elemental analyzer (Elementar, Germany),
and the O contents were analyzed with a Vario ELIII elemen-
tal analyzer (Elementar, Germany). The CO, isotherms were
measured at 273 K using a Micromeritics ASAP 2020 surface
area and pore size analyzer at a relatively atmospheric pres-
sure of 1 x 10% to 0.03 (Micromeritics, America). The sur-
face charges of the biochar samples at different pH values
(3-11) were measured in terms of zeta potential by a Mal-
ven MPT-2/Zeta sizer Nano ZS instrument (Mastersizer 3000,
Britain). The solid surface chemistry and microscopic features
of biochar and iron-modified biochar were characterized by
scanning electron microscopy (SEM, TESCAN MIRA4, Britain)
with an energy-dispersive spectrometer (EDS, Oxford, Britain).
The crystal iron minerals in the biochar were characterized
by X-ray diffraction (XRD); data were collected from 10° to 80°
260 with a step size of 0.02 degrees and 1.0 sec per step us-
ing Co Ka radiation (D2 Phaser, Bruker, Germany). The oxy-
gen functional groups of the biochar samples were evaluated
by Fourier transform infrared spectrometer (FTIR, IRTrace-100,
Shimadzu, Japan) in the region of 400-4000 cm~! with a reso-
lution of 4 cm~1. The surface elemental composition (C, N O,
Fe, and Cr) and carbon-based functional groups of the biochar
samples were measured by X-ray photoelectron spectroscopy
(XPS) with a K-Alpha instrument (Thermo Scientific, Britain).

1.3. EPR measurements and PFRs quenching experiments

Biochar solid samples. A total of 20 mg of BC or FBCs was in-
jected into a micropipette in an EPR instrument (Bruker A300
spectrometer, Germany) under ambient conditions. The spe-
cific parameters were as follows: center field 3510 G, sweep
width 300 G, microwave frequency 9.85 GHz, microwave power
19.23 mW, modulation frequency 100 kHz, modulation am-
plitude 1.0 G, and sweep time 60.42 sec (Liang et al., 2020;
Zhu et al., 2020).

0,"~ measurement in solutions. The O,'~ was character-
ized by EPR coupled with 5,5-dimethyl-l-pyrroline-N-oxide
(DMPO) as a spin-trapping agent (Han et al., 2022). Briefly, each
5.0 g/L biochar suspension was filtered after 10 min of shock
in the dark. The filtered solution was then mixed with 100

mmol/L trapping agents at a 1:1 volume ratio to obtain 1.0 mL
of the mixed solution. Then, 30 pL of the mixed solution was
absorbed into a capillary glass tube for the EPR test.

PFRs quenching experiments. To probe the role of PFRs in
FBCs and identify their impacts on Cr(VI) reduction or Cr(III)
generation, 200 mmol/L methanol (MeOH) was used as an
electron competitor during the quenching tests (Zhu et al,,
2020). Moreover, pre-extraction was conducted before the ki-
netic tests by adding 10 mL MeOH to 1.0 g FBCs three times to
completely quench PFRs (Zhu et al., 2020).

1.4. Batch sorption kinetic and isotherm sorption
experiments

The sorption kinetic experiment was performed by adding 1.0
g of biochar samples to 200 mL 100 mg/L Cr(VI) solution in
a 250 mL glass bottle. The pH was adjusted to 5.0 + 0.1 by
adding 0.1 mol/L HCl or NaOH solution. No buffer was added
in these experiments. All sorption experiments were repeated
three times. The kinetic experiments were carried out under
dark conditions at 25 + 1°C and 500 r/min. The samples were
removed from the solution at different reaction times (0, 0.17,
0.5,1, 2, 4, 8,12, 24, and 48 hr), followed by filtering through a
0.45-pm membrane. Then, biochar particles were collected at
48 hr, rinsed with deionized water, and freeze-dried before XPS
and EPR analyses. The Cr(VI) concentration was determined
by the 1,5-diphenylcarbazide (DPC) colorimetric method at
540 nm using a UV-visible near-infrared spectrophotometer
(UV-3600plus, Shimadzu, Japan) (Zhu et al., 2020). Total Cr
was measured by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) (Optima 8000, PerkinElmer, Sin-
gapore). The generated Cr(Ill) concentrations were approxi-
mated by subtracting the Cr(VI) concentration from the to-
tal Cr in the aquatic phase (Zhu et al, 2020; Zhong et al.,
2018). The concentrations of total Fe and Fe(II) were identified
using the 1,10-phenanthroline method (Tamura et al., 1974).
Sorption kinetic models of pseudo-first-order (PFO), pseudo-
second-order (PSO), and Elovich were detailed in Supplemen-
tary materials.

For isotherm sorption experiments, the Cr(VI) concentra-
tion was in the range of 5 to 1000 mg/L. The Cr(VI) solution
and biochar were mixed at a ratio of 200:1 in 15 mL centrifuge
tubes. The centrifuge tubes were shaken under the dark con-
dition at 25 + 1°C and 500 r/min for 48 hr. Then, the concen-
trations of Cr(VI), total Cr, total Fe, and Fe(Il) in the solution
were determined. Sorption isotherm models of Freundlich and
Langmuir were listed in Supplementary materials.

2. Results and discussion
2.1.  Cr(VI) removal and reduction performance

The predominant form of Cr(VI) in the solution was HCrO, ™,
which exists in the pH range of 1.0-6.3 (Rajput et al., 2016). BC
had a low efficiency in removing Cr(VI) from aqueous solu-
tion, with Cr(VI) decreasing from 100 to 89.2 mg/L within 48 hr
(Fig. 1a). The aqueous Cr(IIl) concentration of the BC system
first increased to 5.80 mg/L (0-0.17 hr) and then gradually de-
creased to 3.48 mg/L (0.17-48 hr). The electrostatic attraction
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Fig. 1 - Cr(VI) removal kinetics (black solid) and Cr(III) formation kinetics (black hollow) of BC (a), FBC-1 (b), and FBC-5 (c).
Cr(VI) adsorption isotherms of BC and FBCs (d). In figures a-c, red solid squares represent pH changes in experimental group
(with Cr(VI)). The red hollow squares represent pH changes in control group (without Cr(VI)). Conditions of figures a-c:
[Biochar] = 5.0 g/L, [initial Cr(VI)] = 100 mg/L, [initial pH] = 5.0 * 0.1, [temperature] = 25 + 1°C.

between the negative surface charge of BC and Cr(IIl) may de-
crease the Cr(Ill) concentration (solution pH=5.2-6.39, Fig. 1a
and Appendix A Fig. S1b). In addition, the solution pH even-
tually increased to 6.39 due to the alkalinity of BC (pH=11.1,
Appendix A Table S1). At higher pH in the solution, the gen-
erated Cr(IIl) tends to precipitate on the BC surface, resulting
in high passivation of BC, which limits the further reaction of
Cr(IIl) or Cr(VI) (Fei et al., 2022; Dong et al., 2017; Liang et al,,
2014). The Cr(VI) concentrations of FBC-1 and FBC-5 systems
decreased from 100 to 83.4 and 100 to 11.2 mg/L within 48 hr
(Fig. 1b and 1c), respectively. FBCs showed higher Cr(VI) re-
moval efficiencies of 16.6% and 88.8% than that BC (10.8%) did.
FBCs, especially FBC-5, had more positive surface charge than
BC (Appendix A Fig. S1b), indicating a stronger electrostatic
attraction with Cr(VI). This may be the cause of the rapid re-
moval of Cr(VI) in the initial stage. In addition, FBC-5 exhib-
ited more honeycomb and tunnel structures than BC, suggest-
ing more active sites for adsorbing Cr(VI) (Appendix A Fig. S2).
The aqueous Cr(IlI) concentrations of FBC-1 and FBC-5 sys-
tems were 7.20 and 11.2 mg/L at 0.17 hr, respectively, higher
than that of BC (5.80 mg/L), indicating higher reduction abili-
ties of FBCs than BC. Moreover, the final pH values of BC, FBC-1,
and FBC-5 were 6.39, 5.62, and 4.08, respectively, which were
greater than those in the control groups without Cr(VI) (6.12,
5.13, and 3.24, respectively), illustrating that the reduction of

Cr(VI) consumed protons (Fig. 1a-c). The above results showed
that Cr(VI) removal by BC and the FBCs was a hybrid adsorp-
tion and reduction process.

Three kinetic models, PFO, PSO, and Elovich were presented
in Appendix A Table S2. The PFO and PSO models for BC and
FBCs did not fit the Cr(VI) removal data well, with R? val-
ues ranging from 0.489 to 0.963, indicating that the adsorp-
tion sites on the surface of BC and FBCs were not the sole
factor that controls the Cr(VI) removal (Kyzas et al., 2012;
Lima et al., 2018). Especially for FBC-5, the R? values of the PFO
and PSO models were poor at 0.489 and 0.700, respectively. The
Elovich model reproduced the experimental data with higher
coefficient values (R? > 0.933), suggesting that the adsorption
of Cr(VI) is a chemical process on a heterogeneous surface
(Wu et al., 2009). The smaller the g value in Elovich’s model
is, the stronger the chemical action is (Lima et al., 2018). FBC-5
had the lowest g value of 0.47 g/mg, revealing a strong chem-
ical interaction between active groups on its surface with the
Cr(vI).

Fig. 1d showed the sorption isotherms of Cr(VI) for BC
and FBCs. The sorption capacity qm of FBC-5 for Cr(VI) was
the largest (24.3 mg/g), consistent with the kinetic results.
The better R? values of 0.863-0.988 fitted by the Freundlich
model than the Langmuir model (0.816-0.979) (Appendix A Ta-
ble S3) suggested that the sorption of Cr(VI) on biochar sam-
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ples was a heterogeneous process (i.e., multilayered adsorp-
tion) rather than a homogeneous process (i.e., monolayer cov-
erage) (Su et al., 2021; Zhu et al., 2020). This also explained
that although the micropore volume of FBC-5 was smaller
than that of FBC-1 (Appendix A Fig. Slc and Table S1), the
removal efficiency of Cr(VI) was higher than that of FBC-1.
The above kinetic and isotherm analysis indicated that the re-
moval of Cr(VI) by BC and FBCs was a complex chemisorption
process.

XPS analyses were used to identify the Cr(VI) reduction by
BC and FBCs. A Cr peak was found in the XPS survey scan, indi-
cating Cr adsorption/precipitation on the BC and FBCs surface
(Appendix A Fig. S3). 59.8% of Cr sorbed in BC was Cr(III) (576.9
and 586.8 eV), and the remaining 40.2% was Cr(VI) (579.8 and
589 eV) (Fig. 2a). In contrast, the sorbed Cr(Ill) on the FBC-1
and FBC-5 surfaces increased to 70.6% and 76.3%, respectively
(Fig. 2b and 2c). In addition, reduction efficiency of Cr(VI) was
evaluated by adding the Cr(IIl) that adsorbed on the biochar
surface and generated in the aqueous solution. The reduc-
tion efficiencies of Cr(VI) by BC, FBC-1, and FBC-5 were 7.44%,
14.0%, and 69.1%, accounting for 73.7%, 84.3%, and 77.8% of the
removal efficiency of Cr(VI), respectively (Fig. 2d). The above
results revealed that FeCls;-doping enhanced the reduction ef-
ficiency of Cr(VI) by biochar. The reduction was the main re-
moval mechanism of Cr(VI) by BC and FBCs.

2.2.  Functional organic groups involved in Cr(VI)
reduction

The O-containing functional groups on the biochar surface
may adsorb or reduce Cr(VI) by complexation or redox pro-
cesses (Fei et al., 2022; Zhang et al., 2020). Substantial changes
were observed in the XPS spectra of Cls and Ols on BC and
FBCs before and after Cr(VI) removal (Fig. 3). In Ols spectra,
peaks at 531.3 and 533.5 eV are surface-adsorbed oxygen (Oa)
and molecular oxygen (Os), respectively (Mian et al., 2018;
Yang et al,, 2016b). The contents of O and total O for BC
and FBCs after Cr(VI) removal increased from 1.78%-7.71% to
7.20%-10.8% and from 18.1%-24.0% to 20.5%-28.6% (Appendix
A Table S4), respectively, possibly due to that chromium oxides
were formed on the BC and FBCs surface (Mian et al., 2018;
Yang et al., 2016b). About 13.6% and 3.96% of the C atoms on
BC were surface reductive C-O (286.5 eV) and surface oxida-
tive C=0 groups (288.5 eV), respectively (Liu et al., 2020) (Ap-
pendix A Table S4). The C-O groups on the FBC-1 and FBC-5 sig-
nificantly increased to 29.2% and 28.6%, respectively, consis-
tent with a previous study (Liu et al., 2020), while C=0 groups
(3.30% and 4.25%, respectively) on the FBC-1 and FBC-5 surface
showed little changes compared with that on BC, indicating
that FeCl; mainly increased the surface reductive groups of
biochar. After Cr(VI) removal, the reductive C-O groups on BC



JOURNAL OF ENVIRONMENTAL SCIENGES 137 (2024) 626-638 631

Set4 | A BC

6et+4 |
o | 3.96%

2e+4 | \ CcO0 c-0

8e+4 | BC-Cr
6e+4 |
sera | 4.00%

2e+4 | ‘\ CcOO ¢-0 C-C

13.6%
C-C

Intensity

13.0%

Intensity

292 290 288 286 284 282

Binding Enervy (ev)

let5F C
8e+4 |

I 29.2¢
fetrd 3.30% 9:2%

\ CO0 C-0 C-C

FBC-1

4etd |

Intensity

2e+4 |

0

Tet5 - FBC-1-Cr
8et+4 |
6et+d | 23.9%

4e+4 |

Intensity

2et4 |

292

Binding Enervy (ev)

e FBC-5
9e+4 |

6e+4 |

Intensity

3et4 |

9e+4 |

6etd |

Intensity

3et4 |

292

Binding Enervy (ev)

6et+4 | b BC — O
— o0,
4etd |
2e+4 | 2.68%
e~ —
0
BC-Cr
6et+4 |
4e+4 |
2e+4 | .60%
0 . . . .
538 536 534 532 530 528
Binding Energy (eV)
d FBC-1 — 0
6e+d | o
= VA
4e+4 |
2e+4 | 1.78%
———
0
FBC-1-Cr
6e+4 |
4et4 |
2et+4 | 7.20%
0 . . . .
538 536 534 532 530 528
Binding Energy (eV)
4sera| £ FBC-5 — 0
— o0,
3.0e+4
1.5e+4 7.711%
0.0
4.5¢+4 | FBC-5-Cr
3.0e+4
1.5e+4 10.8%
0.0 - - - -
538 536 534 532 530 528
Binding Energy (eV)
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decreased slightly from 13.6% to 13.0%, and on the FBCs, these
groups decreased conspicuously from 28.6%-29.2% to 15.3%-
23.9% (Fig. 3 and Appendix A Table S4). In contrast, a slight
increase in C=0 groups from 3.30%-4.25% to 4.00%-4.97% was
observed on the surfaces of the BC and FBCs after Cr(VI) re-
moval, which is theoretically expected and is consistent with
empirical observations by others that phenolics were oxi-
dized to carboxylic groups (Liu et al., 2020; Zhang et al., 2020).
In addition, the decreased intensity of phenolic-OH groups
and the increased intensity of carboxyl -COO groups were

also observed in the FTIR spectra of BC and FBCs after Cr(VI)
removal (Appendix A Fig. S4). However, the decreased con-
tents in C-O of BC and FBCs were much higher than the in-
creased contents in C=0, suggesting that C-O may mainly ad-
sorb Cr(VI) through complexation, while its reduction effect
on Cr(VI) is limited. Moreover, it was reported that biochar
could release dissolved organic matter (DOM) after entering
water environment, which may transfer electron to reduce the
Cr(VI) into Cr(IIl) (Dong et al., 2014; Chen et al., 2021). How-
ever, the removal efficiency of Cr(VI) by BC-derived DOM in
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the present study was only 1.33% within 48 hr, as reported by
Chen et al. (2021), the Cr(VI) reduction efficiencies of dissolved
biochar were negligible in the dark condition.

2.3.  Effect of Fe(lI) on Cr(VI) reduction

Iron oxides were successfully loaded on the biochar after FeCls
modification and could affect the reduction of Cr(VI). The pres-
ence of Fe on the surface of FBC-5 was confirmed by the EDS
analysis (Appendix A Fig. S2). Iron oxides of FBCs were iden-
tified by XRD, including Fe;04 and FeCl, (Appendix A Fig. S4a)
(Fang et al., 2015). Before Cr(VI) removal, Fe(Il) (710.7 and 724.3
eV), Fe(lll) (712.8 and 726.4 eV), and satellite peaks of Fe(Il)
(716.4 and 730.2 eV) were observed in the Fe 2p3/2 XPS spec-
tra of FBC-5 (Fig. 4a) (Yamashita and Hayes, 2008). After Cr(VI)
removal, the Fe(I) on FBC-5 decreased from 44.3% to 36.2%,
the satellite peak of Fe(II) decreased from 23.2% to 14.6%, and
the Fe(Ill) increased from 32.5% to 49.2% (Fig. 4a), indicating
that electron transfer occurred between solid Fe(Il) and the
adsorbed Cr(VI). However, the Fe content in FBC-1 is too low
to be detected by XPS (Appendix A Fig. S6a). A previous study
reported that iron oxide Fe(Il) (Fe304) loaded on the magneti-
cally modified biochar disappeared owing to Fe;04 converted
to y-Fe, 03 after Cr(VI) reduction (Zhong et al., 2018). However,
36.2% of Fe(ll) still existed on the surface of FBC-5 after Cr(VI)
reduction, which was possibly due to the re-reduction of Fe(III)
by the reductive substances (such as PFRs) of FBC-5 (detailed
in the following section).

Besides the iron oxide Fe(Il) in Fe304, the ionic Fe(ll) in
FeCl, also existed in FBCs (Appendix A Fig. S4a), indicating
that Fe(Il) could be easily released into the solution and par-
ticipated in Cr(VI) reduction. Fe(Il) ion is an important reduc-
tant with a low standard electrode potential of 0.77 V/SHE and
can transform Cr(VI) to Cr(Ill) (E°(HCrO4~/Cr3+) =1.35 V/SHE)
(Buerge and Hug, 1999; Jiang et al., 2019). In the present study,
Fe(Il) was only detected in the control group (without Cr(VI))
of the FBC-5 system with concentration increasing from 0 to
4.81 mg/L within 48 hr (Fig. 4b and Appendix A Fig. S6b). In
contrast, no Fe(Il) ion was detected in the experimental group
(with Cr(VI)) of the FBC-5 system, indicating that Fe(II) released

by FBC-5 was immediately oxidized by Cr(VI) (Eq. (1)). However,
no Fe(Ill) ion was detected in the experimental group of FBC-5
system. The foremost reason is that the generated Fe(III) was
separated from the solution in the form of insoluble precip-
itates and tended to evolve into metal and/or mixed metal
hydroxides, such as Cr(OH); and CrxFe;.x(OH)3/CrxFe;.xOOH
(Egs. (2) and (3)) (Dong et al., 2017; Qiu et al., 2020). The sec-
ondary factor is that Fe(IlI) could be precipitated by hydrolysis
when pH is larger than 3 (Eq. (4)). By increasing the dosage
of FBC-5 and decreasing the initial Cr(VI) concentration and
PH, Fe(ll) was still undetectable until Cr(VI) was completely
removed from the solution (Appendix A Fig. S5), consistent
with the result of the previous study (Su et al., 2021). More-
over, when aqueous Fe(Il) reduces Cr(VI) to Cr(IIl) in the ab-
sence of biochar, the stoichiometric ratio between Cr(VI) and
Fe(Il) is 1:3 (Xu et al., 2020b). However, the released concentra-
tion of Fe(Il) with FBC-5 in this study was much lower than
its reduction amount of Cr(VI), so there were other reductive
substances involved in Cr(VI) transformation.

HCrO4~ + 3Fe?* + 7H* — Cr3* + 3Fe3* + 4H,0 (1)
(1-x)Fe3* 4+ xCr3+ + 3H,0 — CrxFe;.x(OH)s + 3H* )
(1-x)Fe3* 4 xCr3* 4 2H,0 — CrxFe1.xOOH + 3H* ®3)
2Fe?t 4 6H,0 — 2Fe(OH)5(q) + 6HT @

2.4.  Effect of PFRs on Cr(VI) reduction

PFRs with delocalized unpaired electrons can directly react
with contaminants by single-electron transfer, and their con-
centrations and types mainly dominate the redox reactiv-
ity of PFRs (Zhu et al., 2020; Ruan et al.,, 2019). FeCl; modi-
fication effectively altered the PFRs concentration of biochar
(Fig. 5a), especially for FBC-1, which increased dramatically
from 0.639 x 108 to 4.28 x 10'® spins/g. However, excessive
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Fig. 5 - EPR signals of BC and FBCs at 500°C (a) and after Cr(VI) removal (b-d). Some EPR signals in figures b and c completely

overlap, so they are displayed as a small graph.

Fe can quench PFRs, such as the PFRs concentration in FBC-5
(3.00 x 10'® spins/g) that is lower than in FBC-1. When biochar
was loaded with a low concentration of Fe(IlI), Fe(IIl) can ac-
cept electrons from biochar organic matter (such as pheno-
lic compounds) and favor the formation of PFRs (Fang et al,,
2015). In contrast, when biochar loaded with a relatively high
concentration of Fe(Ill), the excess Fe(IlI) would consume PFRs,
since PFRs can act as an electron donor to mediate the reduc-
tion of Fe(Ill) (Kliipfel et al., 2014; Kappler et al., 2014). This
could account for the presence of FeCl, in FBC-5 (Appendix A
Fig. S4a). The corresponding spectroscopic splitting factors (g
values) of BC and FBCs from the EPR signal were 2.0035, indi-
cating that the carbon-centered PFRs with an adjacent oxygen
atom (phenoxyl radicals) formed in biochar during the pyrol-
ysis process and have high electron donor capacity (Li et al.,
2017; Vejerano et al., 2011). In this study, FeCl; doping just
changed the concentration of PFRs in the biochar but did not
change the type of PFRs.

EPR analysis was performed on BC and FBCs at 48 hr of
sorption kinetic. In the control groups without Cr(VI) (Fig. 5Sb
and 5c), PFRs concentrations of BC and FBC-1 were the same as
the pristine BC and FBC-1. However, the PFRs concentration of
FBC-5 in the control group decreased from 3.00 x 1018 spins/g
to 2.86 x 10'® spins/g. The decreased PFRs in FBC-5 may par-

ticipate in the reduction of Fe(Ill) and inhibit the oxidation of
Fe(Il) (Fig. 5d). Similarly, Qin et al. (2017) reported that PFRs
on the biochar surface can promote Fe(Ill) reduction to Fe(II)
through single electron transfer. In the experimental groups,
the PFRs concentrations for BC, FBC-1, and FBC-5 decreased
markedly from 0.639 x 108 to 0.595 x 108 spins/g, 4.28 x 108
to 2.09 x 10'® spins/g, and 2.86 x 10%® to 1.98 x 108 spins/g,
respectively, revealing that PFRs on the BC and FBCs were con-
sumed during the removal of Cr(VI). The g values of the FBCs
(2.0035) were close to the free-electron g factor (2.0023), sug-
gesting that the PFRs have similar properties to free electrons
and can directly donate electrons to reduce Cr(VI) into Cr(III)
(Xuetal.,2020a; Zhao et al., 2018). In addition, previous studies
reported that phenoxyl-type PFRs had a lower Mulliken charge
(0.150 e) and thus had a higher electron-donating ability to re-
duce Cr(VI) (Zhong et al., 2018; Li et al., 2017). Moreover, the
solid phase PFRs quenching experiment and solution phase
competitive electron donor addition experiment all indicated
the direct electron donor ability of PFRs (Fig. 6, detailed in the
following section). Besides direct electron transfer, the PFRs of
biochar can transfer electrons to O, to produce superoxide an-
ions (Oy"") and indirectly reduce Cr(VI) to Cr(Ill) (Chen et al,,
2021; Zhong et al., 2018). But this indirect electron transport
pathway of PFRs may not occur since no O,'~ was observed in
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the control and experimental groups in this study (Appendix
A Fig. S7). In general, the above results collectively indicated
that PFRs was one key factor that dominated the transforma-
tion of Cr(VI).

Notably, the PFRs concentration of FBC-1 was higher than
that of FBC-5, but the Cr(VI) reduction efficiency of FBC-1 was
much lower. The higher reduction by FBC-5 may be associ-
ated with the significantly more Fe(II) (44.3% measured by XPS)
than FBC-1. Therefore, Fe(ll) and PFRs may be the two cou-
pling factors that influence the reduction of Cr(VI) by biochar.
To confirm the effect of PFRs and Fe(II) on the transformation
of Cr(VI), PFRs quenching and an extra reductant (Fe(II)) ad-
dition experiment was conducted. Considering that Fe(IlI) is
prone to hydrolysis at pH >3, Fe(ll) was added as the reduc-
tant in this experiment. Methanol could effectively trap PFRs
(Zhu et al., 2020). FBC-1 with the highest PFRs concentration
was selected to conduct a methanol pre-extracted quenching
experiment. By comparing with the unquenched experiment,
the PFRs concentration of FBC-1 decreased significantly from
4.28 x 10'® spins/g to 1.92 x 10'® spins/g (Fig. 6a), the Cr(VI)
removal efficiency of FBC-1 decreased from 9.95% to 5.63% at
24 hr (Fig. 6b), and the Cr(Ill) concentration decreased from
5.87 mg/L to 1.16 mg/L (Appendix A Fig. S8a). The results illus-

trated that the concentration of PFRs directly determines its
electron donor capability and further affected the conversion
efficiency of Cr(VI), consistent with Zhu et al. (2020). When 10
mg/L Fe(lI) was added to FBC-1 system, a higher removed con-
centration of Cr(VI) (9.95 vs. 23.6 mg/L) was observed (Fig. 6b).
Generally, the stoichiometric ratio between Cr(VI) and Fe(II)
was 1:3 (Xu et al., 2020b). This indicated that 10 mg/L Fe(lI)
could theoretically reduce about 3.3 mg/L Cr(VI), much lower
than the increased removal amount of Cr(VI) (13.7 mg/L). In
addition, in the control group, the Fe(Il) content decreased
along with the reaction time, and no Fe(Ill) was detected in
the solution, indicating that Fe(Il) was adsorbed to the FBC-1
surface (Fig. 6d). Previous studies demonstrated that PFRs on
biochar could act as an electron donor and accelerate elec-
tron transfer from biochar to Fe(Ill) ions to promote surface
Fe(II)/Fe(I) cycling (Qin et al., 2017; Wang et al., 2020). Thus,
the PFRs on the FBC-1 surface may accelerate Fe(III)/Fe(Il) cy-
cling and subsequently enhance Cr(VI) removal. This also con-
tributed to a large amount of Fe(Il) in the solid phase of FBC-5
after the removal of Cr(VI).

When 200 mmol/L MeOH was added to the FBC-5 system,
the Cr(VI) removal efficiency decreased from 35.2% to 4.5%
within 0.17 hr and decreased from 78.1% to 67.5% within 24
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hr, and the Cr(IIl) concentration decreased from 6.63 mg/L to
3.38 mg/L (Fig. 6¢c and Appendix A Fig. S8b). Whether MeOH
was added or not, the Fe(Il) content in the FBC-5 control group
showed little change (Fig. 6d), suggesting that MeOH did not
affect the release of Fe(ll) from FBC-5. MeOH can act as an
electron competitor to consume PFRs, thus constraining the
Fe(III)/Fe(II) cycle and further inhibiting the reduction of Cr(VI).
The above experiments, including the addition of a reductant
(Fe(11)) and competitive electron (MeOH), indicated a signifi-
cant synergistic effect of PFRs and Fe(II) on Cr(VI) reduction.
PFRs on biochar surfaces can promote the Fe(IIl)/Fe(II) cycle
through single electron transfer and accelerate the reduction
of Cr(VI).

2.5. Effect of pH and reactant dosage on Cr(VI) removal

The removal efficiency of Cr(VI) that depends on the surface
adsorption sites and reductive ability of heterogeneous mate-
rials is greatly affected by the initial solution pH and reactant
dosage (Wang et al., 2020). The Cr(VI) removal efficiency for
the FBC-5 system was examined at initial pH values of 3.0-11.0
and slightly decreased from 84.2% to 77.1% and then sharply
decreased to 6.08% with the initial solution pH increased from
3.0 to 5.0 and 11.0, respectively (Fig. 7a). These results indi-
cated an inescapable effect of initial solution pH on Cr(VI) re-
moval. When the initial pH was 3.0-5.0, the FBC-5 surface was
positively charged (Appendix A Fig. S1b), which allowed the
electrostatic adsorption of the negatively charged Cr(VI) ion
(HCrO4™) to its surface (Zhong et al., 2018). Additionally, the
lower pH promotes the dissolution of Fe3O4 to release Fe(II)
that subsequently contributes to the reduction of Cr(VI) in the
aqueous phase. However, the surface charge of FBC-5 became
more negative with increasing pH from 7.0 to 11.0 (Appendix
A Fig. S1b). Moreover, Fe(Ill) ions are hydrolyzed/precipitated
under alkaline conditions, which results in a high passivation
surface of FBC-5 and further limits on Cr(VI) reduction. The
results indicated that pH could alter the surface charge and
solubility of FBC-5.

The Cr(VI) removal efficiency at different FBC-5 dosages
in the range of 2.5-10 g/L was also evaluated. The Cr(VI) re-

moval efficiency of the FBC-5 dosages at 2.5 g/L was 72.6%
and reached up to 84.2% at 5 g/L and 100% at 10 g/L, respec-
tively (Fig. 7b). Higher dosages of FBC-5 provide more adsorp-
tion sites and reductive species and promote greater dissolu-
tion of iron oxide loaded on the biochar, accelerating the re-
moval of Cr(VI).

2.6. Cr(VI) reduction mechanism by BC and FBCs

In this study, reduction and immobilization were the main re-
moval process of Cr(VI) by BC and FBCs. For BC system, the
Cr(VI) anions were adsorbed on the surface of biochar through
complexation with surface functional groups and were par-
tially reduced to Cr(Ill) by reductive functional groups (C-0). In
addition, PFRs on the surface of BC participated in the reduc-
tion of Cr(VI) by direct electron transfer. For the FBCs systems,
the mechanisms of Cr(VI) removal by PFRs and Fe(II) were pro-
posed and illustrated in Scheme 1: the electrostatic attraction
between Cr(VI) anions (e.g. HCrO4~) and the positive surface
charge of FBCs were responsible for the rapid removal of Cr(VI)
at the initial stage of the reaction (Fig. 1 and Appendix A Fig.
S1). The adsorbed Cr(VI) was further reduced to Cr(III) by the C-
O group or Fe(Il) on the surface of FBCs. Moreover, PFRs on the
FBCs surface promoted the Fe(IIl)/Fe(II) cycle by transferring
electrons to Fe(IIl), which synergistically enhanced the reduc-
tion of Cr(VI). The contribution of the PFRs to Cr(VI) reduction
could be evaluated. By assuming that all the processes includ-

Dark, pH=5.0 + 0.1

Fe(IIT) Cr(VI)

- PFRs-mediated
Cr(VD Fe(II)/Fe(ll) cycle

52.3%
Fe(II)

Cr(IIN)

Scheme 1 - Schematic illustration for the Cr(VI) reduction
pathways by FBCs.
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ing dissolved Fe(ll), direct PFRs reduction, and PFRs-mediated
Fe(III)/Fe(II) cycle involved are independent. Take FBC-1 sys-
tem as an example, we defined the difference between FBC-
1 and MeOH pre-extracted FBC-1 that was used for Cr(VI) re-
moval (9.95 vs 5.63 mg/L) as the direct PFRs reduction. In ad-
dition, when 10 mg/L Fe(II) was added to FBC-1 system and all
of them that participate in the reduction of Cr(VI) can only
reduce 3.3 mg/L Cr(VI), the remaining 10.4 mg/L Cr(VI) was
reduced by PFRs-mediated Fe(IIl)/Fe(Il) cycle. The total reduc-
tion amount of Cr(VI) in the FBC-1 system with Fe(Il) added
was calculated to be 19.9 mg/L. The direct PFRs reduction and
PFRs-mediated Fe(III)/Fe(II) cycle could account for 21.7% and
52.3% for Cr(VI) reduction, respectively. The high contribution
of PFRs-mediated Fe(IIl)/Fe(Il) cycle indicated the significant
synergistic effect of PFRs and Fe(II) on Cr(VI) reduction.

3. Conclusions

Iron-modified biochar was prepared with FeCl; and its en-
vironmental implications on Cr(VI) transformation were in-
vestigated. Compared with unmodified BC, FeCl; modification
increased the surface charge, content of reductive oxygen-
containing functional groups (C-0), and concentration of re-
ductive phenoxyl-type PFRs. In addition, low FeCl;-doping
biochar (FBC-1) effectively enhanced Cr(VI) removal efficiency
and Cr(VI) reduction efficiency by 1.54 and 1.88 fold due to the
increased PFRs, respectively. In contrast, high FeCl;-doping
biochar (FBC-5) significantly promoted the Cr(VI) removal effi-
ciency and Cr(VI) reduction efficiency which was significantly
higher than the BC and FBC-1. Although FBC-5 had a lower
PFRs concentration than FBC-1, the PFRs on the FBC-5 sur-
face accelerate electron transfer from biochar to Fe(Ill) ions
to promote Fe(IIl)/Fe(Il) cycling that enhanced the conversion
of Cr(VI) to Cr(Ill). Based on our work, we recommended that
modification with appropriate high content of iron (5%) can
significantly increase the removal of Cr(VI) from the environ-
ment. This study provides a new pathway for environmental
pollutant control and remediation of oxyanion metals by iron-
modified biochar.
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