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ABSTRACT: This study investigated the effects of metals (Fe3+, Cu2+, Ni2+, and Zn2+) and phenolic compounds (PCs:
hydroquinone, catechol, and phenol) loaded on biomass on the formation of persistent free radicals (PFRs) in biochar. It was
found that metal and phenolic compound treatments not only increased the concentrations of PFRs in biochar but also changed
the types of PFRs formed, which indicated that manipulating the amount of metals and PCs in biomass may be an efficient
method to regulate PFRs in biochar. These results provided direct evidence to elucidate the mechanism of PFR formation in
biochar. Furthermore, the catalytic ability of biochar toward persulfate activation for the degradation of contaminants was
evaluated. The results indicated that biochar activates persulfate to produce sulfate radicals (SO4

•−) and degraded
polychlorinated biphenyls (PCBs) efficiently. It was found that both the concentration and type of PFRs were the dominant
factors controlling the activation of persulfate by biochar and that superoxide radical anions account for 20−30% of sulfate radical
generation in biochar/persulfate. This conclusion was supported by linear correlations between the concentration of PFRs
consumed and the formation of SO4

•− and between λ (λ = [formed sulfate radicals]/[consumed PFRs]) and g-factors. The
findings of this study provide new methods to manipulate PFR concentration in biochar for the transformation of contaminants
and development of new alternative activators for persulfate-based remediation of contaminated soils.

■ INTRODUCTION

In situ chemical oxidation (ISCO) technologies utilizing
persulfate have been increasingly applied for the remediation
of contaminated soil and groundwater in recent years.1−3 There
are large numbers of methods for persulfate activation to
generate reactive SO4

•− radicals including heat, UV, basic
conditions (pH > 11), Fe2+, zerovalent iron, metal oxides, and
organic compounds (e.g., phenols and quinones), and all these
methods have been extensively used in both laboratory research
and field applications.4−13 However, each activation method has
its pros and cons when used in field applications. For example,
heat is a simple and effective method for persulfate activation,
but heat activation suffers from potential high costs as the
temperature of soil and groundwater must be increased.14 Fe2+

activation needs a high concentration of Fe2+ to prevent rapid
conversion of Fe2+ to Fe3+, which results from the scavenging of
sulfate radicals (SO4

•−) by Fe2+ according to the following

reactions and lowers the remediation efficiency of contaminants
with persulfate15
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Ethylenediaminetetraacetic acid (EDTA) has been success-
fully used as a chelating agent to avoid the rapid conversion of
Fe2+ to Fe3+ and to provide a Fe2+−Fe3+ redox couple to
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facilitate persulfate activation; however, EDTA may compete
with target contaminants for the consumption of sulfate
radicals.16−18 Base (pH > 11) may be used to activate
persulfate to degrade contaminants efficiently and to neutralize
the hydronium ions produced from persulfate decomposition;
however, some recent studies have indicated that persulfate
may decompose slowly at high pH.19,20 Therefore, the
development of efficient, low-cost, and environmentally friendly
activators for the persulfate oxidation process is imperative and
would be beneficial for devising effective and economically
feasible remediation strategies for soil and groundwater heavily
contaminated by organic pollutants.
Biochar derived from biomass waste is increasingly

recognized as a multifunctional material for agricultural and
environmental applications.21,22 It has been reported that the
application of biochar may improve soil fertility, raise
agricultural productivity, increase holding capacities of soil
nutrients and water, and reduce emissions of greenhouse
gases.23,24 Furthermore, biochar can be used as an environ-
mentally engineered sorbent for immobilization of organic
contaminants in water and soil.25,26 Because of the abundance
of feedstock materials, biochar is becoming a promising agent
for large-scale environmental applications.23 However, until
now, few studies have focused on the ability of biochar to
transform or catalytically degrade contaminants. We recently
found that persistent free radicals (PFRs) in biochar catalyze
H2O2 decomposition to form hydroxyl radicals (•OH), which
then degraded polychlorinated biphenyls (PCBs) efficiently.27

PFRs are resonance-stabilized and are formed from the thermal
decomposition of organic compounds (e.g., catechol and
hydroquinone) in the presence of metal oxides, which have
half-lives in the order of hours to days under atmospheric
conditions.28−30 Similarly, Dong et al. found that dissolved
organic matter (DOM) extracted from biochar contained PFRs,
which reduced Cr(VI) and oxidized As(III) efficiently.31 Liao et
al. reported that the PFRs in biochar induced the formation of
•OH in the aqueous phase and significantly inhibited
germination by retarding root and shoot growth in corn,
wheat, and rice, respectively.32 However, to date, the
mechanism of PFR formation in biochar during the pyrolysis
process has not been fully elucidated.
Similar to the activation of H2O2 by biochar, it is

hypothesized that biochar may exhibit the ability to activate
persulfate, since the activators for H2O2 are usually found to be
effective for persulfate activation.5 Therefore, the main
objectives of this study were as follows: 1) to examine the
mechanism of PFR formation in biochar during the pyrolysis
process; 2) to testify the possibility of biochar to activate
persulfate toward the degradation of a target pollutant; and 3)
to explore the possible mechanism of persulfate activation by
biochar. Moreover, the effects of pyrolysis temperature and
time and organic and metal loadings on the PFR formation in
biochar were studied. 2,4,4′-Trichlorobiphenyl (PCB28) was
selected as the target contaminant because PCBs are an
important group of persistent pollutants, and the mechanism of
PCB28 degradation by SO4

•− has been thoroughly investigated
in our previous studies.33

■ MATERIALS AND METHODS
Materials. The chemicals used in this study are described in

the Supporting Information (SI; Text S1), and the preparation
and characterization of biochar are shown in Text S2, Table S1,
and Figure S1. The biochar samples are referred to as P300,

P400, P500, P600, and P700 for pine needles pyrolyzed at 300,
400, 500, 600, and 700 °C, respectively. The organic-loaded
biochar samples are referred to as P400-HQ-1.0, P400-PH-1.0,
and P400-CT-1.0 for pine needles loaded with 1.0 mM HQ,
PH, and CT, respectively, pyrolyzed at 400 °C for 2 h. The
metal-loaded biochar samples are referred to as P400-Fe-0.1,
P400-Ni-0.1, P400-Cu-0.1, and P400-Zn-0.1 for pine needles
loaded with 0.1 mM Fe3+, Ni2+, Cu2+, and Zn2+, respectively.

Degradation Experiments. The methods and procedures
of free radical determination are provided in the SI (Text S3).
Batch experiments were performed in the dark in 40 mL brown
serum bottles sealed with Teflon Mininert containing 20 mL of
reaction solution. Briefly, 20 mg of biochar was dispersed in a
19 mL aqueous solution of PCB28 (3.9 μM) at pH 7.4 (20 mM
phosphate buffer) at 25 °C. After complete mixing, 1.0 mL of
0.16 M persulfate (the final concentration was 8.0 mM) was
quickly added to initiate the reaction, and the mixtures were
kept shaking at 150 rpm and 25 °C for different reaction times.
Control experiments with biochar or persulfate alone were
conducted under the same reaction conditions. Periodically,
samples were removed for analysis and filtered through 0.22
μm PTFE membranes before the addition of 1.0 mL of ethanol
into 4.0 mL of solution to quench the reaction. The sorption of
PCB28 by the PTFE filter membrane was proved to be
negligible by filtration of standard solutions (less than 5.0% of
PCB28 (3.9 μM) adsorbed on PTFE membrane). Then, 1.0
mL of hexane was used to extract any remaining PCB28 in the
quenched reaction solution. The hexane phase was analyzed by
a gas chromatograph (GC/μECD, Aglient7890, USA)
equipped with Ni63 electron capture detection (ECD).47 The
filtered biochar particles were collected and freeze-dried (Christ
LD-1-2, Germany) and then divided into two parts. The first
part was analyzed by EPR to quantify the PFR concentration
remainin in the biochar after reaction; the second part was
extracted with hexane to quantify the amount of PCB28 sorbed
by the biochar. The recovery rate of PCB28 from biochar was
in the range of 90−100%. To identify the types of products in
the biochar during the pyrolysis process, the biochar was
extracted with hexane/acetone (1:1, v/v) and analyzed with a
gas chromatograph−mass spectrometer (GC−MS; GC Varian
CP3800/MS Saturn2200, USA). All the experiments were
carried out in triplicate, and results were reported as the mean
with standard deviations. The other analysis methods used in
this study are discussed in Text S4.

■ RESULTS AND DISCUSSION

Effects of Pyrolysis Temperature and Time on PFRs in
Biochar. The effects of the pyrolysis temperature and time on
the PFRs in biochar were examined with EPR spectroscopy. As
shown in Figure 1a, a broad singlet EPR signal was observed in
pine needle-derived biochar pyrolyzed at different temperatures
for 1 h, while no EPR signal was observed in biomass without
pyrolysis (Figure S2). The g-factors and ΔHp‑p were 2.0048 and
7.0 G for P300, 2.0042 and 7.1 G for P400, 2.0038 and 6.0 G
for P500, and 2.0037 and 7.1 G for P600, which are
characteristic of oxygen-centered free radicals, indicating that
oxygen-centered PFRs or carbon-centered PFRs with an
adjacent oxygen atom formed in biochar during the pyrolysis
process.34 Since the g-factors for carbon-centered radicals were
reported to be less than 2.0030, those for carbon-centered
radicals with an adjacent oxygen atom were in the range of
2.0030−2.0040; while oxygen-centered radicals had g-factors
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larger than 2.0040, and semiquinone radicals had g-factors
larger than 2.0045.27,29

The PFR concentration as a function of pyrolysis temper-
ature and time were then determined (Figure S3, Figure 1b).
The PFR concentration increased rapidly from 8.96 × 1017

spins·g−1 to 158 × 1017 spins·g−1 for P300 and from 75.1 × 1017

spins·g−1 to 342 × 1017 spins·g−1 for P400, while it decreased
markedly from 155 × 1017 spins·g−1 to 1.40 × 1017 spins·g−1

and from 367 × 1017 spins·g−1 to below the detection limit
(BDL) for P500 and P600, respectively, under a prolonged
pyrolysis time from 1 to 12 h. The EPR signal for P700 was too
low to quantify the PFRs with increasing pyrolysis temperature
up to 700 °C (P700 in Figure S3). Table S2 shows that the g-
factors of PFR decreased as pyrolysis temperature and time
increased. For example, the g-factor of all P300 treatments was
larger than 2.0040, while the g-factor of all P600 treatments was
less than 2.0040, which suggested that the types of PFR
changed and exhibited the trend that oxygen-centered PFRs
converted to carbon-centered PFRs with an adjacent oxygen
atom as the pyrolysis time and temperature increased according
to previous studies.27,29,34 These results indicated that the
concentrations and types of PFR formation were pyrolysis
temperature and time-dependent. The best pyrolysis time for
the formation of PFRs at relatively low temperature (300 and
400 °C) was 12 h, while at relatively high temperature (500,
600, and 700 °C) it was 1 h in the present study.
The decomposition of organic compounds (OCs) in biomass

and PFRs was the likely reason for the temperature and time-
dependent effects of PFR formation. OCs such as PCs in
biomass are the main factor controlling the formation of PFRs
in biochar, and PCs are precursors of PFR production.27,34

These PCs would be decomposed as pyrolysis temperature and

time increased,35 which resulted in the reduction of PCs
participating in the formation of PFRs. Moreover, PFRs also
could be decomposed as pyrolysis temperature and time
increased. Briefly, oxygen-centered PFRs were the predominant
species at relatively low pyrolysis temperature and short
pyrolysis time. As pyrolysis temperature and time increased,
these oxygen-centered PFRs decomposed and converted to
carbon-centered PFRs. For example, the oxygen-centered PFRs
such as surface-bound semiquinone radical (g > 2.0040) would
be decomposed to surface-bound phenoxyl radical (g < 2.0040)
as the pyrolysis time and temperature increased.29 Additionally,
these oxygen-centered PFRs would also decay without PFRs
conversion processes at relatively high temperature.
The decomposition of PFRs would change the diversity of

products in extracts from biochar particles. Therefore, GC−MS
was used to identify the diversity of OCs in extracts from
biochar samples produced from different pyrolysis temperature
and time. As shown in Figure S4, the eight major identified
products in the extracts included p-cresol, 2-ethyl-phenol, 2,4-
bis(1,1-dimethylethyl)phenol, tetradecenoic acid, oxacyclohep-
tadecan-2-one, octadecanamide, retene, and 9-octadecenamide
and were found for P300 pyrolyzing at 1 and 8 h. Similar
products were also observed in P600 pyrolyzed for 2 h, but only
three major products were observed in P600 pyrolyzed for 8 h;
furthermore, most of these eight peaks disappeared with a
further increase in pyrolysis temperature up to 700 °C for 1 h,
which suggested that the diversities of OC in extracts were
greatly reduced with increasing pyrolysis temperature and time.
These results indicated that increasing pyrolysis temperature
and time led to the decomposition of PFRs, which resulted in a
decrease of diversities of products extracted from biochar
particles.
According to Figures 1 and S4, it was hypothesized that OCs

such as PCs in biomass would participate in the formation of
PFRs in biochar. Dichloromethane is an efficient solvent to
extract PCs from pine needles.36 Therefore, to further test the
role of OCs in pine needles in the formation of PFRs, pine
needles were extracted with different organic solvents, including
dichloromethane (DCM), dichloromethane/acetone (ACE,
1:1, v/v), ethanol (EtOH), and hexane (HEX)/acetone (1:1,
v/v), and then were used to produce biochar. As shown in
Figure S5, the concentrations of PFR in biochar decreased
rapidly from 96.2 × 1017 spins·g−1 to 47.1 × 1017 spins·g−1, to
26.9 × 1017 spins·g−1, 16.4 × 1017 spins·g−1, and 25.3 × 1017

spins·g−1 for EtOH, DCM, DCM/ACE, and HEX/ACE
treatments, respectively, which suggested that the extraction
of OCs from pine needles greatly reduced the formation of
PFRs in biochar. The results indicated that OCs (e.g., PCs)
would contribute to the formation of PFRs in biochar.

Manipulation of PFRs in Biochar with Metal and
Organic Treatments. PCs and metals in biomass have been
suggested to participate in the formation of PFRs in biochar, as
found in our previous study (Figures S4 and S5, Scheme 1).27

To elucidate the mechanism of PFR formation in biochar, pine
needles loaded with different concentrations of PC (hydro-
quinone [HQ], phenol [PH], or catechol [CT]) or metals
(Fe3+, Ni2+, Cu2+, or Zn2+) were pyrolyzed at 400 °C for 2 h
and analyzed by EPR spectroscopy (Figures 2 and S6). As
shown in Figure 2a, the PFR concentration increased sharply
from 0.96 × 1019 spins·g−1 to 4.51 × 1019 spins·g−1 with 0.1
mM Fe3+ loading and then decreased to 1.55 × 1019 spins·g−1

with further increases in the concentration of Fe3+ from 0.1 to
10 mM. These results suggested that the concentration of PFRs

Figure 1. Effects of pyrolysis temperature and time on the formation
of PFRs in biochar: (a) EPR spectra of 0.02 g of biochar particles with
different pyrolysis temperatures for 1 h and (b) changes in PFR
concentration as a function of pyrolysis temperature and time.
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following Fe3+ treatment (Fe3+ concentration less than 10 mM)
was markedly higher than without Fe3+ treatment. However,
the PFR concentration following Fe3+ treatment was lower than
without Fe3+ treatment when the Fe3+ concentration increased
more than 20 mM. Similar results were also observed following
other metal treatments. The concentrations of PFRs in biochar
were 52.1 × 1019 spins·g−1, 21.2 × 1019 spins·g−1, and 4.12 ×
1019 spins·g−1 for 0.1 mM Ni2+, Cu2+, and Zn2+, respectively,
while these concentrations decreased to 33.2 × 1019 spins·g−1,
19.2 × 1019 spins·g−1, and 3.23 × 1019 spins·g−1 when the
corresponding metal concentrations increased up to 2.0 mM
(Figure 2b). Figures 2c and 2d show that the concentrations of
PFRs increased rapidly from 0.96 × 1019 spins·g−1 to 8.32 ×
1019 spins·g−1, 20.1 × 1019 spins·g−1, and 14.2 × 1019 spins·g−1

for 5.0 mM HQ, CT, and PH loadings, respectively. The
concentration of PFRs increased rapidly as the HQ
concentration increased from 0 to 5.0 mM but decreased
significantly as the HQ concentration increased from 5.0 to 50
mM (Figure 2c). Similar results were also observed for CT and
PH treatments (Figure 2d). In addition, Figures S7a−c present
the effects of pyrolysis temperature and time on the PFRs in
biochar produced following metal and organic treatment; the

results were consistent with the above-mentioned without
metal and organic treatments.
These results suggested that both metal and PC treatment

increased the concentration of PFRs in biochar, indicating that
metal and PC loading on biomass favored the formation of
PFRs in biochar. However, the metal and PC load
concentrations influenced PFR formation significantly. For
example, maximum PFR concentrations were observed for 0.1
mM metal and 5.0 mM PC treatments, but the PFR
concentration decreased with further increases in load
concentrations. The possible reason was that transition metal
ions exhibit a double-effect in the formation of PFRs during the
pyrolysis processes. For biochar loaded at relatively low
concentration of metals, transition metal ions accept electrons
from phenolic compounds and favor the formation of PFRs. In
contrast, for biochar loaded at relatively high concentration of
metals, the excess transition metal ion would consume PFRs,
since it has been well established that PFRs can act as an
electron shuttle to mediate the reduction of transition metal
ions (e.g., Fe3+).37−39 XRD analysis was used to investigate this
process. As shown in Figure S8, the FeCl2 and Fe2O3 were the
dominant Fe-species in biochar produced from Fe3+ treatment.
The results indicated that Fe2+ was formed during the pyrolysis
process, which would be generated from the reduction reaction
between Fe3+ and PFRs, since PFRs in biochar can act as an
electron shuttle and mediate the reduction of metals.37−39

Therefore, the reduction of Fe3+ by PFRs is a most likely reason
for the decrease of PFRs concentration as Fe3+ loaded
concentration increased. A similar explanation seems feasible
for understanding the concentration effects of PCs loaded
biochar samples, since PCs exhibited a similar ability to Fe3+ or
Fe2+ to consume PFRs (oxidation or reduction).

Scheme 1. Proposed Pathway for PFR and Sulfate Radical
Generation

Figure 2. Effect of metal and organic loading on the concentration of PFRs in biochar: (a) changes in PFR concentration as a function of Fe3+ load
concentration; (b) changes in PFR concentration as a function of Ni2+, Cu2+, and Zn2+ load concentration; (c) changes in PFR concentration as a
function of HQ load concentration; and (d) changes in PFR concentration as a function of catechol (CT) and phenol (PH) load concentration.
Reaction conditions: [Fe3+]0 = 0.1−100 mM; [Ni2+]0 = [Cu2+]0 = [Zn2+]0 = 0.1 mM (and 2.0 mM); [HQ]0 = 1.0−100 mM; [CT]0 = [HQ]0 = 1.0
mM (5.0 and 20 mM); pyrolysis temperature of 400 °C for 2 h.
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Figure S9 shows that the g-factors of PFRs decreased from
2.0042 to 2.0032, from 2.0042 to 2.0039, from 2.0042 to
2.0036, and from 2.0042 to 2.0040 for 0.1 mM of Fe3+, Ni2+,
Cu2+, and Zn2+ treatments, respectively, while they increased
from 2.0042 to 2.0052, 2.0048, and 2.0048 for 1.0 mM CT, PH,
and HQ, respectively. The results suggested that metals or PCs
loaded on the biomass changed the types of PFRs in biochar,
which may influence the reactivity of the PFRs that mediate
electron transfer processes. Figure 2 clearly indicated that
manipulating the amount of metal species and PCs in biomass
not only enhanced the formation of PFRs but also changed the
types of PFRs in biochar, which provided direct evidence to
support the pathway of PFR formation depicted in Scheme 1 as
follows: phenolic compounds in biomass transfer electron to
transition metals accompanied by the formation of surface-
bound PFRs in biochar during the pyrolysis processes.
Activation of Persulfate by Biochar for PCB28

Degradation. To establish the possibility of persulfate (PS)
activation by biochar, the activation of persulfate with different
biochars was studied using EPR spectroscopy coupled with
DMPO as a spin-trapping agent. This technique allowed us to
identify the generation of sulfate and hydroxyl radicals, which
are reportedly responsible for the degradation of contaminants
in the PS system.40 As shown in Figure 3a, mixing 8.0 mM PS
with 0.1 M DMPO resulted in the formation of DMPO−SO4
(six lines, 1:1:1:1:1:1) and DMPO−OH (four lines, 1:2:2:1)
signals, which were identified from their hyperfine splitting
constants ((DMPO−OH: aH = aN = 14.7 G; DMPO−SO4: aN
= 13.3 G, aH = 9.5 G, aH = 1.46 G, and aH = 0.77 G) simulated

with WinEPR Acquisition software. These results suggested the
generation of SO4

•− and •OH in PS without biochar, although
their peak intensities were relatively low (550 au for DMPO−
SO4 and 1500 au for DMPO−OH). In contrast, the peak
intensities of DMPO−SO4 and DMPO−OH increased sharply
to 2100 au and 5500 au, respectively, with the addition of 1.0 g·
L−1 P400, suggesting that the addition of P400 induced the
generation of SO4

•− and •OH in P400/PS. Moreover, the
DMPO−OH signal was observed in P400 suspensions without
PS, possibly due to single electron transfer from the PFRs to
oxygen, inducing the formation of •OH via Fenton-like
reactions.41 These results indicated that P400 activated PS
efficiently to produce sulfate radicals.
In the PS system, SO4

•− was the predominant radical species,
although SO4

•− and •OH usually coexisted as •OH derives
from the reaction of SO4

•− with OH− or H2O and both
accounted for the degradation of contaminants.7 Therefore, the
peak intensities of DMPO−SO4 were used to indicate the
concentrations of SO4

•− and the activation ability of biochar in
the biochar/PS system. The changes in the peak intensities of
DMPO−SO4 as a function of reaction time were determined
(Figure 3b). The peak intensities of DMPO−SO4 increased
rapidly from 260 au to 2100 au for P400, from 260 au to 6500
au for P400-HQ-1.0, and from 260 au to 8500 au for P400-Fe-
0.1 within 5 min and changed slightly as the reaction time
increased up to 30 min. The peak intensities of DMPO−SO4 in
P400-HQ-1.0/PS and P400-Fe-0.1/PS were significantly higher
than in P400/PS, which indicated that biochar produced from
metal and organic treatments was more reactive than biochar

Figure 3. Activation of persulfate (PS) by biochar (pyrolysis time of 2 h) for PCB28 degradation: (a) EPR spectra of PS (red), P400 (blue) and
P400/PS (black) in the presence of DMPO at 5.0 min; (b) changes in peak intensities of DMPO−SO4 in the different biochar/PS systems; (c)
pseudo-first-order rate constants (kobs) for PCB28 degradation in the different biochar/PS systems; and (d) changes in peak intensities of DMPO−
SO4 in the different biochar/PS systems in the presence of SOD. Reaction conditions: [PS]0 = 8.0 mM; [P400]0 = [P400-HQ-1.0]0 = [P400-PH-
1.0]0 = [P400-CT-1.0]0 = [P400-Fe-0.1]0 = [P400-Ni-0.1]0 = [P400-Cu-0.1]0 = [P400-Zn-0.1]0 = 1.0 g·L−1; [DMPO]0 = 0.1 M; [SOD]0 = 300 U·
mL−1; [PCB28]0 = 3.9 μM; degradation time of 4 h, pH 7.4 (10 mM, phosphate-buffered saline) and 25 °C. Green square: DMPO−OH; pink circle:
DMPO−SO4.
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without treatment for PS activation. Similar results were also
observed following other metal and organic treatments (Figure
S10 and Table S3). Moreover, Table S3 shows that the PFR
concentration in biochar decreased markedly after reaction with
PS for 30 min, which suggested that the PFRs were consumed
during the activation process.
Furthermore, PS activation by biochar for the degradation of

PCB28 was studied. Figure S11a showed that 70−100% of
PCB28 (3.9 μM) disappeared in biochar/PS, while only 20% of
PCB28 was degraded in PS (8.0 mM) alone within 240 min.
Moreover, ∼15% of PCB28 removal was attributed to the
adsorption on P400 (data not shown). The degradation of
PCB28 can be well described by pseudo-first-order reaction eqs
(Figure S11). The pseudo-first-order constants (kobs) were
0.005 min−1 for P400, 0.007 min−1 for P400-HQ-1.0, 0.008
min−1 for P400-PH-1.0, 0.019 min−1 for P400-CT-1.0, 0.010
min−1 for P400-Fe-0.1, 0.019 min−1 for P400-Cu-0.1, 0.020
min−1 for P400-Ni-0.1, and 0.006 min−1 for P400-Zn-0.1
(Figure 3c). These results indicated that the activation of PS by
biochar degraded PCB28 efficiently, but the activation ability of
different biochar samples varied significantly.
Possible Mechanism of Persulfate Activation by

Biochar. A number of previous studies have reported that
PFRs and biochar can act as electron shuttles to mediate
electron transfer reactions.37,38,42,43 For example, Dellinger and
co-workers demonstrated that PFRs in combustion products
can transfer an electron to molecular oxygen to form the
superoxide radical ion, which then induces Fenton reactions to
produce •OH.41−43 PFRs in biochar can catalyze H2O2
decomposition to induce the formation of hydroxyl radicals
via a single electron transfer process.27 More recently, the redox
ability of biochar was systematically assessed with electro-
chemical methods,37 and it was found that biochar can act as an

electron shuttle between bacteria and Fe(III) minerals.38

Furthermore, results in Figure 2 provide direct evidence to
support the pathway of PFRs formation depicted in Scheme 1.
On the basis of the literature and the observations made here,
similar to single electron transfer from PFRs to H2O2 to induce
the formation of •OH,27 it was hypothesized that the electron
transfer from PFRs to persulfate is the most likely mechanism
of PS activation by biochar (Scheme 1) as follows: 1) S2O8

2−

accepts an electron from PFRs to decompose into SO4
•−; 2)

PFRs transfer an electron to oxygen to produce superoxide
radical anion (SRA), and then SRA reacts with S2O8

2− also to
produce SO4

•−; 3) SO4
•− reacts with H2O or OH− to yield to

•OH, and both SO4
•− and •OH are responsible for PCB28

degradation.
Role of Superoxide Radical Anions and Fe-Species. The in

situ generation of hydroxyl radicals is usually dependent on
superoxide radical anions (SRAs).44,45 Figure 3a shows the
•OH formation in biochar suspensions without the addition of
PS and indicates that SRAs are formed in the biochar
suspensions. Moreover, it has been reported that SRAs attached
to the surface of solid particles can reduce persulfate ions to
produce SO4

•−.46 Therefore, the reduction of persulfate ions by
SRAs could be another important pathway for SO4

•−

generation from PS activation by biochar. Superoxide dismutase
(SOD) was used as a scavenger to assess the role of SRAs in
this process. As shown in Figure 3d, peak intensities of
DMPO−SO4 in PS changed slightly in the presence of 300 U·
mL−1 SOD, which suggested that SOD had limited effects on
the formation of DMPO−SO4 from the reaction of DMPO and
SO4

•−. In contrast, the peak intensities of DMPO−SO4

decreased significantly from 2100 au to 1500 au for PS/P400,
from 6500 au to 4500 au for PS/P400-HQ, and from 8800 au

Figure 4. Correlation between PFRs consumed and sulfate radical formation (a) and (b) correlation between the concentration of PFRs consumed
and the peak intensities of DMPO−SO4 formed; (c) and (d) correlations between the values of the normalized concentrations of PFRs consumed
and peak intensities of DMPO−SO4 and the g-factors of corresponding PFRs. All the data presented were obtained from Table S3 described in the
SI and resulted from the activation of persulfate by different biochar samples.
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to 5800 au for PS/P400-Fe in the presence of 300 U·mL−1

SOD after 5.0 min, which indicated that the generation of
SO4

•− in biochar/PS was greatly inhibited by SOD. An
explanation for this behavior is that SOD quenched SRAs,
resulting in the reduced formation of SO4

•− from the reaction
of persulfate ions and SRAs. These results showed that the
DMPO−SO4 peak intensities decreased 20−30% (calculated
from Figure 3d) with the addition of SOD, which indicated that
the SRAs contributed about 20−30% of SO4

•− generation in
the biochar/PS system.
It has been demonstrated that some metal oxides such as

Fe(III) and Mn(IV) oxides catalyze the decomposition of
persulfate to produce sulfate radicals.8,11,47 Biochar, especially
biochar produced from metal-loaded biomass, contains metal
oxides. For example, the Fe, Zn, and Mn contents in biochar
without metal treatment were 1.5−2.2 g·kg−1, 0.061−0.075 g·
kg−1, and 0.11−0.19 g·kg−1, respectively (data not shown). For
Fe3+ treatment, the Fe content was about 25.0−124 g·kg−1 in
biochar samples. XRD analysis showed the formation of Fe2+-
species and Fe2O3 in biochar with Fe3+ loaded treatments
(Figure S8). Consequently, it was hypothesized that Fe-species
in biochar would also contribute to persulfate activation and
PCB28 degradation.
To investigate this possibility, the activation of persulfate by

commercial Fe3O4 and Fe2O3 for PCB28 degradation was
examined. The amount of Fe2O3 (0.176 g/L, 2.2 mM Fe3+) and
Fe3O4 (0.171 g/L, 2.2 mM Fe = 1.46 mM Fe3+ + 0.74 mM
Fe2+) used in this experiment was equal to the maximum Fe
content (124 g/kg, 1.0 g/L biochar contains about 2.2 mM Fe)
in biochar. As shown in Figure S12, 49% and 37% of 3.9 μM
PCB28 degraded in the Fe3O4/PS and Fe2O3/PS systems,
respectively, while 20% of PCB28 was degraded in PS alone,
and less than 8% of PCB28 sorbed on these metal oxides within
240 min, which suggested that Fe3O4 and Fe2O3 activation
accounted for about 20% and 10% of PCB28 degradation,
respectively. These results indicated that Fe-species in biochar
would contribute for persulfate activation and PCB28
degradation, especially for biochar produced from Fe3+ loaded
treatments, but for most of biochar without Fe3+ loaded
treatments, this contribution was limited, since the content of
Fe was extremely low in these biochar particles.
Role of PFRs. As described in Scheme 1, PFRs were the

primary electron donors, which transfer electrons to persulfate
ions to induce the formation of sulfate radical. To assess the
role of PFRs in PS activation by biochar, correlations between
the concentration of PFRs consumed and the peak intensities
of sulfate radical formed were analyzed. As shown in Figure 4a,
a positive correlation between the concentration of PFRs
consumed and the peak intensities of DMPO−SO4 was
observed, but the correlation coefficient was only 0.493 (p <
0.001), indicating that the concentration of PFRs was not the
unique factor controlling the formation of SO4

•− in the
biochar/persulfate system. The types of PFR would be another
important factor to affect the reactivity of PFR with persulfate
for SO4

•− generation, since the g-factors of PFR varied
significantly in Figure 4a (Table S2). Briefly, these PFRs
could be divided into two groups according to their g-factors:
carbon-centered PFRs with an adjacent oxygen atom for P500
and P600 (denoted as “Group I”, g-factor of 2.0030−2.0040)
and oxygen-centered PFRs for P300 and P400 (Group II, g-
factor larger than 2.0040). To assess the effects of PFR types on
SO4

•− formation of in biochar/persulfate, the concentrations of
PFRs consumed in Group I and Group II were correlated with

the corresponding generated peak intensities of DMPO−SO4
(Figure 4b). The correlation coefficients and slopes were 0.911,
45.7, and 0.614, 8.95 for Group II and Group I, respectively,
which suggested that with production of the same concen-
tration of SO4

•−, more PFRs would be consumed for Group I
than for Group II. These results indicate that oxygen-centered
PFRs (Group II) are more reactive than carbon-centered PFRs
with adjacent oxygen (Group I) toward persulfate for the
generation of sulfate radical.
To further understand the effects of the types of PFR on the

formation of SO4
•−, the peak intensities of DMPO−SO4 were

normalized with the concentration of the PFRs consumed (the
normalized value was denoted as λ = [DMPO−SO4]/
[PFRs]consumed) and then correlated with corresponding g-
factors. As shown in Figure 4c, a negative correlation was found
between λ and the g-factor with a correlation coefficient (R2)
and slope of 0.83 and −1.51 × 106 for Group I; however, a
positive correlation was observed between λ and the g-factor for
Group II (R2 = 0.762, slope of 6.05 × 104). The results showed
that λ values increased with increasing g-factors for Group II
and decreased with decreasing g-factors for Group I. For Group
I (carbon-centered PFRs with an adjacent oxygen atom), the
closer the g-factor to the carbon-centered radicals (g < 2.0030),
the higher concentration of PFRs consumed to generate the
same amount of sulfate radical, which indicated that carbon-
centered PFRs with an adjacent oxygen atom were more
efficient than carbon-centered PFRs toward persulfate for the
production of sulfate radical. For Group II (oxygen-centered
PFRs), the closer the g-factor to the semiquinone radicals (g >
2.0045), the higher concentration of PFRs consumed to
generate the same amount of sulfate radical, suggesting that the
ability of oxygen-centered PFRs toward persulfate to generate
sulfate radical decreased with increasing their g-factors. Overall,
most of the λ values for Group I were markedly higher than
those for Group II, which further indicated that oxygen-
centered PFRs were more efficient than carbon-centered PFRs
toward persulfate for SO4

•− generation. The results are
consistent with the correlation analysis presented in Figure 4b.
Similar results were also observed in the activation of PS by

metal- and organic-loaded biochar (Table S2, Figure 4d). The
g-factors were ranged from 2.0030 to 2.0040 for metal-loaded
biochar, while were larger than 2.0040 for PC-loaded biochar,
which indicated that carbon-centered PFRs with an adjacent
oxygen atom (Group I) and oxygen-centered PFRs (Group II)
were present in metal-loaded and PC-loaded biochars,
respectively. A negative correlation (R2 = 0.902) between λ
and the g-factor was obtained when the g-factor was less than
2.0040 (metal-loaded treatments, Group I), while a positive
correlation between λ and the g-factor was observed when the
g-factor was larger than 2.0040 (organic loaded treatments,
Group II). The trend of λ changes as a function of g-factor was
the same as that shown in Figure 4c. However, the λ value was
markedly lower than that of biochar produced without loading
treatments, which suggested that biochar produced from metal
or PC-loaded treatments was more efficient than biochar
produced without treatment toward SO4

•− generation in the
biochar/persulfate system. These results indicated that both the
concentration and type of PFR influenced the activation ability
of PFRs in biochar, and PFRs were the primary factor for
persulfate activation by biochar.

Environmental Implications. This study found that the
manipulation of metal and organic concentrations in biomass
significantly changed the concentrations and g-factors of PFRs
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in biochar, which provided direct evidence for the identification
of the pathway by which PFRs are formed during the pyrolysis
of biomass. Moreover, PFRs in biochar exhibited an excellent
ability to activate persulfate for the degradation of contami-
nants. Both the concentration and type of PFR influenced the
generation of sulfate radicals from the biochar/PS system. The
findings from this study have significant implications for the
transformation of contaminants by biochar and for the use of
persulfate in the remediation of contaminated soils.
First, this study provides a new method to regulate the

concentration and type of PFR in biochar, which could improve
the catalytic reactivity of biochar since PFRs were found to be
efficient shuttle mediating electron transfer reactions.36,42 This
means that biochar exhibited the ability to induce the formation
of reactive oxygen species (ROS) and transform contaminants
efficiently under specific geochemical conditions (e.g., O2 and
S2−).32,48,49 Consequently, it can be concluded that the
application of biochar to soils can not only change the
physicochemical properties of soil but also influence soil
biogeochemistry processes including PFRs in biochar acting as
terminal electron acceptors in anaerobic respiration,37 mitigat-
ing the nitrous oxide emissions from soils by inducing the
formation ROS,50,51 and mediating the reductive trans-
formation of pollutants in the presence of sulfide in soils.52

Second, this study would develop an alternative activator for
persulfate decomposition in persulfate-based remediation of
contaminated soils. Moreover, combination of biochar sorption
with the persulfate-mediated oxidation of contaminants is an
excellent strategy for the remediation of contaminated soil,
especially for organic-polluted soil. Finally, our study provides a
new strategy for the reuse of hyperaccumulator biomass in the
phytoremediation of heavy metal from soil. For example, we
can pyrolyze hyperaccumulator biomass to prepare new
catalytic materials, which can be further used in the catalytic
decomposition of oxidants (e.g., hydrogen peroxide and
persulfate) for the degradation of pollutants and the
remediation of contaminated soil.
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