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ace dissolved Fe(III) with biochar in
hydrogen peroxide activation for enhanced
oxidation of pollutants†
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Huaping Donga and Yimin Lia

Activation of hydrogen peroxide (H2O2) with biochar is a sustainable and low-cost approach for advanced

oxidation of organic pollutants, but faces the challenge of a low yield of hydroxyl radical (cOH). Herein, we

hypothesize that the activation efficiency of H2O2 can be enhanced through co-catalysis of trace dissolved

iron (Fe) with biochar. Two biochar samples derived from different feedstock, namely LB from liquor-

making residue and WB from wood sawdust, were tested in the co-catalytic systems using trace Fe(III)

(0.3 mg L�1). The cumulative cOH production in [Fe(III) + LB]/H2O2 was measured to be 3.28 times that in

LB/H2O2, while the cumulative cOH production in [Fe(III) + WB]/H2O2 was 11.9 times that in WB/H2O2.

No extra consumption of H2O2 was observed in LB/H2O2 or WB/H2O2 after addition of trace Fe(III).

Consequently, the reaction rate constants (kobs) for oxidation of pollutants (2,4-dichlorophenoxyacetic

acid and sulfamethazine) were enhanced by 3.13–9.16 times. Other iron species including dissolved Fe(II)

and iron minerals showed a similar effect on catalyzing 2,4-D oxidation by biochar/H2O2. The

interactions involved in adsorption and reduction of Fe(III) by biochar in which the defects acted as

electron donors and oxygen-containing functional groups bridged the electron transfer. The fast

regeneration of Fe(II) in the co-catalytic system resulted in the sustainable cOH production, thus the

efficient oxidation of pollutants comparable to other advanced oxidation processes was achieved by

using dissolved iron at a concentration as low as the concentration that can be found in natural water.
1. Introduction

Biochar is a kind of carbon-rich material obtained by pyrolysis
of waste biomass under oxygen-limited conditions, and has
shown great potential in carbon sequestration, soil improve-
ment, energy storage, and environmental remediation.1–3

Recently, biochar has been found to be an attractive catalyst for
advanced oxidation of pollutants.4–6 Specically, biochar can
activate H2O2,7–10 and persulfates11–13 to produce reactive oxygen
species (ROS) such as the hydroxyl radical (cOH), sulfate radical
(SO4c

�) and singlet oxygen (1O2), which are powerful oxidants
(e.g. Eq(cOH/H2O) ¼ 2.73 V) capable of mineralization of various
organic pollutants.14–16 As biochar is readily available from
waste biomass, its application in remediation of contaminated
environments is advantageous over other elaborately synthe-
sized materials in view of cost and sustainability.17–19 However,
the practical application of biochar-activated systems is limited
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by the low yield of ROS. For example, the cumulative yield of
cOH was estimated to be only 0.09 mol per molar consumption
of H2O2 in a biochar/H2O2 system,20 and most of the H2O2 was
decomposed into end-products (H2O and O2), as has been
observed on other carbonmaterials.21 The low efficiency of H2O2

activation by biochar leads to unsatisfactory performance on
pollutant removal and excess H2O2 consumption. So, biochar
was more oen applied as a carrier of catalysts,22–25 or aer
special modications26–28 for use in advanced oxidation
processes (AOPs).

Herein, we hypothesize that the H2O2 activation by biochar
can be enhanced by using trace dissolved iron (Fe) together.
Biochar, being an electron-rich and conductive carbonmaterial,
can act as a reductant of Fe(III) for persulfate activation to
enhance the degradation of organic pollutants,29,30 and can also
accelerate Fe(III)/Fe(II) cycle that is the rate-limiting step in
Fenton and Fenton-like processes.31,32 Thereby, the required
dosage of Fe(II) in Fenton process can be diminished substan-
tially by biochar,20 which is benecial for minimizing the
production of iron sludge that is still a challenge in Fenton
process.33,34 In this context, it is interesting to reduce further the
iron concentration to a trace level that is close to natural envi-
ronment, and to explore the interactions between trace iron and
biochar on co-catalyzing the oxidation of pollutant by H2O2. The
RSC Adv., 2022, 12, 17237–17248 | 17237
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trace dissolved iron is ubiquitous in natural water. For example,
a maximum dissolved iron of 0.163 mg L�1 in surface water has
been reported by Nagai et al.,35 and a dissolved iron of
0.295 mg L�1 in groundwater was reported by Gutierrez-Zapata
et al.36 The dissolved iron may also co-exist with organic
pollutants in wastewater, especially in wastewater pretreated
with iron-containing occulants.37 Therefore, the in-depth
investigation on the co-catalysis of trace dissolved iron with
biochar in oxidation process is of signicance for both reme-
diation of contaminated environment and advanced treatment
of wastewater.

In this study, trace dissolved Fe(III) was used together with
biochar to activate H2O2 for enhanced oxidation of organic
pollutants. The typical Fe(III) concentration was set at
0.30 mg L�1, equal to the limit of iron concentration in drinking
water recommended by the World Health Organization (WHO),
and close to that found in a natural water.36 A common herbi-
cide 2,4-dichlorophenoxyacetic acid (2,4-D) and a common
antibiotic sulfamethazine (SMZ) were used for evaluating the
performance of this novel oxidation process co-catalyzed by
trace Fe(III) and biochar. Both 2,4-D and SMZ are popular model
pollutants that have been frequently used in evaluating various
AOPs, and their degradation pathways have been claried in
many previous studies.34,38,39Herein, we focus on the co-catalytic
effect between trace dissolved Fe(III) and biochar in oxidation
process, and the role of dissolved Fe(III) was highlighted by
using two biochars obtained by pyrolysis of different feedstock.
We will show that co-catalysis of trace Fe(III) with biochar can
raise dramatically the cOH yield from H2O2 decomposition, and
enhance the oxidation of pollutants consequently. The interfa-
cial interactions between trace Fe(III) and biochar in the co-
catalytic system will be investigated, so as to clarify the in-
depth mechanisms. Furthermore, different iron species
including dissolved Fe(II) and solid iron minerals are used
instead of aqueous Fe(III), so as to extend the knowledge about
the applicability of this co-catalytic system in remediation of
contaminated environment.

2. Experimental
2.1. Reagents and biochar samples

Ferric sulfate [Fe2(SO4)3] and ferrous sulfate heptahydrate
(FeSO4$7H2O) of analytical grade used for preparing the solu-
tion of trace Fe(III)/Fe(II), as well as aqueous solution of H2O2

(30%, w/w) of analytical grade were purchased from the Sino-
pharm Chemical Reagent Co. Ltd., China. Benzoic acid (BA) and
other chemicals (e.g. acetonitrile, methanol, sodium hydroxide)
of analytical grade, iron minerals including hematite (Fe2O3,
99% purity) and magnetite (Fe3O4, 99% purity), and the model
pollutants including 2,4-D (98% purity) and SMZ (99% purity)
were purchased from Aladdin Agents Co. Ltd., China. The 18.2
MU cm (Milli-Q Gradient, Millipore, USA) pure water was used
for preparing the solutions.

The biochar samples were derived from two different feed-
stock: one labeled as LB from a cereal waste aer making liquor,
and another labeled asWB from a pinewood sawdust, according
to the method reported in our previous study.20 The
17238 | RSC Adv., 2022, 12, 17237–17248
temperature of 700 �C for pyrolysis was selected for producing
the biochar that has both relatively stable properties40,41 and
high reactivity in catalyzing Fenton process.20 The carbon
contents, ash contents and surface areas (Brunauer–Emmet–
Teller (BET) method) were 66.0% � 0.3% and 93.9% � 0.4%,
23.4% � 0.1% and 0.89% � 0.03%, and 6.66 and 409 m2 g�1,
respectively for LB and WB. More details regarding the
compositions of these two biochars are provided in the ESI
(Table S1 and Fig. S1†). A Fourier transform infrared spec-
trometer (FTIR) (Nexus, Nicolet, USA) was used to identify the
functional groups of biochar with KBr as the background.
Raman measurements were performed using a Renishaw inVia
Raman spectrometer (UK) to evaluate the defects and graphiti-
zation of biochar. An X-ray diffractometer (XRD) (Empyrean,
Panalytical, Netherlands) was used to characterize the graphite-
like structure in biochar.

2.2. Experimental methods of oxidation

The oxidation experiments using trace Fe(III) in biochar/H2O2

system were performed in the dark in an oscillator (180 rpm)
(KS4000i, IKA, Germany). In a typical co-catalytic system con-
taining 100 mL of water solution of trace Fe(III) (0.30 mg L�1),
the biochar (3.0 g L�1) was added, and the initial pH (pH0)
adjusted to 3.0 � 0.1 with dilute H2SO4 solution. The suspen-
sion was oscillated at 25 � 0.2 �C for 30 min of preliminary
equilibration. Aer addition of pollutant (2,4-D or SMZ) with an
initial concentration (C0) of 20 mg L�1, the pH of solution was
measured and re-adjusted to 3.0 � 0.1 if necessary. Then, the
reaction was initiated immediately aer addition of H2O2

(5.0 mmol L�1). Aer a set reaction time interval t (2–60 min),
0.5 mL of solution was sampled and immediately mixed with
methanol of the same volume. The 2,4-D or SMZ concentration
(Ct, mg L�1), and total organic carbon (TOC) in the mixed
solution samples was analyzed aer membrane ltration (0.22
mm). The mean value of triplicates was recorded for each
experiment. The Fe(III)/H2O2 and biochar/H2O2 systems,
together with those using biochar or H2O2 alone were tested for
comparison. Different pH0 (2.0–4.0), and different dosages of
Fe(III) (0.10–1.00 mg L�1), H2O2 (1.0–9.0 mmol L�1) and biochar
(1.0–5.0 g L�1) were adjusted to investigate their inuence on
2,4-D degradation. The different conditions used in this study
are listed in Table S2.† In further comparison studies, the trace
Fe(II) solution from dissolution of FeSO4$7H2O, and the
suspensions of two iron minerals (hematite and magnetite)
were used instead of Fe(III) solution to test the feasibility of
various iron species. The repetitive experiments were performed
to estimate the reusability of biochar by recycling it through
centrifugation (8000 rpm) and freeze-drying without further
purication.

2.3. Measurement of ROS in reaction systems

The cOHproduction in various reaction systemswasmeasured by
using BA as a chemical probe.42,43 The specic procedure is same
as that in the oxidation experiment, except that a BA solution
with initial concentration of 5.0 mmol L�1 was used instead of
pollutant solution. The solution sample was analyzed aer
© 2022 The Author(s). Published by the Royal Society of Chemistry
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mixing with methanol and membrane ltration. The concentra-
tion of p-hydroxybenzoic acid (p-HBA) derived from BA oxidation
was referred to calculate the cumulative amount of cOH.
According to Tong et al.,42 the production of 1.00 mmol of p-HBA
is equivalent to the consumption of 5.87 mmol of cOH. The
production cOH and superoxide anion radical (O2c

�) in various
reaction systems was also determined by electron paramagnetic
resonance (EPR) spectrometry (FA-200, JEOL, Japan).43
2.4. Instrumental analysis of solution samples

The concentration of p-HBA, 2,4-D or SMZ was measured using
high performance liquid chromatography (LC-20A, Shimadzu,
Japan). The details for analysis of p-HBA and 2,4-D can be found
in our previous study,43 and SMZ was analyzed at 275 nm using
an eluent composed of acetonitrile and 0.1% acetic acid (v/v ¼
40/60). The H2O2 or Fe(II) concentration was measured using
UV-vis spectrophotometry (Spectrum 1920, Shanghai, China).20

The total aqueous iron was measured by inductively coupled
plasma-atomic emission spectrometry (ICP-AES) (Prodigy XP,
Leeman, USA), and the TOC was determined on a total carbon
analyzer (Elementar vario, German).
3. Results and discussion
3.1. Co-catalysis of trace Fe(III) with biochar in oxidation of
pollutants by H2O2

The co-catalysis of trace dissolved Fe(III) (0.30 mg L�1) with
biochar in oxidation of 2,4-D by H2O2 can be found in Fig. 1. No
Fig. 1 (a and b) Removal of 2,4-D (C0 ¼ 20mg L�1) in the systems using d
and (d) TOC removal in different systems. Dosage: Fe(III) ¼ 0.30 mg L�1,

© 2022 The Author(s). Published by the Royal Society of Chemistry
apparent removal of 2,4-D was observed in Fe(III)/H2O2

(Fig. 1(a)), and only 41.8% and 35.7% of 2,4-D was removed
respectively by LB/H2O2 (Fig. 1(a)) andWB/H2O2 (Fig. 1(b)), aer
60 min of reaction. In contrast, much more 2,4-D was removed
in the two systems co-catalyzed by dissolved Fe(III) and biochar,
namely 89.0% in [Fe(III) + LB]/H2O2 and 96.5% in [Fe(III) + WB]/
H2O2, aer the same reaction time. The results indicate that
trace Fe(III) enhanced the pollutant removal by biochar/H2O2,
which is further proved by kinetic analysis. The obtained
pseudo-rst-order reaction rate constants (kobs) show the much
faster degradation of 2,4-D in the co-catalytic systems (Fig. 1(c)),
as the kobs values for 2,4-D removal in [Fe(III) + LB]/H2O2 and
[Fe(III) + WB]/H2O2 are respectively 4.64 and 9.16 times that in
LB/H2O2 and WB/H2O2, and are two orders of magnitude larger
than that the kobs value in Fe(III)/H2O2. The kobs values (0.035–
0.055 min�1) in these [Fe(III) + biochar]/H2O2 systems are also
larger than that observed in a Fenton process catalyzed by FeS44

and in a photo-catalytic process,45 indicating that an efficiency
comparable to other AOPs can be obtained through activation
of H2O2 using both biochar and trace Fe(III).

Additional experiments have been performed to prove that
2,4-D was removed through oxidation. First, the contribution of
adsorption by biochar to the total removal is insignicant as few
2,4-D was removed by biochar itself within 60 min (LB in
Fig. 1(a), and WB in Fig. 1(b)). Second, the TOC removal in the
reaction systems using H2O2 (Fig. 1(d)) proves that 2,4-D was
removed mostly by oxidation. Much more TOC was removed in
[Fe(III) + WB]/H2O2 and [Fe(III) + LB]/H2O2 than that in WB/H2O2
ifferent combinations of Fe(III), biochar (LB or WB) and/or H2O2; (c) kobs
LB or WB ¼ 3.0 g L�1, and H2O2 ¼ 5.0 mmol L�1; and pH0 ¼ 3.0.

RSC Adv., 2022, 12, 17237–17248 | 17239
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and LB/H2O2, proving the enhanced mineralization of 2,4-D in
both co-catalytic systems. The release of chloride ions indicates
the dechlorination of 2,4-D in the reaction systems, and the
much faster dechlorination was observed in [Fe(III) + WB]/H2O2

than inWB/H2O2 (Fig. S2†). The specic degradation pathway of
2,4-D in Fenton-like oxidation by H2O2 included dechlorination,
hydroxylation, and opening of the aromatic ring, with the short-
chain organic acids dominated the residual TOC.43 Further-
more, the co-catalysis of trace Fe(III) (0.30 mg L�1) with biochar
was also found in oxidation of another pollutant SMZ (Fig. S3†).
The removal of SMZ in [Fe(III) + LB]/H2O2 is much faster than in
either Fe(III)/H2O2 or LB/H2O2, and the kobs for SMZ removal in
[Fe(III) + LB]/H2O2 is calculated to be 13.6 � 10�3 min�1, which
is 3.13 times that in LB/H2O2, and 6.07 times that in Fe(III)/H2O2.
The results prove that the co-catalytic system is applicable for
oxidation of different organic pollutants. It needs to be
mentioned in advance here that, the difference between the two
biochars (LB vs. WB) on performance for pollutant removal in
the co-catalytic system will be addressed in the Section 3.5.
3.2. Enhanced cOH yield in the co-catalytic system

Much more cOH was produced in the two systems co-catalyzed
by biochar and trace Fe(III) (0.30 mg L�1) than that in biochar/
H2O2, according to results shown in Fig. 2(a). The cumulative
cOH productions in [Fe(III) + WB]/H2O2 and [Fe(III) + LB]/H2O2

are respectively 11.9 and 3.28 times that in WB/H2O2 and LB/
H2O2, and more than ten times that in Fe(III)/H2O2. The most
Fig. 2 (a) Cumulative cOH production, and (b) change of H2O2 concentr
O2c

� trapped by DMPO and methanol in different oxidation systems. Dos
L�1; and pH0 ¼ 3.0.

17240 | RSC Adv., 2022, 12, 17237–17248
cOH production (1.11 mmol L�1) was observed in [Fe(III) + WB]/
H2O2 aer 60 min of reaction, which can explain the highest
kobs and the most TOC removal in this system (Fig. 1(c) and
(d)). The ranking of various reaction systems on cOH produc-
tion is generally in consistency with their order on kobs values
(Fig. 1(c)), namely, more cOH production resulted in faster
oxidation of pollutant. However, the ranking of H2O2

consumption in different systems is not always consistent with
cOH production. More decomposition of H2O2 was observed in
the two systems using LB (Fig. 2(b)), namely [Fe(III) + LB]/H2O2

and LB/H2O2. The H2O2 consumed in [Fe(III) + WB]/H2O2 is
comparable to that in WB/H2O2, despite that the cOH
production in [Fe(III) + WB]/H2O2 was the most among all the
systems (Fig. 2(a)). Therefore, the activation efficiency of H2O2

should be estimated on the basis of cOH yield, namely the
molar production of cOH per molar decomposition of H2O2. In
fact, the cOH yield in the two biochar-activated systems is fairly
low (6.19% in WB/H2O2, and 9.27% in LB/H2O2), indicating
that most (>90%) of H2O2 decomposed into end-products (H2O
and O2).21 In contrast, addition of trace Fe(III) in biochar/H2O2

enhanced dramatically the cOH yield (89.8% in [Fe(III) + WB]/
H2O2, and 32.5% in [Fe(III) + LB]/H2O2), without extra
consumption of H2O2 (Fig. 2(b)). Therefore, biochar facilitated
the decomposition of H2O2 while trace Fe(III) boosted the yield
of cOH in the co-catalytic systems. The similar co-catalytic
effect on enhancing the cOH yield from H2O2 decomposition
has been observed in the combination of biochar with iron
minerals,43,46 and in the Fenton-like systems with presence of
ation, (c) EPR spectra of cOH trapped by DMPO, and (d) EPR spectra of
age: Fe(III) ¼ 0.30 mg L�1, LB or WB ¼ 3.0 g L�1, and H2O2 ¼ 5.0 mmol

© 2022 The Author(s). Published by the Royal Society of Chemistry
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activated carbon, carbon nanotubes and reduced graphene
oxide.47,48

The EPR spectra conrm the production of both cOH and
O2c

� in most of the reaction systems. The cOH signals with
characteristic 1 : 2 : 2 : 1 pattern (Fig. 2(c)) can be ranked by
relative intensity in an order similar to the cOH production
shown in Fig. 2(a). Namely, the stronger cOH signals belonging
to the two co-catalytic systems are consistent with the more
production of cOH measured with chemical probe. Further-
more, the degradation experiments using methanol as the cOH
scavenger has been performed for verifying the role of cOH. The
results (Fig. S4(a)†) indicated that the degradation of 2,4-D was
almost ceased when methanol was added in the reaction
systems, proving that cOH is the dominant ROS in both [Fe(III) +
biochar]/H2O2 and biochar/H2O2 systems. Despite this, the
signals of 1 : 1 : 1 : 1 pattern shown in Fig. 2(d) indicates that
there was O2c

� in the reaction systems except Fe(III)/H2O2.
Chloroform (CHCl3) was used as the scavenger of O2c

� accord-
ing to a previous study by Diao et al.49 The experimental results
indicate that O2c

� had contributed to 2,4-D degradation as well,
because addition of chloroform in [Fe(III) + LB]/H2O2 slowed
down the 2,4-D degradation (Fig. S4(b)†). As O2c

� is a reductant
(E0(O2/O2c

� ¼ �0.16 V)), it contributed to 2,4-D degradation
most likely by serving as the intermediate for production of
cOH.43,50

3.3. Effect of Fe(III) concentration and iron species

The inuence of Fe(III) concentration on production of cOH in
[Fe(III) + LB]/H2O2 is shown in Fig. 3(a). As can be seen, more
Fe(III) resulted in production of more cOH and subsequently
faster oxidation of 2,4-D (Fig. 3(b)). Specically, the 2,4-D
Fig. 3 (a) Cumulative cOHproduction, and (b) removal of 2,4-D (C0¼ 20
of 2,4-D removal in [Fe + LB]/H2O2 using Fe(II) instead of Fe(III), and (d) rem
L�1) and iron minerals (1.0 g L�1). Dosage: LB ¼ 3.0 g L�1 (if present), an

© 2022 The Author(s). Published by the Royal Society of Chemistry
degradation rate was enhanced sharply when the Fe(III)
concentration increased from 0 to 0.30 mg L�1. But aer then,
the enhancement of degradation rate was no longer so distinct.
The dissolved iron may also exist in water in ferrous species
(Fe(II)), especially in anaerobic environment. For this case,
a comparison study using Fe(II) instead of Fe(III) was conducted
to degrade 2,4-D under the same reaction conditions. The
results (Fig. 3(c)) indicate that 2,4-D was degraded in [Fe(II) +
LB]/H2O2 with a reaction rate (kobs) a little higher than that in
[Fe(III) + LB]/H2O2, but much higher than that in the Fenton
process without biochar (Fe(II)/H2O2). Therefore, the trace iron
of both valence (Fe(III) and Fe(II)) is applicable in the co-
catalyzed oxidation of pollutant by H2O2.

Iron minerals have been used as the iron source for cata-
lyzing the Fenton-like processes,51,52 so we hypothesize that the
solid iron species can also be used together with biochar for co-
catalyzing the oxidation of pollutants by H2O2. In this study, two
common ironminerals, namely hematite (Fe2O3) andmagnetite
(Fe3O4), were used together with WB for activation of H2O2 at
pH0 of 3.0. The results in Fig. 3(d) show the enhanced 2,4-D
removal by both [Fe2O3 + WB]/H2O2 and [Fe3O4 + WB]/H2O2,
with the removal efficiencies apparently higher than the simple
sum of WB/H2O2 and corresponding heterogeneous Fenton
system (Fe2O3/H2O2 or Fe3O4/H2O2). In addition, the dissolved
iron was measured to be 0.073 and 0.26 mg L�1 aer reaction in
[Fe2O3 + WB]/H2O2 and [Fe3O4 + WB]/H2O2, respectively. The
2,4-D degradation rate by [Fe3O4 + WB]/H2O2 is comparable to
that obtained in [Fe(III) + WB]/H2O2 with a dissolved Fe(III) of
0.30 mg L�1, while the degradation rate by [Fe2O3 + WB]/H2O2 is
close to that obtained with a dissolved Fe(III) of 0.10 mg L�1

(Fig. S5†). Therefore, it is likely that the iron minerals catalyzed
mg L�1) by [Fe(III) + LB]/H2O2 with different Fe(III) concentrations; (c) kobs
oval of 2,4-D (C0¼ 20mg L�1) in the oxidation systems usingWB (1.0 g
d H2O2 ¼ 5.0 mmol L�1; and pH0 ¼ 3.0.
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the degradation of pollutants in biochar/H2O2 through
releasing dissolved iron at acidic pH.43,53,54 The more and in-
depth investigations are underway to clarify the mechanisms
involved in the activation of H2O2 by both biochar and iron
minerals. Herein, the preliminary investigation validated the
same role of dissolved iron from solid minerals on catalyzing
the oxidation of pollutant in biochar/H2O2. These results,
together with that obtained by using both Fe(III) and Fe(II)
species, are signicant for remediation of contaminated envi-
ronment by utilizing the ubiquitous iron in water and soil.
Furthermore, the co-catalysis of trace dissolved iron with bio-
char for activation of H2O2 is also advantageous for treatment of
wastewater, because the production of iron sludge can be
minimized at an iron concentration as low as 0.3 mg L�1. For
validating this, the solution aer reaction in [Fe(III) + LB]/H2O2

was separated out and its pH was adjusted from acidic to
neutral (6.5). The solution maintained to be clear aer the pH
adjustment (Fig. S6†), proving that the iron sludge was hardly
produced.
3.4. Interactions between dissolved Fe(III) and biochar

The enhanced activation of H2O2 in the co-catalytic system is
related to the interfacial interactions between dissolved iron
and biochar, which was investigated using a Fe(III) concentra-
tion of 1.00 mg L�1, because the lower concentration (e.g.
0.30 mg L�1) makes it difficult to measure accurately the
concentration of regenerated Fe(II). First, the results shown in
Fig. 4 indicate that a signicant fraction of aqueous Fe(III) was
transformed into Fe(II) during the oxidation of 2,4-D in [Fe(III) +
biochar]/H2O2. There was hardly any Fe(II) detected in Fe(III)/
H2O2, while the Fe(II) concentrations in [Fe(III) + LB]/H2O2 and
[Fe(III) + WB]/H2O2 reached to 0.451 and 0.608 mg L�1 aer
60 min, respectively. Therefore, nearly 45% and 80% of aqueous
iron were present in Fe(II) species in [Fe(III) + LB]/H2O2 and
[Fe(III) + WB]/H2O2, respectively, if calculated on the basis of
total aqueous iron measured at 60 min. Second, the total
aqueous iron in [Fe(III) + WB]/H2O2 (�0.75 mg L�1) is apparently
fewer than the added Fe(III) (1.00 mg L�1), and the total aqueous
iron in [Fe(III) + LB]/H2O2 is also fewer than the sum of added
Fig. 4 Change of total Fe and Fe(II) concentrations in the solutions of diff
L�1, and H2O2 ¼ 5.0 mmol L�1; and pH0 ¼ 3.0.

17242 | RSC Adv., 2022, 12, 17237–17248
Fe(III) (1.00 mg L�1) and the released Fe (�0.3 mg L�1) from LB.
The results indicate that nearly 25% of aqueous iron was
adsorbed by biochar.

The reduction and adsorption of aqueous Fe(III) by other
carbon materials in the Fenton-like process have been reported
previously. Qin et al.55 found that Fe(III) ions were adsorbed onto
the surface of hydrothermal carbon (HTC) to form complexes
with hydroxyl groups. Then Fe(III) was reduced into Fe(II)
through electron transfer from persistent free radicals (PFRs) in
HTC with the mediation of Fe(III) complexes. Peng et al.56 sug-
gested that the reduction of Fe(III) by carbon nanotubes (CNTs)
occurred through direct electron transfer or mediated by
adsorption of both Fe(III) and H2O2 onto CNTs surface. Yang
et al.57 proposed a new pathway for the fast reduction of Fe(III) in
a Fenton-like process with presence of functionalized multi-
walled carbon nanotubes (FCNT-H), namely Fe(III) was
reduced by H2O2 through a mediation of Fe(III) complexes with
carboxyl groups on the FCNT-H surface. Like these carbon
materials, biochar has shown its potential in electron donation
and transfer in AOPs, but the specic routes are different for the
biochars prepared at different conditions. For example, Wang
et al.29 and Hong et al.34 have proposed that PFRs in the biochar
prepared at 500 �C were the dominant electron donors to reduce
Fe(III) for activation of persulfates. However, our previous study
has shown that the biochar prepared at 700 �C was more reac-
tive on facilitating the Fe(III)/Fe(II) cycle in Fenton process,20

although Yang et al.58 and Zeng et al.30 have reported that there
are few PFRs in the biochar prepared at 700 �C. Therefore, PFRs
are not likely to be the major electron donors for reduction of
Fe(III) in this study. Recently, Ouyang et al.,59 and Wang and
Chen60 proposed that the defects in the biochar prepared at
high temperature (700–900 �C) acted as electron donors for
activation of persulfates. In addition, the graphite-like structure
in biochar facilitated the electron transfer.61–63 In the two bio-
chars (LB and WB) used in this study, the defects was proved by
the relatively high intensity ratios of D-band (1350 cm�1) to G-
band (1570 cm�1) (ID/IG) in Raman spectra (Fig. 5(a)), and the
graphite-like structure was conrmed by the two bands at 2q ¼
23.5 and 43.5� in XRD patterns (Fig. 5(b)). So, it can be supposed
erent oxidation systems. Dosage: Fe(III)¼ 1.00 mg L�1, LB or WB¼ 3.0 g

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that the defects and graphite-like structure in LB and WB
contributed to the electron donation/transfer for direct reduc-
tion of Fe(III) by biochar. Such direct reduction is further proved
by mixing biochar in aqueous Fe(III) solution (Fig. 5(d)). As ex-
pected, Fe(II) accounted for 73% and 84% (at 60min) of aqueous
iron in the suspension of Fe(III) + LB and Fe(III) + WB, respec-
tively. Furthermore, the surface hydroxyl groups were observed
by FTIR in both biochars (Fig. 5(c)), and carboxyl groups were
found in the biochars recycled aer reaction (Fig. S7†). These
oxygen-containing functional groups can form complexes with
Fe(III),55,57 which bridged the electron transfer from biochar to
reduce Fe(III). Thus, the reduction of Fe(III) by biochar makes the
regeneration of Fe(II) fast enough for catalyzing the sustainable
cOH production (eqn (1) and (2)), so that the efficient oxidation
of pollutant was achieved even at a trace level of iron supply in
the co-catalytic system. However, the trace iron used in this
study makes it difficult to obtain more specic information
about the Fe(III) complexation on biochar.

Fe(II) + H2O2 / Fe(III) + cOH + OH� (1)

Biochar 0 e + Fe(III) / Fe(II) (2)
3.5. Comparison between two biochars

The different performance on pollutant removal between the
two biochars, LB and WB, was observed in different oxidation
Fig. 5 (a) Raman spectra, (b) XRD patterns, and (c) FTIR of LB andWB sam
of biochar (3.0 g L�1) and Fe(III) solution (1.00 mg L�1) at pH0 ¼ 3.0.

© 2022 The Author(s). Published by the Royal Society of Chemistry
systems. First, the faster degradation of 2,4-D was observed in
LB/H2O2 than that in WB/H2O2 (both without added Fe(III))
(Fig. 1(c)), despite the higher adsorption of 2,4-D by WB than
that by LB, according to the adsorption isotherms obtained
aer 24 h of equilibration (Fig. S8†). The faster 2,4-D degrada-
tion in LB/H2O2 corresponds to the relatively more cOH
production in LB/H2O2 than that in WB/H2O2 (Fig. 2(a)). The
results indicate the relatively higher reactivity of LB for activa-
tion of H2O2, which should be ascribed to the different
compositions of biochar. Huang et al.64 and Tao et al.65 have
reported that the inorganic components such as metals in
biochar contributed signicantly to activation of H2O2. In this
study, there are more inorganic components in LB than in WB,
as indicated by the higher ash content (23.4% vs. 0.89%) and
lower carbon content (66.0% vs. 93.9%) in LB (Table S1†). The
iron leaching was observed in LB/H2O2 (Fig. 4), indicating there
are trace protogenetic iron species in LB. Besides, nitrogen
element (3.36% by weight) derived from the biomass feedstock
was detected in LB, indicating some pyrogenic N species in LB.
Both Fe and N species inherent in biochar have been reported to
be favorable for enhancing the activation of peroxides.26,64

Despite this, the yield of cOH in LB/H2O2 is still very low (9.27%)
when calculated on the basis of much consumption of H2O2

(Fig. 2(b)). So, there should be some components in LB that
impeded the transformation of H2O2 into cOH, except those
favored the production of cOH.

Different from that observed in biochar/H2O2, the higher kobs
for oxidation of 2,4-D and more TOC removal were obtained in
ples; and (d) change of total Fe and Fe(II) concentrations in themixtures
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[Fe(III) + WB]/H2O2 than those in [Fe(III) + LB]/H2O2 (Fig. 1(c) and
(d)), which is in consistency with the more cOHproduction in the
former system (Fig. 2(a)). Furthermore, the apparently higher
cOH yield in [Fe(III) + WB]/H2O2 (89.8%) was obtained, accom-
panying with apparently less consumption of H2O2 than in [Fe(III)
+ LB]/H2O2 (Fig. 2(b)). As there is hardly any inorganic compo-
nent in WB, the enhanced cOH yield should be derived from the
interfacial interactions between biochar and the added trace
Fe(III). Fig. 4 shows that the aqueous Fe(II) concentration in [Fe(III)
+ WB]/H2O2 is apparently higher than that in [Fe(III) + LB]/H2O2,
namely more regenerated Fe(II) in the former system. So, the
performance of the co-catalytic system on pollutant removal
relies heavily on regeneration of Fe(II), as Fe(II) is much more
efficient on catalyzing the production of cOH than biochar. The
relatively purer carbon matrix of WB, as indicated by its higher
carbon content (93.9%), makes it a better conductor for electron
transfer to reduce Fe(III). The high surface area of WB also favors
electron transfer to Fe(III) by providing more reactive sites.
Besides the direct reduction of Fe(III) by biochar, another
possible route (eqn (3) and (4)) involving O2c

� should also
contribute to the regeneration of Fe(II) in [Fe(III) + WB]/H2O2,
because more O2c

� was produced in [Fe(III) + WB]/H2O2 than that
in [Fe(III) + LB]/H2O2 according to the EPR analysis (Fig. 2(d)).
O2c

�was produced from electron transfer from biochar to O2, the
byproduct of H2O2 decomposition, according to that reported by
Fang et al.66 Therefore, the direct and indirect reduction of Fe(III)
by biochar dominated the performance of the co-catalytic system
on pollutant removal, and the specic routes of electron transfer
from biochar (the electron donor) involved in adsorption of Fe(III)
by biochar and mediation of H2O2/O2.
Fig. 6 Removal of 2,4-D (C0 ¼ 20 mg L�1) at (a) different pH0, and (b) di
removal in [Fe(III) + LB]/H2O2 with repetitive use of LB. Typical conditions
5.0 mmol L�1; and pH0 ¼ 3.0.

17244 | RSC Adv., 2022, 12, 17237–17248
O2c
� + H+ # HO2c (3)

Fe(III) + HO2c / Fe(II) + O2 + H+ (4)
3.6. Effect of other reaction conditions and reusability of
biochar

The [Fe(III) + LB]/H2O2 system was chosen for further investi-
gations on the inuence of other reaction conditions including
pH0, biochar and H2O2 dosages on the degradation rate of 2,4-
D. One reason is that LB derives from the liquor waste that is
seldom utilized, and another reason is related to its poor
adsorption to 2,4-D, which is favorable for highlighting the
contribution of oxidation to 2,4-D removal. First, pH is the most
inuential factor determining the oxidation efficiency of
organic pollutants in AOPs. In this study, the faster degradation
of 2,4-D was recorded at pH0 ¼ 2.5–3.0 in [Fe(III) + LB]/H2O2

(Fig. 6(a)), which is same as that observed in ordinary Fenton
process. pHmonitoring during the reaction indicates that there
was not apparent uctuation from the initial pH0, except at pH0

¼ 4.0 when the degradation was very slow (Fig. S9†). The stable
pH during reaction implies that the release of OH� along with
cOH production (eqn (1)) was neutralized by release of H+ from
interactions between Fe(III) and biochar, such as complexation
of Fe(III) with hydroxyl and carboxyl groups in biochar. The pH
higher than 4.0 leads to the precipitation of Fe(III) hydroxides, so
that the regeneration of Fe(II) will be suppressed. In contrast,
the excess acidity may suppress the formation of Fe(III)
fferent H2O2 dosage; (c) Change of kobs with LB dosage; and (d) 2,4-D
(except the variable): Fe(III) ¼ 0.30 mg L�1, LB ¼ 3.0 g L�1, and H2O2 ¼

© 2022 The Author(s). Published by the Royal Society of Chemistry
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complexes, which is not favorable for regeneration of Fe(II)
either. Overall, the performance of the co-catalytic system on
oxidation of pollutant still relies heavily on acidic pH, which
needs improvement with additional measures in future work.
For example, using natural chelating reagents may enhance the
efficiency of oxidative removal of organic pollutants at neutral
pH.67 Second, the degradation reaction in [Fe(III) + LB]/H2O2 is
not as sensitive to H2O2 dosage as to pH (Fig. 6(b)). The 2,4-D
degradation remained at a relatively fast rate when the H2O2

dosage was as low as 1.0 mmol L�1, although the fastest one was
observed at 5.0 mmol L�1. Less H2O2 dosage led to insufficient
supply of H2O2 and slowed down the degradation at latter
reaction stage, while oversupply of H2O2 also resulted in slower
pollutant degradation due to its reaction with cOH.68 In this
study, the high cOH yield fromH2O2 decomposition reduced the
H2O2 dosage required in the co-catalytic system, which is
benecial for reducing the cost in water treatment. Third, the
degradation rate of 2,4-D in [Fe(III) + LB]/H2O2 became faster
with the increase of LB dosage from 1.0 to 3.0 g L�1 (Fig. 6(c)
and Fig. S10†). The kobs was enhanced from 14.2 � 10�3 to 34.7
� 10�3 min�1, and the removal efficiency was lied from 63.3%
to 89.0% aer 60 min of reaction. The biochar of higher dosage
can provide more reactive sites for regeneration of Fe(II), which
leads to the faster oxidation of pollutants. However, further
increase of biochar dosage above 3.0 g L�1 did not lead to
signicant change on the degradation rate of 2,4-D. The reason
should be due to the trace amount of Fe(III) used in this study,
which limited the total amount of regenerated Fe(II).

Finally, the reusability of biochar in the co-catalytic system
for removal of 2,4-D was evaluated. As can be seen in Fig. 6(d),
the oxidation of 2,4-D in [Fe(III) + LB]/H2O2 gradually slowed
down aer each sequential run. The declining reactivity of
biochar in repetitive experiments is supposed to be resulted
from surface contamination by the intermediates (such as
short-chain organic acids) derived from incomplete 2,4-D
degradation, because the biochar was reused directly without
any purication. Another reason may be related to the surface
oxidation of biochar.69 The more carboxyl groups were observed
by FTIR (Fig. S7†) on the recycled biochar, conrming the
change of surface properties of biochar aer reaction. The
decrease of biochar's surface area aer reaction (e.g. from 409
m2 g�1 to 360 m2 g�1 for WB) implies fewer reactive sites
available for repetitive use. However, no other apparent change
can be found by XRD analysis (Fig. S11†) and SEM observation
(Fig. S12†) of the recycled biochar, indicating there is not
structural change occurred on biochar during the reaction.
Further extension of reaction time may help transform the
degradation intermediates more completely and enhance the
reusability of biochar. For example, 2,4-D was removed
completely by [Fe(III) + LB]/H2O2 aer 180 min of reaction,
accompanied with an enhanced TOC removal to 71.2%.

4. Conclusions

The co-catalysis of trace dissolved Fe(III) with biochar signi-
cantly enhanced the activation of H2O2, and consequently
accelerated the oxidation of organic pollutants with a reaction
© 2022 The Author(s). Published by the Royal Society of Chemistry
rate comparable to other AOPs. Replacement of dissolved Fe(III)
with aqueous Fe(II) and iron minerals (hematite and magnetite)
also showed the similar catalytic effect on pollutant degradation
by biochar/H2O2. The interfacial interactions between dissolved
Fe(III) and biochar resulted in fast regeneration of Fe(II) in the
co-catalytic system. The defects in biochar acted as the major
electron donors, and the graphite-like structure and oxygen-
containing functional groups in biochar facilitated the elec-
tron transfer. The aqueous iron at trace level (0.3 mg L�1) pre-
vented the precipitation of iron sludge, and biochar is
advantageous over other elaborately synthesized materials in
view of cost and sustainability, so their cooperation provides an
efficient way to enhance the performance of AOPs on waste-
water treatment. Furthermore, as dissolved iron can be found in
natural water, its potential on enhancing the activation of H2O2

by biochar may be utilized for remediation of contaminated
environment. The future work should address the inuence of
co-solutes in water on performance of this novel co-catalytic
oxidation system, and its applicability at neutral pH should be
improved with additional measures.
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