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Zn(0)–biochar for remediation of
redox-reactive contaminants†

Yong-Deuk Seo,a Seok-Young Oh, *a Rajesh Rajagopalb and Kwang-Sun Ryu b

To enhance the removal of redox-reactive contaminants, biochars including FeS and Zn(0) were developed

via pyrolysis. These biochars significantly promoted the removal of 2,4-dichlorophenol (DCP) by means of

sorption and reduction. Compared to direct reduction with FeS and Zn(0), the formation of reduction

intermediates and product was enhanced from 21% and 22% of initial DCP concentration to 41% and

52%, respectively. 2,4-Dinitrotoluene (DNT), chromate (CrO4
2�) and selenate (SeO4

2�) were also

reductively transformed to reduction products (e.g., 2,4-diaminotoluene [DAT], Cr3+, and selenite

[SeO3
2�]) after they sorbed onto the biochars including FeS and Zn(0). Mass recovery as DAT, Cr3+ and

selenite was 4–20%, 1–3%, and 10–30% under the given conditions. Electrochemical and X-ray analyses

confirmed the reduction capability of the biochars including FeS and Zn(0). Fe and S in the FeS–biochar

did not effectively promote the reductive transformation of the contaminants. Contrastingly, the stronger

reducer Zn(0) yielded faster reductive transformation of contaminants over the Zn(0)-containing biochar,

while not releasing high concentrations of Zn2+ into the aqueous phase. Our results suggest that

biochars including Zn(0) may be suitable as dual sorbents/reductants to remediate redox-reactive

contaminants in natural environments.
1. Introduction

One option to remediate contaminants in natural environments
is to immobilize contaminants via sorption onto a carbona-
ceous material such as activated carbon.1 Owing to its porous
structure and high surface area, activated carbon has a strong
affinity for contaminants by means of physical and chemical
sorption processes such as intraparticular absorption, hydro-
phobic sorption, surface complexation, ligand exchange, and
hydrogen bonding.2 Immobilization with activated carbon
appears to be a useful option to decrease the mobility of
contaminants in soils and sediments. However, immobilization
of organic contaminants via sorption is not an ultimate
destruction technology. Contaminants initially immobilized
with activated carbon can be subsequently remobilized and
released into the natural environment when disturbed by
changing physical and chemical conditions such as excavation
or introduction of acidic water. Therefore, it is necessary for
immobilization to be combined with additional transformation
processes that ultimately destroy the contaminants.
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Among destruction technologies, redox reactions of
contaminants have been widely examined in recent decades for
environmental remediation of water, soils, and sediments.3

Chemical oxidation with oxidants, including hydrogen
peroxide, permanganate, ozone, and persulfate,4 and reductive
transformation by non-toxic reductants, such as zero-valent
iron [Fe(0)], have been intensively investigated as remediation
processes for recalcitrant and redox-reactive contaminants in
natural environments.5–7 Moreover, a sequential combination of
reduction and oxidation processes has been shown to effectively
transform refractory organic contaminants.8 To enhance
chemical oxidation processes, the combination of chemical
oxidants with other activation methods to generate strongly
reactive radicals has also been intensively studied, in a strategy
termed advanced oxidation processes (AOPs).9 AOPs can effec-
tively degrade and mineralize recalcitrant organic contami-
nants in natural and engineered systems.10

Fe(0) reduction processes have become competitive options
for treating oxidized organic contaminants owing to their low
cost, high reduction potential, and nontoxic corrosion prod-
ucts.11 For some contaminants, however, the Fe(0) reduction
process may be too kinetically slow. Some efforts have been
made to promote reduction reactions by Fe(0), including
bimetallic combinations with catalytic metals (Pd and Ni), and
the use of nanoscale metals.12,13 Although these upgrading
efforts can accelerate reduction rates, the syntheses of bimetals
and nanoscale metals are too expensive, and in many cases
nanometals agglomerate, which signicantly worsens reaction
RSC Adv., 2020, 10, 30203–30213 | 30203
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rates. To prevent agglomeration of nanomaterials such as Fe(0)
in the remediation of groundwater and soil, the use of carbo-
naceous materials such as activated carbon, carbon nanotubes,
or biochar as embedding matrixes to separate the nanoparticles
has been proposed.2,14–17

Previously, we proposed the inclusion of Fe(0) in biochar (in
a material hereinaer referred to as Fe(0)–biochar) as a reme-
diation material, composed of Fe(0) surrounded by biochar.18

Contaminants sorb onto the exterior biochar surface of this
material and are subsequently reduced by electrons produced
by the corrosion of the interior Fe(0) and transported via
electron-conducting iron oxides (e.g., magnetite on Fe(0)
surface) to the surface; this electron transfer is facilitated by
inltrated water molecules. Biochar plays the dual roles of
electron transfer conduit and catalyst to promote electron
transfer to sorbed organic molecules, proving that Fe(0)–bio-
char may be a competitive material to meet long-term remedi-
ation goals regarding redox-reactive organic molecules. It is
possible that the electron transfer may not be fully responsible
for the reductive transformation of sorbed contaminants. In
addition to direct electron transfer, the sorbed contaminants
can also be reductively transformed by hydrogen.5 Though the
combination of biochar and Fe(0) was suitable for sorption and
reduction of contaminants, one problem to overcome with the
Fe(0)–biochar material was its somewhat slow reductive trans-
formation of sorbed molecules due to the alkaline pH condi-
tions arising from the basicity of the biochar and the corrosion
of Fe. Alternatives to enhance the reduction reactions could be
to change the core reductants or to improve the biochar prop-
erties, such as by adding chemical groups to improve electrical
conductivity or add surface functionality (e.g., surface treatment
with acids or oxidants).

Iron sulde (FeS) and zero-valent zinc [Zn(0)] have been used
as reductants to transform oxidized organic contaminants
owing to their low redox potentials, and direct reduction by FeS
and Zn(0) has been shown to transform redox-reactive
contaminants in water.19,20 Formation of Fe2+ (E0 ¼ 0.77 V for
oxidation to Fe3+) and S2� (E0 ¼ 0.24 V for oxidation of HS� to
SO4

2�)21 from dissolution of FeS (FeS + H2O / Fe2+ + HS� +
OH�) may be favorable for increasing reduction rates because
both Fe2+ and HS� could work as reducing agents. Although
Zn(0) has a lower reduction potential than Fe(0) (�0.76 vs.
�0.44 V), the application of Zn(0) as a reductant has been
limited due to the dissolution of Zn2+ produced by oxidation of
Zn(0). However, in materials combining Zn(0) and biochar, the
release of Zn2+ may be prevented by the surrounding biochar,
which would reduce the exposure of the Zn2+ to aqueous
environments.

Accordingly, in the present study we synthesized biochars
including FeS and Zn(0) (hereinaer FeS–biochar and Zn(0)–
biochar, respectively) as metal–biochar composites for envi-
ronmental remediation. We hypothesized that FeS–biochar and
Zn(0)–biochar may be good sorbents and reductants to accel-
erate the reductive transformation of redox-reactive contami-
nants. We characterized the physical and chemical properties of
FeS–biochar and Zn(0)–biochar, and compared these with those
of the previously synthesized Fe(0)–biochar.18 We determined
30204 | RSC Adv., 2020, 10, 30203–30213
the redox and catalytic properties of FeS–biochar and Zn(0)–
biochar by means of cyclic voltammetry (CV) and X-ray
absorption near edge structure (XANES) analyses. We tested
2,4-dinitrotoluene (DNT), 2,4-dichlorophenol (DCP), chromate
(CrO4

2�), and selenate (SeO4
2�) as contaminants; these four

contaminants are listed as priority pollutants by the United
States Environmental Protection Agency and reductive trans-
formation of these contaminants by reductants has been
studied previously.14,15,22,23 We examined the kinetics and path-
ways of reductive removal of these contaminants in the pres-
ence of FeS–biochar and Zn(0)–biochar. Factors affecting the
removal of the contaminants in the presence of FeS–biochar or
Zn(0)–biochar were investigated and possible reduction mech-
anisms are discussed herein.
2. Materials and methods
2.1. Chemicals

FeS (�100 mesh, 99.9%) and elemental Zn [Zn(0), �100 mesh,
>90%] were purchased from Sigma-Aldrich (Milwaukee, WI,
USA) and Kanto Chemicals (Tokyo, Japan), respectively. DNT
(97%), 2,4-diaminotoluene (DAT, 98%), DCP (99%), 2-chlor-
ophenol (2CP, 99%), 4-chlorophenol (4CP, 99%), phenol (98%),
sodium chromate (Na2Cr2O4, 98%), sodium selenate (Na2SeO4,
>95%), sodium selenite (Na2SeO3, 99%), HEPES (N-[2-hydrox-
yethyl]piperazine-N0-[ethanesulfonic acid]), and N-methyl-2-
pyrrolidone (NMP, 99.5%) were purchased from Sigma-
Aldrich. Methanol (high performance liquid chromatography
[HPLC]-grade) was purchased from Burdick & Jackson (SK
Chemicals, Ulsan, Korea). CaCl2$2H2O (>74%), Na2CO3 (>99%),
NaHCO3 (>99.5%), and KOH (>85%) were provided by OCI
(Seoul, South Korea), Daejung Chemical (Gyeonggi, South
Korea), Junsei Chemical (Tokyo, Japan), and DC Chemical
(Seoul, South Korea), respectively. All chemicals were used as
received.
2.2. Synthesis of FeS–biochar and Zn(0)–biochar

Both FeS–biochar and Zn(0)–biochar were synthesized by
following a previously reported procedure.18 First, the
purchased FeS or Zn(0) was dried in an oven at 105� 5 �C for 2 h
and stored in a desiccator overnight. At the same time, rice
straw collected from a rice farm in the city of Ulsan was dried in
the samemanner and pulverized to less than 2mm length using
a commercial electric grinder. The dried FeS or Zn(0) and
ground rice straw were then mixed completely in a 5 : 95 volu-
metric ratio using a measuring cylinder. The resulting mixture
was then pyrolyzed at 550 �C for 4 h using a tube-type electrical
furnace under a 1000 cc min�1

ow of N2. Aer cooling to
<50 �C, the pyrolyzed FeS–biochar or Zn(0)–biochar was
removed and dried in a desiccator for at least 12 h. Properties of
the synthesized FeS–biochar and Zn(0)–biochar were charac-
terized by means of the following analyses: CHON composition,
cation exchange capacity (CEC), pH, Brunauer–Emmett–Teller
(BET) surface area, and point of zero charge (PZC); Table 1 lists
the results. Scanning electron microscopy (SEM, JSM 600F,
JEOL, Japan) images were acquired to determine surface
This journal is © The Royal Society of Chemistry 2020
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Table 1 Properties of FeS–biochar and Zn(0)–biochar used in the present study

pH BET SAa (m2 g�1) CECb (cmol kg�1) PZCc

Elemental contentsd (%)

C H O N S

FeS 5.72 14.6 30.2 6.26 0.07 0.01 0.00 0.06 29.0
FeS–biochar 10.9 13.6 31.0 6.78 7.51 0.05 0.24 0.05 9.68
Zn(0) 9.48 10.6 14.9 10.6 0.16 0.01 1.99 0.05 0.21
Zn(0)–biochar 10.8 12.0 20.9 12.0 12.0 0.46 1.36 0.04 0.00
Rice straw biochar 9.10 16.7 3.10 8.20 56.1 2.80 12.7 1.90 0.00

a BET surface area was analyzed under N2 using a nanoPOROSITY-XQ instrument (Mirae Scientic Instruments, Korea). b Determined by the
method of Hesse.27 c Determined by the method of Faria et al.28 d Determined using the Vario EL Elemental Analyzer (Elementar, GmbH, Germany).
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morphology. X-ray diffraction (XRD, Ultima 4, Rigaku, Tokyo,
Japan) and Fourier-transform infrared spectroscopy (FT-IR,
Nicolet iS5 ThermoFisher Sci., Waltham, MA, USA) analyses
were conducted to characterize the metal–biochar composites.

2.3. Batch experiments

To determine the removal of contaminants by FeS–biochar or
Zn(0)–biochar via sorption and reduction, batch experiments
were conducted using 40 mL amber vials including 4 g of FeS–
biochar or Zn(0)–biochar and 20 mL of contaminant solution.
Using volumetric glass asks (1 L) and high purity deionized
water (<3 mS cm�1, Nexpower 1000 deionized system, Human
Co., Seoul, South Korea), DNT, DCP, sodium chromate, and
sodium selenate solutions were prepared with a magnetic
stirrer in the laboratory. Before introduced into the amber vials,
each solution was deoxygenated via purging with N2 for 30 min
and its pH was controlled at 7.4 using 0.1 M HEPES buffer. The
initial concentrations of DNT, DCP, chromate, and selenate
were 49.5, 46.7, 36.1, and 61.2 mg L�1, respectively. At pre-
determined sampling times, duplicate vials were sacriced and
ltered through a 0.22 mm cellulose membrane lter (Millipore,
MA, USA) for analytical determination of the contaminants and
their reduction products in the aqueous phase by means of
HPLC or ion chromatography (IC). For DNT and DCP, FeS–
biochar or Zn(0)–biochar remaining on the lter was extracted
twice with methanol (8 mL) to determine the sorbed concen-
trations of the contaminants and their reduction products.24,25

Aer the second extraction, an additional extraction with
methanol did not meaningfully extract sorbed molecules.
Similarly, for chromate and selenate determination, FeS–bio-
char or Zn(0)–biochar remaining on the lter was extracted
twice with 1 M CaCl2. Reduction control experiments were
conducted using samples of only FeS or Zn(0) under identical
conditions. Considering the carbon contents of FeS–biochar
and Zn(0)–biochar, sorption control experiments were also
conducted.

2.4. Chemical analysis

DNT, DCP, and their reduction products were analyzed using
a Dionex UltiMate-3000 HPLC (Sunnyvale, CA, USA) equipped
with a Dionex Acclaim 120 guard column (4.3 � 10 mm) and an
Acclaim 120 C-18 column (4.6 � 250 mm, 5 mm). The analytical
This journal is © The Royal Society of Chemistry 2020
methods and conditions used for the quantication of DNT and
DAT are described in detail elsewhere.26 For analysis of DCP and
its reduction products, a methanol–water mixture (60/40, v/v)
was used as the mobile phase and applied at the ow rate of
1.0 mL min�1. The wavelength of the UV detector was set to
224 nm and the injection volume used was 100 mL. The reten-
tion times of DCP, 4CP, 2CP, and phenol were 18.22, 8.89, 7.25,
and 4.83 min, respectively. Chromate and selenate were
analyzed using a Dionex ICS-100 ion chromatograph; the eluent
used was a mixture of Na2CO3 (4.8 mM) and NaHCO3 (1.0 mM),
the injection volume and ow rate were 10 mL and 1.5
mL min�1, respectively, and the suppressor current was set to
40 mA. Concentration of total Cr was determined using a UV-vis
spectrophotometer (DR-2800, Hach Company, Loveland, CO,
USA) according to the alkaline hypobromite oxidation method.
Cr3+ concentration was determined by subtracting chromate
concentration from total Cr concentration. To guarantee
precision and accuracy of the obtained data, analytical dupli-
cates, standards, and blank samples were used. Energy disper-
sive X-ray uorescence (ED-XRF) spectrometry (SEA 1200 VX,
Seiko, Chiba, Japan) was used to determine the inorganic
contents of biochars.
2.5. Electrochemical and spectroscopic analyses

CV and XANES analyses were conducted to determine the redox
properties of FeS–biochar and Zn(0)–biochar. CV analysis was
carried out using an IVIUMSTAT instrument with a three-
electrode conguration. The working electrode was prepared
under ambient conditions as follows. Active material, activated
carbon, and polytetrauoroethylene (PTFE) were mixed in the
weight ratio of 80 : 1 : 1. A few drops of NMP solution were
added to produce a homogeneous slurry. The slurry was drop-
coated over acid-treated nickel foil at 100 �C. The resulting
electrode was air dried overnight at 80 �C and then used as the
working electrode. Thus, electrodes coated with active material
were used as the working electrodes, a pure Pt strip was used as
the counter electrode, and a saturated KCl-lled Ag/AgCl elec-
trode was used as the reference electrode. Cyclic voltammo-
grams of the electrodes were recorded between the potentials of
�0.2 and �1.2 V at the scan rate of 10 mV s�1 in 6 M KOH
aqueous electrolyte solution. X-ray absorption spectra for
XANES analysis were determined at the Fe K-edge in
RSC Adv., 2020, 10, 30203–30213 | 30205
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Fig. 1 Cyclic voltammograms of (a) FeS–biochar and (b) Zn(0)–
biochar.
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transmission mode using a Si (1 1 1) double-crystal mono-
chromator at the 10 C beam line at the Pohang Accelerator
Laboratory in South Korea.

3. Results and discussion
3.1. Properties of FeS–biochar and Zn(0)–biochar

FeS showed acidic pH (5.72) and a high sulde content (29%),
indicating that reductive transformation could be favorable
(Table 1). The synthesized FeS–biochar also had high sulfur
content (9.68%), showing promise for reduction reactions.
However, its pH was signicantly increased to 10.9 due to the
surrounding biochar; the FeS was carbonized and attached to
the biochar aer its co-pyrolysis with excess rice straw. Alkaline
pH (9.10) of biochar strongly supported the increase of pH
(Table 1). Compared with FeS, the BET surface area (13.6 m2

g�1), CEC (31.0 cmol kg�1), and PZC (6.78) did not change
signicantly. Similar to FeS–biochar (7.51% C), Zn(0)–biochar
showed increased carbon content (12.0%) relative to the base
Zn(0) material. Compared with Zn(0), the BET surface area (12.0
m2 g�1), CEC (20.9 cmol kg�1), and PZC (12.0) were slightly
increased aer co-pyrolysis with rice straw. Considering the
carbon content in biochar (56.1%), the portion of biochar for
FeS–biochar and Zn(0)–biochar was estimated to be 13.0% and
21.4%, respectively. ED-XRF analysis also showed high contents
of Fe (73.5%), S (12.1%) in FeS–biochar and high Zn content
(96%) in Zn(0)–biochar (Table S1 in ESI†). Interestingly, the Si
and K contents were relatively high in FeS–biochar; these
elements probably originated from the rice straw. Minor
elements present were Ca, Cl, P, Mn, etc. SEM images of FeS–
biochar and Zn(0)–biochar showed that the outside surfaces of
FeS and Zn(0) were covered with biochar (Fig. S1†), which was
conrmed by energy dispersive X-ray spectroscopy (EDX) anal-
ysis and elemental mapping (Fig. S2–S4†). However, some bio-
chars having the form of rice straw chunks were also present
because an excess amount of rice straw was added for co-
pyrolysis with FeS and Zn(0). EDX analysis indicated that
small particles of FeS or Zn(0) were possibly attached to these
types of biochar (Fig. S2 and S3†). These results suggest that
part of the FeS and Zn(0) in the FeS–biochar and Zn(0)–biochar
systems may be directly exposed to the outside. X-ray powder
diffraction analysis showed that FeS in FeS–biochar was mostly
troilite and that Zn in Zn(0)–biochar were mostly ZnO (Fig. S5†).
FT-IR spectra did not show clear stretch of carbon-containing
functional groups due to low carbon contents in FeS–biochar
and Zn(0)–biochar (Fig. S6†). Instead, FT-IR spectrum of rice
straw biochar clearly indicated the existence of C–H bonds (at
2750–2950 cm�1), aromatic bonds (C]C) (at 1600 cm�1),
carboxylic bonds (COOH) (at 1700 cm�1), carbonyl bonds (C]
O) (at 1720–1730 cm�1), and phenolic bonds (C–O) (at
1200 cm�1).

CV was carried out to study the redox characteristics of pure
FeS and FeS–biochar; the corresponding voltammogram is
shown in Fig. 1a. FeS showed clear oxidation peaks at�800 and
�0.48 V that respectively conrmed the reductions of Fe to Fe2+

and of Fe2+ to Fe3+. Similarly, we observed small reduction
peaks at �1.00 and �0.47 V respectively corresponding to the
30206 | RSC Adv., 2020, 10, 30203–30213
conversions of Fe2+ to Fe3+ and Fe2+ to Fe. A strong reduction
peak at �1.10 V arose due to the Fe to Fe2+ and Fe2+ to Fe3+

processes.18,29,30 Particularly, the oxidation peak at �0.48 V and
reduction peak at �1.10 V indicate that the Fe2+ to Fe3+ reduc-
tion process occurred at the surface of iron sulde.30,31 FeS–
biochar showed a similar cyclic voltammogram to that of pure
FeS. As shown in Fig. 1a, the addition of biochar to FeS shied
the oxidation negatively and the reduction positively; further,
the oxidation and reduction peaks were much less intense than
those of pure FeS. These results conrmed that the outside
biochar fully covered the surface of FeS. The cyclic voltammo-
grams of Zn(0) and Zn(0)–biochar shown in Fig. 1b showed
a similar trend. In pure zinc, we observed oxidation peaks at
�0.76 and �0.50 V, and a reduction peak at �0.47 V. These
oxidation and reduction peaks conrmed the reduction of Zn in
to Zn2+; specically, the oxidation/reduction peak around
�0.50 V was attributed to the Zn 4 Zn2+ reaction.32,33 The
outside biochar reduced the intensity of oxidation and reduc-
tion peak current for Zn(0)–biochar. Surprisingly, Zn(0)–biochar
exhibited a strong reduction peak at �1.12 V due to the
reduction of Zn2+ to Zn. This additional peak may have arisen
This journal is © The Royal Society of Chemistry 2020
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due to the heat treatment of Zn(0) during co-pyrolysis of Zn(0)
and rice straw.34
3.2. Removal of DNT by FeS–biochar and Zn(0)–biochar

In reduction control batches with FeS in systems buffered to pH 7.4,
DNT was rapidly and completely removed in 120 min, showing
mass recovery of approximately 70% as DAT (Fig. 2a). The incom-
plete mass recovery was probably due to strong sorption of DAT to
the FeS surface or due to the presence of unanalyzed reduction
intermediates such as 2-amino-4-nitrotoluene or 4-amino-2-
nitrotoluene. Assuming that sufficient amount of FeS was existed,
the pseudo-rst-order rate was estimated using SimgaPlot (Systat
Soware Inc., San Jose, CA, USA). The pseudo-rst-order rate was
0.096 � 0.025 min�1 (R2 ¼ 0.938), corresponding to a BET surface
area–normalized rate of (3.29 � 0.87) � 10�5 min�1$L m�2. The
reduction rates were similar to previously reported reduction rates
for Fe(0).35 In sorption control experiments with biochar under
identical conditions, more than 95% of DNT was removed in 2 h
from solution (data not shown). However, the reduction interme-
diates and product were not observed, suggesting that biochar may
play a role of only sorbent. FeS–biochar also reductively transformed
DNT to DAT. However, the removal was much slower than that for
FeS, showing less than 35% of removal in 120 min (Fig. 2a).
Considering the rapid removal of DNT by FeS, direct reduction by
exposed FeS may not be dominant. However, possible direct
Fig. 2 Removal of DNT by (a) FeS–biochar and (b) Zn(0)–biochar.

This journal is © The Royal Society of Chemistry 2020
reduction by exposed FeS could not be completely ruled out. Mass
recovery as DAT slowly increased, and was about 4% at 120 min.
Compared with DNT removal with Fe(0)–biochar under identical
conditions,18 the reductive removal of DNT with FeS–biochar was
somewhat slower, showing a removal rate two orders of magnitude
slower than that of the Fe(0)–biochar system (0.003� 0.001 vs. 0.28
� 0.01 min�1).18 This slow removal was probably due to the low
carbon content in the metal–biochar composites (7.51% vs. 15.6%),
resulting in less sorptive removal of DNT. Another possible expla-
nation of the slow removal observed is that dissolution of FeS in
FeS–biochar was limited due to the elevated pH arising from the
outside biochar.

Zn(0) could also rapidly transform DNT to DAT (Fig. 2b).
Within 10 min, DNT was completely removed and DAT rapidly
formed as a reduction product, showing almost complete mass
recovery. The reductive removal rate was 0.91 � 0.05 min�1 (R2

¼ 0.998), one order of magnitude higher than that of FeS. DNT
was also rapidly removed by Zn(0)–biochar; more than 95% of
DNT was removed in 120min, showing the removal rate of 0.175
� 0.022 min�1 (R2 ¼ 0.982). The removal rate was two orders of
magnitude higher than that of FeS–biochar and similar to that
of Fe(0)–biochar.18 The high carbon content (12.0%) and strong
reduction potential (E0 ¼ �0.76 V) may be attributed to the
rapid removal of DNT by Zn(0)–biochar. The formation of DAT
was also faster and greater in extent, accounting for about 20%
of the initial mass of DNT at 120 min. Overall, FeS–biochar and
Zn(0)–biochar were able to remove DNT via sorption and
reduction to produce the reduction product DAT, though the
extent and kinetics of DNT removal were to some extent
different from those of Fe(0)–biochar. DNT was removed by
Zn(0)–biochar as rapidly as by Fe(0)–biochar.
3.3. XANES analysis of FeS–biochar and Zn(0)–biochar

To determine whether FeS and Zn(0) in metal–biochar
composites were oxidized with DNT, the status of metals in the
metal–biochar composites before and aer reaction were
examined via XANES analysis (Fig. 3). FeS did not show any
signicant difference in this analysis before and aer reaction
with DNT, indicating no clear change in the status of Fe. This
suggests that rather than the Fe, the S may have accounted for
the reductive transformation of DNT in direct reduction by FeS.
Contrastingly, spectra of FeS–biochar showed a slight change in
the status of Fe. A Fe2+ peak at 7125–7127 eV was slightly shied
to a Fe3+ peak at 7130 eV, indicating that the Fe2+ in FeS was
oxidized, and thus responsible for the reduction of DNT.36,37

Spectra of Zn(0) showed the sharp development of Zn2+ (ZnO) at
9661 eV aer reaction with DNT, indicating the oxidation of
elemental Zn (9659 eV).38–40 Unlike FeS–biochar, Zn(0)–biochar
did not show any signicant difference aer reaction with DNT,
implying that the exteriors of the Zn(0) particles were already
oxidized before being surrounded by biochar during pyrolysis;
this would explain why no additional Zn(0) oxidation in Zn(0)–
biochar was clearly observed. It is likely that the removal of DNT
with Zn(0)–biochar was mostly via sorption to outside biochar
and that the sorbed DNT was further reduced to DAT via
RSC Adv., 2020, 10, 30203–30213 | 30207
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Fig. 3 XANES spectra of FeS–biochar and Zn(0)–biochar.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 3

:1
1:

11
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reduction by electrons produced from the oxidation of interior
Zn(0).
3.4. Removal of DCP by FeS–biochar and Zn(0)–biochar

Experiments on the removal of DCP by FeS–biochar and Zn(0)–
biochar more clearly showed the role of biochar because the
reduction rates of DCP with FeS and Zn(0) were much slower
than those of DNT. In control with biochar under identical
conditions, more than 99% of DCP was removed in 24 h.
However, reduction daughter products were not formed (data
not shown). In direct reduction of DCP with FeS, approximately
80% of the DCP was removed in 1 h with the production of two
intermediates, 4CP and 2CP. A small amount of phenol (less
than 3% of the initial DCP concentration) was also formed
(Fig. 4a). It appears that DCP reduction was somewhat retarded
aer 5 h. It is likely that DCP was rapidly removed from solution
mostly due to initial sorption to the FeS surface the early stage
and that further transformation of the sorbed DCP was slow.
The molar ratio of the two intermediates was approximately
1 : 1 in a control with FeS, different from the case for DCP
reduction with Fe(0), which predominantly showed 4CP due to
dechlorination of a chloro functional group in an ortho posi-
tion.18 Similarly, FeS–biochar also showed �80% removal of
DCP in 5 h (Fig. 4b). Two intermediates were formed, 4CP and
2CP, at 21% and 17% of the initial DCP concentration, respec-
tively (Fig. 4b). The concentrations of the two intermediates
were about 2 times higher than those in the FeS case, suggesting
that the biochar form may somewhat accelerate the reductive
transformation of DCP. A small amount of phenol (less than 3%
30208 | RSC Adv., 2020, 10, 30203–30213
of initial the DCP concentration) was also formed. Unlike the
case for Fe(0)–biochar, for FeS–biochar the biochar promoted
both ortho and para dechlorination pathways.

The reduction of DCP with Zn(0) was not rapid either. DCP
rapidly moved from solution to the Zn(0) surface, but the
reductive transformation of the sorbed molecules proceeded
slowly, even aer 3 h of reaction time (Fig. 4c). 4CP and phenol
were formed as the dominant intermediate and product,
respectively, similar to the pathways of DCP reduction with
Fe(0).18 Like FeS–biochar, Zn(0)–biochar also enhanced the
reductive transformation of DCP. The formation of 4CP and 2CP
was signicantly increased, showing 28% and 19% of initial
DCP, respectively (Fig. 4d). The concentration of phenol was
also slightly increased to 5% of initial DCP. These results sup-
ported the hypothesis that the addition of biochar to Zn(0)
could accelerate the reduction of DCP. Similar to the case for
FeS–biochar, dechlorination of the chloro functional groups in
both ortho and para positions may have been promoted in the
presence of biochar. Overall, the results from batch experiments
showed that the addition of biochar to FeS and Zn(0) in the form
of metal–biochar composites enhanced the reductive trans-
formations of DNP and DCP, and that the biochar in the metal–
biochar composites acted as a catalyst by promoting the transfer
of electrons produced by corrosion of core metals to molecules
sorbed on the biochar. Previous studies suggest that the cata-
lytic role of biochar may be attributed to the electrical
conductivity of its graphitic regions and oxygen-containing
surface functional groups.18,41,42 Based on the reductive trans-
formation of DNT and DCP with FeS–biochar and Zn(0)–bio-
char, the removal of redox-reactive organic contaminants by
FeS–biochar and Zn(0)–biochar can be summarized by
following steps. First, the contaminant is sorbed to the outside
biochar surface of the metal–biochar complexes via possible
sorption mechanisms (e.g., p–p electron donor acceptor inter-
action, hydrophobic sorption, electrostatic sorption, hydrogen
bonding, etc.).43,44 Second, at the same time, core metals are
corroded by permeated water molecules to generate electrons
according to geochemical conditions such as pH and types of
metal. Third, the formed electrons are transferred from the core
metals to the contaminant sorbed to the outside biochar via the
graphitic regions or oxygen-containing surface functional
groups (e.g., phenol or carbonyl).41,42 Finally, reduction products
are re-partitioned between the sorbed and aqueous phases.
Following the suggested removal process, the redox-reactive
organic contaminants can be removed from water and soil as
well as further transformed to less toxic and more biodegrad-
able compounds in natural environments. Due to many
affecting factors, the kinetics of overall reaction cannot be easily
predicted in eld application of metal–biochar complexes,
which still remains to be further explored.
3.5. Removal of chromate and selenate by FeS–biochar and
Zn(0)-biochar

The catalytic role of biochar was also examined in the removal
of chromate and selenate. Direct reduction of chromate by FeS
was extremely rapid, showing complete removal in 5 h (Fig. 5a).
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Removal of DCP by (a) FeS, (b) FeS–biochar, (c) Zn(0), and (d) Zn(0)–biochar.
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Accordingly, Cr3+ was gradually formed as a reduction product.
In 24 h, mass recovery as Cr3+ was 71%. Unlike the case for DCP,
removal of chromate with FeS–biochar was slower than that
with FeS (Fig. 5a). In 24 h, only 20% of the initial chromate was
removed by FeS–biochar. It appears that sorptive removal of
chromate onto FeS–biochar was not dominant despite the
addition of biochar. It is likely that under buffered conditions at
pH 7.4, electrostatic sorption between chromate and the bio-
char surface (PZC ¼ 6.78; Table 1) was not favorable. Rather
than electrostatic sorption, other sorption mechanisms may be
involved, such as ligand exchange or surface complexation. As
chromate sorbed to FeS–biochar, the sorbed chromate was
gradually transformed to Cr3+, accounting for 6% of the initial
chromate. Similar to the case for FeS and its biochar, the
reduction of chromate by Zn(0)–biochar was also slower than
that by pure Zn(0) (Fig. 5b). Direct reduction with Zn(0) yielded
chromate removal of about 80% and complete mass recovery as
Cr3+ at 24 h. Judging by the PZC of Zn(0)–biochar (12.0), elec-
trostatic sorption of chromate onto the positively charged
Zn(0)–biochar surface should be dominant. However, in Zn(0)–
biochar systems, the reduction of chromate was signicantly
slowed and the formation of Cr3+ was extremely low (less than
1% of initial chromate). These results suggest that the initial
sorption of chromate to Zn(0)–biochar (mostly exterior biochar)
may not be electrostatic sorption. It should be noted that direct
reduction by exposed FeS or Zn(0) cannot be completely ruled
out as a means of reduction of chromate with FeS–biochar or
Zn–biochar. Differently from a previous report,45 control
This journal is © The Royal Society of Chemistry 2020
experiments with biochar under identical conditions (data not
shown) did not produce Cr3+, suggesting that the reduction
capability of the biochar in the present study may not be strong
enough for this reaction.

Similar to chromate, selenate was reduced by FeS–biochar.
In direct reduction with FeS, about 50% of the selenate was
reductively removed to form selenite in 24 h (Fig. 6a). The sum
of selenate and selenite concentrations was �90% of the initial
selenate concentration at 24 h. The reductive transformation of
selenate was also markedly delayed in the presence of FeS–
biochar, showing 19% removal in 24 h. Selenite was accordingly
formed, representing 10% of the initial selenate concentration.
In control with biochar, selenite was not observed under the
given conditions (data not shown). The reduction of selenate in
the Zn(0) systems was somewhat different. Selenate was
completely removed by Zn(0) within 12 h. Judging by the high
PZC of Zn(0) (10.6; Table 1), the electrostatic sorption of sele-
nate to Zn(0) could be favorable at pH 7.4. Another possible
explanation for the rapid removal of selenate with Zn(0) may be
its strong redox potential (E0 ¼ �0.76 V) compared with FeS.
The sorbed selenate was rapidly transformed to selenite.
However, the selenite formed only accounted for �30% of the
initial selenate at 1 h. Thereaer, the selenite concentration
gradually decreased, indicating that unidentied products may
have formed. According to previous studies, selenate could have
transformed further in the presence of nanoscale iron and iron
sulde from selenite to elemental selenium (Se0) and selenide
(Se2�).22,23,46,47 In control experiments with selenite and Zn(0),
RSC Adv., 2020, 10, 30203–30213 | 30209
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Fig. 5 Removal of chromate by (a) FeS–biochar and (b) Zn(0)–
biochar.

Fig. 6 Removal of selenate by (a) FeS–biochar and (b) Zn(0)–biochar.
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selenite was completely removed in 12 h, indicating that sele-
nite was further reductively transformed by Zn(0) (Fig. S7†).
Zn(0)–biochar did not show rapid removal of selenate, yielding
only 20% removal in 24 h. Similar to the Zn(0) system, selenite
was formed and gradually decreased until 24 h, suggesting that
selenite was further reduced. Control experiments with selenite
and Zn(0)–biochar conrmed the further transformation of
selenite (Fig. S7†). Due to the low initial concentration of sele-
nate, XPS analysis of Zn(0)–biochar did not identify other types
of selenium reduction products (data not shown), which needs
to be further examined in the future.

Overall, the reduction of chromate and selenate with FeS–
biochar and Zn(0)–biochar appears to be possible. However the
transformation was very slow due to limited sorption onto the
exterior biochar surface. Unlike the case for DCP, no catalytic
role of biochar in promoting the reduction of chromate or
selenate was clearly observed. Instead, similar to the case for
DNT, the biochar in FeS–biochar or Zn(0)–biochar could have
served as a conduit for electron transfer from corroding interior
core metals to exterior sorbed chromates or selenates. We also
conducted chromate and selenate reduction experiments with
30210 | RSC Adv., 2020, 10, 30203–30213
FeS–biochar and Zn(0)–biochar in the presence of DNT or DCP
under identical conditions. The results did not show any
signicant effect of DNT or DCP upon the reductive removal of
chromate and selenate (data not shown), suggesting that sorp-
tion mechanisms for DNT/DCP and chromate/selenate may
differ. Thus, the addition of FeS–biochar or Zn(0)–biochar to
contaminated water with co-dissolved DNT/DCP and toxic
anions like chromate and selenate could be a possible long-
term co-treatment remediation action in natural environ-
mental systems.

It should be noted that the application of Zn(0) to in situ
remediation may be of concern due to the possibility of release
of Zn2+ to the natural environment. Accordingly, during batch
experiments on DNT and DCP removal with Zn(0)–biochar, the
Zn2+ concentration was monitored. In a control with Zn(0), the
concentration of Zn2+ increased up to 12 and 3 mg L�1 respec-
tively during DNT and DCP reductions (Fig. 7). However, Zn(0)–
biochar showed signicantly less release of Zn2+ to the aqueous
phase, only 0.9–1.3 mg L�1 (Fig. 7), which meets drinking water
standards (3 and 5 mg L�1 for South Korea and U.S., respec-
tively). These results conrmed that outside biochar could
immobilize the Zn2+ formed by oxidation of Zn(0). It remains to
be examined how long the sorption of Zn2+ to biochar in Zn(0)–
biochar will last.
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Release of Zn2+ from Zn(0)–biochar systems in the presence of
(a) DNT and (b) DCP.
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4. Conclusions

Our results showed that novel FeS–biochar and Zn(0)–biochar
can be used as combined sorbent/reductant materials to
remove redox-reactive contaminants. Due to the rapid removal
rates of DNT and the lower sorption capabilities of FeS–bio-
char and Zn(0)–biochar for DNT, the biochar materials did not
clearly show an enhancement in DNT removal. However,
a catalytic role of biochar in the metal–biochar composite
materials was clearly observed in the removal of DCP. For the
toxic anions, chromate and selenate, reductive removal by
FeS–biochar or Zn(0)–biochar was limited and the sorbed
chromate and selenate reduced to their reduction products
slowly. Biochar in FeS–biochar or Zn(0)–biochar could be
sorption and reduction sites for electron transfer from core
metal corrosion to outside sorbed molecules. Regarding
concerns about the environmental release of Zn2+, most Zn2+

remained sorbed to the exterior of the biochar in the short
term. Our results suggest that Zn(0)–biochar could be
a possible long-term in situ remediation option for natural and
engineered systems.
This journal is © The Royal Society of Chemistry 2020
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