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1 Introduction

Products containing BDE209, a homolog of polybromi-
nated diphenyl ethers (PBDEs), have been used in
numerous industries due to the good flame retardant
performance of the substance (La Guardia et al., 2006;
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H I G H L I G H T S

•Biochar enhanced the mobility and stability of
zero-valent iron nanoparticles.

• Particle performance was best when the BC:nZVI
mass ratio was 1:1.

•Bagasse-BC@nZVI removed 66.8% of BDE209.
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G R A P H I C A B S T R A C T

A B S T R A C T

The addition of nano zero-valent iron (nZVI) is a promising technology for the in situ
remediation of soil. Unfortunately, the mobility and, consequently, the reactivity of nZVI
particles in contaminated areas decrease due to their rapid aggregation. In this study, we
determined how nZVI particles can be stabilized using different types of biochar (BC) as a
support (BC@nZVI). In addition, we investigated the transport behavior of the synthesized
BC@nZVI particles in a column filled with porous media and their effectiveness in the removal
of BDE209 (decabromodiphenyl ether) from soil. The characterization results of N2 Brunauer–
Emmett–Teller (BET) surface area analyses, scanning electron microscopy (SEM), X-ray
diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) indicated that nZVI was
successfully loaded into the BC. The sedimentation test results and the experimental
breakthrough curves indicated that all of the BC@nZVI composites manifested better stability
and mobility than did the bare-nZVI particles, and the transport capacity of the particles
increased with increasing flow velocity and porous medium size. Furthermore, the maximum
concentrations of the column effluent for bagasse–BC@nZVI (B–BC@nZVI) were 19%, 37%
and 48% higher than those for rice straw–BC@nZVI (R–BC@nZVI), wood chips–BC@nZVI
(W–BC@nZVI) and corn stalks–BC@nZVI (C–BC@nZVI), respectively. A similar order was
found for the removal and debromination efficiency of decabromodiphenyl ether (BDE209) by
the aforementioned particles. Overall, the attachment of nZVI particles to BC significantly
increased the reactivity, stability and mobility of B–BC@nZVI yielded, and nZVI the best
performance.
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Cincinelli et al., 2012; Abbasi et al., 2019). However,
when PBDEs enter the environment, their strong hydro-
phobicity and persistence lead to their retention in soil or
sediment rather than in water (Chokwe et al., 2019).
PBDEs are highly toxic, persistent and bioaccumulative
and can cause certain harm to the ecological environment,
animals and human body (Xie et al., 2014). PBDEs have
toxic and carcinogenic effects on the brain, liver, kidney,
endocrine system, reproductive development system and
nervous system (Meerts et al., 2001). PBDEs can cause an
imbalance in thyroid hormones, affect metabolic function,
make movement behavior abnormal and learning ability
decline (Eriksson et al., 2001). PBDEs severely contam-
inate soils and sediments, possibly posing a serious threat
to human health and environmental safety (Hites, 2004;
Zhang et al., 2015). Therefore, it is necessary to develop
effective and inexpensive technologies to remediate soils
contaminated with PBDEs. Currently, information about
the remediation of BDE209-contaminated soil using
different types of biochar (BC) loaded with nano zero-
valent iron (nZVI) is limited.
Laboratory studies have shown that nZVI is an effective

reductant for removing PBDEs from aqueous or organic
phases due to its large contact area with pollutants and
strong reducibility (Lowry and Johnson, 2004; Keum and
Li, 2005; Fang et al., 2011). For example, Shih and Tai
reported that nZVI degraded more than 90% of BDE209 in
an aqueous solution in 40 min (Shih and Tai, 2010), and
the degradation efficiency was considerably higher than
that of ZVI. Fang et al. demonstrated that 98% of BDE209
(2 mg/L) was removed within 24 h by nZVI (4 g/L) (Fang
et al., 2011), which was higher than the removal rate
achieved with bare-ZVI. Recently, the direct injection of
nZVI into groundwater or soil contaminated with pollu-
tants has attracted considerable attention from researchers
(Quinn et al., 2005; Baumann, 2010; He et al., 2010).
However, to realize such applications, some existing
technical problems must be solved. First, the surface of
bare-nZVI is easily oxidised, leading to the formation of a
protective layer on the surface of the particles. This reduces
the effective contact area between contaminants and nZVI
particles, which is not conducive to pollutant removal.
Second, due to van der Waals forces and magnetic
attraction, nZVI particles tend to aggregate rapidly,
which decreases their reduction capacity. Third, the
transfer of agglomerated particles in the soil matrix is
poor, which means that they will probably not be
transported to the target contaminated area (Chekli et al.,
2016). Previous investigations have demonstrated that the
transportation of non-stabilized or aggregated ZVI nano-
particles in soil is limited and difficult (He et al., 2007;
Kanel et al., 2008). Therefore, the key problems that must
be solved to facilitate the effective and widespread use of
nZVI in contaminated soils are overcoming the instability
and improving the transportability of nZVI in soils.

BC is an excellent environmentally friendly and cost-
controllable environmental remediation agent because it is
producted by the pyrolysis of waste plant biomass in an
inert gas atmosphere. Moreover, BC can be used to remove
various pollutants and improve soil fertility (Bolan et al.,
2014; Mohamed et al., 2017; Wang et al., 2019). To
address the key problems mentioned in the preceding
paragraph, one approach is to use BC as a support to
disperse particles and decrease particle agglomeration. BC
seems to be suitable for this purpose because of its stable
structure, high porosity, large specific surface area (SSA)
and abundant surface functional groups (Zhou et al., 2014).
For instance, Yan et al. found that nZVI did not
agglomerate on the surface of BC and dispersed uniformly
(Yan et al., 2015). Su et al. indicated that the stability and
fluidity of BC particles loaded with nZVI particles and
their removal rate of hexavalent chromium were consider-
ably higher than those of bare-nZVI particles (Su et al.,
2016). However, research on the degradation of PBDEs in
soil by using BC loaded with nZVI particles is rare.
Moreover, the physicochemical and structural properties of
BC, such as SSA, surface functional groups and particle
size, are affected by the pyrolysis temperature and source
of BC (Yi et al., 2019). Wang et al. showed that the fluidity
of BC is higher when the pyrolysis temperature is lower
and the BC particle diameter is smaller (Wang et al.,
2013a). Thus, the transport and reactivity of BC-supported
nZVI composites (BC@nZVI) might also be controlled by
the pyrolysis temperature and feedstock source of the BC.
However, it is unclear whether the BC feedstock species
affects BC@nZVI transport and reactivity in the removal
of BDE209 from soil.
Therefore, the purposes of this study are to 1) synthesize

stabilized nZVI particles supported on different types of
BC, characterize them and compare their stability with that
of bare-nZVI; 2) explore the effects of multiple factors on
the fluidity of BC@nZVI in column experiments, includ-
ing BC species, BC pyrolysis temperature, and BC:nZVI
mass ratio; and 3) compare the removal and debromination
efficiencies of BDE209 obtained in multiple related
contact experiments of BC, nZVI nanoparticles and
BC@nZVI particles.

2 Materials and methods

2.1 Test soil

The test soil used in this experiment was collected from the
Higher Education Mega Center (China), and the several
properties of the soil are listed in Table S1 (Appendix
material). The soil, processed as described above, was
artificially contaminated using our previously reported
method (Wu et al., 2016).
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2.2 Synthesis and characterization of particles

All of the reagents used in this experiment are listed in
Appendix A1 (Appendix material). The nZVI particles
were prepared by following the method reported pre-
viously by our team (Fang et al., 2011). BCs were derived
from the pyrolysis of bagasse (B-BC), wood chips (W-
BC), corn stalks (C-BC) or rice straw (R-BC) at 600°C for
2 h in a muffle furnace under constant purging with
nitrogen gas, and the resulting products were ground.
BC@nZVI samples were synthesized by following the
NaBH4 reduction method. The steps of the synthesis
method are given in Supplementary Appendix A1.
The N2 Brunauer–Emmett–Teller (BET) surface area

analysis, surface zeta potential and hydrodynamic diameter
analysis, scanning electron microscopy (SEM), Fourier
transform-infrared (FTIR) spectrometric analysis and X-
ray diffraction analysis are detailed in Supplementary
Appendix A1.

2.3 Sedimentation tests

By measuring the sedimentation rate of the particle
suspensions, the stability values of the various types of
BC@nZVI suspensions were compared with the stability
of bare-nZVI. The concentrations of the different types of
BC@nZVIs and bare-nZVI in the suspensions (with
consistent iron content) were monitored continuously at
508 nm by using an ultraviolet (UV, L5S Inesa analytical
instrument Co. Ltd, China)-visible spectrophotometer after
subjecting them to ultrasonic treatment for 5 min.

2.4 Column experiments

Transport studies were performed in silica-sand-packed
vertical glass columns (1.5 cm i.d., 12 cm length). Prior to
being used in the experiments, the sand was sequentially
soaked in 0.1 mol/L sodium dithionite and hydrogen
peroxide (5%) for 2 h to remove metal oxides and other
substances on the surface. Thereafter, the sand was soaked
in hydrochloric acid (12 mol/L) solution overnight, washed
thrice with deionised water and dried. The following
operations were performed as reported by Liang et al.
(Liang et al., 2014), with a slight modification. A nylon
screen (80 mesh) was installed at the bottom of the column,
which was then filled with silica sand. Detailed experi-
mental details are given in Supplementary Appendix A2.
The specific formula of debromination efficiency is as
follows Eq. (1) in Supplementary Appendix A2.

2.5 Experimental set-up

Sacrificial experiments were carried out in ambient air.
Detailed experimental details are given in Supplementary
Appendix A2.

The BDE209 concentrations in the extracts were
quantified using a Shimadzu high-performance liquid
chromatograph (HPLC, HP1100, Japan). Detailed experi-
mental details are given in Supplementary Appendix A2.
The Br– concentration was determined using an ion

chromatograph (IC, ICS-900, USA). Detailed experimen-
tal details are given in Supplementary Appendix A2.

3 Results and discussion

3.1 Characterization of particles

The SSA, elemental composition and physicochemical
properties of the four types of BC synthesized herein are
summarized in Table S2. All four types of BCs were
alkaline, with only slightly differing pH values, which is
conducive to regulating the pH of acidic soils (Chintala
et al., 2014). Moreover, the organic matter and S contents
in the four BCs decreased in the following order: B-
BC>R-BC>W-BC>C-BC. Furthermore, the C/H ratio
was the highest in B-BC, followed by C-BC, W-BC and R-
BC. This means that B-BC had the highest degree of
aromatisation (i.e., a more perfect p-conjugated aromatic
structure (Keiluweit et al., 2010)), and the stabilization of
nZVI by BC was the highest in the case of B-BC.
According to the BET results, the SSAs of B-BC, W-BC,
C-BC and R-BC were 352.6, 42.1, 39.0 and 171.5 m2/g,
respectively. The total pore volume (PV) and SSA of B-BC
and R-BC were considerably higher than those of the other
BCs, which is beneficial for nZVI loading. In addition, the
BET-determined SSAs of B-BC@nZVI (BC:nZVI mass
ratio of 1:1) and bare-nZVI were 71 and 35 m2/g,
respectively. The BET-determined SSA of B-BC@nZVI
was considerably smaller than that of B-BC, which
indicated that nZVI was effectively loaded into the BC
and that the BC pores may have been blocked by the
loaded nZVI (Zhuang et al., 2011).
SEM analyses were performed to observe the morphol-

ogies of B-BC, nZVI and B-BC@nZVI (Figs. 1(a)–1(c)).
The SEM surface morphology clearly revealed that the BC
particles had an abundant porous structure, which provided
appropriate sites to support nZVI. The bare-nZVI particles
aggregated to form chain structures or clusters due to the
strong agglomeration effect. In contrast, the nZVI particles
in BC@nZVI (BC:nZVI = 1:1) were observed to be well
scattered throughout the porous structure and on the
surface of the BC, which prevented their aggregation to
some extent. The X-ray diffraction patterns of the BCs and
the synthesized composites are shown in Figs. 1(d) and 1
(e). All of the BCs had similar diffractogram patterns,
except for a few minor differences in the shape and
strength of the peaks, thus indicating that the amorphous
materials had poor crystallinity and carbon-rich phases. A
few sharp peaks were observed in the spectrum of BC,
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indicating the presence of inorganic components, such as
SiO2 (2q = 28°), KCl (2q = 39.5°) (Ahmad et al., 2018) and
CaCO3 (peak at 2q = 29.2°, present only in C-BC), as
confirmed in previous studies (Wu et al., 2012; Devi and
Saroha, 2014). For BC loaded with nZVI, a significant
peak at 2q = 44.9° was observed for all four types of
BC@nZVI, thus confirming the presence of ZVI (α-Fe0) in
all of the composites. The results further revealed that the
nZVI particles were successfully loaded onto the BCs. To
identify the surface properties of the samples, FTIR spectra
of different BCs and B-BC@nZVI were generated within
400–4000 cm-1 (Fig. 1(f)). The results suggested that the
BCs were rich in organic functional groups. Moreover, the
intense adsorption band at 566.5 cm-1 in the B-BC@nZVI
spectrum shown in Fig. 1(f) indicated that Fe-O bonds
were formed between BC and nZVI (Liu et al., 2010;
Cazetta et al., 2016). Vibrations of aromatic –CH groups
were observed for R-BC, W-BC and C-BC at wavenum-
bers of 714.49–899.52 cm-1, indicating the presence of
adjacent aromatic hydrogen (Ahmad et al., 2012). The
signals at 1115.1 cm-1 and 1031.4 cm-1 for R-BC and C-
BC, respectively, were assigned to C-O functional groups.
The peaks near 1400 cm-1 represented aromatic ring
modes, which were present in the W-BC and C-BC
samples. The peaks at approximately 1560 cm-1 (R-BC and
C-BC) and 1620 cm-1 (B-BC and B-BC@nZVI) corre-
sponded to C = C and C = O stretching vibrations,
respectively. Notably, clear bands at approximately

3200–3550 cm-1 appeared only in the spectrum of B-BC.
These bands are associated with-OH stretching and
hydroxyl functional group stretching vibrations, indicating
the presence of hydroxyl groups on the surface of the B-
BC samples (Wang et al., 2013b). In sum, the results
suggested that the synthesized BCs were rich in organic
functional groups. However, there were a few significant
differences between the FTIR (detailed results and
discussions are given in Appendix A3) spectra of B-BC
and B-BC@nZVI. For instance, considerably lower
absorption intensities were observed at approximately
3400 cm-1 and 1630 cm-1 for B-BC@nZVI than B-BC,
which can potentially be attributed to the reaction between
nZVI and BC. The results described above were confirmed
by the XRD patterns of the materials.

3.2 Stability assessment

The stability of nanoparticles in practical engineering
applications is of great significance. The sedimentation
curves of the four types of BC@nZVI composites
synthesized herein are exhibited in Fig. 2(a). The
experimental data indicated that the absorbance of nZVI
at 508 nm decreased rapidly by 35% within 2 min, and the
relative absorbance tended to be stable after 10 min at 29%
of the initial value. After 10 min, the absorbance of R-
BC@nZVI and W-BC@nZVI decreased by 31% and 20%,
respectively, compared with their respective initial absor-

Fig. 1 SEM images of (a) B-BC, (b) nZVI and (c) B-BC@nZVI; (d, e) XRD patterns and (f) FTIR spectra of the synthesized materials.
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bance values. The absorbance values of B-BC@nZVI and
C-BC@nZVI remained stable for the first 10 min, after
which they tended to decrease slowly to finally reach a
stable state. After 60 min, the relative absorbance values of
the B-BC@nZVI, C-BC@nZVI, W-BC@nZVI and R-
BC@nZVI composites were 47.8%, 41.7%, 31.4% and
17.0% higher than the absorbance value of bare-nZVI.
This result implied that all BC@nZVI composites were
more stable than bare-nZVI. B-BC@nZVI exhibited the
highest stability among the four composites. The large
decrease in the absorbance of bare-nZVI was caused by its
rapid deposition, which was ascribed to the effective
aggregation of nZVI particles due to electrostatic attraction
(Tiraferri et al., 2008). In the BC@nZVI composites,
attachment of nZVI particles on the porous and rough
surfaces of BC prevented agglomeration and enhanced the
stability of the nZVI particles, as confirmed by SEM and
the literature (He and Zhao, 2005; Xu et al., 2010). The
order of stability of the four BC@nZVI composites was the
same as the order of the C:H ratio in the BCs (Table S2).

According to Keiluweit et al. (Keiluweit et al., 2010), the
degree of aromatisation and stabilization of BCs increases
with the C/H ratio; we believe that the C/H ratio is the main
reason for the differences in the sedimentation test results
for the four types of BC@nZVI composites in this study
(Fig. 2). Among the BC@nZVI composites with different
BC:nZVI mass ratios, the mass ratio of 1:1 gave the
highest stability in all of the types of composites (Fig. 3).
The stability of the composites increased when the BC
content increased from 0.11:1 to 1:1. However, with
subsequent increases in BC content, the stability of the
composites decreased, possibly because the excess BC
increased the particle size, thus facilitating the overall
settling of BC@nZVI. Similar results were found in the
removal of BDE209 from soil by using B-BC@nZVI
composites with different BC:nZVI mass ratios (detailed
results and discussions are given in Appendix A4 in the
Supplementary material). Therefore, the BC@nZVI com-
posite with a BC:nZVI mass ratio of 1:1 was used in
subsequent experiments.

Fig. 2 (a) Sedimentation tests for different particles; (b) effects of BC/nZVI mass ratio on the zeta potential for BC@nZVI composites;
(c) effects of biochar types on the zeta potential for BC@nZVI composites; (d) effects of biochar pyrolysis temperature on particles
stability. The capital letters represent significant differences of same particles at different temperature while lowercase letters represent
significant differences of different particles at the same temperature (p< 0.05).
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The zeta potentials of the materials were also determined
to assess their stability. The effects of different B-BC:nZVI
mass ratios on the stability of the B-BC@nZVI compo-
sites, as measured using the zeta potentials, are illustrated
in Fig. 2(b). The zeta potential was measured with
Watson’s distilled water at pH = 5.16. The experimental
data demonstrated that the stability of B-BC@nZVI (1:1)
(–25.25 mV) was approximately 3.14, 4.08, 2.23 and 1.43
times higher than that of B-BC@nZVI at mass ratios of
0:1, 0.11:1, 0.25:1 and 0.5:1, respectively. Notably, the
zeta potentials of bare-nZVI, B-BC@nZVI (0.11:1) and B-
BC@nZVI (0.25:1) were positive, whereas the zeta
potential of B-BC@nZVI (0.5:1) was negative. This result
occurred because nZVI particles are positively charged,
whereas B-BC is negatively charged. It can be deduced
from Fig. 2(c) that the absolute value of the zeta potential
decreased in the following order: B-BC@nZVI>C-
BC@nZVI>W-BC@nZVI>R-BC@nZVI>nZVI. Thus,
based on the above results, it can be concluded that the
use of BC as a support to synthesize BC@nZVI
successfully improved the stability of nZVI.
The stability of BC-supported nZVI obtained at different

pyrolysis temperatures was also studied. As illustrated in

Fig. S1, the stability of the B-BC@nZVI composite
increased as the pyrolysis temperature increased. Accord-
ing to the literature (Cantrell et al., 2012; Wang et al.,
2013a), higher pyrolysis temperatures lead to a higher SSA
of BC, which is better for reducing the aggregation of
nZVI. However, different change trends in the absorbances
of C-BC@nZVI and W-BC@nZVI with pyrolysis tem-
perature were observed in this study (Figs. 2(d) and S1).
After 60 min of sedimentation (Fig. 2(d)), the stability
values of the C-BC@nZVI and W-BC@nZVI composites
synthesized at 600°C were the highest, but there were no
significant differences between the C-BC@nZVI and W-
BC@nZVI composites synthesized at 450°C and those
synthesized at 700°C. Similar results were found for the B-
BC@nZVI and R-BC@nZVI composites, and the stability
values of the materials synthesized at 600°C were not
significantly different from those of the materials synthe-
sized at 450°C or 700°C. Therefore, a pyrolysis tempera-
ture of 600°C was selected to produce BC for use in
subsequent experiments.
Among the BC@nZVI composites with different BC:

nZVI mass ratios, the mass ratio of 1:1 gave the highest
stability in all of the types of composites (Fig. 3). The

Fig. 3 Sedimentation tests of four BC@nZVI composites at different BC:nZVI mass ratios: (a) B-BC@nZVI, (b) C-BC@nZVI, (c) W-
BC@nZVI, and (d) R-BC@nZVI.
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stability of the composites increased when the BC content
increased from 0.11:1 to 1:1. However, with subsequent
increases in BC content, the stability of the composites
decreased, possibly because the excess BC increased the
particle size, thus facilitating the overall settling of
BC@nZVI. Similar results were found in the removal of
BDE209 from soil by using B-BC@nZVI composites with
different BC:nZVI mass ratios (detailed results and
discussions are given in Appendix A4 in the Supplemen-
tary material). Therefore, the BC@nZVI composite with a
BC:nZVI mass ratio of 1:1 was used in subsequent
experiments.

3.3 Column experiments

3.3.1 Effect of flow velocity on BC@nZVI transport

The effects of the BC:nZVI mass ratio and the pyrolysis
temperature on BC@nZVI transport were studied by

conducting a series of column tests. The results (shown in
Figs. 4 and S2) were consistent with the stability results,
which confirmed that the best mobility of the BC@nZVI
composites was observed when the BC:nZVI mass ratio
was 1:1 and the pyrolysis temperature was 600°C.
The injected flow velocity and the size of the soil

particles were the key factors determining nanoparticle
transport in the soil. The transportation results for the B-
BC@nZVI composites in the silica sand column with
variable flow velocity are shown in Fig. 5(a). The flow
velocity significantly influenced the transport of the
particles through the silica sand column because the
particle mobility increased as the flow velocity increased.
For instance, the maximum breakthrough C/C0 increased
from 0.58 to 0.74 as the flow velocity increased from 0.05
to 0.11 mL/s. Moreover, the highest effluent concentration
at the flow rate of 0.15 mL/s was 0.85, which was 27% and
11% higher than those at flow rates of 0.05 and 0.11 mL/s,
respectively. This may have occurred because of the
increase in shearing forces with the increase in the flow

Fig. 4 Breakthrough curves of four BC@nZVI composites at different BC:nZVI mass ratios: (a) B-BC@nZVI, (b) R-BC@nZVI, (c) C-
BC@nZVI, and (d) W-BC@nZVI.
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velocity, which consequently enhanced the effluent con-
centration. The smaller viscous volume and higher
resistance of the stable nZVI particles were also considered
to contribute to their enhanced mobility because these
factors enhance elution (Wang et al., 2013a; Zhang et al.,
2017).

3.3.2 Effect of porous media on BC@nZVI transport

Figure 5(b) shows the effects of porous media on B-
BC@nZVI transport at a fixed flow velocity (0.11 mL/s).
The steady-state relative C/C0 ratios of B-BC@nZVI in the
10–20 and 30–40 mesh silica sands were 0.82 and 0.74,
respectively. Although the differences in the C/C0 ratios of
the particles between the two sizes of silica sand
investigated herein were small, it can still be concluded
that the transport capacity of B-BC@nZVI increases as the
size of the silica sand particles constituting the porous
media increases. This effect can be ascribed to an increase
in the surface area of the sand after deposition of
BC@nZVI particles for the case of smaller silica particles,
combined with the effects of strain, as observed in previous
studies (Chrysikopoulos and Syngouna, 2014; Li and
Ghoshal, 2016). Moreover, the elution concentrations of
B-BC@nZVI in the silica sand column increased more
sharply than those in soil and subsequently reached a
steady-state at 4 PV, while in soil, steady-state was reached
after 3 PV. Furthermore, the maximum C/C0 value of
BC@nZVI in the 30 mesh soil column was only 0.25,
which was 57% lower than the value obtained in a similar-
sized silica sand column (30–40 mesh silica sand).
However, according to Fig. 5(b), the breakthrough curve
of BC@nZVI showed a larger transport efficiency in soil
than that of bare-nZVI. Additionally, the maximum C/C0

value of B-BC@nZVI in the 30 mesh soil column was
similar to the maximum C/C0 value of C-BC@nZVI in the

30–40 mesh silica sand column (Figs. 2(b) and 5(a)),
indicating better B-BC@nZVI transport.

3.3.3 Column transport of various BC@nZVI composites

As indicated in Fig. 6(a), the maximum relative concentra-
tion (C/C0) of nZVI was only approximately 0.02 within 8
PV following injection, and at the end of the column, most
of the nZVI was left. By contrast, the BC@nZVI
composites distinctly improved the transport of nZVI in
the silica sand column, and the maximum C/C0 value was
at least 25% higher than that of nZVI. The breakthrough
curves of all of the BC@nZVI composites rose sharply in
the first 2 PV and then slowly increased to a near steady-
state plateau at 4 PV. The levels of the plateau (of C/C0)
differed among the four BC@nZVI composites, and the
plateau of B-BC@nZVI was the highest. Additionally, the
breakthrough curves of all of the BC@nZVI composites
showed a slow but continuously increasing trend between
4 PVand 7 PV. Furthermore, B-BC@nZVI had the highest
effluent concentration (C/C0 = 0.74), followed by R-
BC@nZVI (C/C0 = 0.55), W-BC@nZVI (C/C0 = 0.37) and
C-BC@nZVI (C/C0 = 0.26). These results indicated that
B-BC was the most effective support in terms of improving
the mobility of nZVI among the four prepared BCs, which
is consistent with the sedimentation results.
Figure 6(b) presents the spatial distribution of the

particles in the silica sand after the column was injected
with 15 PVof particle suspension. The data in Fig. 6(b) are
consistent with the breakthrough curves. Except for B-
BC@nZVI, the RPs of all of the other particles typically
exhibited a higher retention in the section adjacent to the
column inlet and a rapid decrease in retention with
increasing depth, especially for nZVI (retention decreased
by nearly 63.5% as the depth increased from 2 cm to 4 cm).
For B-BC@nZVI, the total residual particle content in the

Fig. 5 Breakthrough curves of B-BC@nZVI at (a) different flow velocities in 30–40 mesh silica sand and (b) through three model
porous media at 0.11 mL/s.
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column was the lowest, and the normalized content (M:
Mtotal) remained steady at ~17% in all sections of the
column. This result indicated that the residual particles
were uniformly distributed in the column and the transport
capability was the highest. These results suggest that the B-
BC@nZVI composite has good stability and fluidity,
which makes it a better material than the other materials
tested herein for the in situ remediation.
As illustrated by the transport breakthrough curves and

the RPs, the mobility values of the four types of BC@nZVI
composites decreased in the following order: B-
BC@nZV I>R -BC@nZV I>W-BC@nZV I>C -
BC@nZVI, and this decrease was primarily related to
differences in the BET SSAs of the four BCs (Table S2):
the larger the SSA of a BC is, the more conducive the BC is
to the dispersion of nZVI, which is more beneficial for the
transport of nZVI. Moreover, the hydrodynamic diameter
is considered a relevant property that is directly related to
diffusivity and enhances particle mobility. In this paper, the
hydrodynamic diameters of the particles as measured using
the dynamic light scattering technique were 0.318 μm,
0.354 μm, 0.424 μm and 0.448 μm for B-BC@nZVI, R-
BC@nZVI, W-BC@nZVI and C-BC@nZVI, respectively.
Thus, enhanced mobility was observed for the composites
with smaller particle sizes, which is consistent with
previous research findings (Raychoudhury et al., 2010).
Additionally, a more negative z-potential of the BCs was
found to be beneficial for the mobility of the composites
because the combination of BC and nZVI reduces the
magnetic attraction and, consequently, enhances the over-
all repulsive interaction between the particles. Therefore,
the impact of BC on nZVI mobility may be attributable to a
combination of the abovementioned factors, but more
detailed work is needed to ascertain the exact relationship
between them.

3.4 BDE209 reactions with different particles under
optimum conditions

The effects of different BC:nZVI mass ratios on BDE209
removal by BC@nZVI are illustrated in Fig. 7. Notably,
the removal efficiency of BDE209 by BC@nZVI increased
as the BC:nZVI mass ratios of the composites increased
from 0.11:1 to 1:1. A removal efficiency of 66.8% was
achieved with B-BC@nZVI (1:1) after 72 h, which was
30.1%, 23.3% and 17.4% higher than the removal
efficiencies of B-BC@nZVI composites with mass ratios
of 0.11:1, 0.25:1 and 0.5:1 (using the same amount of
nZVI), respectively. This result may be ascribed to the fact
that nZVI loading in BC significantly improves the
dispersion, stability and mobility of the composite

Fig. 7 Effect of BC:nZVI mass ratio on BDE209 removal by B-
BC@nZVI (temperature, 25°C�2°C; dosage, 0.03 g/g; soil
moisture content, 50%).

Fig. 6 Breakthrough curves of different particles in silica sand (a) and retention profiles of particles along the column length with 15 PV
of particle suspension (b). (BC:nZVI = 1:1; particle concentration = 1 g/L; v = 0.11 mL/s; media size = 30–40 mesh silica sand).

Chengjie Xue et al. Effects of different types of biochar on nZVI in soil remediation 9



particles, which is conducive to improving the activity of
the composite particles. The other reason may be an
increase in the number of interaction sites between the
composite nanoparticles and BDE209, in turn leading to
increased removal rates. However, when the BC:nZVI
mass ratio was increased from 1:1 to 3:1, the BDE209
removal efficiency decreased from 66.8% to 44.2%. A
similar phenomenon was reported by other researchers
(Dong et al., 2017; Yi et al., 2017). We deduced that the
excess BC might have wrapped the nZVI particles or cut
the active sites off the nZVI surfaces, thus inhibiting
contact between BDE209 and nZVI, which reduced the
BDE209 removal efficiency. Thus, the BC:nZVI mass ratio
of 1:1 was found to be optimum and was selected for the
synthesis of BC@nZVI particles, in accordance with the
results of the stability tests and the column experiments
described earlier in this paper.
The reactions of BDE209 with nZVI, BC and the four

types of composite materials were measured over time
under the optimum operating conditions, as shown in
Fig. 8(a). BC achieved a low BDE209 removal efficiency
(17.5%) at 72 h. Moreover, no Br- ions was detected during
the experiment with BC@nZVI. This finding implied that
BDE209 removal from soil by BC occurred through
adsorption without further debromination. By contrast, B-
BC@nZVI, R-BC@nZVI, W-BC@nZVI and C-
BC@nZVI achieved removal efficiencies of 66.8%,
52.3%, 45.8% and 37.5%, respectively, within a 72-h
reaction time. The BDE209 removal efficiencies of the
four BC@nZVI composites were higher than that of pure
nZVI (35.4% within 72 h), demonstrating that the addition
of BC helped improve the BDE209 removal performance
of nZVI. The large SSA was a crucial factor in the
composites achieving higher BDE209 removal efficiencies
because BDE209 can be enriched by adsorption, thus
increasing contact opportunities between nZVI and the
target pollutant. Moreover, the loading of nZVI particles

onto the surface or into the porous structure of BC reduced
their agglomeration and improved their dispersibility,
stability and mobility, which was conducive to enhancing
the reactivity of the nZVI nanoparticles. Moreover, the
composites provide more active sites for pollutant removal
than pure nZVI does (Zhu et al., 2009; Petala et al., 2013;
Dong et al., 2017). In addition, BC can act as an electron
carrier (Kappler et al., 2014; Dong et al., 2017) due to its
quinone content and aromatic structure, which increases
the relative rate of electron transfer to the target pollutant,
thus further accelerating the degradation of BDE209 by the
nanoparticles. The differences among the four BC@nZVI
composites can be explained as follows. The more stable
and transportable the composites are, the higher their
reactivity and removal efficiency; thus, BDE209 was
removed at a faster rate by the B-BC@nZVI composites. In
addition, the highest S content in B-BC (Table S2) may
have also contributed to the highest removal efficiency of
the B-BC@nZVI composites; this is consistent with
multiple studies that have demonstrated that the reactivity
of nZVI toward halogenated contaminants increases in the
presence of sulfur compounds (Rajajayavel and Ghoshal,
2015; Fan et al., 2016). The presence of sulfur in BC may
have contributed to the formation of either sulphide-
modified nZVI or iron sulphide (FeS), which facilitates
more efficient electron transfer due to the lower band gap
of FexSy than FexOy (Turcio-Ortega et al., 2012) and the
adsorption of more atomic hydrogen on the surface to
favor the reductive degradation of organic pollutants (Han
and Yan, 2016). Furthermore, sulphide modification of
nZVI enhances the affinity between the hydrophobic
surface of the particles and target hydrophobic groups
(Cao et al., 2017).
We measured the Br- ion content to determine whether

BDE209 was actually degraded. The results in Fig. 8(b)
indicate that the degree of formation of Br- ions was the
same as the removal efficiency; that is, the rate of

Fig. 8 (a) Removal efficiency of BDE-209 and (b) debromination efficiency of BDE-209 (BC:nZVI = 1:1; temperature = 25°C�2°C;
dosage = 0.03 g/g; soil moisture content = 50%).

10 Front. Environ. Sci. Eng. 2021, 15(5): 101



bromination increased rapidly in the first 24 h, followed by
a slow increase of only 15.1% between 24 and 72 h of B-
BC@nZVI treatment. The debromination rate induced by
B-BC@nZVI was 30.2%, 22.3%, 18.3% and 11.5% higher
than the rates induced by nZVI, C-BC@nZVI, W-
BC@nZVI and R-BC@nZVI, respectively. These results
further confirmed that B-BC@nZVI was the most reactive.
Furthermore, BDE209 degradation was well described by
pseudo-first-order kinetics (The specific formula is as
follows Eqs. (2) and (3)) in Appendix A4. The results of
the kinetic analysis also demonstrated that B-BC@nZVI
was more effective in removing BDE209 than were C-
BC@nZVI, W-BC@nZVI, R-BC@nZVI and nZVI (see
Appendix A4, Table S3 and Fig. S3 for details). In
summary, the loading of nZVI particles onto BC greatly
improved their reactivity, and B-BC@nZVI was the most
favorable for the removal of BDE209 from soil.
Based on the above discussion, we can conclude that the

removal of BDE209 using nZVI loaded on BC involves
reduction, debromination and adsorption. However,
because of the observed low removal efficiency of neat
BC for BDE209, the removal mechanism of BC@nZVI
can be considered to depend mostly on the reductive
properties of the nZVI particles. BC acts as a carrier that
improves the distribution of nZVI, an adsorbent that
enriches BDE209 in the composites and an electron
transfer medium that promotes the reaction between nZVI
and BDE209.

4 Conclusions

In this study, BC-supported nZVI particles were synthe-
sized, and the feasibility of supporting nZVI on various
BCs to enhance its stability, mobility and reactivity was
investigated. It was found that the stability of BC@nZVI
composites increased in proportion to the C/H ratio of the
BC, while the mobility increased as the hydrodynamic
diameter of the particles decreased and the BET SSA and
negative z-potential of the BC increased. Moreover, the
stability, mobility and reactivity of the composites peaked
when the BC:nZVI mass ratio was 1:1; a lower mass of BC
could not prevent the aggregation of nZVI particles,
whereas excessive BC led to an increase in particle size
and blocked the active sites of nZVI. The results of soil
tests and column experiments indicated that B-BC@nZVI
performed better than the composites and bare-nZVI.
Additionally, the mobility of BC@nZVI increased with
increasing flow velocity and increasing size of the solid
phase in the porous media. The removal efficiency of
BDE209 by B-BC@nZVI was the highest (66.8%).
Removal was essentially considered to occur through an
interaction between reductive removal and adsorption. The
porous structure of BC adsorbed nZVI and enriched
BDE209, thus diminishing the role of nZVI and reducing
the bromination of BDE209. In summary, all of the results

indicated that the use of BC as a support is effective for
stabilizing nZVI and enhancing its transport and reactivity.
The findings of this study can serve as a reference for the in
situ remediation of pollutants by using BC-modified nZVI
particles in the future.
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