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Abstract.The removal of decabromodiphenyl ether (BDE-209) from contaminated soil using
sepiolite-supported nanoscale zero-valent iron was investigated. The experimental results indicated
that the removal efficiency of BDE-209 from soil was greater than that of the nanoscale zerovalent
iron (nZVI). The removal efficiency of BDE-209 from soil increased with increasing dosage of
sepiolite-supported nZV1 particles and decreasing pH. Adsorption on sepiolite-supported nZVI also
played a role in the removal of BDE-209 from soil. This study indicated that the sepiolite-supported
nZVI particles had potential applications in remediation polybrominateddiphenyl ethers (PBDES)
contaminated soil.

Introduction

Polybrominated diphenyl ethers (PBDES), is the most representative of a class of widely existent
persistent organic pollutants (POPs) in the environment. PBDEs have been found in human and
animal blood and tissues (Mariussen et al. 2008) because of their bioaccumulation, persistence, and
high hydrophobicity (Luo et al. 2009). Concerns about the potential effect of PBDES on human
have increased due to PBDEs threatened reproductive health and caused neurotoxicity (Darnerud et
al. 2001). Decabromodiphenyl ether (BDE-209) makes up 80% of the total consumption of PBDES
normally used (Keum &Li 2005) and has become a possible human carcinogen. Therefore, it is
crucial for people to find an efficient and cost-effective method to remediate PBDES contaminated
soil, especially BDE-209 contamination.

Soils represent a major sink for organic contaminants in the environment (Huang et al. 2009),
PBDEs can easily accumulate in soil and sediment and tend to release to the environment
(Vonderheide et al. 2008). Recently, nanoscale materials (e.g., nanoscale zerovalent iron) and their
compounds have become a promising approach to treat PBDEs-polluted soil and water
(Trujillo-Reyes et al. 2014). Nanoscale zerovalent iron (nZV1) has been used to remove halogenated
organic compounds (Li &Zhu 2014, Lowry &Johnson 2004) because of its higher reactivity, larger
specific surface area, and higher degradation efficiency. However, there are some problems using
nZV| particles to remove organic contaminants. For instance, nZVI particles can easily agglomerate
in the preparation and application process because of their nanosize and poor dispersibility in water.
In addition, nZVI particles are easily oxidized in air because of their high activity (Fei et al. 2012,
Xiao et al. 2015). Therefore, to minimize such adverse effects on nZVI1 particles, mesoporous silica
microspheres, resins have been used as supporters to facilitate the high oxidation resistance and
dispersion in solution (Luo et al. 2013, Qiu et al. 2011). Yu and Gu et al. (Yu et al. 2012) prepared
smectite clay-templated subnanoscale zero-valent iron and used it to remove BDE-209.

Up to now, however, researchers have primarily concentrated their mind on removing BDE-209
from aqueous solution rather than from soil. Therefore, the objective of this study was to investigate
the removal of BDE-209 from contaminated soil using sepiolite-supported nZVI. Sepiolite had
stability in air, good dispersibility in water, cost-effectiveness and good adsorption properties
(Bingol et al. 2010). Some influence factors, such as sepiolite-supported nZVI addition and initial
pH of soil solution were investigated. This study helps people evaluate the feasibility of
sepiolite-supported nZV1 particles in remediating PBDEs contaminated soil.
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Materials and Methods

Chemical and reagents

A standard solution of BDE-209 was purchased from Accustandard Inc.(New Haven, CT) and
used to establish the standard curve. Decabromodiphenyl ether (BDE-209>85%), ferric chloride
hexahydrate (FeCls-6H,0>99%), sodium borohydrite (NaBH4>96%), n-hexane (HPLC grade),
ethanol (GR>99.8%), and hydrochloric acid (HCI~37%) were obtained from Sinopharm Chemical
Reagent Co. Ltd (Shanghai, PRC). Sepiolite was purchased from Nanyang Boxing Mining Co., Ltd
(Hebei, PRC).

Soil sample preparation

The soil sample was collected from the Fengxian District in Shanghai, China. Before use, the raw
soil was sieved by a 60 mesh standard sieve and then saved in a desiccators for future use. The
detection results shown that the soil sample was hardly containing BDE-209 and its
physico-chemical properties was shown in Table 1.

Table 1 Physical and chemical properties of the soil samples.
Soil type pH The organic matter (%) Moisture content(%)
Raw soil loess 8.31 1.19 1.38

BDE-209 contaminated soil samples were prepared through the following steps: 100 mL,
200ug/L of BDE-209 solution was mixed with 100 g dried soil and agitated until the mixture was
dried to a constant weight, and then got 200 ng (BDE209) /g (dried soil). The error of repeated
preparations was no more than 5%.

Preparation sepiolite-supported nZVI particles

In the prepared process, 9 g sepiolite (modified by HCI) was mixed with 150 mL of 0.1 M FeCl;
under acidic conditions (pH ~4) for 12 h, and the mixture was centrifuged to remove the
supernatant and repeated several times with deoxygenated deionized water. Fe-sepiolite was
dissolved in 150 mL water again, and the pH of mixture was adjusted to 3.0. Then, 150 mL, 0.4 M
NaBH, was added drop-wise into the mixture under vigorous agitation and a nitrogen atmosphere.
The sepiolite-supported nZV1 solution was centrifuged and rinsed several times with water. Finally,
the prepared sepiolite-supported nZVI particles were dried in vacuum overnight at 60°C before use.
Deoxygenated water used in the experiment was boiled for 0.5 h and subsequently purged with N,
for another 0.5 h. As a comparison, bare nZVI was synthesizedby drop-wise adding anagqueous
solution of 1.6 M NaBH, to the 1 M FeCl;. 6H,0 solution at 28°C with continuous stirring and a
stream of N.

Characterization

The size and morphology of nZVI, sepiolite-supported nZVI particles, and sepiolite were
characterized by a transmission electron microscope (TEM,JEM 2011,Jeol, Japan). The crystalline
phase of nZVI, modified sepiolite, and sepiolite-supported nZV1 particles were determined using an
X-ray diffractometer (Cu Ka radiation, X’Pert PW 3040/60, PANalytical, the Netherlands). The
iron content of the prepared sepiolite-supported nZVI1 was measured with HCI-HNO3-HF digestion
and an analysis with ICP (Optima 7000DV, Perkin-Elmer, USA).

Reaction of BDE-209 with sepiolite-supported nZVI

The removal of BDE-209 from soil was studied under different reaction conditions, including
sepiolite-supported nZVI dosages and soil solution pH. Batch experiments were proceeded to
remediate the BDE-209 polluted soil with a group of 10 mL centrifuge tubes, which contained a
given amount of the prepared particles (containing 13 mg/g of nZVI), 2 g dried soil and 2 mL
deoxygenated water. The mixtures were placed in a thermostat steam batch vibrator (ZD-85, China)
at a speed of 200 rpm at 28°C. In a given time interval, several tubes were taken out of the vibrator.
The samples were dried, and then using n-hexane to extract the residual BDE-209, the final volume
of the extracts was adjusted to 0.5 mL under a gentle N, stream.

Analysis methods

The BDE-209 concentration was determined using a SHIMADZU gas chromatograph/mass
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spectrometer (GCMG-QP2010 SE, SHIMDZHU, Japan); the system was equipped with a MXT-1
capillary column (15mx0.25mmx0.1um). The column temperature was maintained at 110°C for 2
min, increased to 250°C at a rate of 40°C/min, increased to 300°C at a rate of 10°C/min, maintained
at 300°C for 2 min, increased to 325°C at a rate of 40°C/min, maintained at 325°C for 5 min. The
injection port temperature was set at 280°C.The samples were introduced through a splitless
injector (1 pL splitless mode). The flow rate of helium carrier gas was 1.6 mL/min. The ion source
and interface temperatures were set at 250°C and 290°C, respectively.

Results and discussion

Characterization of synthetic material

The TEM pictures of nZVI, sepiolite-supported nZVI, and modified sepiolite were shown in
Figure 1. It was observed that the nZV1 particles (Figure 1(a)) appeared to have primarily spherical
shapes in the size range of 20 to 60 nm and form aggregates because of their high surface energies
and magnetic interactions. The TEM image of sepiolite-supported nZVI is shown in Figures 1(b),
and this of the modified sepiolite are shown in Figures 1(c). The nZVI dots on the external surfaces
of sepiolite were 5-20 nm. The interlayer nZV1 particles had sizes of 0.01~1nm based on the XRD
pattens.

Figure 1. TEM images of (a) nZV1, (b) sepiolite-supported nZV1, and (c) modified sepiolite.

XRD patterns (Figure 2) indicated that the nZVI contained primarily body-centered cubic « -Fe.
NZVI showed characteristic peaks at 26= 44.8°, 65.1°, and 82.4°, which corresponded to cubic
a -Fe-110, -200 and -211, respectively. No apparent peak of Fe® was found in the XRD pattern of
the sepiolite-supported nZVI, which indicated that the amount of nZVI supported on sepiolite was
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Figure 2. XRD patterns of modified sepiolite, sepiolite-supported nZVI and nZVI.

Comparison of the BDE-209 removal efficiency from soil of different materials

The removal of BDE-209 with sepiolite, modified sepiolite, sepiolite-supported nZVI and nZVI
from soil over time were investigated: both sepiolite-supported nZVI1 and nZVI contained the same
amount of Fe® (2.6mg), the addition of sepiolite, modified sepiolite, sepiolite-supported nZVI was
0.2g (Figure 3). About 29.44% of BDE-209 was removed from soil after a 16 d by
sepiolite-supported nZVI. However, only 10.93% of BDE-209 was removed by nZVI. This result
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showed that the sepiolite-supported nZVI had better removal efficiency than nZVI because the
nZVI tended to form agglomerates, which decreased the nZVI specific surface area. The removal
efficiency of BDE-209 by the modified sepiolite was 16.66%, this indicated that the raction of
BDE-209 with sepiolite-supported nZV1 was a combination of adsorption and reduction.
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Figure 3. Removal efficiency of BDE-209 by nZV1, sepiolite, modified sepiolite, and
sepiolite-supported nZ V1.

Effect of adding sepiolite-supported nZVI

The effect of the sepiolite-supported nZV1 addition on the removal of BDE-209 from soil was
shown in Figure 4. The removal efficiency of BDE-209 increased with the increasing amount of
sepiolite-supported nzZVI. The removal efficiency was about 48.64% at 16d when 0.4 ¢
sepiolite-supported nZVI was added, whereas, approximately 15.74% of BDE-209 was removed
with 0.1 g sepiolite-supported nZV1. This could be explained by the increased specific surface area,
adsorption and reaction sites of the sepiolite-supported nZVI. Thus, the BDE-209 removal was
accelerated when the material addition increased.

w019 .
[——024q e >
4-03g -

——04g .
04 g -___,_.-é S

05

1-Cy/Co

0zF

O
\ b
AY

01k

ool . . . . |

/] 5 10 15 20 25 30
reaction time (d)

Figure 4. Effect of sepiolite-supported nZVladdion on the BDE209 removal efficiency.

Effect of the initial pH

The removal process of BDE-209 from soil by sepiolite-supported nZVI was an acid-driven
reaction (Figure 5). The removal efficiency decreased with increasing pH, and the maximum
efficiency was observed about 41.9% in pH 4 at 16 d. This indicated that the removal reaction of
BDE-209 using sepiolite-supported nZV1 was effectively governed by H. In an acidic environment,
the sepiolite-supported nZV1 reacted with H* to produce the activated H (Choe et al. 2001), which
could reduce BDE-209. When the reaction continued, the pH of soil solution increased due to the
consumption of H”.
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Figure 5. Effect of the initial soil solution pH on BDE209 removal efficiency.

Conclusion

The present study demonstrated a new method to immobilize nZVI on sepiolite to enhance the
activity of nzZVI for the in situ remediation of BDE-209 from soil. The results showed that
BDE-209 in the soil was removed with sepiolite-supported nZVI and reached the maximum
removal efficiency within 29 d, and the removal efficiency of BDE-209 was faster than nZVI under
the same conditions. The removal efficiency of BDE-209 increased with the increasing amount of
sepiolite-supported nZVI and low soil solution pH. This study supplies a promising technology for
in site remediation PBDEs-contaminated soil. However, the ecotoxicity of the remediated
soilshould be taken into consideration. Further evaluating by more tests before field application is
needed.
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