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An organo-montmorillonite-supported nanoscale zero-valent iron material (M-NZVI) was synthesized
to degrade decabromodiphenyl ether (BDE-209). The results showed that nanoscale zero-valent iron
had good dispersion on organo-montmorillonite and was present as a core-shell structure with a
particle size range of nanoscale iron between 30-90 nm, characterized by XRD, SEM, TEM, XRF,
ICP-AES, and XPS. The results of the degradation of BDE-209 by M-NZVI showed that the efficiency
of M-NZVI in removing BDE-209 was much higher than that of NZVI. The efficiency of M-NZVI
in removing BDE-209 decreased as the pH and the initial dissolved oxygen content of the reaction
solution increased, but increased as the proportion of water in the reaction solution increased.

Introduction

Due to its advantages of large specific surface area, good
reactivity, strong reducing power and low cost, nanoscale
zero-valent iron (NZVI) has recently attracted great in-
terest (Li et al., 2006; Crane and Scott, 2012; Chen et
al., 2011a). It can be used widely in the remediation
and degradation of various kinds of pollutants, especial-
ly halogenated organic pollutants, such as nitrobenzene
compounds (Dong et al., 2010), polychlorinated biphenyls
(PCBs) (Lowry and Johnson, 2004), polybrominated
diphenyl ethers (PBDEs) (Shih and Tai, 2010), and dioxins
(Kim et al., 2008). However, as NZVI tends to aggregate
(Sun et al., 2006; Zhan et al., 2008) and is easily oxidized
to form an oxide layer on the surface of particles in the

* Corresponding author. E-mail: eesjxs @mail.sysu.edu.cn

air (Liu and Lowry, 2006), both of which reduce the
activity and efficiency of nanoscale zero-valent iron. By
immobilizing or supporting NZVI on a solid material it is
feasible to overcome its easy aggregation, easy oxidation
and poor dispersion. In recent years, a number of materials,
such as activated carbon (Xu et al., 2010), zeolite (Lee
et al., 2007), porous silica (Qiu et al., 2011), and kaolin
(Zhang et al., 2011a), have been used as carriers for
NZVI, and these composites show great performance in
the degradation of various kinds of pollutants.
Montmorillonite is a kind of clay mineral with a layered
structure, high surface area and strong adsorption charac-
teristics (Schoonheydt, 2002). Also, montmorillonite can
be used as a good carrier and dispersant, to support NZVI
prepared by a liquid phase reduction reaction (Fang et
al., 2010). This composite was found to effectively re-

move a variety of organic pollutants, such @sTritrobenzemne
compounds (Gu et al., 2010), methyl orarjge (Chen et al.,
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2011b), atrazine (Zhang et al., 2011b) and chlorophenols
(Dorathi and Kandasamy, 2012). In addition, montmo-
rillonite can be modified by surface-active agents (such
as cetyl trimethyl ammonium bromide) through cation
exchange to form organo-montmorillonite, which is hy-
drophobic instead of hydrophilic and therefore has high
adsorption capacity for hydrophobic organic pollutants.
Moreover, organo-montmorillonite can be used to support
and disperse NZVI, and the prepared new composite
materials can effectively degrade hydrophobic organic
contaminants, such as pentachlorophenol (Li et al., 2011)
and catechol tannin (Shakir et al., 2008).

PBDEs widely used in electronic, chemical, electrical,
textile, and other industries as a typical kind of brominated
flame retardants (Luo et al., 2009), are ubiquitous in
the environment, with high hydrophobicity, persistence,
bioaccumulation and toxicity (Law et al., 2006), among
which decabromodiphenyl ether (BDE-209) is the only one
that is still in production and large-scale use. There are
many techniques to remove BDE-209, such as biological
degradation (He et al., 2006), photocatalytic degradation
(An et al., 2008) and zero-valent iron reduction. In par-
ticular, zero-valent iron reduction technology has gained
great interest due to its high efficiency and low cost in
the degradation of PBDEs. The use of zero-valent iron
in the degradation of PBDEs was carried out by Keum
and Li (2005) for the first time. Subsequently, nanoscale
zero-valent iron was synthesized to degrade PBDEs (Qiu
et al., 2011; Fang et al., 2011a, 2011b; Zhuang et al.,
2010, 2011; Li et al., 2007), and showed high degradation
efficiency, and Yu et al. studied the debromination of BDE-
209 by a montmorillonite-clay-supported nanoscale iron
material (Yu et al., 2012). However, there are still few
studies about the use of organo-montmorillonite-supported
nanoscale zero-valent iron in the degradation of BDE-209.

In this study, a supported nanoscale zero-valent iron
material was prepared by a liquid phase reduction method
with organo-montmorillonite as carrier and dispersant.
Then, characterization was conducted by various means,
such as XRD, BET, SEM, TEM, EDS, XPS, XRF, and ICP-
AES. Finally, various factors influencing its degradation
of BDE-209 were studied, including the pH, the initial
dissolved oxygen content and the proportion of solvents.

1 Materials and methods

1.1 Chemicals

Sodium-montmorillonite, with a purity of montmorillonite
of 95%, was purchased from Anji County, Zhejiang
Province, China; its cation exchange capacity (CEC) was
112.0 mmol/100g. Decabromodiphenyl ether (BDE-209)
standard solution was purchased from Accustandard Com-
pany and used to establish a standard curve. Chemical

grade BDE-209 (pure type, solid, 99%) was purchased
from Shanghai ANPEL Scientific Instrument Co., Ltd.
(Shanghai, China) and used in the degradation tests.
Methanol (HPLC grade) was purchased from Shanghai
ANPEL Scientific Instrument Co., Ltd. (Shanghai, China).
Other reagents such as cetyl trimethyl ammonium bromide
(CTMAB), tetrahydrofuran (THF), ferrous sulfate hep-
tahydrate, sodium borohydride, anhydrous ethanol, nitric
acid, sodium bromide and sodium hydroxide were all of
analytical purity, purchased from Guangzhou Chemicals
Co., Ltd. (Guangzhou, China). The experimental water was
self-made deionized deoxygenated pure water.

1.2 Preparation of materials

1.2.1 Preparation of organic-modified montmorillonite

The sodium-montmorillonite was organically modified
mainly through an ion exchange process (Lowry et al.,
2004; Zhu et al., 1997). A group of preliminary ex-
periments were carried out to determine the optimum
amount of modifier. The specific method was as follows:
5.0 g of sodium-montmorillonite (named MT) was added
into a conical flask containing 200 mL deionized water,
then 2.04 g cetyltrimethylammonium bromide (CTMAB)
was added. After two hours of reaction with stirring at
60°C the modified product was centrifuged and washed
several times, then dried at 70°C for 12 hr. The ground
products were screened through a 100 mesh sieve, and
finally activated at 115°C for 2 hr. The obtained organo-
montmorillonite was named CMT.

1.2.2 Preparation of organo-montmorillonite support-
ed nanoscale zero-valent iron

Organo-montmorillonite-supported nanoscale zero-valent
iron was prepared mainly by a liquid phase reduction
method of FeSO, and NaBH, according to the literature,
(Fang et al., 2010; Shahwan et al., 2010) with some
modification. The specific method was as follows: 5.0 g
organo-montmorillonite was added into a beaker contain-
ing 200 mL deionized deoxygenated water, and a certain
amount (mcmr/mee = 4:1) of FeSO4-7H,O was added. A
volume of 100 mL newly prepared NaBH, solution was
added dropwise to yield a B/Fe molar ratio of 3:1 and
stirred for 9 hr at room temperature. Then the product
was separated by filtration and washed with alcohol three
times, vacuum dried for 12 hr at 60°C and named M-NZVI.
Also, nanoscale iron particles were prepared in the same
way without participation of organo-montmorillonite in the
reaction process, and the product was named NZVI.

1.3 Characterization of the materials

The BET surface area of the material was analyzed with
an ASAP2020 system (Quantachrome Instruments Inc.,
USA).

The identification of crystalline phases df nanomaterials
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was conducted by X-ray diffraction (XRD, Bruker D8 Ad-
vance, Cu target, Ka radiation, 40 kV, 40 mA, Germany).

The particle size, morphology and structure of the ma-
terial were characterized by scanning election microscopy
(SEM) (LEO 1530 VP, Germany) and transmission elec-
tron microscopy (TEM) (Technai G2 F20, FEI Company,
USA). The elemental composition of the synthetic nano-
materials was measured by the TEM’s self-contained
enery-dispersive X-ray spectroscopy (EDS) spectrometer.

The surface valence of nanomaterials was analyzed by
X-ray photoelectron spectroscopy (XPS, British Kratos
Company, AXIS Ultra). An aluminum target X-ray source
(Al, Ko, hv = 1486.7 eV) with monochromator was used
in the XPS instrument.

The surface composition of nanomaterials was mea-
sured by an X-ray fluorescence spectrometer (XRF, S2
Ranger, Bruker, Germany) equipped with a Pd target X-
ray tube (maximum power of 50 W), 9-bit auto optical
filter switch and X Flash silicon drift detection device. The
sample was filled into a mold at first when measured, and
then compacted with a tablet press for 3 min, and finally
tested on the machine.

The major elemental contents in bulk nanomaterials
were analyzed by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES, Leeman Company, Profile
SPEC, USA) after being dissolved in concentrated hy-
drochloric acid.

1.4 Experimental process

1.4.1 Preparation of BDE-209 solution

First, a stock solution of BDE-209 (500 mg/L) was
prepared with tetrahydrofuran (THF) according to the
literature (Zhao et al., 2009). Briefly, 0.01 g BDE-209
solid was dissolved in a brown conical flask containing
200 mL THF and stirred at 200 r/min for 48 hr. Then,
the reaction solution was obtained directly by diluting the
stock solution with a THF-water mixture (THF:water = 7:3

V/V)).

1.4.2 Process of batch experiment

First, 50 mL BDE-209 mixed solution (2.0 mg/L) was
added into a 100 mL conical flask with a stopper used as a
reactor, and the synthetic material was added. The reactor
was then sealed and stirred with rotating speed controlled
at 150 r/min at (25+1)°C. Sampling was conducted at
specified time intervals; samples were filtered, and the
filtrate was used for analysis of the concentration of BDE-
209. All samples were performed in four replications.

1.5 Analytical method

The concentration of BDE-209 was measured by HPLC
(Shimadzu LC-20AT) equipped with a SupelcosilTMK
C18 chromatographic column (250 mm x 4.6 mm, 5 um)
and detected by UV spectrophotometry at a wavelength
of 204 nm and 226 nm in the mobile phase (1.0 mL/min)

composed of acetonitrile/water = 98/2 (V/V).

The concentration of bromide ion was determined by
an ion selective electrode with a Leici PHS-3C instrument
equipped with a 301 bromide ion selective electrode and
801 double-liquid-junction saturated calomel electrode.

The concentration of iron ions in the solution was
determined with an Atomic Absorption Spectrometer (Shi-
madzu AA-7000, Japan).

2 Results and discussion

2.1 Characterization of materials

2.1.1 BET analysis

Specific surface area is the main indicator reflecting the
adsorption capacity of synthetic adsorbents. The specific
surface area of M-NZVI was 36.431 m?/g, which was
larger than that of NZVI (26.875 m?/g) and that of CMT
(18.384 mz/g) (Table 1). The result was similar to surface
areas of other supported nanoscale iron materials (Zhang et
al., 2011a). Compared with CMT, the specific surface area
of M-NZVI increased significantly, which was attributed
to the large number of the iron particles supported on
the surface or interlayers of organo-montmorillonite. In
addition, the pore volume of CMT, NZVI, and M-NZVI
was 0.195, 0.106, and 0.162 cm3/g, respectively. The
porosity of M-NZVI was reduced slightly compared with
that of CMT, which might be caused by clogging of pores
by the iron nanoparticles.

2.1.2 XRD analysis

The wide-angle and narrow-angle XRD patterns of CMT,
NZVI, and M-NZVI are shown in Fig. 1. There was an
obvious characteristic diffraction peak of a-Fe appearing
at 20 = 44.78° for both NZVI and M-NZVI (Sun et al.,
2006; Fang et al., 2010, 2011a; Li et al., 2011), indicating
that the zero-valent iron had been supported successfully
on organo-montmorillonite. In addition, a weaker impurity
peak of iron oxide (20 = 35.85°) was found in the XRD
pattern of M-NZVI, indicating that the iron nanoparticles
supported on the surface of organo-montmorillonite had
a core-shell structure, with an inner core of a-Fe and
iron oxide coated as a shell on the surface (Sun et al.,
2006; Fang et al., 2010). The peak at 44.78° of M-
NZVI was weaker and broader compared with that of

Table 1

Summary of surface properties

Sample BET surface area  Pore volume  Average pore diameter
name (m?/g) (m*/g) (nm)

CMT 18.384 0.195 30.366

NZVI 26.875 0.106 2636

M-NZVI  36.431 0.162 241963
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Fig.1 X-ray diffraction patterns of CMT; M-NZVI; and NZVL

NZVI, indicating that the particle size of iron nanoparticles
supported on organo-montmorillonite was much smaller
than that of NZVL

Based on narrow-angle XRD patterns of NZVI and M-
NZVI, the basal spacing dyy; of M-NZVI was 2.450 nm as
calculated with the Bragg equation, which was 0.571 nm
larger than the basal spacing of CMT (dyy; = 1.879 nm).
In addition, the characteristic peak of M-NZVI shifted
toward lower angle, indicating that nano-iron particles had
been successfully inserted into the interlayers of mont-
morillonite. The formed ZVI clusters were intercalated
between the layers and acted as pillars, thus expanding the
interlayer distance. Meanwhile, there were few iron ions
found in the solution after the reaction, which indicated
that iron ions were almost completely loaded onto the
organo-montmorillonite.

B e %
Fig. 2

SEM images. (a) CMT; (b) NZVI; (c) M-NZVI (10.0 KX); (d) M-NZVI (30.0 KX); (e) M-NZVI (40.0 KK).

2.1.3 SEM analysis

The morphology and particle distribution of CMT, NZVI,
and M-NZVI were analyzed by SEM (Fig. 2). The organo-
montmorillonite had a layered structure, and there were a
lot of crevices between different layers, which provided
enough space for supporting nanoscale iron particles.
NZVI particles were aggregated as chain-like clusters,
while nanoscale iron particles in M-NZVI were even-
ly distributed on the entire surface and edges of the
organo-montmorillonite. The nanoscale iron particles in
M-NZVI were spherical, with particle size of 30-90 nm.
This showed that immobilizing iron nanoparticles on a
porous material was an effective method of preventing iron
nanoparticles from aggregating (Sun et al., 2006; Qiu et al.,
2011; Fang et al., 2010; Li et al., 2011; Shi et al., 2011; Jia
et al., 2012).

The particle sizes of nano-iron grains near the edges of
crevices and interlayers were smaller than those on the
surface of montmorillonite and ranged from 5-40 nm as
shown in Fig. 2e. As it was difficult to characterize the
particle size within the layers by SEM and TEM, this
could only be done by analyzing the XRD results. From
the above-mentioned data, the basal spacing dgy; of M-
NZVI was 2.45 nm. Minus the thickness of a single layer
of montmorillonite (0.92 nm), the interlayer spacing could
be calculated as 1.53 nm, meaning that the nano-iron grain
diameter between the layers was less than 1.53 nm.

2.1.4 TEM analysis

The TEM images of NZVI and M-NZVI are shown in
Fig. 3. Although the particle size of NZVI particles was
less than 100 nm, most of the nanoscale iron particles
aggregated into chains, while excellent dispersion of the
iron nanoparticles was achieved in M-NZVI. The core-
shell structure of M-NZVI is clearly shown in Fig. 3c,

Pima
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Fig. 3 TEM images of NZVI (a) and M-NZVI (b, c, d).

d. The thickness of the shell was measured at about 2.5—
4.0 nm, and the results were similar with other works
(Kim et al., 2008; Fang et al., 2010; Shi et al., 2011;
Martin et al., 2008; Uziim et al., 2008). According to
Caberra-Mott theory (Fang et al., 2010), it would take 600
years for the iron oxide shell to increase the thickness
by 1.0 nm. Therefore, the M-NZVI materials had a core-
shell structure with strong oxidation resistance that would
remain stable under common temperature and pressure
conditions.

2.1.5 XPS analysis

The surface composition of M-NZVI was analyzed by XPS
(Fig. 4). The binding energy of the characteristic Fe (2p3/2)
photoelectron peak was 710.73 eV, similar to that of a-
Fe, O3 (Fang et al., 2011a), indicating that a layer of iron
oxide covered the surface of the nanoscale iron particles
(Sun et al., 2006; Gu et al., 2010). The characteristic Fe
(2p3,2) peak of M-NZVI after the reaction was at 711.15
eV, similar to the binding energy of FeOOH (Qiu et al.,
2011; Martin et al., 2008; Uziim et al., 2009), suggesting
that precipitated hydroxide could be formed on M-NZVI
after hydrolysis and adsorption (Uziim et al., 2008), and

there could be a variety of iron oxides (such as a-Fe;0s3,
FeOOH) (Kanel et al., 2005; Li and Zhang, 2006) on
the surface. In addition, a smaller characteristic peak was
found near the binding energy of 706.30 eV, corresponding
to zero-valent iron (Sun et al., 2006). As a layer of iron
oxide of 3-5 nm encapsulated the surface of the iron
particles, it was difficult for the X-rays to penetrate into
the iron core.

2.1.6 Component analysis

To clarify the composition of the M-NZVI samples, EDS,
XREF, and ICP-AES were adopted for analysis. The results
are shown in Table 2 and Fig. 5. There was consider-
able difference among the results of the three methods,
because EDS and XRF mainly determine the surface
composition of a material, while ICP-AES determines the
bulk composition. ICP-AES results showed that the iron
content of the material was as high as 85.3%, which was
much higher than the results of EDS and XRF, while the
EDS result showed that oxygen was present at a high
percentage, indicating that the surface of NZVI had been

oxidized. The iron content in M-NZVI mgasured-by 1€P-=
AES was 15.6%, which agreed well with the mass ratio of
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Table 2 Elemental composition of the materials

Type EDS results (wt.%) XREF results (wt.%) ICP-AES results (wt.%)
CMT Si39.9 Si36.9
046.6 Mg 4.6 /
Other elements 13.5 Other elements 58.5
NZVI Fe 63.4 Fe 59.1 Fe 85.3
03238 Other elements 40.9 Other elements 14.7
Other elements 4.8
M-NZVI(before reaction) Fe 35.9 Fe 29.1 Fe 15.6
Si26.4 Si20.8 Si39.1
0292 Other elements 50.1 Other elements 45.3
Other elements 8.5
M-NZVI(after reaction) Fe 32.7 Fe 27.6 Fe 124
Si25.8 Si 20.6 Si38.5
0314 Other elements 51.8 Other elements 49.1

Other elements 10.1

Fe 2p;,

Fe2p,,

Fe,0,

. W

740 735 730 725 720 715 710 705
Binding energy (eV)
Fig. 4 XPS spectrum for the narrow scan of Fe 2p. Line a: narrow scan
of Fe 2p before reaction; line b: narrow scan of Fe 2p after reaction.

montmorillonite/iron of 4:1 determined by the preparation
of the material. In addition, the iron content of M-NZVI
after the reaction was lower than that before the reaction
(Xu et al., 2010), while the oxygen content in the material
was higher, indicating that iron oxides precipitated on the
surface.

2.2 Results of analysis on influencing factors

2.2.1 Influence of different materials

Four types of materials (MT, CMT, NZVI, and M-NZVI)
were used to compare the removal efficiency of BDE-
209 (Fig. 6a). The removal efficiency of BDE-209 by
MT, CMT, NZVI, and M-NZVI after 24 hr was 5.65%,
71.45%, 24.64%, and 98.02%, respectively. This showed
that CTMAB was effective in enhancing the adsorption
ability of strongly hydrophobic halogenated organic pol-
lutants on CMT by changing the montmorillonite surface
from hydrophilic to hydrophobic. Although NZVI could

Si

OFe Fe
Al

M
Fe

12 3 4 5 6 7 8 9 10 Il
Emergy (KeV)
Fig.5 A typical EDS spectrum of M-NZVI.

degrade halogenated organic pollutants, it was not ef-
fective for the degradation for BDE-209 due to its easy
aggregation and oxidation by air in the natural environ-
ment. Compared with NZVI, the removal efficiency of
M-NZVI for BDE-209 was up to 98.02%, which was
about three times higher than that of NZVI. The main
reasons were that organo-montmorillonite possessed large
specific surface area and could effectively adsorb BDE-
209, and that zero-valent iron could be fully dispersed in
the organo-montmorillonite thus reducing its aggregation,
as confirmed by SEM and TEM. This could be greatly
beneficial for the reaction between nanoscale zero-valent
iron and BDE-209 in aqueous solution. Similar results
were also obtained by others (Zhang et al., 2011a, b; Chen
et al., 2011b; Li et al., 2011; Fang et al., 2011a). The high
adsorption ability of organo-montmorillonite would also
enhance the degradation of BDE-209 by nanoscale zero-
valent iron (Li et al., 2011a).

The bromide ion concentration was also measured dur-
ing the degradation. As seen from Fig. 6b, the release rate
of bromide ion by M-NZVI could be up to 17.41%, while
release of bromide ion by NZVI, CMT, and MT was only
4.82%, 1.83%, and 2.02%, respectively. I-additron—to-M

NZVI, only NZVI caused significant debrgmination, while
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CMT and MT materials had little debromination ability.
This indicated that adsorption was the main process for the
removal of BDE-209 by CMT.

It can be also seen from Fig. 6 that the degradation rate
of M-NZVI was relatively fast in the initial 30 min, and
then slowed down gradually. This is because nanoscale
zero-valent iron on the M-NZVI would be gradually
oxidized and form a layer of oxide or hydroxide on its
surface as the reaction proceeds, resulting in a continuous
covering on the reaction sites of the M-NZVI, leading to
the reduction of the removal efficiency for BDE-209 (Fang
etal., 2011b).

2.2.2 Influence of initial pH, dissolved oxygen in reac-
tion solution, different proportions of co-solvents

As hydrogen atoms were required for the degradation of
halogenated organic pollutants by nanoscale zero-valent
iron, the pH should be of great influence on the process
(Zhang et al., 2009, 2011; Shih et al., 2009). Four initial pH
values (3.0, 5.5, 7.0, and 9.0) were used for the degradation
of BDE-209. As seen from Fig. 7a, the removal efficiency
of M-NZVI for BDE-209 decreased with the increase of
pH, which was consistent with the results of Li et al.
(2011). In neutral (pH 7.0) and alkaline (pH 9.0) con-

ditions, the removal efficiency of BDE-209 was 76.04%
and 65.90%, respectively, while the removal efficiency for
BDE-209 at pH 5.5 and 3.0 was 98.25% and 100.0%,
respectively. This showed that acid conditions could be
more favorable for the debromination of BDE-209, due to
more active hydrogen atoms being produced by M-NZVIL.
Also, hydrogen ion could promote the dissolution of the
thin layer of oxide on the surface of M-NZVI (Shih et al.,
2010; Zhang et al., 2009), and prevent the precipitation of
iron oxide and hydroxide (He et al., 2012).

2.2.3 Influence of dissolved oxygen in the reaction solu-
tion
As nanoscale zero-valent iron is easily oxidized by oxygen
in air or aqueous solution, different dissolved oxygen
contents in the reaction solution (0, 2.0, and 4.0 mg/L,
respectively) were investigated. As seen from Fig. 7b, the
removal efficiency for BDE-209 decreased with increasing
dissolved oxygen content. After 4 hr, the removal efficien-
cy of BDE-209 was decreased from 98.12% to 78.14%
when the dissolved oxygen increased from 0.0 to 4.0 mg/L.
With the increase of dissolved oxygen, more nanoscale
zero-valent iron particles would be oxidized, and these iron
oxides and hydrated oxide products could precipitate on
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the surface of M-NZVI (Chen et al., 2011b). The thickness
of the iron oxide layer on the surface would be accordingly
increased (confirmed by XPS), thus reducing the activity of
nanoscale zero-valent iron particles (Keenan et al., 2008)
and weakening the electron transfer between the zero-
valent iron particles and BDE-209, and finally reducing the
removal efficiency of M-NZVI for BDE-209.

Due to its high hydrophobicity, BDE-209 needed to be
dissolved in a certain percentage of a co-solvent (THF)
before dissolving in water. Different THF/water ratios
(THF:water = 3:7, 5:5, 7:3, and 10:0) were conducted to
test the influence of solvent on the degradation on BDE-
209 (Fig. 7¢). This showed that as the proportion of THF in
the “THF-water” system increased, the removal efficiency
of M-NZVI for BDE-209 decreased. After 4 hr of reac-
tion, the removal efficiency on BDE-209 with ratios of
THE/water of 3:7, 5:5, 7:3, and 10:0 was 97.92%, 63.86%,
19.64%, and 1.05%, respectively, which was consistent
with others’ results (Fang et al., 2011b). The main reason
was that the process of debromination required a certain
amount of hydrogen ions (Shih et al., 2010; Li et al., 2007),
and the hydrogen ions could be obtained from the water,
as the dissociation constant of water was much larger
than that of pure THF (Fang et al., 2011b). Therefore, the
more hydrogen ions the reaction solution could provide,
the better debromination would be obtained. However, the
proportion of water in the “THF-water” system could not
be too high since the BDE-209 solid must be completely
dissolved in the “THF-water” system. In this experiment,
the THF/water ratio of 3:7 was relatively satisfactory.

3 Conclusions

In this study, organo-montmorillonite, as a good carrier
and dispersant, could immobilize nanoscale zero-valent
iron, which was formed on the organo-montmorillonite
by a liquid phase reduction reaction. The characteriza-
tion results of XRD, SEM, TEM, and XPS showed that
nanoscale zero-valent iron having a core-shell structure
had good dispersion on the organo-montmorillonite. The
presence of organo-montmorillonite could greatly enhance
the reduction activity of nanoscale zero-valent iron, and
the removal efficiency of M-NZVI for BDE-209 was much
higher than that of NZVI. The removal efficiency of M-
NZVI for BDE-209 decreased with increasing pH and
initial dissolved oxygen content in the reaction solution,
but increased with increasing proportion of water.
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