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a b s t r a c t

1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane (DDT) is of concern in water treatment because of its per-
sistence and health effects. A new concept is proposed to synthesize hexagonal mesoporous silica (HMS)
with magnetic functionalization for DDT removal from aqueous media. Fe3O4 nanocrystals were synthe-
sized by a low-temperature solvothermal process, and then encapsulated in mesoporous silica through
a packing approach, forming core–shell structured Fe3O4@HMS microspheres. The synthesized materi-
eywords:
DT
agnetic separation
MS
agnetic mesoporous silica

als were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM) and nitrogen
adsorption–desorption techniques. The results indicate that the silica shell conserves mesoporous struc-
ture after the removal of surfactant templates. Different from previous studies, the thickness, pore volume
and surface area of silica shell can be controlled by adjusting the reaction condition. These Fe3O4@HMS
materials show high adsorption capacity and fast adsorption rate for DDT. Because of the useful mag-
netic property and unique mesoporous structure, the synthesized materials provide a fast, convenient

s to r
and highly efficient mean

. Introduction

DDT has been used extensively as a broad-spectrum pesticide for
gricultural and residential purpose and in public health programs.
ecause of concerns about its toxicity and persistence, many coun-
ries banned or restricted the use of DDT in the 1970s. However,
hemical stability and associated lipophilicity result in high DDT
ccumulation in environment media [1–3] and in human tissues
4]. DDT residues affect the central neural systems, produce micro-
copic changes in the liver and kidneys, and cause reproductive
isorders [5].

Many methods for removing DDT from water have been stud-
ed, including biological treatments [6], photochemical reactions
7] and reductive dechlorination [8]. However, many limitations
uch as lower efficiency, long reaction time and rigorous reaction
ondition, even toxic byproducts produced, exist. These limitations
ave inhibited their applications in the actual environment. Com-
ared with these methods mentioned above, adsorption has been
ound to be an effective, simple and environmental friendly method.
arious adsorbents, such as activated carbon, polymeric resins and
rganoclays, have been explored for the removal of DDT and other
esticides from water [9–11]. These materials, however, generally
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display poor adsorption efficiency or low uptake affinity toward
organic molecules.

Due to their large surface area, tunable porosity, uniform pore
size distribution, controlled morphology and high thermal stability,
mesoporous silicas have been demonstrated to be good effective
adsorbents of volatile organic compounds (VOCs), biomolecules
and pesticides [12–15]. For many applications, small particle sizes
are advantageous, but are not convenient to be separated from the
liquid phase after use. In addition, compared with microporous
zeolites, the hydrothermal stability of these mesoporous silicas is
relatively low [16], which severely hinders their practical appli-
cations in aqueous environment, especially for some applications
with long reaction time.

Recently, magnetic mesoporous silicas attracted considerable
attention for the combined functionalities of mesoporous struc-
ture and sufficient magnetization [17,18]. These composites possess
a network of channels and voids of well-defined size in nanoscale
range, which makes them suitable candidates for hosting a vari-
ety of molecules. The magnetic characteristics make the separation
treatment convenient in liquid-phase processes by applying an
external magnetic field. So far, magnetic mesoporous silica mate-
rials have shown great potential in various fields [19–21], being

considered as ideal hosts for protein and microcystins in aque-
ous solution. However, there are few reports on the potential for
the removal of organic pollutions. Meanwhile, previous studies
are mainly focused on increasing the magnetization value of the
samples or controlling the distribution of magnetic particles in

ghts reserved.
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he composites. It is desirable and significant to prepare magnetic
esoporous silica materials with controllable surface area, tunable

hell thickness for adsorption and separation applications.
Researches for preparation of magnetic mesoporous materi-

ls were centered on three approaches: (i) dispersing magnetic
anoparticles in the pores of mesoporous silicas [22]; (ii) grafting
agnetic nanoparticles on the outer surface of mesoporous silicas

17]; (iii) coating mesoporous silicas onto the monodisperse mag-
etic nanoparticles to compose core–shell structured microspheres
23]. Compared with the synthesis methods of (i) and (ii), coating

esoporous silicas onto the monodisperse magnetic nanoparticles
an provide uniform shape and size that are favorable for them
o respond to magnetic field well, and produce the materials with
igher surface area and pore volume, which are beneficial to the
dsorption process [24,25]. Therefore, the coating method was cho-
en in this work to synthesize a novel magnetic mesoporous silica
aterial consisting of Fe3O4 core and hexagonal mesoporous silica

HMS) shell. The properties of the obtained materials were charac-
erized by XRD, TEM, FT-IR and nitrogen adsorption–desorption. By
tudying the DDT adsorption in aqueous media, we investigated the
dsorption kinetics and capacity of these materials to clarify their
otential applications as organic molecule carriers. The affinity of
he synthesized materials toward DDT was also evaluated.

. Experimental

.1. Chemicals

The following chemicals were used without further purification:
DT (Aldrich); n-hexane (HPLC, Tedia Company, USA); dodecy-

amine (Sinopharm Chemical Reagent Co., Ltd., China). All other
hemicals were purchased from Beijing Chemical Reagent Factory.
odium sulphate (Na2SO4) was oven-dried at 150 ◦C for 2 h to act
s a desiccant.

.2. Synthesis of magnetic Fe3O4 nanoparticles

Fe3O4 particles were synthesized by a solvothermal reaction. In
typical synthesis, 2.70 g of FeCl3·6H2O and 6.76 g of CH3COONH4
ere mixed in 100 mL of ethylene glycol. After stirring for 1.0 h

y a magnetic stirrer (HJ-2, Guohua Electric Appliance Co., Ltd.),
he solution was poured into a Teflon-lined stainless autoclave
200 mL). The autoclave was sealed and heated at 200 ◦C for 12 h.
he resulting product was cooled down to room temperature, and
ashed with ethanol for five times, and finally dried in vacuum at

0 ◦C for 3 h.

.3. Synthesis of magnetic mesoporous Fe3O4@HMS

Briefly, 0.50 g of Fe3O4 particles were dispersed in 250 mL of
.1 M HCl aqueous solution by ultrasonication for 10 min, and then
eparated and washed with deionized water. 0.35 g of dodecy-
amine was dissolved into a mixture of 3.94 g of ethanol and 27.36 g
f H2O. Then the as-treated Fe3O4 particles were added into the
ystem. After vigorous stirring for 0.5 h, 2.0 g of tetraethylorthosili-
ate (TEOS) was added dropwise to the mixed solution. The reaction
ixture was then stirred at ambient temperature for 24 h, collected
ith a magnet and washed with deionized water and ethanol to

emove nonmagnetic by-products. Finally, the resulting powders
ere extracted by refluxing with 200 mL ethanol at 80 ◦C for 24 h.

he extraction was repeated for twice to remove the surfactant tem-

lates completely. Finally, the product was washed with deionized
ater, and denoted as Fe3O4@HMS-1.

For increasing the thickness of silica shell, the extraction
rocesses mentioned above were varied while keeping other reac-
ion conditions constant. The resulting powders before refluxing
aterials 171 (2009) 459–464

extraction were redispersed in a mixed solution containing of dode-
cylamine (0.35 g), ethanol (3.94 g) and H2O (27.36 g). After 0.5 h
stirring, 2 g of TEOS was introduced. The mixture was stirred for
24 h, collected with a magnet and washed repeated by deionized
water and ethanol. Finally, the product was extracted with ethanol
as above mentioned, then washed with deionized water and named
as Fe3O4@HMS-2.

For comparison, some HMS samples were synthesized by
employing slightly modified the above procedures. 4 g of TEOS was
dissolved into a mixture of water 54.72 g, dodecylamine 0.70 g and
ethanol 7.88 g under vigorous stirring. The mixture was stirred for
24 h, and then filtered, washed with distilled water and ethanol.
The product was extracted with ethanol as above mentioned, and
then washed with deionized water.

2.4. Characterization

XRD measurement was performed on a Siemens D5005 X-
ray diffractometer using Cu K� radiation (40 mA, 40 kV). TEM
images were obtained using a Hitachi H-7500 microscope. A typ-
ical TEM sample was prepared by depositing several droplets
of the nanoparticles/ethanol mixture onto a carbon-coated Cu-
grid. Fourier-transform infrared (FT-IR) spectra were recorded on
a Bruker Tensor 27 spectrometer in the range of 600–4000 cm−1 at
a resolution of 4 cm−1. The textural properties of materials were
measured by nitrogen adsorption–desorption at liquid nitrogen
temperature, using a gas sorption analyzer NOVA 1200. Magnetiza-
tion measurements were performed on a Lake Shore 7307 Vibrating
sample magnetometer.

2.5. DDT adsorption

DDT adsorptions were conducted in water–acetone (9:1, v/v)
phase. Acetone is known as a solubilizing agent [26]. 10 mg of sam-
ples of Fe3O4@HMS-2 were placed into 40 mL glass vials and 35 mL
of the DDT aqueous solution with desired concentration (diluted
from 100 �g mL−1) was added in each vial. Reaction vials were
tightly sealed with Teflon-lined screw caps to prevent any loss of
solution. To minimize the aggregation of adsorbent and decrease
the influence of diffusion on the DDT adsorption rate, vials were
shaken continuously at room temperature. At predetermined time
intervals, vials were removed from the shaker and separated with
the help of a magnet. 20 mL of supernatant solution was removed
and extracted with n-hexane to recover DDT. 1 mL aliquots of the
hexane extracts were removed in 2 mL glass vials for GC–MS anal-
ysis to confirm the residual DDT concentration.

2.6. GC–MS analysis

GC–MS analysis was conducted on an Agilent 6890 gas chro-
matograph equipped with an Agilent 5973 mass selective detector.
HP-5 capillary column (0.25 �m, 0.25 mm × 30 m) was used with
ultra high purity helium as the carrier gas. The initial temperature
of run was maintained at 70 ◦C for 2 min, increased at 20 ◦C/min
to 200 ◦C and at 10 ◦C/min to 280 ◦C, and maintained at the final
temperature for 1.5 min. The net run time for the analysis was
18 min.

3. Results and discussion
3.1. Features of materials

Fig. 1 provides the low-angle XRD patterns of as-synthesized
Fe3O4, Fe3O4@HMS-1 and Fe3O4@HMS-2, respectively. After coat-
ing SiO2, the samples exhibit single d1 0 0 reflections, confirming
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ig. 1. Low-angle XRD patterns of Fe3O4 (a), Fe3O4@HMS-1 (b) and Fe3O4@HMS-2
c).

hort-range hexagonal symmetry of the materials, and an ordered
esoporous HMS formed [27]. The intensity of this peak becomes

tronger, and it is shifted to lower angles with increasing amount
f HMS coated (sample Fe3O4@HMS-2), indicating that a lattice
xpansion occurred and the mesoporous structure is affected by
he amount of HMS coated. Wide-angle XRD patterns (Fig. 2) show
hat the materials have diffraction peaks similar to that of the par-
nt Fe3O4 particles, suggesting that the Fe3O4 particles were well
etained in the silica matrix. The broad band centered at 2� = 22◦

an be assigned to the characteristic reflection from amorphous
iO2 (JCPDS 29-0085). With increasing the coated HMS amount,
he intensities of all Fe3O4 diffraction peaks decrease apparently,

hile the diffraction peak of SiO2 increases, demonstrating that
ore amount of HMS is undoubtedly coated on the surface of Fe3O4,
hich can be further confirmed by their TEM images.

ig. 2. Wide-angle XRD patterns of Fe3O4 (a), Fe3O4@HMS-1 (b) and Fe3O4@HMS-2
c).
aterials 171 (2009) 459–464 461

Fig. 3 shows the TEM images of samples. The initial Fe3O4 par-
ticles are uniform with a mean diameter of about 350 nm. These
uniform cores can produce a narrow distribution of the final particle
sizes. The TEM image of Fe3O4@HMS-1 shows a core–shell structure
with a thin HMS layer (ca. 15 nm in thickness) is clearly obtained.
The shell thickness is easily tuned up to ca. 40 nm (Fig. 3c) by varying
the amount of TEOS/dodecylamine mixture. The higher magnifi-
cation TEM images (Fig. 3b and c) represent that all Fe3O4@HMS
composites have disordered wormhole-like frameworks, which are
typical of HMS wormhole structures assembled from long alkyl
chain neutral amines as surfactants [28].

The physical adsorption–desorption of nitrogen is an effective
technique for determining the textural properties of mesoporous
materials. The nitrogen adsorption–desorption isotherms and pore
size distribution profiles of the Fe3O4@HMS samples with various
shell thickness are shown in Fig. 4. These Fe3O4@HMS sam-
ples show type IV isotherm and a narrow pore size distribution,
similar to those of HMS materials reported by other authors
[28,29]. Two capillary condensation steps are observed on the
adsorption–desorption isotherms of these materials. The first hys-
teresis loop at lower relative pressure (near P/P0 = 0.15) indicates
the presence of framework mesoporosity, and the second hysteresis
loop at higher relative pressure (near P/P0 = 0.90) is due to textu-
ral interparticle mesoporosity or macroporosity [28]. This clearly
indicates that the Fe3O4@HMS composites exhibit, in addition to
the framework-confined porosity (structural porosity), a textural
porosity. In addition, the hysteresis loop becomes broader and
shifts to higher pressure with increasing the coated HMS amount,
which shows the changes of the pore volume and pore diam-
eter. After increasing the coated HMS amount, the BET surface
area (283.3 m2 g−1) and pore volume (0.221 cm3 g−1) increased to
769.9 m2 g−1 and 0.666 cm3 g−1, respectively. The pore diameter
also slightly increased from 3.1 to 3.5 nm. It can be expected that
Fe3O4@HMS-2 possesses high adsorption capability as an organic
molecule carrier for the organic pollutant targeting system.

Fig. 5 shows IR spectra of HMS and Fe3O4@HMS. For the HMS
sample, the absorption peak at 1050 cm−1 is corresponded to the
Si–O asymmetrical stretching of siloxane [19], becoming stronger
after loading Fe3O4. This can be ascribed to the interaction between
the Fe3O4 and Si–O, which may form the Fe–O–Si bond. A new
peak at 1298 cm−1 assigned to the Fe–O vibration is observed in the
spectrum of Fe3O4@HMS-2. The sharp peak at 964 cm−1 present in
pristine HMS silica increases upon loading with Fe3O4. More evi-
dence, in that a very similar band is observed in mixed oxides [30]
or in mixed oxides grafted on silica [31], supports that the charac-
teristic band is due to a modification of SiO4 units indirectly related
to the presence of heterometals. Therefore, the adsorption peak at
964 cm−1 is rather a fingerprint of the heteroatom Fe on the matrix
of [SiO4] units. Thus, we can conclude that Fe3O4 has been incor-
porated into the Fe3O4@HMS mainly by the Fe–O–Si bond formed
between the Fe3O4 and Si–O of siloxane or SiO4 units.

The hysteresis loops of the prepared samples were registered
at 300 K. The field-dependent magnetization plots illustrate these
samples are magnetic at room temperature (Fig. 6). The saturation
magnetization value of Fe3O4 is 81.2 emu g−1, but it dramatically
decreases to 49.7 emu g−1 for Fe3O4@HMS-1, and 8.0 emu g−1 for
Fe3O4@HMS-2, which confirms that the magnetization values of
Fe3O4@HMS can be tunable by controlling the silica content of
magnetic mesoporous spheres. Although the magnetization curves
show hysteresis, the remanent magnetization values are very small,
0.2 emu g−1 for Fe3O4@HMS-2. The Fe3O4@HMS with magnetic

characteristics and high magnetization values can quickly respond
to the external magnetic field and re-disperse once the external
magnetic field is removed. This is advantageous for the separation
and purification applications.
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Fig. 3. TEM images of Fe3O4 (a), Fe

.2. DDT adsorption

To explore the adsorption and separation abilities of
e3O4@HMS, we investigated the applicability for the DDT
emoval by these magnetic mesoporous silica spheres. Fig. 7 shows
he time profile of DDT removal with these magnetic mesoporous
ilica spheres. The first point versus time 0 h represents the blank
ample, determined before the addition of Fe3O4@HMS-2. It is
oteworthy that the DDT adsorption is a rapid process with almost
0% DDT being removed within approximately 0.25 h, indicating
high affinity between the DDT molecules and the mesoporous

ilica of microspheres. Afterwards, the adsorption rate slows and
hen reaches the equilibrium after approximately 1.0 h. To evaluate

he adsorption capability of Fe3O4@HMS, several experiments
ith different initial DDT concentrations were conducted for the

omparisons of adsorption amount and efficiency. Fig. 8 shows
hat with increasing the initial DDT concentration, the removal
fficiency initially rises, then decreases slightly, and finally reaches
HMS-1 (b) and Fe3O4@HMS-2 (c).

a plateau. However, the adsorption amount shows continuous
increase in our tested concentration range of DDT, suggesting
high adsorption capability of these magnetic mesoporous silica
materials. Mesoporous HMS without the incorporation of Fe3O4
was employed for comparison at the same experimental condi-
tions. It was found that the adsorption amount of DDT on HMS
materials was only 2.77 �g mg−1 with the initial DDT concen-
tration 2.2 �g mL−1, much lower than that of Fe3O4@HMS-2 (ca.
7.5 �g mg−1).

It is reported that the effectiveness of an adsorbent to remove a
given ion or molecule can be expressed in terms of a distribution
coefficient, Kd [15,32],

(C − C)V

Kd = 0

Cm
(1)

where C0 and C are the initial and final DDT concentrations, V is the
solution volume (mL) and m is the adsorbent amount (g). The Kd val-
ues of Fe3O4@HMS-2 and HMS toward DDT were measured using
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Fig. 6. The magnified hysteresis loops as a function of applied magnetic field mea-
sured at 300 K: (a) Fe3O4, (b) Fe3O4@HMS-1 and (c) Fe3O4@HMS-2.
ig. 4. N2 adsorption–desorption isotherms and pore size distribution (inset) of
e3O4@HMS samples: (a) Fe3O4@HMS-1 and (b) Fe3O4@HMS-2.

heir respective adsorption data with the same experiment condi-
ion. The results indicate that the Kd value of Fe3O4@HMS-2 is about
30 × 103 mL g−1, much higher than that of HMS (10 × 103 mL g−1).
his corroborates the especially high affinity of Fe3O4@HMS toward
DT.

Compared with HMS, higher adsorption capability and stronger
ptake affinity of Fe3O4@HMS-2 toward DDT can be attributed to

ts numerous accessible pores and the slight surfactant templates
etained in its pore channels, which enhance the uptake affinity
oward organic molecules [14].

Fig. 9 displays a representative separation process of

e3O4@HMS-2 from DDT aqueous solution. A low dose of these
icrospheres was used. It indicated that the microspheres in their

omogeneous dispersion show fast movement to the applied mag-
etic field, suggesting the Fe3O4@HMS-2 microspheres possess

ig. 5. The FT-IR spectra of HMS (a) synthesized by the ethanol extraction and
e3O4@HMS-2 (b).

Fig. 7. Removal efficiency of DDT on Fe3O4@HMS-2. Experimental conditions: initial
DDT 2.88 �g mL−1, Fe3O4@HMS-2 0.28 mg mL−1.

Fig. 8. Impact of initial concentration on DDT adsorption amount and efficiency on
Fe3O4@HMS-2.
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ig. 9. The magnetic separation process of Fe3O4@HMS-2 after DDT adsorption.

xcellent magnetic responsivity, which is an advantage to their
ractical applications.

. Conclusions

A novel kind of magnetic materials with a Fe3O4 core and
esoporous HMS shell has been successfully fabricated. The Fe3O4

anocrystals were loaded in the mesoporous silica matrix of HMS
y Fe–O–Si band. The shell thickness, pore volume and surface area
f silica shell can be tuned by adjusting the amount of silica source
nd reaction process. Through the investigation of DDT adsorption
n magnetic mesoporous silica spheres, it was found that these
aterials could be an excellent adsorbent for fast and highly effi-

ient removal of DDT from aqueous media. Because of the unique
esoporous structure and magnetic properties, these magnetic sil-

ca materials can offer a very convenient and useful means for the
emoval of organic pollutants.
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