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A magnetic hybrid was synthesized by self-assembly of ferro-
magnetic oxide particles into layered magnesium silicate using
octadecylamino as a soft template. It adsorbed lipophilic
pesticides from aqueous solution then could be calcined and
reused as a porous magnetic sorbent for remediation of water
contaminated by heavy metals.

In the last decade, the wanton depletion of resources and discharge
of industrial waste e.g. pesticides and heavy metals, seriously threaten
the living environment of mankind, especially in developing
countries." Environmentally functional materials play an increasingly
important role in the elimination of contaminants. Studies concern-
ing these materials focus on facile preparation, efficient elimination
of toxic contaminants, easy separation and reuse of waste residue.”
In recent years, inorganic-organic (IO) materials with complex
hierarchical structures synthesized through “host-guest” chemistry
have been successfully employed in the field of environmental
science,’ particularly as sorbents for water remediation.* Some entity
frameworks in layered architectures are utilized as ideal “host”
supports in the construction of multifunctional sorbents e.g. layered
silicates,” layered double hydroxides,® layered transition metal
oxides,” graphitic carbon and other lamellar materials.® Among the
potential “guest” molecules, surfactants have attracted much
attention due to their hydrophobic and electric properties, used as
adsorptive moieties and steerable arrays for soft templates.” The
prepared hybrid materials have to be washed repeatedly with organic
solvents or calcined at high temperature to remove the templates.'
This causes waste surfactants and environmental pollution. Although
exhibiting good adsorptive properties, most hybrid materials usually
exist as an ultrafine powder and they are difficult to separate from
aqueous solution. Magnetic hybrid materials have been technologi-
cally exploited due to their easy separation in an external magnetic
field.*>1%¢!! Therefore, using a facile approach involving templating
and self-assembly of layered building blocks to prepare a reusable
magnet-based material is attractive and challenging.

Organic groups in a hierarchical 10 sorbent can be easily
fabricated, but it is difficult for an inorganic structure to be prepared
in a controlled manner simultaneously. A number of eco-friendly 10
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sorbents have been reported for dye contaminant adsorption through
“host-guest” chemistry, as well as for the reuse of the waste
sludge.®”¢ However, only limited types of contaminants were
adsorbed. As mentioned above, a proper template can work not
only as adsorptive moiety but also as a pillar to build multiscale
porosity in the framework of the 10 hybrid. The obtained porosity
could be used to adsorb other pollutants after the template is
removed from the initial sorbent. If the combination involved in the
synthetic process works well, the remediation of two or more types of
contaminated waters may be achieved, e.g. organic pollutants and
heavy metals. Also, magnetic separation can provide a convenient
method to recycle the sorbent. This constructive protocol will
increase the usage of resources and simultaneously reduce pollution,
in accordance with the perception of “using waste to treat waste”.

A facile synthesis of magnetic hybrid was carried out by self-
assembly of ferromagnetic oxide particles (FOP) into layered
magnesium silicate using an octadecylamino (OA) surfactant as a
soft template. The hybrid named FOASH has a high sorption
capacity to lipophilic pesticides. From infrared spectra (IR) in
Fig. 1A, the Mg-O/Fe-O and Si-O absorption peaks are located at
460 and 1020 cm ™!, respectively. The absorption peaks at 3450,
2920, 2850 and 1470 cm ™! indicate that OA is embedded successfully
into FOASH. By IR comparison of OA,* a new absorption peak of
FOASH appeared at 1270 cm ™! and it may be due to hydrogen
bonds formed between OA and FOP and Mg-O-Si layer. After
FOASH was calcined at 600 °C, the OA absorption peaks
disappeared (Fig. 1A), ie. OA was completely decomposed. The
Fe-O peak at 540 cm™ ! appears and the Si-O peak shifts to
1090 cm ™', The hybrid material was further confirmed by thermal
gravimetric analysis (TGA). The total weight loss of FOASH is
approximately 60% before 500 °C (Fig. 1B). The decomposition of
OA occurred between 180 and 500 °C. Thus, approximately 45% OA
was embedded in FOASH. The Mg, Si and Fe oxides were formed
after 500 °C (Fig. 1B(2)). The surface area of FOASH was measured
to be only 66 m”> g~ ', where nano pores that are <100 nm occupy
36 m* g~ ! (Fig. 1C(1)). Pores that are <20 nm own over 40% of the
pore area. Embedding OA doesn’t obviously increase the surface
area of material. After FOASH was calcined, the surface area of
metal oxides composite (CMOC) material increased to 123 m* g !,
where nano pores occupy 44 m? g~ !. Owing to the decomposition of
OA, 80% of the surface area was contributed by pores <5 nm
(Fig. 1C(2)) and 50% of that by pores <2 nm. It is favourable for
filling with metal ions and little molecules.
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A: IR spectra of the FOASH (1) and CMOC (2) materials, B: 1 — TG change of FOASH and 2 — its derivative weight change (2). C: Distribution of the

cumulative surface area for nano pores (<100 nm) in the FOASH (1) and CMOC (2) materials.

From TEM and small-angle X-ray diffraction (SAXRD) of
FOASH (Fig. 2A(a)) (Fig. S1, ESIt), plenty of toroidal layer-by-
layer structures were clearly observed. It indicates that the OA layer
and Mg-O-Si layer extend alternately outward around FOP.
Because FOP and Mg-O-Si particles are negatively charged, the
positively charged OA binds to FOP and Mg-O-Si layers via electric
charge attraction.'” The hydroxyethyl group of OA may further
interact with the metal oxides via hydrogen bond. The OA bilayer
intercalation structure is formed by the tail-to-tail hydrophobic stack
with the interval of 4.8 nm (Fig. 2A(b)) (Fig. S1 D, ESI¥).

After calcining, the CMOC material becomes porous with a
honeycomb structure and large numbers of extremely little nano
pores left (Fig. 2B(a)) (Fig. S2, ESI}). Their formation is due to the
OA decomposition gas escaping through the Mg-O-Si layer at high
temperature. In the CMOC aggregation, the Mg-O-Si layers
collapsed into the clathrate structure and enclosed FOP
(Fig. 2B(b)). The surface area of the pores increased, which was
confirmed by the cumulative surface area (Fig. 1C).
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The saturation magnetization (Ms) of CMOC approaches
12 emu/g, which is comparable to Ms of FOASH (14 emu/g)
(Fig. 3A). Thus, the CMOC material remains magnetic so as to
conveniently separate. From TGA curves and TEM images (Fig. 1B,
2A), plenty of OA bilayers were intercalated in FOASH, which may
cause a high sorption capacity to lipophilic organic chemicals. As a
representative experiment, the sorption of two common organo-
phosphorus pesticides: parathion-methyl and phoxim (Fig. 3B(b))
was carried out using FOASH and their residue determined (Fig. S3,
ESIt). Their sorptions were in accordance with the lipid-water
partition (Fig. 3B(a)) and the partition coefficients (K,,) were
calculated to be 3.38 x 10° and 2.61 x 10* L kg™ !, respectively.
0.1% (wt%) FOASH removed 75% parathion-methyl and 95%
phoxim (Fig. 3B(b)), being superior to activated carbon.'® It is
impossible for sorption of these chemicals to depend on the little
surface area of FOASH (Fig. 1C). They may dissolve into the OA
bilayer via hydrophobic interaction.” The spent FOASH was
separated readily with a rod magnet (Fig. 3A(a)).

Fig. 2 TEM images of FOASH (A) and CMOC (B), where images b are colored for convenient observation.
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Fig. 3 The hysteresis curves of the FOASH (1) and CMOC (2) materials (A), a — the pesticide-FOASH mixing liquid (light yellow test-tube) and its
separation with a magnet rod (clear); b — the heavy metals-CMOC mixing liquid (yellow) and its separation (clear). The parathion-methyl (1) and phoxim (2)
solutions were adsorbed, respectively by 0.02% (wt%) FOASH (B), a — plots ¢ vs. ¢. (¢. — sorption amount of pesticides and ¢, — their equilibrium
concentrations), respectively by 0.02% (wt%) FOASH; b — chromatographic analysis of a solution containing 5.0 mg L ™! parathion-methyl (1) and 4.0 mg L™
phoxim (2), where the color areas show the sorption of pesticides to 0.1% FOASH. C — The heavy metals solutions (1 and 3) were treated with 0.5% (wt%)

CMOC (2 and 4).

In order to avoid secondary pollution and increase the
comprehensive use of resources, recycling of spent materials is often
necessary.””!'* When the FOASH sludge was calcined at 600 °C, all
organic compounds ie. OA and pesticides were decomposed
(Fig. 1A, B). Plenty of pores <5 nm remained (Fig. 1C, 2B) and
they are favourable for filling with heavy metals ions. Two solutions
mixed with five kinds of heavy metal ions, ie. cut, cd**, Zn*t,
Pb** and Cr** were treated with only 0.5% (wt%) CMOC. From the
difference between columns 3 and 4 in Fig. 3C, >99.5% of heavy
metals are removed from the solution containing each metal in
10 mg L. In the other solution containing each metal in 50 mg L™},
the removal rates of Pb**, Cr** and Cu?* are >95% by comparing
columns 2 with 1. The sorption capacity of CMOC to heavy metals
is estimated to be approximately 40 mg g ', which is obviously
higher than ones of other waste residues, natural sorbents and even
artificially synthesized materials.'> In addition, the acidity (pH 2.92
to 5.96) of raw solutions seldom affected the removal rate of heavy
metals (Fig. S4, ESIT). Heavy metal ions may fill into nano pores to
coordinate with silicon, magnesium and iron oxides. The CMOC
sludge capturing heavy metals remains magnetic (Fig. 3A(b)).

In conclusion, OA and silicate grew alternately around FOP. The
layered magnetic material adsorbed strongly with lipophilic organic
chemicals. The CMOC exhibited an outstanding sorption capacity to
heavy metals. The FOASH material plays a multifunctional role in
elimination of water contamination and reusability of resources. In
addition, the material can be readily prepared and easily separated
from aqueous solution. Prospectively, the CMOC sludge may be
further treated to extract heavy metals for industrial use.
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