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Abstract: Fe O, nanoparticles (MNP) were coated with
3-aminopropyltriethoxy-silane  (APTES), resulting in
anchoring of primary amine groups on the surface of the
particles, then four kinds of novel magnetic adsorbents
(Fe,0,@Si0,-NH-HCGs) were formed by grafting of different
heterocyclic groups (HCG) on amino groups via substitu-
tion reaction. These Fe O, @SiO,-NH-HCGs were character-
ized by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), Fourier transform infrared
spectroscopy (FT-IR), X-ray diffraction (XRD) and energy
disperse spectroscopy (EDS). The results confirmed the
formation of Fe O,@SiO,-NH-HCGs nanopatrticles and the
Fe O, core possessed superparamagnetism. Batch experi-
ments were performed to evaluate adsorption conditions
of Cu?, Hg?, Pb* and Cd*. Under normal temperature and
neutral condition, just 20 min, the removal efficiency of any
Fe,0,@Si0,-NH-HCGs is more than 96%. In addition, these
Fe,0,@Si0,-NH-HCGs have good stability and reusability.
Their removal efficiency has no obvious decrease after
being used seven times. After the experiments were fin-
ished, Fe,0,@SiO,-NH-HCGs were conveniently separated
via an external magnetic field due to superparamagnetism.
These results indicate that these Fe,0,@SiO,-NH-HCGs are
potentially attractive materials for the removal of heavy
metal ions from industrial wastewater.
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1 Introduction

With the development of the world economy, envi-
ronmental pollution has been a difficult problem that
every country cannot avoid. Especially in rapid devel-
oping country, pollution problems frequently appear
in news. For instances, rivers or land are polluted by
wastewater from many industries such as battery man-
ufacturing industries, tanneries, chemical manufactur-
ing, mining, etc., containing a large number of heavy
metal ions (1). Among these heavy metal ions, copper
ions emission is the most common due to the wide use
of copper, mercury ions and lead ions emission are a
concern because of the high toxicity, everyone knows
the harm of cadmium ion because of itai-itai disease.
They are the most common toxic metal ions, listed in
the 11 hazardous priority substances of pollutants, that
can accumulate in living organisms, causing several
disorders and diseases (2-4). How to remove the above
heavy metal ions has become a hot topic for environ-
mentalists and chemists. Numerous methods have been
used including chemical precipitation, ion exchange,
electrolysis, reverse osmosis processes, liquid-liquid
extraction, resins, cementation (5-7). All of them have
some disadvantages such as low efficiency, complexity,
and high cost as well as secondary waste (8-10). Lately,
the application of nanoadsorbence has attracted every-
one’s attention due to their excellent properties, such as
high surface area, good adsorption property. However,
the small particle size of a nanoparticle brings the dif-
ficulty of separating it from solutions, which limits the
application in water treatment (11).

Fe,0, nanoparticles (MNP) are a kind of new nano-
materials that exhibits properties such as being easy to
recycle, magnetic separation, enrichment, chemical sta-
bility, biocompatibility, lower toxicity and price, super-
paramagnetism, uniform particle size distribution, high
saturation magnetization, and a large surface area (12—
18). They have been widely used in wastewater treatment,
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cell separation, magnetic resonance imaging (MRI), drug
delivery systems, and protein separation (19-22). Based
on these excellent properties, Fe O, adsorbents emergence
has been timely. Fe,O, adsorbents are usually prepared by
the functionalization of magnetic particles via direct silyla-
tion with silane coupling agents, organic vapor condensa-
tion, polymer coating and surfactant adsorption (23-25).
When there is the presence of an external magnetic field,
these superparamagnetic adsorbents are attracted to
separate easily from the matrix. This overcomes the dis-
advantages of nanoadsorbents not being easy to separate
from solution. Additionally, MNP were coated with silica
shells, which bring chemical robustness and new chances
of surface modification with a variety of chemical groups.
For example, Zhang’s group demonstrated thiol modified
Fe,0,@Si0, as a robust, high effective and recycling mag-
netic sorbent for mercury removal (26).

Wang et al. (27) reported that Fe,0, microspheres mod-
ified with the rhodamine hydrazide (Fe,0,-R6G) can be
developed for selective detection and removal of mercury
ion from water and the research results of Wang et al. (28)
showed that magnetic mesoporous silica nanocompos-
ites (MMS) can be used for the detection and removal of
mercury ion, the composites both use the coordination
of mercury ion and nitrogen atom to remove mercury.
However, the proportion of donor atoms is low and the
coordination efficiency of donor atoms is affected by steric
hindrance in grafting groups. So, these defects reduce
the adsorption capacity of composites. Mahdavian et al.
(29) prepared Fe O, microspheres modified subsequently
with 3-aminopropyl triethoxysilane, acryloyl chloride and
acrylic acid, and found that the composites can be devel-
oped for removal of heavy metal ions. However, the syn-
thesis method is complicated, which is not conducive to
practical application.

In this work, (i) the synthesis of MNP and (ii) amine
modified silica coated magnetite (Fe,0,@SiO,-NH,)
were prepared by coating APTES on surface of MNP,
(iii) four kinds of novel Fe,0,@SiO,-NH-HCGs [HCG=py
(2-pyridinyl); pyd (3-pyridazinyl); pya (2-pyrazinyl); pym
(4-pyrimidinyl)] were formed by grafting of different het-
erocyclic groups on amino groups via substitution reac-
tion. On the one hand, the grafting method is simple and
magnetic Fe,O,@SiO,-NH-HCGs can be easily separated
from solution by an external magnetic field. On the other
hand, the nitrogen atoms of HCGs, which possesses a
high proportion, strong coordination ability and low
steric hindrance, can drastically improve the adsorption
of the heavy metals. Fe,0,@SiO,-NH-HCGs were investi-
gated systematically for removal efficiency and condi-
tions of Cu?!, Hg*, Pb? and Cd*.
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2 Experimental

2.1 Apparatus

Flame atomic adsorption spectrometric (FAAS) measure-
ments were carried out on a Perkin Elmer Zeeman 1100 B
spectrometer (Uberlingen, Germany) with an air/acetylene
flame. Fourier transmission infrared spectra (FT-IR, 4000—
300 cm?) in KBr were recorded on a Nicolet Nexus 470 FT-IR
spectrometer (Nicolet, USA). Recorded on a micrographs of
the adsorbents were obtained at 5.0 kV on a supra 40vp field
emission scanning electron microscopy (FEI, Shanghai,
USA). The morphology and particle size analysis were
carried out on a transmission electron microscope (TEM)
of H-7500 (Hitachi, Japan) with an acceleration voltage of
80 KkV after dropping the nanoparticle sorbents suspended
in ethanol onto copper grids. X-ray diffraction measure-
ments (d8 Advance, Bruker, Germany) were taken to inves-
tigate the crystal structure of the Fe,0, @SiO,-NH-HCGs. The
pH measurements of all solutions were performed using a
mettler toledo delta 320 pH meter (Mettler-Toledo Instru-
ments Co. Ltd., Shanghai, China).

2.2 Materials

3-Aminopropyltriethoxysilane, 2-chloropyridine, 3-chlo-
ropyridazine,  2-chloropyrazine, 4-chloropyrimidine
were purchased from J&K Scientific Ltd. (Beijing, China).
FeClL,-6H,0, Cu(NO,),, Cd(NO,),, Hg(OAc),, Pb(OAc),, eth-
ylene glycol and polyethylene glycol 4000 were supplied
by Sinopharm Chemical Reagent Co. Ltd. (Beijing, China).
Concentrations of heavy metal solutions were controlled
at 1.00 g 1! in deionized water and were diluted subse-
quently to different concentration for next use.

2.3 Synthesis of magnetite nanoparticles
(MNP)

MNP were synthesized by the method reported previously
(30). Briefly, 1.35 g of FeCl;-6H,0 and 3.60 g of sodium
acetate were dissolved in 40 ml of ethylene glycol under
to form a clear solution. Then 1 g of polyethylene glycol
4000 were added. The mixture was stirred until the reac-
tants were fully dissolved. The resulting homogeneous
yellow solution was transferred to a teflon-lined stainless
steel autoclave, sealed, and heated at 180°C. The autoclave
was cooled to room temperature after 12 h. The resulting
black magnetite particles were washed several times with
ethanol and dried in vacuum at 60°C for 6 h. Yield: 95.20%.
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2.4 Synthesis of Fe,0,@Si0,-NH,

Fe,0,@SiO,-NH, were prepared according to a previously
reported method (31). Briefly, 0.20 g MNP were dispersed in
30.00 ml ethanol under ultrasonic for 15 min, then 0.80 ml
APTES and 1 ml deionized water were added into the above
dispersion at room temperature. The mixture was stirred
vigorously for 6 h. The final products were collected by
applying an external magnetic field, washed with ethanol
and then dried under vacuum at 60°C for 6 h. Yield: 86.80%.

2.5 Synthesis of Fe,0, @Si0,-NH-HCGs

Fe,0,@SiO,-NH-HCGs were synthesized by substitution
reaction of Fe 0, @Si0,-NH, and 2-chloropyridine, 3-chlo-
ropyridazine,  2-chloropyrazine, 4-chloropyrimidine,
respectively. Briefly, 0.20 g Fe,O, @SiO,-NH-HCGs were dis-
persed in 30.00 ml 2-propanol under mechanical agitation
for 30 min, then 0.21 ml 2-chloropyridine was added into
the above solution at room temperature, continued stir-
ring for 6 h. Fe,0,@Si0,-NH-py was collected by applying
an external magnetic field, washed with ethanol and then
dried under vacuum at 60°C for 6 h (yield: 98.10%). Subse-
quently, Fe,O, @SiO,-NH-pyd was obtained in the same way
as for Fe,0,@SiO,-NH-py by using 0.20 ml 3-chloropyri-
dazine instead of 0.21 ml 2-chloropyridine (yield: 97.50%),
Fe,0,@Si0,-NH-pya was obtained in the same way as for
Fe,0,@SiO,NH-py by using 0.20 ml 2-chloropyrazine
instead of 0.21 ml 2-chloropyridine (yield: 96.70%), Fe,0,@
SiO,-NH-pym was obtained in the same way as for Fe,0,@
SiO,-NH-py by using 0.26 g 4-chloropyrimidine instead of
0.21 ml 2-chloropyridine (yield: 96.30%).

2.6 Batch procedure

First, standard 0.10 M hydrochloric acid and 0.10 m
sodium hydroxide solutions were used for pH adjustment.
The effect of pH on the static removal efficiency of Cu*,
Hg?*, Pb** and Cd*" were examined, respectively by equili-
brating 0.10 g of Fe,0,@SiO,-NH-HCGs with 50.00 ml of
sample solutions containing 10.00 mg I* of single target
metal ion under different pH conditions.

Second, contacting time of Cu?, Hg*, Pb* and Cd*
onto the Fe,0,@Si0,-NH-HCGs were also examined,
respectively by equilibrating 0.10 g of Fe ,O,@SiO,-NH-
HCGs with 50.00 ml of sample solutions containing
10.00 mg I* of single target metal ion at pH=7.0.

Third, maximum adsorption capacity was measured,
respectively by equilibrating 0.10 g of Fe,O,@SiO,-NH-HCGs
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with 50.00 ml of various concentrations of single target metal
ion solutions at pH=7.0. In order to reach the “saturation”,
single target metal ion concentration was increased till the
plateau values (adsorption capacity values) was obtained.

In the above batch experiments, the mixtures were dis-
persed by ultrasonic for 10 min at room temperature. After
adsorption reached equilibrium, Fe O,@SiO,NH-HCGs
were conveniently separated via an external magnetic field
and the solution was collected for metal ions concentration
measurements. Fe O,@Si0,-NH-HCGs were washed thor-
oughly with deionized water to neutrality. The concentra-
tions of metal ions were determined by FAAS. In order to
obtain reproducible experimental results, the adsorption
experiments were carried out at least three times.

The adsorption capacity, removal efficiency were cal-
culated as the following equations:

Q=(C,-C,)V/W, E=(C,-C)/C,

Fe,0, Fe;0,@Si0,-NH, Fe;0,@Si0,-NH-HCG
. ATPES
—_—
Seperation Adsorption

Water sample

© Heavy metal ion

Scheme 1: Synthesis route of Fe,0, @SiO,-NH-HCG nanoparticles
and their application for removal of heavy metal ions with the help
of an external magnetic field.
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Figure 1: The FT-IR spectra of Fe,0, @SiO,-NH-HCGs.
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Figure 2: EDS spectra of Fe,0, (A), Fe,0,@Si0,-NH, (B) and Fe,0,@Si0,-NH-HCGs (HCG=C: Py; D: Pyd; E: Pya; F: Pym).

where Q represents the adsorption capacity (mg g), E is
removal efficiency (%), C, and C, are the initial and equi-
librium concentration of heavy metal ions (mg1?), Wis the
mass of Fe, O, @SiO,-NH-HCG (g) and V is the volume of
heavy metal ion solution (L).

The reactions during the experiment are also illus-
trated in detail in Scheme 1.

3 Results and discussion

3.1 Characterization studies

The FT-IR spectra of Fe,0,@SiO,-NH-HCGs are shown in
Figure 1, the strong band at 1096 cm is due to the stretch-
ing bonds of Si-O-Si (32). The band at 812 cm™ is assigned
to the Si-O-Si symmetric stretch, while the sharp band
at 471 cm? corresponds to the Si-O-Si or 0-Si-O bending
mode. The band at 590 cm™is an indication of the presence

Intensity (a.u.)
;O

20 (%)

Figure 3: XRD pattern of Fe,0, (E) and Fe,0,@Si0,-NH-HCGs
(HCG=A: Py; B: Pyd; C: Pya; D: Pym).

of Si-O-Fe (33). The bands at 3500 and 2950 cm™ are pres-
ence of N-H and -CH,. The bands at 1650 and 1480 cm’
are attributed to vibrations in the aromatic ring and the
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Figure 4: Separation process of Fe,0,@Si0,-NH-HCGs under an external magnetic field.

Figure 5:

C-N stretching modes (27), respectively. The appearance
of these adsorption peaks indicates that Fe,0, @SiO,-NH-
HCGs have been synthesized successfully (34). The shapes
of Fe,O,@SiO,-NH-HCGs are similar due to the similar
structure.

The EDS spectrum of prepared composites is shown in
Figure 2. The EDS spectrum of Fe O, shows the peaks origi-
nated from iron and oxygen elements (Figure 2A). With the
presence of nitrogen and other elements, the peak inten-
sity of iron element reduces evidently in Figure 2B-F. The
content of nitrogen element in Fe O, @SiO,-NH-HCGs is
higher than that of Fe, 0, @SiO,-NH,, which is due to con-
tribution of N-heterocyclic groups. These results indicate
that the successful surface covering of Fe,O, nanoparticles

SEM images of Fe,0, (A) and Fe,0,@Si0,-NH-HCGs (HCG=B: Py; C: Pyd; D: Pya; E: Pym).

with APTES and successful grafting of N-heterocyclic
groups on the surface of composite materials.

X-ray powder diffraction (XRD) patterns of pure Fe O,
and Fe,0,@Si0,-NH-HCGs are shown in Figure 3, indicat-
ing the existence of iron oxide particles (Fe,0,), which
has superparamagnetic properties and can be used for
the magnetic separation. The XRD analysis results of pure
Fe,0, and Fe,0,@SiO,-NH-HCGs were mostly coincident.
Six characteristic peaks of Fe 0, (26=30.1°, 35.5°, 43.3°,
53.4°, 57.2° and 62.5°) were observed in the XRD pattern.
These are related to the (220), (311), (400), (422), (511) and
(440) planes of Fe 0, spinel structure (35).

We select one of Fe,0,@SiO,-NH-HCGs to demom-
strate separation process under an external magnetic field
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Figure 6: TEM images of Fe,0,@Si0,-NH-HCGs (HCG=A: Py; B: Pyd; C: Pya; D: Pym).

after adsorb heavy metal ions in water solution. As shown
in Figure 4, the black magnetic particles in homogeneous
solution start moving towards the magnet under an exter-
nal magnet, the moving process of the black magnetic
particles are well demonstrated in second and third pho-
tographs. At last, the black particles are separated suc-
cessfully from the solution, indicating the black particles
have excellent superparamagnetic properties.

As shown in Figure 5, from the sem images with same
resolutions, Fe,0,@Si0,-NH-HCGs have similar morpholo-
gies, exhibiting more roughness than that of free Fe O, (A).
It can be clearly observed that many modified silicas are
located on the Fe O, nanopatrticles’ surfaces.

TEM are used to investigate the internal morphology
of Fe,0,@Si0,-NH-HCGs. As shown in Figure 6, the dark

magnetic particles are individually coated with gray silica
shell. This further confirms that Fe,O,@SiO,-NH-HCGs
have been prepared successfully.

3.2 Effect of pH

The pH condition has been considered as playing a key
role in adsorb investigations because it often affects the
amounts of adsorbed metals. Figure 7 shows, respec-
tively, the removal (%) of heavy metal ions onto every
Fe,0,@Si0,-NH-HCGs as a function of variable pH. The
change trend of the heavy metal ions removal efficiency
onto every Fe O,@SiO,-NH-HCGs are similar with the
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Figure 7: The effect of pH on the removal efficiency of toxic ions using Fe,0,@SiO0,-NH-HCGs (HCG=A: Py; B: Pyd; C: Pya; D: Pym).

increase of pH value due to similar structural magnetic
adsorbents. The removal efficiency is lower owing to the
protonation of Fe ,O,@SiO,-NH-HCGs, diminishing donor
nitrogen atoms below pH 5.0. The most ideal pH range in
5.0~8.0, the removal efficiency is generally above 96%.
In the higher pH ranges, These heavy metal ions get out
of the solution due to formation of hydroxide (36). These
formation of insoluble metal hydroxide species instead
of free heavy metal ions also decreased their adsorption
efficiency. Therefore, no adsorption experiment were per-
formed at higher pH.

3.3 Effect of contacting time on the removal
efficiency

In order to determine the effect of contacting time on
metal extraction, further experiments were carried out
at room temperature and pH 7.0 with the contacting time

varying in the range of 30 min. Figure 8 shows the effect
of contacting time on the removal efficiency of Cu*, Hg*,
Pb* and Cd* using different Fe,O,@SiO,-NH-HCGs. At
first, the removal efficiency of toxic ions improve con-
stantly with the increase of contacting time due to pro-
longed time may promote the access of ions to active
sites on the surface of adsorbent. With the disappearance
gradually of the active site, the time point of equilibrium
appears. No matter what kind of toxic ions is removed
by Fe 0,@Si0,-NH-HCGs, it is clear that the removal effi-
ciency is generally above 96% just 20 min. The results
show that the removal efficiency of Fe,0, @SiO,-NH-HCGs
is high efficiency.

3.4 Maximum adsorption capacity

Adsorption of toxic ions from aqueous solution were
investigated in batch experiments with stirring for 1 h.
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Figure 8: The effect of contacting time on the removal efficiency of toxic ions using Fe,0, @Si0,-NH-HCGs (HCG=A: Py; B: Pyd; C: Pya;
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Figure 9: Maximum adsorption capacity of Fe,0,@SiO,-NH-HCGs
(HCG=A: Py; B: Pyd; C: Pya; D: Pym).

As can be seen in Figure 9, as for the sample of Fe,0,@
SiO,-NH-py (Figure 9A), the maximum adsorption capac-
ity (Q,,,) of Cu*, Hg*, Pb* and Cd* are 59, 56, 61, and
45 mg g', respectively. The Q _ of single target metal

ion is the lowest among four adsorbents due to contain-
ing the lowest nitrogen atom proportion compared with
other adsorbents. However, the Q__of Cu*, Hg*, Pb*" and
Cd* by Fe,0,@Si0,-NH-pyd are 82, 77, 72, and 56 mg g’,
respectively (Figure 9B). The Q, of single target metal
ion is the highest due to the two nitrogen atoms located
in the same side of the aromatic ring, being beneficial to
coordination with heavy metal ions. Figure 9C and D show
the Q  of Cu*, Hg*, Pb*" and Cd* by Fe,0,@Si0,-NH-pya
and Fe,0,@SiO,-NH-pym, respectively. For the same target
metal ion, their Q,_are almost the same due to similar
coordination mode. Additionally, for the same adsorbent,
the Q _of Cd* is the lowest while the Q _of Cu* is gen-
erally the highest, probably due to different coordination
ability of metal ions and nitrogen atom. The Q ,_ of Hg*
in Fe,0,@Si0,-NH-HCGs is higher than that of reported
Fe,0,-R6G material (27), which is due to the high nitro-
gen atom proportion and low steric hindrance of grafting
group.
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Table 1: Eleven cycles of adsorption-desorption of different metal ions onto the Fe,0, @SiO,-NH-HCG.

Adsorbents Metal ions Removal efficiency of cycles (%)
1 2 3 4 5 6 7 8 9 10 11

Fe,0,@5i0,-NH-Py Cu? 100 99 96 95 94 93 93 85 82 76 68
Hg?* 100 99 98 97 96 96 95 93 89 85 80

Pb?* 100 99 99 98 97 95 95 94 94 92 85

Cd* 100 99 98 98 97 96 96 95 95 92 76

FeBOA@SiOZ-NH-Pyd Cu? 100 99 99 98 98 98 96 94 93 86 82
Hg?* 100 99 98 98 96 96 95 93 89 82 74

Pb? 100 98 97 97 96 95 95 92 90 85 80

Cd* 100 98 96 95 95 94 93 90 89 85 81

Fe,0,@Si0,-NH-Pya Cu? 100 98 98 97 96 96 95 94 92 90 87
Hg? 100 99 99 98 97 97 96 96 93 92 90

Pb?* 100 99 98 97 96 96 95 95 93 82 76

Cd* 100 98 97 97 97 95 95 93 89 82 73

Fe,0,@5i0,-NH-Pym Cu* 100 99 98 97 97 96 95 95 90 85 80
Hg?* 100 99 98 98 96 95 95 94 90 88 86

Pb?* 100 98 97 96 95 94 92 88 83 72 67

Cd* 100 99 97 97 96 95 95 93 92 90 83

4 Selection of eluents

Desorption studies were carried out using acetic acid
(0.20 M, 0.50 M and 1.00 M), hydrochloric acid (0.20 M,
0.50 M and 1.00 M) and nitric acid (0.20 M, 0.50 M and
1.00 M) as eluents and all the regeneration experiments
were carried out at room temperature. Experimental
results showed that 0.50 m hydrochloric acid had 95%
desorption efficiency for Fe O,@SiO,NH-HCG contain-
ing heavy metal ions. Thus, 0.50 M hydrochloric acid was
selected as optimal eluent.

4.1 Reusability

In order to study the reusing possibility of Fe,0, @SiO,-NH-
HCGs, they were subjected to several loading and elution
operations. The loading operations were carried out by
saturating 0.10 g of Fe,O,@SiO,-NH-HCG in 100.00 ml
1.00 g 1" single target metal ion solution. The elution
operations were carried out by shaking Fe O, @SiO,-NH-
HCG which contained maximum amount of metal ion in
100.00 ml 0.50 mol I* hydrochloric acid. The removal effi-
ciency were calculated from the loading and elution tests.
The results of eleven cycles of adsorption-desorption of
different metal ions onto the Fe ,0,@SiO,-NH-HCG are
shown in Table 1. The dynamic removal efficiency of dif-
ferent metal ions were not significantly decreased even
after seven cycles. These results indicate that the Fe,0,@
SiO,-NH-HCGs possess excellent stability and reusability.

5 Conclusion

In summary, four kinds of novel Fe,0,@Si0,-NH-HCGs were
successfully formed by grafting of different heterocyclic
groups on Fe,0,@SiO,-NH, via substitution reaction. The
grafting method is simple and efficient, and the yield of all
products are over 96%. Batch experiments were performed
to evaluate adsorption conditions of Cu?, Hg*, Pb* and
Cd?". Under the normal temperature and neutral condition,
just 20 min, the removal efficiency of any Fe,O,@SiO,-NH-
HCGs is more than 96%. The results show that the removal
efficiency of Fe,0,@SiO,-NH-HCGs is high efficiency. As
far as Q,,, of Fe,0,@SiO,-NH-HCGs are concerned, Q, , of
different kinds of adsorbents is different. Q of Fe,0,@
SiO,-NH-pyd is the highest due to the two nitrogen atoms
located in the same side of the aromatic ring, being benefi-
cial to coordination with heavy metal ions. These Fe,0,@
SiO,-NH-HCGs have good stability and reusability, their
removal efficiency have no obvious decrease after being
used seven times. After the experiments were finished,
Fe,0,@SiO,-NH-HCGs were conveniently separated via an
external magnetic field due to superparamagnetism. These
results indicate that these Fe,0, @SiO,-NH-HCGs are poten-
tially attractive materials for the removal of heavy metal
ions from industrial wastewater.
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