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A thiol-functionalized magnetic mesoporous silica material (called SH-mSi@Fe;0,), synthesized by a
modified Stéber method, has been investigated as a convenient and effective adsorbent for heavy metal
ions. Structural characterization by powder X-ray diffraction, N, adsorption-desorption isotherm, Fourier
transform infrared spectroscopy and elemental analyses confirms the mesoporous structure and the
organic moiety content of this adsorbent. The high saturation magnetization (38.4 emu/g) make it eas-
ier and faster to be separated from water under a moderate magnetic field. Adsorption kinetics was

{lfflji/c‘)/‘l/?zlcrllsétionalization elucidated by pseudo-second-order kinetic equation and exhibited 3-stage intraparticle diffusion mode.
Magnetism Adsorption isotherms of Hg and Pb fitted well with Langmuir model, exhibiting high adsorption capacity
Mesoporous silica of 260 and 91.5 mg of metal/g of adsorbent, respectively. The distribution coefficients of the tested metal
Heavy metal ions between SH-mSi@Fe3;0,4 and different natural water sources (groundwater, lake water, tap water
Adsorption and river water) were above the level of 10° mL/g. The material was very stable in different water matri-

ces, even in strong acid and alkaline solutions. Metal-loaded SH-mSi@Fe30,4 was able to regenerate in
acid solution under ultrasonication. This novel SH-mSi@Fe; 0y is suitable for repeated use in heavy metal

removal from different water matrices.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Human exposure to heavy metals has risen dramatically in the
past decades as a result of an exponential increase in the use of
heavy metals in industrial processes and products. Exposure to ele-
vated levels of heavy metals can directly cause various adverse
health effects to humans by impairing mental and neurological
functions [1]. Therefore, removal of heavy metals from natural and
industrial waste water has been drawing more and more attentions.
Numerous technologies, including ion exchange [2,3], membrane
separation and adsorption [4-6], have been developed. Among
them, adsorption is the most promising and frequently used tech-
nique owing to its easy application and superior efficiency.

An ideal adsorbent should have features of strong affinity to
target sorbate and large surface area with more binding sites.
Therefore, numerous researches have focused on porous adsor-
bents which have shown significant enhancement in heavy metal
removal efficiency. Natural and synthetic zeolites and montmoril-
lonites, which are of porous structure, have been used for heavy
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metal removal from water under different experimental conditions
[7-9]. This kind of adsorbents exhibit good selectivity for a num-
ber of cations and show strong ion exchange capacity, the release
of their components to water was therefore unavoidable even in
moderate condition. Addition of those adsorbents can cause severe
change of the physical and chemical properties of waters [8]. As
a result, adsorbents with high hydrothermal stability and strong
resistibility to harsh environment are needed.

Mesoporous materials, having large surface area and uniform
pore distribution, have been extensively studied for its widespread
applications in fields of adsorption, catalysis, sensors, semicon-
ductor and separation. Modification with ligand, such as amines
[10], carbonates and organosulfides [11-13], on the surface of
mesoporous materials is necessary to obtain specific adsorption
and larger capacity [14-16]. Thiol group is an excellent ligand
because of the strong affinity to various heavy metal ions (Hg?",
Ag* and Pb2*, etc.) as result of Lewis acid-base interactions [17].
Co-condensing of siloxane and organosiloxane is a facile approach
to synthesizing thiol functionalized silica which allows higher load-
ing of organic functional groups and more homogeneous surface
coverage [18]. Using this method, large amount of thiol groups
(4.7 mmol of SH/g material) could be introduced into mesoporous
substrates [19]. However, it was found that high loading of thiol
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groups does not result in high heavy metal adsorption capacity
[19,20]. Porous structure also plays an important role in adsorp-
tion of heavy metals for thiol functionalized porous materials. Thiol
functionalized porous adsorbents with uniform pore channels and
narrow pore distribution were found to demonstrate a high selec-
tivity for Hg(II) while exhibits a negligible affinity to other metal
ions [20,21]. Mercier and co-workers postulated that the restricted
pore volume might result in unfavorable entropy effect and thus
lose its spontaneity adsorption except for Hg(Il) [21].

Convenient separation from treated water is the other neces-
sity of a promising adsorbent. The traditional adsorbents, such as
activated carbon, ion exchange activated alumina, natural porous
minerals and the recently developed functionalized mesoporous
adsorbents, are difficult to be separated after water treatment.
Conventional methods such as centrifugation, precipitation, filtra-
tion and chromatography are not only usually labor-consumptive
and uneconomical, but also accessible to malformation such as
deformation and inactivation. Therefore, convenient and effective
separation methods are in urgent demand. Magnetic materials can
be easily and rapidly separated from aqueous solutions under an
external magnetic field due to their magnetic property and have
the advantages of simplicity, high efficiency and sensitivity as well
as low costs. Therefore, introducing Fe;04 which features super-
paramagnetism into the prepared adsorbent is a good way to
resolve the problem of separation. There have been a few reports on
preparation of different types of mesoporous adsorbents with mag-
netic nanocomposites incorporated into the pores [22]. However,
magnetic nanoparticles dispersed in the pores of the mesoporous
materials could block the pore, and lead to high mass transfer resis-
tance.

In this study, a novel adsorbent with magnetic Fe3sO4 spher-
ical core and thiol functionalized mesoporous silica shell was
developed and used for heavy metal ions removal. This mate-
rial is different from the ordered mesoporous material, showing
a worm-hole like pore structure with large surface area and pore
distribution, which avails to avoid the unfavorable entropy effect
existing in the ordered mesoporous adsorbent leading to lose
its spontaneity adsorption except for certain heavy metal ion. A
core-shell structure, with magnetic Fe304 spheres as the core, and
mesoporous silica as the shell, would not destroy the pore struc-
ture, and could supply a convenient way for separation of the
adsorbent from water as well as the excellent resistibility to harsh
environment. The physical and chemical properties of the synthe-
sized material were studied, and the performance in heavy metal
removal from natural water matrices was satisfying.

2. Experimental
2.1. Synthesis of SH-mSiO,@Fe304

The Fe304 spherical particles were prepared according to the
literature [23]. The thiol-functionalized SH-mSiO, @Fe30,4 was pre-
pared through a modified Stober method [24]. Typically, 0.1g of
the prepared Fe304 spheres were treated with 0.1 M HCI aqueous
solution under ultrasonication for at least 10 min. After separation
and washing with deionized water, the magnetic spheres were
dispersed in a mixed solution of 80 mL ethanol, 20 mL deionized
water and 1mL concentrated ammonia aqueous solution (28%)
under vigorous stirring. Then 0.05 g tetraethyl orthosilicate (TEOS,
Thermo Fisher Scientific) was added dropwise. After magnetically
stirred at room temperature for 6 h, the product was separated
and washed with ethanol and deionized water, and then redis-
persed in a solution containing 0.3 g cetyltrimethylammonium
bromide (CTAB, Amresco), 70 mL deionized water, 70 mL abso-
lute ethanol and 1.1 mL concentrated ammonia aqueous solution
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Fig. 1. Synthesis route of SH-mSi@Fe304 and its use for heavy metal ions removal.

(28%). The mixture was homogenized under ultrasonication for
30min, followed by dropwise addition of the mixture of 3.2¢g
TEOS and 0.9 g (3-mercaptopropyl)-trimethoxysilane (MPTS, Alfa
Aesar) under vigorous stirring. After 6 h stirring, the product was
collected by magnetic separation and repeatedly washed with
ethanol and deionized water to remove nonmagnetic byproducts.
The structure-directing agent CTAB was thereafter removed with
acetone reflux at 80 °C. The whole synthesis procedure is presented
in Fig. 1. The product was vacuum-dried at 60°C overnight and
placed in a desiccator before use.

2.2. Characterization

The morphology of the SH-mSi@Fe3;04 was observed through
a scanning electron microscopy (Hitachi S-3000N) equipped with
an energy dispersive X-ray spectroscope (EDS) and a transmission
electron microscopy (Hitachi H-800) performed at an accelerating
voltage of 100 kV. A Fourier transform infrared (FT-IR) spectrome-
try performed on 8000s with KBr disks of powdered samples was
used to identify the functional groups of SH-mSiO,@Fe304. Pow-
der X-ray diffraction pattern of the material was recorded with
a PANalytical X'Pert Pro X-ray diffractometer using Cu-Ka radia-
tion over 20 range from 1° to 10°. The N, adsorption-desorption
isotherm was determined using a Micromeritics ASAP-2000 at 77 K
after the adsorbent was dehydrated and degassed at 120°C for
3 h. The surface area and the pore distribution were calculated by
Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH)
equations. The magnetic property was measured using a magne-
tometer (NIM-200C, National Institute of Metrology, China) at room
temperature.

2.3. Adsorption kinetics

A volume of 100 mL aqueous solutions containing Hg?* and
Pb2* at concentration of 1 mg/L for each was transferred to capped
polypropylene bottles. The solutions were adjusted to pH 6.5 + 0.05
using 0.1 M HNOs3; and NaOH. After 1 mg of SH-mSi@Fe304 was
added, the solutions were agitated on a rotatory oscillator at
200rpm at room temperature (25°C). Samples were pipetted at
certain intervals and the adsorbent was separated using a magnet.
The sample solutions were then spiked with HNO3 to 3% (v/v) and
injected to ICP-MS for analysis.

The pseudo-second-order kinetics was used to evaluate the
sorption kinetics and calculate the rate constants, initial sorption
rates and adsorption capacities:

t 1 1
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where k;; (g/mmolmin) is the rate constant of adsorption, g
(mmol/g) is the equilibrium adsorption capacity, g: (mmol/g) is the
amounts of metal adsorbed at time t.

The intraparticle diffusion rate was defined as [25,26]:

q = kigt®> (2)

where q is the amount of heavy metals removed, k;; stands for the
intraparticle diffusion constant.

2.4. Adsorption isotherm

A series of 100 mL solutions containing Hg2* and Pb2* with con-
centrations of 0, 1, 2, 4 and 6 mg/L (pH 6.5 +0.05) were added
with 1 mg of SH-mSi@Fe;04 and agitated in an rotator oscillator
at 25°C for 5 h to study the adsorption isotherm of the adsorbent.
The solutions were sampled and analyzed as described above.

Langmuir and Freundlich equations were used to evaluate
adsorption isotherm. The Langmuir equation is defined as:

Qo = bqmCe
¢ 14+bC

where ¢, is the adsorption capacity at equilibrium (mmol/g adsor-
bent), Ce is the equilibrium concentration of heavy metals (mg/L),
gm and b are the maximum adsorption capacity (mmol/g) and the
equilibrium adsorption constant (L/mmol).

The Freundlich equation is defined as:

3)

logge = logk + %logCe (4)

where k and n are the Freundlich constants.
2.5. Distribution coefficient (K;) measurement

The tested matrices included tap water (Beijing, China), ground
water (Qingdao, China), sea water from Bohai bay (Qingdao, China),
lake water (Wuhan, China) and river water from Yangtze River
(Wuhan, China). All samples were filtered with 0.45 um micron cel-
lulose membranes and spiked with Hg2*, Pb2*, Ag* and Cu?"* to final
concentrations of 100 pg/L. Aliquots of 10 mL samples were filled
into series of 15 mL of capped polypropylene bottles followed by
addition of 0.1 mg SH-mSi@Fe30,4 and agitated in a rotatory oscil-
lator at 200 rpm at room temperature (25 °C) for 5 h. The samples
were then placed on a magnet to separate the adsorbent from the
sample solution. The supernatant was pipetted for analysis. K; was
calculated with the equation as below [27]:

Co — Cf \"4
Ky = ( c ) « (M) (5)
where Cp and C; represent the initial and final concentrations of

ions in the solution. V and M represent the solution volume (mL)
and the mass of the adsorbent (g), respectively.

3. Results and discussion
3.1. Characterization of the SH-mSi@Fe304

The N, adsorption-desorption isotherm can be categorized
as type IV curve, with a distinct hysteresis loop observed in
the range of 0.45-1.0 P/Py [28]. The average pore diameter was
2.5nm. The BET area and total pore volume were calculated to
be 321 m?/g and 0.29 cm3/g, respectively. The small angle X-ray
diffraction pattern (SAXRD) of the SH-mSi@Fe3;0,4 (Fig. S1 of sup-
plementary information) shows only one peak at 20 degree of
2.55, indicating the wormhole-like pore structure within the pre-
pared mesoporous framework, rather than long-range mesopore
channels [29]. This is probably due to the cross-linked organic
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Fig. 2. Fourier transform-infrared (FT-IR) spectrum of SH-mSi@Fe30;4.

group being homogeneously distributed in the silica matrix, which
results in less condensed organic-silica framework [30-32]. Fourier
infrared spectrum (Fig. 2) shows the characteristic peaks of the
SH-mSi@Fe30,4 at 890cm~! (Si-C), 1090cm~! (Si-O stretch of
Si—-0-Me), 2825cm™~! (C-H stretches of O-CH3), and 2935cm™!
(normal C-H stretch of propyl). The double peaks of S-H were found
at 2358 and 2345 cm~!, which are typically very weak due to the
aggregation of mercapto groups within the monolayer and hydro-
gen binding effects. The absorption bands at 586 and 636 cm™! are
usually attributed to the Fe-O stretches [27,33].

Both SEM and TEM images (Fig. 3) illustrate the spherical mor-
phology of SH-mSi@Fe304. The average diameter of the particles
is around 500 nm. It is observed from Fig. 3b that the skirt of the
particles is lighter than the central part, indicating the less com-
pact outer mesoporous shell and the condensed inner magnetic
cores. Element mass contents of Si, S and Fe (Fig. S2 of supplemen-
tary information) in SH-mSi@Fe304 were 17.95%, 1.23% and 38.03%,
respectively.

3.2. Adsorption kinetics and intraparticle diffusion rate

Hg?* and Pb%* were used as target analytes to investigate the
adsorption kinetics of heavy metals on SH-mSi@Fe3;04. Fig. 4a
shows that adsorption of Hg2* and Pb?* is a time-dependent pro-
cess. The adsorption process was very rapid in the first 20 min, and
then decreased considerably until equilibrium was achieved. More
time was needed for Pb%* to reach the same residual concentration
as Hg?*, which meant that adsorption of Hg2* by SH-mSi@Fe30,4
was much easier than Pb2*. The adsorption of Hg2* and Pb?* fitted
well with pseudo-second-order kinetic equation (insetted picture
in Fig. 4a), the constant k.4 was calculated and listed in Table 1.

To further evaluate the adsorption process, the rate constant for
intraparticle diffusion (k;3) was introduced [34,35]. Fig. 4b shows
the plots of g versus t%5 for Hg2* and Pb?*. It is observed from
the plot there are three regions depicting the mass transfer on
the SH-mSi@Fe304. The intraparticle diffusion constants could be

Table 1
Pseudo-second order rate constants and intraparticle diffusion rates.

Pseudo-second
order rate

Intraparticle diffusion rate

Kad kia1 kia2 kid3
(g/mmol min) (g/mmol ho)

Hg 0.623 0.887 0.357 0.005
Pb 0.430 0.712 0.161 0.043
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Fig. 3. Images of scanning electron microscopy (SEM) and the transmission electron microscopy (TEM) of SH-mSi@Fe3Oy4.

determined from the slop of the plots. The kizq, kigo, and kiz3
which express the diffusion rates of the different stages in adsorp-
tion process are tabulated in Table 1. The adsorption rate is in the
order of ki1 >kiq2 > kig3. Both metals underwent firstly a steep-
sloped stage, followed by the decreasing slope and the subsequent
plateau till equilibrium. The first steep-sloped period is the instan-
taneous diffusion stage (k;4 1, from 0 to 0.15 h), during which a large
amount of heavy metal ions (about 50%) were rapidly adsorbed by
the exterior surface of the adsorbent. When the adsorption of exte-
rior surface reached saturation, metal ions entered into the pores
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Fig. 4. (a) Adsorption kinetics of SH-mSi@Fe;04 in aqueous solution of Hg?* and
Pb?*, the insetted picture is the pseudo-second-order adsorption rates. (b) The intra-
particle rate of adsorption of Hg?* and Pb?* to SH-mSi@Fe3;04 (concentrations of
metal ions (1 mg/L), adsorbent loading (1 mg/100 mL), pH (6.5 +0.05), and temper-
ature (25°C)).

of the adsorbent and were adsorbed by the interior surface of the
mesopores. With the heavy metal ions entering into the pores, the
diffusion resistance increased, leading to decrease of the diffusion
rate (kigz,). With the rapid decrease of the solute concentration,
the intraparticle diffusion rate gradually slowed down and finally
reached the equilibrium stage (k;q3) [26].

3.3. Adsorption isotherm

Adsorption isotherm is important for determining the adsorp-
tion behavior of an adsorbent. Therefore, Hg2* and Pb%* were
selected as models to determine the adsorption isotherm type
of SH-mSi@Fe;04. Fig. 5 shows the adsorption isotherm at pH
6.5+0.05 for the adsorbent. The isotherm curves demonstrate
the adsorption as a function of the equilibrium concentration of
metal ions in solution. Both Langmuir and Freundlich adsorption
isotherms were used to normalize the adsorption data. The results
are summarized in Table 2. The results showed that Langmuir
model fitted better than the Freundlich model, demonstrating that
the adsorption of Hg2* and Pb%* onto SH-mSi@Fe3 0, can be consid-
ered to be a monolayer adsorption process. The adsorption capacity
of Hg?* and Pb2* were calculated to be 1.3 and 0.44 mmol/g,
respectively. Taking adsorption of Hg?* for example, the adsorp-
tion capacity of SH-mSi@Fe304 is not only higher than some thiol
functionalized ordered mesoporous silica prepared through the co-
condensing method (0.16 and 0.12 mmol/g of Hg2* for MP-SBA-15
and MP-MCM-41) [36], but also higher than the reported thiol func-

1.2} —o—pb*
b —o—pg

[ —
o0 [
L —

f=
(=)}
T

g, (mmol/g)
o
o
T

=
[o*)
T

=]
<
T

1 i 1 i 1 i 1 " 1 i 1

0 1 2 3 4 5
Equilibrium concentration (mg/L)

Fig.5. Hg?* and Pb?* adsorption isotherms of SH-mSi@Fe; 04 (initial concentrations
from 0 to 6 mg/L, adsorbent loading (1 mg/100 mL), pH (6.5 + 0.05), and temperature
(25°Q)).
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Table 2
Parameters of adsorption isotherms of Hg and Pb on SH-mSi@Fe30y4.
Adsorption isotherms and parameters Hg Pb
Langmuir
b (L/mmol) 1.83 22.3
gm (mmol/g) 1.31 0.442
R? 0.985 0.999
Freundlich
K (mmol'-1/nL1n/g) 0.736 0.389
n 2.69 8.14
R? 0917 0.964

tionalized nanoporous silica (not more than 0.6 mmol/g) [21] and
some other adsorbents [37,38].

3.4. Effect of pH

The uptake capacity of an adsorbent for metal ions not only
depends on the chemical and physical properties of the adsor-
bent and the target metal ions, but also on the conditions of
sample matrix such as the hydrolysis capacity of the metal ions
and the competitive adsorption of coexisting matters in aqueous
samples [27,39,40]. The pK, of the ligand and the stability of the
ligand-metal complex correlate with the pH value of the solution.
Alkaline conditions hinder the removal of some heavy metals due
to formation of stable hydroxyl complexes or hydroxides [40]. In
order to investigate the effect of pH on the adsorption of heavy
metal ions, SH-mSi@Fe;04 was mixed with solutions containing
200 p.g/L of Hg, Ag, Pb, and Cu ions at different pH values. The con-
centrations of metal ions in the solutions were detected after 5h
adsorption and the results are shown in Fig. 6.

It was observed that the removal efficiencies of the tested metal
ions on SH-mSi@Fe304 have a tendency of Ag* ~HgZ* > Pb%* > Cu?*
in the pH range of 5-7, which could be explained by Pearson’s the-
ory that soft ligands like the thiol group are more likely to bind
with soft metals, and Hg and Ag are considered to be softer than
Pb and Cu [41]. It was also observed that an increasing amount
of metal ions could be adsorbed at relatively higher pH. Metal
cations have tendency to hydrate in aqueous solution with the
increase of the pH value. It was reported that the effective sizes of
hydrated species of metal ions in aqueous solution are in the order
of M2* > M(OH)* > M(OH),, depending on the charges of the species
[42]. The mobility of the hydrated species with smaller effective
size is higher in comparison with larger hydrated M2* species,

200+

1501
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50 4

Concentration in water (mg/L)
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Fig. 6. Effect of pH on the removal of heavy metals by the SH-mSi@Fe3;04 (ini-
tial concentration of metal ions (200 pg/L), adsorbent loading (1 mg/100 mL), and
temperature (25 °C), pH was adjusted by 0.1 M HNO3; and NaOH).

thus resulting in increased adsorption during adsorbate/adsorbent
interaction with the increase of the pH value. The decrease of
adsorption with decreasing solution pH is thereby attributed to (i)
low mobility of bigger hydrated species (M2*) and (ii) competition
of H* for available surface sites and the strengthening protonation
of the -SH group (pK;, 9.65) in stronger acid condition.

3.5. Effect of natural water matrices

Natural waters are very complicated matrices, containing vari-
ousinorganic and organic substances. These constituents are able to
interact with the adsorbents used in water purification. To study the
availability and the effectiveness of SH-mSi@Fe304 on the uptake
of heavy metal ions in natural water sources, different water matri-
ces spiked with single metal ion were mixed with the adsorbent.
The removal efficiencies for single metal ion were determined after
the adsorption.

It was found from Table 3 that SH-mSi@Fe;0,4 exerted good
adsorption for Hg2*, Pb2* and Ag* in different natural water sources,
with removal efficiencies of over 95%. While, adsorption of Cu2*
was the worst with the removal efficiency not more than 80%. The
distribution coefficient (K;) between water and the adsorbent is
also used to evaluate the adsorption performance in different water
matrices [27]. The K, values of the metal ions in tested water matri-
ces were at the magnitude of 10°, which is much higher than the
value of 103 categorized as good performance [43].

It is also found that the SH-mSi@Fe304 adsorbed more heavy
metals from groundwater than from other water sources. This is
probably due to the groundwater used in the experiment contains
less competing metal cations like Ca?* and Mg2* and organic matter
(total organic carbon, TOC). Although the affinity to thiol group is
weak, Ca%* and Mg2* could still bind with a portion of the adsorp-
tion sites on the surface of SH-mSi@Fe3 0,4 through Coulomb force.
Organic matters also have strong effect on heavy metal removal.
Suspended large molecular organic substances could block the
pores of the mesoporous adsorbents, which leads to the decrease
of adsorption efficiency on the one hand, and organic functional
groups like carboxylate and hydroxylate could counteract the
adsorption on the other [44]. Therefore, the performance of SH-
mSi@Fe3;0,4 in groundwater was better.

3.6. Effect of coexisting metal ions

The competitive adsorption of coexisting ions to the binding
sites is usually a severe problem when using conventional adsor-
bents for removal of heavy metals. To investigate the effect of
coexisting ions, the uptake capacities of SH-mSi@Fe3; 0,4 in different
water matrices with mixed heavy metal ions were tested.

Fig. 7 shows the competitive adsorption between Hg2*, Pb%*,
Ag* and Cu?* in different water matrices. The residue concentra-
tion of Cu?* was higher than that of other three metal ions because
of its weak affinity to thiol group. However, the removal efficiency
of Cu?* was still more than 70% which was higher than that in nat-
ural water matrices with single metal ion in the same experimental
condition. This suggested that coexisting heavy metals facilitated
the adsorption of Cu?* to SH-mSi@Fe304. This phenomenon can be
explained as below: the organic moieties embedded in the pore
walls endue the adsorbent surface with hydrophobic characteris-
tic. While upon vigorous shaking, contact between the adsorbent
and the bulk solution occurred. The heavy metal ions with strong
affinity to -SH such as Hg2* and Ag" first bind with —-SH groups near
the orifice of the pores and created a hydrophilic threshold leading
to more aqueous solution entering into the pores [45]. Therefore,
more -SH binding sites become accessible even to those ions with
weaker affinity. The other reason may be the inherent random net-
works with broad pore size distribution of the organic-inorganic
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Table 3

The removal efficiencies of tested heavy metal ions by SH-mSi@Fe3;04 from different water samples and the calculated distribution coefficients (Ky, mL/g) of ions between
water matrices and the SH-mSi@Fe30,. The initial concentrations of Hg?*, Pb%*, Ag* and Cu?* were 100 pu.g/L, respectively. The pH values, TOC, concentrations of Mg?* and

Ca?* in the water were also detected to evaluate the selected matrices.

Matrices pH  TOC Mg?* Ca* Hg?* Pb2* Ag* Cu®*
(mg/L)  (mg/L)  (mg/L)
Removal Kqx 1072 Removal Kyqx 107> Removal Kqx 1073 Removal Kqx 1072
efficiency efficiency efficiency efficiency
(%) (%) (%) (%)
River water 7.82 3.58 31.8 97.8 97.5 39.7 97.4 375 953 204 66.0 1.94
Lake water 7.77 6.87 104 40.4 98.3 58.7 97.7 43.2 99.1 66.6 66.7 2.0
Ground water 7.62 1.12 3.48 16.4 99.0 107 98.1 51.1 98.5 71.2 76.9 3.33
Tap water 7.78 3.18 18.2 49.0 97.6 40.4 97.4 37.8 95.2 20 54.8 1.21
90

hybrid mesoporous materials, which lead to an increase in entropy
and thus benefit the diffusion of the metal ions [21].

3.7. Stability and reclamation

Stability in different conditions is important for the feasible
application of an adsorbent. Furthermore, leaching of adsorbent
components to water environment may induce secondary con-
tamination. The iron of bare Fe304 core is easier to leach into
the aqueous solution than those containing a shield coating [44].
For SH-mSi@Fe304, a thin layer of coated silica helped Fe304 to
resist harsh conditions. No iron ion leached after the adsorbent
was dispersed in natural water samples for 48 h. The percentage
of leached iron in 0.1 M HCl and NaOH aqueous solutions were
0.422 and 0.425%, respectively. There were just 12.47 and 8.88%
of iron leached in extreme strong acid (1 M HCI) and alkaline (1M
NaOH) conditions after 48 h (Table S1 in supplementary informa-
tion). Therefore, it can be expected that this material is stable in
natural water matrices and wastewater even under extreme con-
ditions.

Fig. 8 shows that the saturation magnetizations of SH-
mSi@Fe;04 and Fe30,4 were 38.4 and 75.5 emu/g, respectively. The
absence of remanence confirm the superparamagnetism of SH-
mSi@Fe3;04, and the magnetization property enables the adsorbent
to be easily separated from aqueous solution under a magnetic field
in less than 30s. As SH-mSi@Fe3 0y, is resistant to relatively strong
acid solutions, SH-mSi@Fe;04 loaded with Hg2* which shows
strong affinity to thiol group was treated in 1M HCl under sonica-
tion for 30 min. Results showed that 91% of the adsorbed Hg could
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Fig. 7. The removal efficiency of heavy metals in different water matrices (the water
matrices contained mixed Hg2*, Pb2*, Ag*, and Cu?* with initial concentration of
200 pg/L for each metal ion, adsorbent loading (1 mg/100 mL), temperature (25 °C)).
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Fig. 8. The magnetization curves of Fe304 and SH-mSi@Fe;04, and the photos of
SH-mSi@Fe3;04 before (a) and after (b) separation from solution in magnetic field.
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Fig. 9. Removal efficiency of Hg?* in different cycles by SH-mSi@Fe30, (concen-
tration of Hg?* in every cycle was 1 mg/L, adsorbent loading (1 mg/100 mL), pH
(6.540.05), and temperature (25°C)).

be released. Then, the regenerated adsorbent was treated with
deionized water to neutralize for adsorption of Hg2* in succeed-
ing cycles. We have repeated the above procedure for six cycles.
As shown in Fig. 9, the removal efficiency is slightly reduced in the
subsequent cycles. However, it is still above 90% in the sixth cycle.

4. Conclusion

A new adsorbent for heavy metal removal was successfully pre-
pared in this paper. Such prepared adsorbent has not only the
wormbhole like mesopore structure with large surface area and pore
volume, but also the superparamagnetic character. These features
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make it an effective and convenient adsorbent for heavy metal
removal. The adsorption kinetics abides by pseudo second order
kinetic equation. The adsorption process could be well described
by intraparticle diffusion model and the adsorption rate of heavy
metals on this adsorbent was mainly controlled by the diffusion
rate within the pore. The adsorption process fitted well with Lang-
muir isotherm. The prepared adsorbent performed better in neutral
pH condition, and was stable in strong acid and alkaline condition.
This adsorbent could be used in different water sources such as
river water, lake water, groundwater and tap water. The presence
of coexisting heavy metal ions avail heavy metal adsorption. In con-
clusion, this thiol functionalized magnetic mesoporous silica is a
promising adsorbent for heavy metal removal from water.
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