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removal of Hg(II) with magnetic
CoFe2O4@SiO2 core–shell nanoparticles modified
by thiol groups

He Zhu, Yi Shen, Qin Wang, Kuan Chen, Xi Wang, Ganwei Zhang, Jingjing Yang,
Yongfu Guo * and Renbi Bai*

A simple and environmentally friendly material, CoFe2O4@SiO2–SH, was prepared successfully with

CoFe2O4 nanoparticles coated by SiO2 which was further functionalized with thiol groups (–SH).

CoFe2O4@SiO2–SH nanoparticles were structurally and thermally characterized. The results show that

the additive of 3-mercaptopropyltriethoxysilane was successfully grafted onto CoFe2O4@SiO2. The

affecting factors, including pH, adsorbent dosage, and the initial concentration of Hg Hg(II) and

coexisting ions were fully investigated and well elucidated. The fitting of adsorption kinetics and isotherm

model indicated a good match with pseudo-second-order kinetics and Freundlich models. The

Langmuir adsorption capability realized 641.0 mg g�1. The data of thermodynamics illustrated that the

removal for Hg(II) was exothermic and spontaneous. Last, an application evaluation of the material was

also carried out. The adsorbent can achieve a quick and effective separation via a magnetic field after

adsorption. Hence, the CoFe2O4@SiO2–SH material will be a favorable and promising adsorbent to

remove Hg(II) from water.
1. Introduction

With the economic globalization and the large-scale develop-
ment of industrialization, water pollution of heavy metals
caused by a large amount of sewage from chemical plants and
mining elds, has attracted a lot of research attention. Mercury,
one of the most toxic pollutants exhibiting properties of
persistence, bioaccumulation and migration,1 can enter the
human body through the food chain, causing irreversible
serious damage to human body function and the nervous
system.2

In many countries, mercury pollution incidents occur
frequently.3 In the 1980s in China, several serious mercury
pollution incidents, occurring along the Songhua River, in the
lower reaches of Tianjin Jiyun River and Jinzhou Bay in Liaon-
ing Province, etc. greatly attracted people's attention. So, it is
imperative to solve the problem of mercury pollution in water.

To solve this issue, there are many methods developed for
the recovery of mercury, such as precipitation, ion exchange,
physical separation and microbiological method and so on.4–7

Nevertheless, these technologies always have shortcomings like
poor removal capacity, lowmetal removal efficiency and the risk
of secondary pollution.8 Hence, it is necessary to explore
economic and effective technologies to treat the pollution.
rials &Technologies, Suzhou University of

. R. China. E-mail: yongfuguo@163.com;
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Adsorption has been recognized as an economic and highly
effective method used in water treatment due to its cost-
effective and efficient.9 However, most of adsorbent materials
have some issues like poor regeneration, easy to produce
secondary pollution and poor selectivity. Especially aer the
completion of the adsorption, the material is difficult to be
separated from water, which is the most difficult problem to
apply on the real projects.

MFe2O4 (M represents metal elemental), a kind of magnetic
substance with a cubic spinel structure, has well received by the
people's favorites and been widely used in many elds.10 Among
them, CoFe2O4 gets more attention due to its advantages, such
as large saturation magnetization and good thermal stability.
Fe3O4 was also one of magnetic materials and got more modi-
cation and researches in recent years.11–13

Compared with the production process of Fe3O4, the
synthesis method of CoFe2O4 is simpler and the process of
reaction can underway without the need of nitrogen environ-
ment. According to the study of Zhang,14 the number of hydroxyl
group (M–OH) on the surface of CoFe2O4 (38.1%) was higher
than that of Fe3O4 (25.4%). The amount of M–OH has a signi-
cant effect on the performance of the adsorbents, and the more
M–OH, the more easily material can be modied.

In addition to the above advantages, CoFe2O4 also has some
shortcomings that cannot be overcome by itself, such as easy
agglomeration, corrosion in acidic environments and so on,
which is not conducive to the material adsorption and adsorp-
tion selectivity. In general, the methods of adding surfactant or
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra06163c&domain=pdf&date_stamp=2017-08-09
http://orcid.org/0000-0002-2562-865X
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra06163c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007062


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 9

:1
4:

04
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
forming silica layer outside CoFe2O4 through hydrolyzing tet-
raethyl silicate (TEOs) can greatly improve corrosion resistance
and dispersion of CoFe2O4 in water.15,16

According to the Lewis acid–base interactions,17 thiol group
and mercury should have a high affinity to each other, for thiol
group is characteristic of so base and mercury is a so acid.
Thiol group is also an excellent ligand. CoFe2O4 can bemodied
with thiol group to improve the adsorption properties of
materials. 3-Mercaptopropyltrimethoxysilane (MPTMS) is
a silane coupling agent containing mercapto functional groups.
Aer the inorganic layer SiO2 was coated on the surface of
CoFe2O4 and MPTMS was added, the mercapto group was
successfully graed.

During the process of modication, the contents of thiol in
adsorbents are related to amount of catalysts used in the reac-
tion, the choice of solvents, reaction temperature and reaction
time.18

Currently, most of magnetic adsorption materials were
modied with Fe3O4. However, the research with CoFe2O4

modied materials to remove heavy metal was little. One aim of
this paper is to explore the adsorption performance of the
prepared adsorbent modied with other magnetic base mate-
rial, i.e., CoFe2O4; another aim is to prepare CoFe2O4 base
adsorbent with core–shell construction and investigate its
adsorption performance for Hg(II) ions when the prepared
adsorbent was modied by thiol group.

So, in this paper, in order to overcome the defect of easy
agglomeration and corrosion of CoFe2O4, improve its dispersion
in water and simultaneously develop a novel adsorbent with high
adsorption capability, a thiol-functionalized and silica-coated
magnetic nanoparticle (CoFe2O4@SiO2–SH) was synthesized by
a simple method and employed to remove Hg(II) ions from water.
The characteristics and properties of materials before and aer
modication were discussed by various means of characteriza-
tion. To deeply comprehend the adsorption process of materials,
the adsorption kinetics, isotherm and thermodynamics were
employed. The effects of foreign ions on the adsorption process
and the adsorption mechanism were discussed.
2. Materials and experimental
methods
2.1 Experimental materials

Cobaltous nitrate hexahydrate (Co(NO3)2$6H2O), iron(III) acetyla-
cetonate (Fe(acac)3), ethylene glycol (EG), sodium acetate anhy-
drous (CH3COONa), polyethylene glycol, cetyltrimethylammonium
bromide (CTAB, 99 wt%), methanol (CH3OH), glycerol (C3H8O3)
and ammonia water (NH3$H2O, 25–28 wt%) were provided by
Sinopharm Chemical Reagent Co., Ltd. (China). (3-Mercapto-
propyl)trimethoxysilane (MPTMS, 98 wt%) and TEOs were ob-
tained from Macklin Reagent (China). All chemical materials and
solvents were analytical grade.
2.2 Preparation of CoFe2O4@SiO2–SH

2.2.1 Preparation of CoFe2O4. CoFe2O4 magnetic nano-
particles (MNPs) were obtained via using a hydrothermal
This journal is © The Royal Society of Chemistry 2017
technology. Briey, Co(NO3)2$6H2O (2.1825 g) and Fe(acac)3
(5.2977 g) were dissolved in EG (90 mL), vigorous stirring for
30 min. Then, CH3COONa (6.51 g) and polyethylene glycol
(2.00 g) were added slowly under vigorous magnetic stirring
until a uniform state was formed. The homogeneous solution
was transferred into an autoclave (150 mL) and reacted in the
oven at 453 K for 14 h. The resulting black mixture was washed
with ultrapure water for several times aer cooling, and nally
dried at 333 K for 8 h and bagged for later use.

2.2.2 Preparation of CoFe2O4@SiO2 MNPs. CTAB (0.1366 g)
was dispersed in pure water (150 mL) as a surfactant by soni-
cation for 20 min, and then CoFe2O4 (0.30 g) was dispersed in
the above solution by vigorous mechanical stirring to form
a uniform state. TEOs (1 mL) and NH3$H2O (1.3 mL) were added
as the catalysts at the temperature of 353 K and the reaction was
continued for 3 h under mechanical stirring. The synthesized
CoFe2O4@SiO2 MNPs were separated magnetically, washed
with ultrapure water for three times and dried at 333 K for 8 h.
The obtained powder was calcined in a muffle furnace at 673 K
for 4 h, and subsequently treated with HCl (1 M) for 12 h and
continued to dry for later use.

2.2.3 Preparation of CoFe2O4@SiO2–SH MNPs. In a typical
preparation (Fig. 1), the obtained CoFe2O4@SiO2 MNPs (0.2 g),
CH3OH (25 mL) and C3H8O3 (150 mL) were added in a three-
necked ask and stirred 30 min under a nitrogen atmosphere.
Subsequently, the temperature was raised to 343 K and
NH3$H2O (2 mL) was added. The ligand MPTMS (0.3 mL) dis-
solved in CH3OH (25 mL) was added dropwise under stirring.
The mixture was allowed to react for 1 h under a nitrogen
atmosphere at 343 K. Aer that, the reaction was continued for
5 h without nitrogen. The synthesized CoFe2O4@SiO2–SHMNPs
were separated magnetically and washed with ethanol and
ultrapure water for three times, separately. The obtained
powders were dried in vacuum at 333 K for 8 h.
2.3 Sample characterizations

The obtained samples were characterized via Scanning Electron
Microscope (SEM), Transmission ElectronMicroscopy (TEM), X-
ray Diffraction analysis (XRD), Fourier Transform Infrared (FT-
IR), Vibrating Sample Magnetometer (VSM), N2 adsorption–
desorption isotherms, X-ray Photoelectron Spectroscopy (XPS)
and Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). SEM (FEI Quanta FEG250, USA) and TEM (JEM-
2100F, Japan) were used to observe the morphology. XRD (D/
MAX-2550-18KW, Japan) was used to analyze the phase and
crystallinity of the adsorbents.

The functional groups in materials were analyzed by FT-IR
(Thermo, Nicolet-6700, USA). The magnetic property of the
nanocomposites was conrmed by VSM (Quantum design,
MPMS3, USA). The specic surface values and the pore distri-
butions were got on the basis of nitrogen adsorption (Quanta,
Autosorb-IQZ-MP-XR-VP, USA) at 77 K through using Brunauer–
Emmett–Teller (BET) equation. Chemical elements composi-
tions were measured by XPS (Thermo Scientic, Escalab 250Xi,
USA). Quantitative determination of the contents for Hg(II) ions
were performed by ICP-OES.
RSC Adv., 2017, 7, 39204–39215 | 39205
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Fig. 1 Synthesized schematic of materials.
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2.4 Adsorption experiments

To prevent the hydrolysis of mercury ions, the protective solu-
tion was congured as following: concentrated HNO3 (10 mL)
and HCl (0.1 mL) were added into ultrapure water (1000 mL). A
reserve solution of Hg(II) (1 g L�1) was made through dissolving
HgCl2 (0.6767 g) in a 500 mL protective solution. The protective
solution was diluted with according to the desired concentra-
tion before each experiment.

The adsorption capacities of CoFe2O4@SiO2–SH MNPs were
evaluated at various conditions of pH, adsorbent dosages,
contact time (t), initial concentration of Hg(II) and co-existing
ions. Effect of pH values of 2–10 was assessed through adding
0.1 mol L�1 HCl and 0.1 mol L�1 NaOH solutions. Adsorption
studies were carried out in 250mL stoppered askets with Hg(II)
solution (100 mL, 40 mg L�1) and 0.005 g of adsorbents. The
stoppered askets with the mixture were put in a shaker at 298
K for 12 h. The contents of Hg(II) were ltered via a 0.45 mm lter
membrane and analyzed by ICP-OES. All of the tests were made
in triplicate and the mean value was chosen for further analysis.

The dosage effects of adsorbents (dened as ratios of solid to
liquid) were investigated at the intervals of 0.03, 0.05, 0.08, 0.1
and 0.15 g L�1 with 40 mg L�1 of Hg(II) at pH¼ 8 and 298 K. The
contact time was examined at 1, 3, 5, 10, 30, 60, 180, 240, 300,
360, 420, 480, 540, 600, 660 and 720min with 40mg L�1 of Hg(II)
and 0.005 g adsorbents at pH of 8 and 298 K.

The isotherms were studied at 298, 308 and 318 K at pH ¼ 8
and t ¼ 12 h. The initial concentration was charged between 20
and 200 mg L�1. In the research of co-existing ions, ve kinds of
salts with a concentration of 10 mM and 100 mM were sepa-
rately added into the Hg(II) solutions, respectively. The
adsorption capacities can be determined as following:

qe ¼ ðC0 � CeÞ
W

� V (1)

here, qe is the equilibrium capacity of Hg(II) (mg g�1). C0 and Ce

are the initial and equilibrium concentration of Hg(II) (mg L�1),
separately. V and W are the solution volume (L) and adsorbent
dosages (mg), separately.
39206 | RSC Adv., 2017, 7, 39204–39215
3. Results and discussion
3.1 Characterization

SEM images of CoFe2O4, CoFe2O4@SiO2 and CoFe2O4@SiO2–

SH MNPs are compared and shown in Fig. 2. The diameters of
these adsorbents were about 50–90, 70–120, and 80–130 nm,
respectively. As displayed in Fig. 2(a), the size of CoFe2O4

nanoparticles was small, but not uniform. Its surface was not
smooth and crowded together. The observed aggregation may
be due to the small size and the priority requirement for
reducing the interfacial energy of nanoparticles.19

As displayed in Fig. 2(b), the size of CoFe2O4@SiO2 became
larger and the surface got smooth, indicating that CoFe2O4

successfully covered the silicon shell. Fig. 2(c) shows that the
dispersity of the material had been greatly improved aer
modied by MPTMS. Based on the data in Fig. 2(d), the black
magnetic core was wrapped around the translucent polymer
coating, which was the silicon shell.

Fig. 3(a) shows the XRD patterns of CoFe2O4, CoFe2O4@SiO2

and CoFe2O4@SiO2–SH. It can observe that XRD pattern of
CoFe2O4 had the diffraction peaks that appeared at 2q ¼ 30.1�,
35.5�, 43.3�, 53.8�, 56.8� and 62.5�, corresponding to the JCPDS
le of CoFe2O4 (no. 22-1086).20 All of the diffraction peaks of
CoFe2O4@SiO2 and CoFe2O4@SiO2–SH were similar to those of
CoFe2O4, and no peaks of any other phases were observed,
indicating that the structure and the crystal formation of
CoFe2O4@SiO2 and CoFe2O4@SiO2–SH MNPs remained
unchanged aer silicon-covering and thiol-functionalized
process.21

The average sizes of CoFe2O4, CoFe2O4@SiO2 and
CoFe2O4@SiO2–SH were calculated using the Debye–Scherrer
formula to be 18.1, 20.0 and 21.6 nm, respectively.

The functional groups and chemical bonds in the materials
were analyzed by means of FT-IR. Fig. 3(b) indicates FT-IR
spectra of CoFe2O4, CoFe2O4@SiO2 and CoFe2O4@SiO2–SH
(CoFe2O4@SiO2–SH-1 was the fresh original sample and
CoFe2O4@SiO2–SH-2 was prepared one month ago). Broad FT-
IR peaks around at 3439 and 1636 cm�1 observed should be
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM pictures of (a) CoFe2O4, (b) CoFe2O4@SiO2, (c) CoFe2O4@SiO2–SH and TEM image of (d) CoFe2O4@SiO2–SH.

Fig. 3 XRD pictures (a) and FT-IR spectra (b) of CoFe2O4, CoFe2O4@SiO2 and CoFe2O4@SiO2–SH.
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attributed to stretching vibration of –OH in surface adsorbed
water.22

A broad adsorption band at 1092 cm�1 can be attributed to
Si–O–Si.23 As reported, typical adsorption bands of thiol group
should be at about 2550 cm�1. However, the two very weak
peaks of –SH can be found at round 2360 cm�1. It may be owing
to the aggregation of –SH group and the effect of –H bonds. The
phenomenon has also been reported by other scholars.24,25 A
bend at 2928 cm�1 was the C–H stretching of methylene from
This journal is © The Royal Society of Chemistry 2017
alkyl chain,26 which can indirectly indicate that MPTMS had
been successfully graed onto CoFe2O4@SiO2.

Moreover, the material of CoFe2O4@SiO2–SH-2 had a similar
FT-IR picture compared to the CoFe2O4@SiO2–SH-1, shown in
Fig. 3(b), which indicated that the prepared nanocomposite of
CoFe2O4@SiO2–SH had a good stability.

Fig. 4 shows the magnetic hysteresis loops of the three
synthesized nanoparticles. The results show that saturation
magnetization values for the three synthesized nanoparticles
RSC Adv., 2017, 7, 39204–39215 | 39207
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Fig. 4 VSM analysis of three synthesized materials.

Table 1 Structure and chemical data of prepared mesoporous
materials

Samples
BET values
(m2 g�1)

Total pore volumes
(cm3 g�1)

Pore diameters
(nm)

CoFe2O4 48.49 0.424 3.413
CoFe2O4@SiO2 225.36 0.552 3.062
CoFe2O4@SiO2–SH 48.90 0.348 3.409
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were 56.03, 44.68 and 11.61 emu g�1 at 20 kOe, respectively. It
can be clearly seen that the saturation magnetization values
were decreased aer modied by MPTMS, which indirectly
proved that the surface of CoFe2O4@SiO2 formed a non-
magnetic thiol functional layer. Aer modied with MPTMS,
the magnetic properties of the materials reduced obviously, but
still can be easily separated from water via a magnetic eld. It is
conducive to the solid–liquid separation, making the whole
adsorption process more environmentally friendly.

Based on the data in Fig. 5, the BET values, pore volumes and
pore diameters of the three synthesized materials can be
determined and exhibited in Table 1. From Table 1, the pore
diameters and total pore volumes of CoFe2O4@SiO2 changed
little under the addition of surfactant CTAB and introduction of
silicone shell TEOs. However, the BET value of CoFe2O4@SiO2 is
four times more than that of CoFe2O4, which may be the
structure change of porous uffy state of CoFe2O4@SiO2 and the
removal of CTAB aer calcination at high temperature.

Aer the introduction of mercapto groups by MPTMS, the
BET value returned to the original value, which may be due to
the existence of large amount of organic mercapto groups
graed into CoFe2O4@SiO2 mesopores.27 On one hand, it shows
the successful graing of –SH; on the other hand, it indicates
that the BET value was not the main factor affecting the
adsorption performance of CoFe2O4@SiO2–SH.
Fig. 5 N2 adsorption desorption isotherms (a) and size distribution (b) o

39208 | RSC Adv., 2017, 7, 39204–39215
The wide-scan XPS spectra of the three synthesized materials
are shown in Fig. 6. The elements of Fe, Co, O and C on the
surface of CoFe2O4 were detected. For CoFe2O4@SiO2, the peaks
of Fe and Co elements almost disappeared, and the peaks of Si
and S appeared, indicating that the silicon shell has completely
wrapped the magnetic core CoFe2O4.

Aer modication with MPTMS, the peaks of Si became
weak and a new peak of S appeared. Through high resolution
scans of CoFe2O4@SiO2–SH shown in Fig. 6(b)–(f), it can be
known that the peaks of Fe 2p, Co 2p, C 1s, Si 2p and O 1s were
at 724.59 eV, 781.86 eV, 284.33 eV, 101.73 eV and 531.92 eV,
respectively, which directly indicated that the –SH was intro-
duced onto the material successfully by MPTMS modication.
The results agreed well with the FT-IR analysis of the sorbents.
3.2 Adsorption experiments

3.2.1 Effect of MPTMS. The addition of MPTMS had an
obvious effect on the morphological and adsorption properties
of CoFe2O4@SiO2–SH. The relationship between the addition of
MPTMS and the effects of adsorbents on mercury adsorption is
shown in Fig. 7.

The adsorption capacity of CoFe2O4@SiO2–SH increased
with the increasing amount of the MPTMS under the condition
of low addition of MPTMS. The optimum amount of MPTMS
was found to be 0.3 mL. If the amount of MPTMS was less than
0.3 mL, the surface of the material would not be completely
graed by –SH group, therefore, the adsorption capacity cannot
be maximized. When the addition amount of MPTMS was
0.3 mL, the qe of adsorbents reached 374.4 mg g�1.

Continued to increase the amount of MPTMS, the adsorp-
tion capacity of the adsorbents had not been further improved,
but slightly decreased. So, the optimal amount of MPTMS
f CoFe2O4, CoFe2O4@SiO2 and CoFe2O4@SiO2–SH.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 XPS scan of (a) survey scan of CoFe2O4, CoFe2O4@SiO2 and CoFe2O4@SiO2–SH; high resolution scan of CoFe2O4@SiO2–SH of (b) Fe 2p,
(c) Co 2p, (d) C 1s, (e) Si 2p and (f) O 1s.
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should be 0.3 mL. The reason may be owing to no excess active
sites graing with MPTMS on the surface of CoFe2O4@SiO2. It
also may be owing to the aggregation of magnetic core because
of the uncontrolled self-condensation of trimethoxysilane
groups, as Sun et al. reported.28

3.2.2 Effect of pH. For the value of pH can directly inu-
ence the interaction between H+/OH� and other substances, the
existential morphology of mercury ions and the number of
active sites on the surface of adsorbents, it is greatly important
to explore the effects of solution pH on the adsorption capacity
of CoFe2O4@SiO2–SH. The pH value of solution was adjusted
from 2 to 10 with C0 of 40 mg L�1 at 298 K.

Based on the data from Fig. 8, qe of CoFe2O4@SiO2–SH for
Hg(II) reached a maximum of 374.4 mg g�1 at pH of 8.
Furthermore, the CoFe2O4@SiO2–SH exhibited better adsorp-
tion performance at pH of 2–10. The adsorption capacity had
also a high value of 271.2 mg g�1 even at pH ¼ 2.
This journal is © The Royal Society of Chemistry 2017
3.2.3 Effect of dosage. The optimum amount of adsorbents
was selected by adding various amounts of adsorbents under
the same adsorption conditions to test its adsorption effect.
Different mass amounts of CoFe2O4@SiO2–SH (3, 5, 8, 10 and
15 mg) were employed with 100 mL of Hg(II) (C0 ¼ 40 mg L�1) in
a water bath at pH ¼ 8 and T ¼ 298 K for 12 h.

As shown in Fig. 9, along with the increasing addition of
CoFe2O4@SiO2–SH, the adsorption capacity for Hg(II) decreased
quickly and the adsorption efficiency increased remarkably.
Fig. 9 shows that CoFe2O4@SiO2–SH had great high adsorption
capacities for Hg(II) even with pretty low dosage, for instance,
0.05 g L�1.
3.3 Adsorption kinetics

The adsorption kinetic data of heavy metal ions were analyzed
by testing pseudo-rst-order (eqn (2)),29 pseudo-second-order
(eqn (3))30 and the intra-particle diffusion models (eqn (4)).31
RSC Adv., 2017, 7, 39204–39215 | 39209
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Fig. 7 Effect of MPTMS amount in CoFe2O4@SiO2–SH. Conditions:
pH ¼ 8, dosage of 0.05 g L�1, C0 ¼ 40 mg L�1, t ¼ 12 h and T ¼ 298 K.

Fig. 8 Effects of pH on the removal of Hg(II) with CoFe2O4@SiO2–SH
as adsorbent. Conditions: dosage of 0.05 g L�1, C0 ¼ 40 mg L�1, t ¼
12 h and T ¼ 298 K.

Fig. 9 Effects of dosage with CoFe2O4@SiO2–SH as adsorbent.
Conditions: pH ¼ 8, C0 ¼ 40 mg L�1, t ¼ 12 h and T ¼ 298 K.
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ln(qe � qt) ¼ ln qe � k1t (2)

t

qt
¼ 1

q2ek2
þ t

qe
(3)

qt ¼ kdit
0.5 + Ci (4)

Thereinto, k1 (min�1), k2 (g mg�1 min) and kdi (mg g�1

min0.5) are rate constants, respectively. qt (mg g�1) is instanta-
neous adsorption capacity at time of t, and Ci (mg g�1) repre-
sents the thickness of boundary layer.

The diffusion and chemisorption are normally regarded as
the rate limiting step by pseudo-rst-order and pseudo-second-
order models, separately. The Weber and Morris diffusion is
used to analyze the suitability and effectiveness of the adsorp-
tion process. Fig. 10(a) shows that when t # 60 min, the
adsorption rate was very fast, whichmay be due to the surface of
the material had a rich activity of adsorption sites at the
beginning of the reaction. With the passage of time, more and
39210 | RSC Adv., 2017, 7, 39204–39215
more Hg(II) was adsorbed onto the materials, and meanwhile,
the concentration gradient between the surface of the material
and the interior of solution decreased, resulting in a decreasing
adsorption rate, and ultimately tending to a balance.

The goodness of tting was estimated from the measure-
ment coefficient R2. The calculated results were listed in
Table 2. The data from pseudo-rst-order model in Fig. 10(b)
did not show good agreement (R2 ¼ 0.941) with the experi-
mental data, and the difference between the theoretical qe,cal
(332.8 mg g�1) and the experimental qe,exp (374.4 mg g�1) was
a little large. The data from pseudo-second-order model in
Fig. 10(c) tted well (R2 ¼ 0.989), and the theoretical qe,cal
(392.2 mg g�1) was close to the actual qe,exp. Therefore, the
experimental results can be well represented by pseudo-second-
order model and indicated that the removal of Hg(II) with
CoFe2O4@SiO2–SH involved chemical reaction.

In Fig. 10(d), the initial linear portion represented instan-
taneous adsorption on the surface of the material, indicating
that the mass transfer in the early stage was achieved by large
pore diffusion. The second stage was the gradual adsorption,
indicating that mass transfer at this stage was achieved via
microporous diffusion. The second stage was the main diffu-
sion rate limitation. The third line was tending to equilibrium
stage. Straight lines did not go through the origin, indicating
that intra-particle diffusion was not the only rate limitation.
3.4 Adsorption isotherms

To further investigate the capacity of Hg(II) onto CoFe2O4@-
SiO2–SH, Langmuir (eqn (5))32 and Freundlichmodels (eqn (7))33

were employed. The Langmuir model supposes the adsorption
as monolayer and occurring on a homogeneous surface shown
as eqn (5), whereas Freundlich model is built on the theory of
multilayer adsorption shown as eqn (6).

Ce

qe
¼ Ce

Qm

þ 1

QmKL

(5)

ln qe ¼ ln KF þ 1

n
ln Ce (6)
This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Adsorption curves of Hg(II) by qt vs. t (a), kinetic fitting of pseudo-first-order (b), pseudo-second-order (c) and intra-particle diffusion (d).

Table 2 Parameters of adsorption kinetics for Hg(II) onto CoFe2-
O4@SiO2–SH

Pseudo-rst-order Pseudo-second-order

qe,exp qe,cal k1 R2 qe,cal k2 R2

374.4 332.8 0.0077 0.941 392.2 5.81 � 10�5 0.989

Intra-particle diffusion

kd1 C1 R1
2 kd2 C2 R2

2 kd3 C3 R3
2

74.69 �57.21 0.910 10.66 97.06 0.999 5.80 228.39 0.859
Table 3 Isotherm parameters of CoFe2O4@SiO2–SH

T (K)

Langmuir model Freundlich model

Qm KL R2 RL 1/n KF R2

298 641.0 0.071 0.989 0.123 0.216 199.5 0.995
308 628.9 0.066 0.991 0.132 0.232 180.8 0.997
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where Qm (mg g�1) is the maximum capacity. KL (L mg�1), KF

(mg1�n Ln g�1) and n (unitless) are all constants related to
adsorption. The separation factor (RL) can be written as follows:
Fig. 11 The Langmuir (a) and Freundlich (b) isotherm curves with CoFe2

This journal is © The Royal Society of Chemistry 2017
RL ¼ 1

1þ KLC0

(7)

Fig. 11(a) and (b) show the isotherm tting of Hg(II) on the
surface of CoFe2O4@SiO2–SH. Table 3 exhibits the isotherm
parameters under three temperatures. R2 (0.995) from Freund-
lich model was higher than that from Langmuir model (0.989),
O4@SiO2–SH (T ¼ 298 K, pH ¼ 8, dosage of 0.05 g L�1 and t ¼ 12 h).

318 591.7 0.061 0.987 0.142 0.226 171.1 0.994
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Table 4 Comparison removal capacity for Hg(II) with various functionalized materials

Materials pH Fitting models Qm Ref.

Tannic acid modied Fe3O4 core–shell nanoparticles 5 Langmuir isotherm 96 37
Starch/SnO2 6 Freundlich isotherm 192 38
Polypyrrole/SBA-15 8 Langmuir isotherm 200 39
Amino-functionalized CoFe2O4–chitosan–graphene 7 Langmuir isotherm 361 40
CoFe2O4–rGO 4.6 Langmuir isotherm 157.9 41
Magnetic Fe3O4 GO 6 Langmuir isotherm 71.3 42
Polystyrene coated CoFe2O4 modied with 2-(3-(2-aminoethylthio)propylthio) ethanamine 7–8 Langmuir isotherm 84 43
Fe3O4@SiO2–SH 6 Langmuir isotherm 132 44
Mercaptoamine-functionalised silica-coated MNPs 5–6 Freundlich isotherm 355 45
Three types of activated carbons 4 Langmuir isotherm 40–60 46
CoFe2O4@SiO2–SH 8 Freundlich isotherm 641.0 This work
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indicating a better tting with Freundlichmodel compared with
Langmuir model. The n from Freundlich constants was greater
than 1, indicating a favourable adsorption.34 Three R2 from
Langmuir model were all greater than 0.980, indicating a good
tting degree. So Langmuir model can be employed to simulate
the removal process for Hg(II).

Langmuir also suggested a monolayer adsorption process
and the Qm from CoFe2O4@SiO2–SH was 641.0 mg g�1. This
value was much larger than the maximum adsorption
capacity of many similar materials (Table 4).35,36 The sepa-
ration factor RL can determine if adsorbents have an ability to
effectively remove contaminants. The data in Table 3 showed
that RL value changed from 0 to 1, indicating a spontaneous
adsorption.
3.5 Adsorption thermodynamics

Three thermodynamic parameters, Gibbs free energy (DG�, kJ
mol�1) (eqn (8)), enthalpy (DH�, kJ mol�1) (eqn (9)) and entropy
(DS�, kJ mol�1 K) (eqn (9)) of adsorption are listed as follows:

DG0 ¼ �RT ln Kd (8)

ln Kd ¼ DS0

R
� DH0

RT
(9)

where R is universal gas constant (8.314 J mol�1 K), and Kd

(qe/Ce) is a coefficient. The resulted thermodynamic data for
Hg(II) removal onto CoFe2O4@SiO2–SHwas listed in Table 5. For
DH0 < 0, the process was exothermic. The value of DG0 was less
than 0, indicating that the removal process for Hg(II) was
spontaneous.
Table 5 Thermodynamic parameters for Hg(II) removal with CoFe2-
O4@SiO2–SH

C0 DH0 DS0

DG0

298
K 308 K 318 K

40 �0.0116 40.52 �23.68 �24.05 �24.49

39212 | RSC Adv., 2017, 7, 39204–39215
3.6 Effect of coexisting ions

In the real application of materials, the anions and cations in
the natural water may have an effect on adsorption capacity.
Hence, six common types of ions, including three cations (Na+,
K+ and Ca2+) and three anions (Cl�1, NO3

� and SO4
2�) were used

to assess the removal of Hg(II) with CoFe2O4@SiO2–SH.
From Fig. 12, the adsorption properties of materials are

affected by the individual ions and decreased as the ionic
strength increases. This may be owing to the fact that the
cations in the water compete with the active adsorption sites,
resulting in a descending adsorption.47

Among these ions, Ca2+ has the greatest effect on the
capacity of materials, probably because Ca2+ is a divalent cation
with two positive charges, which will occupy two active sites.48

Therefore, the effect of Ca2+ on the performance of the material
was larger than that of other monovalent cations including K+

and Na+. For anions, Cl� has the greatest effect on the adsorp-
tion. Cl� can complex with mercury to form HgCl2, HgCl3

� and
HgCl4

2�.43 However, higher concentration of Cl� can compete
for the surface of the active sites with mercury, resulting in
a decreased adsorption.49

3.7 Application evaluation

In order to further reveal the performance of the material of
CoFe2O4@SiO2–SH in a real engineering, an application
Fig. 12 Effect of coexisting ions and ion strength with CoFe2O4@-
SiO2–SH as adsorbents. Conditions: pH ¼ 8, C0 ¼ 40 mg L�1, T ¼ 298
K, dosage of 0.05 g L�1 and t ¼ 12 h.

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 Adsorption and regeneration cycles of CoFe2O4@SiO2–SH.
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evaluation was carried out. Firstly, desorption and regeneration
experiments were made to investigate the reusable performance
of the material, and the results were shown in Fig. 13. From the
data in Fig. 13, it can be seen that the adsorption capacities
declined slowly with the increasing cycles, and the decrease of
adsorption capabilities of CoFe2O4@SiO2–SH was about 16.2%
aer ve cycles.

Besides, as we know, electroplating wastewater is a common
and typical wastewater and contains many kinds of harmful
heavy metals, such as mercury, chromium, nickel, lead, and so
on. To investigate the adsorption activity of the material, a real
electroplating wastewater sample was employed to be treated by
the material of CoFe2O4@SiO2–SH.

The concentrations of Hg(II), Cr(VI), Ni(II) and Pb(II) in the
wastewater sample are 0.04–0.8 mg L�1, 0.6–1.3 mg L�1, 0.5–
1.1 mg L�1 and 0.15–0.3 mg L�1, respectively. The CODcr value
Fig. 14 XPS spectra of wide scan (a), high resolution scan of S 2p (b) be

This journal is © The Royal Society of Chemistry 2017
of wastewater is about 43.5–55.1 mg L�1. The experiments were
carried out at the conditions of dosage of 0.15 g L�1 and pH of
8 � 0.2.

The test shows that the removal efficiency of Hg(II) achieved
over 99% aer adsorption and the effluent basically met the
Chinese National Standard “Emission Standard of Pollutants
for Electroplating” (GB 21900-2008). The above data indicated
that the as-prepared material of CoFe2O4@SiO2–SH could be
employed as a promising and efficient adsorbent in the real
water treatment engineering.
3.8 Mechanism speculation

By comparing the XPS spectra of a wide range and individual
important elements of CoFe2O4@SiO2–SH before and aer
adsorption for mercury, it can further investigate the removal
mechanism of materials.

Fig. 14(a) exhibits the wide scans of CoFe2O4@SiO2–SH
(before adsorption) and CoFe2O4@SiO2–SH–Hg (aer adsorp-
tion). Before adsorption, the wide scan clearly shows the peaks
of O 1s, C 1s, Si 2p and S 2p. Aer the material adsorbed Hg(II),
the peak of S 2p became weak and the new peaks of Hg 4d and
Hg 4p were clearly observed. The presence of Hg 4p and Hg 4f
demonstrated the successful adsorption of CoFe2O4@SiO2–SH
for Hg(II) ions.

Fig. 14(b), through comparing the XPS spectra of S elements
before and aer adsorption for Hg(II), it can be known that the
peak of S 2p aer adsorption was weaker than that before
adsorption, and was slightly shied. Also, a peak of S 2p
appeared at 162.91 eV before adsorption may belong to –SH.
fore and after adsorption, and Hg 4f (c).

RSC Adv., 2017, 7, 39204–39215 | 39213
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Fig. 15 Diagram of adsorption mechanism.
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The peak of S 2p was slightly moved to 162.82 eV aer adsorp-
tion. It may be that S atoms in mercapto group donated parts of
electrons to Hg during the process of adsorption.

From Fig. 14(c), the high resolution XPS spectra of Hg, there
is a double-peaks, which may be the Hg 4f7/2 (100.8 eV) and Hg
4f5/2 (104.8 eV), which further demonstrates the successful
adsorption of mercury onto the material.

As we know, mercury in aqueous solution exists mainly in
three forms: Hg2+, Hg(OH)+ and Hg(OH)2. In acidic solution (pH
< 3), the three forms are all present. Hg2+ was the main form of
existence, and its amount will decrease with the pH increasing,
until disappearance. The amount of the other two forms of
Hg(OH)+ and Hg(OH)2 will increase as pH increases.

In addition, the number of Hg(OH)+ will reach the maximum
at pH¼ 4, and Hg(OH)2 will become themain form at pH > 6. To
better understand the removal mechanism, the probable reac-
tion processes between Hg(II) and the mercapto-modied
materials are plotted in Fig. 14.

Fig. 15 shows that Hg2+ can form –SH–Hg+ with the mercapto
group under electrostatic attraction, but the existence of large
amount of –SH–Hg+ might be also slightly prevent the further
progress of the reaction. Hg(OH)+ and Hg(OH)2 in water can
form complexes directly with mercapto groups with/without
electrostatic attraction. In the solutions with various pH, the
above three forms of mercury exist in different amounts and are
adsorbed by the mercapto group by different ways.

In the aforementioned study of pH on adsorption, the
gaps between adsorption performances of CoFe2O4@SiO2–

SH were not large at pH of 2–10. Coupled with results of
the effect of mercapto content on the adsorption capacities,
it can be concluded that the adsorption capacity of CoFe2-
O4@SiO2 was greatly improved aer the introduction
of mercapto. CoFe2O4@SiO2–SH had an excellent adsorption
for mercury, mainly due to the affinity between –SH and
mercury, apart from the electrostatic interactions between
the material and mercury. Based on the Hard So Acid–Base
theory, mercapto (so base) and Hg (so acid) can have
a strong affinity, which is very conducive to the progress of
the adsorption reaction.
39214 | RSC Adv., 2017, 7, 39204–39215
4. Conclusions

In this study, a thiol-functionalized and silica-coated magnetic
nanoparticle (CoFe2O4@SiO2–SH) was successfully synthesized
via a simple and cost effective method, and employed to remove
Hg(II) in water.

The adsorption process showed a good performance at pH of
2–10, which implied a probable practical application. And
CoFe2O4@SiO2–SH had great high adsorption capacities for
Hg(II) even with pretty low dosage of 0.05 g L�1.

Kinetic tting exhibited a good correlation to pseudo-
second-order model and adsorption process was controlled by
a chemical reaction with three diffusion stages. The isotherm
data were in accord with Freundlich model with maximum
capacities of 641.0 mg g�1 at 298 K and pH of 8, substantially
higher than many similar materials. Thermodynamic data dis-
played an exothermic and spontaneous adsorption process.

Hg2+ can form –SH–Hg+ with the mercapto group or
complexes with/without electrostatic attraction. Furthermore,
aer adsorption, CoFe2O4@SiO2–SH MNPs can be collected
from water at a low magnetic eld gradient, which helps to
prevent secondary pollution and reduce the costs of water
treatment. In general, CoFe2O4@SiO2–SH MNPs is an economy
and efficient material with great potential to remove mercury
from water.
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