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ABSTRACT

In this study, the property of 3-aminopropyltriethoxysilane modified graphite nanosheets
(GNS) decorated with Fe3O4 nanoparticles (Fe3O4-GNS-NH2 hybrids) for adsorption of Hg
(II) in aqueous solution were evaluated by batch methods. The adsorption mechanism was
also studied by X-ray photoelectron spectroscopy. The effect of factors, such as pH, contact
time, initial concentration of Hg(II) and the GNS content (wt.%) for Fe3O4 in Fe3O4-GNS-
NH2 hybrid materials on Hg(II) removal were investigated. The equilibrium data were
analyzed using the Langmuir and Freundlich isotherm models. The pseudo-first-order
adsorption and the pseudo-second-order adsorption models were used to fit kinetics
experimental data. The results showed that the main adsorption mechanism for Hg(II) was
the formation of N-metal ions chemical complex, the solution pH value had a major impact
on Hg(II) adsorption with optimal removal observed around pH 4.0–6.0, the Langmuir
isotherm model was found to be suitable for the Hg(II) adsorption and the adsorption
kinetic followed the pseudo-second-order equation for Fe3O4-GNS-NH2 hybrid materials.
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1. Introduction

Concerning health and environmental problems,
water pollution represents major challenges facing the
global society [1]. Mercury is one of the most toxic
contaminants affecting the environment. It gradually
bioaccumulates in the aquatic environment and finally
reaches the human being through food chains (mainly
fish) causing various neurological disease and disor-
ders [2]. Therefore, removal of mercury in water and
wastewater is important. Among several methods for
the removal of heavy metals from solutions such as

membrane separation, filtration, chemical oxidation or
reduction, evaporative recovery, ion exchange
and reverse osmosis, lime precipitation, electroplating
[3–10], adsorption technique proves to be one of the
most efficient methods of cleaning the environment of
heavy metal pollutant. Magnetic loaded adsorbent
materials with high separation efficiency, simple
manipulation process, kind operation conditions and
easy specifically functional modifications have recently
received increasing attention for heavy metal removal
from aqueous media [11–19].

Graphene, a single two-dimensional layer of
carbon atoms bonded together in the hexagonal graph-
ite lattice, is a rising star in the material science and
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technology because of its excellent characters includ-
ing high values of Young’s modulus, fracture strength,
thermal conductivity, specific surface area and fasci-
nating transport phenomena, etc. [20]. These combina-
tions of extraordinary physical properties provide
such new materials a wide range of potential applica-
tions in many technological fields [21]. In recent years,
graphene-based materials have been studied as the ab-
sorbents for removal of heavy metal ions from aque-
ous solution [22,23]. Fang et al. [24] demonstrated the
use of amination graphene oxide (GO-NH2) nano-
sheets for Co (II) ions removal. However, the exten-
sive use of graphene-based materials has been heavily
hindered by their exorbitant price. In our previous
studies [25], graphite nanosheets (GNS i.e. multilayer
graphene oxide) with a promising low cost alternative
to others graphene-based materials were prepared. As
we all known, Fe3O4 nanoparticles have been widely
utilized in biological and environmental applications
due to they have low toxicity, high bio-compatibility
and considerably high saturation magnetization. On
account of multifunctional hybrid materials that take
advantages of both the unique properties of graphene
and the functional materials, Fe3O4-GNS hybrid mate-
rials were synthesized by an inverse coprecipitation
method [25]. Considering that the Fe3O4-GNS hybrid
materials had a flexible interleaved structure, a large
specific surface area, good thermal stability, high mag-
netic sensitivity and allow the rapid separation of tar-
get molecules from the medium by applying an
appropriate magnetic field, the amino functionaliza-
tion of the materials with 3-aminopropyltriethoxysi-
lane (APTES) were used as adsorbents for the removal
of Hg(II) from aqueous solution in this work.

2. Experiment

2.1. Materials

Natural flake graphite (NFG) 50 BS mesh, with the
purity of 99wt% was supplied by ShanDong Qingdao
Tianhe Graphite Company (China). All the other
materials were obtained from Tianjin Guangfu Fine
Chemical Research Institute (China), used as received
without any further purification.

2.2. Characterization

The X-ray photoelectron spectroscopy (XPS) analysis
was carried out on an ESCALAB210 instrument at a
pressure greater than 10−6 Pa. The general scan C1s, O1s,
N1s, Fe2p and Hg4f core level spectra were recorded
with unmonochromatized MgKα radiation (photon
energy: 1,253.6 eV). A thermostat oscillator (Hai Sheng

Da HQD 150 L) was used for shaking all of the solutions.
The concentrations of Hg(II) in aqueous solution
were determined using a PERSEE TU-1810 UV–vis
spectrophotometer by monitoring the absorbance at
610 nm. The pH of solutions was determined using a
HANNA pHmeter.

2.3. Adsorbents preparation

Fe3O4-GNS-NH2 were synthesized according to
our previous work [25]. Firstly, NFG was treated by
oxide intercalation, thermal expansion and sonication
exfoliation to produce GNS. Secondly, GNS decorated
with Fe3O4 nanoparticles were synthesized by an
inverse coprecipitation method with a given amount
of GNS, 40 mL of 0.5M NaOH aqueous solutions, 60
mL of ethanol aqueous solution (1/1, v/v) containing
0.002 mol FeSO4·7H2O and 0.004 mol FeCl3·6H2O to
obtain Fe3O4-GNS. Lastly, Fe3O4-GNS were modified
with APTES. The obtained products were denoted as
Fe3O4-GNS-NH2.

2.4. Adsorption experiments

Hg(II) adsorption on Fe3O4-GNS-NH2 hybrids
were performed in batch experiments. The experimen-
tal Hg(II) aqueous solutions (5–300 mg/L) were pre-
pared by diluting the stock solution of Hg(II)
(1,000 mg/L) that was prepared by dissolving an accu-
rately weighed amount of mercuric chloride (HgCl2)
in distilled water. For batch tests, a given amount of
Fe3O4-GNS-NH2 hybrids (0.1 g) were added into
HgCl2 aqueous solution (50 mL) at a known concen-
tration, constant temperature of 30˚C and constant rate
150 rpm in a thermostat oscillator under dark environ-
ment. After a desired period of adsorption, the Fe3O4-
GNS-NH2 hybrids adsorbed Hg(II) were removed out
applying a magnetic field and the Hg(II) content in
the residual solution was measured by UV–vis using
rhodamine 6G [26]. The sorption capacity of Hg(II)
onto the Fe3O4-GNS-NH2 hybrids was calculated
according to the equation as given below:

Q ¼ ðC0 � CÞ V
W

(1)

where Q is the sorption capacity of Hg(II) on Fe3O4-
GNS-NH2 hybrids (mg g−1), C0 and C is the initial and
outlet concentration of Hg(II) in solution (mg L−1),
respectively, V is the volume of the Hg(II) solution (L)
and W is the mass of the Fe3O4-GNS-NH2 hybrids (g)
used.
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The initial pH value of Hg(II)-containing aqueous
solution was carefully adjusted between 2 and 7 with
0.1 M HCl or 0.1 M NaOH before the adsorption
experiments and not controlled during the adsorption
process. Two linearized adsorption models of Frund-
lich and Langmiur isotherms were applied to analyze
adsorption equilibrium. The adsorption kinetics of
Fe3O4-GNS-NH2 hybrids for Hg(II) were studied by
using the pseudo-first-order and pseudo-second-order
kinetic equations.

3. Result and discussion

3.1. Adsorption mechanism

XPS spectra of both survey and high-resolution
scans for the key elements on Fe3O4-GNS-NH2 hybrids
before and after Hg(II) adsorption (Fig. 1) were inves-
tigated to gain adsorption mechanism.

In Fig. 1(a), the element contents (C 1s, N 1s, O 1s
and Fe 2p) on Fe3O4-GNS-NH2 hybrids were demon-
strated by XPS surface analysis. From Fig. 1(b), it can be
clearly seen that a new peak for Hg 4f became visible for
Fe3O4-GNS-NH2 hybrids after Hg(II) adsorption, sug-
gesting the successful adsorption of mercury on the sur-
face of Fe3O4-GNS-NH2 hybrids. Fig. 1(c) shows that the
colour of the Hg(II)-containing rhodamine 6G aqueous
solutions (Fig. 1(cB)) before Fe3O4-GNS-NH2 hybrids
adsorption was distinct difference from the rhodamine

6G aqueous solutions (Fig. 1(cR)). After Fe3O4-GNS-NH2

hybrids adsorption, the colour of the Hg(II)-containing
rhodamine 6G aqueous solutions (Fig. 1(dA)) was
very close to the rhodamine 6G aqueous solutions
(Fig. 1(dR)), which further indicated that the Fe3O4-GNS-
NH2 hybrids for Hg(II) removal was very effective.

Fig. 1(e) shows the high resolution XPS Hg4f spec-
tra of the Fe3O4-GNS-NH2 hybrids after Hg(II) adsorp-
tion. A pair of doublet-peaks appeared, which could
be assigned to Hg4f 5/2 and Hg4f 7/2 with binding
energies at 104.8 and 100.8 eV, respectively. These
peaks were decomposed into only one component
which could be assigned to be adsorbed Hg2Cl2 [11].
Previous literature [27] reported that the binding
energy of Hg4f 7/2 of the most appropriate reference
compounds are as follows: 101.4 eV (HgCl2), 108.0 eV
(HgO) and 99.8 eV (Hg metal). For Fe3O4-GNS-NH2

hybrids, it is possible to assume that the adsorbed
mercury species is only in Hg2Cl2 form. This might be
because Hg(II) had been completely reduced to Hg(I)
which combined free chloride ions in solution to form
Hg2Cl2. The reduction reaction might happen via elec-
tron transport. Furthermore, after the adsorption of
Hg(II), the binding energy of N1sa was increased from
401.42 to 405.77 eV (Table 1). This shift can also be
attributed to the protonation of nitrogen sites which
were submitted to a charge transfer from amino sites
to mercury. It might be due to the formation of
N-metal ions [28]. From the XPS analysis, it could be

Fig. 1. The survey XPS spectra of Fe3O4-GNS-NH2 hybrids before (a) and after (b) Hg(II) adsorption, the Digital photo of
rhodamine 6G aqueous solutions (cR, dR) and Hg(II)-containing rhodamine 6G aqueous solutions using Fe3O4-GNS-NH2

hybrids before (cB) and after (dA) adsorption, the Hg4f XPS spectra of Fe3O4-GNS-NH2 hybrids after Hg(II) adsorption (e).
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concluded that the amine groups was involved in Hg
(II) adsorption. The main adsorption mechanism for
Hg(II) was complexation.

Meanwhile it can be seen from Table 1 after Hg(II)
adsorption, O1s content increased from 26.28 to 35.52
atom% and Fe2p content also increased from 4.69 to
10.89 atom%. These results are mainly due to the dissi-
pation of APTES which was entrapped not bonded on
Fe3O4-GNS hybrids in the process of adsorption.

3.2. Adsorption of Hg(II)

3.2.1. The contribution of GNS in the Fe3O4-GNS-NH2

hybrids for Hg(II) adsorption

In order to investigate the adsorption capacity con-
tribution of GNS, the different mass ratios (GNS to
Fe3O4) were prepared and used to adsorb Hg(II),
respectively. Fig. 2 shows the adsorption results, with
the increase of the GNS in the hybrids, the adsorbed

Hg(II) amount per unit mass of the hybrids increases
firstly and then decreases. This phenomenon can be
explained by further understanding the characters of
Fe3O4-GNS-NH2 hybrids used in the study. According
to our previous report [25], GNS possess an open por-
ous system and a flexible interleaved structure which
play a “flexible confinement” function to enwrap
Fe3O4 particles and prevent the agglomeration of pul-
verized Fe3O4. Meanwhile, Fe3O4 particles separate
GNS and prevent their restacking. With the increase
of the GNS, the pore structure and surface area
increase in the Fe3O4-GNS-NH2 hybrids which could
provide large numbers of adsorption sites for Hg(II).
When GNS content is excessive, the dispersity of GNS
decreases in the hybrids which reducing the accessible
surface area and resulting in the sorption capacity
decreases.

3.2.2. Effect of pH

The effect of solution pH on the adsorption Hg(II)
of Fe3O4-GNS-NH2 hybrids from aqueous solutions
was investigated in the pH ranges of 2.0–7.0 at 30˚C
for 24 h as shown in Fig. 3.

The extractability of the cations from the solution
phase is pH dependent because of its effect on the
solubility of the metal ions, concentration of the counter
ions on the functional groups of the adsorbent and the
degree of ionization of the adsorbate during reaction
[29]. It can be observed from the results that the
adsorption capacity of Hg(II) increased enormously
with increasing the pH value from 2.0 to 4.0, and
reached a plateau value with pH range from 4.0 to 6.0,
and then decreased at pH 7.0. A similar phenomenon
was observed by Ma et al. [30]. Adsorption capacity
may be affected both by species of Hg(II) and the acces-
sibility to the binding sites. As reported [31,32], in the
presence of Cl−, the dominant Hg(II) species is Hg
(OH)+ and Hg(OH)2 at pH > 4.0 and HgCl2 at pH < 3.0.
Compared with Hg2+(aq) species of relatively larger
hydrated sizes, Hg(OH)+ and Hg(OH)2 species has

Table 1
Distribution of elements species on Fe3O4-GNS-NH2 before and after Hg(II) adsorption

Element Peak BE (eV) Fe3O4-GNS-NH2 (at%) Fe3O4-GNS-NH2-Hg (at%)

Hg4f 100.78 – 1.979
C1s 285.00 29.21 25.49
O1s 531.32 26.28 35.52
Fe2p 710.79 4.69 10.89
N1s 399.7 1.45 0.36
N1sa 401.42 0.91 –
N1sa 405.77 – 1.145

Fig. 2. Effect of the different GNS content (wt%) for Fe3O4 in
Fe3O4-GNS-NH2 hybrids on the adsorption Hg(II) amount
of the hybrids from aqueous solutions (C0: 50 mg/L, 30˚C,
and pH 6).
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higher affinity to nitrogen-containing binding sites
[11,33]. Therefore, the adsorption capacity stayed high
at pH 4.0–6.0.

Additionally, above results could also be explained
by zeta potential indicated in Fig. 4. It was obvious
that zeta potentials of the Fe3O4-GNS-NH2 hybrids
decreased with increasing pH, which indicated that
the surface of Fe3O4-GNS-NH2 hybrids is positively
charged in the pH ranges. At low pH, large number
of H+ protonated the amino groups on the surface of
Fe3O4-GNS, the transformation of NH2 into NHþ

3

made the electrostatic attraction between Fe3O4-GNS-
NH2 hybrids and heavy metal ions was relatively
weak. With the pH increasing, the number of positive

charges on Fe3O4-GNS-NH2 hybrids decreased and
the repulsion between heavy metal ions and positive
charge on Fe3O4-GNS-NH2 hybrids weakened, the
chelating ability of amino groups toward heavy metal
ions strengthened, which contributes to the increase of
the adsorption capacity of Fe3O4-GNS-NH2 hybrids
for heavy metal ions. Further increasing the pH 7.0
decreased the adsorption, possibly due to the fact that
Hg(OH)2 species formed at pH 7.0 have a higher
formation constant and can steadily stay in the
equilibrium solutions.

3.2.3. Effect of contact time

The effect of contact time on the adsorption Hg(II)
amount of Fe3O4-GNS-NH2 hybrids from aqueous
solutions was investigated. The adsorption data for
Hg(II) uptake vs. contact time for a fixed adsorbent
amount are shown in Fig. 5. It was observed that the
initial rate was very rapid within the first few hours
and slowed down gradually with approaching
equilibrium. The results show that the adsorption Hg
(II) amount of Fe3O4-GNS-NH2 hybrids tends to
equilibrium with 12 h of contact time.

3.2.4. Effect of initial Hg(II) concentration

The effect of the initial Hg(II) concentration on the
adsorption Hg(II) amount of Fe3O4-GNS-NH2 is
shown in Fig. 6. The results showed that with the
increase of initial concentration, the adsorption capac-
ity at equilibrium time was promoted by the increased
drive force which attributing to the concentration

Fig. 3. Effect of solution pH on the adsorption Hg(II) of
Fe3O4-GNS-NH2 hybrids from aqueous solutions (contact
time: 24 h, 30˚C, C0: 100 mg/L).

Fig. 4. Effect of aqueous solution pH on Zeta potentials of
Fe3O4-GNS-NH2 hybrids.

Fig. 5. Effect of contact time on the adsorption Hg(II)
amount of Fe3O4-GNS-NH2 hybrids from aqueous
solutions (30˚C, pH 6 and C0: 200 mg/L).
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variance of Hg(II) between solution and the hybrids.
The experimental results demonstrate that the initial
Hg(II) concentration plays an important role in the
adsorption of Hg(II).

3.2.5. Adsorption isotherm of Hg(II)

The adsorption equilibrium is usually described by
an isotherm equation which expresses the relationship
between metal ions adsorbed onto the adsorbent and
metal ions in the solution and further demonstrates
the surface properties and affinity of the adsorbent.
Both the Langmuir and the Freundlich equations were
used to describe and analyze the sorption isotherm of
Hg(II) by Fe3O4-GNS-NH2 hybrids, which are
expressed as follows [34,35]:

Ce

Qe
¼ 1

KLQmax
þ Ce

Qmax
(2)

InQe ¼ InKF þ 1

n
InCe (3)

where Qe and Qmax are the equilibrium adsorption
capacity (mg g−1) and maximum adsorption capacity
(mg g−1), respectively, Ce is the concentration of Hg(II)
at equilibrium time (mg L−1), KL is Langmuir constant
(Lmg−1), KF (mg g−1) and n are Freundlich constants.

The calculated correlation coefficients (R) and
parameters of Langmuir and Freundlich model were
listed in Table 2. As seen from Table 2, the Langmuir
model gave the higher R values (0.9992) than

Freundlich model (0.8573) at the studied temperature,
showing that the Langmuir model describe the experi-
ment data more precisely than the Freundlich model.
According to the literature [36], the basic assumption
of the Langmuir theory is that uptake of metal ions
occurs on a homogenous surface by monolayer
adsorption without any interaction between adsorbed
ions that is all the adsorption sites have equal adsor-
bate affinity and that the adsorption at one site does
not affect the adsorption at an adjacent site. The
results confirmed the formation of a monolayer of
mercury ions on the surface of Fe3O4-GNS-NH2

hybrids. In addition, the adsorption capacity (Qmax) of
Fe3O4-GNS-NH2 hybrids for Hg(II) was obtained as
96.15 mg/g which was higher than some Qmax values
of other sorbents reported by literatures (Table 3).

A further analysis of the Langmuir equation, the
essential feature of the Langmuir adsorption can be
expressed by means of RL [37]. RL is a dimensionless
equilibrium parameter for predicting whether an
adsorption system is favorable or unfavorable which
is given by:

RL ¼ 1

1þ KLC0
(4)

where C0 is the initial Hg(II) concentration (mg L−1)
and KL is Langmuir constant (Lmg−1). The value of
RL reveals the nature of the adsorption process: the
value of RL lies between 0 and 1 for a favorable
adsorption, RL> 1 represents an unfavorable adsorp-
tion, RL= 1 shows the linear adsorption, and the
adsorption operation is irreversible if RL= 0.

In our study, the calculated RL values for the
adsorption on the Fe3O4-GNS-NH2 hybrids at initial
concentration range from 5 to 300 mg L−1. According
to the value of KL listed in Table 2, the RL values
obtained are between 0 and 1, indicating the adsorp-
tion is favorable.

3.2.6. Adsorption kinetics of Hg(II)

The pseudo- first order adsorption and the
pseudo-second-order adsorption [38–41] were used to
fit kinetics experimental data, in order to investigate
the controlling mechanism involved in the removal of
heavy metals, such as mass transport and the chemical
reaction process. The above two kinetics equations are
described as:

logðQe �QtÞ ¼ logQe � k1t

2:303
(5)

Fig. 6. Effect of initial Hg(II) concentration on the adsorp-
tion Hg(II) amount of Fe3O4-GNS-NH2 hybrids from aque-
ous solutions (30˚C, pH 6).
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t

Qt
¼ 1

K2Q2
e

þ t

Qe2
(6)

where Qt and Qe are the adsorption capacity (mg g−1)
at various time t and equilibrium time, k1 and k2 are
the pseudo-first-order rate constant (min−1) and
pseudo-second-order rate constant (g mg−1 min−1).

The calculated parameters and correlation coeffi-
cients (R) of the above described kinetics equations
are given in Table 4. From Table 4, it can be seen that
the adsorption data is well fitted by pseudo-second-
order kinetic with a much higher correlation coeffi-
cient (0.9912) than the pseudo-first-order kinetic. The
results suggested that metal ions sorption by Fe3O4-
GNS-NH2 hybrids can be explained by the pseudo-
second-order mechanism which further revealed that
the process controlling the rate was a chemical sorp-
tion. The results are consistent with the XPS analysis,

which the main adsorption mechanism of metal ions
sorption by Fe3O4-GNS-NH2 hybrids was the forma-
tion of N-metal ions chemical complex.

4. Conclusions

(1) Amino-functionalized graphite nanosheets
decorated with Fe3O4 nanoparticles were suc-
cessfully used as adsorbent for the removal of
Hg(II) from aqueous solution with pH range
from 4.0 to 6.0.

(2) The results of XPS analyses indicated that Hg
(II) was completely reduced to Hg(I) via
electron transport from amino sites of the
Fe3O4-GNS-NH2 to mercury, which was the
formation of N-metal ions chemical complex
in the adsorption process.

Table 2
The Langmuir and Freundlich equations, the values of parameters and correlation coefficients (20˚C, pH 6)

Models Constants R Equations

Langmuir Qmax (mg/g) 96.15 0.9992 Ce
Qe

¼ 0:0145þ 0:0104Ce

KL (L/mg) 0.7172
Freundlich KF× 10−3 ((L/mg)1/n) 4.3627 0.8573 InQe ¼ 1:4731þ 0:4282 InCe

n (mg/L) 2.335

Table 3
Comparison of Hg(II) adsorption capacity of Fe3O4-GNS-NH2 with other sorbents

Sorbent Qmax (mg /g) Temperature (℃) Initial pH References

PS 1.90 25 3.0 [17]
MPS 30.72 25 3.0 [17]
Activated carbon 60 25 6.0 [15]
Magnetically modified yeast cells 93 25 6.0 [16]
Fe3O4-GNS-NH2 96.15 20 6.0 Present work

Table 4
The adsorption kinetic model rate constants for Hg(II) on Fe3O4-GNS-NH2 hybrids at initial Hg(II) concentrations of
100 mg/L (20˚C, pH 6)

Models Initial concentration Constants R Equations

Pseudo- first order 100 mg/L k1 (L/min) 0.072 0.8503 logðQe �QtÞ ¼ 0:9441� 0:0311t
Qe (Cal) (mg/g) 8.79

Pseudo- second order 100 mg/L k2 (g/mg min) 1.324 0.9992 t
Qt

¼ 0:0200tþ 0:05
Qe (Cal) (mg/g) 50.00
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(3) The Langmuir isotherm model was found to
be suitable for the Hg(II) adsorption and the
adsorption kinetic followed the pseudo-sec-
ond-order equation for Fe3O4-GNS-NH2

hybrids, which revealed that the adsorption
process was a chemical sorption by the forma-
tion of a monolayer of mercury ions on the
surface of Fe3O4-GNS-NH2 hybrids.
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