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Abstract
In this work, biochar (BC), activated carbon (AC), and graphene oxide (GO) were thiol-functionalized using 3-
mercaptopropyltrimethoxysilane (3-MPTS) (named as BCS, ACS, and GOS, respectively). BCS, ACS, and GOS were synthe-
sized mainly via the interaction between hydrolyzed 3-MPTS and surface oxygen-containing functional groups (e.g., –OH, O–
C=O, and C=O) and π-π interaction. The materials before and after modification were characterized and tested for mercury
removal, including sorption kinetics and isotherms, the effects of adsorbent dosage, initial pH, and ionic strength. Pseudo-second-
order sorption kinetic model (R2 = 0.992~1.000) and Langmuir sorption isotherm model (R2 = 0.964~0.998) fitted well with the
sorption data of mercury. GOS had the most –SH groups with the largest adsorption capacity for Hg2+ and CH3Hg

+ (449.6 and
127.5 mg/g), followed by ACS (235.7 and 86.7 mg/g) and BCS (175.6 and 30.3 mg/g), which were much larger than GO (96.7
and 4.9 mg/g), AC (81.1 and 24.6 mg/g), and BC (95.6 and 9.4 mg/g). GOS and ACS showed stable mercury adsorption
properties at a wide pH range (2~9) and ionic strength (0.01~0.1 mol/L). Mercury maybe removed by ligand exchange, surface
complexation, and electrostatic attraction.
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Introduction

With the advancement of urbanization, industrial activities,
and agricultural activities, mercury pollution in water environ-
ment has become a quite severe environmental issue and
threatened public health over the world (Yu et al. 2015). The

Hg limits by US Environmental Protection Agency (USEPA)
were 10 μg/L for wastewater discharge and 2 μg/L for drink-
ing water, respectively (Tan et al. 2016). Hg2+ is the most
primary inorganic form of mercury in water environment
which can damage immune system, kidneys, and brain (Li
et al. 2014). Furthermore, Hg2+ has great fluidity and tends
to be soluble in lipids and can be converted into more toxic
organic mercury (e.g., CH3Hg

+) through the accumulation in
sulfate-reducing bacteria, iron-reducing bacteria, methano-
genic archaea, and aquatic organisms in wetland or anoxic
sediments (Huang et al. 2017; Kanzler et al. 2018; Wang
et al. 2016). How to efficiently remove aqueous Hg2+ and
CH3Hg

+ has been an urgent problem (Liu et al. 2017; Song
et al. 2018; Xu et al. 2018; Yu et al. 2015).

Adsorption is an effective and widely used method for the
remediation of mercury-contaminated water with many ad-
vantages, such as its low cost, ease of operation, and simplic-
ity of design (Hakami et al. 2012; Song et al. 2018; Tang et al.
2016; Xu et al. 2018). Various adsorbents such as biochar,
activated carbon, metal oxides, fly ash, carbon nanotube,
and graphene oxide have been investigated for the removal
of mercury (Inyang et al. 2014; Kumar et al. 2013a; Lee et al.
2015; Oztürk and Kavak 2005). Among them, the carbon-
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based materials have high development potential due to high
mechanical strength, stable properties, large specific surface
area, abundant functional groups, porous properties, low cost,
and environmental friendliness (Qin et al. 2018; Yu et al.
2015). However, the carbon-based materials showed weak
binding ability and limited adsorption capacity for aqueous
Hg2+ and CH3Hg

+ (Gąsior and Tic 2016; Nuengmatcha
et al. 2015; Zhang et al. 2005).

Hg2+ and CH3Hg
+ was preferentially bonded to thiol groups

(–SH) compared to –OH, –COOH, and –NH2 functional
groups, forming stable complexes (Huang et al. 2018a, b; Liu
et al. 2018). And the thiol-functionalization was reported can
improve the selectivity and adsorption capacity of Hg2+ and
CH3Hg

+ (Krishna Kumar et al. 2016; Nuengmatcha et al.
2015). For instance, the thiol-functionalized graphene oxide/
Fe-Mn composite (SGO/Fe-Mn) demonstrated large Hg2+ and
CH3Hg

+ sorption capacity (233.17 and 36.69 mg/g), which
were respectively 6 and 3 times that of unmodified materials.
SGO/Fe-Mn also demonstrated high selectivity for mercury
uptake in simulated surface water/groundwater and in the pres-
ence of Pb, Cu, Ni, Sb, Cd, and Zn (Huang et al. 2018a). Yu
et al. (2016) also found similar conclusions, in the presence of
coexisting ions such as Mn, Cu, Pb, Co, and Ni, thiol-
functionalized polysilsesquioxanes can selectively adsorb mer-
cury. Nuengmatcha et al. (2015) reported that the thiol-
functionalized graphene oxide was an efficiently adsorbent for
Hg2+, and the maximum adsorption capacity was 80.65 mg/g at
pH 6.6, which was about 3 times higher than that of graphite
(22.94 mg/g). 3-Mercaptopropyltrimethoxysilane (3-MPTS)
was a widely used complexing silane coupling agent for thiol-
functionalization (Huang et al. 2017; Krishna Kumar et al.
2016). The hydrolyzed 3-MPTS could form a strong interfacial
adhesion with oxygen-containing groups (e.g., hydroxyl, car-
boxyl, and carbonyl) on the surface of the materials and graft –
SH groups on the surface or the inner wall of the channel
(Huang et al. 2017, 2018a, b; Xiao et al. 2013). Huang et al.
(2017) prepared thiol-functionalized GO/Fe-Mn composite
(SGO/Fe-Mn) via three different methods, i.e., acid method,
neutral method, and ammonium hydroxide method, and the
results showed that the SGO/Fe-Mn which synthesized by am-
monium hydroxide method had the most –SH groups, the most
negative charges.

Several previous studies demonstrated that carbon-based
materials such as biochar (BC), activated carbon (AC), and
graphene oxide (GO) had high development potential but with
different structure and physicochemical properties, and limit-
ed adsorption capacity for mercury (Kazemi et al. 2016;
Krishna Kumar et al. 2016; Liu and Zhang 2009; Stafiej and
Pyrzynska 2007). Thiol-functionalization is obviously a meth-
od for carbon-based materials to effectively improve mercury
adsorption performance, and the systematic study on the re-
moval of both inorganic and organic mercury was of great
significance. In this work, three typical carbon-based

materials, i.e., BC, AC, and GO, were thiol-modified by am-
monium hydroxide method using 3-MPTS, and the removal
of aqueous Hg2+ and CH3Hg

+ was tested. The specific objec-
tives were to (1) prepare and characterize three thiol-
functionalized carbon-based materials (BCS, ACS, and
GOS), and clarify the formation mechanisms; (2) compare
the sorption behavior and removal capacity of Hg2+ and
CH3Hg

+ by thiol-modified and raw carbon-based materials;
(3) examine the effects of adsorbent dosage, initial pH, and
ionic strength onHg2+ and CH3Hg

+ adsorption; and (4) clarify
the possible removal mechanisms of Hg2+ and CH3Hg

+.

Materials and methods

Chemicals and materials

All chemicals used in this study were of analytical grade or
higher. Mercury nitrate (HgNO3) standard solution (1000 mg
Hg/L ± 0.3% dissolved in 2% HNO3) and methylmercury
chloride (CH3HgCl) (97%) were provided by ANPEL
Laboratory Technologies Inc. (Shanghai, China). 3-MPTS
(97%) was purchased from J&K Scientific (Beijing, China).
GO (98%) was provided by Tianjin Ailian Electronic
Technology Co., Ltd. (Tianjin, China). AC was provided by
Shanghai Mylar Chemical Technology Co., Ltd. (Shanghai,
China). All solutions were preparedwith deionized (DI) water.
BC was prepared from sawdust (Tianjin, China) pyrolyzed at
300 °C (Huang et al. 2018b). The details are present in the
supplementary materials (SM).

Preparation of thiol-functionalized carbon-based
materials

Three thiol-functionalized carbon-based materials were pre-
pared by a revised approach named ammonium hydroxide
method (He et al. 2012; Huang et al. 2017) (Fig. S1).
Simply, 6.0 g BC, AC, and GO were respectively dispersed
into a mixture solution of ethanol (228.0 mL) and H2O
(7.2 mL). Subsequently, 4.8 mL 3-MPTSwas gradually added
to the mixture drop by drop (N2 atmosphere). After being
stirred for 6 h, the pH of mixture was adjusted to ~ 10 by
NH3·H2O (N2 atmosphere) and continuously reacted for an
additional 24 h. The final products were washed 3 times with
ethanol to remove unbound 3-MPTS. After freeze-drying un-
der vacuum for 48 h, the thiol-functionalized carbon-based
materials (BCS, ACS, and GOS) were obtained.

Characterization

The specific surface area was examined by the BET N2 ad-
sorption method (ASAP2460, Micromeritics, Atlanta, USA).
Fourier transform infrared (FTIR) was carried out by an FTS-
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6000 spectrometer (Bio-Rad, CA, USA) to characterize the
functional groups of materials with the wave number range
of 4000 to 400 cm−1 at a resolution of 4 cm−1. Zeta potential
was determined by a Malvern Zeta sizer Nano ZEN3690
Instrument (Malvern Instruments, Worcestershire, UK). The
pH value was examined by a pH meter (PB-10, Sartorius,
Goettingen, Germany). X-ray diffractometer (XRD) analysis
was carried out using D/max-2500 (Rigaku, Tokyo, Japan)
and scanned from 5° to 80° (2θ). Surface elemental composi-
tion of samples was analyzed by X-ray photoelectron spec-
troscopy (XPS) using a PHI-5000 Versaprobe II spectrometer
(ULVAC-PHI, Chigasaki, Japan). Scanning electron micro-
scope (SEM) (JSM-7800, Rigaku, Tokyo, Japan) was used
to determine the morphology of the carbon-based materials.
The thermal stability of the samples was examined by a TG-
209 thermal analyzer (NETZSCH, Freistaat Bayern,
Germany) with a N2 flow rate of 20 mL/min and a heating
rate of 10 °C/min.

Mercury sorption tests and analytical methods

Hg2+ and CH3Hg
+ sorption tests (sorption kinetics and iso-

therms, the effects of adsorbent dosage, initial pH, and ionic
strength on mercury sorption) by unmodified materials (BC,
AC, and GO) and thiol-functionalized materials (BCS, ACS,
and GOS) were carried out in sealed 28-mL PTFE bottles. The
vials were sealed and placed in an incubator shaker (HNY-
2102C, Honour Instrument Co. Ltd., Tianjin, China) at
150 rpm and 25 °C. After the reaction, the mixtures were
immediately filtered through 0.22-μm PTFE filters, and the
filtrates were determined for aqueous Hg2+ and CH3Hg

+ by
atomic fluorescence spectrometer (AFS-830, Titan
Instruments, Beijing, China) following the Environmental
Protection Standards of People’s Republic of China (HJ694-
2014) (Huang et al. 2017; Lin et al. 2016). The blank exper-
iments were carried out in the absence of adsorbents under the
same conditions, and the loss of mercury during the experi-
ments was < 5%.

The adsorption kinetics were conducted with an initial con-
centration of 5 mg/L (Hg2+) and 1 mg/L (CH3Hg

+) with an
adsorbent dosage of 40mg/L. At different time intervals (0.08,
0.17, 0.5, 1, 2, 4, 6, 9, 24, and 48 h), the remaining aqueous
Hg2+ and CH3Hg

+ was measured. In all cases, the initial pH
was adjusted to 7.0 ± 0.1, 0.01 mol/L NaNO3 was added to
keep a constant ionic strength (Hakami et al. 2012).
According to the result, the reaction time was identified as
48 h.

For the adsorption isotherm experiments, the initial con-
centrations of Hg2+ and CH3Hg

+ were 1~25 mg/L and
0.1~8 mg/L, respectively, and the reaction time was 48 h.
The remaining conditions were consistent with the adsorp-
tion kinetics.

To evaluate the effects of adsorbent dosage, initial pH, and
ionic strength on Hg2+ and CH3Hg

+ removal, various adsor-
bent dosage (10~50mg/L), initial pH (2~9), and ionic strength
(0.01~0.1 mol/L) were adopted with 5 mg/L Hg2+ or 1 mg/L
CH3Hg

+, and the reaction time was 48 h.

Results and discussion

Characterization

As shown in Table 1, AC had the largest specific surface area
(1423.21 m2/g), which was much higher than that of BC
(1.71 m2/g) and GO (107.02 m2/g). After thiol-modification,
the BET surface area of ACS and GOS decreased to 723.87
and 105.98 m2/g, respectively. The results were consistent
with the previous study (Kazemi et al. 2016; Tang et al.
2018). Compared with ACS and GOS, only the BCS in-
creased (an increase of 2.53 m2/g), it is probably because the
chemical modification could able to clean up pores blocked by
tar particles (Tan et al. 2016). The morphology of materials
before and after modification was examined by SEM images
(Fig. S2). BC and AC had pore structure and GO existed in
slice structure. After modification, the channel of BCS was
cleaner than that of BC, which resulted in the increase of the
BET surface area. ACS still maintained good pore structure,
but the BET surface area decreased, which may be due to the
condensation polymerization of 3-MPTS with the functional
groups on the surface of AC to form some organic substances
and cause part of the pores to be clogged (Xiao et al. 2013).
GOS agglomerated together owing to the bridging effect by 3-
MPTS (Huang et al. 2017). The results of SEM were consis-
tent with the BET analysis.

The XRD patterns are shown in Fig. 1. BC appeared to be a
crystal structure which showed diffraction peaks at 16.6° and
22.0°, the peak at 22.0°, corresponding to a layer-to-layer

Table 1 Porous characterization and elemental ratio (from XPS data) of
raw materials (BC, AC, GO) and thiol-functionalized materials (BCS,
ACS, GOS)

BC AC GO BCS ACS GOS

SBET (m
2/g) 1.71 1423.21 107.02 4.24 723.87 105.98

C (%) 77.43 89.60 61.30 77.36 76.06 62.63

N (%) 0.50 0.27 0.78 0.51 0.24 1.09

O (%) 21.35 9.38 34.89 20.88 16.24 25.25

S (%) 0.05 ND 2.51 0.12 2.99 4.94

Si (%) 0.60 0.75 0.52 1.13 4.47 6.09

O/C 0.28 0.10 0.57 0.27 0.21 0.40

(O+N)/C 0.28 0.11 0.58 0.27 0.22 0.42

ND not deterimend
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distance (d-spacing) of 0.41 nm (Tang et al. 2015), after
functionalization, the structure of BCS was not significantly
changed (Tan et al. 2016). The XRD pattern of AC revealed
no obvious diffraction peaks, which displayed an amorphous
form and was consistent with its high specific surface area.
However, ACS showed an obvious peak appeared at 21.1°,
suggesting that ACS surface bonded a certain amount of si-
lane molecules (Xiao et al. 2013). GO showed a characteristic
peak at 10.6° and 42.3°, while GOS had corresponding peaks
at 11.5°, 20.5°, and 42.8°, and the peak at 11.5° (shifted from
10.6°) and 20.5° were likely a collapse in the d-spacing of the
sheets, which may be due to the bridging effect by 3-MPTS.

The surface functional groups of raw materials and thiol-
functionalized materials are compared in Fig. 2a. For BC and
GO, the peaks at 3417, 2916, 1724, 1612, 1221, and
1039 cm−1 were ascribed to the vibration of –OH, C–H,
C=O of the carboxyl groups (–COO), C=C, C–O–C, and C–
O groups) (Hadavifar et al. 2014; He et al. 2012; Huang et al.
2017; Krishna Kumar et al. 2016; Peng et al. 2018). In com-
parison, the type and quantity of surface functional groups of

AC at the same position were few, which was because ACwas
generally produced at high temperature (~ 600 °C), and the
surface functional groups were burned off, although surface
functional groups can be added to the AC surface through
activation process, the amount of surface functional groups
introduced were still less than that of BC and GO. After thi-
ol-functionalization, the strength of oxygen-containing func-
tional groups (e.g., hydroxyl, carbonyl/carboxyl, and epoxy
groups) on the surface of BCS and GOS was weakened.
These functional groups were the active sites which could
interact with 3-MPTS ligand and involved internal and intra-
molecular hydrogen bonding (Krishna Kumar et al. 2016).
However, the strength of oxygen-containing groups (e.g., C-
O, C-O-C) on the surface of ACS increased slightly, which
may be due to the collapse of the AC surface during the thiol-
modification, resulting in exposure of more functional groups
in the pores. For thiol-functionalized materials, C-S groups
stretching vibration was observed at 693 cm−1. C-Si stretching
band and Si-O plane bending vibration were observed at 1110
and 470 cm−1 (Xiao et al. 2013), respectively, which indicated

Fig. 1 XRD patterns of BC, BCS, AC, ACS, GO, and GOS

Fig. 2 a FTIR spectra, b zeta potential, and c thermo-gravimetric analysis (TGA) of raw materials (BC, AC, GO) and thiol-functionalized materials
(BCS, ACS, GOS)
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that the silane coupling agent (3-MPTS) is successfully
grafted onto the surface of the materials.

The zeta potential of all materials decreased with the in-
creasing of pH in the range of 2~9 (Fig. 2b). The isopotential
points of three rawmaterials were 3.1 mV (BC), 2.8 mV (AC),
and 2.3 mV (GO). Comparedwith unmodified materials, three
modified materials showed lower zeta potential (GOS <GO,
ACS <AC, BCS < BC), which indicated the introduction of –
SH leads to an increase of surface negative charges.

The results of thermo-gravimetric analysis (TGA) are
shown in Fig. 2c. For all these six samples, the mass loss at
temperature below 150 °C was generally ascribed to the loss
of the surface water. The loss of mass from 150 to 250 °Cmay
be due to the thermal decomposition of active oxygen-
containing functional groups (e.g., epoxy, carboxyl, and lac-
tone groups). The loss of weight between 250 and 450 °Cmay
be the cause of decomposition of more stable oxygen-
containing functional groups (e.g., carbonyl and acyl groups),
while the weight loss at temperatures above 450 °C can be
attributed to the pyrolysis of the carbon skeleton (Kumar et al.
2013b; Lv et al. 2013; Lyu et al. 2016). The thermal stability
of three unmodified materials followed the order of AC
(weight loss 42.3%) > BC (weight loss 62.0%) > GO (weight
loss 99.3%), which relating to more functional groups on GO
and BC than AC. After thiol-functionalization, BCS and GOS
showed better thermal stability (weight loss 18.1% for BCS
and 65.7% for GOS), while ACS showed a lower thermal
stabil ity than AC (weight loss 57%). During the
functionalization of BC and GO, the hydrolyzed 3-MPTS
chemically reacted with the oxygen-containing groups to form
a strong covalent bond and had a certain protective effect to
them; thus, lower weight loss was observed at around
120~450 °C (Kumar et al. 2013b). For ACS, the hydrolyzed
3-MPTS was coated on the surface and in the pores and self-
polymerized, which caused the weight loss of ACS is greater
than AC. The results were consistent with FTIR analysis.

Figures S3 and Fig. 3 showed the XPS spectra of raw
materials (BC, AC, GO) and thiol-functionalized materials
(BCS, ACS, GOS). The surface elements including C, N, O,
S and Si were detected (Table 1). The C content of AC
(89.60%) was higher than BC (77.43%) and GO (61.30%),
and O content of AC (9.38%) was much lower than BC
(21.35%) and GO (34.89%). After 3-MPTS modification,
the ratio of O/C and (O+N)/C increased for ACS while de-
creased for BCS and GOS, indicating the decrease of hydro-
phobicity and the increase of polar oxygen-containing func-
tional groups for ACS, which was the opposite for BCS and
GOS. The results were consistent with FTIR and TGA. After
thiol-functionalization, the increase of S and Si contents indi-
cated that 3-MPTS was successfully combined onto the ma-
terials, and GOS combined the most 3-MPTS (4.94% S,
6.09% Si), followed by ACS (2.99% S, 4.47% Si) and BCS
(0.12% S, 1.13% Si).

The peaks of C1s for BC at 284.8, 286.3, and 288.7 eV, for
AC at 283.8, 285.2, and 287.3 eV, and for GO at 284.3, 286.4,
and 288.2 eV were assigned to C–C/C=C, C–O, and O–C=O
(Peng et al. 2018; Shen et al. 2017; Yang et al. 2016), which
were also observed in BCS, ACS and GOS, respectively (Fig.
3a–c). C–C/C=C increased from 57.1% (BC) to 71.2% (BCS)
(shifted by 0.5 eV) and increased from 49.9% (GO) to 69.7%
(GOS) (shifted by 0.2 eV), while decreased from 73.1 (AC) to
69.1% (ACS) (shifted by 0.1 eV). C–O decreased from 39.1
(BC) to 25.6% (BCS) (shifted by 0.3 eV) and from 41.7 (GO)
to 25.5% (GOS) (shifted by 0.2 eV), while increased from
18.4 (AC) to 22.0% (ACS) (shifted by 0.3 eV). O–C=O de-
creased from 3.8 (BC) to 3.2% (BCS) (shifted by 0.7 eV) and
from 8.4 (GO) to 4.8% (GOS) (shifted by 0.2 eV), while
increased from 8.5 (AC) to 8.9% (ACS) (shifted by 0.4 eV).
The results indicated that 3-MPTS were coated on the surface
of BC and GO mainly through oxygen-containing functional
groups (e.g., –OH, C–O, O–C=O), while for AC, quite a part
coating was through π-π interaction due to the decrease of the
intensity of C=C and the increase of the intensity of oxygen-
containing functional groups (Huang et al. 2017).

The S2p (Fig. 3d) binding energy of BCS at 162.9, 164.3,
and 168.1 eV were ascribed to S2p3/2 (–SH), C–S/C=S, and
oxidized sulfur (e.g., thiosulfate, sulfite) (Huang et al. 2017).
For BCS, ACS, and GOS, –SH were 61.4%, 53.2%, and
55.7%; C–S/C=S were 21.4%, 32.6%, and 36.4%; and oxi-
dized sulfur were 17.2%, 14.2%, and 7.9%, respectively,
which indicated that –SH was the main sulfur form in thiol-
functionalized materials. The Si2p (Fig. 3e) binding energy of
BCS at 101.1, 101.9, and 103.3 eV were assigned to Si–O–Si,
C–O–Si, and SiO2 (Carriere et al. 1977; Huang et al. 2017;
Moulder et al. 1979). C–O–Si for BCS (75.9%) was more than
GOS (73.7%) and ACS (62.8%), while Si–O–Si for ACS
(22.2%) was more than GOS (20.0%) and BCS (13.3%),
which was due to the less surface oxygen-containing function-
al groups of AC, caused more self-polymerization of the hy-
drolyzed 3-MPTS. The result was consistent with the oxygen
ratio in Table 1.

The above results indicated that the functional groups of
BC were rich with a small specific surface area and AC had a
large specific surface area but less functional groups.
However, GO had both abundant oxygen-containing function-
al groups and large specific surface area, resulting in the most
coating of 3-MPTS. In addition, hydrolyzed 3-MPTS was
coated onto the surface of BC and GO mainly through
oxygen-containing functional groups; however, quite a part
coating was through π-π band with part ial self-
polymerization of hydrolyzed 3-MPTS for AC.

Adsorption kinetics and isotherms

Adsorption kinetics of Hg2+ and CH3Hg
+ are shown in Fig. 4.

From Fig. 4a, d, Hg2+ sorption onto unmodified adsorbents
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reached equilibrium at about 24 h while the equilibrium time
of Hg2+ adsorption by thiol-functionalized adsorbents short-
ened to 9 h (BCS), 9 h (ACS), and 2 h (GOS). For CH3Hg

+

sorption, the equilibrium time for BC, AC, and GOwere 24 h,
4 h, and 4 h, while it only took 9 h, 4 h, and 2 h for BCS, ACS,
and GOS, respectively. Similar phenomena were observed in
the literature (Taghavi et al. 2015). The results showed the
thiol-functionalized materials had more rapid adsorption ki-
netics for Hg2+ and CH3Hg

+. The Hg2+ and CH3Hg
+ remov-

al efficiency of modified materials was much higher than
raw materials (e.g., the Hg2+ removal efficiency of GOS
was 97.6% at 48 h, while that of GO was only 29.0%).
From the above adsorption kinetic data, 48 h was selected
as reaction time in this study. Pseudo-first-order and
pseudo-second-order (Eqs. (1) and (2) are shown in SM)
were applied to simulate the kinetic data of Hg2+ (Fig. 4b,
c) and CH3Hg

+ (Fig. 4e, f), and the correlation parameters
were shown in Tables S2 and S3.

For all these six adsorbents, pseudo-second-order model
(R2 = 0.992~1.000) fitted better than pseudo-first-order model
(R2 = 0.729~0.993), indicating that the reaction rate was pro-
portional to the number of active sites on materials’ surface

and chemical sorption was the rate-limiting step (Tan et al.
2016). Similar results were found in previous researches
(Kazemi et al. 2016; Tan et al. 2016).

Adsorption isotherms of Hg2+ and CH3Hg
+ by raw and

thiol-functionalized adsorbents are shown in Fig. 5. As can
be seen, the total amount of mercury adsorbed rapidly in-
creased with the initial mercury concentration increasing. It
can be explained that the high mercury concentration caused a
higher driving force for the Hg2+ and CH3Hg

+ ions from the
solution to the adsorbent. Thus, more collisions occurred be-
tween mercury ions and active sites on the adsorbent (Taghavi
et al. 2015). Langmuir and Freundlich models (Eqs. (3) and
(4) are shown in SM) were used to fit the experimental data,
and the correlation parameters are shown in Tables S3 and S4.

For Hg2+ and CH3Hg+, Langmuir model (R2 =
0.964~0.998) fitted the experimental data better than
Freundlich model (R2 = 0.913~0.996) due to the higher R2

values, which indicated mainly monolayer adsorption of
Hg2+ and CH3Hg

+ onto these six adsorbents (Ho et al. 2002;
Tang et al. 2016). Sanchooli Moghaddam et al. (2016) applied
the hybrid error function (HYBRID) and the Marquardt’s per-
cent standard deviation (MPSD) to measure the goodness-of-

Fig. 3 XPS spectra of a–c C1s, d S2p, and e Si2p for BCS, ACS, and GOS
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fit for Langmuir and Freundlich models; the results showed
that R2 value could evaluate the isotherm data well. In this
study, thiol-functionalized materials showed much higher
maximum monolayer adsorption capacity (qm) of Hg2+

(GOS 449.6 mg/g, ACS 235.7 mg/g, BCS 175.6 mg/g) than
that of GO (96.7 mg/g), AC (81.1 mg/g), and BC (95.6 mg/g).
For CH3Hg

+, the qm of thiol-functionalized materials was
127.5, 86.7, and 30.3 mg/g for GOS, ACS, and BCS, which
was greater than that of GO (4.9 mg/g), AC (24.6 mg/g), and
BC (9.4 mg/g). The results indicated that thiol-
functionalization greatly improved the removal efficiency of

aqueous Hg2+ and CH3Hg
+ by carbon-based adsorbents.

Among three thiol-modified carbon-based adsorbents, GOS
offered greatest maximum adsorption capacity for both Hg2+

(449.6 mg/g) and CH3Hg
+ (127.5 mg/g), which was much

higher than some reported adsorbents such as dimercaprol-
vermiculite (qm = 8.57 mg/g for Hg2+) (Tran et al. 2015),
thiol-functionalized γ-AlOOH (qm = 114 mg/g for Hg2+)
(Xia et al. 2017), G-BC (qm = 16.3 mg/g for Hg2+) (Tang
et al. 2015), SGO/Fe-Mn (qm = 43.9 mg/g for CH3Hg

+)
(Huang et al. 2017), and barbital immobilized chitosan (qm-
= 1.00 × 10−2 mg/g) (Kushwaha et al. 2010).

Fig. 4 a, dAdsorption kinetics. b, e Pseudo-first-order model. c, f Pseudo-second-order model. pH = 7, initial Hg2+ = 5 mg/L, initial CH3Hg
+ = 1 mg/L,

NaNO3 = 0.01 mol/L, reaction time = 0.08~48 h, and adsorbent dosage = 40 mg/L

Fig. 5 aHg2+ and b CH3Hg
+ adsorption isotherms. pH = 7, Hg2+ = 1~25 mg/L, CH3Hg

+ = 0.1~8 mg/L, NaNO3 = 0.01 mol/L, reaction time = 48 h, and
adsorbent dosage = 40 mg/L
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Effect of adsorbent dosage

The adsorbent dosage is an important factor to influence the
removal efficiency of heavy metals in aqueous solution, be-
cause it determines the adsorbent–adsorbate equilibrium of
the system (Kazemi et al. 2016). With the increase of adsor-
bent dosage from 10 to 50 mg/L, the Hg2+ removal effi-
ciency increased from 20 to 72.2% for BCS, 39.2 to 98.1%
for ACS, and 73.1 to 97.4% for GOS (Fig. 6a), and the
CH3Hg+ removal efficiency increased from 11.6%,

49.9%, and 83.4% to 63%, 99.6%, and 97% for BCS,
ACS, and GOS, respectively (Fig. 6b). Contrary to removal
efficiency, the adsorption capacity was decreased by increase
of adsorbent dosage from 10 to 50 mg/L. This is expected
because higher dosage resulted in the greater availability of
active adsorption sites (Sanchooli Moghaddam et al. 2016).
The optimum dosage was determined to be 40 mg/L for BCS
and ACS and 20 mg/L for GOS under the conditions of this
work. Forty milligrams per liter was determined to be the
adsorbent dosage of the mercury tests.

Fig. 6 Effect of a, b adsorbent dosage, c, d initial pH, and e, f ionic strength on Hg2+ and CH3Hg
+ removal. Initial Hg2+ = 5 mg/L, initial CH3Hg

+ =
1 mg/L, reaction time = 48 h
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Effect of initial pH

The Hg2+ and CH3Hg
+ sorption capacity firstly increased (pH

< 7) and then reduced slightly (pH > 7) (Fig. 6c, d). And at
pH 7, the sorption capicity reached the maximum (Hg2+ 83.2,
116.0, and 121.7 mg/g for BCS, ACS, and GOS; CH3Hg

+

20.5, 29.7, and 30.9 mg/g for BCS, ACS, and GOS). Under
highly acidic condition, it was not favorable to adsorb Hg2+

and CH3Hg
+ onto the adsorbents owing to the competition

from H+ and H3O
+ in the solution (Tan et al. 2016).

Furthermore, hydroxyl and oxygen-containing groups on the
adsorbent surface could get protonated and become positively
charged which leaded to electrostatic repulsion with Hg2+ and
CH3Hg

+ and resulted in less sorption capacity. With the pH
increasing, the sorption capicity increased, which maybe due
to mercury in the solution converted into more soluble forms
(e.g., HgOH+) (Tang et al. 2016). And the reduction of H+

concentration could promote the formation of S-Hg-S bind
(2R-SH + Hg2+→ RS-Hg-SR + 2H+), which lead to the in-
crease of sorption capacity (Hadavifar et al. 2014; Kazemi
et al. 2016). In alkaline pH, the phenolic hydroxyl and car-
boxyl groups became more deprotonated, which could im-
prove the formation of RCOHg+, RCOOHg+, RCOHgCH3,
etc. However, more Hg2+ and CH3Hg

+ formed unchaged
Hg(OH)2 (aq) (Fig. S4) and CH3HgCl (aq), CH3HgOH (aq)
(Huang et al. 2018a), which resulted in the reduction of elec-
trostatic attraction (Kazemi et al. 2016; Wang et al. 2016).
Therefore, the sorption capicity decreased at alkaline pH. In
addition, BCS was more susceptible to pH than ACS and
GOS, which may be due to the least –SH content and less
negative charges (shown in Fig. 2b).

Effect of ionic strength

In this work, different concentrat ions of NaNO3

(0.01~0.1 mol/L) were added to simulate different ionic
strengths (the background concentrations for Hg2+ and
CH3Hg

+ solutions were 2.5 × 10−5 and 4.7 × 10−6 mol/L, re-
spectively). The sorption capicity of three adsorbents de-
creased with the increasing ionic strength (especially BCS)
(Fig. 6e, f), which may be related to a competitive adsorption
process between mercury and the background electrolyte ions
(e.g., Na+). The presence of coexisting ions in solution may
influence the double-layer thickness and the interface poten-
tial (Tran et al. 2015), and affect the binding with Hg2+ and
CH3Hg

+. Ion exchange may also occur between Na+ (from
NaNO3) and adsorbed mercury cations (Tran et al. 2015; Xu
et al. 2008). In addition, the high ionic strength could weaken
the electrostatic interaction between Hg2+ or CH3Hg

+ and the
deprotonated oxygen-containing groups of the adsorbents. –
SH have stronger affinity and selectivity for mercury than
oxygen-containing groups, compared with BCS, GOS, and
ACS had higher sorption capicity for Hg2+ and CH3Hg

+ over

a wide range of pH and ionic strength duing to more –SH
contents, more negative charges, and the larger specific sur-
face area.

Removal mechanisms of mercury

To explore the removal mechanisms of Hg2+ and CH3Hg
+,

three mercury-laden thiol-modified materials were character-
ized by FTIR, zeta potential, and XPS. As shown in Fig. S5a,
the type of the functional groups of the thiol-functionalized
materials after adsorption did not change much, which indi-
cated the materials still maintain basic framework. After ad-
sorption of Hg2+ and CH3Hg

+, the peaks at 1727 cm−1 (C=O),
1404 cm−1 (O=C–O), 1241 cm−1 (C–O–C), and 1037 cm−1

(C–O) weakened, which may be due to the surface complex-
ation and ligand exchange between the oxygen-containing
groups and mercury (Hg2+ and CH3Hg

+) (Tang et al. 2015;
Xiao et al. 2013). Thiol-modified materials showed negative
charges (− 25.9, − 28.8, and − 40.7 mVat pH 7 for BCS, ACS,
and GOS, respectively), which was beneficial to the electro-
static attraction with mercury cations (e.g., Hg2+ and
CH3Hg

+), and Fig. S5b shows a higher zeta potential after
mercury uptake, indicating that electrostatic attraction was
another important mechanism. Moreover, after the adsorption
of mercury, the zeta potential of ACS increased more than that
of BCS and GOS, for example, at pH ~ 7, the zeta potential of
ACS after adsorption Hg2+ and CH3Hg

+ increased by 17.3
and 20.9 mV, while that of BCS just increased by 4.4 and
4.0 mV, and for GOS, the zeta potential increased by 6.4 and
7.8 mV, which suggested electrostatic attraction played a more
important role in the process of adsorption of Hg2+ and
CH3Hg

+ by ACS. In addition, mercury (Hg2+ and CH3Hg
+)

can form cation-π interaction with sp2 type functional groups
(e.g., C=C and C=O) through electrostatic attraction and po-
larization interaction (And and Dougherty 1997; Huang et al.
2017; Krishna Kumar et al. 2016).

GOS had the most –SH groups and highest mercury ad-
sorption capacity, and the mercury-laden GOS was chosen to
be tested by XPS. The XPS wide scan of GOS before and after
adsorption with Hg2+ and CH3Hg

+ is shown in Fig. S6. As
shown in the survey spectra, the presence of Hg4f confirmed
the adsorption of Hg2+ and CH3Hg

+ on GOS. Figure S6b
shows the C1s spectra of GOS before and after mercury ad-
sorption. After uptake of Hg2+ and CH3Hg

+, C–C/C=C de-
creased from 69.7 to 66.2% (Hg2+) and 65.8% (CH3Hg

+),
which may be ascribed to the π-π interaction (Huang et al.
2017), C–O increased from 25.5 to 26.7% (Hg2+) and 26.8%
(CH3Hg

+), and O–C=O increased from 4.8 to 7.1% (Hg2+)
and 7.4% (CH3Hg

+), respectively, which may be related to
the surface complexation (Peng et al. 2018; Wang et al.
2014). The S2p spectra of GOS before and after Hg2+ and
CH3Hg

+ adsorption are shown in Fig. S6c. S2p3/2 (–SH) de-
creased from 55.7 to 53.8% (Hg2+) and 55.4% (CH3Hg

+),
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which indicated the interaction between –SH and Hg2+ or
CH3Hg

+. The Hg4f (Fig. S6d) binding energy at of 102.0
and 105.1 eV was assigned to Hg4f7/2 and Hg 4f5/2, respec-
tively, which indicated that mercury was adsorbed in an oxi-
dized state (+II) (Santhana Krishna Kumar and Jiang 2015;
Tang et al. 2016).

According to the results of characteristic analysis and sorp-
tion experiments, GOS had the highest adsorption capacity of
Hg2+ and CH3Hg

+, followed by ACS and BCS. And the pos-
sible removal mechanisms of Hg2+ and CH3Hg

+ were pro-
posed as follows: (1) the ligand exchange and surface com-
plexation between surface functional groups (i.e., –SH, –OH,
C=O, epoxy C–O–C, O–C=O and C–O) and mercury (Hg2+

and CH3Hg
+), among them, –SH exhibited a stronger binding

affinity and selectivity for mercury; (2) the electrostatic attrac-
tion between surface negatively charged groups (e.g., –SH, –
OH, and O–C=O) and the mercury species; (3) the cation-π
interaction between sp2 type functional groups (e.g., C=C and
C=O) and aqueous Hg2+ and CH3Hg

+ through electrostatic
attraction or polarization interaction.

The scheme for the possible mechanisms of the preparation
of thiol-functionalized carbon-based materials and Hg2+ and
CH3Hg

+ adsorption is presented in Fig. 7.

Conclusion

This study showed that thiol-functionalized carbon-based ma-
terials were the promising adsorbent for the application of
mercury remediation (for both inorganic and organic mercury)
fromwater. Comparedwith three traditional carbon-basedma-
terials (BC, AC, and GO), thiol-functionalized carbon-based
materials (BCS, ACS, and GOS) showedmuch higher adsorp-
tion capacities of Hg2+ and CH3Hg

+. Among them, GOS and
ACS showed more stable mercury adsorption properties at a
wide pH range and ionic strength. The ligand exchange, sur-
face complexation, electrostatic attraction, and cation-π inter-
action were responsible for mercury adsorption. The thiol-

functionalized carbon-based materials (especially GOS) had
great potential in removing mercury especially CH3Hg

+ from
water and soil environment.
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