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HIGHLIGHTS

« Ag" and graphene oxide (GO) were
co-reduced through simple method.

« The removal efficiency was higher
than 99% under the pH of 5.0.

« The co-existed metal ions had hardly
impact for the removal.

« The sorbent showed excellent
performance of regeneration and
reutilization.
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ABSTRACT

A novel Ag/graphene adsorbent was synthesized for the Hg(ll) removal from waste water. The
Ag/graphene was characterized by Fourier Transformation Infrared Spectrum (FT-IR), X-ray Diffraction
(XRD), Transmission Electron Microscope (TEM) and Scanning Electron Microscope (SEM) devices. The
results showed that graphene acted as a good support for Ag particles on its huge surface. The removal
efficiency of Hg?* was higher than 98% after 120 min adsorption. The optimized pH value was 5.0. There
are no obvious effects of co-existed metal ions (Mn?*, Mg?*, Ca?*, AI>* and Na*) on Hg?* removal.
Meanwhile, the adsorption isotherms and adsorption kinetics were applied to analyze the experimental
data. The best interpretation was given by Freundlich isotherm equation. The kinetic adsorptions were
well described by a pseudo-second-order reaction model. Furthermore, the performance of regeneration
and reutilization were also investigated. The results indicated that the adsorption capacity remained
stable after 6 reuse cycles.

© 2017 Published by Elsevier Ltd.

1. Introduction

more urgent to reduce the mercury emission [2]. Industrial
wastewater is one of the major mercury anthropogenic emission

Mercury pollution has attracted lots of attention for decades
because of its high toxicity and bioaccumulation [1]. With the
agreement of the Minamata Convention on Mercury, it becomes
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sources [3]. Therefore, it is significant to reduce mercury emission
from wastewater. Many technologies were used for mercury
removal from wastewater such as adsorption, ion exchange, amal-
gamation and membrane separation [4-7]. Among them, adsorp-
tion method is considered as an effective technique because of
its simplicity and cost effectiveness [8]. While, the adsorption
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capacity and the regeneration performance of sorbents are still not
satisfied. Biomass material and metal oxides were selected as mer-
cury sorbent. However, they often meet the problems of difficult to
recycle and low adsorption capacity [9,10]. Thus, it is important to
develop novel Hg?* removal sorbent which have high removal effi-
ciency and can be recycled after adsorption [11].

Silver used as an effective sensor for detecting Hg?" in aqueous
solution [12]. Many materials have been evaluated for the capture
of mercury from fluids such as gas streams like flue gas and syngas
[13,14], and the noble metals have shown great promise as sor-
bents [15-19]. Meanwhile, silver amalgam was often applied for
dental filling. It should be a good sorbent for the mercury removal
from waste water. However, its application was limited due to its
small surface area. This problem can be solved with the develop-
ment of graphene. As the thinnest and strongest material, gra-
phene is believed to be one of the most potential materials [20].
In recent years, graphene-based materials have aroused extensive
attentions and they have been widely studied in many fields
[21,22]. Its large surface area provides potential possibility as a
good support for mercury sorbent. Therefore, it is desired that Ag
particles synthesized on the surface of graphene could be useful
for the removal of Hg?" in aqueous solution.

Here, we report a simple approach to prepare the graphene
supported Ag materials. The Ag particles and graphene oxide
were co-reduced through hydrothermal reaction. The prepared
Ag/graphene was used as an effective sorbent for Hg?" removal
from aqueous solution. The thermodynamic and kinetic models
were used to examine its adsorption performance. Furthermore,
the mercury desorption performance was also investigated. It is a
promising sorbent for mercury removal and regeneration of sor-
bent after mercury adsorption.

2. Experimental methods
2.1. Preparation of GO and the Ag/Graphene composites

Graphene oxide (GO) was synthesized from graphite powder
based on the Hummers method [23]. GO was formed through
low temperature, medium temperature and high temperature per-
iod, respectively. 1) Low temperature period: Firstly, 2 g graphite
power and 1 g NaNO; were mixed with 50 mL of 98% H,SO, with

stirring for 1 h. Then 0.3 g KMnO,4 was added into the mixture with
stirring. Thirty minutes later, 7 g of KMnO,4 was gradually added
into the mixture in 1 h. During this period, the temperature of
the mixture was kept below 5 °C. 2) Medium temperature period:
The mixture solution was heated to 35-40°C and stirred for
another 2 h. After that, 90 mL of deionized water was introduced
into the mixture solution in 15 min. 3) High temperature period:
55 mL of deionized water and 10 mL of H,0, were added into the
mixture solution, respectively. Then, the mixture solution was fil-
trated and washed by 10% HCI solution and deionized water for
4 times, respectively. The product was kept drying at 80 °C for
48 h. 200 mg graphite oxide was added to 200 mL deionized water.
Ammonia was used to adjust the pH value of 7.0. The above mix-
ture (2 mg-mL~!) was under ultrasonic for 1 h followed by high-
speed stirring for a further 1 h to generate GO.

As shown in Fig. 1, 200 mg of AgNOs was dissolved in 15 mL of
ethyl alcohol with 5 mL of H,0. Then 100 mL GO was added to the
mixture with stirring for 10 h. Then, a certain amount of hydrazine
hydrate was added and the mixture solution was heated at 90 °C
for 12 h. When the reduction reaction was finished, the resulting
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Fig. 2. FT-IR spectra of graphite, GO and Ag/graphene.
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Fig. 1. The synthesis process of Ag/graphene adsorbent.
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mixture was filtrated and the product dried in an oven at 100 °C for
5 h. After that, it was transferred to a muffle furnace and calcined
at 250 °C for 5 h.

2.2. Characterization

Fourier Transform Infrared spectroscopy (FT-IR) was performed
over the wavenumber range of 3500-1000 cm™' to characterize
the surface properties. The micrographs were obtained in the
bright-field imaging mode at an acceleration voltage of 200 kV.
Powder X-ray diffraction patterns were recorded from 10 to 80
degree with scanning velocity of 5 degree min~! on a X-ray Diffrac-
tometer (APLX-DUO, BRUKER, Germany) using Cu-K radiation
(40 kv and 20 mA). The microstructure of the sorbent was analyzed
by Transmission Electronic Microscopy (TEM). TEM image was per-
formed on a JEOLJEM-2010 TEM. The surface morphology was
studied by a Scanning Electron Microscope (SEM) (Hitachi Corp.,
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Fig. 3. XRD patterns of graphite, GO and Ag/graphene.

Japan) after gold was coated on the surface. The N, sorption mea-
surement was performed using Nova-2200 e, and the specific sur-
face area was calculated using the Brunauer-Emmett-Teller (BET)
method.

2.3. Batch adsorption experiments

The adsorption of Hg?>* on Ag/graphene was studied by batch
technique. All batch adsorption experiments were performed by
mixing a certain amount of Ag/graphene sorbent into a predeter-
minated concentration of HgCl, solution (100 mL) with stirring
(300 r/min) at room temperature from O to 300 min. Then, the
supernatants was separated from the mixture solution by filtration
with 0.22 pm microfiltration membrane. The concentration of Hg?*
ions remaining in solution was measured by mercury analyzer
(RA915, St. Petersburg, Russia). The analyzer was designed based
on zeeman effect which has high sensitivity for mercury detection.
The effect of several parameters, such as pH, concentrations, con-
tact time and adsorbent dose on the adsorption was also studied.
The pH of the adsorptive solutions was adjusted by using sulfuric
acid and sodium hydroxide when required. The Hg?* removal effi-
ciency and adsorbing capacities were calculated using the
equation:

1= (Co — Ce)/Co x 100% (1)

Qe = (Co—C) xV/m @)

where n represents the Hg?" removal efficiency (%), Co and C. are
the initial and equilibrium concentrations of Hg?* (mgL™'), V is
the volume of the solution (mL), Q. is the adsorbing capacities
(mg-g~!) and m is the mass of Ag/graphene (g).

3. Results and discussion
3.1. Characterization of the Ag/grapheme
The infrared spectra were obtained using FT-IR to identify func-

tional groups of the prepared materials. As shown in Fig. 2, there
were few peaks detected in the spectrum of raw graphite. After

Fig. 4. TEM and SEM micrograph of GO and Ag/graphene.
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oxidization, a broad and strong peak around 3216 cm™! corre-

sponds to O-H stretching vibrations of molecular water. The
hydroxyl groups was found in the spectrum of GO. Some strong
peaks appearing at 1718 and 1624 cm~! were attributed to the
C=O0 stretching vibrations in the carboxyl groups and the C=C
vibrations from unoxidized sp? C-C bonds, respectively [24]. The
peaks at 1158 cm~!, 1038 cm™! and 865 cm™! were attributed to
epoxy C-0 and alkoxy C-O groups, respectively [25]. While, the
peaks of O-H, C=0 and C-0O almost disappeared in the spectrum
of Ag/graphene. Two well-defined peaks at 2850cm~! and
2919 cm~! were attributed to epoxy CH, groups, respectively.
These differences indicated that GO was reduced by hydrazine
hydrate in the reduction process. In such process, Ag" was also
reduced to Ag® by hydrazine hydrate. However, no Ag-O peak at
about 3450 cm~! was detected which meant that Ag atoms may
be remained attaching on the surface of graphene sheets [26].

XRD patterns of graphite, GO and Ag/graphene are recorded in
Fig. 3. A strong C(002) peak at 20 = 26.34° was detected in the pat-
terns of raw graphite. It indicated the reflection of a hexagona gra-
phite structure of a carbon material. In the patterns of GO, a broad
peak between 21° and 27° was observed which indicated that the
formation of oxygen-containing groups and inserted H,O mole-
cules. Accordingly, part of sp?> carbons were replaced by these
oxygen-containing groups. Meanwhile, the long-range order struc-
ture of carbon was destroyed. In the diffraction pattern of the Ag/-
graphene, the presence of peaks can be indexed to Ag(111), Ag
(200), Ag(220) and Ag(311) diffractions, clearly reflected that
the Ag particles were formed on the surface of graphene [27]. From
Ag/graphene pattern, no peaks for graphene or graphite appeared
which proved that Ag particles on the surface of graphene could
inhibit the re-assembly of graphene layers. The BET surface areas
of graphite, GO, graphene and Ag/graphene were 6.7, 8.9, 432
and 251 m?/g, respectively. The large surface area was beneficial
for adsorption.

The microstructure of the GO and Ag/graphene could be seen in
Fig. 4. As shown in Fig. 4(a), the TEM image of GO was given under
a low-resolution. It was obvious that the GO exhibited a two-
dimensional sheet morphology. From the SEM image of GO
(Fig. 4(b)), the graphene nanosheets were clearly visible. A high
magnification TEM image of the Ag/graphene is shown in Fig. 4
(c), Ag particles were distributed on the 2D graphene nanosheets.
The average particle size of Ag was about 8-10 nm which is consis-
tent with those numbers calculated from the XRD results by the
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Fig. 5. Effect of the adsorbent dosage on Hg?* removal (pH = 5). Three adsorbent
dosages (0.025 g, 0.05 g and 0.1 g) of Ag/graphene were added into 100 mL of the
Hg?" solution (100 mg-L™!) at room temperature with stirring (300r-min~'),
respectively.

Scherrer Equation. As shown in Fig. 4(d), Ag particles (white) were
distributed on the surface of flexible graphene nanosheets. In the
process of chemical reduction by hydrazine hydrate, the Ag*
cations were reduced to Ag and aggregated to Ag particles. Then,
Ag particles were engineered on the surface of graphene.

3.2. Effect of the adsorbent dosage on Hg?* removal

The effect of the amount of Ag/graphene on the removal of Hg?*
was investigated. As shown in Fig. 5, the removal efficiency of Hg?*
increased from 40.6% to 98.8% after 120 min adsorption when the
dosage Ag/graphene sorbent increased from 0.025 g to 0.1 g. Based
on the equation, the saturated adsorption capacity of Ag/graphene
for Hg?* was about 280.8 mg/g when the sorbent dosage was
0.025 g. The mechanism of Ag/graphene might be attributed to
the interaction between Ag particles and Hg?* ions [28]. The gra-
phene sheets offered the huge surface areas for the reaction of
Ag and Hg. There was also a mechanism that the oxidation of Ag
atoms by Hg?" ions to form a shell of mercury with or without
amalgamation on the surface of the nanoparticles. The redox reac-
tion can be described as follows [29]:
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The adsorption performances of Ag/graphene sorbent under dif-
ferent pH value was investigated which were shown in Fig. 6. The
Hg?" removal increased from 93.7% to 98.8% when the pH value
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increased from 3.0 to 5.0. Then, the Hg?" removal efficiency
decreased to 79.0% when the pH value increased to 11.0. The pres-
ence of H" ions acted as annoying chemicals for the adsorption of
Hg?* [30]. It was believed that at high pH, the presence of OH~
greatly increased the possibility of transforming Hg?* to Hg(OH)",
then to Hg(OH), [31]. However, Hg(OH)" and Hg (OH), were not
benefit for the adsorption. Therefore, the maximum adsorption of
mercury within the pH values of 5.0 might be due to partial hydrol-
ysis of Hg?* to Hg(OH)* and Hg(OH), which prevent further hydra-
tion process as charge on metal ion decreases.

3.4. Investigation of competitive adsorption by other metal ions

In order to evaluate the adsorption selectivity of Ag/graphene
sorbent, it was tested in a mixture solution including some other
metal ions (Hg?*, Mn?*, Mg?*, Ca?*, AI** and Na*) (Fig. 7). From
the Fig. 7, it could be seen that the removal efficiency of Hg?* could
get higher than 90% in mixture solution. There is no remarkable
influence on the Hg?* removal by Ag/graphene in the present of
other metal ions. Thus, Ag/graphene could be a good choice for
Hg?* control in many solution conditions.

3.5. Adsorption isotherms

Fig. 8 presents the typical adsorption isotherms of Hg?* on
Ag/graphene sorbent at pH of 5.0 in the studied concentration
ranges. The obtained isotherm data were fitted using the classical
Langmuir model and Freundlich model, respectively. The two typ-

Freundlich model : LogQ. = LogKg + 1/n - LogCe (4)

where Q. is the adsorption capacity (mg/g), C. is the equilibrated
concentration of Hg?" (mg/L), Qmax iS the saturated adsorption
capacity (mg/g), K. and K refer to the affinity parameter of Lang-
muir sorption constant and Freundlich adsorption capacity, respec-
tively. 1/n is the Freundlich adsorption intensity parameter. The
fitting results based on the two isotherm models were shown in
Table 1 and Fig. 8. It can be seen that the adsorption of Hg?>* on
Ag/graphene sorbent was better estimated by the Freundlich model
with the correlation coefficient (R?) in 0.9952 than by the Langmuir
model. The fact that the adsorption data of Hg?* were in accordance
with the Freundlich model suggests a multilayer adsorption on the
heterogenous surface.

3.6. Adsorption kinetics

The adsorption kinetics parameters are key factor for the
designing of adsorption reactors in industrial application. The
adsorption kinetics of Ag/graphene sorbent were carried out under
room temperature for 120 min with an initial Hg** concentration
of 100 mg-L~! at a pH of 5.0. The results are shown in Fig. 9.

Pseudo-first-order, Pseudo-second-order, and internal diffusion
kinetic models were applied to interpret the adsorption dynamics
in order to investigate the mechanisms and processes of the
adsorption. These kinetics models are given as follows:

Pseudo-first-order kinetic model : Log(Q. — Q,)

ical adsorption isotherms can be expressed as: = LogQ. — kit/2.303 5)
Langmuir model : C/Q. = Ce/Qmax + 1/(Qmax - Kt 3 L.
& e/Qe = Ce/Qmax + 1/(Qunax - K1) 3 Pseudo-second-order kinetic model : t/Q, = 1/(k2Q.) + t/Q.
6
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are the corresponding correlation coefficient. The fitting results are
shown in Fig. 9 and the values for the kinetic models are shown in
Table 2. It was obvious that the Pseudo-second-order kinetic model
fitted well with the kinetic data. The r% was 0.9953, which is better
than 0.7476 of r3 and 0.7353 of 12 It is demonstrated that the
adsorption mechanism for Hg?>* onto Ag/graphene was not the sim-
ple physical adsorption.

3.7. Regeneration and reuse

The sorbent regeneration performance of Ag/graphene was
evaluated using a thermal decomposition method under 100 °C.
The gaseous mercury was detected by CVASS facility. As shown
in Fig. 10(a), mercury released quickly from the surface of
Ag/graphene. After 100 min thermal desorption, mercury released
completely from the sorbent surface. High concentration released
mercury could be reclaimed through condensation. Furthermore,
to investigate the reusability of the sorbent, 6 cycles of mercury
adsorption and desorption tests were performed. The results in
Fig. 10(b) showed that the Hg?" removal efficiency would keep
higher than 95% even after 6 cycles. Therefore, it was economic
to use Ag/graphene as a high efficient sorbent for Hg* in contam-
inated water.

4. Conclusions

The Ag/graphene adsorbent was prepared successfully in the
proposed method. The analysis by XRD, TEM and SEM showed that
Ag particles were engineered on the surface of graphene sheets.
According to the adsorption experiments, over 98% Hg?* was
removed by 0.1 g Ag/graphene sorbent in 120 min. Large numbers
of Ag active sites for Hg?* adsorption were introduced on the gra-
phene sheets. The Hg?* removal efficiency reached a maximum at a
pH of 5.0. The co-existed metal ions have no remarkable influence
on the adsorption. The best-fit experimental equilibrium data
derived from the Freundlich model suggested multilayer coverage
and chemisorption of Hg?* onto Ag/graphene. The pseudo-second-
order model was the suitable for the adsorption kinetic analysis.
Ag/graphene exhibited excellent regeneration performance, mer-
cury could completely released from its surface after thermo-
desorption at 100 °C. And the Hg®* removal efficiency remained
unchanged after six reuse cycles. Future research on mercury
removal can include the investigation of other noble metals, as
well as different supports. The capacities for mercury capture by
the graphene support and the unsupported silver particles can also
be determined in future work. The optimum loading of silver on
the support will be determined in future work.
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