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Ag/graphene  composite  was  synthe-
sized by  a facile  method.
The  Hg0 capacity  of  Ag/graphene
was  4.2  mg/g  at ambient  temperature
(25 ◦C).
The  acid  gases  had no effect  on Hg0

removal  efficiency.
Mercury  could  be collected  by  ther-
mal separation  after  adsorption.
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a  b  s  t  r  a  c  t

Elemental  mercury  (Hg0) is a  widespread  concern  due  to  its high  toxic  and  long  residence  time  in  the
environment.  Ag/graphene  composite  was  synthesized  as  a  high  efficient  and recyclable  sorbent  for  Hg0

removal.  Ag  particles  were  doped  on  the surface  of graphene  by  a facile  in  situ  chemical  synthesis  method.
FTIR,  XRD,  and  TEM results  showed  that  Ag nanoparticles  successfully  grew  on  the  surface  of  graphene
layers.  The  performance  of  Ag/graphene  as a sorbent  was tested  under  a  fix-bed  reactor  and  the  results
showed  that  it could  completely  capture  Hg0 at ambient  temperature  (25 ◦C). The  Hg0 capacity  was as high
as 4.2  mg/g.  The  Hg0 removal  efficiency  decreased  from  94%  to 60%  when  the  temperature  increased  from

◦ 0

ilver
lemental mercury (Hg0)
dsorption

25  to 100 C, respectively.  SO2 and  NO  had  nearly  no  effect  on  Hg removal,  but  the  efficiency  dropped  by
about  4%  when  O2 existed.  Hg-TPD  results  showed  that  mercury  can be  rapidly  and  efficiently  released
from  the composite  by  thermal  separation.  The  adsorption  capacity  of Hg0 had  no degradation  after  six
cycles.  The  high  Hg0 capacity  and  recyclability  make  the  Ag/graphene  a candidate  for the removal  at

ambient  temperature.
∗ Corresponding author. Tel.: +86 21 54745591; fax: +86 21 54745591.
E-mail address: quzan@sjtu.edu.cn (Z. Qu).
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1. Introduction
Mercury has long been known to be toxic to humans [1]. After
decades of hard work, the Minamata Convention was adopted in
October of 2013, and it is a treaty aimed at controlling the mercury
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tronic microscopy (TEM), and TEM image was performed on a
JEOLJEM-2010 TEM device. The micrographs were obtained in the
bright-field imaging mode at an acceleration voltage of 200 kV.
4 H. Xu et al. / Colloids and Surfaces A: P

mission globally. The convention is expected to take effect in 2016,
nd it will call for a ban on the emission of mercury in 2018. The
trict requirements about mercury control had been published by
any countries. Therefore, it is significant to adjust and improve

xisting technologies or use the add-on technology to meet the new
equirements.

In general, mercury is a trace element the environment, it
xisted stably in the fossil fuels such as coal and metal ores.
ut large amounts of mercury were transported from the geo-
phere into the atmosphere and hydrosphere through human
ctivities in recent 200 years. It was reported that mercury emis-
ion from anthropogenic emissions greatly exceed natural geogenic
ources, approximately 2100 tons of mercury is emitted by human
ctivities annually [2]. Mercury emission from fuel combustion,
aste incineration and mining are the main sources, resulting

n high background level of mercury in the environment. And,
ore remarkable, elemental mercury (Hg0) is one form of mercury,
hich is very hard to remove. It mainly exists in the atmosphere

nd the residence time of Hg0 is several months to years [3]. Coal-
red power plants are regard as the largest emission sources. Hg0

mission from coal-fired flue gas accounts approximately 35% of
he total [3]. After coal-fired power plants, mercury emissions from
ement and mineral production are the second largest anthro-
ogenic sources [4,5]. Most of previous studies put more attention
n the technologies for Hg0 control among these major anthro-
ogenic emissions. But mercury, as one kind of important resource,
lso exists in many artificial products (e.g., battery, thermometer,
amp, dental amalgam, and some electron devices). It was  esti-

ated that fluorescent lamp contain 0.72–115 mg  of Hg per lamp,
00 mg  for a typical fever thermometer [6,7]. In general, Hg0 evapo-
ated slowly from these broken products under ambient conditions.
or these Hg-containing products, most of them were discarded
ith a low recycle rate. A large amount of mercury released from

hese products. The data showed that more than 14.1 tons of Hg0

eleased into the environment from wasted batteries and fluores-
ent lamp annually [8].

Mercury is not only a pollutant but also an important resource.
he future technologies for Hg0 control should consider the high
emoval efficiency, the innocuity treatment and the recycling of
esource. Adsorption method for the capture of Hg0 was a poten-
ial technology. The mechanism for capturing Hg0 over a sorbent
an be divided into three sorts: amalgamation, physical adsorp-
ion and chemical adsorption [4,9–11]. Up to now, carbon, metals,

etal oxides and selenium were often used as the Hg0 sorbent
t low temperature. Activated carbon (AC) was an efficient sor-
ent support due to its large surface areas and porosity. Sulfur
odified AC showed the Hg0 capacity of 2.6 mg/g at 20 ◦C along
ith the surface areas of 1000–1100 m2/g [7,12]. But it is hard

o recover the mercury from the sorbent because of the strong
nteraction between sulfur and mercury. Selenium was also an
fficient sorbent for Hg0 at low temperature. But this sorbent
as not widely used because the toxic of selenium. Metal and
etal oxides (e.g., CoOx, MnOx, FeOx) are potential sorbents for

he removal of Hg0 at high temperature, they lose the activity for
g0 at low temperature. Furthermore, the mercury-contaminated

orbent in the environment could cause mercury secondary pol-
ution. There is a strong motivation to develop a low-cost and
ecyclable sorbent for Hg0 capture. The mechanism of Ag amalgam-
tion exhibits good re-generation characteristic for Hg0 capture.
ilver doped on magnetic zeolite nanoparticles were efficient and
ecyclable sorbent for Hg0 [13]. Carbon nanotube–silver compos-
te was also synthesized for Hg0 capture as a novel carbon-based

orbent, Ag was the main active site for Hg0 adsorption [14]. A new
pproach for a recyclable sorbent was used by graphene. Graphene
s single-atom-thick sheet of carbon first systematically isolated
rom crystalline graphite in 2004 [15]. Graphene, is currently, the
chem. Eng. Aspects 476 (2015) 83–89

most thinnest, strongest and stiffest material. Given the excellent
in-plane mechanical, structural, thermal, and electrical properties
of graphene, it have huge potential application in many fields [16]
[17]. Graphene-based materials was  used as a barriers for mer-
cury vapor, which exhibit excellent performance for mercury vapor
emission [18]. As a new member of the carbon family, there is still
no attempt of the Ag/graphene based materials for the removal Hg0.
The large surface areas make it possible as a good supporter for Ag
particles.

In our study, Ag/graphene composite was  synthesized by a facile
method and used it as a sorbent for Hg0. The Hg0 removal perfor-
mance was evaluated in a fix-bed reactor. FTIR, XRD, and TEM were
employed for the physiochemical characterization of Ag/graphene.
We focus on the Hg0 capture performance and the property of the
sorbent’s regeneration. The effect of adsorption temperature and
different gases were also tested for optimizing the work condition.

2. Experimental

2.1. Sorbent preparation

Graphite oxide was prepared using Hummers method as
described elsewhere [19]. In a typical synthesis method, 2 g of
graphite and 1 g of NaNO3 were added into 50 mL of 98% H2SO4, fol-
lowed by stirring for 1 h. After that, 0.3 g of KMnO4 was introduced
into the mixture and kept stirring for 30 min. Then another 7 g of
KMnO4 was slowly added into the above mixture in 1 h. During this
period, the temperature of the solution was kept below 5 ◦C by ice
bath. Subsequently, the solution was heated to 35–40 ◦C and kept
stirring for 2 h. After that, 90 mL  of water was  slowly added into
the above solution in 15 min. Finally, 50 mL  of water and 7 mL of
H2O2 were added into the as-prepared solution, following by an
obvious color change from brown to yellow. The above mixture
was then filtrated and washed by 10% HCl and deionized water
for several times. The product was kept drying at 80 ◦C for 48 h to
give graphite oxide. Two hundred milligrams graphite oxide was
added into 250 mL  deionized water. Ammonia was  used to adjust
the solution’s pH, the value was about 7.0. Then the above mixture
was operated under ultrasonic for 1 h using high-speed stirring for
1 h to give graphene oxide (GO).

Two hundred milligrams of AgNO3 was dissolved in 15 mL of
ethyl alcohol with 5 mL  of H2O. This solution was then added into
GO and kept stirring for 10 h. A mount of hydrazine hydrate was
added and the mixture was  kept at 90 ◦C for 12 h. When this reduc-
tion reaction was  finished, the product was  filtrated and dried in an
oven at 100 ◦C for 5 h. After that, the solid product was transferred
to a muffle furnace and calcined at 250 ◦C for 5 h. Fig. 1 shows the
synthesis process of Ag/graphene.

2.2. Sorbent characterization

Powder X-Ray diffraction (XRD) (APLX-DUO, BRUKER, Germany)
was used for the detection of the crystal structure of the as-
prepared samples. The scanning range was from 10◦ to 80◦

with scanning velocity of 5◦/min by using Cu-K� radiation. The
microstructure of the sorbent was analyzed by transmission elec-
The measurement of FTIR spectroscopy was carried out to char-
acterize the surface properties. The N2 sorption measurement was
performed using Nova-2200 e, and the specific surface area was
calculated using the Brunauer–Emmett–Teller (BET) method.
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Fig. 1. The synthesis process of Ag/graphene.
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Fig. 2. The process flow

.3. Elemental mercury (Hg0) capture

The Hg0 adsorption performance of the prepared samples was
valuated in a fix-bed reactor. The process flow of the assessment
ystem is sketched in Fig. 2. The experimental facility consists of a
ercury permeation tube, a fixed-bed reactor, a cold vapor atomic

bsorption spectrometer (CVAAS) and an online data acquisition
ystem. The Hg0 concentrations of the influent and effluent were
ontinuously measured by a CVAAS (SG 921, Jiang fen Ltd., China),
hich was calibrated by Lumex RA 915+ mercury analyzer. The

emperature control device was employed to keep the reactor at
he desired temperatures. The adsorption conditions were set as
ollows: a precisely weighted 30 mg  of the samples; 0.5 mg/m3

f Hg0 generated from mercury permeation tube balanced in N2
ith a total gas flow rate of 500 mL/min. To test the effect of tem-
erature on Hg0 adsorption performance, the experiments were
arried out at temperature range from ambient temperature (25 ◦C)
o 100 ◦C. The adsorption time for each sample was  about 100 min.
he effect of different gases on Hg0 capture was investigated, 4%
2, 500 ppm SO2, 500 ppm NO, or their mixture were introduced

he simulated gas with a total flow rate of 500 mL/min balanced
ith N2.

The Hg0 adsorption capacity was calculated according the equa-
ion as follows:

 = 1
∫ t1 (

Hg0 − Hg0
)

× f × dt

m

t2
in out

here Q is the Hg0 adsorption capacity, m is the mass of sorbent
n the fixed-bed, f denotes the flow rate of the influent, and t1 and
2 represent the initial and ending test time of the breakthrough
urves, respectively.
e assessment system.

2.4. Sorbent recycling

2.4.1. Hg-TPD
An Hg-temperature program desorption (Hg-TPD) method was

built to test the desorption characteristics of Ag/graphene. After
mercury adsorption at 25 ◦C for 100 min, the sorbents were regen-
erated by heating from 50 to 450 ◦C in a pure N2 carrier gas. The
heating rate was 2 ◦C/min with a flow rate of 500 mL/min of pure
N2.

2.4.2. Sorbent regeneration
After a fixed-bed reactor cooled down to the room tempera-

ture, another cycle of the Hg0 adsorption test started. Six cycles of
adsorption–desorption–adsorption were tested in our study.

3. Results and discussion

3.1. Sorbent characterization

3.1.1. FTIR
FTIR spectra were employed to analyze of functional groups of

the as-prepared materials. For comparison, FTIR spectra of graphite,
GO, and Ag/graphene were collected. As shown in Fig. 3, in the spec-
trum of graphite, there were no obvious peaks detected. For GO,
the peaks observed at 1650 and 1548 cm−1 for GO were attributed
to carboxyl C O and C O groups, respectively [20]. The peak at
about 1130 cm−1 was attributed to epoxy C O C groups, and the
peak at 1040 cm−1 was attributed to alkoxy C OH groups. It was
believed that the graphite was  oxidized successfully by our oxida-
tion method. In contrast, these bands were almost entirely absent

in the spectra of Ag/graphene. The two  well-defined peaks at 2850
and 2919 cm−1 were corresponded to epoxy CH2 groups. GO was
reduced by hydrazine hydrate in the reduction process. More-
over, there was no Ag–O peak at about 3450 cm−1 detected. It was
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Fig. 3. FTIR spectra of graphite, GO, and Ag/graphene.

elieved that Ag atoms loaded on the surface of graphene sheets
21].

.1.2. XRD
To further exhibit the microstructure of the as-prepared mate-

ials, the crystal structure was characterized by XRD. The XRD
atterns of graphite, GO and Ag/graphene are recorded in Fig. 4.

 strong C (0 0 2) peak at 26.34◦ and weak peak at 54◦ were shown
n the patterns of raw graphite, and they were attributed to the
eflection of a graphite structure of a carbon material. High purity
raphite was used for the preparation of the Ag/graphene. For GO,
he C (0 0 2) peak was also observed in its XRD patterns. But the
roadness of the peak between 21◦ and 27◦ was  ascribed to the
xygen-containing groups and inserted H2O molecules. Amount of
p2 carbons were replaced by these oxygen-containing groups, so
he long-range order structure of carbon was destroyed. However,

he Ag/graphene samples exhibited four reflection peaks, which
an be indexed to Ag (1 1 1), Ag (2 0 0), Ag (2 2 0), and Ag (3 1 1)
iffractions [22]. The crystallite size of the Ag particles supported
raphene was calculated to be about 8 nm based on Scherrer’s

Fig. 5. TEM images graphite (a), GO (b
Fig. 4. XRD patterns of graphite, GO, and Ag/graphene.

equation. In addition, there were no peaks of graphene detected,
it could be speculated that Ag particles on the surface of graphene
can inhibit the re-assembly of graphene layers. The exposed Ag
active sites could benefit the adsorption.

3.1.3. TEM
To further characterize the microstructural morphology of the

as-prepared samples, TEM was used and the results are shown in
Fig. 5. TEM images of graphite, GO and Ag/GO were illustrated. As
shown in Fig. 5(a), the flakes of raw graphite were thick and large,
even though the sample was pretreated under ultrasonication. The
typical TEM image of GO in Fig. 5(b), large sheets of carbon were
observed on the top of grip. Almost all the carbon sheets were
separated from each other. Fig. 5(c) and (d) showed the images
of Ag/graphene, obviously, some large silver particles with a size
graphene sheets. The results matched well with the result of XRD
patterns. However, the surface of Ag/graphene was rougher than
GO and its sheets were agglomerate to some extent. It could be the
result of reduction effect by hydrazine hydrate [23].

), and Ag/graphene ((c) and (d)).
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Table 1
BET surface areas of samples (graphite, GO, graphene, Ag doped AC, and
Ag/graphene).

Sample Surface area (m2/g)

Graphite 6.7
GO 8.9
Graphene 432

from 200 to 2000 ppm. SO and NO gas molecules may compete
Fig. 6. Hg0 adsorption performance of as-prepared samples at 25 ◦C.

.2. Adsorption test

.2.1. Hg0 adsorption performance
In this work, the as-prepared samples were tested in a fixed-

ed adsorption device. The graphite, GO, graphene, Ag/graphene
nd the Ag dropped AC were also tested for comparison. Mer-
ury breakthrough curve at ambient temperature (25 ◦C) over these
aterials are presented in Fig. 6. It was found that the graphite had

early no activity for the capture of Hg0. Also, GO and graphene had
ery poor Hg0 adsorption performance, the Hg0 removal efficiency
ere lower than 20%. Ag/graphene showed the best Hg0 adsorp-

ion performance, the Hg0 removal efficiency was higher than 90%
n 100 min. The Ag dropped AC was also tested for comparison, the
esult showed that Hg0 removal efficiency was as low as 20% in
00 min. Ag/graphene had better performance than Ag dropped AC
t this low temperature. The penetrable adsorption capability could
et about 4.2 mg/g.

The Ag/graphene sorbent had the best performance for Hg0

dsorption. As shown in Table 1, the BET surface areas of graphite,
O, graphene, Ag doped AC and Ag/graphene are given. The low
ctivity for Hg0 capture over graphite and GO could ascribed to the

mall surface area, the surface area of graphite and GO were 6.7
nd 8.9 m2/g, respectively. Graphene has the largest surface area
432 m2/g), but it has no active sites for Hg0 adsorption. Although

Fig. 7. (a) Effect of temperature on Ag/graphene;
Ag doped AC 365
Ag/graphene 251

Ag doped AC also had high surface area (365 m2/g), the porous
structure of AC prevented the interaction between Hg0 and Ag par-
ticles. The mechanism for Hg0 capture by Ag/graphene was that
mercury formed in amalgamation with silver [13,24]. Ag–Hg alloy
was obtained on the surface of graphene. Ag nanoparticles were
the main active sites for Hg0. The large surface area of graphene
provided enormous room for Hg0 migration. Graphene acted as a
good supporter for Ag particles.

3.2.2. Effect of temperature for Hg0 capture
The effect of temperature on Hg0 removal was tested and the

results are presented in Fig. 7(a). It was  obvious that Hg0 adsorp-
tion capacity of Ag/graphene decreased when the temperature
increased. The Hg0 adsorption capacity in 100 min  dropped from
2.4 to 0.6 mg/g when the temperature rised from 25 to 100 ◦C,
respectively. The higher adsorption temperature was not benefit
for the capture of Hg0. Additionally, the Hg0 removal efficiency
of Ag/graphene dropped from 94% at 25 ◦C to 60% at 100 ◦C,
respectively. The poor performance of the Ag/graphene at high
temperature was  attributed to the mercury amalgamation mech-
anism. The Ag–Hg alloy was  formed on the surface of graphene
sheets, which showed low thermostability [24]. Therefore, the
Ag/graphene showed poor performance at high temperature.

3.2.3. Effect of different gas composition
The Ag/graphene composite was  limited for usage at high tem-

perature. Also, the composition of the simulated gas could make an
effect on Hg0 capture. In general, flue gases from coal-fired power
plants and cement plants contain several acid gases including sul-
fur dioxide (SO2) in the range from a few hundred to a few thousand
parts per million (ppm); and nitrogen oxides (e.g., NO) in the range
2
with Hg0 for the active sites based on the previous studies [11,25].
The sorbents lose part of their Hg0 capacity due to the competitive
adsorption [26]. Thus, O2, SO2, NO and their mixture were chosen

 (b) effect of various gases on Ag/graphene.
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Fig. 8. (a) Hg-TPD; (b) Hg0 capacities of Ag/gra

or the test and the adsorption experiment was under 25 ◦C. As illus-
rated in Fig. 7(b), the results showed that SO2 and NO have nearly
o effects on Hg0 removal, the Hg0 capacity was almost the same
s that in purity N2. But the Hg0 adsorption capacity dropped by
% when O2 existed. The Hg0 capacity dropped about 5% compared
he absence of O2. It was believed that O2 might inhibit the adsorp-
ion of Hg0 to some extent. The reason was that Ag–Hg alloy could
e easily affected by O2 under ambient atmosphere, the surface of
g during the amalgamation process could be occupied by oxygen
toms [24].

.3. Sorbent recycling

One of the most important characters of one sorbent is its regen-
rability. Thermal regeneration was considered as an effective
pproach for mercury releasing from the surface of Ag/graphene
omposite. Hg-TPD method was built in our study to investigate the
esorption performance of Hg0 from the Ag/graphene sorbent. The
g-TPD curves were collected under the heating rate of 2 ◦C min.
s shown in Fig. 8(a), mercury began to release from the surface
f Ag/graphene at the temperature of about 70 ◦C. A strong peak
t 150 ◦C emerged during desorption process, the mercury release
ate of Ag/graphene gets the highest. When the temperature higher
han 400 ◦C, almost all the mercury evaporated from Ag/graphene.
t was a rapid and efficient method to re-generate the sorbent
ecause the low decomposition temperature of Ag–Hg alloy.

Hg0 adsorption capacities of Ag/graphene composite after
egeneration were also tested. As shown in Fig. 8(b), over six cycles
f Hg0 adsorption and regeneration, the capacity was  keep almost
he same to the first cycle of adsorption. Hg0 capacity ranged from
.1 to 2.4 mg/g compared with 2.4 mg/g in the first adsorption cycle.
he result confirmed that Ag/graphene composite can be efficiently
egenerated and reused. Ag/graphene was a potential sorbent for
g0 capture at low temperature.

. Conclusion

In summary, Ag/graphene was successfully synthesized in a
acile method based on the results of FRIR, XRD, and TEM. Ag par-
icles were dispersed on the surface of graphene sheets. Graphene

cted as a good supporter for Ag nanoparticles. Hg atoms trans-
orted on the surface of graphene and combined with Ag particles

nto Ag–Hg alloy. Ag/graphene exhibited excellent performance for
g0 capture at low temperature. Acid gases (NO, SO2) almost had no

[

(b) 

 over different cycles of capture/regeneration.

effect on Hg0 adsorption in the absence of O2. Mercury as a resource
could be collected from the Ag/graphene by a thermal regeneration
method. The regeneration property makes it potential sorbent for
Hg0 control in the future.
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