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ABSTRACT: The surface area of zinc sulﬁde (ZnS) was successfully enlarged using
nanostructure particles synthesized by a liquid-phase precipitation method. The ZnS
with the highest surface area (named Nano-ZnS) of 196.1 m2·g−1 was then used to
remove gas-phase elemental mercury (Hg0) from simulated coal combustion fuel gas at
relatively high temperatures (140 to 260 °C). The Nano-ZnS exhibited far greater Hg0
adsorption capacity than the conventional bulk ZnS sorbent due to the abundance of
surface sulfur sites, which have a high binding aﬃnity for Hg0. Hg0 was ﬁrst physically
adsorbed on the sorbent surface and then reacted with the adjacent surface sulfur to
form the most stable mercury compound, HgS, which was conﬁrmed by X-ray
photoelectron spectroscopy analysis and a temperature-programmed desorption test. At
the optimal temperature of 180 °C, the equilibrium Hg0 adsorption capacity of the
Nano-ZnS (inlet Hg0 concentration of 65.0 μg·m−3) was greater than 497.84 μg·g−1.
Compared with several commercial activated carbons used exclusively for gas-phase
mercury removal, the Nano-ZnS was superior in both Hg0 adsorption capacity and
adsorption rate. With this excellent Hg0 removal performance, noncarbon Nano-ZnS may prove to be an advantageous
alternative to activated carbon for Hg0 removal in power plants equipped with particulate matter control devices, while also
oﬀering a means of reusing ﬂy ash as a valuable resource, for example as a concrete additive.

■

INTRODUCTION
The constantly updated air pollutants emission inventory
conﬁrms that coal combustion continues to be a major source
of emissions, responsible for about 475 tons of mercury
emissions annually.1 Because of the extreme toxicity and
bioaccumulation of methyl mercury transformed from emitted
mercury,2 China and the United States adopted national
mercury standards to limit mercury emissions from coal-ﬁred
power plants by December 2011.3,4 Elemental mercury (Hg0) is
highly volatile and has a long lifespan in the atmosphere, thus
making it a global environmental pollutant. As of March 2016,
128 nations have signed the Minamata Convention on Mercury
to protect human health and the environment from the adverse
eﬀects of mercury from anthropogenic sources such as coal
combustion. Various technologies, including activated carbon
(AC) injection, have been developed to control mercury
emissions from coal combustion to meet the requirements of
global and regional mercury regulations.
Activated carbon injection is the maximum achievable
control technology for mercury capture from coal-ﬁred power
plants.2 Due to the limited mercury capture capacity of raw
activated carbons,5 chemical emendations including sulfur,6
chlorine,7 and bromine8 impregnation are currently being
developed to enhance the mercury adsorption capacities of the
activated carbons that are injected upstream of particulate
© 2016 American Chemical Society

matter control devices, which are either electrostatic precipitators or fabric ﬁlters. For example, sulfur-impregnated carbons
perform much better than untreated carbon for gas-phase
mercury removal.9 Under optimal conditions, removal rates
greater than 90% can be attained with injections of these
chemically impregnated activated carbons.8 However, the rates
drop signiﬁcantly depending on the coal quality and ﬂue gas
temperature,2,10 and production of the impregnated activated
carbons requires toxic raw materials such as H2S gas.11 More
importantly, injection of the impregnated activated carbons
increases the carbon content of ﬂy ash, thus preventing its reuse
as a raw material for concrete.12 Most coal ﬂy ash wastes are
dumped in landﬁlls rather than being reused for beneﬁcial
purposes,13 and evaluations of the stability of mercury in the
landﬁll or aqueous environment have shown that carbon
materials facilitate mercury methylation.14,15 Many noncarbon
sorbents can overcome most of the disadvantages associated
with activated carbons and have thus been considered as
alternatives.16−19 With chemical functionalization by sulfur,
these noncarbon sorbents exhibit an excellent capacity for
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mercury removal,16,20,21 because mercury has a high binding
aﬃnity for reduced sulfur compounds such as sulﬁde (HS−,
S2−). After adsorption, mercury forms extremely stable
mercuric sulﬁde (HgS) species on the sorbent surface, and
sorption capacities have been observed to correspond to a 1:1
molar ratio of Hg:S.20 Accordingly, adequate surface coverage
of sulfur is critical to the Hg0 adsorption performance of sulfurcontaining noncarbon sorbents.22
Mineral sulﬁdes composed entirely of “active” sulfur sites are
promising because they avoid the problem of surface sulfur
coverage. Compared with the sulfurization of sorbents, the
fabrication of sulﬁde-based sorbents is much simpler, more
environmentally benign, and can even be achieved by
reprocessing of mining wastes or ore materials containing
mineral sulﬁdes.23 Moreover, mineral sulﬁdes such as ZnS and
FeS2 are known to be stable24 and have the ability to inhibit
mercury methylation.25 The low content of mineral sulﬁdes in
concrete is appealing, for example, ZnS in concrete not only
exhibits no adverse eﬀect on the concrete’s performance but
also controls the release of heavy metals.26 Taking these
advantages into account, the use of mineral sulﬁdes for
removing mercury from coal combustion ﬂue gas may be a
scientiﬁcally sound and economically feasible strategy. However, only limited studies have investigated the removal of gasphase mercury using mineral sulﬁdes.27−29 A common issue
with these studies is that they used mineral sulﬁdes with small
surface areas. Hence, their mercury adsorption capacities were
found to be similar to or less than those of activated carbons.27
However, when the mercury adsorption capacities are
normalized to the surface area values, the mercury adsorption
capacities of these mineral sulﬁdes appear to be 100 times
greater than those of activated carbons per unit surface area.
Despite the ﬂaws of these preliminary studies, these works
provide strong hints that mineral sulﬁdes with a larger surface
area could be promising alternatives to activated carbon for gasphase mercury removal.
The present study was based on the above hypothesis. The
goal was to use nanostructures to develop a mineral sulﬁde with
a large surface area for removing mercury from coal combustion
ﬂue gas. Nano-sphalerite (ZnS) was synthesized using a liquidphase precipitation method to enlarge its surface area. Hg0
removal performance was systematically evaluated under
diﬀerent gas atmospheres. The Hg0 removal performance of
Nano-ZnS and commercial activated carbons was compared.
The mechanism responsible for the excellent Hg0 removal
performance of Nano-ZnS was also investigated.

poured oﬀ, and were washed 10 times with double-distilled
water and 3 times with anhydrous ethanol (analytical grade,
Sinopharm). The precipitates were dried in an oven at an
elevated temperature for 12 h to obtain white samples, which
were further grinded and sieved through 60/80 meshes (250/
180 μm) before used in mercury removal experiments. By
adjusting the preparation conditions, such as the amount of
CTMAB and the aging time, three ZnS samples with diﬀerent
speciﬁc surface areas were obtained. The ZnS with the largest
surface area was named Nano-ZnS in the present study.
A commercial ZnS reagent (analytical grade, 99.9 wt %,
Aladdin) and two commercial activated carbons (BPL, Calgon
Carbon Corporation, and TX, Tangxin Activated Carbon
Corporation) exclusively used for mercury removal were used
as comparison materials.
Powder Characterization. The Brunauer−Emmett−Teller
(BET) speciﬁc surface area (SBET) measurement by N2
adsorption/desorption at −196 °C was determined using a
BET analyzer (ASAP-2020, Micromeritics). All samples were
oven-dried at 110 °C for 24 h and were degassed for 12 h at
180 °C under vacuum conditions before the BET measurements. The crystal structures of the Nano-ZnS were
determined using an X-ray diﬀractometer (XRD, SIMENS
D500 Bruker) operating at 40 kV and 40 mA using Cu Kα
radiation (λ = 0.15406 nm) in the range of 10−80° (2θ) with a
step size of 0.02°/s. The patterns recorded were compared with
the powder diﬀraction ﬁles in the PDF-2 database for
identiﬁcation of the crystal phases. A 200 kV transmission
electron microscopy (TEM) setup (Tecnai G2 F20 FEI) with a
resolution of 0.2 nm was used for microstructure imaging and
determination of the Nano-ZnS.
Identiﬁcation of Mercury Species on Nano-ZnS after
Adsorption. X-ray photoelectron spectroscopy (XPS) analysis
for identifying mercury species on the sorbent surface was
conducted on an XPS (Escalab 250Xi, Thermo Fisher
Scientiﬁc), with a monochromatized Al Kα radiation (hυ =
1486.6 eV) as the excitation source. The oven-dried sample was
degassed in a vacuum oven for 12 h before the XPS analysis.
The vacuum of the XPS equipment was maintained at 10−6 Pa.
Sample charging eﬀects were eliminated by correcting the
observed spectra with the C 1s binding energy (BE) value of
284.6 eV. Mercury species on the Nano-ZnS were identiﬁed
through a novel temperature-programmed desorption (TPD)
method. In the TPD experiments, Hg0 from the decomposition
of mercury compounds on the Nano-ZnS sorbent was extracted
from the reactor using a gas stream of pure nitrogen at a ﬂow
rate of 250 mL·min−1. The heating rate from room temperature
to 600 °C was nominally 5 °C·min−1. HgS diluted with fresh
Nano-ZnS was ﬁrst tested in the TPD system to determine a
speciﬁc proﬁle that served as a standard for identifying mercury
species on the Nano-ZnS after the adsorption of Hg0.
Experimental Setup and Method. The Hg0 adsorption
performances of ZnS adsorbents were evaluated using the
bench-scale experimental system shown in Figure S1. All
individual ﬂue gas components were from cylinder gases and
were precisely controlled by mass ﬂow controllers, with a total
ﬂow rate of 1 L·min−1. An N2 ﬂow (200 mL·min−1), serving as
a carrier gas, passed through an Hg0 permeation device (VICI
Metronics) loaded in a U-shaped glass tube to obtain Hg0 for
the simulated coal combustion ﬂue gas. The U-shaped glass
tube was placed in a temperature-controlled water bath to
maintain the Hg0 concentration at 65.0 ± 1.0 μg·m−3. A
borosilicate glass reactor, with an inner diameter of 10 mm and

■

EXPERIMENTAL SECTION
Adsorbent Preparation. ZnS samples were synthesized
using a liquid-phase precipitation method. In a typical
procedure, 1 M aqueous solution of zinc sulfate (ZnSO4,
heptahydrate, 99.5 wt %, Sinopharm) and 1 M aqueous
solution of ammonium sulﬁde ((NH4)2S, 20 wt %, Sinopharm)
were prepared using double-distilled water. To adjust the
surface areas of the ﬁnal power sorbents, trace amounts of
hexadecyl trimethylammonium bromide (CTMAB; analytical
grade, 99.0 wt %, Sinopharm) were added to the zinc sulfate
solution while stirring. This was followed by the dropwise
addition of an appropriate amount of 1 M ammonium sulﬁde
solution under vigorous stirring to maintain the stoichiometric
Zn/S ratio of 1:0.98. The resulting turbid dispersion was aged
for diﬀerent periods (0.5 to 2 h). The solution-containing
products were then centrifuged, had the supernatant layer
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typical broadening of the three diﬀraction peaks on the XRD
pattern of the Nano-ZnS implies that the size of the ZnS
crystals was in the nanometer range. The mean diameter of the
ZnS nanocrystals was calculated using the Debye−Scherrer
Equation31 with (111) reﬂection in the XRD pattern. The
results show that the mean diameter of the ZnS nanocrystal was
about 6 nm, which is close to the 4.5 nm measurement
obtained from the TEM image shown in Figure S3. Figure S3
also shows that the ZnS nanocrystals were highly dispersed.
ZnS with Diﬀerent Surface Areas for Gas-Phase Hg0
Removal. The commercial ZnS agent and synthesized ZnS
samples with diﬀerent speciﬁc surface areas were adopted to
remove Hg0 from the N2 gas ﬂow at 140 °C. As shown in
Figure 1, the normalized outlet Hg0 concentration (to inlet

a length of 650 mm, was put in a temperature-controlled
tubular furnace to maintain the reaction temperature with
ﬂuctuations of less than 1.0 °C. 200 ± 5 mg of sorbent was
placed in the reaction zone of the reactor during each
experiment. All tubes and valves that were in contact with
Hg 0 were constructed from Teﬂon, which has been
demonstrated to be chemically inert toward Hg0. The Hg0
concentrations at both the inlet and outlet of the reactor were
monitored online by a mercury analyzer (VM3000, Mercury
Instruments, Inc.) based on cold vapor absorption spectrometry. The exhaust gas was treated by an activated carbon trap
before discharge.
Four sets of experiments were conducted. The details are
summarized in Table S1. The experiments in Set I were carried
out to study the eﬀect of speciﬁc surface area on Hg0
adsorption over ZnS. The experiments in Set II were designed
to evaluate the Hg0 removal performance of Nano-ZnS at 140−
260 °C under pure N2, N2 plus 4% O2, and simulated coal
combustion ﬂue gas (SFG, 4% O2, 8% H2O, 10 ppm of HCl,
300 ppm of NO, 400 ppm of SO2), respectively. The
experiments in Set III were conducted to determine the Hg0
adsorption capacities of Nano-ZnS. Direct comparisons of the
Hg0 adsorption performances of Nano-ZnS and commercial
ACs under an N2 atmosphere were conducted in the Set IV
experiments.
At the beginning of each test, the gas stream bypassed the
reactor and the inlet gas was monitored until the desired inlet
Hg0 concentration (Cin) had been stabilized for at least 30 min.
The gas ﬂow was then passed through the reactor and taken
from the exit of the reactor to measure the outlet Hg0
concentration (Cout). The Hg0 absorption capacity of a
known weight of sorbent for the online Hg0 analyzer tests
was calculated in terms of micrograms (μg) of Hg0 adsorbed
per gram (g) of sorbent from the breakthrough curve (outlet
Hg0 concentration versus time). The area under the inlet Hg0
concentration line and above a breakthrough curve was used to
determine the quantity of Hg0 adsorbed by the sorbent.
Therefore, Hg0 absorption capacity values were obtained
according to eq 1
Q=

1
m

∫t

1

t2

(C in − Cout) × f × dt

Figure 1. Hg0 removal over ZnS samples with diﬀerent surface areas.

concentration) quickly climbed to 0.80 after gas ﬂow passed
through the commercial ZnS agent. The commercial ZnS agent
exhibited an insigniﬁcant absorption capacity for gas-phase Hg0.
This ﬁnding is consistent with a previous study in which
mineral sulﬁdes with a small surface area exhibited a weak
capacity for removing Hg0 from ﬂue gas.27 Better Hg0 removal
performance was observed on the synthesized ZnS samples
with larger surface areas. No synthesized ZnS sample had a
breakthrough at the end of the 4-h experiment. Lower outlet
Hg0 concentrations were observed on the ZnS sorbents with
larger surface areas. This result is similar to ﬁndings from an
earlier study where ground and kneaded FeS2 ore with greater
porosity was more eﬀective for Hg0 removal than the original
FeS2 ore.28 This phenomenon also indicates that the speciﬁc
surface area plays an important role in Hg0 capture, and a large
surface area facilitates Hg0 adsorption over ZnS. For the NanoZnS with the largest surface area, the normalized outlet Hg0
concentration was less than 0.20 during the entire experimental
period, indicating that Nano-ZnS is eﬀective for gas-phase Hg0
removal. This provided preliminarily conﬁrmation of our
hypothesis. The subsequent section of this study focuses on
the Nano-ZnS, as it exhibited the best performance for gasphase Hg0 removal.
Performance of Nano-ZnS for Removal of Hg0 from
Flue Gas. The Hg0 removal performance of the optimal NanoZnS was evaluated from 140 to 260 °C under diﬀerent ﬂue gas
atmospheres: pure N2, N2 plus 4% O2, and SFG. The results are
shown in Figures 2(a), 2(b), and 2(c), for the pure N2, N2 plus
4% O2, and SFG scenarios, respectively.
As shown in Figure 2(a), the normalized outlet Hg0
concentrations gradually increased from 0.04 to 0.20 during a

(1)

where Q is the Hg0 absorption capacity (μg·g−1), f is the gas
ﬂow rate (m3·h−1), m is the mass of sorbent (g), and t is the
adsorption time (h). For each experiment, two replicates were
conducted, and the mean value was reported. For most
experiments, the relative errors were less than 5%.

■

RESULTS AND DISCUSSION
Characterization of Sorbents. The BET speciﬁc surface
area of the ZnS agent was 28.3 m2·g−1. The prepared ZnS
samples exhibited diﬀerent speciﬁc surface areas of 64.6 m2·g−1,
105.9 m2·g−1, and 196.1 m2·g−1, respectively. This indicates that
the speciﬁc surface area of ZnS can be easily controlled by
adjusting the preparation conditions during the liquid-phase
precipitation processes. The XRD pattern of the Nano-ZnS
with the largest surface area of 196.1 m2·g−1 is shown in Figure
S2. Various diﬀraction peaks at diﬀerent 2θ values correspond
to the (111), (220), and (311) diﬀraction planes, respectively.
The peaks were perfectly indexed to the cubic zinc blende
phase of ZnS. As broad diﬀraction peaks on the XRD pattern
can be attributed to characteristic small particle eﬀects,30 the
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180 °C. This is in line with a previous study, in which the
optimal gas-phase Hg0 removal temperature for bulk ZnS was
found to be around 180 °C.29 The optimal operating
temperatures for Nano-ZnS and bulk ZnS were close to each
other, indicating similar Hg0 adsorption mechanisms for both
types of ZnS.
The proﬁles of the normalized outlet Hg0 concentration as a
function of time for Nano-ZnS under N 2 plus 4% O2
atmosphere are shown in Figure 2(b). Almost the same trend
was observed as that in the pure N2 scenario. At the end of the
4-h test, the normalized outlet Hg0 concentration decreased
from 0.17 to 0.05 as the temperature rose from 140 to 180 °C
and then ascended sharply from 0.05 to 0.63 when the
temperature further rose to 260 °C. The optimal temperature
for Hg0 removal in the presence of O2 was observed to be 180
°C. Compared with Hg0 adsorption without O2, the presence of
O2 had a slight promotional eﬀect on Hg0 adsorption over
Nano-ZnS at 140 and 180 °C. However, this promotional eﬀect
became more obvious as the temperature increased. This
indicates that O2 facilitates Hg0 chemisorption, which generally
takes place at high ﬂue gas temperatures.
To further identify the Hg0 removal performance of NanoZnS, Hg0 adsorption experiments were conducted under
simulated coal combustion ﬂue gas. As shown in Figure 2(c),
Nano-ZnS exhibited excellent performance for adsorption of
Hg0 from simulated coal combustion ﬂue gas at temperatures
below 180 °C. After a 4-h test, the normalized outlet Hg0
concentrations at 140 and 180 °C were less than 0.25. It should
be noted that the inlet Hg0 concentration was much higher
than that of the real coal combustion ﬂue gas, and the
corresponding gas hourly space velocity (GHSV) was very
high.32 Therefore, we can conclude that Nano-ZnS with a large
surface area is eﬃcient for the removal of gas-phase Hg0 from
coal combustion ﬂue gas, further conﬁrming our hypothesis.
Moreover, the eﬃciency-to-temperature trend in this simulated
coal combustion ﬂue gas scenario was similar to that observed
in the pure N2 and N2 plus O2 scenarios. This indicates that
most of the ﬂue gas components had an insigniﬁcant eﬀect on
Hg0 adsorption over Nano-ZnS, which is a huge advantage for
removing Hg0 from coal combustion ﬂue gas.10 With this
advantage, the application of Nano-ZnS is likely to be beneﬁcial
to Hg0 removal from coal-ﬁred power plants burning highsulfur coals.
Comparison of the Hg0 Adsorption Capacities of
Nano-ZnS and Commercial ACs. In the set III experiments,
a relatively long test was conducted under N2 and N2 plus 4%
O2 atmospheres at 180 °C with an inlet Hg0 concentration of
65 μg·m−3. Hg0 absorption capacities were obtained according
to eq 1, using the breakthrough curves shown in Figure S4.
When the normalized outlet Hg0 concentration reached 50%,
Hg0 adsorption capacities of 472.1 μg·g−1 and 497.8 μg·g−1
were obtained in N2 and N2 plus 4% O2, respectively. It is
reasonable to assume that the equilibrium Hg0 adsorption
capacity of Nano-ZnS could be much greater when the
breakthrough point is reached, i.e., when the normalized outlet
Hg0 concentration is equal to 1.0. For comparison, the
equilibrium adsorption capacities of diﬀerent commercial ACs
reported in the literature9,16,27,33−38 are presented in Table S2.
As shown, Nano-ZnS exhibited a much greater Hg0 absorption
capacity than all of the carbon materials listed as comparison
materials, even though the ﬂue gas temperature was relatively
high and the inlet Hg0 concentration was relatively low.

Figure 2. Breakthrough curves for Nano-ZnS under diﬀerent ﬂue gas
conditions (a: N2; b: N2 + 4% O2; c: SFG).

4-h test at 140 °C. More Hg0 was adsorbed when the
temperature increased to 180 °C. At the end of the 4-h test, the
normalized outlet Hg0 concentration was less than 0.10. The
capacity of Hg0 adsorption onto Nano-ZnS increased as the
adsorption temperature increased, suggesting a chemical
adsorption mechanism. However, further increases in temperature to 220 and 260 °C reduced the Hg0 removal performance
of the Nano-ZnS. At 260 °C, the normalized outlet Hg0
concentration instantaneously climbed to 0.40 after the N2
gas ﬂow containing Hg0 passed through the Nano-ZnS sorbent,
indicating that the high temperature inhibited Hg0 adsorption
and/or facilitated the decomposition of mercury compounds.
Nano-ZnS exhibited the best Hg0 adsorption performance at
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A direct comparison of Hg0 adsorption performance was
conducted on the same experimental system (shown in Figure
S1) under the same experimental conditions, the results of
which are presented in Figure 3. As shown, the Hg0 adsorption

Figure 3. Comparison of Hg0 adsorption capacities of Nano-ZnS and
commercial ACs.

capacity of Nano-ZnS was much greater than that of BPL AC at
140 °C. At the end of the 6-h tests, 1 g of the Nano-ZnS
adsorbed 98.6 μg Hg0, while the BPL AC only adsorbed 14.6
μg Hg0. The Hg0 adsorption performance of TX AC was
comparable to that of Nano-ZnS at 140 °C. However, when the
temperature increased from 140 to 180 °C, the Hg0 adsorption
capacity of the TX AC dramatically reduced from 87.92 to 23.0
μg·g−1, which is much lower than the 110.9 μg·g−1 observed for
the Nano-ZnS. This phenomenon has also been described in
the literature,39,40 in which the mercury removal eﬀectiveness of
standard AC dropped rapidly when the temperature
approached 180 °C. Moreover, the Hg0 adsorption rate of
Nano-ZnS, represented by the slope of the adsorption curve
presented in Figure 3, was still high at the end of the 6-h test. In
contrast, the Hg0 adsorption rate of the TX AC began to
decelerate, and that of the BPL AC was negligible. A higher Hg0
adsorption rate of the Nano-ZnS would warrant less adsorbent
consumption for the same Hg0 removal eﬃciency request.
Therefore, it is reasonable to conclude that Nano-ZnS with a
large surface area is a superior and probably cost-eﬀective
noncarbon adsorbent for removal of mercury from coal
combustion ﬂue gas.
Mechanism Involved in Hg0 Adsorption by Nano-ZnS.
Extensive studies have been conducted to understand the Hg0
adsorption mechanisms of sulfur-impregnated activated carbon
and inorganic substrates.20,34,38 However, few of these studies
focused on Hg0 removal over mineral sulﬁdes, and they
provided very little information about the detailed adsorption
mechanisms. To explore the Hg0 removal mechanisms on the
Nano-ZnS sorbent, fresh Nano-ZnS was pretreated (saturated
by Hg0 at 180 °C under 300 μg·m−3 Hg0 balanced in N2 for
several days and then purged with pure N2 until Hg0 discharged
from the reactor outlet was below the detection limit) to obtain
a pretreated, mercury-loaded Nano-ZnS. XPS analysis was
conducted to identify the valence state of mercury on the
pretreated Nano-ZnS, and the XPS spectrum of Hg 4f is
presented in Figure 4 (a). As shown, the Hg 4f spectrum
possessed an obvious peak at 100.8 eV, which conﬁrms the
transformation of Hg0 to other mercury species on the NanoZnS surface because the peak for Hg 4f 7/2 associated with Hg0

Figure 4. Hg 4f (a) and S 2p (b) XPS spectra of pretreated Nano-ZnS.

around 99.9 eV was not observed in the XPS spectrum.41,42
This further conﬁrms that Hg0 chemical adsorption occurred
over the Nano-ZnS at 180 °C. Even if a small amount of Hg0
was physically adsorbed on the Nano-ZnS surface, most would
have been ﬂushed away during the pretreatment and/or
vacuumization of the XPS chamber. The peak at 100.8 eV
could be ascribed to both HgO and HgS.29 However, because
the surface of the Nano-ZnS turned black after pretreatment,
black HgS was considered the potential mercury species on the
sorbent surface, rather than HgO. The XPS spectrum of the S
2p level for the Nano-ZnS is shown in Figure 4(b). The two
peaks at lower binding energies of 161.5 and 162.6 eV were
assigned to S2−. This is in agreement with the diﬀerence in
energy predicted by the spin−orbit splitting.43 Another peak at
168.9 eV was ascribed to S6+.44 The S6+ content was negligible
compared with S2−. Therefore, the results of the XPS analysis
suggested that HgS was the main mercury species after Hg0
adsorption over the Nano-ZnS.
It is possible to identify the mercury species present in
diﬀerent solids using a temperature-programmed decomposition method.45,46 Mercury species can be identiﬁed from the
high peak temperature at which they are released, by comparing
their desorption proﬁles with the desorption proﬁles of the
reference pure mercury compounds. Pure HgS diluted with
fresh Nano-ZnS was ﬁrst tested to determine its speciﬁc proﬁle.
This then served as a ﬁngerprint for comparison with the
proﬁle obtained from the pretreated Nano-ZnS, because HgS
was identiﬁed by XPS analysis as the potential product of Hg0
adsorption on the Nano-ZnS. As shown in Figure 5, no Hg0
peak was observed for the Nano-ZnS that was free of mercury.
Decomposition of pure HgS occurred at temperatures ranging
from 180 to 380 °C, with a peak at approximately 300 °C,
which is close to that reported in the literature.46 Mercury
species on the pretreated Nano-ZnS decomposed from 180 to
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Figure 5. TPD spectrum of pretreated Nano-ZnS.

350 °C and presented a characteristic peak at 295 °C. These
ﬁndings clearly demonstrate that the mercury species on the
Nano-ZnS after Hg0 adsorption presented mainly as HgS. The
large surface area of the Nano-ZnS probably promoted the
decomposition of HgS. Hence, the high peak temperature and
complete decomposition temperature of the mercury-laden
Nano-ZnS was slightly lower than that of the HgS agent
physically diluted with Nano-ZnS.
As HgS was identiﬁed as the main mercury species on the
Nano-ZnS after Hg0 adsorption, a mechanism similar to that
reported in the literature47 may be responsible for Hg0
adsorption over the Nano-ZnS adsorbent, the overall process
of which is speculated to be
Hg 0(g) + surface → Hg 0(ad)

(2)

Hg 0(ad) + Zn‐S → Zn‐[S ·Hg]

(3)

Zn‐[S· Hg] → Zn‐[] + HgS(s, ad)

(4)

where [S·Hg] represents the chemisorption compound, and [ ]
is the coordinative unsaturated site. Hg0 in gas ﬂow ﬁrst made
contact with and was physically adsorbed on the surface of the
Nano-ZnS. The physically adsorbed Hg0 then combined with
sulfur atoms (S) that were well dispersed on the Nano-ZnS
surface. Finally, Hg0 was immobilized as stable HgS on the
sorbent surface. With the aid of gas-phase O2, physically
adsorbed Hg0 could also react with adjacent ZnS, through the
process in eq 5, to form HgS on the surface,48 the Gibbs free
energy change (ΔG) of which is far less than zero at ﬂue gas
temperatures. A negative ΔG indicates that the reaction
through eq 5 could spontaneously take place on the surface
of the Nano-ZnS. Higher temperatures accelerated reaction 5.
Therefore, the gas-phase O2 exhibited a more promotional
eﬀect on the transformation of Hg0 to HgS at a higher
temperature.
Hg 0(ad) + Zn‐S + 1/2O2 (g) → HgS(s, ad) + ZnO
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