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ABSTRACT: We report a novel nanocrystals (NCs) sorbent, which shows
an extraordinary adsorption capacity to aqueous Hg2+ based on cation
exchange and allows for the utmost removal of mercury from water. The
NCs sorbent was synthesized by direct coating ZnS NCs on the surface of
the α-Al2O3 nanoparticles. The as-prepared ZnS NCs sorbent can efficiently
remove over 99.9% Hg2+ in 1 min, and lower the Hg2+ concentration from
297.5 mg/L (ppm) to below 1.0 μg/L (ppb) within 5 min. The saturated
adsorption capacity of ZnS NCs for Hg2+ is about 2000 mg/g, which is close
to the theoretic saturated adsorption capacity. The mechanism of Hg2+

removal by ZnS NCs sorbent, the influences of pH value and other cations
on Hg2+ removal were investigated, respectively. Meanwhile, it is found the
size-dependent cation exchange plays a critical role in the removal of Hg2+

by ZnS NCs. Small size ZnS NCs shows better performance than the big
size ZnS NCs in the adsorption capacity and adsorption rate for Hg2+.
Furthermore, the mercury adsorbed by the ZnS NCs sorbent is readily recycled by extraction with aqueous sodium sulfide.
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1. INTRODUCTION

Mercury is a highly toxic and bioaccumulative heavy metal that
could cause serious human health problems and has been an
important concern for decades.1 With the Minamata Con-
vention on Mercury, at which an issued global treaty for the
control of the worldwide mercury pollution was reached after
negotiation by delegates from over 140 countries in 2013,2 it
becomes more urgent to reduce the mercury emission.
Industrial wastewater is one of the major ways mercury
pollutants enter the environment; the removal of mercury from
wastewater is very important accordingly.3,4 Although, how to
efficiently remove the mercury from industrial wastewater is
still very challenging.5 The traditional mercury removal
technologies include amalgamation, membrane separation,
adsorption, etc.6−9 However, the mercury removal efficiency
of these technologies is still not satisfied yet. Therefore, it is
significant to develop a more efficient mercury removal
technique.
Semiconductor nanocrystals (NCs) are of great interest for

technical applications such as biolabeling, lightening, display
technology and solar energy conversion due to their unique
properties, and their synthetic chemistry was extensively
studied and a vast amount of synthetic procedures of NCs
have been developed in the past decade.10−12 Among these
procedures, cation exchange has become a convenient synthetic
tool to allow nanomaterials chemists to achieve morphologies,
shapes and structures that may be difficult to obtain by
conventional synthesis.13−16 For example, an easily synthesized

nanostructure such as CdS NCs is first synthesized as a
template, and then the reactants contain Pb2+ or Hg2+ were
added, the Cd2+ of CdS NCs will be easily and quickly
exchanged by Pb2+ or Hg2+.11 The reaction time of cation
exchange in the NCs is much shorter (≪1 s) than that of the
related systems of large size (e.g., 10 h for 100 nm CdS wire
and weeks for bulk crystals),16 likely due to enhanced surface
access and lower activation barriers to diffusing ions. These
features make NCs potentially suitable as an effective heavy
metal ions exchanger and remover. Such an application is based
on NCs’ intrinsic cation exchange properties and will open a
new window for the application of NCs. For example, low toxic
Cu2X (X = S, Se, Te) NCs can be readily transformed to HgX
and PbX (X = S, Se, Te) NCs through cation exchange reaction
with Hg2+ and Pb2+ under ambient conditions,11 which could
be utilized to remove the heavy metal ions, such as Hg2+, from
wastewater. However, to date, few research efforts have
investigated whether the cation exchange of NCs can be
directly useful to remediate mercury contaminated water.
Moreover, there have been few studies about how the size of
NCs affects the cation exchange speed and degree, which is
critical for its application in heavy metal ions removal.
Therefore, this paper developed a novel ZnS NCs sorbent
and tested its performance in Hg2+ removal from water.
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Meanwhile, the influence of NCs sizes on the removal of Hg2+

was also investigated.

2. EXPERIMENTAL METHODS
2.1. Materials. α-Al2O3 (99.99%, 200 nm), mercury chloride

(>99%), zinc chloride (>99%), lead nitrate (>99%), cadmium chloride
(>99%), nickel nitrate (>99%), cobalt nitrate (>99%), copper sulfate
(>99%), calcium chloride (>99%), chromium chloride (>99%),
hexahydrate (>99%), sodium sulfide (>99%), ethylene glycol
(>99%), 1-butylamine (>99%) and triethylene glycol (>99%) were
provide by Aladdin Chemical (Shanghai, China). Thiourea (99%) was
provided by Sigma-Aldrich (St. Louis, MO).
2.2. Synthesis of ZnS NCs Sorbents. To easily separate the ZnS

NCs sorbent from the water after the mercury adsorption experiment,
α-Al2O3 (200 nm) was chosen as the carrier of ZnS NCs sorbent in
this research. 2 mmol α-Al2O3 was mixed with 2 mmol ZnCl2 and 200
mL of ethylene glycol in a 500 mL three-neck flask equipped with a
condenser. A mixture of 3 mmol thiourea dissolved in 10 mL of 1-
butylamine and 40 mL of ethylene glycol is injected continuously into
the reaction solution over 3 h by a syringe pump at 180 °C. The
surface of the Al2O3 is covered by hydroxyl groups in the glycol
solution,17,18 which will adsorb Zn2+ that subsequently react with S2−

from decomposition of thiourea to form ZnS nanoparticles on Al2O3.
Four ZnS NCs sorbents were sampled from the reaction solution at
0.5, 1.0, 2.0 and 3.0 h, which were marked as L-0.5h, L-1.0h, L-2.0h
and L-3.0h, respectively. To synthesize bigger ZnS NCs, the reaction
temperature was increased to 270 °C and the reaction solvent
(ethylene glycol) was replaced by triethylene glycol, which has a higher
boil temperature (285 °C). The ZnS NCs synthesized at higher
temperatures were marked as H-0.5h, H-1.0h, H-2.0h and H-3.0h,
respectively. It deserves attention that the cost of synthesizing ZnS
NCs by this way is much lower than the conventional hot injection
technology in a noncoordinating organic solvent.
2.3. Characterizations. Morphology observations and energy

dispersive X-ray (EDX) analysis of the samples were conducted with
high-resolution transmission electron microscopy (HRTEM, JEOL
2010, Tokyo, Japan). X-ray diffraction (XRD) patterns were recorded
by a Shimadzu XRD-6000. The surface area of ZnS NCs sorbents was
detected by a surface area and pore size analyzer (Quantachrome
Instruments NOVA 2200e, Boynton Beach, FL).
2.4. Adsorption Experiments. Because the Hg contamination in

industrial wastewater exists primarily as Hg2+,19 HgCl2 was chosen as
the representative mercury pollutant in this research. All batch
sorption experiments were performed by mixing a certain amount of
ZnS NCs sorbent into a predeterminated concentration of HgCl2
solution with stirring (400 r/min) at room temperature. The solution
was sampled and filtrated by filter (pore size: 220 nm) at different
reaction times. Meanwhile, the solution samples were analyzed by a

mercury analyzer (RA915, St. Petersburg, Russia) and continuum
source atomic absorption spectrometry (ContrAA 700, Jena,
Germany).

3. RESULTS AND DISCUSSION

3.1. Characterization. Figure 1a is the transmission
electron microscopy (TEM) images of ZnS NCs sorbents
prepared at 180 °C for different synthesis times (0.5, 1.0, 2.0
and 3.0 h), which were marked as L-0.5h, L-1.0h, L-2.0h and L-
3.0h, respectively. The α-Al2O3 nanoparticles appear as
aggregates, and we observe that all α-Al2O3 nanoparticles in
the product have been fully coated with ZnS NCs layers
(Figure S1, Supporting Information). The ZnS NCs coating
layers follow the shape of the α-Al2O3 template with an average
thickness of about 20−25 nm for the sample taken at 0.5 h, and
become thicker and thicker with the synthesis time increased
from 0.5 to 3.0 h. The fine control of the ZnS NCs layer
thickness was achieved by continuous injection with a syringe
pump that was commonly used to avoid self-nucleation during
shell growth of core/shell NCs,20,21 which is the reason why we
did not find free ZnS NCs formed in the above samples. To
know the change in surface area of the ZnS NCs sorbent with
synthesis time, the surface area of L-0.5h, L-1.0h, L-2.0h and L-
3.0h was tested and the results are about 15.3, 13.8, 10.6 and
9.5 m2/g, respectively. It seems the increasing thickness of the
ZnS shell will decrease the surface area of ZnS NCs sorbents.
The results of powder X-ray diffraction (XRD, Figure 1b)

further identify the samples are mixtures of wurtzite ZnS NCs
and α-Al2O3; those sharp peaks are from α-Al2O3 nanoparticles,
and the broad and weak peaks are from wurtzite ZnS NCs.
With the synthesis time changing from 0 to 3.0 h, the XRD
peaks of ZnS NCs became stronger and stronger, confirming
more and more ZnS NCs formed with the reaction time
evolution. Chemical analysis using energy dispersive X-ray
spectrometry (EDX, Figure S2, Supporting Information)
indicates the presence of Zn, S, Al and O in the sorbents.
The atomic ratio of Zn to S is near to 1:1 and the ZnS/Al2O3
mole ratios are close to 0.24:1, 0.59:1, 0.93:1 and 1:1 for the
samples taken at 0.5, 1.0, 2.0 and 3.0 h, respectively, which are
close to the theoretical numbers. It indicates the reaction
between Zn2+ and thiourea is quite complete. As shown with
HRTEM (Figure S3, Supporting Information), the coating
layer is composed of ZnS NCs around 4−5 nm, which is
consistent with those numbers calculated from the XRD results

Figure 1. TEM images (a) and XRD patterns (b) of ZnS NCs sorbents prepared at 180 °C for different reaction times.
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by the Scherrer Equation. No significant sizes difference was
observed for the four samples synthesized at 180 °C.
3.2. Adsorption Kinetics. To evaluate the suitability of

ZnS NCs sorbent for removal of Hg2+ from wastewater, the
mercury removal performance of ZnS NCs sorbent under
different initial Hg2+ concentrations range from 297.5 mg/L
(ppm) to 0.3 mg/L (ppm) was investigated by using the L-0.5h
sample (Figure 2). 100 mg of ZnS NCs sorbent was added into

50 mL of HgCl2 solution with stirring (400 r/min). On the
basis of the adsorption experiment results in Table 1 and Figure

2, the ZnS NCs sorbent (L-0.5h) can efficiently remove over
99.9% Hg2+ in 1 min, and lower the Hg2+ concentration from
297.5 mg/L (ppm) to below 1.0 μg/L (ppb) within 5 min. For
the solutions with lower initial Hg2+ concentrations, their Hg2+

concentrations also decreased quickly to below 1.0 ppb with
treatment for 5 min. Such final concentrations are lower than of
World Health Organization guidelines (6 ppb Hg),22 even
lower than the maximum contaminant mercury level in
drinking water allowed in the United States (2 ppb)23 and
drinking water standards of the European Union (1 ppb).24

Therefore, it is efficient enough for the mercury removal from
industrial wastewater.
3.3. Mechanism of Mercury Removal by ZnS NCs

Sorbent. It was found that the color of the ZnS NCs sorbent
turned to yellow quickly, and to brown a few minutes after it
was mixed with Hg2+ containing water (Figure S4, Supporting
Information). According to Figure 2, we know that about 99.9%

Hg2+ was removed by the ZnS NCs sorbent in 1 min. If all of
the Hg2+ was removed by ZnS NCs sorbent and converted to
HgS in 1 min based on cation exchange, the color of the ZnS
NCs sorbent should also turn to black in 1 min, which is
different from what was observed in the reaction process.
Obviously, the reaction between Hg2+ and ZnS NCs is not a
simple cation exchange reaction. To investigate the mechanism
of the reaction between Hg2+ and ZnS NCs, 100 mg of ZnS
NCs sorbent (L-0.5h) was added into 50 mL of HgCl2 solution
(1.8 mmol/L) with stirring (400 r/min), and the Hg2+ and
Zn2+ concentrations of the sample during the reaction were
analyzed, which are shown in Figure 3.

From Figure 3, it can be seen that the Hg2+ concentration
decreased quickly; about 99.9% Hg2+ is removed by the ZnS
NCs sorbent in 60 s. However, the Zn2+ concentration
increased slowly. The amount of ZnS NCs used in this
experiment is much larger than that of Hg2+. If the Hg2+ is
totally exchanged by Zn2+ based on cation exchange, the Zn2+

concentration should increase to 1.8 mmol/L in 60 s. However,
the Zn2+ concentration is about 0.4 mmol/L even when the
reaction time is 300 s. Obviously, only part of Hg2+ is removed
through cation exchange, the other part of Hg2+ is possibly
adsorbed by the surface of ZnS NCs sorbent at 60 s, which is
similar as the previous reports using NCs as a heavy metal ions
sensor, where heavy ions tended to be adsorbed on the surface
of NCs by ligands or S2−.25,26 However, the Zn2+ concentration
reached 1.8 mmol/L after 24 h of reaction, which means all of
the Hg2+ will finally enter the lattice of the ZnS and exchange
Zn2+ out.
From the powder X-ray diffraction (XRD, Figure 4) of ZnS

NCs sorbent (L-3.0h) before reaction and after 20 min of
reaction, we see that there are two new peaks at about 22.4°
and 34.6°, which are the characteristic peaks of HgZnS. It
indicates the cation exchange really happens on ZnS NCs,
where Hg2+ enters the lattice of the ZnS and forms a HgZnS
alloy structure. Therefore, there may be two possible reaction
pathways for Hg2+ removal by ZnS NCs, which could be
deduced as follows. In pathway 1, the Hg2+ was first adsorbed
by ZnS NCs and formed adsorptive xHg·ZnS(ad). Then the

Figure 2. Ratio of Hg2+ concentration at different treating time to
initial Hg2+ concentration (C/C0) as a function of time for mercury
removal by ZnS NCs sorbent (L-0.5h). 100 mg of ZnS NCs sorbent
was added into 50 mL of HgCl2 solution with stirring (400 r/min).
The initial Hg2+ concentrations range from 297.5 mg/L (ppm) to 0.3
mg/L (ppm). The pH value of HgCl2 solution (297.5 mg/L) is about
5.5.

Table 1. Initial and Final Concentrations of Hg2+ after
Adsorption

initial concentration
(mg/L)

final concentration
(μg/L)

reaction time
(min)

297.5 0.9 5
3.1 0.8 5
0.3 0.7 5

Figure 3. Hg2+ and Zn2+ concentrations of solution in the mercury
removal process. 100 mg of ZnS NCs sorbent (L-0.5h) was added into
50 mL of HgCl2 solution (Hg2+ concentration: 1.8 mmol/L) with
stirring (400 r/min). The pH value of the HgCl2 solution (1.8 mmol/
L) is about 5.7.
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xHg·ZnS(ad) converted to an intermediate product, HgxZn1−xS*
and simultaneously released Zn2+. In pathway 2, the Hg2+

directly reacted with ZnS NCs and formed HgxZn1−xS* and
released Zn2+ through the cation exchange reaction, and if the
Hg2+ is in excess to Zn2+, the HgxZn1−xS* will finally turn to
HgS. Equations 1−3 can be used to describe the reaction
process.
Pathway 1

+ → ·+x xHg ZnS Hg ZnS2
(ad) (1)

· → * +−
+x xHg ZnS Hg Zn S Znx x(ad) 1

2
(2)

Pathway 2

+ → * ++
−

+x xHg ZnS Hg Zn S Znx x
2

1
2

(3)

Because the Zn2+ ions are exchanged with the same amount
of Hg2+ ions eventually, the whole reaction between Hg2+ and
ZnS NCs sorbent belongs to cation exchange.
3.4. Influence of pH Value and Other Metal Cations

on Mercury Removal. The pH value of industrial wastewater
often varies with industry types, so it is important to investigate
the influence of pH value on the Hg2+ removal efficiency. 100
mg of ZnS NCs sorbent (L-0.5h) was added into 50 mL of
HgCl2 solution with stirring (400 r/min). The initial Hg2+

concentration is 297.5 mg/L (ppm). A certain amount of HCl
solution was added into the HgCl2 solution to adjust its pH
value from 1 to 6.
As shown in Figure 5, the Hg2+ removal efficiency is over

99.9% when the pH value is from 1 to 6. Obviously, the pH
value will not affect the Hg2+ removal efficiency by ZnS NCs
sorbent. It is well-known that ZnS is not stable at low pH
conditions. We tried to mix the ZnS NCs sorbent with HCl
solutions at different pH values. It was found that the ZnS NCs
sorbent produced bubbles in low pH solutions and the Zn2+

concentration increased significantly with the decrease of the
pH value (Table S1, Supporting Information). However,
negligible Zn2+ could be detected when the pH value is from
4 to 6. That indicates that the ZnS NCs sorbent is stable when
the pH value is from 4 to 6. Therefore, the reaction process of
Hg2+ and ZnS NCs is different when the pH value is less than 3.
There may be a third possible reaction pathway for Hg2+

removal by ZnS NCs, which could be deduced as follows. First,
part of the ZnS NCs dissolved in solution and formed S2− or
H2S immediately when its pH value was less than 3. Then, the
S2− or H2S reacted with Hg2+ and generated HgS. Finally, the
produced HgS was adsorbed by the sorbent. Equations 4−8 can
be used to describe the reaction process.
Pathway 3

+ → + ++ + − +ZnS 2H Zn S 2H2 2 (4)

+ →− +S 2H H S2
2 (5)

+ →− +S Hg HgS2 2
(6)

+ →+H S Hg HgS2
2

(7)

→HgS HgS(ad) (8)

In addition, several metal compounds, such as CuSO4,
Pb(NO3)2, Ni(NO3)2, Co(NO3)2, CaCl2, CdCl2 and CrCl3,
were added into the HgCl2 solution respectively to investigate
the influence of other metal cations on Hg2+ removal by ZnS
NCs sorbents (Figure S5, Supporting Information). According
to Figure S5 (Supporting Information), the Hg2+ removal
efficiency is still over 99.9%, even in the presence of other metal
cations in 5 min. There is no obvious influence of other metal
cations on the Hg2+ removal efficiency by the ZnS NCs
sorbent. It may be because HgS has the smallest Ksp (solubility
product constant) among the sulfides formed by the above
metals. However, the presence of Cu2+ did slow the removal
speed of Hg2+. Meanwhile, the removal efficiencies of Cu2+,
Ni2+, Pb2+ and Cd2+ were about 95%, 77%, 75% and 50%,
respectively.

3.5. Thickness-Dependent Cation Exchange. To reveal
how the thickness of the ZnS NCs layer affects the Hg2+

removal performance of sorbents, four samples with different
thickness were tested (Figure 6). Because the saturated
adsorption capacity of ZnS NCs sorbent for Hg2+ is very
large, high mercury concentration simulated wastewater was

Figure 4. XRD patterns of ZnS NCs sorbents before and after mercury
removal. ZnS NCs sorbent (L-3.0h) samples before reaction and after
20 min of reaction were analyzed by XRD, respectively.

Figure 5. Influence of pH value on the Hg2+ removal efficiency. 100
mg of ZnS NCs (L-0.5h) sorbent was added into 50 mL of HgCl2
solution with stirring (400 r/min). The initial Hg2+ concentration is
297.5 mg/L (ppm). A certain amount of HCl solution was added into
the HgCl2 solution to adjust its pH value from 1 to 6. The pH value of
HgCl2 solution (297.5 mg/L) is about 5.5.
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tested in this research for saving the experimental time. 20 mg
of ZnS NCs adsorbent was mixed with 100 mL of HgCl2
solution (Hg2+ concentration: 297.5 mg/L) with stirring (400
r/min), where the Hg2+ is highly excessive to the ZnS NCs
contained in the four sorbents.
From Figure 6, we can see that the cation exchange reaction

is faster when the ZnS NCs layer thickness is thinner, which
can be explained by a simple scaling of the size in diffusion-
controlled reaction schemes, where the reaction time is roughly
proportional to the square of the size.12 It also could be seen
that the Hg2+ concentration decreases remarkably with the
increasing contact time. The Hg2+ concentration of the solution
treated by L-0.5h quickly reached a constant value in a short
time, whereas the others took about 300 min to reach
equilibrium. The final Hg2+ removal efficiency is about 24.0%,
47.3%, 35.1% and 28.7% for L-0.5h, L-1.0h, L-2.0h and L-3.0h,
respectively.
The ZnS NCs sorbents component ratio (weight percent)

before and after Hg2+ removal reaction were analyzed by EDX
and inductively coupled plasma mass spectrometry (ICP-MS)
(Table 2). Because the L-0.5h sorbent contains much less ZnS
NCs than other three sorbents, its mercury removal efficiency
of L-0.5h is the lowest of the four sorbents. Interestingly, L-1.0h

has the best removal efficiency, even though its ZnS NCs
component ratio is less than those of L-2.0h and L-3.0h. Table
2 shows that about 99.4% Zn2+ of L-0.5h and 96.2% Zn2+ of L-
1.0h was exchanged by Hg2+. However, only 32.8% Zn2+ of L-
3.0h was exchanged by Hg2+ in the same solution. Obviously,
the exchange capability of Zn2+ by Hg2+ is thickness dependent.
The samples with thicker ZnS NCs layer were partially cation
exchanged if the ZnS NCs layer thickness beyond a certain
value (Figure S6, Supporting Information). Therefore, to
control a suitable thickness of the exchange layer is very
important for a good cation exchanger, which should have a
compromise between exchange speed and adsorption capacity.

3.6. Size-Dependent Cation Exchange. Due to the
similar ZnS NCs sizes of the four samples synthesized at 180
°C, their different cation exchange behaviors mentioned above
should be mostly related to their thickness differences of the
ZnS NCs layer. Does the size of the ZnS NCs affect the cation
exchange? To answer this question, bigger sizes of ZnS NCs
sorbents were synthesized at a higher temperature (270 °C).
The ZnS NCs synthesized at 270 °C were marked as H-0.5h,
H-1.0h, H-2.0h and H-3.0h, respectively. TEM images (Figure
S7, Supporting Information) show H-0.5h has a similar
thickness ZnS layer (20−25 nm) as that of L-0.5h but is
composed with bigger ZnS NCs of 7−8 nm, and H-3.0h has a
similar thickness (about 55−65 nm) as L-3.0h but with bigger
ZnS NCs of about 17−18 nm. Then five samples contained
ZnS particles of various sizes were tested to investigate the size-
dependent behavior during the cation exchange. 20 mg of
adsorbent was mixed with 100 mL of HgCl2 solution (Hg2+

concentration: 297.5 mg/L) with stirring (400 r/min).
As shown in Figure 7, the samples synthesized at a higher

temperature with the same reaction time show slower cation

exchange speeds. Particularly, the H-3.0h speed is much slower
than the others and that for the 2 μm ZnS particles is even
worse. In this experiment, the differences of cation exchange
speed should be attributed to the different sizes of the ZnS
particles. Even with a similar layer thickness, a bigger ZnS NCs
coating layer is more difficult to be exchanged. But
interestingly, H-0.5h has a similar exchange capacity as L-
0.5h, even though their sizes are different; it is possibly because

Figure 6. Influence of ZnS NCs layer thickness on Hg2+ removal. 20
mg of ZnS NCs adsorbent was mixed with 100 mL of HgCl2 solution
(Hg2+ concentration: 297.5 mg/L) with stirring (400 r/min), where
the Hg2+ is highly excessive to the ZnS NCs contained in the four
sorbents. The pH value of HgCl2 solution (297.5 mg/L) is about 5.5.

Table 2. Components Percentage (wt %) of ZnS NCs
Sorbents before and after Hg2+ Removal Reaction Calculated
by EDX and ICP-MS Analysis

reaction time ZnS NCs Al2O3 ZnS HgS ηa

before reaction L-0.5h 81.4 18.6 0 0
L-1.0h 64.1 35.9 0 0
L-2.0h 53.1 46.9 0 0
L-3.0h 51.3 48.7 0 0

after reaction L-0.5h 69.1 0.1 30.8 99.4
L-1.0h 46.4 1.0 52.6 96.2
L-2.0h 41.1 17.2 41.7 52.6
L-3.0h 40.6 25.9 33.5 32.8

aη presents the exchange degree of Zn2+ of the ZnS NCs sorbents (at.
%).

Figure 7. Size effects of ZnS NCs on Hg2+ removal. 20 mg of ZnS
NCs adsorbent was mixed with 100 mL of HgCl2 solution (Hg2+

concentration: 297.5 mg/L) with stirring (400 r/min). The pH value
of the HgCl2 solution (297.5 mg/L) is about 5.5.
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its ZnS NCs layer is thin enough to be completely exchanged
by Hg2+. These observations clearly demonstrate the intrinsic
size effects of cation exchange in ZnS NCs, and further
confirmed that the cation exchange between ZnS and Hg2+ was
diffusion-limited. For ZnS NCs with bigger sizes, perhaps only
part of the Zn2+ was exchanged by Hg2+ due to shallow
diffusion depth and slow kinetics, which is similar to the
observation in the cation exchange between thick CdS
nanowires and Zn2+ in vapor-phase reaction at low temper-
ature.27

3.7. Influence of Initial Hg2+ Concentration on the
Saturated Adsorption Capacity of ZnS NCs Sorbent. The
saturated adsorption capacity of the ZnS NCs sorbent for Hg2+

was measured at the initial Hg2+ concentration of 90.7−451.7
mg/L. To ensure that the adsorption equilibrium was reached,
the samples were tested after a 24 h adsorption experiment.
The saturated adsorption capacity of L-1.0h for Hg2+ is about
720 mg/g with the Hg2+ concentration range from 90.7 to
451.7 mg/L (Figure S8, Supporting Information). The initial
Hg2+ concentration does not affect the saturated adsorption
capacity of the ZnS NCs sorbent. If calculated by ZnS NCs
themselves, the adsorption capacity is about 2000 mg/g, which
is close to the theoretic saturated adsorption capacity and is
much higher than those of recently reported mercury sorbents,
such as a gold NCs adsorbent (676 mg/g),28 Zn-doped
biomagnetite particles (416 mg/g),29 manganese dioxide
nanowhiskers (199.5 mg/g),30 functionalized diatom silica
microparticles (185.2 mg/g)31 and Fe3O4 magnetic NCs with
humic acid (97.7 mg/g).32

3.8. Recycling of the Sorbent and Mercury. The
disposal of sorbents after use is important for a good sorbent,
which should avoid causing a second pollution. It is well-known
that HgS can dissolve into a high concentration Na2S solution
because of the formation of mercury polysulfide. A black
sorbent after Hg2+ absorption was treated by Na2S solution (1
M/L) and it turned to white in seconds (Figure S9, Supporting
Information). Chemical analysis demonstrates that the white
powder contains only 0.07% mercury. It means most of HgS
formed by cation exchange dissolved into sodium sulfide, and
the resulted concentrated mercury solution is easy to be
recycled. The cleaned Al2O3 nanoparticles could be reused for
growing ZnS NCs again. Therefore, the ZnS NCs sorbent is a
promising sorbent for mercury removal from industrial
contaminated water.

4. CONCLUSIONS

To conclude, we report a novel efficient mercury scavenger
based on ZnS NCs, which can remove over 99.9% Hg2+ in 1
min, and lower the Hg2+ concentration from 297.5 mg/L
(ppm) to below 1.0 μg/L (ppb) within 5 min. The saturated
adsorption capacity of ZnS NCs themselves is about 2000 mg/
g, which is close to the theoretic saturated adsorption capacity.
We demonstrated the size and thickness dependent cation
exchange between ZnS NCs and Hg2+, and found the cation
exchange will be difficult for ZnS NCs bigger than 17−18 nm,
or a ZnS NCs layer thicker than 40 nm. Therefore, the ability to
precisely control the scale of nanoparticles or layers is critical to
synthesize a suitable heavy metal ions sorbent via cation
exchange.
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