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Abstract—The emission of mercury from anthropogenic activities is a serious concern in both developed and devel-
oping countries due to its high toxicity and persistence. Here, carbon nitride nanosheets (CNNS) were attained via a
two-step thermal etching method and applied for Hg’ removal. Proper deposition of ZnS can markedly reinforce the Hg’
capture ability of CNNS. 10ZnS/CNNS notably outperforms ZnS and CNNS at 100 °C, which is primarily attributed to
surface chemisorbed oxygen species and polysulfide active sites. Besides, Hg’ adsorption and thermal catalytic oxida-
tion pathways are further disclosed using quantum chemistry calculations based on density functional theory (DFT).
The calculation results show that the presence of zinc species is beneficial to the decomposition of adsorbed oxygen,
which plays a key role in the catalytic oxidation of Hg’, thereby contributing to the enhancement of mercury removal

performance.
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INTRODUCTION

Mercury (Hg), as a global pollutant, has attracted increasing at-
tention in the air toxics [1]. Because of its adverse effects on human
health and the environment, the abatement of mercury has gained
enormous public concern in recent decades [2]. Coal-fired units are
the major sources of mercury emission from anthropogenic activ-
ity [3]. Three forms of mercury species co-exist in coal-fired flue
gas: particulate-bound (Hg), oxidized mercury (Hg™), and elemen-
tal mercury (Hg') [4]. Hg’ and Hg™* can be easily eliminated by par-
ticulate matter (PM) control devices and wet flue gas desulfurization
(WFGD) system, respectively. Nevertheless, Hg vapor with high
volatility and low water-solubility cannot be captured by conven-
tional air pollution control equipment [5]. Thus, Hg’ is the domi-
nant mercury species emitted into the atmosphere.

Currently, adsorption and catalytic oxidation methods are two
primary mechanisms for Hg’ emission control. Adsorption tech-
nology can concurrently remove Hg’, Hg"* and Hg’ species from
flue gas by using porous adsorbents [6,7]. Catalytic oxidation is to
oxidize insoluble Hg’ into Hg™", which is subsequently absorbed in
WEGD units [8,9]. In terms of adsorption technology, breakthrough
of adsorbents is inevitable when surface active sites are fully occu-
pied by Hg’ vapor, which hinders its practical application for con-
tinuous mercury removal in power plants. In this respect, employ-
ment of catalysts can avoid the shortcomings of adsorption tech-
nology. Recently, graphitic carbon nitride (g-C;N,), as a structural
analog of graphene, has been reported to be effective in mercury
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removal due to its peculiar electronic property and good thermal
stability [10-12]. As compared to commonly used activated car-
bon, g-C;N, has an easier tunable electronic structure, inexpensive
synthesis process, and much higher intrinsic Hg’ affinity [13,14].
Nevertheless, the mercury removal performance of pristine and
metal oxide-modified g-C;N, would distinctly deteriorate at ele-
vated temperature and in presence of acidic flue gas constituents
[15,16]. Though loading metal sulfides on adsorbent surface can
immobilize flue gas mercury and improve its resistance to sulfur
dioxide the Hg’ removal efficiency would visibly decline when
reaction temperature is above 150 °C due to unstable adsorbed mer-
cury species and possible decomposition of metal sulfides [17].
Considering the temperature fluctuation and existence of acidic gas
components in coal-fired flue gas, it is imperative to develop cata-
lysts that can stably remove mercury in wider temperature range
and complex gas atmosphere. As reported, zinc sulfide (ZnS) is
highly active in elevated-temperature range (150-200 °C) but per-
forms poorly at temperatures lower than 150 °C [18]. In this regard,
combining ZnS with g-C;N, as a composite catalyst may overcome
their drawbacks and make full use of their merits. In addition, dis-
persing ZnS on the surface of g-C;N, can also achieve a balance
between mercury removal performance and cost economy for practi-
cal applications [19].

In this work, ZnS/g-C;N, composites were constructed using
precipitation approach and employed for capturing Hg’ vapor. The
physiochemical properties were characterized using X-ray diffractom-
eter (XRD), field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), and X-ray photoelectron
spectroscopy (XPS) techniques. Furthermore, the behavior of Hg’
adsorption and catalytic oxidation over modified surface was investi-
gated by theoretical calculations based on density functional the-
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ory (DFT). Combining the experimental and theoretical results, the
enhancement effect of ZnS on the mercury removal performance
of g-C;N, was revealed therewith.

METHODS

1. Preparation and Characterization

Carbon nitride nanosheets (CNNS) were obtained via a two-step
thermal etching route, which is described in detail elsewhere [20,
21]. ZnS/g-C;N, composites were prepared using precipitation
approach [22]. First, specific quantities of zinc acetate dihydrate
(Zn(CH,COO0),-2H,0, Aladdin, AR) and sodium sulfide nonahy-
drate (Na,S-9H,0, Aladdin, AR) were put into two beakers, respec-
tively. The one containing Zn(CH,COO),-2H,O was named as
beaker A, another containing Na,S-9H,0 was tabbed as beaker B.
Then, about 50 g deionized water was poured into the two bea-
kers to yield transparent solutions. As-prepared CNNS was added
into beaker A under vigorous stirring for ca. 30 min. After that, the
solution in beaker B was added dropwise into beaker A under con-
secutive stirring. After standing for 2h, the resulting turbid sus-
pensions in beaker A were filtered, washed with deionized water
for three times, and eventually dried at 65°C for 12h. The final
products were designated as xZnS/CNNS, wherein x represented
the mass percentage of ZnS in composites. Pure Zn$ was also pre-
pared for comparison using similar method. The samples were
characterized using XRD, FESEM, TEM, XPS, etc., which is fully
described elsewhere [23].
2. Gaseous Elemental Mercury Removal

The Hg’ removal performance was tested in a bench-scale packed-
bed reactor. The schematic and detailed description of elemental
mercury removal system is illustrated in Fig. S1 (Supplementary
Materials).
3. DFT Calculation Details

The DFT calculation was carried out by using CASTEP (Cam-
bridge Serial Total Energy Package) module. The generalized gra-
dient approximation (GGA) theory was applied with Perdew-Burke-
Ernzerhof (PBE) functional method. The convergence criteria for
geometric optimization and single point energy calculation were
set as follows: maximal energy change of 2.0x10™° eV/atom, maxi-
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Fig. 1. XRD profiles: (a) ZnS, CNNS and 10ZnS/CNNS; (b) xZnS/CNNS.
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mal force on the atoms of 0.05 eV/A, maximal stress on the atoms
of 0.1 GPa, and maximal atomic displacement of 0.002 A. The g-
C;N, surface with the size of 2x2 was used to simulate the reac-
tion surface [24]. A vacuum layer of 15 A was used to reduce the
interference from adjacent layers. The absorption energy was cal-
culated by:

Eadsurptiun:Esystem_ (Eadsmhatc-"Ecum‘er) (1)

where E, 10, Tepresents the absorption energy (eV). E., is the
total energy (eV) of the system that given molecules adsorbed by
carrier surface. E j,pq. and E,,...., represent the total energy (eV) of
isolated adsorbate and carrier, respectively. The transition state search
(TSS) was used to characterize the energy barrier and net heat
absorption of reaction processes via linear synchronous transit/qua-
dratic synchronous transit (LST/QST) method. The energy bar-
rier and reaction heat are defined as:

Ebarrier: ETS_ Ereucmnt (2)
Ercaction = “product Ercactant (3 )

where E,.., represents the reaction energy barrier (eV). E, i, iS
the net heat absorption of a given reaction. Er, Euran a0d Epgr
represent the total energy (eV) of transition states, reactants and
products, respectively.

RESULTS AND DISCUSSION

1. Characterization Analysis

The XRD profile in Fig. 1(a) confirms the successful synthesis of
g-C;N,. The peaks centered at around 12.9 and 27.7° are ascribed
to the reflections of the (001) and (002) planes of g-C,N, (JCPDS
87-1526), respectively. The minor peaks at 12.9° are attributed to the
planar ordering of tri-s-triazine units, while the intense peaks at 27.7°
represent the interlayer stacking of g-C;N, aromatic layers. The
intense peaks at 28.7, 47.6, 56.4, 77.2° in ZnS relate to the reflec-
tions of the (111), (220), (311), (331) panes of sphalerite (JCPDS
01-0792), respectively. After loading onto CNNS, the feature sig-
nals of ZnS become weaker, suggesting that ZnS is exists as amor-
phous phases or highly dispersed on CNNS surface [25]. What is
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Fig. 3. EDS profiles: (a) CNNS and (b) 10ZnS/CNNS.

more, the characteristic peak intensity of ZnS gradually increases
with incremental ZnS loading values (Fig. 1(b)). With respect to
pristine CNNS, the diffraction angles of the (002) peaks slightly
move toward higher values after modifying with ZnS, indicating a
decreased gallery distance between the basic sheets of g-C;N, in
xZnS/CNNS [26].

The surface microstructures of CNNS and 10ZnS/CNNS were
studied via FESEM technique. As presented in Fig. 2(a), big bulk-
like stacks consisting of packed layers with sizes of several microns
are observed. Numerous pore structures are also detected on CNNS

Energy (keV)

surface as shown in Fig. 2(b). After loading with 10 wt% ZnS (Fig.
2(c) and (d)), the bulk structure of CNNS remains and the surface
becomes more compact. In addition, many tiny aggregates are found
on the surface of CNNS, which are possibly assigned to ZnS parti-
cles. The energy disperse spectroscopy (EDS) profiles of CNNS and
10ZnS/CNNS are displayed in Fig. 3. Two strong peaks at 0.27
and 0.39keV are detected in CNNS and 10ZnS/CNNS, which are
assigned to the C and N elements of carbon nitrides, respectively.
The weak signals of Zn at 1.02 eV and S at 2.31 eV are detected in
10ZnS/CNNS, testifying the successful loading of ZnS on CNNS

Korean J. Chem. Eng.(Vol. 39, No. 6)
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Fig. 4. TEM images of (a), (b) CNNS and (c), (d) 10ZnS/CNNS; (e), (f) SAED analysis of 10ZnS/CNNS.

[27].

The fine microstructures of CNNS and 10ZnS/CNNS were fur-
ther investigated using TEM techniques. The TEM images in Fig,
4(a) and (b) testify the graphene-analogous morphology of as-syn-
thesized CNNS, which displays an ultrathin two-dimensional
nanosheet feature with thickness of dozens of nanometers and lat-
eral size of few microns. Some darker portions are likely owing to
the overlap of several nanosheets or a multilayer nanosheet. After
impregnating with 10 wt% ZnS, the nanosheet structure of CNNS
is still preserved (Fig. 4(c)). In addition, it can be found that the
surface of CNNS is irregularly covered with many dark nanoclus-
ters (dark spots in yellow circles) with uneven sizes (Fig. 4(d)), which
are probably ascribed to ZnS grains. The high resolution transmis-
sion electron microscopy (HRTEM) photos with selected area elec-
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tron diffraction (SAED) analysis are presented in Fig. 4(e) and (f).
The diffraction rings of the (111) and (220) lattice planes of ZnS
corresponding to interplanar spacings of 0.3238 and 0.1943 nm,
respectively, are visibly detected, suggesting polycrystal structures
of ZnS particles [28].

The chemical states and relative proportions of surface elements
of the adsorbents were studied by using XPS technique. The XPS
profiles of fresh and spent CNNS are presented Fig. 5. With respect
to high-resolution C 1s spectra, the peaks at 284.9 and 285.6eV are
assigned to sp” hybridized C=C bonds [29]. The bands at 287.2-
288.8 €V relate to the sp’-bonded C atoms bonding to the N atoms
inside the triazine rings (N=C-N) [30]. With respect to high-reso-
lution N Is profiles, the band at 397.4 eV likely belongs to cyanide
groups (-C=N) [31]. The bands at 398.2 and 398.8 eV correspond
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to pyridinic-N (N-6) [32]. The peaks at 399.5 and 399.6eV are
plausibly ascribed to pyrrolic-N (N-5) [33]. The band at 400.8 eV
is likely owing to amino functional groups (-NH,) [34]. It can be
found that the binding energies of C 1s and N 1s characteristic
peaks visibly decline after mercury adsorption. This suggests that
the adsorbed Hg’ may donate electrons to the C and N atoms of
CNNS. The bands at 532.5 and 533.0 eV are assigned to the oxygen
in adsorbed carbonates or hydroxyls on adsorbent surface [35]. As
for the Hg 4f spectrum of spent CNNS, the peak at 1024 eV is
attributed to Si 2p electron. The binding energy of mercury spe-
cies at Hg 4f;, orbit of 101.2 eV is notably bigger than that of ele-
mental mercury at Hg 4f,, orbit of 99.9 eV [36], suggesting the
generation of oxidized mercury or coordinated mercury species.

The XPS spectra of fresh and spent 10ZnS/CNNS are displayed
in Fig. 6. The doublet peaks at 1,020.0-1,022.0eV and 1,0434-
1,045.4 eV are attributed to the Zn" species in ZnS [37]. The bind-
ing energy of Zn 2p3 noticeably moves toward lower values after
mercury adsorption, indicating that Zn may accept electrons from
the adsorbed Hg’ to produce Zn-Hg amalgam as well. The peaks
at 1612 eV and 162.5-163.8 €V accord with sulfide (S*) and disul-
fide (S3") groups [38], respectively. The band at 168.0 €V in spent
10ZnS/CNNS is ascribed to the sulfate (SO;™) groups [39], which
probably stem from the oxidation of a portion of surface sulfur of
ZnS by the oxygen from flue gas. After mercury adsorption, the fea-
tured peak of chemisorbed oxygen at 530.8 eV is distinctly detected
[40]. This indicates that the gas-phase oxygen in flue gas can be
chemisorbed on the surface of 10ZnS/CNNS, which may contrib-
ute considerably to the enhancement of its mercury removal per-
formance. The Hg 4f spectrum of spent 10ZnS/CNNS displays
two fitted peaks at 100.9 and 104.2 eV, which are visibly bigger than
those of elemental mercury at Hg 4f;, orbit of 99.9 eV and Hg 4f;,
orbit of 104.0 eV correspondingly [41], implying the generation of
oxidized mercury species.
2. Mercury Removal Performance

The effect of ZnS loading value on the Hg’ removal perfor-
mance of CNNS at 100 °C is displayed in Fig. 7. Pristine ZnS and
CNNS both exhibit relatively poor mercury capture ability with
Hg’ removal efficiency of 54.7 and 37.1%, respectively. Deposition
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of 5 and 15wt% ZnS on CNNS can slightly improve its mercury
removal efficiency to 43.0 and 51.3% correspondingly; however,
they are still lower than that of pure ZnS. Minor loading of ZnS may
not create sufficient active sites for Hg’ oxidation, while an excess
of ZnS deposition may cause aggregation of ZnS grains, both of
which would lead to degradation of mercury removal performance
to some extent. 10ZnS/CNNS notably outperforms pristine ZnS
and CNNS with Hg” removal efficiency of 85.6%, which is plausibly
owing to the synergy between ZnS and CNNS. Besides, 10ZnS/
CNNS performs stably in the temperature range of 100-200 °C with
mercury removing efficiency sustaining at 85.6-86.8% (Fig. 8). Thus,
the optimal ZnS loading value should be 10 wt%.

3. Catalytic Oxidation Mechanism of Elemental Mercury

Conventional adsorbents capture flue gas elemental mercury via
fixing Hg’ on their surface active sites. Because the active sites on
adsorbent surface are gradually occupied by mercury species, it is
necessary to spray adsorbent continuously to achieve stable mer-
cury removal performance. This would significantly increase capi-
tal cost and thus reduce the economics of power plants. Besides,
considering that the waste heat in flue gas can be utilized, it is a
meaningful mercury removal route to use thermal catalysis tech-
nology to convert elemental mercury into oxidized mercury, and
coupled with existing WFGD system to control the total mercury
emissions of power plants. Liu et al. [42] successfully studied the
Hg’ catalytic oxidation performance of diverse transition metal
modified g-C;N, via density functional theory. In this work, the
structural model shown in Fig. 9 was adopted, where the clean
CNNS (Fig. 9(a)) is a two-dimensional lamellar structure similar
to graphene, in which C and N atoms are hybridized to form a
highly delocalized m conjugated system. The Zn/CNNS structure
is formed by doping zinc atom at the hole site of CNNS, and sub-
sequent calculations are also carried out (Fig. 9(b)).

First, the adsorption performance of common reactants, namely
gaseous elemental mercury and oxygen molecule, on the catalyst
surface is considered. The specific adsorption structures are shown
in Fig. S2 (Supplementary Materials). The corresponding adsorp-
tion energies are shown in Fig. 10. It can be seen that the adsorp-
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tion energy of elemental mercury on clean CNNS and Zn/CNNS
is very low; which is —0.457 and —0.441 eV, respectively. The ad-
sorption energy of oxygen is very high, which is —1.963 eV on the
surface of CNNS, indicating that oxygen is more easily adsorbed
on the surface of catalyst compared with elemental mercury. In addi-
tion, the adsorption energy of oxygen on Zn/CNNS is also signifi-
cantly enhanced, reaching —3.244 eV, indicating that the oxygen

capture from flue gas can be effectively improved by doping Zn on
CNNS surface. Considering the necessity of oxygen in the cata-
Iytic oxidation of elemental mercury, this improvement may play a
key role in the mercury removal performances of modified samples.

The catalytic oxidation paths of gaseous elemental mercury on
two surfaces are studied as shown in Fig. 11. In the reaction path
of clean CNNS surface (the black line in Fig. 11), one oxygen mol-
ecule in flue gas is primarily adsorbed on the surface to form struc-
ture 1. An oxygen atom is bonded to the surface nitrogen atom,
and the length of N-O bond is 2.286 A. The O-O bond length is
1.265 A, which is a slight increase compared to isolated oxygen
(1.222 A), which can be attributed to the interaction between sur-
face O and N atoms. Then, the adsorbed oxygen splits on the sur-
face and passes through the transition state TS1 to structure 2. This
process (1-TS1-2) requires overcoming a reaction energy barrier
of 4.146 eV and a positive reaction heat of 2.780 eV. In the transi-
tion state TS1, the distance between surface O and N atoms fur-
ther shortens to 2.127 A. The distance between the two oxygen
atoms is also lengthened, reaching 1.583 A. In structure 2, O atoms
are separated and adsorbed on CNNS surface. One of the O atoms
is bonded to surface N atom with a N-O bond length of 1.464 A.
Meanwhile, another O atom interacts with adjacent N and C atoms
to form N-O bond of 1.479 A and C-O bond of 1.629 A, respec-
tively. Subsequently, one gaseous Hg atom is adsorbed on the sur-
face of O-containing CNNS (structure 3). The Hg atom is relatively

Korean J. Chem. Eng.(Vol. 39, No. 6)
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far from CNNS surface with distance of 3.884 A from the nearest
C atom, which is also consistent with the adsorption energy analy-
sis described above. This is followed by the first oxidation reaction
of mercury (process 3-TS2-4), in which the adsorbed mercury
reacts with adjacent surface oxygen to form mercury oxide. The
HgO is attached to CNNS vertically by mercury atom in contact
with the surface (structure 4). In transition state TS2, the distance
between Hg atom and adjacent O atom gradually shortens to
2.625 A. The Hg-O bond in the reaction product (structure 4) is
1.881 A. The reaction step (3-TS2-4) has to overcome a reaction
energy barrier of 1.606 eV and the total heat of reaction is —0.220
eV. Immediately, the first HgO product is desorbed from CNNS
surface, which requires 0.490 eV of heat. At this point, an oxygen
atom remains on the surface (structure 5), waiting for second
mercury to attach and form structure 6. Finally, another mercury
oxide is formed (6-TS3-7). As usual, Hg and O atoms are reposi-
tioned to form an HgO molecule. In transition state TS3, the dis-
tance of Hg-O bond is 2.191 A. While in the product (structure 7),
the Hg-O bond shortens to 1.922 A. Mercury oxide desorption is
then performed on the surface. This process requires overcoming
a large energy of 10.131 eV, which is the rate-controlling step of the
whole reaction.

However, the catalytic oxidation of elemental mercury on Zn/
CNNS surfaces is different (see the blue line in Fig. 11). First, oxy-
gen is adsorbed on the active site of zinc (structure 1), and the heat
release in this process is —3.244 €V, which is significantly lower than
oxygen adsorption on CNNS (-1.963 eV). The length of Zn-O
bond is 1.910 A, which is also shorter than that of oxygen adsorp-
tion in CNNS (N-O bond of 2.286 A). The length of O-O bond in
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adsorbed oxygen is 1.335 A, which is significantly longer than that
of isolated oxygen (1.222 A), indicating that Zn/CNNS surface is
conducive to activating oxygen molecules and promoting the gen-
eration of surface reactive oxygen species. The oxygen then changes
from monatomic adsorption to a diatomic co-adsorption state
(structure 2) with O-O bond further stretching to 1.544 A, which
is slightly endothermic of 0.263 eV. Then, the co-adsorbed oxygen
splits at the zinc active point, overcoming the reaction energy bar-
rier of 1.871 eV. The net heat release of this reaction is —1.292 eV
(2-TS1-3). In transition state TSI, the O-O distance is 2.550 A, while
in the reaction product (structure 3), the O-O distance goes up to
3.765 A. Tt can be seen that the reaction energy barrier required
for oxygen pyrolysis and activation on Zn/CNNS surface is signifi-
cantly lower than that on CNNS surface (4416—1.871eV). In addi-
tion, the breaking of the O-O bond on Zn/CNNS surface is a ther-
modynamic spontaneous process of net exothermic heat (—1.292
eV), while on CNNS surface it is indeed an endothermic process
(2.780 V), which requires external heat injection.

From the above analysis, oxygen is more easily adsorbed than
mercury on any of CNNS and Zn/CNNS surfaces; the significant
activation of oxygen on the zinc-rich active point may be one of
the important reasons for its superior mercury removal perfor-
mance compared with clean CNNS. Next, mercury adsorbed on
one of O atoms (structure 4) has lower adsorption energy of —0.213
eV and Hg-O distance of 3.028 A. The Hg atom is then slightly
displaced to transition between the two oxygen atoms, forming a
co-adsorption state (structure 5). This process requires a slight
heat of 0.126 eV. The distances between Hg and O atoms are 3.108
and 3.357 A, respectively. Similarly, mercury reacts with an oxy-
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gen atom, so that the oxygen atom is attached to the mercury
atom and away from the catalyst surface (5-TS2-6). This process
requires overcoming the reaction energy barrier of 5.887 ¢V and
the total reaction heat absorption of 5.763 eV, which is the reac-
tion rate control step of the overall reaction path. In transition state
TS2, the bond between an oxygen atom and the active zinc point
is broken, and moves closer to mercury. The Hg-O bond shortens
(3.108—2.234 A). The distance between Hg atom and other sur-
face oxygen also shortens (3.357—2.573 A). Immediately; the result-
ing mercury oxide is desorbed from the surface and forms structure
7, requiring an endothermic adsorption of 0.610 eV. The second
Hg atom can be adsorbed on the active zinc site, exothermic ad-
sorption of —0.292 eV. This adsorbed mercury reacts with surface
reactive oxygen species to generate mercury oxide (8-TS3-9), which
needs to overcome the reaction energy barrier of 3.199 eV and the
total heat release of the reaction is 1.721 eV. Finally, the resulting
mercury oxide is desorbed and the reaction is endothermic (2.425
€V). The catalyst surface is restored and the next cycle begins. Before
and after the thermal catalytic process, the catalyst itself does not
change, only needs to consume the oxygen from the flue gas, which
can continuously transform the elemental mercury into oxidized

mercury.

CONCLUSIONS

ZnS/g-C;N, composites are employed for elemental mercury
removal. Adding proper amounts of ZnS can reinforce the Hg’
removal ability of CNNS. The optimal mercury removal perfor-
mance was achieved over 10ZnS/CNNS within 100-200 °C, which
is probably attributed to the synergy of ZnS and g-C;N,. The chem-
isorbed surface oxygen and polysulfide species probably accounted
for the enhanced Hg’ removal performance of 10ZnS/CNNS. DFT
calculation shows that CNNS surface doped with zinc species can
effectively improve its ability to capture oxygen from flue gas. The
modified surface can split oxygen molecules and promote the gen-
eration of reactive oxygen species, thus improving Hg’ catalytic oxi-
dation performance.
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Gaseous Elemental Mercury Removal

The as-prepared samples were tested for elemental mercury (Hg')
removal at different temperature. For each test, 50 mg sample and
a certain amount of glass beads (2 mm of diameter) were loaded
into a vertical fixed-bed quartz reactor (6 mm of inner diameter,
700 mm of length) and then heated up to the given temperature
(heating rate 5 °C/min). The N,/O, mixed gas (95% N, and 5% O,
by volume, 1.2 1/min) containing Hg’ (produced by PSA mercury
generator) flowed through the quartz glass tube continuously. The
inlet and outlet Hg’ concentrations were measured by an on-line
mercury analyzer (Lumex, RA-915-M, Russia). The elemental mer-
cury removal efficiency is calculated by the following formula:

0 0
n:[H ]O_O[H 1 100% 4))
[Hg To
where [Hg'], represents the Hg’ concentration (ug/m”) at the reac-

tor inlet, while [Hg"] represents the Hg’ concentration (ug/m’) at
the reactor outlet.

Mulliken population analysis is shown in Table S1. It can be seen
that the adsorption of mercury on pure CNNS is very weak. The
mercury atom loses only 0.07 e of charges and becomes slightly pos-
itive. While, the interaction between Zn/CNNS and mercury is
slightly enhanced, and mercury loses 0.22 e of charges and becomes
partially positive. Similarly, pure CNNS interact weakly with oxy-
gen, with two oxygen atoms change only 0.01 and —0.03 e, respec-
tively. The interaction between Zn/CNNS and adsorbed oxygen is
significantly enhanced. The two oxygen atoms lose a large amount
of charges, yielding —0.37 and —0.27 e, respectively. The charge dis-
tributions before and after mercury adsorption are consistent with
adsorption energies. The interaction between the surface and oxy-
gen is even more intense.
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Fig. S1. Schematic of the gaseous elemental mercury removal system.
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3D view Top view Side view Table S1. Mulliken atomic charge of atoms on adsorbate

Structure Atom Mulliken charge (e)
P CNNS+Hg Hg 0.07
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Fig. S2. Adsorption structure diagram of common reactants on
CNNS surface (The gray ball denotes carbon, the blue ball
denotes nitrogen, the cyan ball denotes zing, the yellow ball
denotes mercury and the red ball denotes oxygen).



