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" Hg is adsorbed on brominated AC as Hg2+ at both 30 �C and 140 �C.
" Chemisorption is the likely adsorption mechanism of Hg.
" Hg interacts with two Br atoms at a distance of 2.55 ± 0.01 Å inside the C matrix.
" Hg s- and Hg p-states hybridize with Br and C p-states to form stable complexes.
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a b s t r a c t

Activated carbon-based sorbents are the most widely tested sorbents for mercury removal in coal-fired
power plants. A major problem in mercury removal is the limited understanding of the mechanism asso-
ciated with elemental mercury (Hg0) oxidation and its subsequent adsorption. This work investigates the
possible binding mechanism of Hg0 onto brominated fiber and powder activated carbon sorbents through
packed-bed experiments in a stream of air. To better understand the mechanisms involved, a combina-
tion of spectroscopy and quantum mechanical modeling were used to characterize the sorption process.
X-ray photoelectron spectroscopy (XPS) and extended X-ray absorption fine structure (EXAFS) spectros-
copy were used to analyze the surface and bulk chemical compositions of brominated activated carbon
sorbents reacted with Hg0. It was found that Hg0 is oxidized at the brominated carbon surfaces at both
30 �C and 140 �C. The oxidation state of adsorbed Hg is found to be Hg2+, and coordinated to two Br atoms
with no detectable bonding between Hg and O. Though plane-wave density functional theory (DFT) and
density of states (DOSs) calculations indicate that Hg is more stable when it is bound to the edge C atom
interacting with a single Br bound atop of Hg, a model that includes an interaction between the Hg and an
additional Br atom matches best with experimental data obtained from EXAFS spectroscopy. Because the
most stable structures optimized in the DFT simulations were not found on the samples analyzed using
EXAFS spectroscopy, Hg surface reactions on the carbon surface are thought to be kinetically controlled.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The US is putting significant effort into decreasing harmful
emissions into the environment through regulations such as the
EPA’s Clean Air Interstate Rule (CAIR) and the Clean Air Mercury
Rule (CAMR), which place caps on NOx, SOx, and Hg emissions
[1]. Recently, on March 2011 the EPA stated that all hazardous
air pollutants must have emission standards and proposed that
for existing sources in the category, that the standards are at least
as stringent as the emission reductions achieved by the average of
the top 12% best controlled sources for source categories with 30 or
ll rights reserved.
more sources. With this new rule, a reduction of mercury from coal
emissions of approximately 90% is anticipated [1]. Recent studies
indicate that mercury content in coal varies between 0.01 and
1.5 g per ton of coal, with world coal consumption in 2006 esti-
mated at 6118 million tons per year [2]. In 1999, the EPA estimated
that US coal combustion emits approximately 50 tons Hg/year into
the air [1], while global emissions are approximately 810 tons Hg/
year [2]. The need for effective sorbent materials to capture
harmful pollutants of flue gases continues to increase as coal
consumption increases worldwide.

Typically, activated carbon injection is used to capture oxidized
mercury [3]. A major limitation with using activated carbon is that
in flue gases with low halogen concentrations a large amount of
activated carbon needs to be added to the system to effectively
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Fig. 1. Schematic of the packed-bed reactor system.
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control Hg0. Depending on the system conditions, an activated car-
bon-to-mercury mass ratio of at least 3000–20,000 (C/Hg) can be
necessary to achieve 90% Hg removal [4]. Huggins et al. [5] tested
various activated carbon (AC) sorbents in a simulated flue gas
containing gaseous Hg0 and characterized them using X-ray
absorption fine structure (XAFS) spectroscopy. They observed that
Hg sorption is dominated by anionic species, such as sulfides, chlo-
rides, oxides and iodides present within the matrix of the sorbent
or bound to the sorbent surface. The results of the XAFS spectra ob-
tained from mercury adsorbed on these tested AC samples indicate
that little or no Hg0 was present and that Hg-anion chemical bonds
are formed on the sorbent materials, suggesting chemisorption to
be the primary adsorption mechanism. From these results, they
infer that an oxidation process is involved in the ultimate capture
of Hg0 by bonding to iodine (I), chlorine (Cl), sulfur (S) or oxygen
(O) anionic species on the carbon surface. Hutson et al. [6] charac-
terized chlorinated AC and brominated AC using X-ray absorption
spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS)
after exposing the carbons to Hg0-laden flue gas. Due to the low
coverage of Hg on the carbon, they could not determine the speci-
ation of Hg. Since homogenous oxidation was not observed in their
experiments, they proposed that Hg capture by chlorinated and
brominated carbons takes place by surface oxidation of Hg0 with
subsequent adsorption on the surface [6]. They concluded that
Hg was expected to bind on the chlorinated and brominated sites
of carbon and even in some cases mercury-sulfate species were ex-
pected to form due to the presence of sulfur dioxide (SO2) in the
flue gas. Olson et al. [7] suggested that acidic sites on the surface
are responsible for Hg0 capture on AC. They propose that Hg0 has
the propensity to be oxidized by donating its electrons to a surface
or another gas-phase molecule; therefore, in its elemental state,
Hg0 acts as a Lewis base with the desire to interact with an acidic
site forming a strong C–Hg covalent bond on the carbon surface.
However, in their work they were not able to determine the oxida-
tion states of the various surface-bound Hg due to the interference
with silicon (Si), which was inherently present in the form of ash in
their coal-derived AC sorbents [8].

The speciation of Hg adsorbed on carbon surfaces has yet to be
elucidated, and the adsorption mechanism and the effects of flue
gas components on Hg adsorption are not well understood. This
current work represents a first step in determining the surface
chemistry of Hg interacting with powdered AC in the presence of
air at 140 �C through surface and bulk characterization using XPS
and EXAFS. Additional Hg adsorption experiments have been per-
formed at 30 �C to determine the surface-bound Hg species on
powdered AC using XPS. The plane-wave density functional theory
calculations (DFT) are carried out to identify the interaction of Hg
with Br bound graphene edge sites. This work has been carried out
in an attempt to simplify the chemistry of Hg0 on AC surfaces and
thereby provide a foundation for understanding more complex
systems.
2. Methodologies

2.1. Sorbent preparation

Mercury-adsorbed to brominated AC samples were prepared to
identify the Hg oxidation state, bond distance, binding ligands, and
number of ligands (coordination) using both XPS and EXAFS spec-
troscopy. To understand Hg adsorption in an air environment, a
packed-bed reactor system was constructed (Fig. 1) to prepare
samples for spectroscopic analysis. Sorbent particles were placed
in the 1.27 cm-diameter quartz packed-bed reactor. The reactor
was covered with a 50 cm-long ceramic fiber heater to conduct
tests at controlled temperatures while also providing a uniform
temperature profile in the reactor. Elemental Hg vapor was intro-
duced into the system using a Hg calibration system (PSA 10.536
Mercury Calibration System, PS Analytical). The concentration of
Hg0 in the outlet flow was measured using a PSA 10.525 Sir Gala-
had Hg analyzer (PS Analytical). The results described here are
based upon pure Hg0 injection with air over commercially-avail-
able brominated AC powder (AC–Br) (DARCO Hg–LH, Norit Ameri-
cas Inc.), and brominated activated carbon fiber (ACF–Br) (Illinois
State Geological Survey and University of Illinois) sorbents. The
typical surface area of powder and fiber activated carbon sorbents
can vary between 100–800 m2/g [9]. A variety of conditions were
considered, i.e. (1) 140 �C, 403 lg/m3 Hg0, and (2) 30 �C, 403 lg/
m3 Hg0, all in air with a flow rate of 0.7 L/min. Typical flue gas con-
ditions in a commercial-scale AC injection process contain 15 lg/
m3 Hg, which is below the concentrations used in the experiments.
High Hg concentrations were used to decrease testing time and
increase signal intensity of the Hg4f spectrum in XPS analysis.
The powdered AC sorbents, prepared from lignite-based coal, con-
tain Si by nature, which interferes with the spectra of oxidized Hg
compounds due to the similarity in binding energies of Hg4f and
Si2p electrons [10]. Mercury adsorption tests were also conducted
at a lower temperature, i.e. 30 �C, to promote Hg-surface interac-
tions to enhance the intensity of the Hg spectrum in the presence
of Si. All the tests were conducted until the outlet Hg concentration
approached the inlet Hg concentration to maximize the amount of
Hg adsorbed on the carbon surface. The goal of this work is to
investigate the chemistry of Hg on AC sorbents; therefore, break-
through curves of each sorbent were not generated.

2.2. XPS analysis

The XPS analyses were performed using a Physical Electronics
(PHI) 5000VersaProbe Scanning XPS system at the Stanford Nano-
characterization Laboratory at Stanford University (Stanford, CA).
Spectra were collected using monochromatic AlKa radiation at
1486 eV. XPS is a surface-sensitive technique and the photoelec-
trons coming only from the top �5 nm of the surface can be de-
tected. The data reduction was carried out using the PHI MultiPak
Software package [11]. All the spectra were calibrated to the C1s
peak located at 284.6 eV. Due to the high vacuum of the analysis
chamber (i.e. 10�10 Torr) it is anticipated that loosely-bound phys-
isorbed Hg will likely be removed leading to the assumption that
the surface-bound Hg observed must be chemisorbed.

2.3. EXAFS analysis

Mercury LIII-edge EXAFS spectra were collected at wiggler
beamline 7–3 at Stanford Synchrotron Radiation Lightsource
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(SSRL) using a LN2 cooled Si(220) double-crystal monochromator
in the phi = 90o orientation. Higher harmonics in the X-ray beam
were removed using a harmonics mirror. Data was collected at
3.0 GeV with a current of 100 mA. Hg LIII-edge EXAFS spectra were
collected in fluorescence mode using a 30-element germanium
array detector along with three sets of ion chambers. A HgCl2 ref-
erence compound was placed between the I1 and I2 ion chambers
to serve as a continuous energy calibration standard. AC samples
were loaded into an aluminum sample holder and sealed with
Kapton� tape. EXAFS spectra were collected at 80 K and ambient
pressure using a LHe cryostat. To determine if elemental Hg was
present within the samples, a modified version of the slow-cooling
Hg LIII-edge EXAFS method developed by Jew et al. was used [12].
Samples were loaded into the sample holders and sealed glass con-
tainer prior to being cooled in a �20oC freezer for 30 min. The sam-
ple was then immediately transferred to a �80 �C freezer for an
additional 30 min to allow any elemental Hg to slowly crystallize
into a-Hg(0), which, if present in the sample, would result in an
identifiable EXAFS pattern [12]. The sample holder was taken from
the �80 �C freezer and placed directly into LN2 where it was
mounted onto the LHe cryostat sample rod. Up to 16 scans col-
lected to a k of 15 Å�1 were taken to improve the signal-to-noise
ratio. Background subtraction and analysis of the EXAFS spectra
was performed using theoretical pathways created by FEFF 6L
and the SixPACK XAS analysis software package [13–15]. Shell-
by-shell fitting of the mercury LIII k3-weighted EXAFS spectra was
done over a k range of 3–15 Å�1 with goodness of fit being deter-
mined by a reduced v2.
2.4. Computational details

Electronic structure calculations based on plane-wave density
functional theory (DFT) were carried out in parallel with experi-
mental work in order to determine the surface reactivity and sub-
sequent thermodynamic stability of surface-bound Hg species on
simulated AC surfaces as well as to investigate the effects of Br sur-
face functional groups. DFT calculations were carried out using the
Vienna ab initio Simulation Package (VASP) [16]. The projector
augmented wave (PAW) method was used to describe the ion–
electron interactions [17]. Electron exchange–correlation function-
als were represented with the generalized-gradient approximation
(GGA), with the Perdew, Burke and Ernzerhof (PBE) model used for
the nonlocal corrections [18]. The energy cutoff for the plane-wave
expansion was 400 eV and Methfessel, and Paxton Gaussian
smearing of order one was used with a width of 0.2 eV to acceler-
ate convergence of the total energy calculations [19]. The surface
Brillouin zone integration was calculated using a gamma-centered
5 � 5 � 1 (for slab) or 5 � 1 � 1 (for ribbon) Monkhorst–Pack mesh
[20]. Geometric optimization was performed using the conjugate-
gradient algorithm until the absolute value of the forces on uncon-
strained atoms was less than 0.03 eV/Å.
Table 1
Elemental compositional analysis of powdered and fiber-based brominated AC before and

Compositional analysis (%)

AC–Br AC–Br 30 �C air + Hg AC–Br 140 �C air + Hg

C 78.4 77.7 71.7
O 16 15.5 24
Ca 1.9 1.9 1.4
Mg 0.3 0.2 <0.1
Si 0.7 1.9 0.9
S 0.7 0.7 0.3
Na 1.5 1.5 1.3
Br 0.5 0.5 0.3
Hg – 0.1 <0.1
Radovic showed that the reactivity of AC can be studied using a
simplified graphene model in which a single graphene sheet mim-
ics the AC surface [21]. Many studies have used graphene zigzag
edge sites with unsaturated edge atoms to simulate the active sites
on carbonaceous surfaces [22–26]. Using a 9-ring deep graphene
ribbon model, electronic structure calculations have been carried
out to determine the most stable concentrations and configura-
tions of hydrogen (H), bromine (Br), and Hg atoms on the edge
sites. Details of the model are described elsewhere [10]. The partial
density of states (DOSs) were calculated by projecting the elec-
tronic wave functions onto spherical harmonics centered on Hg,
carbon (C), and Br atoms to determine the potential mechanisms
associated with Hg binding to edge sites of graphene. The integral
of the DOS up to the Fermi level is proportional to the number of
electrons participating in bonding and local reactivity. In general,
the DOS analysis allows for an understanding of how electrons
are covalently shared between different atoms. The strong binding
is expected if the bonding states are shifted down below the Fermi
level indicating occupancy.
3. Results and discussion

Preliminary tests were conducted to assess the performance of
the packed-bed reactor system as well as to determine the exper-
imental conditions necessary for preparing sorbent samples for
characterization to determine Hg0 oxidation and binding mecha-
nisms. The most efficient configuration for Hg capture involved
mixing the carbon sorbent with sand (e.g. 30 mg AC/6 g sand)
and supporting this mixture with quartz wool. However, both sand
and quartz wool contain Si, an element whose main XPS lines coin-
cide with those of oxidized Hg. Dilution is an additional complica-
tion, as the mole percent of Hg in the sample decreases
significantly after mixing with sand, remaining below the detec-
tion limit of XPS. To minimize this problem, all the experiments
were carried out in the packed-bed reactor in the absence of sand
and quartz wool.

Table 1 shows the compositional analysis of AC–Br and ACF–Br
sorbents before exposure to Hg. Since the powder sorbents are de-
rived from lignite coal, their surface composition includes ele-
ments such as calcium (Ca), magnesium (Mg), aluminum (Al),
and Si. For AC–Br sorbents, S was found to be present on the carbon
surface. Compositional analysis of the S2p core-level XPS spectra
before exposure to Hg suggests that 85% of the S on the surface ex-
ists in an oxidized state, as sulfate (SO2�

4 ), with binding energies in
the region of 169.7 eV. Other studies also found a significant pres-
ence of surface-bound sulfate, consistent with this work [27,28].
The surface mole composition of Si is found to be 0.7% for the
AC–Br sample before reaction. This concentration is anticipated
to be much higher than that of Hg after reaction (<0.1%); therefore,
it is expected that the Si2p and Hg4f spectra will interfere with
each other between 99.5 eV and 104 eV. The surface composition
after exposure to Hg.

ACF–Br ACF–Br air + Hg ACF–Br air

93 94.9 93.8
5.3 3.9 4.6
1 0.7 1
– – –
– – –
– – –
– – –
0.7 0.4 0.5
– 0.1 –
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Fig. 2. Hg4f core-level XPS spectra for AC–Br sorbents exposed to 403 lg/m3 Hg0 at (a) 140 �C and (b) 30 �C and compared with unexposed AC–Br.

Table 2
XPS binding energies for Hg0, Hg–Br, HgO and mercuric carbide references and Hg-
containing brominated AC.

Refs. [27,28] Hg4f5/2 (eV) Hg4f7/2 (eV) DE (eV)

Hg0 104 99.9 4.1
HgBr2 101
Hg2Br2 100.7
HgO 104.8 100.8 4.0
Mercuric carbide 100.8–101.3
aHutson et al. [6]
AC–Br 104.7 100.8 3.9

Current work
AC–Br 403 lg/m3140 �C 105.0 100.9 4.1
ACF–Br 403 lg/m3140 �C 104.6 100.6 4.0
AC–Br 403 lg/m330 �C 104.7 100.7 4.0

a In this study all of the spectra are calibrated to the binding energy of C1s
photoelectrons at 284.6 eV, whereas Hutson et al. calibrated all their spectra at
285.2 eV. In order to facilitate direct comparison, the Hg4f binding energies shown
above for the work reported in Hutson et al. are shifted by 0.6 eV vs. the original
reference.
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investigation carried out from an XPS survey scan of the ACF–Br
sorbent only showed C, O, Ca and Br compounds without the pres-
ence of Si and other metals. The Hg4f core-level XPS spectra for Hg-
containing AC–Br sorbents are shown in Fig. 2 at 140 �C and 30 �C.
It is challenging to uniquely assign XPS spectral features to specific
Hg compounds using XPS since the Hg4f7/2 binding energies for
numerous compounds containing oxidized Hg lie in the tight range
from 100.7 eV (Hg2Br2) to 101.4 eV (HgCl2). Also, the Si2p spectral
lines of Si–C, silicon dioxide (SiO2) and Si compounds are expected
to be in the region between 98.5 eV and 104 eV. The Si2p core-level
spectra can be separated from Hg4f spectra by using the area of the
Si2s core-level spectra and the intensity ratios of the two Si spec-
tral lines [10]. Table 2 provides a summary of the XPS of Hg and
Br binding energies for Hg–Br reference compounds [29,30] and
for the Hg-containing brominated AC sorbent investigated in the
current work compared against the study carried out by Hutson
et al. [6]. In the case of AC–Br tested at 403 lg/m3 and 140 �C,
Hg4f7/2 and Hg4f5/2 spectral lines are found to be in the binding
region of 100.9 and 105 eV, respectively. Although this Hg doublet
clearly indicates that the Hg on the surface is oxidized, it does not
uniquely identify the Hg species.

It is known that Hg adsorption on AC is an exothermic process
[31] and that lower temperatures increase Hg adsorption on the
surface; therefore, the sorbent experiments carried out at 30 �C
were expected to have high enough surface Hg concentrations
for XPS detection. In fact, the Hg4f doublet is clearly observed in
Fig. 2b, with the Hg4f7/2 and Hg4f5/2 lines centered at 100.7 eV
and 104.7 eV, respectively, indicating that the Hg is in an oxidized
state. As shown in Fig. 2b, the intensity of Hg4f doublet is slightly
enhanced and the two distinguishing oxidized Hg4f7/2 and Hg4f5/2

peaks are centered around 100.7 and 104.7 eV, respectively. Refer-
ence data in Table 2 reveals binding energy positions for various
oxidized forms of Hg: HgBr2, HgO, Hg2Br2 or mercuric carbide.
The latter three are likely possibilities for the case of Hg sorption
onto the AC–Br surface. To help identify which of these species
are most likely on the surface, DFT calculations and EXAFS mea-
surements were employed (see below).

An additional Hg adsorption test was carried out on an ACF–Br
sorbent at 140 �C, in which Si was hardly observed, allowing for the
expected Hg4f core-level spectra to be determined clearly. As
shown in Fig. 3a, the Hg4f core-level XPS spectra for the ACF–Br
sorbent reveals the Hg doublet at binding energies of 100.6 and
104.6 eV, respectively. These energies are consistent with those
determined for AC–Br. Composition analyses of the Hg4f spectral
lines indicate that spectral lines are found to shift above the bind-
ing energy of 99.7 eV, suggesting that Hg bound on the surface is in
the form of oxidized Hg, which is consistent with the results of
Hutson et al. [6]. Even at low temperature, i.e. 30 �C, Hg0 is not de-
tected, suggesting that the adsorption mechanism of Hg is either
oxidative chemisorption at both 30 �C and 140 �C or that weakly
bound Hg0 is removed in the ultra high vacuum environment.

A high-resolution scan of the Br3d region of the untested ACF–
Br sorbent shows Br3d5/2 and Br3d3/2 doublet at 68.1 and 69.1 eV
as shown in Fig. 3b, attributed to different carbon-bound Br
compounds. This is also consistent with previous studies, where
they reported similar Br3d binding energy peaks for Darco Hg–
LH and non-halogenated AC and brominated carbon nanotubes
[6,32–35]. Papirer et al. [33] studied brominated carbon black com-
pounds with XPS and determined different Br compounds on the
carbon surface depending on the bromination method and subse-
quent heating. The Br3d5/2 peak at 67.4 (±0.2) eV was reported to
be Cn–Br2 surface complexes, in which Br was strongly bound
and resistant to heating at 450 �C. The physisorbed Br produced a
Br3d5/2 peak between 67.8 (±0.2) eV and 69.2 (±0.2) eV and is
attributed to surface-bound HBr compounds, which are likely des-
orbed from the surface after vacuum outgassing at 100 �C for
4 days [33]. Bromine sp2 and sp3 hybridized covalent bonds to C
atoms were also previously suggested to be at 70.0 (±0.2) eV
[31]. Based on these assignments, the Br3d spectra in Fig. 3b can
be attributed to the formation of all three of these Br-surface com-
plexes on the C. Surface composition analysis of the ACF–Br sor-
bent reveals that the mole percentage of Br decreases to 0.5% and
0.4% in the cases where only air and air + Hg were injected into
the reactor, respectively. In the case of AC–Br sorbents, a decrease
in the mole percentage of Br is only detected when the tempera-
ture of the reactor is 140 �C. These results indicate that physi-
sorbed HBr might be desorbing from the surface due to the heat
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treatment in the reactor. It is important to note that XPS is a
surface-sensitive technique and that these levels of Br detected
comprise the Br available at the surface for interacting with Hg0.
As seen in Fig. 3b, the Br3d peak shifts to a higher binding energy
after exposure of the ACF–Br sorbent to Hg0

, which indicates that
the chemical state of Br has changed. This behavior has also been
reported by Qu et al. [36], where they investigate the sorption of
Hg on amorphous carbon particles impregnated with halides. The
shift was not detected when only air was injected into the reactor,
indicating that the chemical state change likely arises from bro-
mine’s interactions with Hg0, possibly to form Hg–Br compounds
on the surface. It is important to note that the Br concentration
is so much higher than Hg, that there is not sufficient resolution
to discern changes to the Br due to interactions with Hg.

The results of the Hg LIII-edge EXAFS analysis of the two samples
tested in the presence of air and Hg0 are shown in Fig. 4. The fits are
overlaid with the EXAFS spectra and the Fourier Transform of each
sample. The resulting parameters used in the EXAFS fitting are
reported in Table 3, along with literature values for the bond dis-
tances of Hg in the gas phase [37]. As shown in Table 3, the bond
distances between Hg and its nearest neighbor are found to be
2.55 ± 0.01 and 2.58 ± 0.01 Å in the case of the AC–Br and ACF–Br
sorbents, respectively. This bond distance is significantly larger
than that of gas phase Hg–O (2.05 Å), but close to values for gas-
phase Hg2Br2 (2.62 Å) and HgBr2 (2.41 Å). Fitting of the EXAFS
spectra for AC–Br and ACF–Br showed no evidence for either a
Hg–O bond or Hg having an oxygen in a second shell coordination
(2.1–3.0 Å). Due to C being a weak backscatterer, detecting a Hg–C
coordination is often difficult. This difficulty increases with the
presence of a strong backscatterer, such as Br, being present in
the sample.

In comparison to the Hg2+ reference compound (edge of HgCl2 set
at 12,284 eV), the main absorption edge inflection points of the Hg/
AC–Br and Hg/ACF–Br sorbents are shifted to higher energy values
(12,287 eV), indicating the formation of Hg2+ compounds (or sorp-
tion complexes) rather than Hg+ compounds in the carbon matrix.
In all of the EXAFS spectra, the Hg LIII -edge spectra can only be fitted
with high accuracy when the coordination number of Hg is 2.4 and
2.38 with respect to Br for the AC–Br 140 �C and ACF–Br 140 �C sam-
ples, respectively. These results indicate that Hg2+ is bonded to two
Br atoms at a distance of 2.55 and 2.58 ± 0.01 Å. The data show no
evidence for the presence of Hg0 within the samples. The possible
interaction of Hg with O or another Hg atom was investigated in
the EXAFS spectra. A variety of Hg–O single-scattering pathways
ranging from 2.1–3.0 Å were created and used during fitting the EX-
AFS spectra to determine if any Hg–O backscattering pathways ex-
isted. All FEFF-generated Hg–O pathways created resulted in the
theoretical pathways being complete inverses of the data in a k
range of 3–5.25 Å�1. Beyond k = 5.25 Å�1 the FEFF-generated
pathways were out of phase when compared to the data out to a
k = 15 Å�1. Because all of the FEFF-generated Hg–O pathways cre-
ated from 2.2–3.0 Å were out of phase when compared to the AC
samples, a coordination between Hg and O at a distance <3.0 Å is
highly unlikely. Though the Hg is considered to be bonded to carbon,
it was not detected due to reasons described above. XPS analysis re-
veals that the surface concentration of O is much higher than that of
Br. However, its availability to bind Hg is questionable since the for-
mation of HgO compounds were not detected in the case of non-hal-
ogenated AC exposed to Hg0 and air [9]. It is possible that the



Table 3
Structural parameters of shell-by-shell fitting of the EXAFS spectrum.

R (Å) N DE0 r2 Reduced (v2)

AC–Br 403 lg/m3 140 �C 2.55 ± 0.01 2.40 ± 0.13 �1.79 ± 0.87 0.0046 ± 0.0002 13.22
ACF–Br 403 lg/m3 140 �C 2.58 ± 0.01 2.38 ± 0.07 �0.07 ± 0.44 0.0051 ± 0.0002 33.24
Hg2Br2 (g) 2.62
HgBr2 (g) 2.41
HgO(g) 2.05

R: Atomic distance, N: Coordination number, DE0: Energy shift from the theoretical value, r2: Debye–Waller factor. The amplitude reduction value is fixed at 0.9 for all the
three fits.

Fig. 5. The optimized graphene structures showing the HgBr and HgBr2 formation on the edge sites of (a) H–H–Hg(Br)–H–H, (b) Br–Hg(Br)–H–H–H and (c) H–Hg(Br2)–H–H–
H. (Atoms are represented as C, black; Br, orange; Hg, gray; H, pink).

Table 4
Energies and bond distances of tested edge-site configurations.

Distance between atomsa

Structure Energy (eV) Br–CA
b (Å) Hg–CA (Å) O–CA (Å) Br–Hg (Å) O–Hg (Å)

H–H–Hg(Br)–H–H �950.724 – 2.10 – 2.45 –
H–H–Br(Hg)–H–H �950.381 1.91 – – 3.47 –

H–Br–Hg–H–H �938.066 1.91 2.35 – 3.01 –
H–Br–H–Hg–H �938.451 1.91 2.33 – – –

Br–Hg–Br–H–H �932.51 1.94 2.2 – 2.8 –
Br–Hg–H–Br–H �933.643 1.91 2.33 – 3.03 –

Br–Br(Hg)–H–H–H �944.493 1.92 – – 3.73 –
Br–Hg(Br)–H–H–H �945.92 – 2.08 – 2.45/2.92 –
H–Br–H–Hg(Br)–H �946.319 1.904 2.095 – 2.444 –

H–Hg(Br2)–H–H–H �953.743 – 2.20 – 2.58/2.58 –

a Bond distance is given for the two nearest neighbors of given types.
b CA = Surface carbon atom directly below given surface atom.
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surface-bound O is not an effective binding site for the adsorption of
Hg0 and does not form a bond with Hg; however, it might assist the
surface-bound Br sites to react with Hg0.

In summary the Hg compound formed on the carbon surface is
likely to be HgBr2 at 140 �C. The characterization results of AC and
ACF sorbents using both EXAFS spectroscopy and XPS are in good
agreement with one other. Our results are also in agreement with
the previous studies showing that Hg is oxidized on the carbon sur-
face and the anionic species, e.g. Br, are responsible for Hg capture
[5,6].

3.1. Chemical nature of bound mercury species from DFT

Electronic structure calculations based on plane-wave DFT were
carried out to determine the surface reactivity and subsequent sta-
bility of surface-bound Hg species on simulated AC surfaces, as
well as to validate the geometries and adsorption mechanisms
postulated from the XPS and EXAFS analysis. The investigated
structures are represented with surfaces that contain five edge
sites (on each side of the graphene ribbon). Each structure is la-
beled in the form ‘‘X–X–X–X–X’’ where the five letters represent
the surface coverage of five zigzag edge sites of the graphene they
are bound to, as shown in Fig. 5. Additionally, ‘‘–X(Y)–’’ and ‘‘–X–
(Y)–X–’’ denote an additional atom Y positioned above the surface
atom X, and above and between the two X atoms, respectively. The
DFT-calculated surfaces include various combinations of -H, -Br,
and -Hg bound at an edge site. The effect of O on the binding of
Hg in the presence of Br atoms has also been considered. Oxygen
is found to decrease the DFT energy (more stable) of the structure
when it is located at the neighboring carbon edge site of the bound
Hg atom; however, our previous work indicated that the edge C
binds to Hg more tightly when it is located next to a surface O
atom, but not immediately next to a bound Br atom [23]. In some
combinations, such as the H–H–Hg(Br)–H–H and H–Br–H–Hg(Br)–
H structures, the optimized final structures and DOS are found to
be similar and the effect of the Br on the binding of Hg is negligible
when they are not located at the neighboring graphene edge site
Table 4. provides the energy of each of the system configurations
tested in addition to the bond length of neighboring atoms. Config-
urations are grouped in clusters with consistent type and number
of atoms, so that DFT energies may be compared directly to deter-
mine which configuration results in the more stable surface (edge).
The lowest DFT energy in each cluster corresponds to the thermo-
dynamically most stable structure. As shown in Table 4, the bind-
ing of Hg to the surface-bound Br is found to be 0.34 eV less stable
in the case of the H–H–Br(Hg)–H–H structure in comparison to a
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corresponding structure where Br binds to the surface-bound
Hg(H–H–Hg(Br)–H–H). As shown in Fig. 5, a linear C–Hg–Br mole-
cule forms on the graphene edge site with Hg–Br and Hg–C bond
distances of 2.45 Å and 2.1 Å, respectively. A similar interaction
was also observed in a previous study where Padak and Wilcox
carried out a Mulliken bond population analysis of Hg and chlorine
(Cl) structures bound on four-ring graphene clusters using DFT
[22]. They reported that the C–Hg bond was stronger when Hg
was bound to the graphene edge site interacting with the Cl atom
bound atop of Hg, which is in agreement with the current work.
Additionally, a comparison of the DFT energies of the H–Br–Hg–
H–H and H–Br–H–Hg–H structures reveals that the Hg–Br
interaction can be repulsive when both Hg and Br are bound to
neighboring carbon edge sites. The bond distance of Hg–Br is found
to be larger in H–Br–Hg–H–H than that obtained in the EXAFS
analysis, indicating that this configuration is not likely the struc-
ture formed on the surface.

In addition to a single Br interaction, the effect of two Br atoms
on Hg binding has been investigated and reported in Table 4. It has
been observed that Hg is more stable if it interacts directly with the
C edge site, while making additional bonds with Br atoms. In the
case of the Br–Br(Hg)–H–H–H structure, the interaction between
Hg and surface bound Br is repulsive and the Hg–Br bond distance
is found to be 3.73 Å. Again, as with the single Br structures, a sur-
face-bound Br adjacent to a surface bound Hg or Hg(Br) complex is
thermodynamically unstable in comparison to a corresponding
structure where the Br and Hg are separated by a surface-bound
H. For instance, the DFT energy of H–Br–H–Hg(Br)–H is 0.4 eV low-
er than that of Br–Hg(Br)–H–H–H. In the case of the Br–Hg(Br)–H–
H–H structure, the vertical and adjacent Hg–Br bond distances are
found to be 2.45 Å and 2.95 Å, respectively and do not match the
EXAFS results. The bond distance predicted between Hg and the
surface-bound Br atom is large in comparison to those found in
the gas phase and on the graphene edge site. An additional calcu-
lation, i.e. the H–Hg(Br2)–H–H–H structure, was carried out with
two Br atoms and reveals a Hg–Br bond distance is 2.58 Å. The
hydrogen atoms bound to graphene edge sites decrease the effect
of the C–Br interaction leading to a smaller Hg–Br bond distance
in comparison to the Br–Hg–Br–H–H structure. The Hg–Br bond
distance in the H–Hg(Br2)–H–H–H structure matches well with
the EXAFS analysis, and the stability of the HgBr2-type structures
will be discussed in the following DOS analysis.

3.2. Density of states (DOS) analysis

To further investigate Hg–Br and Hg-surface C (CA) interactions,
a DOS analysis was undertaken for the Hg–Br–H–H–H, H–H–
Hg(Br)–H–H, Br–Hg(Br)–H–H–H, and H–Hg(Br2)–H–H–H struc-
tures. Comparing the DOS of similar systems, one can determine
the relative strength of the bond of particular atoms. Fig. 6 shows
DOS results for s- and p- states of CA and Br; and s-, p- and d- states
of Hg adsorbed in the (a) H–H–Hg(Br)–H–H, (b) Br–Hg(Br)–H–H–H,
and (c) H–Hg(Br2)–H–H–H structures. A comparison of the Hg DOS
pre-adsorption (gas phase, not shown) and post-adsorption (on the
surface) shows that Hg p-states play the most significant role in the
adsorption process. While gas-phase Hg s-, p- and d- states show
single peaks at �1 eV, 4.8 eV and �4 eV, respectively, they shift
to more negative energy values and split into multiple peaks upon
adsorption. The hybridization of Hg s- and Hg p-states with the Br
p-state is clearly seen in the four structures shown in Fig. 6. How-
ever, an interaction between the Hg p-states and Br p-states is not
observed in the case of the H–Br–Hg–H–H structure (not shown),
indicating a weaker Hg bonding. Furthermore, in this structure
the Hg s- and p-states located at the Fermi level are partly occupied
and only interacting with C p-states. In the case of the H–H–
Hg(Br)–H–H structure, the Hg s-, p- and d- bonding states are
shifted below the Fermi level and are located at more negative
energies than that of the other three structures. This observation
indicates that, for the configurations investigated, the C–Hg bond
is strongest when HgBr is bound to the edge C atom with the Hg.
When Br is attached to the edge site of graphene, i.e. in the H–
Br–Hg–H–H (not shown) and Br–Hg(Br)–H–H–H–H structures,
the Br s-states interact with the CA s-states at approximately
�17 eV. In addition, the Br p-states interact with the Hg d- and
CA p-states at �6 eV. These interactions are not observed in the
case of the H–H–Hg(Br)–H–H structure, where Br is only located
at the top of Hg without attaching to the edge site of graphene.
In all the structures investigated the CA s-states do not show signif-
icant change, where as the first moment of the CA p-bonding states
shift down due to the interaction between Hg and Br in the case of
the H–H–Hg(Br)–H–H structure. When Br s- and p-states are com-
pared in Fig. 6, they are found to be closest to the Fermi energy in
the case of the H–Hg(Br2)–H–H–H structure, indicating that the
Hg–Br bonds of Hg(Br2) are less stable, although the Hg–Br bond
distance is found to match well with the EXAFS analysis.

EXAFS characterization indicates that Hg is oxidized in the car-
bon surface pores and forms Hg2+ compounds interacting with two
Br atoms. Additionally, EXAFS analysis reveals that neither O nor a
second Hg was located adjacent to Hg in the samples characterized.
The optimized structures reported in this study show that Hg is
most stable bound directly to a surface carbon. Mercury interaction
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with brominated AC likely involves Hg interaction with the sur-
face-bound Br by possibly detaching/replacing it from the graph-
ene edge site. The effect of O on the binding of Hg in the
presence of Br atom has been investigated in our previous work
[10]. It was found that the edge C binds to Hg more tightly when
it is located next to a surface O atom, but not immediately next
to a bound Br atom [10]. It is possible that Hg surface reactions
on the carbon surface are kinetically controlled, as observed in
Hg gas phase reactions [38], and that the most stable structures
found on DFT simulations may not form on the carbon surface. Gi-
ven the results, we think that although Hg(Br) and Hg–O species
investigated in the current and previous [10] works are more sta-
ble on the surface, the activation barriers of surface intermediate
reactions may lead to the stable formation of Br–Hg(Br) and
Hg(Br2) type species on graphene edge sites. The bond distances
of Br–Hg(Br) and Hg(Br2) type structures are found to be closer
to our EXAFS analysis results, and it is possible that surface-bound
Br may not form an actual bond with Hg. Since Br–Hg(Br) and
Hg(Br2) type species are not strongly bound on the graphene edge
site, they may desorb from the surface when a more acidic species
(i.e. SO2) is present.

4. Conclusion

The speciation of Hg adsorbed on brominated AC sorbents has
been investigated in the presence of air. Both XPS and EXAFS
experimental characterization results reveal that Hg is adsorbed
on brominated AC as Hg2+ at both 30 �C and 140 �C, indicating that
chemisorption is the likely adsorption mechanism of Hg. Fitting of
the EXAFS spectra shows that Hg interacts with two Br atoms at a
distance of 2.55 and 2.58 ± 0.01 Å inside the C matrix. Plane-wave
DFT calculations reveal that Hg s- and Hg p-states hybridize with
Br and C p-states to form stable complexes on graphene edge sites.
The interaction between C and Hg is possibly strong enough to de-
tach Br from the graphene edge site, so that Hg can bind to the sur-
face C directly. Although the C–Hg bond is more stable when Hg
only interacts with one Br atom bound atop of Hg, relatively less
stable complexes, i.e. Hg(Br)Br and Hg(Br2), can also form on the
surface. Additional surface characterization experiments of AC sor-
bents will be carried out in the future using both XPS and EXAFS
spectroscopy to identify the role of other flue gas species and hal-
ogens on Hg adsorption and its subsequent oxidation.
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