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ABSTRACT: This work explores surface changes and the Hg capture
performance of brominated activated carbon (AC) pellets, sulfur-treated
AC pellets, and sulfur-treated AC fibers upon exposure to simulated
Powder River Basin-fired flue gas. Hg breakthrough curves yielded specific
Hg capture amounts by means of the breakthrough shapes and times for
the three samples. The brominated AC pellets showed a sharp
breakthrough after 170−180 h and a capacity of 585 μg of Hg/g, the
sulfur-treated AC pellets exhibited a gradual breakthrough after 80−90 h
and a capacity of 661 μg of Hg/g, and the sulfur-treated AC fibers showed
no breakthrough even after 1400 h, exhibiting a capacity of >9700 μg of
Hg/g. X-ray photoelectron spectroscopy was used to analyze sorbent
surfaces before and after testing to show important changes in
quantification and oxidation states of surface Br, N, and S after exposure
to the simulated flue gas. For the brominated and sulfur-treated AC pellet samples, the amount of surface-bound Br and reduced
sulfur groups decreased upon Hg capture testing, while the level of weaker Hg-binding surface S(VI) and N species (perhaps as
NH4

+) increased significantly. A high initial concentration of strong Hg-binding reduced sulfur groups on the surface of the
sulfur-treated AC fiber is likely responsible for this sorbent’s minimal accumulation of S(VI) species during exposure to the
simulated flue gas and is linked to its superior Hg capture performance compared to that of the brominated and sulfur-treated AC
pellet samples.

■ INTRODUCTION

Hg is a toxic pollutant that can cause a variety of serious health
problems depending on its chemical form. Methylmercury
(MeHg) is an insoluble form of Hg that is known to
accumulate in fish through the food chain. Ingesting
contaminated fish can severely impair the neurological and
cognitive development of infants and children.1 MeHg
accumulates in fish because of a combination of natural and
anthropogenic emissions. Approximately half of these emissions
are anthropogenic, with the largest source (∼45%) being fossil
fuel combustion, primarily from coal.2 To reduce anthropo-
genic Hg emissions, the Environmental Protection Agency
(EPA) issued the Mercury and Air Toxics Standards in
December 2011, requiring a 91% removal of Hg for existing
coal power plants and higher levels of removal for new plants.1

The technology for meeting these goals currently exists, but
several methods are being explored and optimized to maximize

Hg capture rates while minimizing the impact on the cost of
electricity.
Existing emission controls for other coal combustion

pollutants such as NOx, SOx, and particulates can also be
used to capture a portion of the released Hg.3 Without the
addition of any Hg emission control, an average of ∼33% of the
released Hg is captured.4 Particle-bound Hg can be captured
using either an electrostatic precipitator (ESP) or a fabric filter
(FF), oxidized Hg may be removed using wet flue gas
desulfurization (FGD), and a portion of the elemental Hg can
be oxidized using selective catalytic reduction (SCR) for
improved removal during FGD. The combination of FGD and
SCR is able to remove 89% of the Hg.5 Injecting sorbent

Received: August 5, 2013
Revised: November 1, 2013
Accepted: November 1, 2013
Published: November 21, 2013

Article

pubs.acs.org/est

© 2013 American Chemical Society 13695 dx.doi.org/10.1021/es403280z | Environ. Sci. Technol. 2013, 47, 13695−13701

pubs.acs.org/est


upstream of an ESP or FF is another effective approach to
oxidizing and retaining the volatile Hg0,6 but use of the most
common sorbent, activated carbon (AC), can be fairly
expensive. The removal of Hg from a 500 MWe coal power
plant can cost $1−10 million/year and cause fly ash to be unfit
to sell for concrete production.4,7 For this reason, improved and
cheaper sorbents such as functionalized AC carbon are being
explored. While functionalizing the AC sorbent surfaces with
halogens or sulfur typically improves Hg capture perform-
ance,8−12 the mechanism for the improved capture of Hg is not
entirely understood.
To improve our understanding of how the capture of Hg by

AC sorbents is related to acid gas concentrations in the flue gas,
Olson et al.13 used X-ray photoelectron spectroscopy (XPS) to
study the surface chemistry of AC in low-HCl (<200 ppm)
simulated flue gas. Similar XPS studies were also performed on
lignite AC by Laumb et al.14 and on brominated AC by Hutson
et al.12 to understand the effect of flue gas components on the
sorbent surface chemistry. Via combination of observations
from bench-scale tests and XPS studies, it appears that the
presence of both SO2 and NOx in the flue gas mixture leads to
rapid breakthrough of Hg, indicating poor Hg capture.15

This investigation reflects a comprehensive sorbent bench-
scale testing and characterization study of Hg removal in
simulated Powder River Basin (PRB) fired flue gas by three
modified AC sorbents: brominated AC pellets, sulfur-treated
AC pellets, and sulfur-treated AC fiber sorbents. Hg
equilibrium adsorption capacity tests were performed for each
sample using identical flue gas conditions. Hg breakthrough
curves measuring the Hg concentration at the outlet of the
sorbent bed over time were obtained for each capacity test. XPS
studies were conducted for each sorbent before and after Hg
adsorption tests to identify the changes in the AC surface
chemistry resulting from exposure to the flue gas. This study

aims to identify changes in the surface chemistry of the different
modified AC sorbents upon exposure to similar Hg capture
conditions and offers insight into their Hg capture mechanisms.

■ EXPERIMENTAL SECTION

Three distinct AC sorbents were tested at URS Corp. for Hg
capture under the simulated PRB-fired flue gas conditions:
brominated AC pellets, sulfur-treated AC pellets, and sulfur-
treated AC fibers. The tested samples will be termed tested
brominated pellets (TBP), tested sulfur-treated pellets (TSP),
and tested sulfur-treated fibers (TSF). Untested samples, which
were not exposed to simulated flue gases, will be termed
untested brominated pellets (UTBP), untested sulfur-treated
pellets (UTSP), and untested sulfur-treated fibers (UTSF). The
two pelletized samples are commercially available and are 3 mm
in diameter, while the sulfur-treated fiber sample was prepared
by M. Rostam-Abadi’s group at the University of Illinois at
Urbana-Champaign (Urbana, IL). The fiber samples were
prepared by impregnating elemental sulfur followed by heat
treatments.16

All bench-scale Hg adsorption tests were conducted at URS
Corp.’s Process Technologies Office in Austin, TX. The
schematic design of the test unit is shown in Figure 1. The
flue gas mixture used for testing contained 12−17 μg of Hg/
Nm3, 50 ppm SO2, 400 ppm NOx (95% NO), 12% H2O, 12%
CO2, 6% O2, and 70% N2; the mixture did not contain any HCl.
All samples were tested at 145 °F. These conditions simulate
the flue gas downstream of a wet FGD system at a PRB-fired
coal plant. Hg was added to the flue gas by flowing a nitrogen
carrier stream through a temperature-controlled permeation
chamber containing the Hg0. More detailed information with
regard to bench-scale testing, sorbent configuration, and Hg
adsorption test results is provided in the Supporting

Figure 1. Schematic of the bench-scale test system used at URS Corp.
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Information. Figures S1 and S2 depict the mode of packing of
the pelletized and fiber samples, respectively.
All samples were analyzed by XPS at the Stanford

Nanocharacterization Laboratory (SNL) at Stanford University.
The PHI 5000 Versa Probe Scanning XPS Microprobe used for
analysis is equipped with a 350 W monochromatic Al Kα X-ray
source (1486.6 eV) and is operated at a base pressure of ∼5 ×
10−10 Torr. The X-rays are focused onto a spot size of 100 μm
× 800 μm on each sample. The detection limits of the
instrument were approximately 1% on the surface (0.01
monolayer) and ∼0.1% in the bulk. The AC pellets were
mounted on double-sided Scotch tape on a clean sample holder
without any further preparation prior to XPS analysis, while the
AC fiber was mounted directly onto a clean sample holder and
analyzed under identical conditions. All survey and high-
resolution scans were taken with the charge neutralizer
operating at 30 V to avoid any charging caused by any
insulating components of the sample such as the glass wool
residue.

■ RESULTS AND DISCUSSION
Hg Adsorption Tests Using a Bench-Scale Testing

System. Figure 2 exhibits the Hg breakthrough curves

obtained from Hg equilibrium adsorption capacity testing of
the pellet and fiber AC sorbents. Key data pertaining to these
experiments are listed in Table 1. The TBP had an initial Hg

breakthrough of approximately 10%, indicating that the sample
was capable of removing 90% of the Hg in the simulated flue
gas. After 170−180 h, the amount of Hg breakthrough
increased steeply to 100%, indicating that an equilibrium
coverage of Hg had been reached. A normalized Hg capacity of
585 μg/g of carbon (at an inlet concentration of 50 μg of Hg/
Nm3)17 was calculated using TBP breakthrough data. The TSP

had a higher initial breakthrough of approximately 30%, and
after only 80−90 h it increased gradually, suggesting that the
active adsorption sites on it were less efficient in Hg capture
than the TBP. The test was stopped after 400 h, and a
normalized Hg capacity of 661 μg/g (at an inlet concentration
of 50 μg of Hg/Nm3) for the TSP sample was observed.
The TSF sample was exposed to the same flue gas and had

an initial breakthrough of ∼25% that could suggest that it is less
efficient at Hg capture than the TBP sample, that there was
poor mass transfer from the flue gas matrix to the interiors of
the AC fibers, or that there were channeling effects, though care
was taken to prevent channeling (see the Supporting
Information). Aside from a temporary excursion to 45%
breakthrough, likely caused by an upset in the test system,
the initial breakthrough level was maintained for 1400 h
(approximately 8 weeks) until the test was finally terminated.
The TSF sorbent performed exceptionally well, and at the time
the test was stopped, it showed a normalized Hg capacity of
>9700 μg/g of carbon (at an inlet concentration of 50 μg of
Hg/Nm3), far exceeding the capacity of either the TBP or TSP.
The surface area of the AC fiber is 438 m2/g, so it is unlikely
that the 20-fold difference (or greater) in capacity is due to the
difference in surface areas of the pellet and fiber sorbents. To
help explain this large difference in performance, XPS was used
to gain a view of the surface chemistry before and after Hg
capture.

X-ray Photoelectron Spectroscopy. The elemental
compositions of all samples before and after testing (Table 2)
were obtained from their survey spectra (Figure S3 of the
Supporting Information). To facilitate quantitative comparisons
among samples, peak areas were normalized to the peak area of
the C 1s line, as shown in Table 3. High-resolution scans were
also taken for each element present to obtain information about
their oxidation states. All samples contained a strong C 1s peak
from the inherent sorbent material, which was shifted to 284.5
eV to calibrate the spectra,18 and had a tail extending toward
higher binding energies indicative of either oxidized or
adventitious carbon (Figure S4 of the Supporting Information).
The brominated and sulfur-treated pellets contained aluminum,
silicon, calcium, and sodium in small amounts, from trace to 2.0
atom % (Figures S5−S7 of the Supporting Information). Their
presence is not surprising as these elements are naturally
occurring and found in activated carbons.19 The corresponding
quantitative values of these elements obtained from high-
resolution spectra are compiled in Table S1 of the Supporting
Information. None of these impurities were present in the
UTSF sample, which was possibly synthesized using a different
AC precursor.
Hg lines were not observed in any scans, indicating that the

concentration of Hg was below the XPS detection limits for all
samples. This was not entirely unexpected as the surface
concentrations of Hg calculated from breakthrough curve data,
even for the high-capacity TSF sample, were expected to be
below the XPS detection limits (see the Supporting
Information). Possible Hg desorption under UHV conditions
presents additional difficulties as does interference between the
Hg 4f doublet at 101 eV/105 eV20,21 and the broad Si 2p peaks
from SiOx at 102−103 eV22 for the pellet samples (Figure 3).
No evidence of Hg was detected by XPS in any of the sorbents
while monitoring the isolated but weaker Hg 4d peak, either
(Figure S8 of the Supporting Information). Consequently, this
study focuses on the changes in other elements important for
Hg reaction chemistry after exposure to Hg sorption

Figure 2. Compiled breakthrough curves for all tested samples.

Table 1. Test Results of the Samples Exposed to the
Simulated Flue Gases

sample
name

sample
type

inlet Hg
concentration
(μg/Nm3)

normalized capacity (μg/
g at 50 μg of Hg/Nm3)

face
velocity
(fps)

TBP pellet 16.9 585 2.5
TSP pellet 12.1 661 2.5
TSF fiber 12.4 >9700 1.1
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conditions; more specifically, we discuss the roles of bromine,
sulfur, nitrogen, and oxygen. The XPS analysis of the untested
samples will be discussed first. This will be followed by
discussion on XPS analysis of tested samples. Finally, we will
present insights into the Hg sorption processes on these
sorbents by combining information obtained from both the
XPS studies and the Hg breakthrough capacity results.
Surface Chemistry of the Untested Samples. As

expected, UTBP was the only untested sample observed to
contain bromine from XPS analysis. This was indicated by the
presence of a Br 3p doublet at 189/182 eV (Figure 4).23,24 The
amount of bromine observed in this sample was 0.3% when
normalized to carbon. No nitrogen was detected in any of the
untested samples after monitoring possible N 1s lines from 398
to 407 eV (Figure 5).25 The O 1s peak indicated the presence
of 12.2, 16.2, and 4.5% normalized oxygen content for the
UTBP, UTSP, and UTSF samples, respectively, with
contributions possibly coming from oxidized or adventitious

carbon, silica, sulfate, or metal oxide impurities (Figure S9 of
the Supporting Information).

Table 2. Elemental Compositions of Various Samples from Their XPS Survey Spectra

sample name C O Br Si S(VI)a S(0,SH)a N Cl Hg Al Ca Na

UTBP 87.1 10.6 0.3 0.4 0 0 0 0 0 0b 0b 1.6
UTSP 82.7 13.4 0 1.4 0.3 0.3 0 0 0 2.0 0b 0b

UTSF 89.4 4.0 0 0 0.6 6.0 0 0 0 0 0 0
TBP 48.2 36.8 0 4.1 7.1 0.2 0.8 0 0 1.1 0b 1.7
TSP 66.0 22.5 0 4.1 3.3 0.2 2.8 0 0 1.2 0b 0b

TSF 85.9 7.8 0 0 1.3 5.1 0 0 0 0 0 0
aS(VI) and S(0,SH) compositions were calculated using the ratio of each found in high-resolution scans and the total S found from the survey scan.
bWhile compositions are 0.0 for survey, high-resolution scans indicate trace, non-zero values (Table S2a,b of the Supporting Information).

Table 3. Elemental Compositions of Various Samples from Their XPS Survey Spectra Normalized to 100% C

sample name C O Br Si S(VI)a S(0,SH)a N Cl Hg Al Ca Na

UTBP 100 12.2 0.3 0.5 0 0 0 0 0 0b 0b 1.8
UTSP 100 16.2 0 1.7 0.4 0.4 0 0 0 2.4 0b 0b

UTSF 100 4.5 0 0 0.7 6.7 0 0 0 0 0 0
TBP 100 76.4 0 8.5 14.8 0.3 1.7 0 0 2.3 0b 3.5
TSP 100 34.1 0 6.2 5.0 0.3 4.2 0 0 1.8 0b 0b

TSF 100 9.1 0 0 1.5 6.0 0 0 0 0 0 0
aS(VI) and S(0,SH) compositions were calculated using the ratio of each found in high-resolution scans and the total S found from the survey scan.
bWhile compositions are 0.0 for survey, high-resolution scans indicate trace, non-zero values (Table S2a,b of the Supporting Information).

Figure 3. Compiled Si 2p/Hg 4f spectra of all untested and tested
samples.

Figure 4. Compiled Br 3p spectra of all untested and tested samples.

Figure 5. Compiled N 1s spectra of all untested and tested samples.
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Sulfur was detected as expected on the two untested sulfur-
treated samples, UTSP and UTSF, with a strong S 2p peak
observed at 164 eV and a weaker one at 169 eV (Figure 6). The

peak at 164 eV could correspond to elemental sulfur or one of
the several carbon-bonded sulfur species and/or complexes
such as thiophene or thiols and will be termed “reduced sulfur”
hereafter, not to be confused with sulfides, which were not
detected in this study.26,27 While XPS alone cannot discern
between these species,28 elemental sulfur, thiophene, and
organic thiols29,30 have been shown to be effective for the
capture of Hg from flue gases; thus, the reduced sulfur groups
found on the UTSP and UTSF samples are expected to assist in
the Hg capture process. More sophisticated methods of
characterization would be needed to identify the chemical
group with greater specificity. The peak at 169 eV is indicative
of a S(VI) oxidized species such as sulfate (SO4

2−),31 which has
been proposed to be a strong-binding species that is ineffective
for Hg capture.32,33 S(IV) groups such as sulfite (SO3

2−) were
not distinctly detected, nor were lower B.E. peaks correspond-
ing to metal sulfides.26

In comparing the two sulfur-containing UTSF and UTSP
samples, we observed that UTSF contained approximately 9
times more total surface sulfur (7.4% vs 0.8%) and 16 times
more reduced sulfur (6.7% vs 0.4%) than UTSP when
normalized to carbon. The greater fraction of reduced sulfur
groups on the UTSF sample could possibly contribute to its
effectiveness as a Hg capture sorbent.
Surface Chemistry of the Tested Samples. After

exposure to the simulated flue gas, the surface species on
each sorbent changed noticeably, leading to significant
differences in the surface species among the sorbents. One
important observation was that no Br was detected on the TBP
sample (Figure 4). This means that the Br levels either
decreased below XPS detection limits or disappeared entirely
after testing. Another key change observed was the increase in
the amount of sulfur present, particularly as S(VI) (Figure 6).
Similar observations were also made in previous XPS studies of
AC sorbents that also contained SO2 and/or SO3 in the flue
gas.13,14,32 The normalized amounts of S(VI) for the tested
versus untested sorbents are as follows: 14.8% (TBP) vs 0.0%
(UTBP), 5.0% (TSP) vs 0.4% (UTSP), and 1.5% (TSF) vs

0.7% (UTSF). Large increases in oxygen content accompanied
the increase in the level of S(VI) species at a ratio of
approximately 4:1, indicating that the S(VI) species formed
during the capture process is SO4

2−.
For the TBP sample, the only source of sulfur is SO2 in the

simulated flue gas; thus, the increase in the level of S(VI)
groups and oxygen is due to the adsorption and oxidation of
SO2. The increase in the level of S(VI) in the TSP sample
(5.0% vs 0.4%), which maintains a similar content of reduced
sulfur groups after testing (0.3% vs 0.4%), most likely also
comes from adsorbed and oxidized SO2 from the flue gas.
However, on TSF, the increase in the level of S(VI) groups
(1.5% vs 0.7%) due to testing was very similar in magnitude to
the decreased amount of reduced sulfur groups (6.0% vs 6.7%);
one can infer that the increase in the level of S(VI) results
could be from an oxidation of reduced sulfur groups rather than
SO2 adsorption and oxidation. The majority of the reduced
sulfur groups on the surface of the TSF sorbent, however,
remained in a reduced state even after the sorbent had been
tested for 1400 h.
These results indicate a substantial difference in behavior of

the TSF sample versus the TBP and TSP samples. Whereas the
TBP and TSP samples clearly adsorbed large amounts of S(VI)
from the SO2 in the flue gas, XPS quantification suggests that
for the TSF sample, the S(VI) produced during testing came
from the oxidation of reduced sulfur originally present on the
sample and not from adsorption and oxidation of SO2 from the
flue gas.
No nitrogen species were detected on the TSF sample after

testing (Figure 5). However, the TBP and TSP samples
exhibited nitrogen species on the surface, quantified at 1.7 and
4.2%, respectively. The nitrogen features were observed at 401
eV on the TBP and TSP and most likely arise from the NOx in
the simulated flue gas stream as no nitrogen was detected on
any sample before testing. The N 1s peak location, however,
does not match that for either NO (405 eV) or NO2 (407 eV)
and indicates the presence of a more reduced form of nitrogen
such as ammonium,34 as suggested by Olson.13 The fact that
the nitrogen species on the surface is in a reduced state
compared to the NOx in the flue gas suggests that the NOx is
reduced either in the flue gas or on the TBP and TSP surfaces
and may participate in the Hg capture process.

Understanding the Difference in the Hg Sorption
Performance between Sorbents. The Hg breakthrough
data show that the tested sulfur-treated fiber sorbent, TSF,
performed much better than either of the pellet samples, TSP
and TBP, exhibiting more than 10 times the Hg capacity.
Surface characterization of the samples by XPS before and after
testing helps explain their differences in Hg capture capabilities,
revealing several key differences in their surface chemistries.
The presence of S(VI) groups on a surface was inversely
correlated with Hg capture performance. Both the TSP and
TBP sorbents, which exhibited lower rates of Hg capture, also
showed a significant increase in the level of S(VI) groups on
their surface after testing. XPS quantification indicates that the
S(VI) likely arose from adsorption and oxidation of SO2 from
the flue gas, poisoning the surface and blocking sites for Hg
adsorption.
Previously published studies discuss competition between

acidic species like Hg2+, SO2, SO3, and HCl for adsorption on
basic sites of untreated AC sorbents.13,35 This study shows
evidence of similar competition, as the Br of the TBP is no
longer detected and is instead replaced by large quantities of

Figure 6. Compiled S 2p spectra of all untested and tested samples.
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S(VI) derived from the SO2 in the flue gas. The other common
feature of these two lower-performance sorbents is the presence
of the reduced N species on the surface compared to the NOx
in the flue gas. This reduced N species could have assisted in
the oxidation of SO2 to S(VI) through chemical reactions either
in the gas phase or on the sorbent surface.
The TSF had a much larger Hg capacity and saw only a small

increase in the amount of S(VI) groups on the surface after
testing. The proposed reason for the minimal S(VI) poisoning
on the TSF was the large amount of reduced sulfur groups
present on the original UTSF. The preparation of the sample
introduced sulfur in amounts near saturation,29 which likely
prevented further binding of SO2 to the surface as S(VI). Not
only could the reduced sulfur groups have prevented SO2
poisoning, but reports of strong binding of Hg by organic thiols
and elemental sulfur suggest that the reduced S species could
play a positive role in Hg capture. The presence of 6.0%
reduced sulfur groups even after testing on the TSF is an
indication of the improved Hg capacity for this sorbent. In
addition, no adsorbed -NH4

+ groups were detected on the TSF
surface, consistent with the minimal adsorption and oxidation
of SO2, a potential poison. This could further explain the
longevity of the TSF sorbent during breakthrough studies.
Key differences in the UTSF versus TSF sorbent chemistry

compared to the UTBP versus TBP and UTSP versus TSP
samples, namely a significant presence of reduced sulfur groups
that may prevent poisoning of the surface by S(VI) and
nitrogen-containing species, are likely responsible for the
excellent Hg capture characteristics of the sulfur-treated fibers.
These are important factors to consider in designing future
sulfur-treated AC sorbents for Hg capture.
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