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Further Investigation of the Impact of Sulfur Oxides on Mercury Capture by
Activated Carbon’

Albert A. Presto, Evan J. Granite,* and Andrew Karash

National Energy Technology Laboratory, U.S. Department of Energy, 626 Cochrans Mill Rd., P.O. Box 10940,
Pittsburgh, Pennsyhnia 15236

To gain a more complete understanding of the impact of sulfur oxides on mercury capture by activated carbon,
continuous mercury concentration measurements were made downstream of a packed sorbent bed. Previous
research from this laboratory, which is presented in a companion study, indicated that the mercury capacity
of activated carbon dur@na 6 hexposure to mercury-laden simulated flue gas was inversely proportional to
the ' content of the carbon. The results presented here indicate that figto&ent limits both the 6-h
capacity of activated carbon and the initial mercury removal efficiency. The observed reduction in initial
mercury removal efficiency verifies the assumption that the 6-h mercury capacity is indicative of in-flight
mercury capture efficiency during activated carbon injection. The activated carbon sample with the highest
sulfur content tested here captured a minimal amount of mercury; however, this sample oxi@#dof

the incident H§ at 100% breakthrough. This finding suggests that there are multiple available sites for mercury
interaction with the sorbent surface, and that capture and oxidation occur at different surface sites.

1. Introduction SO; from the carbon surfack;however, under oxidizing
conditions to convert SPto a $* species, exposure of a
mercury-laden activated carbon sample to simulated flue gas

:’;.(r)igznOfaSSUI;urngIdteei,hEi?:gllcﬂj:li{esﬂgu:ntégtﬁ]de t(r?eprr;zsrcur caused the mercury to desorb from the surface with a concomi-
y 9 Y tant increase in the surfacé*Sconcentratior.

emissions requirements that have been set forth by the Clean Our companion study of the impact of sulfur oxides on

Air Mercury Rule. Sulfur trioxide enters flue gas via one of mercury capture by activated carbon relied on analysis of the
three pathways. Coal-S is converted to,®Qring combustion, | y cap y f X d carb ny lowi
and a small fraction is further oxidized to $O’he amount of totahmercury content OI an dagtlvate carbon sl?rgpbe do ;)%awmg
SG; formed during combustion is determined, in part, by the a 6-h exposure to simulated flue gas in a packed-bed reactor.
sulfur content of the fuel and the excess air level; increasing Packed-bed ex_penment; have been_used by many laboratories
to test the relative effectiveness of different mercury sorbents.

either of these variables increases the; 8@centration in the Packed-bed studies offer several advantages over small-scale
flue gas! SO; can also form from the oxidation of S@cross : . fal advantages o .
entrained flow experiments, primarily in simplicity of design

selective catalytic reduction (SCR) catalysts that have been and ease of use. The disadvantages of using packed sorbent

installed for NQ control. SCR catalysts typically contain beds are the long exposure times, which are significantly longer

vanadium oxides, which are known catalysts fo, 8€idation- than those encountered during in-duct injection, and the excellent
In some cases, S0s intentionally added to the flue gas as a . : 9 J .
gas-solid contact, which contrasts the potentially poor-gas

fly ash conditioning agent and to improve electrostatic precipita- solid contact present in the duct.

tor (ESP) performance. - . . . .

In a companion study, this laboratory recently published The critical assumption of this experimental method is that
experimental results suggesting that sS@hibits mercury the perform.anc_e of a sorbent overqlong exposure time (hours)
adsorption on activated carbon by competing for the same reflects the in-flight performance during sorbent injection, where
binding sites on the carbon surfa&t®Ve postulated that the f‘h_e sorbent contacts_the f_Iue gas for_a few seconds. Therefore,
adsorption of S@ could be favored both kinetically and Itis preferable to verify thls_assumptlon by suppleme_ntlng the
thermodynamically. The concentration of $ flue gas is final mercury content data Wlth breakthrough dgta obtained using

a continuous emission monitor (CEM). In this research note,

typically in the range of £40 ppmé this is orders of magnitude .
larger than typical mercury concentrations, which are in the parts we present CEM data of mercury breakthrough for activated

per billion (ppb) range. Our previous data also suggested thatcarbon samples \_Nith three different sul_fur conter.ns. The CEM
the bond formed between thé'Sspecies, such as sulfuric acid results echo the findings of our companion paper. mercury and
and sulfates, and the carbon surface is stronger than the bondS: Compete for the same binding sites on the carbon surface,

between mercury and the surface.,Sfan oxidize to sulfate anq_higher sulfur Ioadin_gs lead to lower mercury capture
and form a chemical bond with the carbon surface with a heat efficiencies? The shorter time scale of the CEM measurements

of adsorption of>80 kJ/mol¢ We assume that Slso forms also verify that a high sulfur content on the carbon surface leads

sulfate, with an equally strong bond, on the carbon surface. [© faster mercury breakthrough.
Previous experiments showed that mercury could not displace

Mercury removal from flue gas that contains high concentra-

2. Experimental Procedures

* To whom correspondence should be addressed. Tel.: (412) 386- .
4607. Fax: (412) 386-6004. E_mail address: evan.granite@netl.doe.gov. Sorbent samples are exposed to merc_ury In-a t_)ench-scale

t References in this paper to any specific commercial product, Packed-bed reactor that has been described pl’eVIéL-IEI!}E
process, or service is to facilitate understanding and does not necessaril@ssembly consists of a quartz tube reactor, with an inner diameter
imply its endorsement by the U.S. Department of Energy. (ID) of 22 mm and a length of 61 cm, contained in a tube
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furnace. A 200-mg sorbent bed is placed in the reactor and is 14000
supported by~1 g of glass wool. An additiodl g plug of

glass wool is placed above the sorbent bed. The sorbent is
exposed to a simulated flue gas (SFG) that contains 5.25% O 10000 A
12.5% CQ, 50 ppm HCI, 500 ppm S©and 16-12 ug Nm—3

Hg, with N, as the balance gas. Previous studies from this
laboratory included NO in the simulated flue gas. NO was
excluded in this study because its presence interferes with
mercury detection by the CEM. 4000 —A— H;SO, FGD

Under typical experimental conditions, the flow rate of the

12000 H

8000 -

—&— Raw Hg-LH
—m— SO, exposed

6000 -

Hg" (ng Nm™®)

simulated flue gas is 8 slpm and the sorbent bed is held at 149 2000 1

°C. [The units of standard liters per minutes are abbreviated as 0 » - . . . .
slpm.] Mercury is provided by a certified Dynacal permeation 0 1 2 3 4 5 6 7
tube that is held at constant temperature in a water bath. Relative time (hr)

Although the S'_:G and mercury feed co_ndltlons are held COnStantFigure 1. Total mercury concentration (in units of ng/Npat the exit of

for each experiment, the CEM-determined mercury concentra- the packed-bed reactor, as a function of time from the start of mercury
tion in the SFG exhibits day-to-day variations, of up to 20%. exposure for activated carbon samples with three different sulfur contents.
This is consistent with the uncertainty found in this laboratory’s Both the mass of mercury captured and the time to 100% breakthrough

: : decrease as the sulfur content increases for raw Hg-LH (0.7 wt %), Hg-LH
previous use of the CEM. Nand Q are provided by the plant that has been exposed 10 $(@.4 wt %), and HSO-FGD (10.6 wt %).

air and nitrogen supplies; ?aCh stream passes through a desicCafe [ines that connect the data points are included to guide the eye.
trap and a carbon trap prior to entering the process, SO,

and HCI are supplied from certified gas cylinders.
In one experiment, the activated carbon bed was exposed tocaptures the acid gases Sahd HCI. The sulfur content of the

100 ppm SQ@for 2 h at 149C prior to mercury exposure. 3O  activated carbon sample exposed t03S© determined by

is supplied to the system by passing firough a cylindrical ~ inductively coupled plasmaatomic emission spectroscopy

saturatot that contains S€ which is a liquid under ambient ~ (ICP—AES), following a digestion procedure that was outlined

conditions. The saturator is constructed of stainless steel and ispreviously?

cooled by a water/propylene glycol mixture that is maintained

at subambient temperature by a chiller/circulator. The; SO 3. Results and Discussion

concentration in the SFG is calculated based on the vapor

pressure of S@) the exterior temperature of the saturator, and

the flow rate of the M carrier gas. When calculating the vapor

pressure, we assume that the;3®the saturator exists as the

3.1. Mercury Capacity. Figure 1 shows the total mercury
concentration exiting the packed-bed reactor, as a function of
time from the beginning of mercury exposure, for three different
-bhase activated carbon samples. Raw Hg-LH was used as-received;
vp ' i ) it had a sulfur content of 0.7 wt %. A second sample of Hg-LH

In our companion study, we observed that pre-exposing the .. exposed to 100 ppm $@r 2 h prior to mercury exposure
§orbent bed to Sghad the same effect on mercury capture as ;, 4 SQ-free SFG: it had a sulfur content of 8.4 wt %y-H
including SQ in the SFG, and that the®S content of the  go,_FGD had a sulfur content of 10.6 wt %. Previous tests using
s_orbent, not the SOconcentration in the SFG, governed the H,SO-FGD exhibited almost no capacity for mercury during
final mercury content.We chose to pre-expose the sorbent for a 6-h exposuré.
this study, to prevent SOor sulfuric acid (HSQy) from Both the mass of mercury captured and the time to 100%
condensing downstream in the CEM tubing. The;$@ncentra- mercury breakthrough decreased as the sulfur content increased.
tion used during pre-exposure was higher thar_1 concentrationstpa raw Hg-LH captured 1259 Hg/g sorbentxg/g) during
typically observed in real flue gas, and the integrateds SO e firg 6 h of exposure and did not reach 100% breakthrough
exposure of the activated carbon bed was 200 ppm-h (100 ppm;, > 1 of exposure. Mercury breakthrough of 10% was
for 2 h). This exposure is equivalent to exposing the carl:_)on achieved after-3 h. The CEM data for the raw sample of Hg-
sample to 33.3 ppm Sor 6 h. Therefore, the pre-exposure is | s qualitatively similar to previous measurements of mercury
consistent with our companion investigation that used SFG with adsorption by a packed bed of activated carband these data

typical concentrations of S show a long period of slowly increasing outlet mercury
Two different activated carbons were tested in this study: concentration, followed by a rapid increase.
Norit Darco Hg-LH and HSQO,-FGD. Norit Americas lists the The raw Hg-LH captured more mercury than in our com-

particle size for both Hg-LH and FGD as 95%825 mesh (45 panion study, where the mercury content of Hg-LH, following
um). Darco Hg-LH, a brominated activated carbon, was used a 6-h exposure to dry SFG, was 53§/g2 The high mercury
as-received. b5O-FGD was prepared by adding 95%$0, capacity observed here may be a result of the lack of NO in the
to Darco FGD to incipient wetness. The impregnated carbon SFG used in this study.
was then heated to dryness in an oven at 110 The sample of Hg-LH that was exposed tos3@hibited an
The mercury concentration and speciation exiting the packed initial breakthrough o+~55% and reached 100% breathrough
bed are measured using a PS Analytical Sir Galahad CEM. A within ~3.5 h. The total mercury captured was &g/g. As
wet conditioning system with two channels for determining expected, HSO;-FGD captured very little mercury<(0.5 ug/
elemental and total mercury is placed upstream of the CEM. g). The initial breakthrough was80%, and 100% breakthough
The elemental mercury channel uses an impinger filled with was attained within 1 h.
KClI solution to remove Hg" compounds from the sample, and Please note that the mercury capture listed above is slightly
the total mercury channel uses a S#iBCI solution to reduce different than the mercury content reported previously by this
the HF™ species to H§ Both the KCIl and SnGIHCI impingers group? The mercury content determined by digesting the used
are followed by impingers that contain NaHg6€blution that sorbent afte 6 h of mercury exposure includes the native
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mercury content of the activated carbon, which is exceedingly energies between mercury and different surface oxygen groups,
small for Hg-LH (0.02ug/g) but larger for Darco FGD (3.0  and they found that the binding energies decrease in the series
©g/g). The mercury capture, as determined by the CEM data,

as is the case here, does not include the mercury present in the

unexposed activated carbon. Hence, our previous report of aHuggins et al? used X-ray absorption fine structure (XAFS)
final mercury content for bEQ,-FGD of 4.1ug/g is consistent  analysis to investigate the bonding of mercury to activated
with the same sample capturind.5ug/g in this study. Ineach  carbon, and they determined that mercury can bind to anionic
case, the data indicate thab$0,-FGD is a poor mercury | C|, S, or O present on the surface. Individual sorbents seemed
sorbent in SFG. to be dominated by a single interaction (i.e.,-Hgpr Hg—O);

The data presented here serve an important function, with however, the authors warn that their data reflect an average of
respect to our companion investigation of the impact of sulfur the mercury bonding sites for a particular sorbent. The possibility
oxides on mercury capture by activated carbdAs. noted in exists for mercury binding to any or all of the available types
the Introduction, a potential shortcoming of packed-bed experi- of sites on a single sorbent sample.
ments is the long sampling time. Although it is assumed that  We postulate that mercury binding on the surface of activated
poor sorbent performance over the time scale of hours indicatescarbon can be described by two generalized types of sites: stable
poor performance during in-duct injection, the assumption can sites with a high binding energy and catalytic sites with low
only be verified with CEM data. Therefore, the data presented binding energy. When a sample of activated carbon is exposed
here suggest that the competition for binding sites on the carbonto mercury, the sites with high binding energy are occupied
surface between mercury and th&" Species reduce both in-  first and are responsible for mercury capture by the sorbent.
duct mercury capture and the total mass of mercury captured The abundance of sites with high binding energy determine the
over the course of several hours in a packed-bed experiment.mercury capacity of the sorbent. The mercury-site bond is strong,
The results presented here are also consistent with observationand the mercury is not re-released without a change to the
of poor mercury capture during activated carbon injection into process conditions such as heating. The high concentration of
real flue gas that contains high concentrations 0§.50 these sites is responsible for the low initial mercury concentra-

3.2. Mercury Oxidation. The presence of oxidized mercury tion downstream of the raw Hg-LH bed in Figure 1.
in the packed-bed effluent was observed in all of the experiments  The sites with lower binding energy do not retain mercury;
conducted for this study. For230,-FGD and S@-exposed Hg- they allow mercury to easily adsorb and desorb. These sites
LH at 100% breakthrough, the fractional conversion of iy~ Serve to catalyze the formation of Fg Huggins et at? showed
Hg?" was constant and measurable. The mercury was 30%that mercury bound to the sorbent is chemisorbed &s;higchen
oxidized downstream of the48Q,-FGD bed, and 60% oxidized  the bound mercury is released from the surface, it is released
downstream of the S@exposed Hg-LH bed. Although this as Hg".
group typically eschews measuring fractional mercury oxidation ~ As noted previously, S@and mercury compete for the same
in favor of a kinetically based reaction rdtee are making an  binding sites on the carbon surface.s3@o preferentially binds
exception in this context, because the experiments in questionto the sites with higher binding energy to form surface-bound
were performed under identical conditions of temperature, bed S°* species. The presence df*Sspecies reduces the mercury
size, and SFG composition. capacity of the sorbent, and, as shown in Figure 1, further

Mercury oxidation across the 80;-FGD and S@exposed ~ increasing the & concentration consequently reduces the
Hg-LH beds may indicate the presence of multiple active sites Mercury capacity of the sorbent. As the high binding energy
for mercury interaction with the carbon surface. Previous studies Sités become filled, S¢begins to react with the lower binding

of mercury oxidation catalysts strongly suggest that the conver- €N€rgy sites. Thus, as thé*Scontent increases, the extent of
sion of HP to Hg?* requires surface-bound merctryThus catalytic mercury oxidation across the sorbent bed decreases.

we can assume that the oxidized mercury formed across thePresumably, at sufficiently highPSloadings, activated carbon
H,SO,-FGD results from mercury that is interacting with the could be rendered useless, as either a mercury sorbent or as a
carbon surface, although this mercury is not permanently catalyst for flue gas applications.

captured by the sorbent.

The interaction between $SCand activated carbon may
provide a clue for mercury, because the two species are known The continuous emission monitor (CEM) data presented here
to compete for the same binding sites on the carbon sufface. verify that the presence ofSspecies on the surface of activated
SG; can form two different bonds with the carbon surface: a carbon inhibits mercury capture at both short and long time
physical bond due to van der Waals forces with a heat of scales. The data reinforce our previous finding tifdtpecies
adsorption of<50 kJ/mol or a chemical bond with a heat of and mercury bind to the same sites on the carbon surface, and
adsorption of>80 kJ/mol* It is Simple to assume that these that $+ binding is favored over mercury adsorption. The
two bonds describe interactions of S@ith a single type of  mercury oxidation data obtained for the $&xposed Hg-LH
site on the carbon surface; however, a more likely explanation agnd H,SO,-FGD suggest that mercury binding and mercury
is that SQ can bond with multiple types of surface sites. For oxidation occur at different sites on the carbon surfaée. S
the example here, one can consider the “weak” and “strong” species initially adsorb onto the sites responsible for binding
bonds as occurring at different types of sites on the carbon mercury, thereby reducing the mercury capacity of the sorbent.
surface. The same case may be true for mercury. As the sites with higher binding energy are filled, ti¢ Species

Li et al.l0 reported that the mercury capacity of activated bind to the sites with lower binding energy, which are
carbons is dependent on the relative concentrations of oxygen-responsible for mercury oxidation. The data presented here and
containing surface functional groups. Lactone and carbonyl in our companion studyare not sufficient to postulate the
groups seem to provide active sites for mercury capture, whereashemical structure of the high- and low-energy binding sites.
phenol groups inhibit mercury adsorption. Padak ét alsed Identifying the chemistry at each of these types of surfaces sites
density functional theory (DFT) to investigate the binding remains an area for future investigation.

lactone> carbonyl> phenol> carboxyl

4. Conclusions
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The data presented here and in our companion Stdialyot (3) Moser, R. S@s impact on plant O&M: Part [Power2006 150,
completely explain the interactions between mercury and sulfur. 40-

- : (4) Raymundo-Pinero, E.; Cazorla-Amoros, D.; Salinas-Martinez de
In flue gas environments, the presence?jfﬁoeues, as gaseous Lecea, C.; Linares-Solano, A. Factors controlling the 8noval by porous

S0; or surface-bound sulfate or sulfuric acidA$0y), inhibits carbons: Relevance of the $Oxidation stepCarbon200Q 38, 335.
mercury adsorption onto activated carbon. HoweveiS®l- (5) Miller, S.; Dunham, G.; Olson, E.; Brown, T. Flue gas effects on a
impregnated carbons have been successfully used to removearbon-based mercury sorbeftel Process. Techno200Q 65-66, 343.
mercury from liquid hydrocarbori$.Concentrated sulfuric acid (6) Carey, T.; Hargrove, C.; Richardson, C.; Chang, R. Factors affecting
has also been used to scrub mercury from smelter gases via th zﬁ,?gg ?S”Stgc(’:llégé‘tzgylﬂl%% gas using activated carbdn.Air Waste
formation of mercuric sulfaté Previous work from this (7) Sjostrom, S.; Wilson, C.; Bustard, J.; Spitznogle, G. Toole, A.;

laboratory also has revealed thaiS@:-impregnated activated  O'Palko, A.; Chang, R. Full-scale evaluation of carbon injection for mercury
carbon effectively removes mercury from a stream of nitroen.  control at a unit firing high sulfur coal. IrProceedings of the US

Note that. for the hvdrocarbon case. mercury capture occurs in Environmental Protection AgeneyDepartment of EnergyEPRI Combined
a red c'n’ en .ronymem and. for t’he Smeﬁ/er cpase mercuric Power Plant Air Pollutant Control Symposium: The MEGA Symposium
ucing envi : v ' UrC ySEPA-DOE—EPRI: Washington, DC, 2006.

su!fate precipitatgs out of a.conpentrateql solution of sulfuric  (g) presto, A.; Granite, E.; Karash, A.; Hargis, R.; O'Dowd, W.;
acid. These conditions are significantly different than the flue Pennline, H. A kinetic approach to the catalytic oxidation of mercury in
gas environment. The reasons for the differences in mercury flue gas.Energy Fuels2006 20, 1941.

behavior in these environments are unclear at this time and (9) Presto, A.; Granite, E. Survey of catalysts for oxidation of mercury
. . S in flue gas.Environ. Sci. Technol2006 40, 5601.
require further Investigation.

(10) Li, Y.; Lee, C.; Gullett, B. Importance of activated carbon’s surface
functional groups on elemental mercury adsorptieael 2003 82, 451.
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