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SEPARATIONS 
  

Novel Sorbents for Mercury Removal from Flue Gas 

Evan J. Granite,* Henry W. Pennline, and Richard A. Hargis 

National Energy Technology Laboratory, United States Department of Energy, P.O. Box 10940, 

Pittsburgh, Pennsylvania 15236-0940 

A laboratory-scale packed-bed reactor system is used to screen sorbents for their capability to 

remove elemental mercury from various carrier gases. When the carrier gas is argon, an on- 

line atomic fluorescence spectrophotometer (AFS), used in a continuous mode, monitors the 

elemental mercury concentration in the inlet and outlet streams of the packed-bed reactor. The 

mercury concentration in the reactor inlet gas and the reactor temperature are held constant 

during a test. For more complex carrier gases, the capacity is determined off-line by analyzing 

the spent sorbent with either a cold vapor atomic absorption spectrophotometer (CVAAS) or an 

inductively coupled argon plasma atomic emission spectrophotometer (ICP-AES). The capacities 

and breakthrough times of several commercially available activated carbons as well as novel 

sorbents were determined as a function of various parameters. The mechanisms of mercury 

removal by the sorbents are suggested by combining the results of the packed-bed testing with 

various analytical results. 

Introduction 

Over 32% of anthropogenic mercury emissions in the 

United States are from coal-burning utilities. This 

percentage will increase over the next few years because 

of the mandated control of mercury emissions from 

municipal solid waste and medical waste incinerators. 
A low concentration of mercury, on the order of 1 ppbv, 

exists in flue gas when coal is burned. The primary 

forms in the flue gas are elemental mercury and 
mercuric chloride.! 

Control technologies for removing mercury from flue 

gas include scrubbing solutions and activated carbon 

sorbents. Mercuric chloride is soluble in water; elemen- 

tal mercury is not. Dry sorbents have the potential to 

remove both elemental and oxidized forms of mercury. 

Activated carbons have been successfully applied for the 

control of mercury emissions from incinerators. }? 

Several sorbents, such as activated carbons, can 

remove mercury from flue gas produced by the combus- 

tion of coal. However, there are problems associated 

with the use of activated carbons for mercury removal 

from flue gas. Activated carbons are general adsorbents; 

most of the components of flue gas will adsorb on carbon, 

with some in competition with mercury. Carbon sor- 

bents operate effectively over a limited temperature 
range, typically working best at temperatures well 

below 300 °F. The projected annual costs for an acti- 

vated carbon cleanup process are high, not only because 

of the high cost of the sorbent but also because of its 

poor utilization/selectivity for mercury. Carbon-to- 
mercury weight ratios of 3000:1 to 100 000:1 have been 

projected.13-5 In addition, activated carbons can only 

be regenerated a few times before they exhibit unac- 
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ceptably low activity for mercury removal. Therefore, 

the development of improved activated carbons as well 

as novel sorbents merits further research. 

A sorbent can capture mercury via amalgamation, 

physical adsorption, chemical adsorption, and/or chemi- 

cal reaction. The noble metal sorbents*”** can capture 

mercury via amalgamation. Unpromoted activated car- 

bons and aluminosilicates!® physisorb elemental mer- 

cury. Both amalgamation and physisorption are low- 

temperature processes, typically occurring below 300 °F. 

Chemically promoted (with sulfur, iodine, or chlorine) 

activated carbons, 1-21 selenium,??? and manganese 

dioxide or hopcalite?#?5 are examples of sorbents which 

chemisorb or chemically react with mercury. Chemi- 

sorption and chemical reaction can occur over a wider 

range of temperatures than physical adsorption and 

amalgamation. The enthalpy and activation energies of 

chemisorption/chemical reaction are typically larger 
than those for physical adsorption. 

In this work, which is sponsored by the Advanced 

Research and Environmental Technology Power Sub- 

program of the U.S. Department of Energy’s Fossil 

Energy Program, various sorbents were examined for 

the removal of elemental mercury from argon. It was 

realized that elemental mercury in flue gas would be 

more difficult to remove than oxidized mercury, and 

thus the thrust was to initially identify sorbents that 

could remove the less reactive elemental mercury. Very 

few techniques can be used to make an on-line and 

continuous determination of elemental mercury down 

to ppb levels, and the exact mechanism by which most 

sorbents remove mercury is unresolved. The atomic 

fluorescence spectrophotometer can be used to measure 

the concentration of elemental mercury in argon on a 

continuous basis? and was used in determining the 

breakthrough curves of sorbents in a packed bed. When 

more complex carrier gases were used, the capacity was 

© 2000 American Chemical Society 
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Figure 1. Schematic of sorbent screening unit. 

determined off-line via ICP-AES or CVAAS. The capaci- 
ties of several commercially available activated carbons, 
metal oxides, a halide salt, metal sulfides, silicates, 
chlorinated sorbents, a noble metal, and fly ashes were 
determined. 

Experimental Procedures 

The assembly used for measuring sorbent capacities 
consists of an elemental mercury permeation tube, 
a packed-bed reactor, an on-line atomic fluorescence 
spectrophotometer, and a data acquisition system. The 
reactor scheme is shown in Figure 1. A certified Dynacal 
permeation tube from VICI Metronics is used as the 
source of elemental mercury. The permeation tube has 
been certified by the manufacturer to release 144 ng of 
Hg/min at 212 °F. The permeation tube is located at 
the bottom of a Dynacal glass U-tube, which is main- 
tained at 212 + 1.6 °F at all times by immersing it in a 
Hacke L oil bath. A flow (30 mL/min) of ultra-high- 
purity carrier-grade (99.999%) argon gas passes over the 
permeation tube and is maintained at all times with a 
thermal conductivity mass flow controller. The output 
of the permeation tube and the flow rate of argon yields 
a calculated concentration of mercury in argon of 585 
ppb. The mercury output of the tube has been verified 
on a monthly basis via weight loss measurement and 
has been found to be consistent (155 ng of Hg/min) with 
the certified release. After a year in service, the output 
of the permeation tube dropped to 139 ng of Hg/min and 
was replaced with a second certified tube rated for 119 
ng of Hg/min. The output of this tube has also been 
verified by weight loss measurement and has been found 
to be consistent (107 ng/min) with the certified release. 
Sorbent capacities have all been normalized to reflect 
the output of the original permeation tube. 

The reactor (adsorber) is a quartz tube (20 in. in 
length with an outer diameter of 1/; in. and inner 
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diameter of !/ in.) held in a vertical position. All of the 
plumbing and valves which come into contact with 
mercury are constructed from either stainless steel or 
Teflon. These materials have been demonstrated to have 
good chemical resistance and inertness toward mercury. 
The packed bed of sorbent is surrounded by a large 
clam-shell furnace. A Self-tune Plus 300 PID controller 
is used to maintain the bed at the desired temperature. 
The temperature at the top of the bed has been 
determined to be within 1.8 °F of the temperature at 
the bottom of the bed. 

The detector for elemental mercury is a Brooks Rand 
CVAFS-2 cold vapor atomic fluorescence spectrophoto- 
meter (AFS), When used as a continuous on-line monitor 
for elemental mercury in argon, the detection limit is 
below 0.1 ppb. The AFS is an ultraviolet (UV) detector 
for elemental mercury; mercury atoms absorb 253.7-nm 
light and re-emit (fluoresce) this wavelength. A mercury 
bulb serves as the UV source, and a photomultiplier 
tube serves as the UV fluorescence detector. Any gas 
can be used as a carrier, although sensitivity varies 
dramatically with inertness, because of quenching of the 
excited Hg atoms by collisions with polyatomic species. 
Maximum sensitivity (ppt) is achieved with high-purity 
argon or helium carrier gases. When the AFS was used 
as an on-line detector for elemental mercury, argon was 
used as the carrier gas. For the more complex carrier 
gases, the sorbent capacity was determined off-line by 
analyzing the spent sorbent with ICP-AES or CVAAS. 
The ICP-AES is a Perkin-Elmer Optima 3000 radial 
view spectrometer. The CVAAS is a Cetac M-6000A unit 
dedicated for the analysis of elemental mercury. 

Key process parameters were recorded with a data 
acquisition system. This on-line data acquisition system 
was used to take and store the various voltage signals
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Table 1. Characterization of Sorbents 
  

BET surface area 

  

sorbent composition (m?/g) 

I—AC 3.5% I 750 

CI-AC-1 6.0% Cl 550 

CI-BPL-AC 6.7% Cl 1000 

HNO3-AC-1 575 
S-BPL-AC 5.9% 8 790 

S-AC 7.6% S 690 

AC-1 0.9% S 650 

AC-2 0.4% $ 900 

celkate MgSi03 160 
alumina AbO3 82 

MoO;/MgSiOs 46% MoO; 70 

Mn0O2/AloO3 7% MnOz 65 

V¿05—MgSiO3-1 8% V205 91 

V205—MgSi0O3-2 50% V205 60 

KO2—V205 3.4% K, 1.4% V 85 

Cr20y/Al203 13% Cr203, 11% C 156 

Fe203 100% Fe:O: 250 

TS-7 3.5% S 450 

Cl—celkate 15.0% Cl 80 

MoS: 87% MoS2 50 

Fes 57.8% Fe, 22.6% S 32 

FeS> 81.3% FeSo 1 
CERF—FA-#2 59.3% C 37 

CERF-FA-#4 37% C 24 

FA-1 5% C 5 

WCFA-1 64% C 32 

WCFA-1—air-750F 50% C 127 

CI-WCFA-1 12 
DCFA-1 29% LOI 16 

DCFA-2 52% LOI 25 
DCFA-3 82% LOI 34 
CaCly/Al203 10% CaClz 41 
Pt/wool 40% Pt 20 

from the thermocouples, flowmeters, and the atomic 
fluorescence spectrophotometer. Data logging occurred 

every 15 s. 
Typically, 10 milligram (mg) of 200/325-mesh (45— 

75-um) sorbent is placed in the center of the tube and 
is supported by about 50 mg of quartz wool. The quartz 
wool and reactor tube have been demonstrated to be 
inert toward elemental mercury. Separate argon gas 
streams flow through the bed and through the perme- 
ation tube holder. The latter flow is sent to the AFS to 
determine a baseline for the mercury concentration. 
Once thermal stability is reached in the reactor, the 
mercury/argon mixture is diverted to flow through the 
reactor. Breakthrough curves were generated by plot- 
ting the atomic fluorescence spectrophotometer voltage 
signal at the reactor exit versus time. Sorbent capacities 
were determined by integration under the breakthrough 
curve. 

Sorbent Preparation 

The sorbents examined in this study and their char- 
acterization are listed in Table 1. The sorbents I—AC, 
S—AC, AC-1, and AC-2 are commercially available 
activated carbons. I—AC is an iodine-promoted activated 
carbon, containing both elemental iodine and potassium 

iodide. S-AC is a sulfur-promoted activated carbon. 

AC-1 and AC-2 are unpromoted carbons from Calgon 
and CarboChem, respectively. Some typical mercury 
control applications for AC-1 include municipal waste 
combustors, hazardous waste combustors, and hospital 

waste incinerators.? AC-2 is a food-grade activated 

carbon used commercially for decolorizing corn syrup. 
Cl—AC-1 is a chlorine-promoted activated carbon, 

prepared by boiling AC-1 in 37% hydrochloric acid. Cl— 

BPL-AC is also a chlorine-treated activated carbon 
prepared by MacDonald.” It was formulated by treating 
the commercially available activated carbon BPL—AC 
from Calgor with chlorine gas. The chlorine treatment 
took place in a sealed stainless steel reaction vessel 
maintained at a pressure of about 0.5 atm of chlorine 
gas, at 330 °F for 30 min. HNOs—AC-1 is prepared by 
boiling AC-1 in 70% nitric acid. S-BPL—AC is a sulfur- 
promoted activated carbon prepared by Vidic.’ 

Five novel sorbents were prepared for investigation 
with chemicals that were typically analytical reagent 
grade or ACS grade. The vanadium pentoxide dispersed 
on celkate, a magnesium silicate (MgSiO3) support, was 
initially prepared by thermally decomposing a mixture 
of ammonium vanadate with the support to obtain 8 
wt % vanadia. In a later preparation, the supported 
sorbent V20s/MgSiOz was prepared by the incipient 

wetness technique according to the proceduré outlined 
elsewhere? using vanadium oxalate solution and the 
celkate (a synthetic magnesium silicate with surface 
area 180 + 25 m?/g from Manville Products Corp.) 
support material. Water was added to ammonium 
m-vanadate, NH¿VOy (J. T. Baker Inc.), and oxalic acid 
(Mallinckrodt). A reaction occurred immediately and the 
resultant solution was used for impregnating the celkate 
support followed by drying at 572 °F for 2 h and calcin- 
ing at 932 °F in an oven with air flow. Incipient wetness 
occurred at about 0.9 mL/g of celkate. Also, a potassium 

superoxide-promoted vanadium pentoxide (KO2—V205) 
celkate-supported sorbent, whose preparation was simi- 
lar to the preceding sorbent, was fabricated as well. 

The supported sorbent MoOs/MgSiO; was prepared 

by the incipient wetness technique by dissolution of 

ammonium molybdate, (NH4)gsMo7O24°4H20 (Fisher 
Scientific Co.), with ammonium hydroxide in distilled 
water, and then contact with the celkate. The solution 
pH was 8. Impregnation was followed by drying at 

248 °F for 24 h and then calcination at 932 °F for 6 h.2? 

The alumina-supported MnO, sorbent was prepared 
by the incipient wetness technique using an aqueous 
solution of manganese nitrate, Mn(NOz)»-4H20 (Sigma 

Chemical Corp.), with alumina, Al203 (Catalox SCFA 
90 with surface area 82 + 25 m?/g from Condea Vista). 
Incipient wetness occurred at about 0.6 mL/g of alu- 
mina. Impregnation was followed by the thermal 
decomposition of manganese nitrate in air at 261 °F 

as outlined elsewhere.*® Preliminary X-ray diffraction 

data did not show a MnO» diffraction pattern, indicating 
that the MnO» phase was well-dispersed over the 
alumina and that the crystallite size was below 5 nm. 

The chromium oxide sorbent Cr20y/Al203 that was 

obtained from Cadus was prepared by impregnation of 

alumina by chromic acid at room temperature for 30 
min.*! Immediately after impregnation, the sorbent was 

dried overnight to 122 °F in a vacuum oven and then 
calcined at 1202 °F in air for 7 h. 
MACH I Inc. supplied the ferric oxide sorbent Fez0s. 

It was the Nanocat superfine iron oxide, which is a dark 
brown amorphous powder. The particle size is 3 nm. 

The platinum sorbent Pt/wool was prepared by depo- 
sition of Engelhard metallo organic platinum ink upon 
quartz wool. The ink was fired in air at red heat to form 
a platinum film. 

Pacific Northwest National Laboratory provided a 
novel self-assembled monolayer thiol-promoted alumino- 
silicate sorbent (TS-7). The sorbent was successfully 

applied to purify mercury-contaminated water streams.
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This sorbent has a high BET surface area and is 3.5% 
sulfur by weight. 

A chlorine-treated celkate sorbent (Cl—celkate) was 
prepared by boiling celkate in 37% hydrochloric acid. 
The slurry is boiled in air until it is thoroughly dry. The 
boiling hydrochloric acid turns green, indicating the 
evolution of chlorine. 

The molybdenum sulfide sorbent (MoS2) is a hydro- 
desulfurization catalyst prepared in-house at the 
National Energy Technology Laboratory (NETL). Bulk 
analysis by ICP-AES indicates a composition of 87 wt 
% molybdenum sulfide. Surface analysis of the fresh 
sorbent by X-ray photoelectron spectroscopy (XPS) also 
indicates a fairly pure sample of MoS. 

The iron sulfides FeS and FeSz (marcasite) were 
prepared in-house at NETL. FeS contains 57.8% iron 
and 22.6% sulfur by weight. This suggests iron enrich- 
ment as in a nonstoichiometric compound or multiphase 
mixture. The FeSz sorbent contains 81.3% FeS> by 
weight. 

CERF—FA-#2 and CERF—FA-#4 are fly ashes ob- 
tained from a 35 lb/h pulverized coal combustion unit 
located at NETL. The fly ash samples were derived from 
the combustion of Pittsburgh #8 coal and were extracted 
from the furnace at high temperatures, having short 
residence times for the combustion of the coal. The 
resulting fly ash samples are atypical and extraordinar- 
ily high in unburned carbon. 

Sorbents were prepared from fly ash in an effort to 
utilize unburned carbon from the fly ash. The starting 
material, FA-1, is fly ash obtained from the combustion 
of Blacksville coal in the 500 lb/h pilot-scale coal 
combustion unit located at NETL. FA-1 contains 5% 
carbon and has a BET surface area of 5 m?/g. WCFA-1 
is a unburned carbon separated from fly ash obtained 
from the 500 Ib/hr combustion unit. The carbon is 
concentrated from the fly ash through a wet separation 
technique. WCFA-1 contains 64% carbon and has a BET 
surface area of 32 m?/g. 

CI- WCFA:1 is a chlorine-treated carbon derived from 
fly ash. It is prepared by soaking WCFA-1 in aqua regia 
for 24 h and drying in air. Also, WCFA-1—air-750F is 
prepared by heating the carbon WCFA-1 in air at 750°F 
for 2 h. This is done to increase the BET surface area 
of the carbon.*? Thermal oxidation in air increases the 
microporosity of carbon resulting from the chemical 
reaction. WCFA-1 has a BET surface area of 32 mg, 
whereas WCFA-1—air-750F has a higher surface area 
of 127 m°/g. The oxidation in air decreases the carbon 
content from the original 64% down to 50%. 

DCFA-1 is a fly ash that is high in carbon content 
because of poor combustion at a commercial utility; 
DCFA-2 and DCFA-3 are unburned carbon fractions 
separated from the DCFA-1 fly ash. The two carbon 
samples are obtained from the fly ash by a dry separa- 
tion method (triboelectrostatic) where the first sample 
is a one-pass separation and the second is a two-pass 
separation. The elements present in these sorbents were 
determined via ICP-AES and are silicon, aluminum, 
iron, titanium, potassium, calcium, magnesium, phos- 

phorus, and sodium. Sulfur, chlorine, and several other 
elements were not determined by ICP-AES, suggesting 
that the mass balances obtained (near 90%) are reason- 
able. Silicon and aluminum accounted for 70-80 wt % 
of these sorbents (excluding the carbon). These carbons 
were subsequently treated with chlorine by soaking in 

Ind. Eng. Chem. Res., Vol. 39, No. 4, 2000 1023 

hydrochloric acid to form Cl—DCFA-1, CI-DCFA-2, and 
CI-DCFA:3. 

Additionally, a supported halide salt was prepared. 
A 10% CaCly/Al¿03 sorbent was fabricated by the 
incipient wetness technique using an aqueous solution 
of CaCl2-2H20 (Mallinckrodt) with Al203 (Catalox SCFA 
90 from Condea Vista). Incipient wetness occurred at 
about 0.6 mL/g of alumina. Impregnation was followed 
by heating at 392 °F overnight to remove the moisture. 

Various analytical techniques were used to character- 
ize the fresh and spent sorbents. A review of literature 
pertinent to surface analyses and of reports pertaining 
to Hg detection was conducted to determine the best 
available analytical techniques. These methods included 
BET surface areas and pore size distributions deter- 
mined with a Coulter Omnisorp 100 CX apparatus, an 
X-ray photoelectron spectrometer (XPS) for Hg specia- 
tion and surface concentration, bulk chemical analyses, 
and X-ray diffraction (XRD) for supported oxide sorbent 
phase identifications. 

Results and Discussion 

A rigorous evaluation of the experimental setup was 
initially conducted in an attempt to identify, quantify, 
and eliminate, if possible, experimental artifacts that 
could exist in the system. Quantities that were used to 
characterize the behavior of the sorbent toward elemen- 
tal mercury removal were the capacity and breakpoint. 
The capacity was defined as the amount of elemental 
mercury removed by the sorbent after 350 min on 
stream. When the continuous on-line AFS monitor for 
elemental mercury was used, the breakpoint was de- 
fined as the time when the outlet concentration of 
mercury emerging from the reactor bed equaled 10% of 
the inlet mercury concentration. 

The reproducibility of the experimentally determined 
350-min capacity and the 10% breakpoint were deter- 
mined for the baseline sorbent, iodine-promoted acti- 
vated carbon. Ten milligrams of 200/325-mesh iodine- 
promoted activated carbon was exposed to 585 ppb of 
elemental mercury in a 30 cm*/min flow of argon at 350 
°F in order to generate the breakthrough curves. This 
sorbent was used in this exercise because it represented 
the most reactive sorbent to date. The experiment was 
replicated with good results. The capacity determined 
via the on-line AFS in argon was reproducible to within 
+0.2 mg/g and the breakpoint time to within +25%. 

The capacity determined with the on-line AFS 
was compared with the results obtained from analyzing 
the spent sample with cold vapor atomic absorption 
spectrophotometry (CVAAS) and the inductively coupled 
argon plasma atomic emission spectrophotometer (ICP- 
AES). The on-line AFS is the most reliable technique 
for determining sorbent capacity. Unfortunately, this 
technique is primarily limited to argon (or other noble 
gas) or nitrogen carrier gas streams.** The AFS also has 
a detection limit for mercury which is an order of 
magnitude less than the detection limit for the atomic 
absorption spectrophotometer (AAS). 
CVAAS is the next most reliable method for capacity 

determination and is the preferred analytical technique 
for the quantitative determination of trace levels of 
mercury in solids because of the elimination of the 
background matrix. Great care is taken to transfer the 
mercury into a noble carrier gas, providing good repro- 
ducibility. In CVAAS, the solid is dissolved into solution. 
Mercury is reduced from solution with tin chloride,
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Table 2. Sorbent Experimental Results: Argon Carrier 
Gas 
  

  

capacity breakpoint temperature 
sorbent (mg/g? (min) (°F) 

I—AC 3.1 350 
I-AC 4.8 330 350 
S-AC 0.4 4 350 
S-AC 3.5 Y 280 
S-BPL-AC 1.9 280 
CI-AC-1 4.0 70 280 
CI-BPL-AC 2.6 280 
HNO:-AC-1 1.2 3 280 
AC-1 0.37 280 
AC-2 0.4 4 280 
celkate 0.5 2.5 350 
alumina 0.6 2.5 140 
MnOyAl203 2.2 3 350 
MnOyAl,03 2.4 11 280 
Mn02/Al203 2.4 40 140 
V205—MgSiO3-1 0.4 3 350 
V205-MgSiO3-2 0.1 2 350 
MoO;/MgSiOs 0.2 3 350 
Cr20y/Al203 1.2 2 140 

Cro0y/Al203 3.1 280 
Cr20y/Al203 3.3 9 350 
Fe203 0.1 280 
TS-7 0.01 (ICP-AES) 150 
Cl-celkate 0.8 0.5 280 
MoS» 8.8 (ICP-AES) 280 
MoS: 3.9 280 
MoS2 3.6 17 280 
MoS2 4.5 194 140 
FeS cap < 0.01 280 
FeS2 0.2 280 
CERF—FA-#2 1.7 4 280 
CERF-FA-#2 1.4 280 
CERF—FA-#4 22 20 280 
CERF-FA-#4 1.7 280 
FA-1 0.02 280 
WCFA-1 0.1 280 
WCFA-1 0.04 350 
CI-WCFA:-1 2.5 280 
CI-WCFA-1 0.64 350 
DCFA-1 0.03 280 
DCFA-2 0.12 280 
DCFA-3 0.15 280 
CI-DCFA-1 0.24 280 
CI-DCFA-2 0.30 280 
CI-DCFA-3 0.41 280 
Pt/wool 5.0 280 
CaCly/AbO3; 0.6 2 140 

a Capacity determined via on-line AFS when a breakpoint time 
is given; otherwise, the capacity was determined by CVAAS, except 
as noted. 

aerated onto a gold trap, thermally desorbed from the 
gold trap, and swept into an argon stream to an 
ultraviolet (AAS) detector. Chemical (tin chloride reduc- 
tion) and physical (amalgamation) steps are taken to 
separate the mercury. The detection limit of CVAAS is 

10 ng/g.34 The typical precision for measurement of 
mercury concentrations in solids is 5-10% relative 

standard deviation.?* A comparison of capacity deter- 
minations via the on-line AFS and CVAAS shown in 
Tables 2 and 3 for I-AC in argon at 350 °F, MoSe in 

argon at 280 °F, CERF—FA #2 in argon at 280 °F, and 

CERF-FA #4 in argon at 280 °F shows a fair agree- 
ment. 

The ICP-AES is the least reliable of the three tech- 
niques for trace-level mercury determinations. It can 
be seen from Table 2 that the ICP-AES yields capacities 
which are high by a factor of 2. The ICP-AES is the most 
versatile tool for multielement analysis, but it is not the 
preferred method for trace-level mercury measurements 
in solids. No steps are taken to separate the mercury 
from the other elements present in the solid sample. 

Table 3. Sorbent Experimental Results: Air Carrier Gas 
  

  

capacity analysis temperature 
sorbent (mg/g) method (°F) 

KO2—V205 0.02 CVAAS 280 
KO2—V205 0.04 CVAAS 350 
MnOyAl203 3.50 CVAAS 280 
TS-7 0.00 ICP-AES 140 
S-BPL-AC 0.53 ICP-AES 280 
S-BPL-AC 0.28 ICP-AES 350 
MoS: 5.6 ICP-AES 140 
MoS2 5.2 ICP-AES 280 
MoS2 HE | ICP-AES 350 
AC-1* 0.04 CVAAS 280 
AC-1° 0.19 AFS 280 

2 4% O, in Np carrier gas. 

Other elements could interfere in the detection of 
mercury. For example, the cobalt emission line at 
253.649 nm could interfere in the determination of 
mercury by the 253.652-nm emission line.% The con- 
centration of the interfering element (in this case 
cobalt), monochromator slit width, and relative intensity 
of the shared emission line are factors in determining 
the extent of spectral interference. Experiments with 
the Perkin-Elmer Optima 3000 radial view ICP-AES 
confirmed that cobalt will interfere in the trace-level 
determination of mercury in solids. Additionally, be- 
cause of their emission lines close to 253.7 nm, iron and 
manganese" will also interfere in the determination of 
mercury by ICP-AES. 

The effect of intraparticle mass-transfer resistance 
due to the diffusion of mercury within the pores was 
determined by carrying out the same experiment but 
with various size fractions of the baseline iodine- 
promoted activated carbon. For a sub-400-mesh size 
fraction of the same carbon, the 350-min capacity was 
4.9 mg of Hg/g and the breakpoint was 405 min. This is 
in good agreement with the data for the larger size 
fraction (see I-AC in Table 2), suggesting that mass- 
transfer resistance due to the diffusion of mercury into 
the sorbent at the sizes used in the testing is negligible. 
Calculations further indicated that bulk mass-transfer 
effects, heat-transfer effects, channeling, and pressure 
drop would not be significant in the experimentation. 

Most of the experiments used a gas feed of 585 ppb 
elemental mercury in argon. This is dramatically dif- 

ferent than the composition of a typical flue gas from a 
coal-fired utility. Most of the components in a typical 
flue gas (e.g., acid gases, etc.) can adsorb on an activated 
carbon and could possibly hinder or help the adsorption 
of mercury on carbon. As pointed out above, the ultra- 
high-purity argon carrier gas was selected to maximize 

the sensitivity of the AFS for elemental mercury. 
However, the capacity of the sorbents in argon can be 
quite different from the capacity in flue gas. Also, the 
temperatures at which sorbent capacities were typically 
determined are 140, 280, and 350 °F. These tempera- 

tures were chosen because of their potential relevance 
to coal-fired utilities. If a sorbent were contacted with 
the flue gas by injection into the duct work of a coal- 
fired utility after the air preheater but before the 
particulate collection device, it would experience tem- 

peratures in the range of 350—280 °F. If a sorbent was 

placed downstream of a wet scrubber, it would encoun- 
ter a temperature near 140 °F. 

The 350 min capacities and the 10% breakpoint times 
for the sorbents are listed in Table 2. The baseline 
sorbent—the iodine-promoted activated carbon—exhibited
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Figure 2. Breakthrough curve for I-AC using the AFS for mercury detection. 

both the largest, most reliably determined (on-line AFS) 
capacity and longest breakpoint time. A typical break- 
through curve for the iodine-promoted activated carbon 
is shown in Figure 2. 

Activated Carbons. With the activated carbons, the 
effect of the chemical promoter on the capacity for 
elemental mercury was determined by comparing the 
capacities of the commercially available unpromoted 
carbon with the capacities of the sulfur, iodine, chlorine, 
and nitric acid-treated carbons at the same temper- 
ature. The sulfur- and iodine-promoted carbons are 
available commercially. The carbons, when chemically 
promoted, exhibited a far greater capacity for elemental 
mercury. An unpromoted carbon primarily captures 
elemental mercury via physical adsorption. Chemically 
promoted carbons capture elemental mercury by both 
physical adsorption and chemisorption/chemical reac- 
tion, where mercuric sulfide, mercuric iodide, and so 
forth formation enables the promoted carbons to remove 
more elemental mercury. 

Various analyses were performed on the spent base- 
line iodated carbon sorbent to elucidate the role of the 
promoter. A 3-day run in the packed bed was performed 
on 35 mg of iodated activated carbon so that gross 
differences, if any, between the fresh sorbent and spent 
sorbent could be differentiated by the BET surface 
analysis. Results indicate a reduction in surface area 
from 780 to 300 m?/g. Additionally, after it was deter- 
mined that the vacuum treatment would not impact the 
mercury concentration, XPS studies with the spent 
iodated activated carbon showed that the Hg species on 
the surface was oxidized and in the form of Hgl:; no 
elemental Hg was detected. Potassium iodide was also 
detected. The total iodide concentration was 0.4% atomic 
and the Hg surface concentration was 0.13% atomic. 
Also, the capacity of the spent iodine-promoted carbon 
was confirmed by atomic absorption analysis. The used 
sorbent was digested in acid, and the concentration of 
mercury in the solution was measured by an atomic 
absorption spectrophotometer. The capacity (gaseous 
determination) of the iodine-promoted carbon found by 
integration under the breakthrough curve (4.8 mg/g) 

was in reasonably good agreement with the capacity 
(solid determination) established by atomic absorption 
(3.1 mg/g). 

The effect of flue gas temperature was studied by 
examining the breakthrough curves for the sulfur- 
promoted carbon S—AC at 280 and 350 °F. The capacity 
of this carbon at 280 °F was 3.5 versus 0.4 mg of Hg/g 
at 350 °F. As many studies have demonstrated, acti- 
vated carbons perform much better at lower tempera- 
tures. The temperatures at which activated carbons 
have been reported to possess good capacities for 
mercury range from 70 to 500 *F,1-6,13,16-19,23,37-46 This 
suggests that physical adsorption may be the first step 
in the removal of mercury for both unpromoted and 
promoted carbons. Physical adsorption, analogous to 
condensation, is a low-temperature process. For a 
chemically promoted carbon, such as sulfur-impreg- 
nated carbon, chemisorption/reaction between the physi- 
cally adsorbed mercury and sulfur promoter to form 
mercuric sulfide could be the second step in the mech- 
anism of mercury removal. 

The hydrochloric acid-treated activated carbon Cl— 
AC-1 exhibited a large capacity of 4.0 mg of Hg/g when 
tested in argon at 280 °F, making it one of the most 
active sorbents studied to date. Additionally, the chlo- 
rine gas-treated activated carbon, CI-BPL—AC, exhib- 
ited a modest capacity for elemental mercury removal. 
One previous study suggests that hydrochloric acid 
treatment yields activated carbons which have chemi- 
sorbed chlorine.47 Quimby demonstrated that HCI- 
treated activated carbon will adsorb mercuric chloride 
from air at 300 °F.21 Mercury is known to primarily form 
the tetrachloromercury complex HgCl4?~ on the surface 
of activated carbons used for the removal of mercuric 
chloride from wastewater; little mercuric chloride was 
found on the surface of these carbons.# Other prior 
studies have shown that HCl treatment of silica in- 
creases its capacity for mercury. It can be speculated 
that elemental mercury reacts with chemisorbed chlo- 
rine to form the tetrachloromercury complex on the 
surface of the carbon. 

A nitric acid-treated activated carbon, HNO3-AC-1, 
was examined as a sorbent for the removal of elemental
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mercury from argon at 280 °F. The untreated carbon 
AC-1 is a relatively inactive sorbent. The treated carbon 
exhibited a small capacity of 1.2 versus 0.4 mg of Hg/g 
for the untreated carbon. Previous studies suggest 
that nitric acid treatment of carbon oxidizes the sur- 
face247 and increases its capacity for the removal of 
mercury from nitrogen at 86 °F by a factor of 20.2% Only 
a modest increase in capacity was observed in our lab 
at 280 °F. It can be speculated that oxygen surface 
complexes such as carboxyl groups which are formed 
by nitric acid treatment of carbon are destroyed at the 
higher temperatures. 

The unpromoted carbons AC-1 and AC-2 were found 
to possess relatively small capacities for elemental mer- 
cury, whether from argon or 4% oxygen in nitrogen. 
Oxygen will adsorb on carbon. This could either help 
(by promoting the carbon surface by oxidation) or hinder 
(by competitive adsorption) the removal of elemental 
mercury by an unpromoted carbon. The latter effect was 
probably observed in the packed-bed experiments. Also, 
oxygen may dramatically reduce the capacity of the 
sulfur-promoted carbon as the capacity dropped from 
3.5 mg/g in argon for S—AC to 0.5 mg/g in air at 280 °F 
for S-BPL—AC. S-AC and S—BPL-—AC both exhibit 
high capacities for elemental mercury from inert carrier 
gases.!? This suggests that oxygen competitively adsorbs 
on sulfur, reducing the capacity. 

The results obtained from the packed-bed unit require 
judicious interpretation when attempting to extrapolate 
their relevance to activated carbon sorbent duct injec- 
tion as a mercury control technique for industrial size 
combustors. AC-1 was also studied in the NETL 500 lb 
of coal/h pilot-scale combustor unit for the removal of 
mercury from the flue gas.“ When introduced at a large 
sorbent-to-mercury ratio of around 5000:1, AC-1 used 
in the 500 lb/h unit achieved a high level of mercury 
removal. However, the used AC-1 recovered from the 
baghouse had mercury levels of less than 300 ppm (0.3 
mg of Hg/g), but a high level of mercury removal is 
achieved. Unpromoted activated carbons sequester ele- 
mental mercury via physical adsorption and therefore 
exhibit small capacities. Duct injection at large sorbent- 
to-mercury ratios from 5000:1 to 100 000:1 allows them 
to, nevertheless, achieve high levels of removal of 

mercury from flue gas. 

Metal Oxides. Metal oxides are proposed as novel 
alternatives to activated carbon sorbents. It is noted 
that there are many binary oxides of mercury, such as 
mercury vanadates, mercury molybdates, and mercury 
manganates.?%-52 Vanadium pentoxide, molybdenum 
trioxide, and manganese dioxide are all partial oxidation 
oxide catalysts for the oxidation of various hydrocar- 
bons.2°53 In the oxidation of various hydrocarbons, 
lattice oxygen serves as the oxidant in a Mars-Maessen 
mechanism. This suggests that lattice oxygen of partial 
oxidation oxides could also serve as the oxidant of 
mercury. The reaction mechanism for the capture of 
mercury by oxide catalysts can be written as 

Hg, + surface — Hgiaa) (1) 

Ag aa) po M,O, tr HgO ad) + M0, ; (2) 

HgO aa) + M,0,_; + 2028) — HgO cea) + M,0, (3) 

HgO aa, + M0, — HgM,0,,,, (4) 

The overall reaction in the presence of gas-phase oxygen 
is the sum of reaction steps (1)—(4): 

Hg,,) + 202 + M0, — HgM,0,,,. (5) 

where MO, is the sorbent metal oxide and HgM,0,+: 
is the binary oxide. 

Step (1) is the collision of elemental mercury with the 
surface of the sorbent, resulting in adsorption. Step (2) 
is the reaction of adsorbed mercury with the metal 
oxide, forming adsorbed mercuric oxide and reducing 
the surface of the sorbent. Step (3) is the reoxidation of 
the sorbent by gas-phase oxygen. Step (4) is the reaction 
of adsorbed mercuric oxide with the sorbent to form 
the binary oxide. 

Note that mercury can be captured in the absence of 
gas-phase oxygen by reactions (1) and (2), as demon- 
strated by the modest capacity for elemental mercury 
displayed by manganese oxide in argon, shown in Table 
2. There are many potential rate-limiting factors which 
can impact oxide capacity for mercury, including surface 
area, activity of the sorbent as an oxidation catalyst, 
stability of lower oxides, oxygen partial pressure, and 
tendency to form the binary oxide. Mercury is a semi- 
noble metal with a standard reduction potential similar 
to palladium’s. Mercury may not be easily oxidized by 
the metal oxide sorbent. An oxide’s tendency to form 
sulfates is a critical factor for sorbent performance in 
flue gas because sulfur dioxide is present at concentra- 
tions orders of magnitude greater than mercury’s. 
Alumina (Al203) or celkate (MgSiO3), which were used 

as supports for some of the novel sorbents, were exam- 
ined as sorbents for the removal of elemental mercury 
from argon. Both exhibit small capacities, demonstrat- 
ing their inertness toward elemental mercury. The role 
of the alumina or celkate support is to provide a high 
surface area substrate for maximizing the number of 
collisions between mercury and the sorbent. 

Supported vanadium pentoxide and supported molyb- 
denum trioxide exhibited low capacities for the removal 
of elemental mercury from argon at 350 °F. Preparation 
of the V205-supported sorbent either via the thermal 
decomposition of ammonium vanadate or via incipient 
wetness did not impact the sorbent capacity. Manganese 
dioxide supported on alumina was examined as a 
sorbent for the removal of elemental mercury from 
argon at 350, 280, and 140 °F. Manganese dioxide has 
been reported to remove elemental mercury from both 
air and argon at room temperature.?*?5 MnO: exhibited 
modest 350-min capacities of 2.2 mg of Hg/g at the 
higher temperature and 2.4 mg of Hg/g, at both 140 and 
280 °F. 

In the Mars-Maessen mechanism, gas-phase oxygen 
can serve to reoxidize the reduced oxide. Oxygen 
was absent from the gas phase in these experiments. 
Manganese dioxide is the most powerful oxidation 
catalyst®? of the oxide oxidation catalysts examined and 
exhibited the largest capacity for mercury. A Mars- 
Maessen redox mechanism for the removal of mercury 
has been proposed above for partial oxidation oxide 
sorbents. The capacity of the manganese dioxide sorbent 
was observed to be larger in air than in argon at 280 °F 
(see Table 3). 

Nanoscale iron oxide was examined as a sorbent for 
mercury removal from argon at 280 °F. Each particle
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contains about 600 iron atoms and 900 oxygen atoms. 
A surface will always be more reactive than the bulk 
lattice because of the dangling bonds and availability 
for collision with a reactant species. A nanoscale particle 
has a significant proportion of its atoms exposed on the 
surface whereas a larger particle has most of its atoms 
contained within the crystalline lattice. The chemical 
and physical properties of nanoscale particles will, 
therefore, often differ dramatically from those exhibited 
by larger particles. Nevertheless, the ferric oxide dis- 
played a poor capacity, despite the unusually small 
(3-nm) particle size and high surface area. 

A potassium superoxide-promoted vanadium pentox- 
ide sorbent exhibited a miniscule capacity for elemental 
mercury from air at both 280 and 350 °F, as seen in 
Table 3. The potassium superoxide (KO) is a powerful 
oxidizing agent and was expected to oxidize elemental 
mercury to mercuric oxide. The mercuric oxide could 
then chemisorb/react with vanadium pentoxide to form 
mercury vanadate (HgV204). 

Chromium oxide was found to exhibit modest capaci- 
ties for elemental mercury. CroO3 is a fairly strong 
oxidation catalyst, with a catalytic activity for the deep 
oxidation of methane comparable to manganese diox- 
ide.’ A crude correlation was found between the 
catalytic activity for deep oxidation exhibited by the 
oxide and the sorbent capacity for elemental mercury 
removal. Sorbents that are active catalysts for the deep 
oxidation of methane Cr20y/Al203 and MnOYAbO3 
exhibit large capacities, whereas the inactive oxide 
catalysts Fe203, MoOy/Al203, and V205—MgSiO3-1 show 
small capacities. 

Promotion of metal oxide supports was also investi- 
gated. The chlorine-promoted magnesium silicate Cl— 
celkate exhibited a small capacity for the removal of 
elemental mercury from argon at 280 °F. Braman 
demonstrated that HCl-treated Chromosorb-W, a di- 
atomite chromatographic packing, will adsorb mercuric 
chloride vapors at 70 °F.” Additionally, the novel thiol- 
promoted aluminosilicate sorbent (TS-7) exhibited very 
small capacities for elemental mercury both in argon 
and in air. Thiols are the sulfur analogues of alcohols. 
Thiols are also called mercaptans, from the Latin, 
mercurium captans, meaning “capturing mercury”.*4 
Mercaptans react with mercuric ions and the ions of 
other heavy metals to form precipitates. The sorbent 
was developed for the removal of oxidized mercury from 
contaminated water. Elemental mercury is insoluble in 
water. Oxidized forms of mercury are known to react 
efficiently with thiols. The low decomposition temper- 
atures of thiols as well as the lack of reactivity with 
elemental mercury suggest that thiols are not practical 
promoters for the removal of elemental mercury from 
flue gas. 

Metal Sulfides. Molybdenum sulfide (MoS:) dis- 
played a large capacity for the removal of elemental 
mercury from argon and air. This sorbent was originally 
developed as a hydrodesulfurization catalyst for the 
conversion of thiopene and mercaptans to hydrogen 
sulfide and alkanes. A possible mechanism of mercury 
capture is chemisorption/chemical reaction to form 
mercuric sulfide. XPS analysis of the used sorbent run 
in argon at 280 °F confirms the presence of mercury on 
the surface. Elemental mercury was not detected on the 
surface of the used MoS, sorbent. This rules out physical 
adsorption of elemental mercury as the primary means 
of sequestration. The X-ray excited photoelectron spec- 
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tra suggests the presence of mercuric sulfide on the 
surface of the sorbent. The sorbent exhibits a much 
lower capacity at 350 °F in air versus the capacities in 
air at 140 and 280 °F. This suggests that physical 
adsorption of elemental mercury is the first step in the 
sequestration mechanism and/or the physical—chemical 
degradation of the sorbent at the higher temperature. 
Molybdenum disulfide is known to decompose in air at 
elevated temperatures.%5 The sorbent removed nearly 
all of the mercury entering the packed bed at 140 °F in 
argon. 

Less expensive sulfides, such as iron sulfides, were 
also examined as sorbents. The iron sulfides FeS and 
FeS, exhibited poor capacity for elemental mercury from 
argon at 280 °F. The FeS» lost sulfur during the sorption 
of elemental mercury from argon at 280 °F, as evidenced 
by a yellow film which formed at the bottom of the 
packed-bed reactor. 

Unburned Carbons from Fly Ash. The atypical 
high-carbon fly ashes CERF—FA-#2 and CERF—FA-#4 
exhibited modest capacities for the removal of elemental 
mercury from argon at 280 °F, These capacities are, 
however, significantly higher than those exhibited by 
the unpromoted carbon and the alumina and celkate 
supports. Further characterization of these fly ash 
sorbents is needed to determine the mechanism of 
mercury capture. These carbons were extracted from the 
combustor at high temperatures of around 2300 °F. It 
is speculated that novel forms of carbon present in these 
samples could positively impact capacity. 

The fly ash obtained from the combustion of Blacks- 
ville coal, FA-1, exhibited a miniscule capacity for 
elemental mercury at 280 °F. The carbon separated from 
this fly ash, WCFA-1, exhibited a small capacity for the 
removal of elemental mercury from argon at 280 °F. 
Nevertheless, WCFA-1 does exhibit a larger capacity 
than the parent fly ash, FA-1. The capacity of WCFA-1 
was smaller at 350 °F, as expected. The unpromoted 
activated carbons show similarly low capacities. The 
chlorine-promoted carbon extracted from fly ash, Cl— 
CFA-1, exhibited a much larger capacity for elemental 
mercury, much like the chlorine-promoted activated 
carbons. The capacity was lower at the higher temper- 
ature, as expected. 

DCFA-2 and DCFA-3 are carbons separated from the 
parent fly ash, DCFA-1, by a dry separation method and 
exhibit small capacities for elemental mercury. The 
capacity increases with increasing carbon content. The 
chlorine-treated materials CI-DCFA-1, CI-DCFA:2, 
and CI-DCFA-3 showed significantly larger, but still 
small, capacities. The capacity again increases with 
increasing carbon content. 

Halide salts are also proposed as an alternative to 
carbon sorbents. There are many binary halides of 
mercury such as calcium chloromercurate and potas- 
sium iodomercurate.* These are double salts of calcium 
chloride and mercuric chloride and potassium iodide and 
mercuric iodide, respectively. Potassium iodide is used 
as a chemical promoter in some of the commercially 
available activated carbons,!*1% such as the baseline 
sorbent in this study. However, the thermal stability of 
the binary halides of mercury is poor, as evidenced by 
their low decomposition temperatures.?% Mercuric chlo- 
ride was absent from the gas phase in these experi- 
ments. The absence of mercuric chloride could explain 
the small capacity exhibited by the calcium chloride 
sorbent. Mercuric chloride can be present in the flue gas
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obtained from the combustion of coal, municipal waste, 
and medical waste.! 
Noble Metals. The platinum sorbent Pt/wool exhib- 

ited a large capacity for elemental mercury from argon 
at 280 °F. Breakthrough was not observed. After the 
absorption experiment, the used Pt/wool sorbent was 
slowly heated in argon to 770 °F over a 70-min period, 
with the effluent sent directly to the AFS. Over 99.4% 
of the mercury remained sequestered on the platinum. 
A minor desorption spike of mercury was observed at 
320 °F, likely due to unburned carbon from the organo- 
metallic platinum paint precursor. The noble metals 
are often used for small-scale sampling of gases 
for mercury, i.e., mercury is often collected on gold, 
thermally desorbed, and sent to a UV detector for 
its analytical determination. Thermal desorption of the 
mercury is accomplished by heating the noble metal 
to 1470 °F,!° greater than the 770 °F maximum tem- 
perature in the desorption experiment. 

Conclusions 

A packed-bed reactor system was used to screen 
sorbents for the removal of elemental mercury from a 
carrier gas. An on-line atomic fluorescence spectro- 
photometer was used to measure elemental mercury in 
argon on a continuous basis. For more complex carrier 
gases, sorbent capacities were determined off-line via 
CVAAS or ICP-AES. Chemically promoted activated 
carbons exhibit a far greater capacity for mercury than 
unpromoted carbons. The activated carbons possess 
higher capacities at lower temperatures. Chlorine could 
be a cost-effective chemical promoter for carbon sorbents 
for the removal of mercury. 

Metal oxides and sulfides are proposed as a possible 
alternative to activated carbon sorbents, with MnO», 
Cr203, and MoS: exhibiting moderate capacities for 
mercury removal among the candidates investigated. 
Unburned carbon sorbents from fly ash typically showed 
poor performance toward mercury removal, although 
promotion of these increases the activity for elemental 
mercury removal. Future work will concentrate on 
testing inexpensive chlorine-promoted carbons as well 
as metal oxides and sulfides in a simulated flue gas 
matrix which includes acid gases, oxygen, water, and 
mercuric chloride. Promising sorbent candidates will be 
further evaluated on a pilot-scale system.*%5 
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