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Four mercury oxidation catalysts were tested in a packed bed reactor in the presence of flue gas generated
by the NETL 500 Ib/h coal combustor. The four catalysts tested were Ir, Ir/HCI, Darco FGD activated carbon,
and Thief/HCI. The Thief/HCI and Darco converted the highest percentage of the inlet mercury; however, the
high conversion in these experiments was aided by larger catalyst loadings than in the Ir and Ir/HCI experiments.
We propose a method for analyzing mercury oxidation catalyst results in a kinetic framework using the bulk
reaction rate for oxidized mercury formation normalized by either the catalyst mass or surface area. Results
reported for fractional mercury oxidation are strongly influenced by the specific experimental conditions and
are therefore difficult to translate from experiment to experiment. The catalyst-normalized results allow for
more quantitative analysis of mercury oxidation catalyst data and are the first step in creating a predictive
model that will allow for efficient scaling up from laboratory-scale to larger-scale studies.

1. Introduction particlest® Hg(p) is captured, along with fly ash particles, in
) - ) ) _ ESPs (electrostatic precipitators), baghouses, or both. Activated

Coal-fired utility boilers are the largest anthropogenic emitters carbon injection (ACI) will remove both Hgand Hg*, and
of mercury in the United States, accounting for approximately cyrrently, this is the best method for removingHmpm flue
one-third of the 150 tons emitted annualfyMercury exists in gas!t
three forms in cc_)al-derived flue gas: e_IementaI‘():lgxidized The EPA recently announced the Clean Air Mercury Rule
(Hg?"), and particle-bound (Hg(pf)During combustion, mer-  (cAMR)™2and the Clean Air Interstate Rule (CAIHCAMR
cury is liberated from coal as HgAs the flue gas cools, some  c4jis for reductions in mercury emissions from coal-fired utility
of the H@ is oxidized, presumably to HgEbecause of the  poilers of approximately 70% from 1999 levels by 2018. In
large excess of CI present in coal. The extent of mercury aqgition, several states have proposed more stringent mercury
oxidation depends on a number of factors, including combustion gmissions requirements. CAIR requires reductions ir Bi@
characteristics, coal composition (including chlo7rfi}r.1e contertt), 5o, emissions in twenty-eight states. An expected consequence
concentrations of other species (i.e., N@d SQ)"’inthe flue  of CAIR is increased use of wet flue gas desulfurization (FGD)
gas, and the timetemperature history.Both Hf® and Hg for SO, control14 Hg?" is soluble in water and is therefore
can enter the particulate phase by adsorption onto fly ash emoved with high efficiency $90%) by FGD equipmerif
HgP on the other hand, is insoluble in water and is therefore

TdDiStCIaimeri References in :hiSf p_?li)etr to gny tSpS_CifiC C%ménemial tnot removed by FGD. Thus, the study of catalysts that enhance
proauct, process, or service IS 1o Tacilitate understanding an oes no : f . ~ . .
necessarily imply its endorsement by the U.S. Department of Energy. mercury OX|dat|o_n an(_j offer a pOSS|bIe_ cos_t effective alternative
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mercury oxidized.” While qualitatively useful, presenting results Table 1. Typical Flue Gas Conditions Downstream of the Baghouse

in this manner makes the comparison of different experiments for the Two Coal Types Used in This Study

and experimental conditions difficult. The fractional conversion 90/10 PRB

of Hg® to Hg? T is a function of a number of factors, possibly 02 (%) 8396 8.7-9.4

including the temperature, the concentrations of kigd other SO, (ppm) 225-260 216-230

flue gas constituents, and the amount (mass or surface area) of NOx (ppm) 326-430 336-340

catalyst. Percent mercury oxidized combines all of these effects CO (%) 10-11 10-11
HCI (ppm) 6.5 1.6

into a single number. Herein, we propose a method for o o
describing mercury oxidation catalyst results in a kinetic thth”e Uppera?d '0W9f|t'm{FS ShOVg” fszCéS%'h Noﬁ é‘lnd CcQ '“td'i?te

: ; € Tull range or concentrations observed. e concentrations are
framework using nom?ndature (reaction rates, rate ConStantS'calculated from the mean concentrations for the given coal type.
etc.) that is both familiar and allows for comparison between

different experiments and conditions. sorbent can be injected at one location selected from numerous
Significant advantages of considering catalyst results in terms ports along the duct test section, allowing for a wide range of

of chemical kinetics come in predictability and scaling. With sorbent in-duct residence times relative to the baghouse and gas-

the currently available data, predicting the change in the extentsampling locations. _

of mercury oxidation resulting from a change in a process Two different coals were used in the combustor for these

parameter (i.e., HCl concentration) is difficult at best; ap- €XPeriments. In several experiments, pure Powder River Basin

: : . : subbituminous coal (PRB) was burned. In other experiments, a
propnatel_y scalm_g a laboratory experiment to pilot or f_uII sca_le mixture of 90% PRB and 10% eastern bituminous (referred to here
is nearly impossible and may lead to costly overdesign. With

L o . as 90/10) was burned. The bituminous coal was used to increase
kinetic data, specifically, reaction orders, rate constants, andha chiorine (CI + HCI) concentration in the flue gas. Table 1

apparent activation energies, we can begin to have somegives approximate flue gas compositions, measured downstream
predictability. Furthermore, it is known that mercury conversions of the baghouse, for the two coals used in these experiments. There
in flue gas are kinetically, and not thermodynamically, con- was significant in-leakage of air in the baghouse; outside air
trolled? Thus, detailed knowledge of heterogeneous mercury constitutes approximately 10% of the total flue gas downstream of
oxidation kinetics can be used to supplement existing homo- the baghouse and is the reason for the relatively highddcentra-
geneous kinetic modéfsand hopefully facilitate predictions ~ tions noted in Table 1. The CO concentration is not listed in Table

of the effectiveness of different mercury control measures and 1 the CO concentration was typically below the detection limit,
strategies however, occasional periods of poor combustion produced spikes

In thi ticl t thod f vz as large as several hundred parts per million. The spikes in CO
N this article, we present a method tor analyzing Mercury ., cantration generally lasted for only a few minutes and did not
oxidation catalyst data from a kinetic point of view and apply 5ppear to have any effect on the catalyst performance. The primary
the method to data collected at NETL. We present results for gitference between the two flue gases is the HCI concentration,
four catalysts: Iridium (Ir), I/HCI, Norit Darco FGD activated  which is roughly a factor of 4 larger in the 90/10 experiments. The
carbon, and Thief/HCI. The data provide a telling example of Cl, concentration was typically less than 0.1 ppm. Both the HCI
how presenting results as percent mercury oxidized can beand Ch concentrations were determined using EPA Method 26A.
misleading, and introduce a catalyst material (iridium) that has ~An 8 &+ 1 Ipm slip stream of flue gas was extracted downstream
not been previously reported in the literature. of the baghouse and passed through a chiller to remove water. The
dehumidified particle-free flue gas was then passed through a
packed bed of catalyst. The packed-bed reactor was constructed of
a vertically oriented 0.5 in. 0.d. by 12 in. long quartz t4b&he

Flue gas was generated in NETL's 500 Ib/h coal combuts, catalyst material was held in place by glass yvool packed into the
which consists of a pulverized coal wall-fired furnace equipped tube; tests revealed that the glass wool was inert toward mercury.
with a water-cooled convection section, a recuperative air heater, 1 € quartz tube was surrounded by a clam shell furnace, and the
spray dryer, baghouse, and associated ancillary equipment (fin-fantémperature was held at 286 (411 K) for most experiments.
coolers, surge tanks, coal hoppers, blowers, pumps, etc.). The 500 Table 1 does not |ncIL_|de mercury concentrations or speciation.
Ib/h combustor is an indirect-fired unit. Coal is first pulverized off- "€ mercury concentration in the flue gas was typicaliyld ug
line in a Williams roller mill, and then it is transported through a NM™® and 80 to>90% of the mercury was elemental. For some
series of hoppers before being fed by an Acrison weight-loss €XPeriments, a mercury spiking system was used to increase the
differential feeder to the combustor. The wall-fired dry-bottom- €lémental mercury concentration entering the packed bed. The
type combustor is capable of firing both coal and natural gas. The SPIking system consisted of a dimpled glass vessel containing a
combustor’s four wall-fired burners are equipped with secondary POl of mercury. A controlled flow of nitrogen gas was passed
air registers that can be adjusted to improve combustion. On-line OVer the mercury, and an oven was used to control the temperature
temperature readings, flow measurements, and four separate bank@f the mercury pool. The temperature of the mercury pool
of continuous gas analyzers {ONO,, CO, SQ and CQ) determined the vapor pressure of mercury, thereby setting the
characterize the overall system operating performance. mercury concentration that ex]ted in the nitrogen sweep gas. The

A wide range of flue gas temperatures can be obtained at the US€ Of the spiking system mcreassed the inlet total mercury
duct test section, baghouse, and stack. The options for altering theconcentration to as much as 5§ Nm. The mercury concentra-
flue gas temperature include indirect cooling by adjusting system tion was monitored using a PS Analytical Sir Galahad CEM

operating conditions, direct cooling by humidification, or both. Also, ~ (continuous emission monitor). Inlet total ([Ffline) and elemen-
tal ([Hg%inie) mercury concentrations were measured by bypassing

(17) Xu, M.; Qiao, Y.. Zheng, C.; Li, L.; Liu, J. Modeling of the packed bed; outlet concentre}tipns were measured at th_e exit of
homogeneous mercury speciation using detailed chemical kingtiesbust. the packed-bed reactor. The oxidized mercury concentration was
Flame 2003 132 208. calculated as the difference between the total and elemental mercury

(18) O’Dowd, W.; Hargis, R.; Granite, E.; Pennline, H. Recent advances concentrations.
in mercury_removal technology at the National Energy Technology  Four catalysts were tested: Iridium (Ir), Ir/HCI, Norit Darco

Lat(’fg')"tg‘g';;‘eel EP r,ol‘j;eTeenC]quoﬁqoﬁi;gi 5533', O'Dowd. W.: Pennline. H. 'GP activated carbon, and Thief/HCI. The Ir catalyst consisted of

The Thief process for mercury removal from flue gasPimceedings of 1 wt % Ir deposited on 4 mny-Al,O; beads and was used as
the 22nd Annual International Pittsburgh Coal Conferereptember 15 received from Alfa Aesar. Ir/HCI was prepared by soaking the Ir
18, 2005, Pittsburgh, PA; University of Pittsburgh: Pittsburgh, PA, 2005. catalyst in 37% trace-metal grade HCI and drying it on a hot plate.

2. Experimental Section
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Table 2. Experimental Conditions for Each of the Catalysts Tested Rgasandkgasboth obscure the role of the catalyst in mercury
in This Study oxidation; neither quantity expresses any dependence on the
T [Hg%imet  [Hg™Tine:  active catalyst amount (mass or surface area) of catalyst, and therefore, the
catalyst coal (K) (ugNm=3) (ugNm3) mass (mg) calculated values foRgas and kyas are experiment dependent.
Ir PRB 411 9.6 12.0 20 We treat this by normalizing the rate constant by the catalyst
PRB 411 14.8 17.0 20 mass.
Ir/HCI PRB 411 9.5 10.0 30
PRB 444 9.5 10.0 30 v
90/10 411 4.0 53 20 — cat| _ Ay
Darco 90/10 424 28.6 42.9 100 Reat Rgaﬂ(mca) kca,[HgO] [OX|dant]6 ©)
Thief/HCl  90/10 411 26.3 34.8 100
90/10 411 49.6 57.9 100

Vcatis the catalyst volume (bulk), amt.4;is the catalyst mass;

The goal of the HCI treatment was to increase the surface Cl thus, Reat ha? units of moles of H)g. per gram of catalyst per

concentratioR?® as surface-bound chlorine may participate in S€€ONd.Keat is the catalyst-normalized rate constamta: =

mercury oxidation. Darco activated carbon was used as received.Kgas (VealMea). Rgasandkgascould alternatively be scaled by the

Thief carbon is partially combusted coal drawn from the furnace total catalyst surface area. In this case, the catalyst surface area

after a short residence time. It has a high percentage of unburnedwould replacem.s in eq 3.

carbon (36-50 wt %) and is an effective Hgorbent.%21.22Thief/ The catalyst-normalized rate constakg allows for direct

HCl was generated from Thief carbon by the same procedure usedcomparison of different catalysts; however, there are several

to chlorinate the Ir catalyst. Table 2 details the experiments shortcomings to this approach. First, as noted above, the nature

conducted with each catalyst. of the oxidant is unclear. While HCl is often assumed because
it is typically present in excess relative to Hather species

3. Theory may also oxidize mercury. Second, the reaction mechanism and
From the CEM data, we can calculate a bulk reaction rate réaction order ¢, j5) are unknown. Equation 2 presents the
for Hg?* formation across the catalyst bed. simplest case, binary reaction betweer? bigd a single oxidant,
but it is unknown how other flue gas species such as CQ, SO
AlHGZ" and NQ factor into the mercury oxidation mechanism. For
_ AlHg ] le, it is K h i ls and carb
Rgas_T 1) example, it is known that precious metals and carbon can

catalyze the formation of the halides 28 NOCI,?° and

20 . .
A[Hg?'] is the change in oxidized mercury concentration across COCEL™ through the following reactions

the catalyst, and\t is the contact time between the flue gas SQ,+ Cl,— SOCl, (R1)
and the catalyst, assuming plug flow. For the conditions used
in the experiments presented hefd,was less than 0.1 s. In 2NO + Cl,— 2NOClI (R2)

the limit of small changes in HJ concentration and short

contact times, the right-hand side of equation 1 reduces to the

derivative d[Hg*]/dt. _ ) L
The bulk reaction rate defined in eq 1 can be expressed agReactions R+ R3 may impact the oxidation of mercury through

CO+ Cl,— COCl, (R3)

an apparent gas-phase reaction. either depletion of surface chlorine or blocking of sites for
mercury adsorption.
Ryne= kg S[Hgo]a[Oxidant]g @) One simple set of assumptions sets HCI as the oxidant and
as a!

the reaction order for both HCI and Figqual to one. This is
) o consistent with the results of Yan et &.who observed that
Here,kqasis the apparent gas-phase rate constant. It is importantihe kinetics of the reaction of mercury with Gbn a quartz
to note that while eq dooks _Iike the rate equation_ for a surface can be described /= keufCl2][Hg%sur. The data
homogeneous gas-phase reaction, the measured rate is dependefflasented in this article are treated according to these assump-
upon the amount and type of catalyst. The oxidant is often (on 1o determine an initial estimate ki for the catalysts
assumed to be HCP?° and eq 2 assumes a single oxidant; tegted here; ultimately, however, widespread application of

how;ver, flue Jas contains several species, including€? kinetic nomenclature to mercury oxidation catalyst data requires
SO,?"and NGP that may also oxidize HgWe assume asingle 5 more thorough understanding of the reaction mechanism.
oxidant, likely HCI, as a first approximation.

(20) Granite, E.; Pennline, H.; Hargis, R. Novel sorbents for mercury 4. Results and Discussion

rer?zc’i’)aéggmi;gel_??Sé?ghi'fengé_Cr;erg”e'n'f;ngol\gq a%régzoé . O'Dowd. W Figure 1 shows a time series of a typical experiment using
Thief process for the removal of mercury from flue gas. U.S. Patent 6,- the I/HCI catalyst. The inlet concentrations of total and
521,021, 2003. elemental mercury are measured both at the start and end of

(22) Granite, E.; Pennline, H. Catalysts for oxidation of mercury in flue i i i iti i -
gas. US Patent Application, 2005, the experiment to verify that the inlet composition is ap

(23) Hall, B.; Schager, P.: Lindquist, O. Chemical reactions of mercury proximately constant throughout the experiment. Inlet concen-
in combustion flue-gase®Vater, Air, Soil Pollut.1991, 56, 3.

(24) Niksa, S.; Fujiwara, N. A predictive mechanism for mercury (28) Cicha, W.; Manzer, L. Process for producing oxochlorides of sulfur.
oxidation on selective catalytic reduction catalysts under coal-derived flue U.S. Patent 5,879,652, 1999.
gas.J. Air Waste Manage. Asso2005 55, 1866. (29) Nottingham, W.; Sutter, J. Kinetics of the oxidation of nitric oxide

(25) Niksa, S.; Fujiwara, N. Predicting extents of mercury oxidation in by chlorine and oxygen in nonaqueos environmelmis.J. Chem. Kinet.
coal-derived flue gased. Air Waste Manage. Asso2005 55, 930. 1986 18, 1986.

(26) Menke, R.; Wallis, G. Detection of mercury in air in the presence (30) Babad, H.; Zeiler, A. The chemistry of phosge@aem. Re. 1973
of chlorine and water-vapoAm. Ind. Hyg. Assocl98Q 41, 120. 73, 75.

(27) Schofield, K. Mercury emission chemistry: The similarities or are (31) Yan, N.-Q.; Liu, S.-H.; Chang, S.-G.; Miller, C. Method for the
they generalities of mercury and alkali combustion deposition processes? study of gaseous oxidants for the oxidation of mercury as.Eng. Chem.
Proc. Comb. Inst2005 30, 1263. Res.2005 44, 5567.
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7 | | Table 3. Comparison of Percent Oxidation versus Kinetic
[Flow flue gas through packed bed, Quantities (Rcat and kcar) for the Tested Catalysts
I |
6 1 I | Keat (411 K
o] at
o | ! %o Reaf (x 101 (m3mol-1s1)
".fg 5 4 I o o (mol of Hg?™) (m? of catalyst)
= : | catalyst % oxidation (g of catalyst)1s1 (g catalysty*
[=2]
S 4 o ' a Ir 40 3.8+0.9 25+ 6
8 | ) I IF/HCI 30 2.3+ 0.6 1243
g s : LT : Darco 50 2.2£0.6 3.6+0.9
g | | Thief/HCI 60-70 21405 3.3+0.8
5 N | | . .
g 2 Hg(tot) spline : | aR.atmeasured at the following conditions: [Agiet = 10ug Nm=3, T
T ° | === HgOspline D ' = 411 K, 90/10 coal ([HCI[E 6.5 ppm).P kes calculated assuminBea: =
.......... Hg2* spline I .-'u:n_—ﬂIl---md kea{Hg inie{HCI].
11 o Hg(tot) measured : I
O  HgO measured I ! presented using three metrics: percent oxidation across the
0

— — T 1 catalyst bedRca; as determined for an inlet elemental mercury
13:00:00 14:00:00 15:00:00 16:00:00 concentration of 1&g Nm~3, temperature of 411 K, and 90/10
Time (high HCI) coal; andks;, calculated assuming a reaction first
Figure 1. Time series gf a typical experiment. The inlet elemental rder in both [H§] and [HCI] (o andp from eq 2 equal to one)
([HgTinie)) and total ((HF°"line)) mercury concentrations are measured o 491 K The Thief/HCI catalyst oxidized the largest fraction
at the start and end of the experiment and are constant. The catalyst . . . .
material initially acts as a sorbent and adsorbs bothdgl HG*: the of the inlet mercury; however, the rate of OX|dfat|(?r_1 across this
outlet total mercury concentration reaches equilibrium approximately catalyst was the lowest. The Ir catalyst had a significantly larger
1 h after initial exposure of the catalyst to flue gas. Catalytic activity Kearthan any of the other catalysts.
is confirmed by the increase in outlet Hgconcentration, which is The data in Table 3 illustrate how results presented as percent
determined as the difference between the total and elemental mercurymercury oxidized can be misleading. The Thief/HCI and Darco
concentrations. The lines are cubic spline interpolations to the CEM converted a higher percentage of the inlet mercury than the Ir
data. . L . .
catalyst, but as shown in Table 2, this high conversion was aided
trations are measured by bypassing the packed bed and sendinbgy larger catalyst mass. According to eq 3, the apparent gas-
the slip stream directly to the CEM. Mercury concentrations phase reaction rate and, therefore, the fractional extent of
exiting the packed bed (the data between the vertical dashedmercury oxidation, is dependent upon the catalyst mass. Thus,
lines in Figure 1) are measured at the outlet from the packed- large differences in catalyst mass between different experiments,
bed reactor. Several tests were conducted to verify thatas is the case here, can skew the results to artificially favor the
neither the quartz tube nor the glass wool used as a catalystexperiments that use larger amounts of catalyst. It is important
support sorb or oxidize a significant amount of the inlet mercury. to note that, while the Darco and Thief/HCI experiments used
The alumina beads used to support the Ir and Ir/HCI catalysts significantly more catalyst (a factor of-3%) than the Ir and
were also tested and found to be essentially inert in the flue Ir/HCI experiments, all of the experiments used milligram
gas. amounts of catalyst. Mercury oxidation will increase with
All of the catalyst materials initially act as sorbents, as shown catalyst loading; however, the maximum mass of catalyst
by the low concentration of H§T exiting the packed bed at  practical for industrial applications is limited by other consid-
14:30. The outlet concentration of HY rises to a near- erations such as pressure drop and catalyst cost.
equilibrium value over the course of the experiment. The initial ~ In addition, the experiments using Darco and Thief/HCl used
sorbent activity, the time to equilibrium, and the equilibrium the 90/10 coal blend, which has a higher chlorine content than
sorption are functions of the different catalyst materials. For the PRB used in most of the Ir and Ir/HCI experiments.
example, the Ir and Ir/HCI catalysts initially adsorb ap- According to eq 3 and our assumption that mercury oxidation
proximately 60% of the total mercury and reach an equilibrium occurs during the reaction with HCI, the higher HCI concentra-
adsorption of 16-:20% within 1 h. Darco activated carbon, on tion in the Darco and Thief/HCI experiments will also increase
the other hand, is a more effective sorbent that initially removes the fractional mercury conversion.
>90% of the total mercury; mercury sorption only decreases Normalization via the catalyst mass removes the dependence
to approximately 50% in 2.5 h. on this variable and facilitates the comparison between differing
The behavior of each material as a sorbent has a significantexperimental conditions. The kinetic parametBeg: and Keat
impact on the catalyst results. Mercury conversion data (i.e., show that, when normalized for catalyst mass, the Thief/HCI
the oxidation rate) is measured during the equilibrium period. catalyst is actually the worst of the four catalysts tested. If we
Ideally, kinetic data would be collected at conditions approach- were to simply report these results as percent mercury oxidized,
ing true equilibrium, with less than 10% sorption. In practice, we would be overlooking a significant result: the Ir catalyst
we are limited by time constraints and the actual near- converted Hfto Hg?t nearly twice as fast per gram of catalyst
equilibrium achieved during each experiment. Several experi- than any of the other materials tested here.
ments using Thief/HCI and Darco had to be discarded because The Ir catalyst performed better than Ir/HCI. The purpose of
of high-equilibrium adsorption. In these experiments, the outlet the HCI treatment was to increase the surface Cl concentration,
concentration of oxidized mercury was lower than the inlet as surface-bound Cl may participate in mercury oxidation. One
concentration. This does not imply mercury reduction across possible conclusion from the decreased activity of Ir//HCI relative
the catalyst bed; indeed, the fraction of oxidized mercury in to Iris that the HCI treatment saturated the catalyst surface with
the outlet was larger than the fraction of oxidized mercury Cland prevented Hg adsorption. However, previous experiments
entering the packed bed, indicating catalytic oxidation. In these with halogenated sorbents showed enhanced mercury sorption
experiments, the large extent of mercury adsorption is the reasorto HCI-treated materia®. The poor performance of the Ir/HCI
for the apparent negativ&[Hg?"]. catalyst may alternatively indicate that the oxidation reaction
Table 3 details the results for each catalyst. The data aredoes not include adsorbed Cl and that adding CI to the surface



Catalytic Oxidation of Mercury in Flue Gas Energy & Fuels, Vol. 20, No. 5, 200845

inhibits oxidation by reducing the number of sites available for Cl, as the oxidant. Zheng et al. used an ab initio quantum
mercury reaction. The BET surface areas of the Ir and Ir/HCI mechanical model to calculate the activation energy for the gas-
catalysts were not measured. Thus, a simple explanation forphase reaction between Hand HCI and determined a value
the performance of the Ir/HCI catalyst may be that HCI treatment of 256 kJ mot1.34 The large reduction in activation energy for
reduced the available surface area. this reaction in the presence of a catalyst lends further evidence
Darco activated carbon was a better catalyst than Thief/HCI, that the oxidation of H§proceeds via reaction with HCI.
and this result was expected. It is believed that mercury
oxidation occurs at carbon sites in fly ash and other carbon-
containing materials. While the Thief carbon has a higher carbon It I"HCI, Darco FGD activated carbon, and Thief/HCI were
content (36-50 wt %) than typical fly ash, the surface of the all observed to catalyze mercury oxidation in real flue gas
Darco activated carbon is composed almost entirely of carbon 9enerated in the NETL 500 Ib/h coal combustor. Data were
sites. Thus, the surface of the Darco should be more amenablenalyzed in terms of typical kinetics parameters, reaction rates
to mercury oxidation than the Thief/HCI and should exhibit a and rate constants, rather than as percent mercury oxidized.
larger oxidation rate. The Thief/HCI catalyst remains an When normalized for catalyst mass, the rate of mercury
intriguing material ke for Thief/HCI was only 10% lower than ~ Oxidation for the four catalysts was k Ir/HCI > Darco >
for Darco, and Thief has a significantly lower cost than activated Thief/HCI. These data illustrate the importance of considering
carbont® mercury catalyst results in terms of reaction kinetics because
The different concentrations of B@nd HCI allowed for a the traditional met_ric of percent mercury oxidized gave t_he
preliminary investigation into the reaction order for each of these €ffoneous conclusion that Thief/HCl was the most effective
species. For the Ir and Thief/HCI catalysts, the reaction appearscatalyst. The important implication is that fractional conversion

to be first-order in Hg this is consistent with the assumption is a result of specific conditions of a potentially large array of
used to calculat&.: This is also consistent with Yan et &t.,

variables: concentrations, residence times, catalyst mass, and
who observed a first-order dependence on9Higrring hetero- oth.ers.. Kinetic o!ata, specifically, rate gonstants and apparent
geneous oxidation by €lFor the I/HCI catalyst, the reaction activation energies, allow for the prediction of the extent of

order for H§ may be negative. The Thief/HCI catalyst shows conversion for a given reaction. While conversion is ultimately
a positive reaction order for HCI. the desired quantity, knowledge of the kinetics can allow for

accurate prediction of conversion in a variety of different
gperating conditions.

Further research is required to resolve the uncertainties
surrounding catalytic mercury oxidation. In this article, we
calculatedk.at assuming a reaction first-order in both Hand
HCI; future work must substantiate this assumption and
investigate the effects of other flue gas constituents such as CO,
SO,, and NQ. The kinetic analysis presented here was also
simplified by assuming a bulk reaction rate. While the short
contact time €0.1 s) in the packed-bed experiments presented

data presented here is certainly not conclusive. The-HRigeal here facilitates this approach, application of this analysis method

mechanism describes the reaction between an adsorbed speci gulokthgtgxggglznnfn;zﬁhomﬂd pbr?;:f d d\g\m Ci?]reé;%ic'a?;”%bghe
and a gas-phase species; this reaction can be first-order in eac P Y 9

of the reactants. Previous research has proposed that either Hg;is'gﬁ;(;:n?sm?z:érlzgig?:nr?:;;\i}?%ﬂze&ﬁtg‘é Zor :giima-
or HCI could be the adsorbed speciés: The preliminary tioE rovidedpconsistent I’eSl.’JltS for eaé:h of the catal Etz tested
results obtained here cannot preclude or confirm either the P y

Eley—Rideal mechanism or the Langmsiinshelwood mech- and appears to be an appropriate method for handling the data.

anism. Further investigation is required to elucidate the reaction  Acknowledgment. A.A.P. acknowledges the support of a
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Zhao et aP2 for mercury oxidation across a gold catalyst. This matic of the NETL 500 Ib/h coal combustor and the laboratory-

may indicate that the mechanism for mercury oxidation across scale packed bed reactor used to test the mercury sorbents and

gold and Ir/HCI catalysts is the same, although Zhao et al. usedcatalysts. This material is available free of charge via the Internet
at http://pubs.acs.org.

(32) Pillig, M.; Seakins, PReaction KineticsOxford Science Publica- EF060207Z
tions: Oxford, U.K., 1995.
(33) Zhao, Y.; Mann, M.; Pavlish, J.; Mibeck, B.; Dunham, G.; Olson, (34) Zheng, C.; Liu, J.; Liu, Z.; Xu, M.; Liu, Y. Kinetic mechanism
E. Application of gold catalyst for mercury oxidation by chlorifgwiron. studies on reactions of mercury and oxidizing species in coal combustion.

Sci. Technol2006 40, 1603. Fuel 2005 84, 1215.

5. Conclusions

We can use the preliminary reaction order results to gain some
mechanistic insight. Several heterogeneous mechanisms hav
been proposed for catalytic mercury oxidation. The Langmuir
Hinshelwood mechanism for the reaction between two adsorbed
species, perhaps Fgnd HCI, can exhibit either &1 or —1
order for individual reactanf. A reaction order of—1 is
consistent with the saturation of the surface by one reactant at
the expense of the other. The negative reaction order f8r Hg
on the Ir/HCI catalyst may be an indication of saturation of the
surface with Cl and LangmuirHinshelwood kinetics, but the




