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Abstract

Mercury chlorination [i.e., formation of HgCl,(g)] is generally assumed to be the dominant
mercury-transformation mechanism in coal combustion flue gas. Other potential mechanisms
involve mercury interactions with ash particle surfaces where reactive chemical species, oxidation
catalysts, and active sorption sites are available to transform Hg“(g) to Hg?" X(g) (e.g., where X
is Cl, or O) as well as Hg"(2) and HgCl,(g) to particulate mercury, Hg(p). Results from an
investigation of Hg(g)-0,(g)-HCl(g) and Hg"*" (2)-HCl(g)-CaO(s)-fly ash interactions in a
42-MJ /h combustion system are consistent with the following mechanisms: mercury chlorination,
catalysis of mercury oxidation by Al,04(s) and /or TiO,(s), and mercury sorption on a calcium-rich
(25.0 wt.% CaO) subbituminous coal fly ash. Additions of 50 and 100 ppmv of HCl(g) and
= 12.6 wt.% of CaOf(s) to the subbituminous coal combustion environment inhibited Hg(p)
formation, primarily via a change in ash surface chemistry and a decrease in particle surface area,
respectively. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

According to the Mercury Study Report to Congress, coal combustion is the primary
source of anthropogenic mercury emissions in the United States, accounting for 72 of
the 158 tons/yr of total point-source mercury emissions [1]. Knowledge of mercury
physical and chemical transformations in coal combustion flue gas is imperative for
understanding the transport and fate of mercury released into air pollution control
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systems and the atmosphere. The current knowledge of mercury transformations in coal
combustion flue gas is based largely on thermodynamic modeling and experimental
investigations of mercury reactions in simulated flue gases and, to a limited extent, on
the interpretations of field test data [2,3]. Mercury exists primarily as gaseous (g)
elemental mercury, Hg"(g), and as gaseous or solid (s) inorganic mercuric compounds,
Hg?* X [e.g., where X is Cl,(g), SO,(s), O(s.2), S(s)], in coal combustion flue gas.
Mercury emissions from coal-fired boilers can be empirically classified, based on the
capabilities of currently available analytical methods for determining mercury specia-
tion. into three main forms: Hg®(g), Hg?' X(g), and particulate mercury, Hg(p).
Mercury concentrations in coal combustion flue gas generally range from 5 to 10
pwg/m?, with a large range in the relative proportions of Hg"(g), Hg? " X(g), and Hg(p).

During combustion, Hg"(g) is liberated from coal. A significant fraction of the
Hg"(g), however, is generally transformed to Hg’* X(g) and Hg(p) in the postcombus-
tion environment of a coal-fired boiler. Hg’(g) is the most abundant and persistent
(residence time of 0.5 to 2 years) form of mercury in the atmosphere [4-7]. Relative to
Hg(g), Hg?* X(g) and Hg(p) are more effectively captured in conventional pollution
control systems (wet scrubbers and fabric filters) and are more apt to deposit locally or
regionally [2.6,8,9]. Mercury emission control efficiencies and transport /deposition
models for coal-fired boilers can be improved by identifying the fundamental mecha-
nisms involved in mercury—flue gas interactions that transform Hg"(g) to Hg** X(g) and
Hg(p).

Mercury interactions with inorganic and carbonaceous ash particles entrained in coal
combustion flue gas (i.e., fly ash), especially at the gas—particulate surface interface, are
important to consider in understanding mercury transformations. Reactive chemical
species and oxidation catalysts on fly ash particles can convert Hg'(g) to Hg** X(g). Fly
ash particle surfaces may also host active sites for mercury adsorption. Measurements by
Otani et al. [10], Schager et al. [11], Hall et al. [12], and Carey et al. [13] indicate that
some fly ashes actually adsorb mercury at rates greater than various sorbents, including
activated carbon. Brown [14] reviewed mercury speciation analysis results and identified
several coals that produce significant concentrations of Hg”* X(g) and /or Hg(p) in the
postcombustion environment of pilot- and full-scale utility boilers. Apparently the flue
gases and/or fly ashes produced from certain coals possess intrinsic properties that
promote mercury oxidation and/or mercury—ash sorption. Mercury sorption by fly ash
can occur via physical adsorption, chemisorption, chemical reaction, or a combination of
these processes. Although it is well established that fly ash particles capture mercury
species, the nature of mercury—fly ash interactions is not well understood.

In this paper, information that pertains primarily to mercury—fly ash interactions is
reviewed to identify the fundamental mechanisms involved in mercury combustion
transformations. This review supplements those by Galbreath and Zygarlicke [2] and
Laudal et al. [Section 2 in Ref. [3]] that focus on potential interactions between mercury
species and gaseous flue gas components. Results from an on-going investigation of
mercury transformations using a laboratory-scale (42-MJ /h) combustion system are also
presented. Preliminary observations and conclusions from this investigation corroborate
the importance of particulate—surface interactions in controlling high-temperature (>
250°C) mercury transformations.
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2. Overview of mercury coal combustion transformations

Plausible physical and chemical transformations that mercury undergoes during coal
combustion and subsequently in the resulting flue gas are summarized in Fig. 1.
Mercury is associated primarily with the inorganic mineral components of coal, although
an association with the organic maceral components of coal as organomercuric com-
pounds has been suggested [15-17]. Mercury is classified geochemically as a chal-
cophile element [18]. Accordingly, pyrite (FeS,) and cinnabar (Hg$S) are the dominant
mineral hosts for mercury in coal. As the mineral and possibly organomercuric hosts of
mercury decompose during combustion (> 1400°C), mercury is liberated as Hg"(g)
(boiling point of 357°C at 1 atm, vapor pressure of 0.180 Pa at 20°C). In contrast to the
nonvolatile and semivolatile trace elements in coal. the mode of occurrence of mercury
(i.e., mineral or maceral association) does not affect this initial combustion transforma-
tion mechanism.

In the chemically complex postcombustion environment and with decreasing tempera-
ture, Hg"(g) may remain as a monatomic species or react to form inorganic mercurous
(Hg3") and Hg>* compounds. The principal oxidized forms of mercury in coal
combustion flue gas are assumed to be Hg®* compounds because of the instability of
Hg3" compounds at low concentrations (i.e., in dilute solutions) [19]. Mercury chlorina-
tion, the reaction of Hg"(g) with HCI(g) or Cl,(g) to form HgCl,(g), is generally
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Fig. 1. Potential mercury transformations during coal combustion and subsequently in the resulting flue gas.
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Mercury is associated primarily with the inorganic mineral components of coal, although
an association with the organic maceral components of coal as organomercuric com-
pounds has been suggested [15-17]. Mercury is classified geochemically as a chal-
cophile element [18]. Accordingly, pyrite (FeS,) and cinnabar (HgS) are the dominant
mineral hosts for mercury in coal. As the mineral and possibly organomercuric hosts of
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(boiling point of 357°C at 1 atm, vapor pressure of 0.180 Pa at 20°C). In contrast to the
nonvolatile and semivolatile trace elements in coal. the mode of occurrence of mercury
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In the chemically complex postcombustion environment and with decreasing tempera-
ture, Hg"(g) may remain as a monatomic species or react to form inorganic mercurous
(Hg3*) and Hg?>* compounds. The principal oxidized forms of mercury in coal
combustion flue gas are assumed to be Hg** compounds because of the instability of
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Fig. 1. Potential mercury transformations during coal combustion and subsequently in the resulting flue gas,
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considered to be the dominant mercury transformation mechanism in coal combustion
flue gas, even though HgCl,(g) has never been directly measured. HCI(g) concentrations
in coal combustion flue gas range from about 25 to 150 mg/m? [20]. Theoretical and
experimental investigations indicate that although HCI(g) will react with Hg"(g), Cl.(g)
is a much more active mercury-chlorinating agent [21-25]. Consequently, chlorine
speciation is an important factor to consider in understanding flue gas mercury transfor-
mations. Chlorine is evolved from coal during combustion primarily as HCI(g) [26]. In
the postcombustion environment, Cl,(g) is presumably formed according to the follow-
ing Deacon process reaction [27]:

2HCI(g) + 1/20;(g)wfiw(31:(g) +H,0(g) (1)

Although the Deacon reaction is thermodynamically favorable at relatively low tempera-
tures (430-475°C), it proceeds only in the presence of metal catalyst species [28].
Experimental investigations indicate that the presence of SO,(g) in combustion flue gas
can inhibit the formation of chlorinated compounds by depleting Cl,(g) concentrations
according to the following net overall reaction:

Cl,(g) +80,(g) + H,0(g) = 2HCI(g) + SO(g) (2)

or by reducing the catalytic activity of fly ash [29,30]. Consequently, a high sulfur—chlo-
rine ratio inhibits the formation of Cl,(g) and subsequently of HgCl,(g). Realizing that
the formation of Cl,(g) is not governed by thermochemical equilibrium, Senior et al.
[31] kinetically modeled chlorine speciation and predicted that only about 1% of the
total HCI(g) in a bituminous coal combustion flue gas is transformed to Cl,(g). Even
though Cl,(g) concentrations in coal combustion flue gas are very low, it is likely that
Cl,(g) is in excess relative to Hg"(g).

After mercury chlorination, the resulting HgCl,(g) may remain in the flue gas or
adsorb onto inorganic and carbonaceous ash particles entrained in the flue gas stream.
The porous morphology and surface area of particles are generally dominant factors
controlling HgCl,(g) adsorption [32,33]. Evidence presented by Krishnan et al. [34] and
Ghorishi and Gullett [35] suggests, however, that an acid [HgCl,(g)}-base reaction with
alkaline-rich particles is an important sorption mechanism. The role of mercury chlorina-
tion and alkaline-rich particles in the formation of a Hg(p)-enriched subbituminous coal
fly ash is evaluated in Section 4 of this paper.

In addition to HCI(g) and Cl,(g). O,(g) and NO,(g) are potential mercury reactants
in flue gas [22,23]. Kinetic limitations and the relatively short flue gas residence time in
a duct or stack, however, preclude the occurrence of any significant homogeneous
reactions involving Hg"(g) and O,(g) or NO,(g) [12,25.36-38]. However, in the
presence of inorganic and carbonaceous ash particles, these gases are apparently
important in Hg"(g) adsorption and oxidation processes. Hall et al. [12,23], for example,
noted significant Hg"(g) adsorption on activated carbon and fly ash particles in the
presence of O,(g), especially between 100°C and 300°C. A series of physical and
chemical adsorption and dissociation reaction processes that ultimately result in a
reaction between Hg"(g) and atomic oxygen to form HgO(s) on particle surfaces was
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proposed to explain mercury adsorption. During an investigation of the effects of flue
gas components (O,, CO,, H,0, N,, SO,, HCI, NO, NO,, HF, Cl,) on Hg"(g)-fly ash
and Hg"(g)-carbon sorbent interactions in heated (< 200°C) simulated flue gases,
Laudal et al. [38] and Miller et al. [39] found that the presence of NO,(g) inhibits Hg"(g)
adsorption but promotes the formation of Hg?* X(g). This effect was noted for NO,(g)
concentrations as low as 20 ppmv [39]. Carey et al. [13] also showed that in a heated
(< 370°C) simulated flue gas, the presence of fly ash and certain ash components (iron
and alumina compounds) promotes the conversion of Hg"(g) to Hg?*X(g). The
presence of oxygenated and nitrogenated species and oxidation catalysts on fly ash
particle surfaces appears to be an important factor controlling the transformation of
Hg"(g) to Hglp) and Hg”* X(g).

Sulfur-rich ash particles entrained in coal combustion flue gas are potential reactants
and sorbents for Hg”(g). During combustion, sulfur is released from coal as SO,(g). A
fraction of the SO,(g), generally 1-3% [40], is oxidized to SO,(g). The formation of
SO,(g) is catalyzed by transition metal oxide (e.g., Fe,0;) components of submicrome-
ter ash but is neutralized by alkali and alkaline-earth metals in ash [41]. SO,(g) reacts
with H,0(g) in flue gas to form H,SO,(g). At temperatures below the sulfuric acid dew
point, H,S0,(I) condenses on ash particle surfaces and mercury species may absorb in
H,S0,(1) [42]. Mercury sulfation products resulting from HgO(s)-SO,(g)-O,(g)-
H,O(1) interactions have been identified by Shashkov et al. [43] and Zacharewski et al.
[44]. In addition to H,SO,(1) condensation on particle surfaces, the chemisorption of
sulfur compounds onto particle surfaces may create active mercury sorption sites.
Indeed, chemisorption is used to create sulfur-impregnated sorbents for removing
mercury from gas streams as adsorbed Hg$S [45-47].

Although not indicated in Fig. 1, Hg>" X(s,g) reduction may be a viable transforma-
tion mechanism in coal combustion flue gas. HgO(s,g) is reduced by reaction with
S0,(g) and CO(g) according to the following overall reactions [19,48]:

HgO(s,g) + SO,(g) — Hg’(g) + SO,(g) (3)

and
HgO(s) + CO(g) — Hg’(g) + CO,(g). (4)

In addition, Schager [21] reported evidence for the reduction of HgCl,(g) by reaction
with hot steel surfaces according to the following overall reaction:

3HgCl,(g) + 2Fe(s) — 3Hg"(g) + 2FeCl,(s) (5)

In summary, the mercury in coal is initially transformed to Hg%(g) in the high-tem-
perature combustion environment of a utility boiler. Experimental investigations have
revealed the physical and chemical transformation mechanisms in Fig. 1 that may
control mercury speciation as flue gases cool downstream of the combustion environ-
ment., Mercury chlorination is assumed to be the dominant mercury transformation
mechanism. Other potential mechanisms in Fig. 1 involve mercury interactions with ash
particle surfaces where reactive chemical species, catalysts, and active sorption sites are
available to convert Hg"(g) to Hg?* X(g) as well as Hg"(g) and HgCl,(g) to Hg(p).
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3. Mercury-oxygen—chlorine interactions in a laboratory combustion system

Tests involving the injection of 10 wg/m’ Hg’(g) and 100 ppmv HCI(g) into a
simple gas mixture of 8.5 mol% O, and = 91.5 mol% N, were performed using a
42-MJ /h combustion system. Although these tests were originally intended for evaluat-
ing quality control [Hg"(g) and HCI(g) spike recoveries], test results revealed significant
Hg’—0,-Cl interactions with insulating components of the combustor. These interac-
tions may be relevant to mercury—fly ash interactions because the chemical and
mineralogical compositions of the insulation are similar to the composition of coal fly
ash.

3.1. Experimental

A schematic of the 42-MJ/h combustion system is presented in Fig. 2. Internal
components of the system are composed primarily of Alumina 998 ceramic and Narcast
60 refractory materials to minimize contamination from metal surfaces. Sampling and
HCI(g) and Hg"(g) injection locations, as well as gas temperatures at these locations, are
indicated in Fig. 2. A cylinder of working-standard-grade HCI(g) (10.290 + 510 ppmv
HCI in N,) and a permeation device (VICI Metronics) were used as sources of HCI(g)
and Hg"(g), respectively. The concentration of HCI(g) was controlled using a calibrated

Hg’(g) Injection
v
R m— 610°C
To Stack =l —1050°C
1250°C
1250 1255°C
Main Furnace
1400°C
Baghouse Hopper
Ash Collection 1330°C
Heat Exchangers
1140°C
970°C
Flue Gas [| \Flue Gas
Sample Convection Pass Sample

Fig. 2. Schematic of the 42-MJ /h downfired combustor showing the sampling and spiking locations as well as
flue gas temperatures resulting from the heating of a gas mixture (8.5% 0,, 91.5% N,).
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flowmeter. Hg"(g) concentration was controlled by varying the temperature of the
permeation tube and the gas flow rate of a N, carrier gas. An on-line mercury analyzer
(Semtech Hg 2000 or P.S. Analytical, Sir Galahad) was used to verify Hg’(g) spike
concentration. Residence time of injected Hg"(g) in the combustor was approximately
2.5 s. Concentrations of major flue gas components [e.g., O,(g) and NO (g)] were
measured in the combustor using on-line analyzers (Beckman Instruments). The system
was maintained at the temperatures indicated in Fig. 2 overnight prior to each test to
minimize cross-contamination of mercury. Mercury speciation analyses were conducted
using a modified U.S. Environmental Protection Agency (EPA) Method 29 developed
by Radian International at the furnace outlet, heat exchanger inlet, and baghouse inlet
corresponding to flue gas temperatures of 970°, 620°, and 250°C, respectively. An
additional mercury speciation measurement was performed at the baghouse inlet using a
modified EPA Method 29 developed by Ontario Hydro Technologies [49]. The mercury
emission and speciation measurement capabilities of these modified EPA methods have
been demonstrated through dynamic spike tests and method intercomparisons on bench-
and pilot-scale flue gas systems [3,50-52]. Chlorine emissions and speciation were
measured during the tests using EPA Method 26A and an on-line HCI(g) analyzer
(Thermo Environmental Instruments, Model 15C). X-ray diffraction (XRD) analysis of
materials was conducted to identify crystalline phases.

3.2. Mercury—oxygen interactions

During the first test, 10 pg/m’ of Hg%(g) was injected into a simple heated
(maximum of 1400°C) gas mixture (8.5 mol% O,, 91.5 mol% N,). Duplicate mercury
speciation measurements at the furnace outlet and heat exchanger inlet, presented in Fig.
3, indicate average Hg(g) spike recoveries of 102% and 92%, respectively. The very
low concentrations (< 1.7 pg/m?) of Hg®" X(g) measured at the furnace outlet and
heat exchanger inlet locations (corresponding to flue gas temperatures of 970°C and
620°C, respectively) are probably an artifact of the speciation method, because Hg*" X(g)
species are generally unstable at > 620°C. Four mercury speciation analyses at the
baghouse inlet indicate that on average 55% of the Hg"(g) spike was transformed to
Hg?* X(g). An additional measurement at the baghouse inlet using another modified
EPA Method 29 developed by Ontario Hydro Technologies indicates that 63% of the
Hg"(g) spike was converted to Hg?* X(g). The formation of Hg** X(g) occurs within a
1.85-m-long, refractory-lined section of the combustor downstream of the 620°C heat
exchanger inlet and upstream of the 250°C baghouse inlet sampling locations (Fig. 2).
Flue gas residence time in this section is estimated to be < 0.l s. On-line analyzers
indicate that the only gaseous components available to react with Hg"(g) were 8.5 mol%
0, and 30 ppmv NO,. Apparently NO, was produced from heating the O,(g)-N,(g)
mixture. Kinetic limitations and the short residence time precluded any significant
homogeneous Hg"(g)-0,(g) or Hg"(g)-NO,(g) reactions to account for the formation
of Hg?* X(g) [12,25,36-38]. The formation of Hg®*X(g) must therefore involve a
heterogeneous or catalytic reaction on refractory surfaces in the heat exchanger section
of the combustor. Possible reaction products in the Hg"(g)-NO,(g) system include
mercury nitrite and nitrate compounds, but they are generally unstable at flue gas
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Fig. 3. Mercury speciation results for the 10-pg/m* Hg"(g) baseline spike test. The relative proportions of
different mercury species are indicated within each bar as a percent of the total mercury. Error bar represents
05% confidence limits based on four modified (Radian International) EPA Method 29 measurements.
Abbreviations: n = number of speciation measurements performed, BH = baghouse, and HX = heat ex-
changer.

temperatures upstream of the sampling location, > 250°C [19]. Alternatively, the
oxidation of Hg"(g) could involve a heterogeneous reaction with adsorbed (ads) Hg" or
O, on surfaces or a catalyzed Hg(g)-O,(g) reaction resulting in HgO(g) (decomposes
at 500°C) as the reaction product. The most plausible overall reaction is

catalyst
Hg"(g,ads) + 1/20,(g,ads) S He0(g) (6)

although mercury nitrite or nitrate species could be an intermediate. Chemical and
mineralogical (i.e., XRD) analyses indicate that mullite (AlSi,0;), dicalcium silicate
(Ca,Si0,), and the known catalysts corundum (Al,O5) and rutile (TiO,) compose the
refractory. Testing by Carey et al. [13] at <370°C demonstrated that Al,O,(s) and
TiO,(s) are Hg’(g) oxidation catalysts in a simulated coal combustion flue gas.
However., in a real coal combustion flue gas, the catalysts are poisoned, possibly because
of the presence of fly ash [13].

3.3. Mercury—chlorine interactions
Tests involving the injection of 10 pg/m® Hg"(g) and 100 ppmy HCI(g) into a

simple gas mixture of 8.5 mol% O,(g) and = 91.5 mol% N,(g) were also performed in
the 42-MJ /h combustion system. The purpose of these tests was to determine 100-ppmv
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Analyzer

Fig. 4. On-line and EPA Method 26A chlorine analysis results for the 10-pg/m* Hg"(g)+ 100-ppmv HCl(g)
spike test. Error bar represents 95% confidence limits based on three HCl measurements.

i 1 Hg**X(g)
8} [CIHg%)
| =

10 pg/m® Hg®%(g) 10 pg/m® Hg®(g) +
100 ppmv HCI(g)

Spike Composition
Fig. 5. Mercury speciation results for the 10-pg/m® Hg"(g) baseline spike and 10-p.g/m® Hg"(g)+ 100-ppmv

HCl(g) spike tests. The relative proportions of different mercury species are indicated within each bar as a
percent of the total mercury.
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HCI(g) spike recovery and to establish whether mercury chlorination could be achieved
in the combustor. On-line HCI analyzer and EPA Method 26A results for the Hg"(g) +
100-ppmv HCI(g) spike test are presented in Fig. 4. These results indicate that about
70% of the injected 100 ppmv of HCI(g) was recovered at the baghouse inlet and that
approximately 10% of the injected HCI(g) was converted to Cl,(g); metals such as
Al,O, are available on surfaces within the combustor to catalyze Cl,(g) formation
[reaction (1)]. The low chlorine recoveries indicated by both analysis methods suggest
that chlorine was adsorbed in the combustor. As indicated in Fig. 5, total mercury
recoveries at the baghouse inlet decreased dramatically to an average of 35% with the
100-ppmv HCI(g) injection. Poor recoveries of the 10-pg/m* Hg"(g) and 100-ppmv
HCl(g) spikes are consistent with the adsorption of HgCl, (melting point 276°C, boiling
point 302°C) in the combustion system. The much larger reduction in Hg"(g) relative to
Hg** X(g) with HCI(g) injection, shown in Fig. 5, suggests that the apparent formation
of HgCl,(ads) primarily involves Hg’(g) as a reactant and not Hg*" X(g), where X is
suspected to be O . Test results are inconclusive for determining whether the apparent
formation of HgCl,(ads) involved HCI(g), Cl,(g), or Cl(ads) as the Hg’(g) reactant.
Nevertheless, these results are consistent with the mercury chlorination and adsorption
transformation mechanisms summarized in Fig. 1.

4. Mercury—chlorine—fly ash interactions in a coal combustion flue gas

Mercury—chlorine interactions have been investigated experimentally using simulated
coal combustion flue gas compositions [3,21-24,53]. The results of these investigations,
however, do not account for the presence of fly ash in flue gas that may catalyze
mercury reactions and provide surfaces for sorption. In this investigation, a Powder
River Basin (PRB) subbituminous coal from the Absaloka mine was used for experimen-
tally investigating mercury—chlorine—fly ash interactions because it contains sufficiently
high concentrations of mercury and low concentrations of chlorine and sulfur to quantify
the effect of HCI(g) addition on mercury speciation. In addition, the mercury speciation
of Absaloka coal combustion flue gas has been well documented in tests using a
580-M1J /h combustion system [3]. These previous tests indicate that the Absaloka coal
produces significant proportions of Hg(p) in the postcombustion environment (= 180°C).
Apparently the flue gas and/or fly ash produced from Absaloka coal combustion
possess intrinsic properties that promote mercury—fly ash sorption. The objectives of this
investigation were to determine whether chlorination is a dominant mercury transforma-
tion mechanism in a real coal combustion flue gas and to identify the flue gas
components and mechanisms accountable for the enhanced mercury sorption character-
istics of Absaloka coal fly ash.

4.1. Experimental

The experimental methods described in Section 3.1 were also employed in investigat-
ing mercury—chlorine—fly ash interactions. HCI(g) was injected at concentrations of 50
and 100 ppmy into the combustion region of the 42-MJ /h combustor shown in Fig. 2
while Absaloka coal was being burned. Most of the temperatures in Fig. 2 generally
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Table 1

Absaloka coal proximate, ultimate, and trace element analysis results
Analysis parameters Absaloka coal
Proximate (wt.%, as-received)

Moisture 22.0

Volatile matter 33.7

Fixed carbon 36.4

Ash 7.90
Ultimate (wt.%, as-received)

Sulfur 0.57

Carbon 52.8
Hydrogen 6.33
Nitrogen 0.65
Oxygen 31.7

Trace elements (ppm on a dry basis)

Mercury 0.052 4+ 0.005*
Chlorine 50+ 10°

*Average of four analyses (+95% confidence limits).
"Average of three analyses (+95% confidence limits).

increased by 50°C during the combustion of Absaloka coal. Fly ash was sampled from
the baghouse and analyzed for mercury and chlorine after each test. Mercury concentra-
tions in coal and fly ashes were determined using microwave acid digestion followed by
cold-vapor atomic absorption spectroscopy. Coal chlorine analyses were conducted
using American Society for Testing and Materials Method D 4208. Fly ash chlorine
analyses were performed by elution with deionized water followed by ion chromatogra-
phy. A Leeman Labs Model CE440 Elemental Analyzer was used for measuring carbon
in fly ashes. The particle-size distributions and surface areas of fly ash samples were
determined using a Malvern laser diffractometer and a Micrometrics Flowsorb 2300,
respectively. Specific surface areas were calculated with the Brunauer, Emmett, and
Teller (BET) equation.

Table 2

Absaloka coal ash major and minor element composition
Si0, 36.3
Al,O, 22.6
Fe, 0,4 3.30
TiO, 1.02
P,0; 0.53
CaO 25.0
MgO 6.92
Na,0 1.11
K.,O 0.52
S0, 1.70
Total 99.0
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Table 3

Absaloka coal combustion flue gas compositions

Component Baseline 50-ppmy HCI spike 100-ppmyv HCI spike
Excess O, (mol%) 8.48 8.69 8.22

CO, (mol%) 10.6 10.7 109

CO (ppmv) 390 580 1540

SO, (ppmv) 410 380 420

NO, (ppmv) 960 1110 1030

HCI (ppmv") 5| 46 105

“Calculated value.
4.2. Results

Proximate, ultimate, and major, minor, and trace element analysis results for the
sample of Absaloka coal selected for this investigation are presented in Tables 1 and 2
HCl(g) was injected at concentrations of 50 and 100 ppmyv into the combustion region of
the combustor while Absaloka coal was being burned. Presented in Table 3 are flue gas
compositions for the Absaloka coal combustion tests. The flue gas compositions are
similar except for a relatively high CO(g) concentration during the 100-ppmv HCI spike
test. Chlorine speciation results for the Absaloka combustion tests are presented in Fig.
6. As expected, chlorine was not detected with EPA Method 26A for the baseline test

100
90 [Heg) 2%
80 I Cl,(9)
70 } | M Ci(p) '
_ Sof
€ sk 1%
S o [
4 98%
30 }
o 99%
10 : Calculated
L Value
0 | p— e | 1 1
0 50 100

HCI Spike, ppmv

Fig. 6. Chlorine speciation results for the 50- and 100-ppmv HCl(g) injections during Absaloka coal
combustion tests.
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because of the low chlorine content of Absaloka coal (Table 1). The chlorine speciation
result for the baseline test in Fig. 6 is actually a calculated value based on coal chlorine
content and assuming 100% HCI(g) speciation. Recoveries of the 50- and 100-ppmyv
HCI(g) spikes are similar at 82% and 73%, respectively. These HCI(g) recoveries are
also similar to those determined for the 10-pg/m’* Hg"(g) + 100-ppmv HCI(g) spike
test (refer to Fig. 4). Analogous to the Hg"(g)-HCI(g) spike test, the relatively low
HCI(g) spike recoveries are consistent with the adsorption of chlorine in the combustor.
Chlorine speciation results for the 50- and 100-ppmv HCI(g) spikes are very similar. In
contrast to the Hg"(g)-HCl(g) spike testing, however, Cl,(g) was not detected and
particulate chlorine [Cl(p)] composes < 2% of the total chlorine measured.

Mercury speciation results for the Absaloka coal baseline and 100-ppmv HCl(g)
injection tests are presented in Table 4 and Fig. 7. Results of the 50-ppmv HCl(g)
injection test are not presented because of a lack in repeatability among the three
mercury speciation measurements. The mercury mass balance closures in Table 4
provide an indication of data quality and the possibility of mercury retention in the
combustor. As shown in Fig. 7, baseline testing of the Absaloka coal indicates that on
average 41%, 19%, and 40% of the total mercury in the flue gas was present as Hg(p),
Hg’ " X(g), and Hg"(g), respectively. In comparison, mercury speciation of the 100-ppmyv
HCI(g) spiked flue gas was 14% Hg(p), 29% Hg* " X(g), and 57% Hg"(g). Similarly to
the Hg"(g)-HCI(g) spike testing (Fig. 5), total mercury recovery decreased as a result of
the 100-ppmy HCI injection. The results in Table 4 indicate that Hg* " X(g) and Hg"(g)
concentrations remained constant, within analytical uncertainty, during the baseline and
100-ppmv HCl(g) spike tests, but Hg(p) was significantly depleted as a result of the
100-ppmv HCI(g) injection. The depletion of Hg(p) suggests that the injected HCI(g)
reacted with Hg(p), causing mercury adsorption in the combustor, possibly as HgCl,.

Additional evidence for the depletion of Hg(p) as a result of fly ash—-HCI(g)
interaction is presented in Fig. 8, where baghouse ash chlorine and mercury concentra-
tions are plotted for the three Absaloka coal tests. The results in Fig. 8 indicate that even
though the ash scavenged chlorine during the 50- and 100-ppmv HCI(g) injections, the
Hg(p) content decreased relative to the baseline Absaloka coal test. A similar plot for
ash carbon content is shown in Fig. 9. The significant increase in residual carbon content
of the ash produced during the 100-ppmv HCl(g) injection test is reflected by the much
higher CO(g) concentration in the flue gas (Table 3). The results in Fig. 9 indicate that

Table 4
Mercury speciation results for absaloka coal tests (mean +95% confidence limits)
Baseline (pg/m”) 100-ppmy HCI spike (pg/m")
Hg'(g) 2224028 2.4040.52
Hg** X(g) 1.06+0.05 1.21+0.11
Hg(p) 2.2640.37 0.60+0.41
Total Hg 5.5340.65 4214053
Number of measurements 4 3
Hg mass balance closure 110+ 17% 82+ 13%
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Fig. 7. Average mercury speciation results for the Absaloka baseline and 100-ppmv HCI spike tests. The
relative proportions of different mercury species are indicated within each bar as a percent of the total
mercury.
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Fig. 8. Chlorine versus mercury concentrations for the Absaloka coal fly ash. Error bars represent 95%
confidence limits based on three mercury measurements.
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Fig. 9. Carbon versus mercury concentrations for the Absaloka coal fly ash. Error bars represent 95%
confidence limits based on three mercury measurements.

an increase in carbon, a potential mercury sorbent, did not correspond to an increase in

Hg(p).
4.3. Discussion

Mercury speciation results for the baseline Absaloka coal test, shown in Fig. 7, are
very similar to results obtained from burning the pulverized Absaloka coal in a much
larger pilot-scale (580-MJ/h) combustion system and measuring mercury speciation
using several different methods (Fig. 7-28 in Ref. [3]). Test results from both combus-
tion systems indicate that Absaloka coal combustion flue gas and /or entrained fly ash
possess intrinsic properties that promote mercury sorption, as evidenced by relatively
high proportions of Hg(p). The similarity in mercury speciation results suggests that the
Hg"(g) oxidation mechanism postulated to occur on refractory surfaces within the
42-MIJ /h combustor did not significantly affect the mercury speciation of Absaloka coal
combustion flue gas. Apparently the presence of other flue gas components, including
ash, impedes reaction (6) from occurring.

A significant depletion in Hg(p) during HCI(g) injection tests, resulting in a relatively
low mercury mass balance closure (Table 4), provides indirect evidence for the
adsorption of HgCl, on surfaces within the 42-MJ/h combustor. Based on chlorine
mass balance and speciation results (Fig. 6), the apparent formation of HgCl,(ads)
involves Cl(ads), HCI(g), or Cl(p) as a reactant. Test results, however, are inconclusive

for deciphering the reaction mechanism(s) responsible for the apparent formation of
HgCl,(ads).
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Chlorine analyses of the flue gas and collected fly ash (Figs. 6 and 8) indicate that the
injected HCI(g) is scavenged by fly ash. The lack of a positive correlation between Cl(p)
and Hg(p) in Fig. 8 indicates, however, that the chlorine retained on fly ash does not
create active chlorine sites for mercury chemisorption. In addition, the combination of
high chlorine and unburned carbon content of the ash produced during the 100-ppmv
HCI(g) spike test (Figs. 8 and 9, respectively) did not promote Hg(p) formation.
Components other than chlorinated ash and carbonaceous particles must promote the
formation of Hg(p) in Absaloka coal fly ash.

Particle size, surface area, and XRD analyses of the baghouse ash samples were
conducted to identify particulate morphology parameters and crystalline components that
may account for the observed Hg(p)-HCI(g) interaction characteristics. Fly ash particle
size and surface area analysis results in Table 5 indicate that the addition of HCl(g) did
not significantly affect the morphology of Absaloka fly ash. Therefore, the inhibition
effect of HCI(g) on Hg(p) formation is primarily chemical and not physical. Fly ashes
produced during the baseline Absaloka coal and HCI(g) spike tests contain melilite
[Ca,(Mg, AIXAL Si),0,], quartz (SiO,), plagioclase [(Ca, Na)Al, Si),04], ferrite
spinel [(Mg, FeX(Fe, Al),0,], periclase (MgO). hematite (Fe,0,), lime (Ca0), and the
CaO-acid gas reaction product anhydrite (CaSO,) as major crystalline phases. Auto-
mated scanning electron microscopy analyses by Galbreath et al. [54] indicate that
CaO(s) is generally a major component of the fine ash fractions (<2 wm in diameter)
of PRB subbituminous coal fly ashes. CaO(s) and portlandite [Ca(OH),(s)], a hydration
product of CaO(s), are effective HgCl,(g) and HCI(g) sorbents [35,55,56]. In bench-scale
experiments, Ghorishi and Gullett [35] found that the presence of HCl(g) inhibits the
adsorption of HgCl,(g) by Ca(OH),(s). They hypothesized that this inhibition effect was
a result of reactive competition between the acidic gases for the available alkaline sites.
The inverse relationship between Hg(p) and Cl(p) documented in this investigation is
consistent with the hypothesis of Ghorishi and Gullett [35], thus implying that CaO(s) is
an important mercury sorption component of Absaloka fly ash.

The hypothesis that CaO(s) is a dominant mercury sorption component of Absaloka
fly ash was investigated by adding calcium acetate monohydrate [Ca(C,H,02), - H,0]
to the Absaloka coal to enhance the liberation of organically bound CaO during
combustion.The CaO concentration of the Absaloka coal ash increased from 25.0 to 37.6
wt.%, and XRD indicated a significant increase in CaO(s) content as a result of
Ca(C,H,0,), - H,O addition. Mercury speciation measurements in Fig. 10 indicate,
however, that the relative proportion of Hg(p) was reduced from 41% of the total
mercury in the baseline combustion flue gas to only 2% as a result of Ca0(s) addition.
Mercury analyses of ashes collected from the baghouse also indicated a reduction from

Table 5

Absaloka fly ash morphological properties

Sample Dy (pm) BET surface area (m’ /g)
Baseline 5.3 2.67

50-ppmv HCI spike 4.1 2.18

100-ppmv HCI spike 5.7 3.05
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Fig. 10. Average mercury speciation results for the baseline and Ca(C,H10,),-H,O-spiked Absaloka coal
combustion flue gases. The relative proportions of different mercury species are indicated within each bar as a
percent of the total mercury.

3.26 £ 1.26 pg/g in the baseline Absaloka fly ash to 0.085 +0.044 pug/g in the
CaO(s)-spiked ash. Contrary to the hypothesized Hg-CaO(s) adsorption effect, the
presence of additional CaO(s) inhibited Hg(p) formation. The added CaO(s) apparently
interacted with a gaseous or fly ash component of the flue gas that promotes Hg(p)
formation. Alternatively, CaO(s) addition may have affected ash particle morphology.

On-line gas, XRD, particle-size, and surface area analyses indicate that the addition
of CaO(s) did not significantly affect the baseline flue gas composition (Table 3), but
did affect fly ash mineralogy and morphology. CaO(s) addition promoted the formation
of merwinite [Ca;Mg(SiO,), ] at the expense of melilite and plagioclase. The addition of
CaO(s) also significantly increased the Dy, of the baseline Absaloka fly ash from 5.3 to
10.5 pm and decreased BET surface area from 2.67 to 1.60 m’/g. Based on crystal
chemical considerations (e.g., ionic radii, chemical bonding characteristics, cation-site
occupancies), the decomposition of melilite and plagioclase cannot account for the
inverse relationship between CaO(s) addition and Hg(p) concentration. However, the
reduction in particulate surface area and possibly a change in ash surface chemistry are
consistent with the decline in Hg(p).

In addition to CaO(s) chlorination, experimental testing by Shimada et al. [57]
indicates that iron is readily chlorinated by HCI(g) and then vaporized from coal fly ash.
The addition of 50- and 100-ppmv HCI(g) may have resulted in the partial decomposi-
tion of ferrite spinel and hematite, the major iron-bearing minerals in the Absaloka fly
ashes. In contrast to hematite, ferrite spinel (a thermal decomposition product of pyrite
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Table 6

XRD analysis results of ferrite spinel-rich separates

Sample Major phase Impurities

Baseline ferrite spinel hematite + quartz +
anhydrite + lime +
portlandite

50-ppmv HCl(g) spike ferrite spinel hematite

100-ppmv HCl(g) spike ferrite spinel hematite

in coal) is the predominant host for a variety of trace metals in fly ash, including Cu, Cr,
Co, Ni, V, Zn, and Cd [58]. Mercury commonly substitutes for Zn and Cd in other
mineral structures and should, therefore, be easily incorporated into the spinel structure
[59]. The inverse relationships between HCI(g) injection and Hg(p) formation, shown in
Figs. 7 and 8, combined with the possibility of iron chlorination and volatilization
suggest that ferrite spinel is a dominant mercury host in Hg(p)-enriched Absaloka fly
ash.

Ferrite spinel was magnetically separated from bulk fly ash samples and analyzed for
mercury to test this hypothesis. Ferrite spinel separates were obtained by passing a
canister magnet over approximately 60- to 90-g samples (spread in a thin layer) of the
Absaloka baseline and chlorine-enriched ashes. The ashes were agitated numerous times,
and the magnetic separation process was repeated until magnetic particles could no
longer be collected. Relatively small samples (0.06-0.3 g) of ferrite spinel-rich ash were
recovered from the fly ashes using this magnetic separation procedure. XRD analysis
results, presented in Table 6, indicate that hematite is a ubiquitous impurity in the ferrite
spinel-rich separates. The separate from the baseline Absaloka fly ash also contains
quartz, anhydrite, lime, and portlandite as impurities.

Mercury analysis results for the Absaloka bulk fly ash, magnetic ferrite spinel-rich
separates, and nonmagnetic ash fractions are presented in Table 7. Mercury analyses of
the separates could not be repeated because of the small sample amounts involved. As a
quality control measure, a National Institute of Standards and Technology (NIST)
Standard Reference Material 1633b subbituminous coal fly ash (0.141 pg/g Hg) was
analyzed for mercury in the same manner as the separates. Agreement between the
measured and certified mercury values was acceptable, with a relative difference of
11%. The mercury mass balance closures in Table 7 also provide an indication of data

Table 7
Hg analysis results for Absaloka bulk fly ash and magnetic and nonmagnetic fly ash fractions
Baseline 50-ppmv HCI spike 100-ppmv HCI spike
Bulk ash Hg (p.g/g) 326+1.26  0.406+0.105 1.16+0.56
Magnetic ash fraction Hg (g /g) 0.513 0.122 0.627
Magnetic ash fraction (wt.%) 0.35 0.19 0.08
Magnetic ash fraction Hg (%) 0.05 0.06 0.04
Nonmagnetic ash fraction Hg (p.g/g) 1.18 £0.07 0.438 4+ 0.008 1.09 +£0.04
Hg mass balance closure (%) 36 108 94
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quality. Also presented in Table 7 are ferrite spinel-rich ash concentrations and the
proportions of mercury, as a percent of the total ash mercury, associated with the ferrite
spinel-rich ash fractions. The decrease in magnetic ash concentrations with increasing
HCl(g) spike concentrations is consistent with the partial decomposition of ferrite spinel
because of iron chlorination and volatilization. The mercury analysis results indicate,
however, that ferrite spinel is an insignificant mercury host, accounting for < 0.06% of
the total ash mercury concentrations. Consequently, the partial decomposition of ferrite
spinel associated with HCI(g) injection cannot explain the inverse relationship between
HCI(g) and Hg(p) concentrations. The inhibition effect of HCI(g) on Hg(p) formation
probably relates to ash surface chemical properties rather than mineralogical properties.

5. Conclusions

A review of mercury transformations in coal combustion flue gas highlights the
importance of particulate—surface interactions in controlling high-temperature Hg"(g) to
Hg** X(s,g) conversions. Mercury chlorination is assumed to be the dominant transfor-
mation mechanism. Other potential mechanisms involve mercury interactions with ash
particulate surfaces where reactive chemical species, oxidation catalysts, and active
sorption sites are available to transform Hg"(g) to Hg”* X(g) as well as Hg"(g) and
HgCl,(g) to Hg(p). The following observations and conclusions from an investigation of
Hg"(g)-0,(g)-HCI(g) and Hg"? ' (g)-HCl(g)-CaO(s)-fly ash interactions in a 42-
M1 /h combustor support the proposed mechanisms:

+ Approximately 60% of a 10-pg/m* Hg"(g) spike injected into a simple heated
(maximum of 1400°C) gas mixture (8.5 vol% O,, 30 ppmv NO,, =91.5 vol% N,) was
transformed rapidly (< 0.1 s) to Hg* " X(g) within a 1.85-m-long refractory-lined section
of the combustor where gas temperatures decrease from 620°C to 250°C. A Hg"(g)-0,(g)
reaction catalyzed by Al,04(s) and /or TiO,(s) components of the refractory is postu-
lated. HgO(g) is the suspected reaction product, although mercury nitrite or nitrate
species could be an intermediate.

On average, 41% of the total mercury (5.5+0.6 pg/m?®) in a 250°C PRB
subbituminous coal combustion flue gas is present as Hg(p). The addition of HCI(g) or
CaO(s) into the PRB coal combustion environment, however, inhibits Hg(p) formation
in the resulting fly ash. The inhibition effects of HCl(g) and CaO(s) on Hg(p) formation
are primarily chemical and physical (i.e., decrease in particulate surface area), respec-
tively.

+ Low recoveries of mercury during 100-ppmv HCI(g) injections into a simple gas
mixture and PRB coal combustion flue gas suggest that HgCl, was formed and sorbed
onto insulating components of the combustor.
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