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Abstract •• This article summarizes ongoing research efforts at the 
National Risk Management Research Laboratory of the U.S. Environmental 
Protection Agency examining [high temperature] metal behavior within 
combustion environments. The partitioning of non-volatile (Cr and Ni), 
semi-volatile (Cd and Pb), and volatile (Hg) metals in combustion systems 
was investigated theoretically and exP<!rimentally. Theoretical predictions 
were based on chemical equilibrium and suggested that such calculations 
can be useful in predicting relative volatility and speciatian trends, and to 
direct experimental efforts. Equilibrium calculations, however, are not 
sufficient to quantitatively predict the behavior of metals even in simple 
combustion environments. Experimental studies employing a 59 kW 
laboratory scale combustor examined the behavior (volatility, particle size, 
and speciation) of metal vapors and particles produced by aqu.!ous metal 
solutions sprayed through a swirling natural gas diffusion flame. These 
experiments were designed to study metal transformation mechanisms in a 
relatively simple combustion environment without the complex effects of 
additional species. Further experiments examined the potential use of 
common inorganic sorbents (kaolinite, bauxite, and hydrated lime) to 
adsorb metal vapor, offering a potential means of metal emissions control. 
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INTRODUCTION 

Metal compounds are present in the stack eft1uents of many combustion 
processes. As health and environmental studies further identify the scope 
and magnitude of their adverse effects, the n:lease of metals from boikrs, 
furnaces, and incinerators into the environment is coming under increasing 
rc.gulatory scrutiny in a number of countries. In the U.S., metal air 
emissions from hazardous waste incinerators (HW!s) and boilers and 
industrial furnaces (BIFs) which destroy hazardous waste are regulated by 
the Resource Conservation and Recovery Act (RCRA, 1986). Current air 
emission limits are based on risk assessment arguments which limit the 
ground level concentrations that may be inhaled by the "maximum exposed 
individual• Metals regulated by RCRA include a set of carcinogenic metals 
[arsenic (As), be!['llium (Be), cadmium (Cd), and chromium (Cr)] and a set 
ofnoncarcinogemc metals [antimony (Sb), barium (Ba), lead (Pb), mercury 
(Hg), nickel (Ni), selenium (Se), silver (Ag), and thallium (11)]. Metal air 
emissions from many other combustion sources are regulated under Title 
ill, Section 112 of the Clt!an Air Act Amendments (CAAA, 1990). Metals 
regulated by Section 112 include Sb, As, Be, Cd, Cr, cobalt (Co), Pb, 
manganese (Mn), Hg, Ni, and Se. While municipal waste incinerators 
(MWls) are also regulated under Title III, these units are covered by their 
own set of metal emission regulations (Section 129), which are likely to 
place limits on the emissions of Cd, Pb, and Hg. 

This paper, which presents results from theoretical and experimental 
studies conducted by EPA's National Risk Management Research 
Laboratory, is concerned with the partitioning of metals in combustion 
processes. Under well defined conditions, metals can be segregated 
according to their relative volatilities. Rizeq et al. (1994) group metals into 
three volatility classes. Metals, such as Hg and Se, tend to be volatile, even 
at moderate stack temperatures. Others, such as Sb, As, Cd, Pb, and TI. 
are semi-volatile, and have the potential of vaporizing at the high 
temperatures in the flame zone. Finally, a third group including Ba, Be, Cr, 
and Ni, are considered to be refractory (non-volatile) over the entire range 
of combustion temperatures usually encountered. Of interest are the 
physical and chemical transformations from the initial form of the metal to 
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its spcciation and partitioning between the submicron (<I µmin diamet.cr) 
and supermicron (> 1 µm in diameter) aerosol in the exhaust. Of particular 
interest are methods of affecting metal speciation and particle size to 
maximize control and minimize toxicity and risk. 

While much previous research on mechanisms governing the 
transformations of metal compounds in combustion systems has focused on 
coal combustion systems (Flagan and Friedlander, 1978; Nettleton, 1979; 
Smith, 1980; Haynes et al., 1982; Neville and Sarofim, 1982), relatively 
little is available on the fate of single metal compounds, introduced one at a 
time, in the absence of other major ash constituents. as they might be during 
incineration trial bums. The coal data suggest that trace metals arc often 
enriched in the submicron particle size fraction, and this has been explained 
by mechanisms involving metal vaporization and subsequent condensation 
or surface reaction. There arc complicated exceptions, including cases 
where a volatile metal, such as sodium (Na), may be scavenged by alumino
silicates displacing other bound metals. Therefore, experiments involving 
relatively simple combustion environments and pure metal compounds 
(such as those presented here) are useful to test theoretical hypotheses and 
help isolate mechanism~. 

Mechanism Overview 

Metals may he contained in solid or liquid fuels, chemically bound to the 
organic fuel matrix (inherent mineral matter), dispersed within the solid fuel 
as mineral crystalliteS (included mineral matter), or completely extraneous to 
the fuel particle (excluded mineral matter). Metals may be chemically bound 
within organometallic compounds such as chelates or physically mixed, as 
in paints, pigments, and solvents: They may enter combustion processes 
with other inorganic clays and soils, as during the thermal treatment of 
contaminated soils (Eddings and Lighty, 1992), or they may be contained in 
aqueous solutions and sludges. Metals may be introduced ir.to a 

' combustion environment continuously through atomizers (Bhatia and 
Sirignano, 1991), lances, or screw feeders, or through entrance chutes in a 
batch mode as solids or contained liquids. They may be introduced as 
single salts or individual compounds, or they may enter as mixtures. In 
fact, a critical issue in designing test bums for incinerators is whether the 
form in which the metal is introduced during the trial burn is representative 
of the behavior of other forms of that metal that may be introduced during 
routine operation. The left-hand side of Figure I represents some of the 
various forms in which a metal may he introduced into a combustor, and 
how this physical state can influence the ultimate fate of that metal. 

Upon entry into a combustion environment, the metals contained in a fuel 
or waste stream can be transformed into various physical forms. Dissolved 
metal salts, such as nitrates or pyrites, may form reactive metal compounds 
which may decompose violently at elevated temperatures. They may also 
decompose as viscous melts to form cenospheres which can burst into 
submicron fragments (Mulholland and Sarofim, 1991). Alternatively, the 
metal compound may be confined within a porous char matrix. This will 
hap!><!n. for example, to inherent (organically bound) metals in heavy oil or 
both inherent and included mincrnl matter in pulverized coal. The metal 
must then be released either within the matrix, subsequently to diffuse 
through it, or it will enter the gas phase as the char mauix itself is oxidized. 
Jn the event of the former process, then.: is the opportunity for the metal to 
react with included silicates to form stable compounds which fail to 
vaporize. Alternatively, the metal which has been released may diffuse back 
into the remaining char matrix, to react with included silicates situated there, 
or it may react with excluded silicate particles in the disperse phase. 
Finally, one metal (e.g., Na) may displace another metal [e.g., potassium 
(K)] which would otherwise he immobile and bound in a stable mineral 
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FIGURE I Possihlt: controlling mech:misms for particle fonnation in 
comhustion systems. 

form, such as illite. Miner.ii inclusions may also coalc:sce as the carhon 
matrix recedes to form particles larger than the individual inclusions. The 
physicochemical processes involved in the release of metals may thus b<! 
quite complex. They may be kinetically controlled, and the overall amount 
of a metal released may, under ceruin circumstances, have little to do with 
equilibrium. 

When a metal contained in contaminated soils, sludges, or slurries is 
introduced into an incineration environment. an inorganic mixture 
containing both the metal and potential scavenging agents, such as clays and 
glasses, is fonned. It is not surprising. then:fore, that {upon heating) much 
of the metal may react with the clay and only a little will be released to fonn 
a condensable vapor. This has been experiment.ally confirmed f~r 
Pb/montmorillonite clay mixtures by Eddings and Lighty (1992). Their 
study showed large deviations from simpk equilihria based on selected pure 
condensed phases, during the heating of inorganic mixtures. The work of 
Queneau d al. ( 1991) addresses the therrno~ynarnics <_>f the. vitrified 
mixtures likely to be formed under these cond1t1ons, and 1s uselul where 
inor~anic mixtures arc formed, as shown in Figure I. 

The primary physical forms of the m~tals ?utlined above (re~cti~e metal 
compounds, porous chars, and inorg:m1c mixtures as shown m Figure I) 
can then undergo further trJnsformations to other physical fonns includ;,1g 
metal vapors, porous metal ash particles, cenospheric (hollow) ash 
particles, or dense ash particles. Upon cooling. the supersaturated vapor 
may condense on the surfaces of existing particles, or _if suffi~ient surface 
area is not available, homogeneously nucleate to form tmy parllcles. These 
particles will subsequently collide, coagulate. and agglomerate. 
Alternatively, tliere is evidence that a metal vapor may react on the surface 
of existing particles or sorbents. In contrast to the· first two processes 
(heterogeneous cond.ensation an~ ho'!logeneous nucleation), .surface 
reaction does not require the metals parual pressures to exceed their vapor 
pressures. These. mechan~sms ~nd processes strongly_ infl~ence the 
chemical and physical form m which the metal under cons1derauon en~rs 
the environment. They are likely to depend strongly on the combustion 
environment and temperature history experienced by the metal compound, 
as well as on the initial form ir. which it is introduced into the combustion 
chamber, and on the presenc.: or absence of other species in the mixture. 

Panide Growlh via Coagulation 

In addition to the heterogeneous condensation of vapor-phase species, 
particle growth occurs through particle coagulation and agglomeration. 
Figure 2 illustrates the predicted evolution of an aerosol due to coagulation 
only. The MAEROS c?de (Gelbard and Seinfeld, _I980)_was used in which 
the particle size domain [0.001 10 20.0 µm particle diameter (Dp)] was 
divided into 13 geometrically equal sections or bins. Coagulation was. the 
only mechanism considered; al.I other me~hanisms (~o!l~ensauon, 
nucleation. deposition, e!C.) were d1Sabled. At ume zero, an 1mual mass of 
500 mg1m3 was assigned to section 2 (0.0021 - 0.0046 µm diameter) to 
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simulate the nucleation of a submicron fume. This aerosoi was assumed to 
have the properties of Pb-oxide, producing a number concentration of 
4.0x1018 /ml. An ~dditional 500 mg/m3 of mass was assigned to section 
11 (2.0-4.4 µm diameter) to simulate the presence of flyash or sorbent. 
System pressure and temperature were maintained at 1.0lxl()S Pa (l nUn) 
and 810 K (1000 °F) to simulate post-flame conditions. Following the 
initial distribution, Figure 2 presents six mass distributions which follow 
the evolving aerosol through six orders in time (t=0.1, 1.0, 10, 100, 1000, 
10000 s). Note that coagulation does not change the total aerosol mass and 
that the areas under all seven curves represent 1000 mglm3. Number 
concentrations, however, arc greatly afti:cted, and Figure 2 shows that at 
0.1 s the numher concentration has fallen approximately 2 orders of 
magnitude (2.3xlOt6 /m3), :md the average nuclei size has grown to 
approximately 0.03 µm. At 1.0 and IO.O s the distributions have grown 
only slightly farther into the 0.01 to 1.0 µm diameter range. This is 
important, as these limes represent a range of typical residence times within 
comhustion/incineration systems. In fact. even after 10000 s (2.8 hours) 
the average Dp is only approximately 1.0 µm with a number concentration 
of 3.3xl011 /m3. Thus. as can b<! seen from Figure 2, aerosol nuclei tend 
to coagulate very quickly at small times. due to the l:irge number 
concentrations of nuclei particles, and then. at larger times, as number 
concentrations fall, coagulation slows considerably causing the aerosol to 
accumulate into a mode approximately b<!tween 0.1 and 1.0 µm diameter. 
Particles in this sire range, posessing neither high diffusivities nor high 
momentum, exhibit minimum collection efficiencies in most air pollution 
control devices. This characteristic distribution of a coagulating aerosol has 
been termed the accumulation mode. Note that the coag11lation mcch:mism 
does not include the effect of differing fractal properties of the agglomerate 
formed, as developed by Matsoukas and Friedlander (I 991). It has been 
assumed here that only spheres result from the coagulation process. 

Also evident from Figure 2.is that coagulation between the evolving 
nuclei and the sorb<!nt is very slow, and the small particles grow as if the 
sorb<!nl were not present. Again, this is due in part to the large differences 
in number concentrations. At time uro, nuclei are present in concentrations 
of approximately 4.0xl018 /m3. Sorbent particles are present in 
concentrations of 4.7x109 /m3. This difference encourages nuclei-nuclei 
coagulation. Thus, it would seem that the use of a sorbent to scavenge 
submicron metal particles through coagulation is not possible in the times 
available. However, as has been described previously, mechanisms other 
than coagulation may allow sorb<!nts to b<! utiliud to remove aerosol mass 
from the submicron fraction. Again, these results assume a fractal 
dimension of 3 (i.e., spheres) for the resulting agglomerates. Even though 
the simulation presented in Figure 2 shows very little nuclei-sorbent 
interaction, fine particle coagulation and diffusion to the coarse mode are 
competitive processes. Friedlander et al. (1991) reason that, since diffusion 
and coagulation are first and second order with respect to p:irticle number 
concentration, respectively, one should expect the following qualitative 
behavior. If, as presented in Figure 2, particle nucleation results in a large 
initial number concentration, then coagul:nion will dominate, causing the 
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FIGURE 2 Predicted evolution of Pb-ox id<: nuclei p:irtides in the presence 
of a simulated sorhcnl via coagulation in a post-llame combustion 

cnvironml!nt. 

nuclei to grow into pa1ticles with low diffusivities and little possibility lO Ix 
scavenged by the coarse mode particles. Ii. on the other hand. nuch:ation 
results in a small initial nuclei number concentration. nucki-nucki 
coagulation rates will Ix small. the nuclci mode will not grow substantially 
but, provided sufficient 1esidence time is available, will diffuse to, and be 
scavenged by, the coarse mode particles. Thus, using L'ie self preserving 
size distribution theory, Friedlander t!t al. (1991) argue that significant 
sc:ivenging of nuclei by coarse mode (sorlxnt) particles is possible if: the 
diffusion time [see Flagan and Friedlander, (1978); Friedlander t!t al., 
(1991)] is small compared to the residence time; and the mass of the fine 
mode is below a threshold value for a given coarse mode aerosol. 

EXPERIMENT AL APPROACH AND PROCEDURE 

Laboratory Swirl Flame CombtLftor 

Experiments were perfonned using the laboratory scale 59 kW (actual). 82 
kW (maximum rated) horizontal tunnel combustor prcsenlcd in Figure 3. 
This l'!fractory-lined research combustor was designed to simulate the 
time/temperature and mixing charac1e1istics of practical industrial liquid and 
gas combustion systems. Natural gas fuel, aqueous metal solutions, gas 
dopan!S, and combustion air were introduced into the burner section 
through an International Flame Rescarch Found:llion (IFRF) moveable
block variable-air swirl burner. This burner incorporates an interchangeable 
injector positioned along its center axis. Swirling air passes through the 
annulus around the fuel injector promoting flame stability and attachment to 
the water-cooled quarl. A high swirl (IFRF type 2) flame with internal 
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rccirculation (Swirl No.=l.48) was used. Gaseous and aerosol samples 
were taken from a stack location 5.9 m from the burner quarl. The 
temperature al this location was approximately 670 K (745 °F). Further 
details rcgarding the expe1imen1al combustor can bc found elsewhere (Linak 
et al., 1994, 1995. 1996, 1997). 

Metal Systems Investigated 

To date, expcrimcnlal investigations examining four metals (Cd, Cr, Pb, 
and Ni) have been conducted and published (Linak et al., 1994, 1995, 
1996. 1997). Additional studies focusing on Hg, vanadium (V), and zinc 
(Zn) are on-going. Typically. waler soluble metal nitrates or oxides were 
introduced as aqueous solutions through a special fuel/waste injector which 
incorporated a small air atomizing system down the center of a standard 
natural gas injector. Thc resulting droplet size distribution was relatively 
narrow with ~ mean droplet diameter of approximately 50-80 µm (Linak et 
al., 1994). Diatomic chlorine (Cl2) or sulfur dioxide (S02) dopants were 
introduced, separately from the metal solutions. with the (secondary) 
combustion air. Thus, th.e metal and chlorine or sulfur, were not mixed 
prior to their introduction into the combustor. All interactions between the 
components were dependent upon nonnal turbulent mixing patterns. 

Aqueous solutions typically containing 1.5% metal (by weight) were 
used. Solution flow rates were maintained so as to produce stack gas 
concentrations of approxima1dy 100 ppm metal (by volume). Metal feed 
rates corresponded to constant molar feed rates of approximately 0.005 g
moles/min. Experimental programs included evaluating the effects of 
chlorine and sulfur on metal partitioning. For thc:se experiments, Cl2 or 
S02 were introduced at different molar rntios of chlorine or sulfur to metal. 
These feed rates and resulting stack concentrations varied from 
substoichiometric with respect to the metal concentration to excess 
concentrations approaching 10,000 ppm (stack). Typically, chlorine and 
sulfur stack concentrations or 1000 ppm were examined. Excess air was 
maintained al 20%. No air pn:heat was employed. 

Aerosol Particle Size Distribution: Sampling mu[ Analysis 

Particle size distribution (PSD) measurements were taken from the stack 
location using three techniques. Extractive samples were taken for 
collection by inertial impaction and electrical mobility analyses using an 
isokinetic acrosol sampling system based on the modified designs of Scotto 
et al. (1992) and Linak et al. (1994). In order to minimize in-probe gas and 
aerosol kinetics, the sampling system dilutes and cools the aerosol sample 
using filtered nitrogen and air immediately after sampling. Dilution ratios 
are measured directly for each expcrimc:nt and verified independently by the 
measurement of a nitric oxide tracer gas. 

Extracted samples were directed to an Andersen Inc. eight-stage, 28.3 
Umin. (1 ft3/min.), atmospheric pressure cascade impactor and a Thenno
Systems Inc. scanning mobility particle sizer (SMPS). The cascade 
impactor is designed to collect physical samples less than approximately 10 · 
µm diameter (for subsequent gravimetric ancl/or chemical analysis) on nine 
stages (including the after lilter). The SMPS classifies and counts particles 
within a working range of 0.01 10 1.0 µm diameter using principles of 
charged particl.: mobility through an electric field. The SMPS, used for 
later experiments, is an upgrJded version of thc: diffen:ntial mobility particle 
sizer (DMPS). used during early experiments. The SMPS upgrade allows 
for improved PSD resolution and shorter sampling times. The SMPS and 
DMPS were configured lo yield 54 :ind 27 channels, respectively, evenly 
spaced (logarithmically) over the ll.U 1 10 1.0 µm diameter raAge. 

In addition 10 the inertial impaction and eb:trical mobility dcvices which 
require an extracted sample, in-si111 light scattering PSDs were taken using 
an Insitcc Inc. laser doppkr vclocimeler. This instrument determines 
particle size by measuring the light scattcring intensity of particles which 
pass through a sampling volume established within the combustor stack by 
a laser focused through a sc:t of quartz optical access ports. The working 
range of this device was approximately 0.3 tb 30 µm diameter which 
slightly overlapped and extended tl1e PSD data collected by the SMPS. 

In addition to the three PSD instruments, samples were collected on 
silver fillers and analyzed using a field emission scanning electrpn 
microscope (SEM) equipped with an energy dispersive x-ray (EDX) 
spectrometer. This provided morphological .information as well as 
qualitative. chemical analysis or individual particles. 

NON-VOLATILE METALS 

Volatile and scmi-volatile mctals havc been of particular interest because 
they remain as vapors within combustion and llue gas cleaning systems, 
resulting in poor removal efficiencies, or tend to form fumes of submicron 
particles resulting from nucleation and condensation of metal vapor. These 
mechanisms lead to substantial enrichment of these mc:tals on submicron 
particles which are often diflicull to collect in particulate pollution control 
equipment. It has been shown (Scotto et al .• 1992; Wendt, 1994; Linak et 
al., 1995) that somc metal vapors can also be reacted at high temperatures 
above their dewpoints with sorbcnt substrates to form environmentally 
benign water insoluble products. Thus, the emissions of some of these 
volatile and semi-volatile metals can be managed because they form a vapor 
which can be scavenged and reacted. However, several researchers 
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(Davison et al, 1974; Klein et al, 1975; Markowski et al., 1980; Quann 
and Sarofim, 1982) have also noted enrichment of the refractory metals Ni 
and Cr in submicron particles, even though it is not obvious that these 
metals necessarily vaporize in the combustion process. The mechanisms by 
which this occurs are not readily apparent. It is appropriate, therefore, to 
examine refractory metals, and to determine if their partitioning among 
various particle sizes can be predicted and conlrolkd. 

Among possible refractory metals we focused on Ni and Cr. Ni is only 
slightly less volatile than Cr, and appears in both oil and coal tlyash. Ni 
and Cr (metal) have boiling points of 3003 and 2945 K, respectively. Cr is 
of particular interest bc!causc it commonly exists in two forms in the 
environment (Goyer, 1991; Seigneur and Constanlinou, 1995), as either 
trivalent Cr(III) or hexavalt!nt Cr(VI), as in the chromate anion Cr04·2(VI) 
or the compound Cr03(VI). Cr{VI) has the lowest risk specific dose for all 
carcinogenic metals (0.00083 µg/m3) (F.:d. Reg., 1991). while Cr(III) is 
not considered particularly hazardous. Howcv.:r, from a regulatory 
viewpoint, all Cr must be considered to be Cr(Vl) unkss d:fficult site 
specific speciation is performed. 111en:fore, it is important to determine not 
only how Cr is chemically partitioned among valency states in Ll1e exhaust. 
but also on how this can be manipulated through the addition or sulfur and 
chlorine compounds, and how the physical partitioning of Cr among 
various particle sizes occurs in a practical combustion configuration. 

Equilibrium Predictions 

Mullicomponcnl equilibrium calculations can provide insight into which 
species arc thermodynamically stable at tlamc and tluc gas temperatures. 
However, the accuracy of equilibrium results depends on the accur.icy of 
the thermodynamic data available, and on the availability of thermodynamic 
data for all important species containing the clements in question, In 
addition, equilibrium calculations do not take into account kinetic or mixing 
limitations and, therefore, represent an idealized solution that may not be 
realized in practical sysll!ms. Thermochemical predictions were determined 
using the CET89 computer code for calculating complex chemical 
equilibrium compositions (Gordon and McBride, 1986). Twenty-six Ni 
species and physical states and 48 Cr species and physical slates arc 
considered in these calculations (sec Linak et al. 1996, 1997). Of inll!rest is 
the thermodynamic partitioning between vapor and condensed phases, as 
well as the partitioning between various species. Also, of special interest 
for Cr is the partitioning between Cr(VI) and other Cr vaknt species. For 
both Ni and Cr, the intluences of chlorine, sulfur. and both chlorine and 
sulfur were investigated. · 

Equilibrium predictions (Figure 4a) indicate that both metals arc 
refractory, with dcwpoints of 2000 and 1900 K for 100 ppm Ni and Cr. 
respectively. Sulfur addition (Figure 4b) has liule effect on either metals' 
dcwpoinl. Chlorine addition (Figure 4c) lowers the Ni dewpoinl by 
approximately 200 Kand moves the Ni curve from the right to the left of the 
Cr curve, which shews no significant effect of chlorine. The fact that 
chlorine is more likely to dcvolatilize Ni than Cr, al high temperatures, 
suggests that, in the presence of chlorine, high temperature sorbcnts might 
be able to capture Ni, but are less likely 10 c:ipture Cr. 
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At low temperatures. Ni and chlorine are predicted to form a condensed 
Ni-chloride salt, thus rendering the residue water soluble. However, 
chlcrine's predicted effect on Cr at low ll!mperatures is profound. Not only 
is Cr predicll!d to form vapor-phase Cr-chlorides, but it is also predicted to 
form the hexavalcnt Cr-chlorides, CrOCl 4(VI) and CrCI 6(VI), as shown on 
Figure 4c. The presence of sulfur (Figure 4d) completely eliminates the 
chlorine enhanced formation of low temperature Cr(VI) species, but has 

1.0 

0.8 

0.6 

0.4 

0.2 

"' o.o (l) 

·u 
1.0 Cl> 

a. 
"' 0.8 "O 
Cl> 
(/) 0.6 c 
Cl> 

"O 0.4 c 
0 
0 0.2 
(/) 

<1l 

0 0.0 

"O 1.0 
c 
<1l 0.8 z 
0 0.6 
c 

0.4 .2 
0 
~ 0.2 
CJ) 0.0 CJ) 

<1l 1.0 ::? 
0.8 

0.6 

0.4 

0.2 

0.0 

300 

(a) Cl= Oppm, S = O ppm 

(b) Cl= 0 ppm. S = 2500 ppm 

CrOCl4(VI) 

CrCl6(VI) 

-..... .............. 

(c) Cl = 2500 ppm, S = 0 ppm 

-..... 

' -, 
' 

', Cr 
' 

Ni\ 
\ 
\ 

' \ 

(d) Cl= 2500 ppm, S = 2500 ppm --,,, Cr 

'" 
Ni\ 

\ 
\ 
\ 

' 

\ Ni 
I 

' ' ' ' ' ' ' ' 

600 900 1200 1500 1800 

Temperature (K) 

' ' ' 

2100 

FIGURE 4 Ni and Cr equilibrium predictions for four conditions: (a) O 
ppm chlori.nc, 0 ppm sulfur; (h) 0 ppm chlorine, 2500 ppm sulfur; (c) 2500 
ppm chlorine, 0 ppm sulfur; and (d) 2500 ppm chlorine, 2500 ppm sulfur. 



little effect on tl}C high tcn)per.iture Cr(VI) spcci.:s (not shown on Figun: 4, 
see Linak et al, 1996). This is because sulfur ties up Cr to form trivalent 
Cr-sulfate, but only at low temperatures. 

The effect of sulfur on the Ni/chlorine mixture is predictable. It has no 
effect at high temperatures on the dcvolatilization of Ni, since Ni-sulfates 
are unstable then:, while its effect at low temperatures is merely to replace a 
solid Ni-chloride by a solid Ni-sulfate. Additional calculations exploring 
the equilibrium effects of calcium addition showed that calcium, even at 
concentrations in excess with respect to sulfur, displaced neither the Ni- nor 
the Cr-sulfate and, therefore, had no appreciable effect on Ni or Cr 
partitioning. 

Particle Size Distributions without Chlorine 

Figure S presents the PSDs for Ni [injected as Ni(N03)i], for Cr(Ill) 
[injected as Cr(N03)J(III)], and for Cr(Yl) [injected as Cr03{Vl)]. These 
data (open symbols) were obtain.:d using the SMPS for particles in the 0.01 
to 1.0 µm diameter size r.ingc and the in-siw light scattering particle sizer 
for particles the 0.3 to:> IO µm diameter size range. Each panel also shows 
the effect of chlorine addition (solid symbols), where the chlorine was 
added as Cl 2 gas, with the secondary combustion air. While 
complementary impactor samples wen: taken, :hose data arc not presented 
here but may be found elsewhere (Linak et al., 1997). 

It should be noted that all three methods of particle collection and sizing 
produced consistent results that supported each other. Data from the in-situ 
light scattering pa1ticle sizer slightly overlapped and extended the rani;c of 
the SMPS for the sampled particles. This suggests that the isokinetic 
dilution sampling procedure used maintained aerosol size integrity. 

The Ni volume PSD without chlorine (Figure Sa) showed a maximum at 
about 0.3 to 0.4 µm diameter. For Cr{lll) without chlorine, a single particle 
size mode peaking between 1.0 and 10 µm diameter is shown by both the 
in-situ light scattering particle sizer data (Figure Sh) and th.: impactor data 
(data not shown, see Linak et aL, 1997). For Cr(Yl), two mode> are 
apparent from the SMPS and the in-siw light scattering particle sizer, with a 
dominant mode peaking at ahout 0.1 to 0.3 µm diameter (Figure Sc). This 
is verified by the impactor results {data not shown), which also show a 
dominant mode at ahout 0.2 to 0.3 µm diameter. These results suggest that 
Cr03(VI) vaporiz.:d, while Cr(N03h{Ill) did not. The difference in 
volatilization behavior of the two Cr compounds is, of course, in contrast to 
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equilib1ium predicLi0ns, which arc independent or Lht: initial Cr speciation. 

Effect of Chlorine 

Chlorine has a significant effect on the Ni number and volume PSDs. The 
maximum number conc.:ntrJtion now occurs at 0.03 µm diamctt:r (data not 
shown), while the maximum volume concentration has shifted to particle 
diameters less than 0.1 µm (Figure Sa). Thcs.: PSDs art: consist.ont with a 
nucleation/vaporization mechanism for Ni in the prcs.:nce of chlorine. The 
Cr results, by contrast, show no effect on the stack PSD by chlorine, as 
illustrated by comparison of open and solid symhols on Figures 5b and Sc. 
In the case of Cr(N0 3h(lll), the chlorine did not facilitate vaporization, 
while in the case of Cr03(Yl), ·which vaporized without chlorine, no 
difference in PSD was noted. Th.: Ni and Cr results are qualitatively 
consistent with the equilihrium predictions of Figur.: 4, which show the 
effect of chlorin.: to be that of moving the Ni dcwpoint from above that of 
Cr to below that of Cr. According to both theory and experiment, chlorine 
facilitates Ni volatilization at high temperatures, but has little effect on Cr. 
Note, however, that r.:sults arc inconsistent with the low temperature 
equilibrium predictions of Cr with chlorine, sine.: the Cr was found to 
condense at low temperature (i.e .. the prt:dictcd equilibrium yield of almost 
100% gaseous Cr0Cl4(YI) and CrCl<>(VI) was not obst:rvt:d]. 

Scanning Electron Micmsraphs 

In the abs.:nce of chlorine, neitht:r Ni(N03}i nor Cr(N03)J(lll) appeared to 
vaporize, alll1ough Cr03(Vl) did. Yt:t, cv.:n in the abs.:nce of vaporization, 
a significant quantity of submicron particl<:S we1e formed (Figure S). The 
issue now is to .:xplain how small panicles arc created from refractory 
compounds, without having recourse to vaporization/nucleation processes. 
Mulholland and Samfim (1991) and Mulholland et al. (1991) have shown 
that Ni(N0 3h can form cenosopheres. which can fragment to form small 
panicl<!S. In their studies, this yielded a tri-modal PSD (using a cascade 
impactor). This tri-modal behavior was not ohservt:d here with either the 
impactor or th.: SMPS. Differences in heating rates in the two experiments 
are thought to account for this (Linak et al., 1994). 

SEM images of an exhaust particulate sample from the Cr(N03h(III) 
experiments with chlorine present {data not shown, sec Linak t:t al., 1997) 
show a coagulated agglomerate containing a variety of partick shapes. 

· These images distinctly show the presence of tiny, well formed crystals, 
with angular sides. EDX analyses show that these elongated crystals 
contain Cr but no chlorine, while the fused spht:rical particles contain both 
Cr and chlorim:. The mechanism by which the tiny crystals wen: formed, 
and by which chlorint: is found within only a limited number of spherical 
particles is not known. SEM micrographs of the samples from the 
Cr03(Yl) expcrim.:nts show a very finely divided amorphous powder, and 
wen: v.:ry different from those ohserved for the Cr(N03)J(lll) experiments. 
These rcsults support the hypothesis that the two.Cr spccics followed very 
different mechanistic paths from inkt to sample. However, based on 
sampk color and low soluhility, ll1.: predominant Cr species sampled for all 
the Cr expcrimcnts is believed to be Cr20 3(lll). This was independent of 
whether Cr(N03h(Ill) or Cr03{VI) was fed. 

Sorbent Scavensing of Refractory A.feta ls 

One would not expect metals that are not vaporized to b.: scaveng.:d by 
::Jrbents, such as kaolinite or lime. However, since vaporization of both 
Ni(N03h (with chlorine) and Cr03(VI) (with and without chlorine) was 
noted to hav.: occurreu. it is appropriate to investigate metal/sorbent 
interactions. 

The rcsults for Ni are especially interesting. Ni without chlorine does 
not vaporize (Figurt: Sa) and, therefor.:, cannot react as a vapor with 
kaolinite sorbent {data not shown). This is consistent with coazulation 
theory (Figure 2) which indicates that coagulation bctwc.:n small and large 
particles is too slow to allow metal particlt: scavenging by sorbenl particles. 
When chlorine "is added, Ni appears to vaporizt: (Figure Sa) and, 
consequently, it also app.:ars to interact with kaolinite, as shown by the 
decrease in th.: very small particle mode which was present without the 
sorbent (Figure Sa). Hence, chlorine allows Ni to volatilize and 
consequently be scav.:ngcd by kaolinite. The pertinent mechanism may, 
howev.:r, be quite complicated, since other research (Scotto et al., 1992; 
Linak et al., 1995) has shown that chlorine tends to diminish the scavenging 
reaction rate i'or Cd and Pb. These two co1illicting effocts must be 
accounted for. Figure Sa also presents the PSD for kaolinite without any 
other added constituent for compa1ison. 

Similar experiments show no effect of bolinitt: injection on the Cr PSD 
for both Cr(NO;h(Ill) and Cr03(YI) (data not shown). For Cr(N03)3(Ill), 
this is not surprising, since that compound did not vaporiz.:. However, 
there was also no sorhent scavenging effect on Cr03(Vl). even though that 
compound was hdieved to vaporize. Possibk explanations include low 
interaction affinity betwe.:n Cr and kaolinitt: and the possibility that the Cr 
vapor may not hav.: be.:n present long .:nough lo contact :he sorbent, which 
was injected downstream of the name (see Figure 3). Figure S shows that 
Cr from Cr03(Vl) underwent coagulation over a longer period of time than 
did Ni with chlorine, presumably because it had a higher effective · 



dewpoint. Hydrated li11'le also had 11egligihh: cffoct on the PSDs from 
Cr(N03h(III) and CrO,(Vl), and so it can he concluded that lime is an 
ineffective sorhent for all forms of Cr tested, whether vaporization occurred 
or not. 

Cr Speciation 

In addition to faciors intluencing PSDs. chemical speciation is also of 
paramount imporlance, especially as far as Cr is concerned. Equili~rium 
predicticr1s of Cr spt.:dation (st.:.: Linak et al., 1996) suggt.:sl that, in 1he 
absence of chlorine, the frJction of Cr(VI) is small and appears only at the 
higher temperatures. When chlorine is added, two additional Cr(VI) species 
are predicted to appear at lower temp.:ralun:s [Cr0C14(VI) and CrClG(Vl)). 
EDX analysis of collected particles shows that chloiim: is found only on the 
fused sph<!rical particles, and not on the angular crystalline particles. One 
might speculate that the fused particle may contain Cr compounds including 
CrOC~(VI) and/or CrCl G(VI). However. since the equilibrium calculations 
at low temperatures do nOl pn:dict the existence of a solid species containing 
Cr, one might conclude that kinetic limit:itions prevent significant Cr(VI) 
formation. Whatever the fo1m:ition route to chlo1inated Cr in the exhaust, 
sulfur is predicted by equilibrium (Figure 4) to eliminate those species and, 
thus, (potentially) eliminate one source of Cr(Vl). 

Figure 6 depicts the overall partitioning hetwecn Cr(VI) and total Cr 
(Linak et al, 1996). In the upper panel (Figure 6a), Cr partitioning resulting 
from the introduction of Cr(NO;);(lll) is presented. With neither chlorine 
nor sulfur present, approximately 2% of the total Cr in the stack gas diluent 
is hexavalent. Addition of 1000 ppm (low) chlorine (stack) increased the 
percent Cr(VI) in the exhaust slightly to 2.5%. Addition of 6,700 ppm 
(high) chlorine (stack) raised the Cr(VI) percentage in the exhaust to 
approximately 8%. The addition of sulfur (no chlorine present) sharply 
diminished the emission of Cr(VI). In fact, with a high concentration of 
sulfur (7,900 ppm, stack), the Cr(VI) percentage was reduced to near 
detection levels. 

The trends exhibitc:d in Figure 6a. are consistent with equilibrium 
prc:dictions, although the absolute values arc not. In tl!c absence of both 
chlorine and sulfur, some Cr(VI) which is stable at higher temperaturc:s 
appears to persist through to the lower temperature regime, even though 
equilibrium would not predict its presence then:. High chlorine 
concentrations sharply enh:rnced Cr(VJ) emissions, possibly due to CrCl6 
which was predicted to he stahle at low temperJtures. The effect of sulfur is 
consistent with equilibrium if it is assumed that conv.:rsion of Cr to 
Cr2(S04h is rapid. It is interesting that cquilibriu1n pr.:dicts that even 
relatively small quantities of sulfur can counterJct the Cr(VI) formation 
tendencies of chlorine. This has hcen veriti.:d experimentally. where even 
stoichiometric quantities of sulfur w.:r.: abl.: to prcv.:nt thi! formation of 
measur.ihle quantities of Cr(VI) (Linak n al., 1997). Both theory and 
experiment suggest thal sulfur is cl'fl!ctiv.: in diminating Cr(Vl) hecause it 
displaces chlorim: from th.: Cr( VI) comp()unds otherwise formed withoul 
sulfur. Bolh theory and experiment sugg.:st that only a w.ry small amount 
of sulfur, determined hy th.: Cr/sulfur stoichiometry. is sufficient to 
suppress chlorinatl!d Cr(VI) compounds. 

In the lower panel (6b). analogous r.:sults aft! presented for Cr03(VI) 
feed. It is significant that they arc very similar to the n:sults presented in th.: 
top panel (6a) with Cr(Ill) ked. 111e p:irtitioning of Cr in a combustor thus 
seems to be independent of the initial valence of Cr waste feed. Mosl of the 
Cr(VI) that entered was convated to Cr(III). The similarity in partitioning 
between the upper and lower panels of Figun: 6, and the fact thal the tinal 
Cr{Vi)ltotal Cr partitioning is independent of initial speciation. suggests that 
prior to sampling, some type of .:quilihrium controlled mechanism, with 
neilher kinetic nor mixing limitations. is operable. However, the low 
conversion to Cr(VI) in the presence or chlorine. and lhe tinite conversion 
in the absence of chlorine and sulfur, suggest thal this equilibrium is 
"frozen" al a temperJtun: higher than the sampling or exhaust tcmper.iture. 

SEMI-VOLATILE METALS 

While non-volatile metals may not readily vaporize <iuring combustion 
processes and are often reported to contribulc prderenlially to bouom ash 
and collectable portions of the PSDs, semi-volatile metals are oflen easily 
vaporized at combustion temperaturc:s. These vapor-phase species will 
become supersaturJted and subsequently undergo homogenc:ous nucleation 
or heterogeneous condensation at the lower temperatures downstream to 
contribute to the suhmicron PSD. These particles, because of their small 
size, are difficult to collect in pollution control systems. However, their 
propensity to vaporize also allows the possibility of control through 
interactions with injeclt:d sorbents. Therefore. this research invesligated 
sorbent injeclion processes in which the high lemperatures of practical 
·combustion environments might be exploited to transform semi-volatile 
metals into constituents that are both, more easily collected, and more 
environmentally benign, than metal efllucnts in lhe absence of combustion 
modifications. Semi-volatile metals of interest were Cd and Pb, and 
kaolinite, bauxite, and hydraled lime were: chosen as representative 
sorbents. 

Using a downflow laboratory comhustor, Scouo et al. (l 992) found that 
Pb could be reactively scavenged, in-siw, hy kaolinite powder which was 
injected into the post flame. Reactive scavenging (chemisorption) of a metal 
occurs at temperalures above the metal vapor dewpoint. This group also 
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found that, although 99% or the Ph could h.: captur.:d hy kaolinite, the 
process was inhibited by th.: pr.:scnc.: of chlorine. The potential use of 
kaolinite, bauxite, and lim.:stun.: as sorhcnL~ to capture Cd and Ph was also 
investigated by Uberoi and Sludman (1990, 1991). Their sub-combustion 
t.:mperature, tixed bed t:xperiments sugg.:sted that kaolinite might be 
som.:what less effective than bauxite in capluring Cd because of pore 
closurn caused by r.:action products present in the Cd/kaolinite system but 
not present in th.: Cd/bauxite syst.:m. For the Pb/kaolinile system. the 
formation of a melt on th.: kaolinite surface :1ppeared to enhance Ph capture. 
This behavior was also noted in the disperse-phase comhustor experiments 
of Scotto et al. ( 1992). Uheroi and Shad man also found that limestone was 
not an effective sorhent i'or cith.:r C<l or Pb, althoug.h research hy Ho et al. 
( 1992) suggests oth~rwis.:. 

Eq11ili~riu111 Predictions 

Figure 7 presents equilibrium predictions of.the behavior of ~d and Pb in 
combustion environments. Thcs.: calculauons were made m lhe same 
manner as those for Cr and Ni presented in Figure 4. Fourteen Cd species 
and physical states and 20 Pb species and physical stales are considere.d in 
these calculalions. However, PbCl 4 was excluded for reasons explained 
below. In comparison to Figure 4a, equilibrium predictions (Figure 7a) 
indicate dewpoints of 1300 and 1200 K for JOO ppm Cd and Pb, 
respectively. Sulfur has :i small effect on Pb, increasing its dewpoint by 
100 K (Figure 7b). Howev~r. even though solid phase Cd-sulfates are 
stable at temperatures less th:m 1000 K, Cd cond.:nsation is conlrolled by 
the formation of solid phase Cd-oxide at 1300 K. Chlorine addition (Figure 
7c) lowers the Pb dewpoint hy 400 K and moves lhe Ph curve far to I.he left 
of the Cd curve. As with sulfur, chlorin.: affects lhe Cd dewpoint 
minimally. Even though liquid and solid phase Cd-chlorides are predicted 
at temperatures below 900 K, the formation of solid phase Cd-oxides 
dominate at higher temperJiures ( 1300 K). Equilih1ium calculations indicate 
thal even relatively small amounts of chlorine keep Ph in the vapor form (~ 
PbCl2) until much cooler regions of the comhustor are reached. In fact, tf 
the species PbCl4 were also considered as a possible species in· the 
equilibrium calculation, then pn:dictions would allow all of the Pb to remain 
as a vapor at temperJtures as low as 200 K. However, Eddings and Lighty 
(1992) noted the abs.:nce of PbCl4 in their experimental samples examining 
incineration of contaminated soils. Figure 7d indicales that, when both 
chlorine and sulfur are included, the Cd dewpoint remains unchanged, 
while the Ph dewpoint increas.:s to 1100 K .. In this system, PbS04(s) is 
predicted to form prdcrentially to PbCl 2(s) with a corresponding higher 
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dewpoinL For Cd, CdO(s) is formed at 1300 Kand CdS04(s) is preferred 
over CdCJi(s) forming at 1000 K. 

Pb/Kaolinire/Clzlori11e System 

In contrast to Ni (Figure Sa), the Pb data (Figure 8a), without chlorine, 
indicate the presence of a distinct submicron mode with a mean particle 
diameter between 0.1 and 0.2 µm. This behavior is consistent with Pb 
vaporization followed by subsequent aerosol formation and growth and is 
consistent with the known volatilities of elemental Pb and Pb-oxide. With 
chlorine added, this mode is shifted towards even smaller particle sizes 
(between 0.03 and 0.1 µm) possibly indicating delayed nucleation and a 
less mature aerosol at the sampling location. There is also evidence of 
bimodal behavior in the presence of chlorine which may indicate the 
formation of at least two Pb species with different nucleation characteristics. 
The impactor data (Figure 8b) indicate that between 80 and 82% of the 
measured Pb is associated with particles smaller than 1.1 µm. 

With the addition of kaolinite, both the DMPS and impactor data indicate 
substantial reductions in the submicron aerosol volume and Pb mass 
fraction (72 and 98%, respectively) compared to the corresponding PSDs 
without chlorine. Similar reductions are also evident comparing the 
distributions with chlorine (49 and 86%). Morphological observations 
indicated that much of the kaolinite melted, both with and without Pb 
present. These results are consistent with those of Scotto et al. (.1992), 
where high uptakes of Pb on sorbent particles were associated with 
formation of melts on sorbent surfaces. 

Cd Interactions with Sorbents 

Cd baseline and Cd/chlorine data (without kaolinite) are similar to 
corresponding Pb data presented above. Elemental Cd, CdO, and CdC}i 
vapor pressures are similar to those for elemental Pb. PbO, and PbC12, all 
of which are notably high at the peak temperatures seen in the combustor. 
As with the Pb system, the Cd behavior is indicative of particle formation 
via a vaporization mechanism. The impactor data (Figure 9a) show that 88 
and 85% of the Cd mass are associated with particles less than 1.1 µm for 
the Cd baseline and Cd/chlorine experiments, respectively. Also consistent 
with the Pb data, the Cd data show that the addition of kaolinite causes 
substantial decreases in both the DMPS submicron volume concentration 
(61 %-data not shown) and the <L l µm impactor Cd mass fraction (97%
Figurc 9a). 
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These results differ from those of Uberoi and Shadman (1991) in two 
important respects: (1) the amount of Cd removed here (97%), in a time
scale of seconds, is far higher than the 5% removed by kaolinite in their 
moderate temperature bench-scale studies, and (2), the sorbent particles that 
removed Cd here were melted, with no observable (by XRD) Cd-related 
crystalline structure. while in the bench-scale studies they remained 
crystalline. The melt appeared to avoid limitations of pore blockage by 
reaction products, as identified by Uberoi and Shadman (1991). 

With the addition of bauxite, the DMPS distributions (Cd baseline and 
Cd/bauxite) illustrate significant removal of particles <0.2 µm (distributions 
not shown). The impactor data (Figure 9b) indicate that 97% of the Cd 
originally associated with particles <I.I µm in diameter was removed from 
that particle size range through the addition of bauxite. These results are in 
agreement with those ofUberoi and Shadman (1991) which suggest bauxite 
to be an exceptional sorbent for use with Cd. Furthermore, in both this 
combustor study and in the previous bench-scale studies, the sorbent 
particles remained unmelted and crystalline. Therefore, sorbents that do not 
melt can also be effective in reactively scavenging vapor-phase metals, if 
pore blockage is not a factor . 

As with the two other sorbents, hydrated lime acts as an effective agent 
to scavenge Cd which would otherwise contribute to the submicron aerosol 
fraction (Figure 9c). However, these results are in contrast to those of 
Uberoi and Shadman (1991), and one would not expect reactive scavenging 
to occur. It is interesting to note that hydrated lime seems to be particularly 
effective even in the presence of chlorine. The 99% reductions in both 
submicron volume (DMPS data not shown) and Cd submicron mass 
fraction (impactor) with chlorine present (Figure 9c), represent the greatest 
measured removals seen for any chlorinated system examined here. In the 
absence of Cd, the lime sorbent particles were crystalline, angular, and had 
not melted. With the addition of Cd, the calcium-rich sorbent particles 
melted. Calcium oxide, which is basic, is known to enhance formation of 
eutectic melts with acidic metal oxides. 

Mechanisms and Co11cl11sions 

There appear to be two high temperature mechanisms that allow the 
scavenging of metals at combustion temperatures above their dewpoints. 
The first mechanism involves reaction between metal vapor and a sorbent 
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wi1h and wi1hou1 chlorine. 

crystallint: surface (UO.:roi and Shad man. 1991 ). SEMs provid.:d t:vid.:nce 
of this sorption mechanism for the Cd/bauxih: system. which, by exhibiting 
a I/Op dependence of Cd mass fraction on the so•bcnt. also suggested pore 
diffusion or cxt.:rnal reaction controlled pn .. :esses (Linak and Wendt. 
1993). The second mechanism allows sca,·cnging of metal vapor by a 
liquid melt on lhe sorbent. Melting app.:ars to improve caplure. Cd was 
scavenged by kaolinite in the combustor usd.l here. because the sorbent 
melted (as depicted in SEMs). bul it was only poorly scaveng.:d at lower 
tcmp.:raturcs (Ubcroi and Shadman, 1991) wher.: no meliing was obscrwd. 
In the Cd/lime syst.:m. th.: mdl was cn:at.:d by lhe v.:ry in1erac1ion of 
dissolu1ion. Melts wer.: also observ.:d aft.:r the scavenging of labile Ni (in 
the presence of chlorin.:). llws, metal capture by sorbents may be more 
practical in high tempera1ure combus1ion environm<:nts, when: melting is 
more likc:ly, than was initially suggested by the moderate tempcra1ure 
bench-scale thermogr.1 vi metric reactor studies (Uberoi and Shad1nan, 1990, 
1991). 

The effect of chlorine is to significantly increase the submicron volume 
concentrations and submicron metal mass fractions. in the absence of 
sorbents, and, for the Pb/kaolinite, Cd/bauxite, and Cd/kaolinite systems, to 
diminish sorbent effectiveness when they are present. An explanation for 
this behavior is as follows: for Pb and Cd interaction with alumino-silicate 
sorbcnts, the true melal reaclant wi1h lhc substrale is probably the metal 
hydroxide or oxide. As chlorine is introduced, equilibrium is shif1ed away 
from these reactiw metal sp.:cics towards unn:active metal chlorid.:s. This 
has been shown for the Na/kaolinite syslem (Mwabc. 1993), and suggested 
for Pb .(Scotto et al., 1992). Ni, however, can be vaporized only by 
interaction with chlorine. and then (possibly through equilibrium with other 
reactive Ni species) scavenged by kaolini1c. 111e capture of Cd by hydrated 
lime is through a difforent (physical) mechanism (suggested by the SEMs) 
where the pertinent mechanisms involving chlorine are currenlly unknown. 
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VOLATILE METALS 

Volatile mc1als including Hg 1nd Se can oc dislinguished from semi-volatile 
metals in combustion systems by lhc fact that they exhibit significant vapor 
pressures even al low to mod.:r.11e t.:mperatures typical of flue gas cleaning 
equipment. 111is typically rcsulls in poor emission conlrol of lhesc species. 
In fact, of all the lrace m.:tals emitlt:d during fossil fuel combustion and 
waste incineration processes. Hg is likely consid.:r.:d the most prohlematic. 
This is not hccaus.: it is th.: most toxic or lypically pn:scnt in highest 
conct:ntrations. but ratht:r, b.:cause curr.:nt control proc.:sscs designed for 
particulate, nitrogen oxid.: (NO,). and acid gas emissions are minimally 
effective in controlling vapor-phase Hg sp.:cics. 

Hg exists in two val.:nt states; elemcnlal Hg (HgO), and oxidized (ionic) 
Hg (Hg +2). Effective Hg conlrol using me1hods d.:signed for particulate 
and acid gas emissions will depend largely on Ill<! form (vapor or condensed 
phase) and speciation (elemental or oxidized) of the Hg in post-combustion 
regions prior to air pollu1ion control devices. It has lx<!n noted by Senior et 
al. (1997) that oxidized Hg+2 is more likely to be captured by residual 
carbon or removed by existing 11ue gas desulfurization units, while 
elemental Hgo is more likely to escape the air pollution control devices and 
be emitted to the a1mosphen:. Several investigations are in progress 
examining the pot.:ntial of carbon and inorganic-based sorhents for Hg 
conlrol at moderau: to low temperatures typical of 11uc gas cleaning systems 
(Miller et al .. 1995; Krishnan er al .• 1995. 1997). 

Equilibrium Predicrionx 

Figure JO presents equilibrium prcdic1ions or the b.:havior of Hg within a 
combus1ion environment. Sixt.:en Hg spt:cics and physical states were 
considcn:d. Th.:se calculations wen: made in lhe same manner as those 
presented for the non-volalilc and semi-volatile metals (Figures 4 and 7), 
with the excep1ion that lhc Hg concentration (stack) used was I 00 ppb 
insicad or 100 ppm. Mt:thandair combustion at a stoichiom.:tric ratio of 1.2 
was us.:d. Chlorine ;1nd sulfur concentrations (stack) w.:re bolh 100 ppm. 
The top lwo pant:ls (Figures lib and !Ob) plot condens.:d mass fr.iction of 
Hg and oxidiz.:d Hg•2 mass fraction as a function of tcmp.:rature. Four 
conditions (with and without chlorine and sulfur) arc presented on each 
panel. Figure Hla indicates a Hg dcwpoinl (without chlorine or sulfur) 
bctwccn 400 and 500 K lhrough the condensa1ion of HgO(s). 111e effect of 
sulfur is to incrcasc this lhn:shold tempcr.iturc approximately 100 K. while 
the effect of chlorine (ev.:n with sulfur present) is to decr.:asc the Hg 
dewpoint lhrough the fonna1ion of HgC12(s). Nole that. in conlrast 10 Cr, 
HgS04(S) is nol pretend to HgCl2(s). Figure !Ob indicales that at high 
tt:mperatures (>900 K) almosl all the Hg exists as HgO. Without chlorine 
or sulfur. HgO and then HgO(s) arc pr.:dicted wilh decreasing temperature. 
With sulfur (but without chlorine), HgO and then HgS04(s) arc predicted. 
However. HgO. HgC1 2• and then HgCJ2(s) arc prcdicled to be formed 
whenever chkirine is avaibble (<900 K). and vapor-phase HgCl 2 is 
predicted to be prcst:nt as th.: dominanl Hg species al lemperaturcs between 
900 and 400 K. This may offer the possihility of Hg control through 
inll.!raclions of oxidized HgCl2 with sorocnts. 

ll should be re-cmphasiz.:d lhat equilihrium calcula1ions can be used only 
to determine which species art: thermodynamically possibk. They do not 
include kinetic or mixing consid.:rations which may 's.:verely limit die 
attainment of equilib1ium in lhc short timt:S availahl.: in pr.iclical combustion 
systt:ms. Senior er al. (1997) r.:port that. in a survey or 14 coal combustion 
systems. oxidized Hg •2 concenlrations upstream of lhe air pollution control 
devices (750-900 K) rang.:d b.:tw.:cn JO and 95% of lht: io1al Hg measured 
(avaaging 75%). They w.:n1 on to conclude lhat equilibrium could not be 
us.:d to quantitalivdy pr.:dict Hg sp.:ciatinn in lhe lluc gas. However, even 
with I.his liability. cquilihrium calculations ar.: usd"ul to tt:sl hypotht:ses and 
suggt:sl exp.:riments. 

Figures lOc and lOd present th.: r.:sults of equilibrium calculations 
designed to e:'laminc possihlc interactions l:iclwe.:n Hg and calcium lhat 
might be present in the ash or introduced as a sorocnt. While searching 
thermodynamic data bast:S for d:ila on Hg species, we discov.:n:d data for a 
set of calcium-Hg amalgams (TAPP, 1995), and th.:sc "sp.:cics" were 
included in the data base for lhe calculations prcscnled in Figures IOc and 
lOd. Figure !Oc prest:nls predicted Hg speciation as a function of 
temperature for a fuel-lean (SR=l.2) scenario wi1h calcium. Sulfur was 
also included bccaus.: of its possible irtcr.1c1ions with calcium. As exp.:cted 
calcium oxides, hydroxides. carbonates. and CaS04(s) are the preferred 
species ov.:r all tempcratur.:s examined. However, under fuel-rich 
conditions, such as thos.: used to stage combus1ion for NO, control, these 
oxidized sp.:cies arc nol predicted, and Figure !Od indicates that two 
c:l:lcium-Hg amalgams arc th.:rmodynamically stable within a temperature 
window between 900 and 1300 K. This resuh may be significant because it 
represents conditions that may be achieved in praclical combustion systems. 
Expeiiments are currently underway to examine these predic1ions. 01her 
experiments are examininl,! Hg sp.:ciation as functions of combustion 
condiiions and chlorine and sulfur content. and foc1ors which promolc the 
form~tion of Cl2 over HCl which may inllu.:ncc conc.:ntralions of HgCl 2 
(Gullt:ll er al., 1990; S<.:nior et al.. 1997). 

Preliminary cxpcrimcnl~ (wilhout chlorine or sulfur addition) indicate 
thal Hg spcciatcs primarily as elt:mt:nlal HgO (>95%) and that hydr.ited lime 
(introduced as a sorbent) is minimally elfoctivc in reducing the vapor-phase 
oxidized Hg•2 under fut:!- lean (SR= 1.2) conditions. However, similar 
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FIGURE 10 Hg t:quilihrium pn!dictions: (a) condensed fraction with and 
without chlorine and sulfur; (h) oxidiicd l"r.1ction with and wilhout chlorine 
and sulfur. (c) Hg six--cies with t-Jkium and sulfur- fuel lean (SR=l.2); and 

(d) Hg species with calcium and sulfur - fuel rich (SR=0.6). 

experiments pt:rformt!d under slaged condilions (SRprimary=0.8) suggest 
that hydrated limt: mighl he an dli:clive sorhenl. indicaling that vapor-phase 
oxidized Hg+2 was reduced to h.:ss than dclection limits. Howev.:r, these 
same experim•:nts also indicalcd that the clcmental HgO remained >95% of 
the total Hg mcasul\!d and was unaffected hy the pn:.o;cnce of hydrated lime. 
Therefore, the focus or ongoing cffo11s includes strategics lO promote the 
formation of oxidiicd Hg +2 species (through. for .:xamplc. chlorine and 
sulfur addition) in an effon to improve the effectiveness of calcium based 
sorbents. 
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