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Abstract—Toxic metals appear in the effluents of many combustion processes, and their release into the
environment has come under regulatory scrutiny. This paper reviews the nature of the problems
associated with toxic metals in combustion processes, and describes where these problems occur and how
they are addressed through current and proposed regulations. Although emphasis in this paper is on
problems associated with metals from incineration processes, conventional fossil fuel combustion is also
considered, insofar as it pertains to mechanisms governing the fate of metals during combustion in
general. This paper examines the release of metals into the vapor phase, with the particle dynamics of a
nucleating, condensing, and coagulating aerosol that may be subsequently formed, and with the reactive
scavenging of meials by sorbents.

Metals can be introduced inte combustion chambers in many physical and chemical forms. The
subsequent transformations and vaporization of any volatile metal depend on the combustion environ-
ment, the presence of chlorine and other species (reducing or oxidizing), on the nature of the reactive
metaflic species formed within the fumace, and on the presence of other inorganic species such as
alumino-silicates. Some insight into how these factors influence metal release can be gained by considering
the release of organic sodium during coal char combustion.

Once vaporized, a metal vapor cloud will normally pass through its dewpoint to form tiny nuclet, or
condense around existing particles. These aerosols are then affected by other dynamic proocesses
(including coagulation) as they evolve with time. This paper shows how current mathematical descriptions
of aerosol dynamics are very useful in predicting metal aerosol size distributions in combustion systems.
These models are applied 10 two prototype problems, namely: the prediction of the temporal evolution of
a particle size distribution of a self-coagulating aerosol initially composed of nuclei; and the scavenging
of nuclei by coagulation with larger sorbent particles.

A metal vapor can also react with certain aluminosilicate sorbents. This process, which will ocour at
temperatures above the dewpoint, is described, and is important, since it allows the high temperatures in
incineration processes to be exploited to allow the formation of water-unleachdble metal-containing
compounds that can be isolated from the environment. Future research problems are also identified.
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1. INTRODUCTION

A major impediment to public acceptance of incin-
eration as & disposal option for hazardous andfor
municipal wastes, is the release of toxic metals into
the environment.!* Many hazardous and municipal
waste streams contain metal constituents, which,
upon being subjected to combustion environments,
may be transformed into species and physical forms
that are substantially different from those which
entered. As a result, these conditions greatly affect
how metal coustituents are released into the environ-
ment. This paper reviews and evaluates the current
understanding of mechanisms governing the fate of
metal during combustion. Emphasis is on processes
occurring in hazardous and muaicipal waste incinera-
tors, rather than in fossil fuel combustors, although
the copious literature on the latter is not disregarded
insofar as it yields information on metal transforma-
tion mechanisms in a generic sense.

We arbitrarily restrict our scope to mechanisms
governing metal transformations in a combustor.
The behavior of flue gas particulate collection de-
vices, per se, is outside the scope of this review,
although the manner in which combustion conditions
themselves can influence the collection and isolation
of metals from the environment, is not. Section 2
identifies toxic metals of concern and how regula-
tions are being developed to address their control.
Section 3 presents background information which
identifies the problem’s scope and multimedia consid-
erations, and then reviews existing literature on the
occurrence of toxic metals in combustion systems
including pulverized coal, fuel oil, hazardous wastes,
municipal wastes, industrial processes, and sewage
sludge. Section 4 presents a mechanistic overview of
metal behavior in combustion systemns. Section 5
discusses theoretical and experimental efforts which
have examined how metals partition with respect to
both particle size and chemical species in combustion
systemns. Further detailed discussion of fundamental
aerosol dynamics is presented in Section 6, which
then goes on to show how empirical data and theory
can be used together to identify controlling mecha-
nisms that describe aerosol evolution. Section 7
presents the results of several studies that are propos-

ing the use of sorbents to capture metal in combus-
tion environments including flowing ducts, fixed
beds, and fluidized beds. Finally, Section 8 presents
some conclusions and identifies future research prob-
lems.

Mechanisms governing the potential control of air-
borne metal emissions through sorbent injection into
the combustor will be covered {Section 7), since this
is directly related to metal transformations and aero-
50! dynamics in the combustion chamber. Further-
more, we shall discuss mechanisms in a generic sense,
applicable to a range of incineration and combustion
equipment, rather than focusing on the hardware
details of a specific type of incinerator. However, the
relationship between fundamental mechanisms and
relevant practical problems related to the presence of
metals in a combustion system, is a central feature
of this work. We hope, thereby, to assist both the
practising engineer, whose objectives range from
specifying incinerator designs fo devising test-burn
protocols and permit applications, and the combus-
tion researcher, who wishes to address scientifically
interesting and challenging relevant problems.

2. IDENTIFICATION AND REGULATION OF TOXIC
METALS

2.1. Health Effects

Texic metals are identified by their adverse effects
on human health, Numerous studies have examined
metal toxicity (e.g. mutagenicity, carcinogenicity, and
damage to different organs or systems such as the
liver, kidneys, and the hemopoictic, reproductive,
nervous, and immuae systems), and it is certainly
outside the scope of this review to address this topic
in any detail. However, adverse health effects are the
primary reason that metal emissions are regulated,
and for this reason discussion of the subject is impor-
tant. Goyer® in a review of the toxic effects of metals
points out that of the approximately 30 elements
that exhibit metallic or metai-like properties approxi-
mately 30 form compounds that have been reported
to produce foxicity in humans. This review grouped
toxic metals into four cdtegories: major toxic metals
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with multiple cflects (arsenic, beryllium, cadmium,
chromium, lcad, mercury, and nickel); essential
metals with potential for toxicity {cobalt, copper,
iron, manganese, molybdenum, selenium, and zinc);
metals with toxicity related to medical therapy (alumi-
num, bismuth, gailium, gold, lithium, and platinum);
and minor toxic metals (antimony, barium, indium,
magnesium, silver, tellurium, thallium, tin, fitanium,
uranium, and vanadinm).

Metals have both geological and biological cycles
within the environment. The geological cycle includes
rainwater dissolution of metals in rocks, ores, and
soils, and transportation via surface waters to lakes
and oceans to precipitate as sediment or be taken up
by rainwater to be redeposited elsewhere. The biologi-
cal cycle includes bicaccumutation in plants and
animals and movement throughout the food chain.®
The amount of metals from natural sources moving
through these cycles may be greater than any anthro-
pogenic contribution; however, human industrial ac-
tivity may greatly enhance metal release rates from
ores, emit new compounds not naturally occurring in
the environment, and greatly increase worldwide dis-
tribution.® For humans in general, food sources and
ingestion likely represent the largest metals exposure
route, with additional contribution from the air.
Other potential routes for exposure include consumer
products, industrial wastes, and the working environ-
ment.*

Vouk and Piver® in their review of the carcinogenic-
ity and mutagenicity of metallic emissions from fossil
fuel combustion, identified a group of metals inciud-
ing arsenic, beryllium, cadmium, chromium, nickel,
and possibly antimony and selenium as potential
human carcinogens contained in air pollutants de-
rived from fossil fuel combustion. This subset does
not include the naturally radioactive carcinogenic
elements (thorium and uranium) or elements for
which animal carcinomas could be induced only
under special circumstances or through exposure by
specific metal compounds (aluminum, cobalt, copper,
gadolinium, iron, lead, manganese, mercury, plati-
num, titanium, silver, ytterbium, and zinc¢). Con-
versely, Vouk and Piver® report on studies that show
negative carcinogenic results for germanium, tellu-
rium, tin, and vanadium. Caution is necessary, how-
ever, because most of these data are the resuit of
animal studies that may or may not be representative
of similar effects in humans. Also, lack of carcino-
genicity does not mean that a metal cannot <cause
other adverse cffects. The limited human case reporis
or epidemiological data that are available (typically
through occupational exposure) tend to corroborate
the animal studies showing that the specific com-
pounds of arsenic, beryllium, cadmium, chromium,
and nickel, and the compounds of the naturally
radioactive elements thorium and uranium contrib-
ute to human cancer.®

Metallic elements do not biedegrade and, once
absorbed or ingested, thev tend to bioaccumulate

until excreted. Mercury has a particularly high ability
to bioaccumulate.” Because of its high vapor pres-
sure, mercury is emitted from combustion systems
primarily as a vapor. Mercury has a long atmospheric
half life and is deposited most commonly as the
divalent ion where it is methylated by microorgan-
isms to methylmercury.” Bioaccumulation in fish
with subsequent fish consumption is the primary
human exposure route, Methylmercury is mobile in
the body and readily crosses the human placenta.®
Mercury irreparably damages the central nervous
system causing a host of neurological problems, in-
cluding birth defecis and developmental impairment
in children ®

Lead also causes permnancnt and untreatable
damage to the central and peripheral nervous sys-
tems; in addition, Jead is associated with renal
damage, hypertension, and reproductive and birth
defects.” Landrigan® describes lead as a subclinical
toxin, which denotes a class of chemicals that may
cause harmful effects at low dose exposure that are
not readily evident with a standard clinical examina-
tion. Sarofim and Suk'® describe the work of Needle-
man, who has shown I1Q reductions (7 to 8§ points) in
children exposed to low and high lead levels. Further
mental development scores showed a clear gap be-
tween groups of children whose average blood levels
at birth were 1.8 and 14 pgI'. Sarofim and Suk'®
report that the Center for Disease Control’s lead
cautionary blood level is 25 ug 1.

It should be noted that the complex field of toxic
metal epidemiology is incomplete and contains many
uncertainties, and so, a definitive review of that
subject is outside the scope. of this paper. However,
in summary, it may be concluded that toxic metals
can affect human health in numerous ways that are
both obvious and subile. This preseants a difficult
challenge to the envirenmental regulator who must
identify and assess the relative additional risks caused
by anthropogenic toxic metals in the environment
and then devise regulations to manage the incremen-
tal health and environmental risks. within acceptable
levels.

2.2. Regulations

In the U.S., the environmental reguiation address-
ing air emissions of toxic metals depends on whether
hazardous waste incineration (HWI), municipal
waste combustionfincineration (MWI), or some
other {combustion) process is involved. The identifica-
tion and definition of ‘1oxic metals’ as discussed here
includes classes of mutagenic, carcinogenic, and
otherwise toxic metal species and depends on the
nature of the regutation applied. This paper follows
guidelines being developed under both the Resource
Conservation and Recovery Act {RCRA, amended
1986),! and the Clean Air Act {CAA, amended
1990)!? and includes under the heading toxic metals
those listed in Table 1.
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TARLE 1. Metals regulated under RCRA and CAA

Metal Symbol RCRA CAA
regulated* regulatedt
Antimony Sh yes yes
Arsenic As ¥es yes
Barium Ba ves no
Beryllium Be yes yes
Cadmium Cd yes yes
Chromium Cr yes yes
Cobalt Co no yes
Lead Pb yes yes
Manganese Mn no yes
Mercury Hg yes yes
Nickel Ni yes yes
Selenium Se yes yes
Silver Ag yes no
Thallium Ti yes no

* Appendix VIII regulated as metal and compounds, not
otherwise specified. Other specific metal compounds includ-
ing cyanide compounds of calcium, copper, potassium,
sodium, and zinc as well as oxides of vanadiom (V) and
osmium (VIII) are also regulated.! RCRA air emission
limits are proposed.

1 Proposed.!?

TasLg 2. Proposed RCRA MEI concentrations correspond-
ing to maximum allowable risk limits*

Carcinogenic metal Risk specific dose
RSDY
pgm
As 0.0023
Be 0.0041
Cd 0.0055
Cri 0.00083

Non-carcinogenic metal Reference air conc.

RAC

ugm>
Sb 0.3
Ba 0.0
Pb 0.0%
Hg 0.08
Ni 20.0
Se 4.0
Ag 3.0
TI 0.3

*The current particulate standard is 180 mg dsm™, dsm?
defined as dry, corrected 1o 293K, 760 mm Hg, 7%
oxygen.'?

T Annual average ground level cencentration resulting in
1 unit risk for MEI (70 year exposure), Note that the sum
of carcinogenic metals risk may not exceed 1 unit risk.

1RSD refers to- Cr®* compounds.only. Cr** compounds
are not included., However, all chromium is considered
Cr®* unless site specific speciation is performed.

Hazardous waste incinerators and boilers and in-
dustrial furnaces {BIFs) that destroy hazardous
waste in the U.S, are regulated under RCRA. Those
portions of the amended regulations addressing toxic
metal emissions are based on risk assessment argu-
ments which {imit ground level concentrations that
may be inhaled by the maximum exposed individual

(MEI). Indirect exposure mechanisms (e.g. ingestion,
dermal contact) are not considered. Additionally,
exposure is assumed to resuli only through exposure
to incinerator air -emissions. The original Federal
Register rule discriminates between four carcino-
genic and six non-carcinogenic metals.!® However,
since the release of this notice, nickel and selenium
have been included in the list of non-carcinogenic
metals, and the risk data for mercury have been
revised. !+

Carcinogenic metal emissions, when summed, may
not exceed an incremental lifetime risk (70 years) to
the MEI greater than 1.0 x 1075, Ground level con-
centrations representing Risk Specific Doses {RSDs)
for four carcinogenic metals af the 1075 risk level
{unit risk} are reported in Table 2. Eight non-carcino-

genic metals have their ground level concentrations

limited by Reference Air Concentrations (RACs, also
shown in Table 2). With the exception of lead, these
RAC:s are established as 25% of the oral-based Refer-
ence Dose (RfD), converted 1 to I to an inhalation
RfD. The RAC for lead is established as 109 of the
National Ambient Air Quality Standard (NAAQS).
The incinerator {or BIF) operator may relate permiss-
ible ground level concentrations to permissible metal
feed rates to the incinerator by one of three methods.
The Tier I method defines allowable metal feed rates
to the incinerator using a conservative ‘reasonable
worst case’ stack dispersion model and does not
account for any metal partitioning or particulate
removal within the incinerator or its air pollution
control system (APCS). This method assumes 100%
emission of any metal feed with the stack gases. The
Tier I method includes the same Tier 1 dispersion
calculation but does account for metal partitioning
and APCS removal efficiencies obtained by site speci-
fic emission testing, As a result, the Tier 1T method
defines allowable stack emission rates of toxic metals
(after the APCS). These Tier II stack emission limits
correspond to the. Tier [ feed limits. The Tier TII
method also involves emission testing and requires
site specific dispersion modeling, Typically, the Tier
I approach is the simplest to implement but also
results in the lowest allowable metal feed rates. Con-
versely, the Tiér IIT approach is the most lenient
with respect to allowable metal feed rates, but im-
poses the most rigorous burden on the incinerator
ownerfaperator to characterize the behavior of toxic
metals within and around the Facility.

The risk approack by which metal emissions are
regulated by RCRA s significantly different than
many technology based regulations often mandated
by other legislation. As a result, it is difficult to
directly compare relative emission limits between
RCRA devices and other combustion or incineration
systems regulated in the U.S. and other countries,
However, such a comparison is useful and is possible
if a specific incinerator is cxamined or assumptions
are made regarding a hypothetical incirerator. Con-
sider an 8.8 MW (30 x 10° Bu bhr ") rotary kiln
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TasLe 3. Proposed RCRA metal emission limits for 2 hypothetical 883 MW rotary kiin
incinerator corresponding to a Tier II analysis*
Emission rate Concentration} Concentration§
ghrt mg Nm™ dry, 1190z
mg Nm™
Carcinogenic metalf
As 0.82 0.051 0056
Be L3 0.093 0.103
Cd 20 0.12. 0.14
Crt 0.30 0.019 0.021
Non-carcinogenic metal
S5b 110 68 7.5
Ba 18060 o 1230
Pb 32 20 36
Hg 29 18 22
Ni 7300 450 500
Se 1500 93 103
Ag 1100 68 75
Tt 110 68 75
*Based on 8.8 MW, 16,200 Nm?® hr* flow rate (1005 excess air), rural location, non-
complex fterrain, no impinging structures, 1525m stack height, 355K stack gas
temperature.**
+Carcinogenic metal emissions resulting in 1 wnit risk. Note that the sum of carcinogenic
metals risk may not exceed 1 unit risk.
1 Emission rate divided by volumetric flow {wet), not corrected to dry, standard oxygen
conditions. Czlculated stack gas contains 10%, water and 1137 oxygen.
§Corrected to dry, 11% oxygen conditions (EC convention}.
IRSD refers to Cr®* compounds only. Cr** compounds are not included. However, all
chromium is considered Cr®* unless site specific speciation is performed.
incinerator located in a rural area with non-complex o _ Actualemission; | @)

(flat) terrain and no large buildings or structures
nearby to complicate the plume behavior. The value
2.8 MW represents an average for rotary kiln in-
cinerators in operation in the U.S.'* If we further
assume that this hypothetical rotary kiln operates
with 100% excess air (stoichiometric ratio = 2.0),
then an approximate system volumetric flow rate of
16,200 Nm? hr! can be calculated. Other necessary
assumptions include stack height (15,25 m) and stack
gas exit temperature (355K). Using these para-
meters, 2 Tier 11 analysis'? would allow maximum
metal emission rates (and corresponding metal stack
concentrations) as presented in Table 3. These emis-
sion rates are taken directly from look-up tables in
the Federal Register notice,' but can also be calcu-
lated directly knowing the allowable RACs or RSDs
and a dispersion coefficient determined from the
‘reasonable worst case’ or site specific models by:
Allowable RAC or RSD

Dispersion cocfficient )

1

For the scenario presented here, the Tier [T disper-
sion mode! calculates a dispersion coefficient of
2.75 x 1073 (g m *}(g hr''). Note that the emis-
sions for the carcinegenic metals (Table 3) are based
on individual unit risk calculations; however, actual
cmissions must be such that the sum of these emis-
sions must be less than ! unit risk. If muttiple carcino-
genic metals are involved, the individual emissions
must be evaluated according to:

Aliowable ermission rate =

1 Tier II emission limit;

Evident from Table 3 is that the risk limits cause
the carcinogenic metals to. be controlled to a much
lower level than the non-carcinogenic metals. In fact,
in this scenario, the barium fimit (1110 mg Nm™)
is over six times the allowable total particulate limit
(180 mg Nm™).** This example provides an analy-
sis based on a hypothetical situation. Emission limits
for other situations may be quite different. However,
due to the conservatism built into the Tier I1 screen-
ing limits, emission limits under Tier Il can be a
factor of 10 or more higher than those under Tier
I1.t3

Title IT1 of the CAA places limits on the emissions
of 189 organic and metallic hazardous air pollutants
(HAPs), including emissions from a variety of com-
bustion sources such as industrial furnaces and boil-
ers. Furthermore, studies are underway to assess the
health risk associated with HAP compounds from
utility boilers to determine whether these sources
should also be regulated. With the CAA currently
calling for control of combined listed HAP emissions
greater than 22,727 kg year™' (25tons year™') or
5,091 kg year' (10tons year™) of a single listed
compound from any regulated sousce, exceedingly
low concentrations in large flue gas sireams may
result in noncompliance. For example, using the
average EPA lead emission factor for an uncontrolled
dry-bottem bituminous pulverized-coal utility boiler
of 4.89 x 1077 kg kW-hr'* (316 tb/10'2 Btu),'® a 500
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~TaBLE 4. Proposed CAA metal regulations for municipal waste incinerators

Metal <225 x 108 gday™ 225-1000 x 108 g day™* > 1000 x 10° g day!
{<9.4 tonnes hr'!) (%.4-41.7 tonnes hr') (>41.7 tonnes br'*)
mg Nm 3+ mg Nm™ mg Nm™
Particulate t existing—&9/newi—34 34
cd 1 5 5
Pb t § &
Hg t § §

*Defined as dry, comrected to 273K, 760mmHg, 7% oxygen.’® Ix105g =1 tonne
{metric) = 1.1 tons (English).

1 Pariculate and Cd, Pb, and Hg emission Himits for these units are anticipated as per Section
129 of CAA, but not yet quantified.'? _

{ New units defined as those that commenced construction after December 20, 1989.

§Cd, Pb, and Hg emission limits for these units anticipated as per Section 129 of CAA, but not
yet quantified.’?

TaeiLe 5. Proposed EC metal regulations for hazardous and municipal waste incinera-

fors
Hazardous waste incinerators
Metal Concentration

mg Nm*
Particulate 5% or 10§
ECd + Tl 0.05
Hg 0.05
ESb+As+Co+Cu+Cr+Po+Mn+Ni+Sn+V 0.5

Municipal waste incinerators

Metal <1 tonnes he™! {-3 tonnes hr! > 3 tonnes hr!
mg Nm3§ mg Nm~? mg Nm™
Particulate 200 100 30
ICd + Hg —_ 0.2 0.2
ZAs + N1 — 1o 1.6
ECu+ Cr+Pb+ Mn — 5.0 5.0

* Defined as dry, corrected to 273 K, 101.3 kPa, 112 oxygen (1992 EC Directive,

from Millot®!).
T Daily average.
1 Half-hour average.

§Defined as dry, corrected to 273 K, 1013 kPa, 9%, carbon dioxide (198% EC

Directive, from Scott?9).

MWe unit operating with a 34% thermal efficiency
and an §0% capacity factor emits approximately
5,455 kg year™! (6 tons year ') of lead (as PbQ). An
electrostatic precipitator {(ESP) may reduce this emis-
sion by approximately a factor of six (909 kg year™!,
| ton year!).'¥ Note that this calculation uses an
average emission factor. Lead concentrations in
American coals have been shown to vary by aver a
factor of 60.17:'% Large concentration variations are
aiso common within coal mined at different times
from the same location. Also considering that the
emissions from the sources will probably include
multiple HAP compounds, both organic and in-
organic, each present in concentrations varying over
several orders of magnitude, the complexity. of the
problem becomes evident. Also note, however, that
specific reguiations controlling metal emissions under
the CAA have not been promulgated, and as far as
HWI regulations are concerned, CAA requirements

are to be consistent with RCRA. MWI metal emis-
sions will also be limited under Title IIT of the CAA.
The proposed metal regulatory limits for these special
units are shown in Table 4,'° :

To form a basis for comparison, Table 5 presents
metal emission regulations proposed or in effect for
the European Community (EC) for both hazardous
and municipal waste incinerators.?®?! The intent of
the EC directives are to establish minimum emission
standards for all EC members. As is the case for
individual U.S. states, each EC member state may
require emission limits more stringent than the EC
directive. Germany, for example, had proposed simi-
lar metal limits in 1990 when the EC directive limits
for HWIs were approximately two times higher.?>%3
Millot?! presents the results of a French trial burn at
a new EMC Services Salaise Sur Sanne HWI. This
incinerator equipped with an ESP, wet lime injection,
dynamic venturi, wet soda injection, and electro-
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#Metal Air Emissions

(Risk Assessment)
Sacondary Combustion Chamber
Acid Gas Sceubber
1
e
Uiepits ———— AR
iln Electrostatic Precipitalor 70223017
b= § § —] °
1D Fan Stack
Solids and
Containgd Liquids
Medal Stag Dry Matal Fiyssh ~ WatMatal ) Land Disposal
Rasidue Residua Ash Resldue {Risk Assessment)

FiG. 1. Metal multimedia considerations at incineration facilities.

dynamic venturi demonstrated that these EC metal
limits are achievable. The EMC tests found ZCd +
Tl = 0.001-0.005mg Nm™>, Hg = 0.005-0.010 mg
N3, and ¥ other regulated metals (se¢ Table 5} =
0.05-0.08 mg Nm3. Unlike the proposed U.S. regu-
lations, the proposed EC regulations include limits
on cobalt, copper, manganese, tin, and vanadium for
HWIs, and arsenic, chromium, copper, manganese,
and nickel for MWIs. While copper exhibits some
toxic characteristics, it is probably included because
of its suspected catalytic enhancement of polychlorin-
ated dibenzodioxin (PCDD) and polychlorinated
dibenzofuran (PCDF) formation mechanisms.?*~**
Conversely, the proposed UL.S. regulations include
limits on beryllium, barium, selenium, and silver for
HWTIs, while the EC limits do not include these
metals. Comparison of the proposed risk-based
RCRA emissions limits (Tier 11) calculated in Table
3 for a hypothetica) incinerator with the proposed
EC emission limits in Table 5 shows, in general,
comparable emission limits placed on four RCRA
carcinogenic metals, and less stringent limits on the
RCRA non-carcinogenic metals compared to the EC
directives.

3. BACKGROUND

3.1. Multimedia Considerations

The preceding section addressed regulations on
emissions of toxic metals into the air environment.
Additionally impertant, however, is the release of
metals into the water and land environments. There-
fore, it is appropriate to address the multimedia

aspects of toxic metal behavior in incineration pro-
cesses,

Figure 1 depicts a typical HWI facility, used as a
practical example to demonstrate the importance of
considering multimedia, rather than merely air pollu-
tion, concerns. Similar arguments can be made for
MWTIs and other combustion sources. In this HWIL,
wastes containing metal components are introduced
into a rotary kiln or injected as fiquids into the
secondary combustion chamber (SCC), at the left-
hand side of the figure. In the kiln, some fraction of
the toxic metals may form a slag with other inorganic
components forming for example silicon, aluminum,
calcium, and iron complex mixtures which can be
removed as & solid at the kiln exit. Incorporation of
toxic metals info the solid slag can be quite desirable,
and the science behind the application of slag technol-
ogy to recycling or disposal of solid wastes has been
discussed by Queneau e/ of.** and Smith.>* Ideally,
any unrecovered toxic metal in the slag will not be
water leachable, in order for that waste residue to be
delisted for subsequent disposal in a nonisolated land-
fill.

A significant portion of the toxic metals, however,
may become entrained in the gas phase or vaporized
to form a gas or airborne aerosol in the combustion
chambers or farther downstream. Possible mecha-
nisms for this are discussed in later sections. This
airborne material may be swept through the SCC,
where additional metal transformations may take
place, and may be subsequently removed by multiple
particulate control devices. In Fig. 1, an ESP removes
much of the material in question. The removal effi-
ciency depends on the type of device, particle size,
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and possibly species where small particles (0.1-
1.0 ym in diameter) are typically most difficult to
remove. From the ESP, a dry metal flyash residue is
collected and must be disposed of properly. As with
the kiln slag, the toxicity and leachability of this
flyash residue will determine the ease with which it
must subsequently be handled, and these properties
are governed in part by what happens in the two
combustion chambers (kiln and SCC). Note that this
residue is likely to have significantly different chemni-
cal and physical characteristics from those of the
slag and kiln bottom ash that has been removed up-
stream.

Downstream of the ESP, Fig. 1 shows a caustic
wet scrubber whose purpose is to remove (and neu-
tralize) acid gases (e.g. HCl, SO3). This device may
also remove some particles that had escaped the
ESP. Here, the captured metal enters the environ-
ment dissolved or suspended as an aqueous waste or
as a wet metal residue, and precautions similar to
those outlined above for the slag and flyash are
applicable before this waste can be disposed of.
Finally, some fraction of the metal constituents will
escape all particulate and acid gas control devices
and exit through the stack. These are the emissions
that are controlled through Tier IT and Tier IIi
regulations under RCRA (Tier I assumes that zll the
metal in question exits the stack). As wmentioned
previously, RCRA assumes that inhalation is the
primary mechanism through which humans are ex-
posed to risk. This methodology, however, may
underpredict exposure. Once emitted, metals may di-
rectly impact human health through inhalation, and
also through indirect (non-inhalation) exposure path-

ways including incidental soil ingestion, plant inges-

tion, dermal absorption, mother's milk, fish, dairy,
meat, and water. Assessing the relative contribution
among these pathways is extremely difficult with
many assumptions and uncertainties. Methods to
apportion this exposure are being developed, -3¢
and reveal that the magnitude of exposure from
indirect (non-inhalation} pathways ranges widely de-
pending on the scenario examined. However, these
calculations predict that the indirect contribution
may be significant, ranging from a smalf fraction
(severai %) to a2 major fraction (over 90%) of the
total.>”

As shown in Fig, 1, the fate of toxic metals is a
multimedia problem with potential impacts on all
three environments, land, water, and air, It is shown
befow that the combustion process can determine the
extent to which any particular combination of toxic
metals impacts these media. Unlike organic constitu-
ents, metals arc not destroyed by incineration. How-
ever, incireration environments may cause metals to
be transformed (physically and chemically) and trans-
ferred from one medium to another. One mission of
researchers in this area could be to devise methods
that, through modification of the combustion pracess
and improvements in air pollution control technol-

ogy, minimize the multimedia impact, not merely the
air impact, of toxic metals.

3.2, Occurrence of Toxic Metals in Combustion
Systems

While the previous section was concerned with the
chemical and physical forms in which toxic metals
leave an incineration process, it is appropriate now
to consider how these metals are introduced to these
processes. The occurrence of toxic trace elements
associated with airborne particulate matter has been
reviewed by Schroeder er f.3® They arise from the
combustion of coal, oil, hazardous wastes, municipal
wastes, and sewage sludge. Industrial processes, such
as cement kilns, are also contribuiors. Each of these
potential sources is now discussed in turn.

3.2\, Pulverized coal

The formation of ash, and the transformation of
mineral matter during coal combustion, have. been
topics of intensive study by numerous research
groups. Indusirial research laboratories (coal sup-
pliers and boiler manufacturers) have long been in-
volved with ash deposition {fouling and slagging)
studies, and these have been well covered in the
treatise by Raask.®? Several recent studies®®*? were
directed towards predicting the composition of the
size-segregated ash aerosol evolving throughout the
combustor and towards characterizing and control-
ling the corrosion, fouling, slagging, and other detri-
mental effects these species have on combustor
materials and heat transfer surfaces.®® The metal
particle formation and evolution mechanisms identi-
fied by these studics are directly applicable to environ-
mental research.

Metals have been identifed to exist in pulverized
coal in three ways. [ncluded mineral matter exists
as inorganic entities trapped as crystalline or glassy
structures throughout fuel particles containing
appreciable carbon and hydrogen. Inherent mineral
matter is chemically bound as individual atoms
within the coal organic matrix. Excluded mineral
matter consists of particles distinct and separate
from those containing primarily combustible fuels,
either released through the grinding process (once
having been included) or originating from over-
burden added through the mining/ transportation
process. Gluskoter*® has reported on this ash break-
down for various coals, and Linak and Peterson®’
indicate that inherent ash content is an important
factor in determining a coal’s propensity to produce
submicron ash particles. The fact that toxic and
heavy metal constituents are associated with pulver-
ized coal ash has been known for many years. Table
é presents concentration ranges of inorganic specics
found in American coals taken from Hardesty and
Pohl.'™ Their data show that there is a considerable
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Tante 6. Concentration ranges of inorganic elements found
in American coals {adapted from Hardesty and Pohi'®)*

Element Concentration range

ppmt

Si 5000410009

Al 3000-23000

Fe 340-23000

Ca 50-12300

8 300-10000

K 100-6500

Na 1006000

Mg 240-3500

Ti 200-1800

Ba 20-1600

Sr 17-1000

Cr 100400

Zr 28-300

P 6-300

Sn 1400

Cl 10-260

Mn 5-240

Cu 3-250

B 1-230

Rb 1-150

F 1-110

Co 1-90

Zn 380

v 277

Ni 2-60

Li 4-63

Nb 5-41

As 1-60

Pb 1-60

Ga 0.3-60

Nd 4-30

Sc 3-30

Ce 1-30

Y 3-25

Br 1-23

La 0.3-29

Sb 0.1-30

* Other clements < 10 ppm by weight.
t By weight.

range of values for each element, among the coals
considered. In addition, Holcombe e! al*® have
shown that, even for a single power plant, there is
considerable variation between samples. The copious
literature on trace metals in c¢oal ash has been re-
viewed previously by Nettleton®® and Smith.*°
Mechanisms of ash particle formation from pulver-
ized coal combustion have been suggested by Flagan
and Friedlander!” and experimentally investigated
by Okazaki er al.,%* Sarofim and co-workers at MIT,
and Flapgan and co-workers at Cal Tech. Data on the
size sepregated cmission of toxic metals from field
combustion units have been released by Davison ef
al ,5* Kaakinen ef al.,>? Klein er al.,* White e1 al.,>*
Markowski and Filby,® and Kauppinen and
Pakkanen,®” to name but a few. Andren et al.®®
focused-on selenium and Billings and Matson®® exam-
ined mercury. All these data show that submicron
particles are greatly enriched in many of the toxic
metals discussed in Section 2. Furthermore, it will be
shown in a later section, that a metal’s propensiiy 10

become enriched in the submicron aerosol fraction is
related, in part, to its vapor pressure at combustion
temperatures,

Table 7 summarizes coal combustion data taken
from the literature from a wide range of laboratory
and full scale sources which have examined enrich-
ment trends of toxic and other metal and inorganic
species with respect to particle size $7-37-34:57.60-76
While there is some variation in enwichment trends
among the authors for specific species, the data, in
general, consistently show enrichment of most toxic
metals of interest in the submicron flyash fraction.
This submicron enrichment trend is clearly evident
for the metals, antimony, arsenic, cadmium, chro-
mium, lead, mercury, nickel, and selenium. The sub-
micron enrichment trends for barium, beryllium,
cobalt, and manganese are less conclusive. Finally,
the metals, silver and thallium, were not examined in
sufficient detail to draw conclusions. These enrich-
ment trends, however, are not absolute, Davison et
al,3? for example, show that lead is also found in
significant concentrations on larger particles, those
greater than 10 gm in diameter. Therefore, the issue
is to explain not only the elemental enrichment in
small particles, which, as shown below, follows from
vaporization and nucleation/condensation of certain
toxic metals, but also the presence of the same (pre-
sumably volatile) metals in the larger particles. In
other words, although the data generally show that
volatile elements tend to concentrate on submicron
particles, this is not universally the case, and there
are examples of volatile elements being captured (or
retained) within larger flyash particles. It remains to
be seen what factors in coal composition and combus-
tion conditions can account for high fractions of
volatile metal appearing in the submicron size range
in one case but not the other.

That submicron particles, which may be greatly
enriched in toxic metals, are less efficiently collected
than supermicron particles has been shown by
McCain et al.”" and Ondov et al.,*? for ESPs. McCain
et al’? examined five full scale ESPs and found
moderately high to high particulate collection effi-
ciencies (98-99.9%) for particlkes with diameters
larger than a few microns or smaller than a few
hundredths of a micron and a minimum collection
efficiency (80-96%) for particles having diameters
of a few tenths of a micron. Ondov ef al®? show
that even a cold-side ESP, designed for an over-
all collection efficiency of 99.7% by weight, was
only partially successful in removing the submicron
fiyash particles. Seeker’®-7® presents typical particle
size dependent removal efficiency curves for venturi
scrubbers, high efficiency particulate air (HEPA) 6i-
ters, and ESPs. All three devices exhibited minimam
collection efficiences for a range of submicron parti-
cle diameters. This size dependent coffection effi-
ciency is further illustrated in Fig. 2 by Markowski
et ol %% and shows that, although the submicron
fraction before particulate control may contain less
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TapLe 7. Coual combustion investigations describing submicron flyash elemental earichment (adapted from Linak and

Pcterson®™)

Investigation Submicron enriched Mo enrichment trend Submicron depleted
Biermann and Ondov®? Ba, Se, U, W Fe, Na
Coles et al 5! Pb, Ra, Th, U Ce

Damle eral™*
Davison er al. **

Desrosiers et al %+

Flagan and Taylor®®
Gladney er af %

Haynes e af. 72

Kaakinen et al.**
Kauppinen and Pakkanen®”
Klein et al 34§

Linak and Peterson*’
Markowski er al %%

Neville and Sarofim™!
Neville ef af. 7#
Ondov et al. %

Ondov et al®*
Quann and Sarofim
Quann et af.

T3

Shendrikar ef af.7®
Smith er af %%

Smith et af. %5

3b, As, Cd, Pb, Mo, Se, W,
Zn

Sb, As, Cd, Cr, Pb, Ni, Se, 5,
T Zn

S, 8

C,Si.Na, S

Sb, As, Br, I, Pb, Hg, Se

Sh, As, Fe, Mn, Hg, K

8b, As, Cu, Pb, Mo, Po, Se,
Zn

Ca, Cd, Cu, Pb, 3¢, 5, V

Sh, As, Cd, Cu, Cr, Ga, Pb,
Mo, Ni, Se, Na, U, V, Zn

As, Pb, K, Na, Zn

Sb, As, Cd, Cr, Ni, Rb, Se, V,
7Zn

Al Sb, As, 8i, Na

Al, 8b, As, Cr, Na, Zn

Sb, As, Ba, Ga, In, Mo, Se,
U, V,W,Zn

Sb, As, Ba, Mo, Se, V. W
Mg, K, Na

Sb, As, Cr, CI, Co, Mg, P, K,
Na, Zn

Sh, As, Ct, Hg, Ni, Se, Zn

Sh, As, Br, Cu, Cr, Ga, Pb,
Hg, Mo, Ni, 5e, 5, Sn, V, Zni
As, Cu, Cr, Ga, Ge, Pb, Mo,

¥Ba, Cr, Co, Ni, Mn, Na, Sr,
v

Al, Be, C, Fe, Mg, Mn, §i, V
Ca, Mg, K,Na

Na
Mg
Al, Fe, Nb, Rb, St, Y

Al, Fe, Mg, Mn, Na, 8i, Tt, Zn
Al, Ba, Ca, Ce, Co, Eu, Hf,
Fe, La, Mg, Mn, K, Rb, Sc,
Si, Sm, Sr, Ta, Th, Ti

Al, Ca, Fe, Mg, Mn, 51, Ti
Fe, Ti

Fe, Mg
Ca, Fe, Mg

Fe, Mg

Al, Ba, Ca, Ce, Fe, La, Mn,

Al Ca, Ce, Hf, Fe,
Mg K, Si, Ti

Bi, Ca, Co, Cu, K,
Sn, Ti

Al, Fe

Ce, Fe
Al Ca,Si

Al HI, Mg, Mn, Ta

Al Sc, Th
Al Ca, Mg

Ni, 8¢,5n,V, Zn

Nb, K,Rb, 5t 5r, Ti, Y, Zr

* Literature review.
1 Slight enrichment or no change.
}No change or slight depletion.

§Species Br, Cl, Hg, Se in vapor phase, high filter penetration.
I Species As, Br, C1, I, Hg, Sein vapor phase, high filter penetration.

than 5% of the total mass, the submicron mass
exiting a high-efficiency ESP is comparable to that
of the supermicron fraction. In fact, all particulate
control devices exhibit size dependent collection effi-
ciencies with minimum efficiencies typically seen for
submicron particles in the range of 0.1-1.0an in
diameter. These particles contain neither the mass
{momentum} to be removed by impaction nor the
high diffusional velocities necessary to migrate to
collection surfaces. This is why, for coal combustion
at least, we are concerned with the composition of
the minor fraction of the total mass that might
comprise the submicron particle size mode. In this
context, however, new APCS devices for improved
removal of submicron particles are now available
(such as condensing ESPs and high efficiency bag
houses),**#1 but they are expensive and often diffi-
cult to retrofit on existing systems. Additionally,
note that the metal speciation of the particles col-
lected is still of paramount importance, since disposal
must occur with minimal impact on the environ-
ment. 8283

As will be presented in greater detail in later

sections, vaporization and subsequent heterogeneous
condensation on the surface of éxisting particles is
one mechanism by which volatile metals are trans-
formed during combustion. Once vaporized, metal
condensation is controlled by.a metal species’ vapor
pressure relative to its equilibrium (saturation) vapor
pressure. Decreasing temperatures in the post-flame
regions cause supersaturation conditions that force
particle formation. Heterogeneous condensation is
surface-area-dependent, and particle sizes which offer
the greatest surface area will accurnulate the greatest
proportion of the condensing metal. Linton er al 3%
Smith er al %% Neville and Sarofim,”* Linak and
Peterson,*” and others, have shown that a number
of minor and trace elements (arsenic, beryllium, cal-
cium, carbon, chromium, lead, lithium, manganese,
phosphorus, potassium, sodium, sulfur, thallium, va-
nadium, and zinc} present in coal flyash are preferen-
tially concentrated on particle surfaces. These studies
have further shown that this surface enrichment is
size dependent. Figure 3 presents the submicron
niimber, surface area, and volume distributions of a
flyash aerosol measured at two locations in the con-
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FiG. 2. Comparison of submicron and supermicron particle
collection efficiency through a high efficiency electrostatic
precipitator (adapted from Markowski ef al. #%).

vection section of a laboratory scale coal combustor
burning a Utah bituminous coal.®® Note that the
volume distribution measured at the first residence
time (2.7 sec) is very similar to that presented in Fig,
2a by Markowski et al.,5® before particulate control.
With a submicron volume concentration of approxi-
mately 4 x 10'® gm? m3, and a corresponding sub-
micron mass concentration of approximately
0.1 g m?, this submicron acrosol comprises between 1
and 2%, of the total ash loading. While the majority of
the aerosol mass lies in the supermicron fraction, the
submicron number concentration {(approximately
1.3 x 10'3 m™?) reveals that the vast majority of the
number of particles (99.9%) are submicron in size.
The distribution of surface area lies somewhere in
between. The surface area distribution at 2.7 sec (Fig.
3) indicates that approximately 75%, of the submicron
surface area resides on particles less than 0.04 gm in
diameter. Submicron particles typically offer dispro-
portionately larger surface areas compared to larger
particles. Therefore, surface area dependent mecha-
nisms such as heterogenecus condensation or surface
reaction of metal vapor will likely occur preferen-
tialty around these small nuclei, promoting sub-
micron metal enrichment.

3.2.2. Heavy and residentiad fuel oif

Typical fuel oils contair nickel and vanadium, in
addition to aluminum, calcjum, iron, magnesium,
silicon, and sodium. Transition metals (Fe, Mn, and
Co) and alkaline-earth metals (Ba, Ca, and Mg) are
sometimes used for the suppression of soot.¥6-%?
Manganese, for example, may be added to help
catalyze the combustion of residual coke ceno-
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FiG. 3. Aerosol submicron (a} number, (b} surface area,

and {c,) volume distributions of a coal flyash measured at

two locations in the convection section of a laboratory

scale coa! combustor burning Utah bituminous coal
(adapted from Linak and Peterson®®).

spheres. It is important to distinguish oils from coals.
In contrast to coals, oils do not contain extraheous
or included mineral matter. The metals are generally
inherently bound within the organic molecule, which
may be the case for only a small portion of the
metals (inherent) in coal. Although inherently bound,
these elements are not necessarily volatile. Feldman®®
shows that non-volatile elements in heavy oils contri-
bute to a substantial residual supermicron (>3 pm
diameter) fraction. Possible interactions between vola-
tile metals and non-volatile minerals in oils have not
been examined as they have been in coals. Oil, there-
fore, may not lend itself to interactions between
volatile metals and non-volatile minerals, prior to
the metals escaping into the bulk gas phase, unless
there is a mechanism by which volatile and residual
metals are drawn into proximity with one another
during vaporization. Subsequent interactions between
volatile and non-volatile metals, in the disperse
phase, cannot be excluded, with the co-firing of other
fuels or wastes or with the addition of sorbents.
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Piper and Nazimowitz®® and Walsh ef al.”! show
that, in contrast to pulverized coal, the majority of
the sampled flyash mass from residual fuel oil com-
bustion lies below 1 ym in diameter. This is consistent
with the idea that most of the initial form of the
metal is inherent although the metal itself may not
necessarily be volatile. Furthermore, Walsh er al.®?
have shown that iron, magnesium, and nickel are
concentrated at the center of the submicron particles,
while sodium and vanadium are associated with a
‘halo of sulfate residue derived from the acid.” In
fact, vanadium is a catalyst for SO, oxidation to
50;5. Note that, while coal-fired power plant emis-
sions have been extensively studied, relatively limited
information is available on particulate emissions
from oil-fired plants. Buerki er ai*? found arsenic
and copper, and sometimes manganese, in the fine
particle fractions from heavy fuel and residential
heating oil combustion, Bacci et e/.°? in an exhaus-
tive study of particulate emissions from a large oil
fired power plant, found substantial enrichment of
both nickel and vanadium in the submicron particle
size fraction.

3.2.3. Hazardous wastes

Nearly all the toxic metals listed in Table 1 can be
found in hazardous wastes suitable for incineration.
The ubiquitous nature of these toxic metals might be
surprising. For example, lead is found in discarded
batteries, soldered circuit boards, motor oil wastes,
paints, dyes, and bearings. Mumford e al®* exam-
ined the toxicity of particulate emissions produced
from the combustion of waste crankcase oil in small
space heaters, and reported exceptionally high con-
centrations of lead (75.6 mg g of collected particu-
late) from one atomizing cil burner. Incineration of
polychlorinated biphenyl (PCB) containing capaci-
tors often also involves the incineration of chromium,
copper, lead, tin, and zinc. Chromium is contained
in paints, inks, glazes, and some refractory bricks.
Together with nickel, chromium is used in the manu-
facturing of stainless stecl. Arsenic is contained in
wood preservatives, insecticides, glass products, pig-
ments, and semiconductors.”>?® Antimony, chro-
mium, lead, and barium are seen in high concentra-
tions in many types of military wastes. These limited
examples of metal contzining (but incinerable) wastes
are in addition to the maore obvious by-products of
modern industry, namely organometallics and aque-
ous metal salts, in off-specification insecticides, herbi-
cides, and fungicides; still bottoms from refining,
metallic organic and aquecus waste from the electro-
plating industry; and meral contaminated solvents
used for machining and cleaning metal parts.

We shouid also consider wastes that are not norm-
ally considered to be incinerable. For example, it is
often neccessary 10 dispose of aqueous (low Btu)
wastes in an incinerator, especially when these con-
tain low concentration mixtures of metals and or-
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ganic solvents not recoverable through chemical sepa-
ration. in this case, the purpose of thermal treatment
is to reduce the volume of the waste and, if properly
performed, to yield a water unleachable solid waste
to facilitate isolation of the toxic metals from the
environment. Future research in chemical or bio-
chemica! separation of metals from dilute aqueous
complex mixtures might fead to more efficient re-
covery techniques. However, even then, it might be
desirable to further reduce the volume of the metai
containing (chelating)} solvents or metal containing
organic cells by incinerating them, and subsequently
capturing and vitrifying the metals.

Many Superfund sites are often best remediated
by incineration or thermal treatment even when the
incinerable wastes may also contain significant con-
centrations of metals. For example, high levels of
lead and chromium are found together with PCBs at
the Salem Acres site in Massachusetts. Cadmium,
copper, lead and zinc are found together with ace-
tone, benzene, toluene, and other organics at the
Hanover, Virginia, Superfund site. The Abbeyville
site in Louisiana contains lead and chlorine in the
weight percent (wt %) range, together with 5.6 wt %,
semi-volatiles and up to 70 wt%; hydrocarbouns.
These examples®™®® indicate. that incineration or
thermal treatment is a viable and often preferred
option for the ultimate cleanup of Superfund sites,
aithough the ultimate fate of the metals contained
in these wastes may well constitute an important
technical issue to be addressed.

As discussed by Secker,®® wastes containing metals
may be introduced into a combustion chamber in a
number of ways. Liquids may be atomized to form a
spray of fine droplets (typical Sauter mean diameter
of 100 um), The metal composition of each drop
becomes an important parameter. A pumpable, but
non-atomizable, liquid or sludge may be introduced
through a lance without any attempt at atomization.
Organometallic or other metal-containing liquids or
sludges may also be introduced into the incinerator
in drums, or bound on sorbent contained in
drums.*9%4%! Waxes, tars, and paints may also be
introduced in cans or drums, or may be heated and
atomized. Solids may be introduced shredded or
whole. Military munitions are often disposed of in
specially designed rotary kilns where they may ex-
plode upon entry (commonly known as ‘popping
incinerators’). Metals may be mixed with each other,

_or may be introduced inte a combustion chamber

together with clays or soil components.'®? Fluidized
bed incinerators may also be used to dispose of
metal containing wastes.'®* The fatc of metals under
this variety of input conditions is not clear.®?

There is much interest in characterizing and model-
ing the partitioning of toxic metals into the muitiple
effluent streams of HWIs (see Fig. 1}. This is duc to
the realization that metal volatility and flame chemis-
try play important roles in détermining the ultimate
fate of these metals, and that the varous combina-
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TasLE 8. Concentration ranges of selected metals in munici-
pal solid waste and its bottom ash, flyash, and suspended
particulates (adapted lrom Lisk!!%)*

Metal MSWt Bottom Flyash Suspended
neet ash particulate
Sb X na} 139-760  610-12000
As na na 9.4-74 81-510
Ba 47-437 80-9000 16003600  40-1700
Be <2 na na na

Cd 4-22 3.8-442 <1477 520-2100
Cr 22-96 na T30-1900 122-1800
Cl(%) 02-1.0 0.12-1.12 292
Co <35 na 25-54 3.8-28
Pb{%.) 0.01-0.15 004080 0.06-0.54 2.5-15.5
Mn(%) 0005002 008-39 020085 0.03-0.57
Hg 1-4.4 0.03-35 0.09-25 20--2000
Ni 9-90 110-210 38.6-960 65440
Se na na 1.4-13 7.0-122
Ag <37 na 52-220 84-2000
Tl na na na 150

v na na 110-166 660

* ng 7! unless % indicated.
t Combustible fraction.
}Not available.

tions of APCSs available exhibit different behavior
and removal efficiencics. In recent years the studies
of Wallace et al,'®* Mournighan et al,'®* Barton
et al 196107 Jee 198 Foumier and Waterland,!%?
Foumier et al., 1'% Carroll et af.,' 12 and Thurnan
and Fournier!!® have sought to characterize metal
partitioning and emissions from pilot and full scale
incinerators. Barton e al. 19%-1%7 developed an analyt-
ical procedure for predicting metal partitioning be-
tween residual bottom ash, captured flyash, and emit-
ted flyash and applied this model to a municipal
waste combustor with good qualitative results.
Moumighan er al,'%® Fournier and Waterland,!?
Foumnier et al [} t®11t Carroll ef al.,''? and Thurnau
and Fournier!!? have examined metal partitioning
of various metals using the pilot scale liquid injection
and rotary kiln incinerators at EPA’s Incineration
Rescarch Facility (IRF) in Jefferson, Arkansas.
Mournighan et af'®® and Thurnau and Fournier!!?
focused on synthetic and Superfund antimony and
arsenic wastes, while Fournier and Waterland,'%?
Fournier ez af.,11%111 gnd Carroll et af. %12 examined
multiple metals (aqueous nitrates) bound on a clay
matrix in a synthetic laboratory ‘soup” and two separ-
ate APCSs. Their results indicate that most metals
(> 75%) were recovered in the kiln bottom ash and
that a metal’s relative volatility was important in
determining its partitioning into the various frac-
tions, but that this observation was not universally
true especially for lead and arsenic.

A major issue currently confronted by combustion
practitioners is how to conduct and evaluate a trial
bum to determine whether the Tier II or Tier HI
restrictions can be met. How should the metal be
introduced inte the incinerator for the trial burn? In
what physical andfor chemical form should the metal
be, and does it matter? What other wastes may or

may not be introduced together with the metal, and
doesthismatter? This review addresses thesequestions.

3.2.4. Municipal wastes

Currently, approximately 16}, of the municipal
waste generated in the U.S. is treated at MWI facili-
ties.114 This amount is expected to increase as older
landfills are closed and new MWI capacity is brought
online. Most U.S. MWI facilities are either mass
burn units (51.5%), refuse derived fuel units (21.6%;),
or modular units (26.9%).%* While we define MWI
here to include both incineration (non-heat recovery)
and waste to energy designs, the industry typically
distinguishes between the ftwo. According to
Burton,!!'* the U.S. currently has 142 operating
waste to energy facilities and 34 incinerators. An-
other 48 new units are being planned.!!® Most of
these new units are waste to energy designs.

The fact that toxic metal emissions from MWI
processes is a problem should not be surprising.
Lisk!!® has reviewed the environmental implications
of incinerator flyash, and ash disposal. Table 8, which
has been adapted from that work, shows the
concentration of various metals in the combustibie
fraction of municipal solid waste, and the concentra-
tions of each metal in the bottom ash, collected
flyash and suspended particulates which escape inte
the air environment. Note the considerable enrich-
ment of antimony, cadmium, chromium, and mer-
cury in the suspended particulate (fine particle size
range). Also important is the large amount of chlo-
rine present since, as will be shown, this often in-
creases metal volatilities. The suspended. particulate
data presented by Lisk (Table 8) represent a compila-
tion of values gathered by measurements made by
several research groups during the past 15 years.
These data do not inchide a breakdown of the rela-
tive mass fractions of ash in the various output
streamns. However, examination of test data from a
simnilar mass burn unit with a redesigned combustion
chamber and equipped with a two stage ESP'!7
indicates that municipal refuse typically contains be-
tween 30 and 409, water and between 15 and 35%, non-
combustibles and ash. OF these non-combustible
materials, approximately 959 will remain to be re-
moved from the incinerator chamber, another 2%, will
deposit in the boiler, and approximately 3% will be
removed by the ESP. Typically much less than 1% of
the ash will be emiited with the stack gases. However,
even a small 10 tonne hr* unit may emit as much as
1 to 2.5 kg hr! of particulate matter.!!? Prior to its
combustion chamber modifications in 1985, the par-
ticulate emissions from this unit were over 10 times
higher.*'” The APCS devices associated with these
measurements represent older ESP technology. As
mentioned previcusly, newer technologies are cur-
rently available which can improve the removal effi-
ciency of submicron particles. And while over 8057 of
newly planned units are expected to use scrubber/
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fabric filter devices to control particulate emis-
sions, recent industry figures!!3-'18:112 jndjcate that
less than 507 of the existing MSIs use these newer
technologies (scrubber/fabric filter, scrubber/ESP).
These statistics also do not include smaller MWI
facilitics, many of which have no APCS. A recent
survey of existing North American MWI capacity,
including operating APCS technologies, is given by
the National Solid Wastes Management Associa-
tion.IZD.lZl

Compared to coal combistion, incineration of mu-
nicipal solid waste yields much higher concentrations
of cadmium and lead in the fiyash, and far greaier
emissions (ug m™3) of arsenic, beryllium, cadmium,
and lead,'?* even though peak flame temperatures
for coal combustion are likely much higher. Green-
berg er al'?? present field data which suggest that
many toxic metals are associated with small particles,
and that refuse incineration can account for major
portions of the antimony, cadmium, and zinc ob-
served in urban aerosols. Law and Gordon!?? at-
tempted to determine which of the emitted metals
came from combustible municipal solid waste sources
and which came from non-combustible sources {such
as scrap metal components, which might be sepa-
rated before combustion). They concluded that emis-
sions of calcium, copper, mercury, and potassium are
likely coming from not easily separable (and often
assumed to be combustible) components of refuse.
They further concluded that emissions of silver, cad-
mium, chromium, manganese, lead, tin, and zinc
come from non-combustible sources as well as from
contributions from combustible materials, They sug-
gest that emissions of aluminium, barium, cobalt,
iron, lithium, sodium, nickel, and antimony may
be reduced by separating the combustibles from the
non-combustibles prior to use as a fuel. However,
this kind of comprehensive preseparation is ex-
tremely difficult and is often not practical, especially
for larger mass burn units. More recently, Korzun
and Heck!'?* determined that most of the cadmium
enters the waste stream with the combustible fraction
and can account for a major share of the cadmium
observed in flyash and in atmospheric particulates.
The most likely sources of cadmium are household
batteries, plastics, corrosion-resistant metals, semi-
conductors, and pigments. Lead emissions appeared
to be derived from both combustible and non-com-
bustible discards of batteries, plastics, and pigments.
These authors suggest the following fate of cadmium
and lead during MW/ of the waste feed, consisting
of approximately 9.4 mg cadmium and 992 mg lead
per kg of waste (8,500 mg cadmium and 900,000 mg
iead per ton of waste), 10.4% of the cadmium and
2.3%, of the lead is emitted into the air, 55.2% of the
cadmium and 12.6%; of the lead is collected as flyash,
and 34.4% of the cadmium and 85.1% of the lead is
collecied with the bottom ash. Equilibrium predic-
tions of the partitioning of toxic metals in a MWI!?®
are consistent with these data. One might well expect

that this partitioning would depend on a number of
factors, not the least of which might be the combus-
tion environment and temperature. history. Indeed,
Vogg e al'?® state ‘the release of various heavy
metals in refuse incineration does not depend so
much on the concentrations in the refuse itself, but
much more on the chemical mechanism acting at
high temperatures which, in combination with the
non-metallic components present, determine the
transfer into the flue gas’ Clearly, the fate of
toxic metals as a consequence of incineration pro-
cesses comprises an important, topical, combustion
problem.

Mercury emissions constitute a major technical
issue associated with municipal solid waste incinera-
tion processes. This has stimulated research on the
homogeneous and heterogeneous reaction chemistry
of mercury in simulated flue gases,'?® and assess-
ments of how mercury emissions can be control-
led.}2712% Approximately 70% of the total mercury
emitted from municipal solid waste incinerators is as
mercuric chloride, 12512 although Hall et al 'S re.
ported a reduction of oxidized mercury to elemental
mercury on hot steel surfaces. Injection of Na,S or
powdered activated carbon ahead of dry Ca{OH):
scrubbers enhanced mercury removal from the flue
gas.'2?® The use of sulfur impregnated adsorbents for
mercury removal has been explored by Otani et
al.13%131 In contrast to the use of sorbents in low
temperature post flame regions, there is little evidence
at this time that high temperature reactive scavenging
of mercury by sorbents is effective, although it might
be a fruitful area of research.

Toxic and other trace metal emissions from com-
bustion of coal were compared by Norton et
af 132133 44 those from 80% coal/20%, refuse derived
fuel (RDF) mixtures. They concluded that the particu-
late emissions from firing coal/RDF mixtures are
not sufficiently enriched in toxic and trace metaltic
elements to pose any greater environmental concern
than particulate matter from the combustion of coal
alone. They found that levels of antimony, cadmium,
lead, tin, and zinc in the smaller particle sizes (ESP
and stack flyash) were typically less than twice as
high in the ash from coal/RDF combustion as found
in the ash from coal combustion. Additionally, they
found that average levels of antimony, chromium,
and lead (along with other trace metals) in the
coal/RDF bottom ash were of the order of two to
five times higher than those seen in coal bottom ash.
These data are significant, since they indicate the
possible existence of effeclive scavenging mechanisms
between the coal ash and volatile toxic metals from
the RDF.IBZ'I':”

Hospital or medical waste incinerators are often
considered to represent a class of MWIs. However,
even though similarities exist between hospital and
municipal waste incinerator designs, there are also
significant differences. Hospital wastes contain
approximately 85%; general refuse with the remaining
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15% contaminated with infectious agents 134

Hospital wastes contain approximately 205 plastic
(most commonly polyethylene, polypropylene, and
polyvinyl chioride) by weight, which is approximately
four times the amount found in municipal wastes.">*
Hospital waste is often burned in smaller units than
municipal waste with less sophisticated APCSs.'*3
Kauppinen and Pakkanen!?S examined the elemental
size distributions of aerosols produced from a Hog-
fors hospital waste incinerator. They reported the
formation of a bimodal size distribution with large
fractions of the measured sulfur (>90%), zinc (20--
80%), cadmium (62-77%), and lead (7-743%) found
in the fine mode (0.1-0.2 gm). They also report that
aluminum, iron, magnesium, and titanium were
found only in the coarse mode (6-10 gm). They
attribute the existence. of the fine mode as an indica-
tion that at least part of these elements vaporize
during the incineration process. Compared to other
MWIs, medical waste incinerators are likely to have
notably higher mercury emissions.

In concluding this section, it should also be men-
tioned that, in the exhaust gases of MWIs, some
trace metals, especially copper chlorides, have been
implicated in playing critical roles in the de novo
synthesis of PCDDs and PCDFs.?3? However,
detaited review of this important subject is outside
the scope of this paper.

3.2.5. Industrial processes and sewage sludge

Cement and other mineral processing kilns would
appear to be useful combustion devices for the de-
struction of hazardous materials. Temperatures are
high, excess oxygen is present, and residence times
are long. Furthermore, although questions remain
concerning the use of products derived from hazard-
ous wasies, the potential exists for immobilizing toxic
metals in the process products. This facet has been
investigated by Cartledge et al.**® who found that,
in cold non-combustion processes, cadmium could
be trapped to form water unleachable compounds
while the isolation of lead was less successful. Goss-
man'?? presented data on the fate of toxic metals
introduced with hazardous waste fuels and other
raw materials into wet, portland cement kilns, and
found that arsenic, cadmium, lead, mercury, sele-
nium, and thallinm tend to concentrate in the kiln
dust, although arsenic, lead, and selenium will also
exit with the product clinker (bottoms). Surprisingly,
95% of the antimony (a volatile metal) exited the
process with the clinker, at least for one kiln. More
research could be of value in understanding and
predicting the fate of toxic metals during high tem-
perature mineral processing, and in examining the
safety and long term stability of products manufac-
tured when hazardous wastes are used.

The size classified characterization of metal emis-
sions from a primary zincftead smelter has been
reported by Harrison and Williams.??® Size segrega-

SMPECS 19:2-F

tion was accomplished using a 30 Ipm Andersen cas-
cade impactor with a minimum aerodynamic particle
size cut of 0.43 zm in diameter (collected by the after
filter). In general, 50%, of the mass of cadmium, lead,
and zinc particles was contained in particle sizes less
than 1 gm in diameter. The high temperature environ-
ment in the smelter was not described.

Sewage sludge contains significant levels of arsenic,
cadmium, chromium, lead, and nickel,'*® and is
often incinerated using a wide range of combustion
devices, including multiple hearth incinerators, fluid-
ized bed incinerators, and sometimes cement kilns.
Bennett and Knapp'*® characterized air emissions
and measured particle size distributions for cadmiur,
calcium, iron, and zinc. Cadmium and zinc contrib-
uted to a significant submicron mode at approxi-
mately 0.2 um in diameter. Dewling et of.'*! found
that 1% of the chromium, copper, lead, and zinc
passed through the scrubber and was emitted from
the stack of a fluidized bed sewage sludge incinerator.
Interestingly, cadmium (a volatile metal) was entirely
accounted for in the collected ash or in the scrubber
water. The partitioning of cadmium, chromium,

copper, lead, mercury, nickel, and zinc during the

slow pyrolysis of sludge (up to 750°C) was investi-
gated by Kistler ef al.'*? They found that chromium,
copper, lead, nickel, and zinc were retained quantita-
tively in the char at temperatures up to 750°C. Cad-
mium was volatilized at temperatures greater than
600°C, and mercury was volatilized at the lowest
temperature investigated (350°C). The metals re-
tained in the char were highly immobile to leaching,
and this was atiributed to the alkaline nature of the
ash, which tended to neutralize acidic leaching water.

4. MECHANISM OYERVIEW

The preceding discussion on the occurrence of
toxic metals in combustion and incineration pro-
cesses has highlighted both the large variety of meth-
ods by which toxic metals may be introduced into
the combustion chamber, and the range of combus-
tion environments in which the metals are subse-
quently processed. Of interest here is to déetermine
the extent to which these variations affect the subse- -
quent transformation of the metal before it leaves
the process (see Fig. 1). The overriding question is
whether the metal will leave the combustor as vapor
or as submicron particles, which are difficult to col-
lect and isolate from the air environment, or whether
it will form or combine with easily collectable large
ash particles, which may, either with or without
further treatment, be isolated from the aquatic and
soil environments. Omitted in the discussion that
follows are mechanisms occurring within or on
deposits or heat transfer surfaces inside boilers or
furnaces, since these have been well covered in the
‘fouling and slagging’ literature (see Raask>®).

We have shown that metals may be contained in
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solid or liquid fuels, chemically bound to the organic
fuel matrix (inherent mineral matter), or dispersed
within the solid fuel particle as mineral crystallites
(included mineral matter), or indeed, completely ex-
traneous to the fuel particle (excluded mineral
matter). Alternatively, toxic metals may be chemi-
cally bound within organometallic compounds such
as chelates or physically mixed, as in paints, pig-
ments, and solvents. They may enter together with
other inorganic clays and soils, as during the thermal
treatment of contaminated soils,'*? or they may be
contained in aqueous solutions and sludges. Toxic
metals may be introduced into a combustion environ-
ment continuously through atomizers,'** lances, or
screw feeders, or through entrance chutes in a batch
mode as solids or contained liquids. They may be
mtroduced into. the combustion chamber as single
salts or individual compounds, or they may enter as
mixtures. A critical issue in designing test burns for
incinerators is whether the form in which the metal
is introduced is representative of ‘the behavior of
other forms of that meta), The left-hand side of Fig.
4 represents some of the various forms in which a
metal-containing waste may be introduced into a
combustor, and how this physical state can influence
the ultimate fate of that metal.

Upon entry into the incinerator, the metals con-
tained in the waste stream are transformed into
varicus physical forms. Dissolved metal salts, such
as nitrates or pyrites, may form reactive metal com-
pounds which may decompose viotently at elevated

temperatures. They may also decompose as viscous
melts to form cenospheres which can burst into sub-
micron fragments.!*® Altemnatively, the metal com-
pound may be confined within a porous char matrix.
This will happen, for example, to inherent {organi-
cally bound} metals in heavy oil or both inherent
and included mineral 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 matnx itself 15 oxidized. In the
event of the former process, there is the opportunity
for the metal to react with included silicates to form
stable compounds which fail to vaporize. Alterna-
tively, the metal which has been released may diffuse
back into the char matrix remaining, to react with
included silicates situated there, or it may react
with excluded silicate particles in the disperse phase.
Finally, one metal {e.g. sodium) may displace another
metal (e.g. potassium) which would otherwise be
immobiie and bound in a stable mineral form, such
as illite. Minerat inclusions may also coalesce as the
carbon matrix recedes to form particles larger than
the individual inclusions. The physico-chemical pro-
cesses involved in the release of toxic metals may thus
be quite complex. It may be kinetically controlled,
and the overall amount of a toxic metal released
may, under certain citcumstances, 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
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the toxic metal and potential scavenging agents, such
as clays and glasses, is formed. It is not surprising,
therefore, that (upon heating) much of the toxic
metal will react with the clay and only a little will be
released to form a condensable vapor. This has been
experimentally confirmed for lead/montmorillonite
clay mixtures by Eddings and Lighty.'*? Their study
showed large deviations from simple equilibria based
on selected pure condensed phases, during the heat-
ing of inorganic mixtures. The work of Quenecau ef
al ¥ addresses the thermodynamics of the vitrified
mixtures likely to bz formed under these conditions,
and is useful where inorganic mixtures are formed,
as shown in Fig. 4.

The primary physical forms of the toxic metals
outlined above (reactive metal compounds, porous
chars, and inorganic mixturcs as shown in Fig. 4)
can then wndergo further transformations to other
physical forms including metal vapors, porous metal
ash particles, cenospheric (hotllow) ash particles, or
dense ash particles. Upon cooling, the supersaturated
vapor may condense on the surfaces of existing par-
ticles, or if sufficient surface area is not available,
homogeneously nucleate to form tiny particles. These
particles will subsequently collide and coagulate as
described in Section 6. Alternatively, there is evidence
that a metal vapor may react on the surface of
existing particles or sorbents. In contrast to the first
two processes (heterogeneous condensation and ho-
mogeneous nucleation), surface reaction does not
require the metals’ partial pressures to exceed their
vapor pressures. These mechanisms and processes
strongly influence the chemical and physical form in
which the toxic metal under consideration enters the
environment. They are likely to depend strongly on
the combustion environment and temperature history
cxpericnced by the metal compound, as well as on
the initial form in which it is introduced into the

H
Vapor Prassura (kPa)

combustion chamber, and on the presence or absence
of other species in the mixture.

The mechanisms depicted by the bold amrows in
Fig. 4 will now be examined in more detail. The
objective is to determine how well we can predict the
partitioning of metals between the various physical
forms shown in Fig. 4, and the various chemical
forms in which each metal can appear.

S, PARTITIONING OF METALS TO FORM AIRBORNE
PARTICLES

The formation of submicron particles containing
toxic metals is a major issue in the incineration of
nearly all metal containing wastes. This section ad-
dresses this issue both theoretically and experimen-
tally. Theoretical arguments are based on equilib-
rium predictions, which are limited to determining
the expected concentrations of only those species for
which accurate thermodynamic data are available.
Equilibrium predictions may be guite incorrect if
important species are omitted from the calculation.
For example, the hexavalent chromium species,
Cr02(0H}, is not included in the calculations pre-
sented here, although very recent results!*® suggest it
may be important under selected conditions. Kinetic
limitations may also prevent these equilibrium pre-
dictions from being followed in practice. For these
reasons, it is imprudent to rely excessively on equilib-
rium predictions, which may not necessarily follow
experimental data. Equilibria, however, do provide
the first step in gaining insight into the behavior of
complicated processes, and for this reason we discuss
them in some detail here.

Experimental results are presented in two paris.
First, we discuss metal release and small particle
formation from various pure metal compounds.
Second, we cxplore data on metal release and sub-
sequent small particle formation from mixtures of
metals. For the latter we draw on the considerable
body of data available on the fate of volatile metals
during coal and coal char combustion, where the
volatile metals are initially present in 2 char matrix
in ¢lose proximity to one another and to other inor-
gamnic species such as silicon. As a practical matter,
therefore, this section of the paper addresses the issue
of how the initial form of the metal might influence
its initial partitioning between bottom ash and air-
borne particalates.

5.1. Theoretical Predictions: Equilibria, Vaporization
and Condensation of Metal Compounds.

As shown in Fig. 4, a likely, but not the only,
mechanism for the formation of small particles en-
ricked in toxic metals, is through the high tempera-
ture vaporization of the toxic mectal constituents
cither as introduced, or after transformation within
the combustor, followed by condensation of the
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supersaturated vapor either around existing particles
or forming tiny nuclei of the metal (compound)
itself. To address this mechanistic route, we consider
first the vapor pressures of selected toxic metal
compounds, since this provides a guide to their poten-
tial volatility.

Figure 5 depicts the vapor pressure of several
toxic metal compounds as a function of temperature.
Nickel and nickel oxides have relatively low vapor
pressures, even at high combustion temperatures.
Therefore, they should not be expected to be easily
vaporized. NiCl; and Ni(CO)a4, however, have very
high vapor pressures at combustion temperatures.
Therefore, these compounds are expected to be easily
vaporized. Cadmium, lead, and their oxides would
also be expected to vaporize in combustion environ-
ments. In general, chlorides of all metals have high
vapor pressures, when compared to their correspond-
ing oxides. Therefore, the presence of chlorine is

W. P. Lmnvax and J. O, L. WENDT

predicted to enhance metal vaporization. Mercury
has appreciable vapor pressures even at ambient
temperatures, and the high volatility of Cr0O,Cl; (a
hexavalent form) is especially noteworthy.

Vapor pressures of pure compounds, however, do
not show which species are favored according to
equilibrium considerations, and do not by them-
selves, predict when and under what conditions con-
densation will occcur. Figures 6a, b, and ¢ present
results from multicomponent equilibria predictions
made by the NASA CET89 computer code.'*” This
code calculates equilibria between a given lisi of
species, and allows only ideal gas mixtures and pure
condensed species. The solutions obtained depend
on the species for which thermodynamic data are
included, and if an important species containing the
element in question is omitted, the prediction will be
quite incorrect. The calculated solutions also may
depend on the mix of metal elements which are
introduced in the initial mixture. For the results
presented here, we have included barium, beryllium,
chromium, lead, mercury, nickel, and silver, but were
unable to find all the necessary data for antimony,
arsemic, cadmium, selentumn, and thallium, which are,
therefore, excluded. The fate of approximately
80 ppin of each metal in the flue gas resulting from
combustion of methane at a stoichiometric ratio
(SR) of 1.2 was investigated. The model used here
does not allow non-ideal condensed sohutions (such
as complex slags and glasses, which are known to be
formed),*? although such models are becoming avail-
able and might be used in future work. Figures 6a, b,
c, and d present the fraction of an element present as
a sum of all condensed species vs temperature.
Figure 6a shows results without chlorine. Excluded
in this calculation are spectes involving more than
one metal, such as NiCr,04 (solid) which at tempera-
tures below 1900 K was predicted to contain half the
nickel and all the chromium when both metals are
present. The species NiQ;H; is responsible for keeping
nickel in the vapor phase until a temperature of
1800 K is reached. If NiO;H; were omitted from the
calculation, nicke] would be in the condensed phase
over the entire temperature range comsidered here.
Addition of chlorine complicates the results consider-
ably. First, there is competition for chlorine between
hydrogen (from water of combustion) and the metals,
taken as a whole. Second, there is competition for
chlorine between the various metal species. For exam-
ple, barium, lead, and silver have a’ greater affinity
for chiorine than do berytlium, chromium, and
nickel, Therefore, it is instructive to examine the.
effect of various amounts of chlorine on the fate of
cach metai in the metal mixture. Figure 6b presents
results for 80 ppm of each of the seven metals in the
flue gas, with the addition of sufficient chlorine 1o
total approximately 560 ppm chlorine (atom) in the
flue gas (primarily as HCl when no metals were
present), or at a molar chlorinefsum of all metal
ratio of 1. This represents the fate of metals when
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there is only a trace of chlorine avaifable. In Fig. éc,
10 times more chlorine has been added, to total
5,600 ppm chilorine (atom) in the.flue gas, or a molar
ratio of chlorine/(sum of all metals) ratio of 10. In Fig.
6d, the amount of chiorine has been multiplied by 10
again, to total 5.6% chlorine (atom) by volume in the
flue gas, or a chlorine/f(sum of all metals ratio) of 100.
This leads to 5.6% HCl in flue gas at 1600 K in the
absence of metals, and this high concentration of
chlorine in an incinerator flue gas prior to acid gas
control is not unusual in practice, and in fact may be
much higher. For all calculations involving chlorine,
the species PbCly (gas) was omitted, since it was
otherwise predicted to be the dominanti lead species
gven at room temperatures, and this has not been
observed cxperimentally, 143148 '

In general; chiorine delays condensation of all
species, but low levels of chierine affect the condensa-
tion of lead and silver preferentially to that of beryl-
livm, chromium, and nickel. Even a tiny amount of
chlorine changes the speciation of the condensed
barium species from the oxide to the chloride, but
the temperature at which condensation occurs is
affected only slightly due to the narrow spread in the
boiling points of the two species. The effect of chlo-
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rine on the fate of mercury is slight, with the mercury
condensing at approximately 500 K for all cases. The
effect of chlorine on the fate of lead is quite pro-
found. Figures 6a through 6d show that even rela-
tively small amounts of chlorine keep lead in the
vapor form (as PbCls) until much cooler regions of
the combustor are reached. In fact, if the species
PbCl¢ were also comsidered as a possible species in
the equilibrium calculation, then predictions would
allow a!] of the lead to remain as a vapor at tempera-
tures as low as 250K. However, Eddings and
Lighty*4* noted the absence of PbCls in their experi-
mental samples. Chromium behavior is especially
interesting, since there is a narrow temperature
window around 700 K, within which CrO,Cls (gas)
is thermodynamically predicted to appear, while on
either side of the window, condensed forms of chro-
mium are favored. Cr(O;Cl; dissociates at tempera-
tures that are below those at which the condensed
form is favored. Because of the importance of chro-
mium speciation (trivalent vs hexavalent), this ele-
ment is discussed in more detail below. Nickel conden-
sation is also affected by the presence of chiorine,
but, compared to lead, the effect is less notable until
higher chloring levels are available. In all cases, the
effect (if any) of chlorine is to lower the temperature
at which there is a transition between vapor and
condensed toxic metal species. For combustion sys-
tems, this implies that chlorine will enhance the
vaporization of metals at low temperatures, and sub-
sequently delay their nucleation and condensation.
The speciation of chromium compounds is ex-
tremely important. Hexavalent chromium (Cr®*) is
considered a potent carcinogen at low concentra-
tions, while trivalent chromium (Cr®*) has a higher
toxicity threshold. Figure 7 shows equilibrium predic-
tions of chromium species as a function of tempera-
ture and chlorine concentration in the flue gas.
Results are for approximately 80 ppm chromium in
the flue gas, and were obtained when other metals
{namely 80 ppm of each of barium, beryllium, lead,
mercury, nickel, and silver) are also present. Large
amounts of chlorine, totaling 2.8% by volume in the
flue gas, are required before significant chlorination
of chromium appears, In Fig. 7, the fractions of total
chromium present as the two hexavalent chromium
species (CrOs and CrOzCl;) are denoted by the two
darker shadings. Of special interest is the predicted
effect of chlorine concentration. A small fraction of
the hexavalent CrQj is formed at high temperatures
under all chlorine conditions. However, Fig. 7 sug-
gests that high chlorine levels might promote the
formation of the carcinogenic hexavalent CrQ,Cl; in
2 temperature window around 700 K (ie. in the
post-combustion zone). Again, it should be cempha-
sized that the equilibrium predictions may not be
realized if either other chromium species not consid-
ered in this calculation are important, or kinetic
rates are too slow o allow equilibrium to be reached.
Homogeneous kinetics may well be insufficiently
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rapid at these low temperatures to form this hexava-
lent species, but catalytic reactions forming hexava-
lent chromium in the presence of chlorine should not
be ruled out. These results suggest that, if hexavalent
chromium is found in incinérator exhausts, in the
presence of chlorine, it may be worthwhile to deter-
mine if it might be formed in hot particulate control
devices, where catalytic processes, forming PCDD
and PCDF compounds for ¢xample, have been
shown to occur.

We have also completed equilibrium calculations
in which the effects of sulfur alone, and sulfur in the
presence of chlorine, were each examined. Appar-
ently, sulfur has little effect on the condensation
temperature of most of the indicated species, al-
though it does change the nature of the condensed
species at low temperatures. In the case of 80 ppm
lead in the flue gas, sulfur without chlorine can
lower the condensation temperature from 1200 K to
1000 K, due to the sulfation of the lead oxide. In the
presence of chlorine, the major effect of sulfur is to
raise the lead dewpoint by about 200 K, because the
sulfate is favored over the chloride at the higher
temperatures. Especially intriguing is the effect of
sulfur on the yield of hexavalent chromium com-
pounds. Asshown in Fig. 7, equilibrium, with about 5
voelume % chiorine in the flue gas. predicts 100%,
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conversion of chromium to hexavalent CrO,Cls, in a
fairly broad temperature window (1000600 K). If
we add sulfur in an amount to equal the chlorine,
the maximum yield of hexavalent chromium is re-
stricted to 719, and this occurs in a very narrow

temperature window at 900 K. At 800 K, Crx(SO,)s

condenses and removes chromium from the system
in trivalent form. Thus, the effect of sulfur in combi-
nation with chiorine is, in some cases, to inhibit the
formation of volatile metal chiorides, and thus fo
raise dewpoints relative to the case with an excess
of chlorine alone.

5.2. Experimental Data on Metal Partitioning 1o
Form Airborne Particles

Results from twa scales of laboratory experimenta-
tion are presented. These consist of a bench scale
drop tube, in which the behavior of individual parti-
cles can be observed, and a downflow laboratory
combustor, in which combustion is self sustaining,
and particle densities and particle/gas environments
are designed to simulate more practical configura-
tions. Discussion focuses on two broad aspects of
the problem: first, the partitioning of mectals when
released into the combustion chamber as pure metal
compounds, and second, the effects of the metals
being introduced into the combusticn chamber mixed
with other compounds. The metal being released
may initially be in a mineral form, hound into a char
or carbonaceous compound, or in contact with other
inorganic compounds such as silicon. The potential
for metal/metal interactions is also explored.

‘5.2.1. Pure metal compounds

Drop tube data were obtained by Mulholland and
Sarofim'*® and Mulholland ef af.,'*® who investi-

gated the formation of small particles from aqueous

solutions of cadmium, lead, and nickel nitrate salts,
which were injected into a hot nitrogen/oxygen envi-
ronment in an exiernally heated tube, as a monodis-
perse droplet (36 um diameter) stream. The experi-
ment was well controlled and isothermal. Resulting
particle size distributions are shown in Fig. 8. These

data are significant, since they show a strong sub-

micron mode for the nickel salt which, according to
the equilibrium predictions in Figs 5 and 6, is not
expected to vaporize at temperatures as low as
those ecxamined cxperimentally (1250K). Con-
sequently, vaporization and subsequent nucleation of
nickel salt can be ruled out, and it is necessary to
propose some other mechanism for the formation of
the submicron particie size mode shown. Further-
more, Fig. 8 shows three distinct medes for each
metal, with the middle mode especially pronounced
for the nickel salt. Mullholland and Sarofim’*® show
that the submicron mode for nickel was formed as 4
consequence of the explosive Frugmentation of
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Fic. 9. Effect of chlorine addition on the lead submicron
number and volume particle size distributions in a labora-
tory combustor (adapted from Scotto et al.'*%).

cenospheres. They conclude that the middle (1.0-
7.0 an) mode was the resuit of the aerodynamic
classification of larger low density cenospheres, and
the residual (7.0 gm) mode was due to dense (unre-
acted) residual metal particles (one per droplet).
Nitrates of lead and cadmium also decompose. Lead
nitrate decomposes by sublimation, and this pro-
duces porous particles of varying density to form the
intermediate mode for that compound. Cadmium
nitrate decomposes as a low viscosity liquid and
forms dense particles with almost no intermediate
particle size mode. Submicron particle formation of
cadmivm and lead is in qualitative agreement with
mechanisms involving vaporization of cadmium and
lead. The existence of a non-vaporization mechanism
for the formation of submicron particles from certain
metal compounds [such as Ni{NQa),] is significant,
since it indicates that the initial speciation of the
metal plays a role in its subsequent fate. A different
nickel salt or compound, for example, might well fail
to form cenospheres, and therefore, fail to explosively
fragment. Converscly, the existence of a submicron
mode does not necessarily indicate that the metal has
passed through & vaporization/nucleation/conden-
sation process. Mulholland and Sarofim showed also
that increasing temperature enhanced the sub-
micron particle size for lead and cadmium, but had
littfe effect on that for nickel. Clearly, submicron
particle formation duc to vaporization followed by
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nucleation and condensation in the sampling probe
is promoted by high furnace temperatures.

Figure 9 presents particle number and volume size
distribution data of a lead aerosol effluent from a
17 kW, 0.15 m LD, insulated downflow com-
bustor in which an aqueous solution of lead acetate
was sprayed through a self sustained natural gas
fiame.148-15% Particles were sampled through a
doubly diluted isokinetic sampling probe and deliv-
ered to a differential mobility particle sizer (DMPS)
in conjunction with a condensation nuclei counter to
determine the particle size distribution. Open circles
represent a particle size distribution taken without
the addition of chlorine, and open triangles represent
data taken with a chlorineflead molar ratio of 2.
These particles are very small, with a peak in the
volume distribution at approximately 0.2 gm dia-
meter (0.08 um in the presence of chlorine), and it can
be seen that the presence of chlorine influences the
particle size distribution measured. PbCl, is much
more volatile than the oxide (see Fig. 5), and the
effect of this is to delay condensation/nucleation
until after cooling and dilution in the probe. Without
chlorine, the particle size distribution has evolved
(by coagulation) inside the furmace, while in the
presence of chlorine, the lead formed an aerosol later
in the furnace or was initially sampled as a vapor,
and then dilution and rapid cooling in the probe
caused nucleation. This resulted in a younger (less
evolved) particle size distribution. The important
thing to note is that the addition of chlorine leads to
sampling a less coagulated, less mature, lead aerosol,
which contains a larger fraction of very small
(<0.1 gm) particles. This occurs because chlorine
delays the condensation of the metal, and lowers the
dewpoint (see Fig. 3).

5.2.2. Mixtures

Mixtures can exert a profound effect on the initial
partitioning of volatile metals. Eddings and
Lighty!*? showed that when lead deposited on clay
was heated in a bed between two screens, significant
deviations from equilibrium occurred and appreci-
able quantities of the metal failed to .vaporize.
Indeed, based on the solution equitibria presented by
Queneau ef al.,>* onec might cxpect that lead would
react with the alumino-silicate compounds present in
the clay. As will be shown later, this facet can be
exploited to help control airborne lead emissions.

The behavior of a volatile metal which is initially
bound in a char matrix in close proximity to other
inorganic minerals can best be examined by revisiting
the release of sodium initially bound in coal (dis-
cussed bricfly in Section 4). Clearly, sodium is not an
identified toxic metal (see Fable 1), nor is a coal or
coat char the most common physical form in which a
metal is introduced into an incincrator. However,
examination of the fate of a volatile metal such as’
sodium in particle environments, such as a char,



166 WP Linak and 1. O. L. WeNDT

TaeLe 9. Concentrations of inorganic elements (as major
oxide) in the ash of twe coals (adapted from Gallagher!%%)

Weight percent Beutah lignite Loy Yang
5i0; 216 7.56
Al; O, 14.5 205
TiO; 0.0 0.005
Fe Oy 12.2 3.61
Ca0 17.1 272
MgO 42 12.9
P;0s 0.0 na
Na;Q 6.1 28.14
K0 0.3 <0.5
S50; 21.1 12.08
Cl na* 309
Percent ash in coal 13.81 244
* Mot available.
10
09 towtomp. _ R
0.5 Loy Yang
07 ] bigh temp.
06 |

Sadium Cumuiative Fraction

D 1 2 3 4 5 L] 7 -] 9
Particla Dizmeter {jm)

FiG. 10. Comparison of sodium cumulative fraction as a
function of particle size for Ayash samples from Loy Yang
and Beulah lignite coals (adapted from Gallagher et af.*%).

does provide useful information on how the physical
and chemical forms of both the metal and contiguous
neighboring species influenice the release of the metal
into the vapor phase.

The release of potassium and sodium during coal
combustion has been studied by a number of
investigators,*® 121158 and may shed light on what
might be expected for toxic metals organically bound
in the coal char or solid phase of other fuels or
wastes. Furthermore, studies on silica ash vaporiza-
tion from synthetic chars'*? yield informatign on the
importance (or lack of importance) of reducing reac-
tions in this process. Qrganically bound metals, such
as sodium bound to the carbon atoms in char, are
released at temperatures far in excess of those at
which sodium salts, oxides, and hydroxides devolatil-
ize.*! In fact, during coal char combustion, organic
sodium reiease may not occur until char buraout is
well under way. Thus, the vaporization of sodium
under these circomstances has Litle to do with the
vapor pressures of sodium salts. Sodium or potas-
sium, originaily bound in minerals, such as silicates,
alumino-silicates, or illites, would not be expected to
vaporize at combustion temperatures but, as we shalf

see presently, potassium can be displaced by certain
metals.

Considerable insight can be obtained by compar-
ing the behavior of sodium released during the com-
bustion of two very different coals. Gallagher'*®
examined two coals including a low rank Australian
coal {Loy Yang) and a low rank North American
coal (Beulah ligaite). Table 9 summarizes the minera)
matter content for each of these coals. The Beulah
lignite contains significant amounts of both sodium
and silicon in the mineral matter, while the Loy
Yang has sodium present with very little associated
silicon. The total amount of sodium in the Beulah
lignite is greater than that in the Loy Yang, although
in both cases the majority of the sodium is acid
soluble, meaning that it is nof already bound (as in
nephalite) with silicon and aluminum. Although the
Loy Yang contains significant amounts of chlorine,
the sodium is not present as raw sodium chleride.
Srinivasachar et af,** have showed that, while chlo-
rine is released rapidly at low temperatures (approxi-
mately 1000 K), the sodium for both the Loy Yang
and the Beulah lignite is released at much higher
temperatures (1800 K). Figure 10 presents the frac-
tion of the total sodium ultimately found in sampled
ash particles up to 9 gm in diameter.*® If we assume
that sodium in particles less than 0.7 um originated
from a vaporizationfcondensation mechanism, then
we can conclude that, while over 80%, of the Loy
Yang sodium passes through this mechanism, less
than 12% of the Beulak lignite sodium suffers the
same fate, This 0.7 yum particle size might seem
arbitrary; however, Section 6 will show that small
combustion nuclei tend to accumulate (by coagula-
tion) into a size range of approximately 0.5-1.0 um,
Furthermore, while the fate of sodium from the Loy
Yang is roughly independent of temperature, vapori-
zation of sodium from Beulah lignite decreases with
increasing temperature. That is, higher temperatures
cause more of the sodium to be shifted toward the
larger particles. Other data'®’ showed that some of
the sodium ultimately appeared as a sodium
atumino-silicate {NaSi0;A1:03). Thus, the release of
sodium into the vapor is governed by a competition
between the mechanisms promoting release and those
promoting capture by alumino-silicates. Gallagher! 3®
has shown that the release of sodium, and its sub-
sequent capture by silicon depend on temperature in
various, complicated ways. Organic sodium is re-
leased into the gas phase by two mechanisms: first,
through release (vaporization) inside the char particfe
with subsequent diffusion te the outside and second,
through release at the outer layers of the char particle
as the neighboring carbon atoms are oxidized to
form gaseous species. When the char oxidation reac-
tions have a weak temperature dependence (film
diffusion centrolied regime), the amount of sodium
ultimately able 1o condense from 2 vapor in the
combustor will decrease with increasing temperature.
This is because the sodium release process then has a
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weaker temperature dependence than the sodium
capture process.”**'®? When, on the other hand,
char burnout has a high activation energy (pore
diffusion controlled or kinetic controlled regime),
the overall sodium releasc mechanistn has a higher
activation energy than the capture mechanism, and
the amount ultimately ablé to condense from the gas
phase increases with increasing temperature.'®®
Thus, there is an interaction between char burnout
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kinetics and the temperature dependence of sodium
released. For the Beulah lignite, the capture mecha-
nisms have higher activation energies than the release
mechanisms; therefore, the fraction of sodium cap-
tured will increase with temperature. The Loy Yang
contains minimal quantities of alumino-silicates to
capture sodium; therefore, the amount released into
the vapor is not dependent on temperature. It is
possible that for other coals, the overall release rate
of sodium from the char may have a higher activation
energy than that for the sodium capture reaction, in
which case the overall temperature dependence of
the net amount of sodium released will be opposite
to that observed for the Beulah lignite.

These results suggest that the fate of sodium, and
possibly other volatile toxic metals, is determined in
part, by its proximity to alumino-silicate compounds.
Figure 11a*° shows that for numerous coals, the
fraction of sodium ultimately found in the small
particle size range { <0.43 ym. diameter, and assum-
ably previously vaporized) can be correlated with the
ratio of acid soluble sodium divided by the amount
of total silicates. The size of the silicate inclusions
may also be important, since surface area may influ-
ence the fiux of alkali to the inclusions during burn-
out, 18 Clearly, the presence of silicates together
with a vaporizable metal has a great influence on the
fraction of that meta] which enters the gas phase and
ultimately nucleates or otherwise contributes to form
submicron particles in the exhaust.

The discussion above has been restricted to acid
soluble sodium; that is, organically bound alkali
which would be expected to be released into the gas
phase at combustion temperatures. One might expect
that similar mechanisms might be used to describe
the fate of potassium, but this is not the case, as
shown on Fig. 11b. Unlike sodium, the release of
potassium does not correlate with the acid soluble
portion of that constituent divided by total silicates.
However, the fraction of potassium vaporized does
correlate with the fraction of sodium vaporized as
shown on Fig. 12. Here, appreciable amounts of
potassium originally bound with silicates (as illite) is
unexpectedly released to form small particles. It
would appear that mobile sodium is able to displace
mineral bound potassium, which would not other-
wise be expected to vaporize. Bench scale studies'>®
have confirmed that this occurs when both sodium
and chlorine are available in the gas phase, but not
in the ‘absence of either one of these constituents.
The significance of these data to the fate of toxic
metals is that it might be unwise {0 assume that once
a metal is bound to a silicate it must remain bound
there forever, These data suggest that such a bound
metal can be displaced, and mobilized, by another
metal vapor. Whether this same phenomenon occurs
with toxic. metals is not yet known, but could be the
subject of future rescarch. For example, it might be
interesting to extend the studies of Eddings and
Lighty'*? to cxamine the vaporization of lead from
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a lead/montmorillonite clay mixture, both in the
absence and presence of sodium and chlorine.

Recent results'®! suggest similar (limited) lead re-
lease from anitrates, chlorides, and sullates which
were dissolved in water with trace organic contarnina-
tion, and adsorbed on montmorillonite clay sorbent.
The purpose of these experiments was to investigate
metal release during the thermal treatment of soils.
Substantial release of cadmium and copper were
observed, but the initial speciation did not seem to
be important in these experiments, where large
amounts of sorbent-like material were always avail-
able. Work on the release of various metals from
contaminated soils is continuing,

5.2.3. Summary

Clearly, the vaporization and release of “volatile’
metals is not completely determined by the vapor
pressure of a few simple species containing that
netal, although that information is helpful especially
regarding the possible influence of chlorine. The
overall metal release process may become quite com-
plex when metals are present together, when they are
associated with silicon compounds, or when they are
chemically bound within a char matrix. Release then
involves complicated chemistry between the inor-
ganic species, and is coupled to the oxidation rate of
the organic char, if present. Equilibrium predictions
alone may be very misleading, stnce the initial specia-
tion of the metal is clearly very important (note the
reliance on ‘acid soluble’ to denote ‘potentially
mobile” sodium for the coals). Additionally, the pres-
ence or absence of nearby alumino-silicates, the pres-
ence or absence of other metal species, and chlorine
can all play a rote. The laboratory combustor data
on lead particle size distributions both with and
without chlorine present (Fig. 9) clearly illustrate the
need to understand not oaly how the metal may
vaporize, nucleate, condense, or otherwise form small
particles, but also how that particle size distribution
might evolve as it is carried through the combustor
SCC, and to the APCS. This is the subject of the
next section.

6. AEROSOL DYNAMICS IN THE COMBUSTION
CHAMBER :

Aerosols are suspensions of liquid or solid particles
in gases. Aerosol particle sizes range from nano-
meters to tens of micrometers. The previous discussion
has shown that the impact of metals on the environ-
ment is determined in part by the metal aerosol
particle size distribution (psd). Depending on the
time/temperature history, combustion environment,
and the presence of other constituents, many metals
will vaporize at high temperatures near the Hame,
and subsequently nucleate or condense at lower tem-
peratures downstream. These metals will form a sus-
pended aerosol along with particles which are gener-
ated by other mechanisms. These are all convected

along with the exhaust gases and can undergo various
physical transformations which further influence the
particle size distribution. An equation of convective
diffusion can be derived. This equation represents a
particle material balance over a volume fixed in
space and can be written as:

a
6_n +Vny =V.DVn—V.nc+ R,
t

m—.! Sﬁc_l (3)
where n{p,x,r) (m™?) is the number size distribution,
and where n(p,x,t) dv is the number of particles per
unit volume (m™?) in the particle volume range, v to
v + dv, at position, x, and time, ¢, Particle volume, p,
is used, rather than particle diameter, d,, since for
many simple theories employed here, total particle
volume is a conserved quantity. The gas velocity is
given by v (msec™t), D is the Fickian particle diffu-
sion coefficient (m? sec™'), and ¢ is the particle migra-
tion velocity resulting from external forces including
gravity (m sec™'). R,(n,x,1) represents the net source
of particles of size v, at position x, and time 1, and
includes several other internal physical processes
which generate those particles. These internal pro-
cesses include:

coagulation, which leads to particle growth due to
particle adhesion or agglomeration, thus changing
the psd, while conserving the total volume {or mass)
of particles;

condensation, which changes the psd because of
particle growth caused by mass transfer from the gas
phase to an existing condensed phase; and

nucleztion, which allows the formation of new
particles directly from the gas phase.

Thus:

R, = Rcon'. + Reona. + Ruual m? secl, (4)

Other possible mechanisms include those in opposi-
tion to coagulation and condensation (fragmentation
and evaporation), and sources other than nucleation
{(entrainment). Possible aerosol sinks include settling,
inertial impaction, rainout, washout, diffusion to
surfaces, and thermophoresis. Equation (3) is the
continuous general dynamic equation (GDE) which
describes the spatial and.temporal evolution of a
particle size distribution function, n{v.x,f), including
convective and diffusive terms. We are left to develop
appropriate terms that account for the individual
mechanisms and determine a solution or approxima-
tion te the GDE using appropriate initial and bound-
ary conditions. Further discussion of coagulation,
condensation, and nucleation processes follows,

6.1. Coagularion

0.1.1. Mechanisms

While coagulation (and {rapmentation) processes
modify the number density and size distribution of
an aerosol, they cause no change in the total aerosol
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mass (or volume) concentration. Formulation of the
correct form for Resg. in the (continuous) GDE, can
be achieved by first considering a discrete formula-
tion for tracking particle collisions and growth by
coagulation as functions of time and particle size as
follows: Particles of size (volume) & are formed
through collision of particles of size (volume) & — §
and size (volume) i (assuming that all collisions result
in coagulation). They are also formed through the
fragmentation of particles of size k + i into particles
of sizes k and i. Particles of size & are lost through
their collision with any other particle or by frag-
mentation into particles of sizes 7 and f. For present
purposes, we shall neglect fragmentation of the
submicron and small supermicron particles Let Nj;
be the number (frequency) of collisions per umit
volume and time between particles of sizes { and j,
given by:

Nij = Bijn; m~sec™!  (5)
where n; and »; are the number concentrations of
particles of sizes i and f, respectively (m™), and f., is
the collision frequency (m?sec™!), expressions for
which are given later. Keeping track of the number
of particles in each bin size, &, the rate of formation
per unit volume of particies (size k) by coagulation
can be shown to be:

dm Ik [}

—&;zilzlﬁ,k g - — lziﬁsk"nk m- Sﬁc (6)

where m is the maximum particle size in the distribu-
tion (oo). The factor 1/2 is included in Eq. (6) because
collisions are counted twice in this summation. Equa-
tion (6) is the discreie coagulation equation for part-
icles of size k. We extend this development to the
continuous distribution function, n{v,x,!) by defining
f(p,v") as the collision frequency between paiticles of
sizes v and ¢’, and converting the discrete summations
to continuous integrals, thus:

Reasg. = %j B’ v - v yne x O n(e — o x,0dy

[

- J Bv" v) nl(v,x 0 n(v x,0) dv’

[v]
m3sec! (7)

Equation (7) represents the scurce term describing
coagulation for the continucus distribution function
in the GDE (Eq. (3)). When ihe time rate of change
of a(v,x,0) is set equal 10 Roose. solutions to the
resulting ODE represent either the time dependent
change in the acrosol size distribution (due to coagula-
tion) in a control volume; in the absence of convec-
tion or wall deposition or other internal processes,
or alternatively, they represent the Lagrangian time
dependent evolution of an aerosol, through coagula-
tion only, in a parcel of fluid, traveling in stcady
‘plug flow’ through a duct.

In combustion flue guses. the gas moelecular mean
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free path is of the order of 0.1 gm. This turns out to
be of the same size order as the evolving aerosol.
Therefore, in developing appropriate expressions for
the collision constant, one must consider transport
phenomena in the free molecular regime (Kn =
2Lid, » 1), in the continuum regime (Kn < 1), and
in the transition regime between the two {(Kn = 1),
where /, is the gas mean free path. Development of
different forms of the collision frequency function
are. given by Friedlander.*®? For example, particles
smaller than approximately 2 gm (diameter) collide
as a result of Brownian motion. For spherical par-
ticles much larger than the gas mean free path
(Kn <.1), particle collision is Brownian diffusion
limited, and S(z,v') takes the form:'6?

dp + dy
2

fv,e") = 4n(D + D’)( ) m? sec!  (8)
where D and D', and d, and 4, are the diffusion
coefficients and diameters, respectively, of the two
particles of interest. Using a Stokes—Einstein formula-
tion for D and D' yields:

2T 1 1 .
N o= o 13 F143
Blv,v") _S,a (0”3-!- ,m)(u + o113
En<l m? sect  (9)

for the continuum regime where &, 7, and g are the
Boltzinann constant, temperature, and vicosity of
the gas, respectively. Typically, the particle Brownian
motion diffusion cocfficient is much smaller than
that for gas diffusion. The function f(r,0") is a mini-
mum when v = v' and increases for coagulation of
particles of unlike size.*%* For particles much smailer
than the gas mean free path (Kn » 1), particle col-
lision is described by the kinetic theory of gases and
molecular collision:

116
ﬂ(vav') = ('_') (GkT) ( (D”-.’ + UIH)Z
4 )

(10)

where p,, is the particle density (kg m™). For transi-
tion (Kn = 1} between the free molecular and con-
tinuum regimes, Fuchs'®* proposes an interpolation
formula for B(v,v’) which is not given here. Note
how the coagulation constants for both the con-
tinuum (Eq. (9)} and free molecular (Eq. (10))
regimes depend approximately on the square root
of the combustion gas temperature (i.c. weakly).
Certain coagulation problems can be solved using
a similarity transformation for the size distribution
function. #5166 Ag explained by Friedlander,'®* this
similarity transformation is based on the assumption
that the fraction of the particles in a given size range
is a. function only of particle volume normalized by
the average particle volume. Thercfore, the time
taken to reach the ‘self preserving' form depends on
the shape of the initial distribution. “Self preserving’
means that the shape of the particle size distribution

Kny» 1 m? sec!
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FiG. 13. Predicted evolution of lead oxide nuclei particles
via coagulation in a post-flame combustion environment.

{psd} no longer changes, although the psd may move
laterally along the particle size axis. The similarity
transformation can be made for all coagulation
mechansims in which the collision frequency is a
homogenecus function of particle volume (i.e. for
both continuum and free molecular regimes). The
practical advantage of self preserving psd theory is
that it allows amalytical evaluation of the total
number of particles, their average size, and the psd,
as a function of time, if corresponding data at any
one time are available.

When {wo molten metal particles coagulate, they
will coalesce to form a single sphere of larger dia-
meter. The surface area per unit mass will decrease.
When two solid spherical partictes agglomerate, but
do not lose their initial shapes, the total surface area
per unit mass does not change. Koch and Fried-
lander*®” developed a theory to account for the
differences in coagulation behavior observed when
combustion aerosols uaderwent a transition from
viscous molien to solid states. The agglomeration
process for non-molten solids was further analyzed
by Matsoukas and Friedlander'®® who cxtended the
self preserving psd theery to account for differing
fractal propertics of the agglomerated structures

formed. They derived the important result that
the average ‘size’ of the agglomerate, d;, is given
by:

dP -~ dpﬁ ’(Cl")

where dy, is the primary particle size, { is the volume
of aerosol material, and y <  for agglomerates with
a fractal dimension less than 3. As a practical matter,
this reans that, for a given particle concentration
and time, the size of long chain-like particles (which
have fractal dimensions less than 3) will increase as
the size of the primary particles decreases; this result
becomes more pronounced for agglomeration pro-
cesses in the free molecular regime. This has implica-
tions in the formation of chain-like agglomerates
from initially tiny nuclei, and suggests that these
agglomerates can approach sizes of 1 gm diameter.
Sizes larger than 1 zm have not been observed as a
result of this process.

While Brownian motion has been widely studied
and is the most appropriate mechanism to describe
the collision and coagulation of small particles of
interest in a combustion environment {d, < 2 um),
other collision mechanisms including turbulent shear
and differential sedimentation are possible and
become important for larger particles. Friedlander!$?
and Levich'®* discuss these mechanisms and present
functional forms for their collision frequencies.

m (i)

6.1.2. Predictions

Gelbard and Seinfeld!"® developed a multicompo-
nent aerosol simutation code (MAERQS) to describe
particle dynamics. This model can be applied to
varions environments including an aerosal evolving
within a combustion or incineration system. The
MAEROS code, and the previous single component
version AEROSOL, 71"1"* simulate the dynamics of
a spafially homogencous aerosol. The algerithms
solve the GDE and can include terms to describe:
coagulation due to Brownian motion, gravity, and
turbulence; particle deposition due to gravitational
settling, diffusion, and thermophoresis; particle
growth due to condensation of a gas; and time vary-
ing sources of particles of different sizes and chemical
compaositions. MAEROS is intended as a general
tool to supply necessary algorithms to sclve the
GDE for aerosol and other particulate systems. It is
up to the user to configure the algorithms as neces-
sary to apply to a particular environment of interest.

Figure 13 iilustrates the predicted evolution of an
acrosol due to coagulation only. The MAEROS code
was used in which the particle size domain {(d, =
0.001 to 200 zm) was divided into i3 gcomctrically
equal sections or bins, Coagulation was the only
mechanism considered; all other mechanisms (conden-
sation, nucleation, deposition, ctc.) were disabled. At
time zere, an initial mass of 500 mg m * was assigned
to section 2 (d, = 0.0021 0.0046 ym) to simulate the
nucleation of a submicron fume. This acrosol was
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F1G. 14. Predicted evolution of lead oxide nuclei particles in

the presence of a simulated sorbent via coagulation in a

post-flame combustion environment.

assumed to have the properties of lead oxide, produc-
ing a number concentration of 4.0 x 10'® m™, Based
on experience with coal combustion aerosols, and
current RCRA particulate regulations of 180 mg m™>
after control, these initial conditions were deemed
appropriate to model aerosol evolution through a haz-
ardous waste incinerator. System pressure and tem-
perature were maintained at 1.01 x 10° Pa (1 atm.)
and 810K (l1000°F) to simulate post-flame condi-
tions. The code does allow for changes in both
pressure and temperature with time; however, this
added complication was not deemed important be-
cause the dependence of § on temperature is only
T2 This effect is small compared to the number
concentrations used i Eq. (7), and further, a con-
stant (high) temperature only tends to increase coagu-
lation rates compared to those seen using a decieas-
ing temperature profile. Following the initia! distribu-
tion, Fig. 13 presents six mass distributions which
follow the evolving aerosol through six orders in
time (¢ = 0.1, 1.0, 10, 100, 1000, 10,000 sec). Note
that coagulation does not change the total aerosol
mass and that the areas under all scven curves repre-
sent 300 mg m 3. Number concentrations, however,
arc affected, and Fig. 13 shows that at 0.1 sec the

number concentration has fallen approximately 2
orders of magnitude (2.3 x 10'° m™?), and the aver-
age particle size has grown to approximately 0.03 ;m.
At 1.0 and 10.0 sec the distributions have grown
only slightly farther into the &, = 0.01-1.0 gm range,
This is important, as these times represent a range of
typical residence times within combustionfincinera-
tion systems. In fact, even after 10,000 sec (2.8 h) the
average particle diameter is only approximately
10um with a number concentration of
1.5 x 10'* m™3, Thus, as can be seen from Fig. 13,
aerosol nuclei tend to coagulate very quickly at small
times, due to the dependence on two rather large
number concentrations (Eq. (7)), and then, at larger
times, as number concentrations fall, coagulation
slows considerably causing the aerosol to accumulate
into a mode approximately between o, = 0.1 and
1.0 gm, As discussed previously, particles in this size
range exhibit minimum collection efficiencies in most
APCDs. This characteristic distribution of a coagutat-
ing aerosol has been termed the accumulation mode.
Note that the coagulation mechanism does not in-
clude the effect of differing fractal properties of the
agglomerate formed, as developed by Matsoukas
and Friedlander.**® It has been assumed here that
only spheres result from the coagulation process.
Figure 14 presents a second set of model calcula-
tions which predict the evolution of the same fume
aerosol as in Fig. 13 but now in the presence of an
aerosol of a larger size. These calculations are in-
tended to simulate coagulation between an aerosol
nuclei (toxic metal) and a sorbent which might be
introduced in an attempt to remove particles from
the accumulation mode where they are most difficult
to collect. This simulation was conducted under the
same conditions as those described previously with
the addition of 500 mg m~? of mass into section 11
(d, = 2.0-4.4 ym) (total mass = 1000 mg m~3). Evi-
dent from Fig. 14 is that coagulation between the
evolving nuclei and the sorbent is very slow, and the
small particles grow as if the sorbent were not
present. Again, this is due in part to the large differ-
ences in number concentrations, At time zero, nuclei
are present in concentrations of approximately
4.0 x 10 m™. Sorbent particles are present in con-
centrations of 4.7 x }0% m2. This difference encour-
ages nuclei-nuclei coagulation even though Slv.w") is
a mumimum when v = v" (Eq. (9)). Thus, it would
seem that the use of a sorbent to scavange submicron
toxic metal particles through coagulation is not possi-
ble in the times available. However, as has been
described in previous sections, mechanisms other
than coagulation may allow sorbents to be utilized
to remove aerosel 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 Fig. 14 shows
very little nuclei/sorbent interaction, fine particle co-
agulation and diffusion to the coarse mode are com-
petitive processes. Friedlander ef af.' 7> reasoned that.
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since diffusion and coagulation are first and second
order with respect to particle number concentration,
respectively, one should expect the following qualita-
tive behavior. If, as presented in Fig. 14, particle
nucleation results in a large initial oumber
concentration, then coagulation will Jominate, caus-
ing the nuclei to grow into particles with low diffusivi-
ties and little possibility to be scavemged by the
coarse mode particles. If, on the other hand, nuclea-
tion results in a small initial nuclei aumber con-
centration, nuclei/nuclei coagulation rates will be
small, the nuclei mode will not grow substantially
but, provided sufficient residence time is available,
will diffuse to, and be scavenged by, the coarse mode
particles. Thus, using the self preserving size distribu-
tion theory, Friedlander ef ai'™5 argue that signifi-
cant scavenging of nuclei by coarse mode (sorbent)
particles is possible if the diffusion time {see Refs 17
and 175) is small compared to the restdence time;
and the mass of the fine mode is below a threshold
value for a given coarse mode acrosol.

6.1.3. Experimental resulis: coagulation mechanisms

Matsoukas and Friedlander'5® have investigated
the dynamics of the formation of metal oxide agglom-
erates from magnesium and zinc salts that were
introduced into a flat flame. They also developed a
theory for the agglomeration of fractal-like particles
(chain-like and non-spherical particles) in the free
molecular regime. Characteristic dimensions of the
agglomerates followed a self preserving size distribu-
tion and, in agreement with theory, increased as the
size of the primary nuclei particles decreased. Experi-
mentally, the MgQO agglomerates were more than
twice as large as the ZnO agglomerates, where the
Zn0 agglomerates were composed of primary nuclei
particles. that were two to four times larger than
those forming the MgO agglomerates. These authors
also showed that the size distributions were wider
than those for coalescing spheres.

The acrosol dynamics of lead oxide (Pb() particles
formed in a bench scale flame reactor have been
investigated by Biswas and co-workers at the Univer-
sity of Cincirnati.1™-!7® Sethi and Biswasi?6:17’
focused on the competition between condensation
and coagulation as the dominant growth mechanism
when cither lead acetate or silicon tetrachloride was
introduced into a bench scale flame incinerator. They
concluded that the dominant growth mechanism for
the lead aerosol was condensation around existing
(lead) nuclei, while that for the silicon aerosol was
coagulation. Subsequent work on the lead/flead oxide
acrosol from a bench scale flame'”® supgested that
key parameters governing the evolution of the aero-
sol size distribution were the temperature history of
the system, chemical reaction rates (iead to lead
oxide), and the surface tensions of the various spe-
cies. The idea that combustion conditions influence
the resulting metal acrosol is further corroborated by

the theoretical predictions of McNallan ef ol 142 and
by the experimental data of Scotto et af.,** which are
discussed further in Section 6.3.

6.2. Condensation
6.2.1. Mechanisms

When supersaturation pressure of gaseous specics
are relatively low and large numbers of existing
particles offer sufficient surface area, particle growth
through heterogencous condensation may occur.
Heterogeneous condensation does not affect the aero-
sol number concentration, but allows for mass (or
volume) addition through prowth of existing par-
ticles. Heterogeneous condensation of a species onto
the surface of an existing aerosol can be described by
the combination of a source term or growth law,
Ko}, which describes the size dependent driving force.
for mass addition through condensation for particles
of size v (including chemical and physical properties
of the system) times the number density of particles
of size v, n{v,x,f), at position x, and time £

Regna. = ;Utv)n(v,x.n] m> sec™t (12)
U

where f(v) = dv/dt has units of m™ sec’!. Growth
laws for diffusion, molecular bombardment, surface
reaction, and droplet phase reaction are given by
Friedlander.!¢? For example, as with coagulation, in
the continuum regime (Kn <€ I) growth is limited by
the rate of transport of a condensing species to the
particte surface. The rate of diffusional condensation
of a species i on a single particle of (constant) size, o,
for the continuum range, is derived from Fick’s Law
in a quiescent medium as:

2?Td pD im
T

F(dy) = P7 — P

Kn <1 gmol sec?! (13}

where Dig, is the pseudo binary diffusion coefficient,
R is the gas constant, and P{® and F{™ are the
condensing species vapor pressures far from and
near the particle surface, respectively. Depending on
the particle size and the nature of the condensing
species, Pf* may be influenced by the Kelvin Effect
which results in an increase in the equilibrium vapor
pressure inside capillaries and over curved compared
to flat (exterior) surfices, and the Solute Effect,
whereby mixtures in solution tend to lower the indi-
vidual equilibrium vapor pressures compared to pure
species. Multiplying Eq. {13) by thc gram-molar
volume of the condensed species (M.ifp} yields the
growth law with appropriate units as: )
dv 21’(an W;Dim

oy = = = "= ey - e
dr mRT

Kn <1l misect(14)
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where M,; and p; are the condensing species molecu-
lar weight (kg gmol™) and density (kg m™3), respec-
tively. For particles much smaller than the gas mean
free path, the rate of condensation is given by molecu-
lar interactions and kinetic theory:

ord;
Mdy) = ————(PP — P
v (ZanRT)”z(
Kn» 1 gmol sec™'(15)
and:
de
fo) = —
di
Mwi
= ﬂ— (Pi° — P
plZaM s RTY?
Knp | m? sec™! (16)

where ¢ is an accommodation coefficient which is
determined experimentally (or assumed to be unity).
In the development of these growth laws, several
assumptions were made including: ideal condensing
gas, negligible temperature effects due to latent heats
of condensation, particle and condensing species
have -similar densities, and negligible diameter
changes due to condensation (thin film approxima-
tion). As with coagulation, an interpofation formula
has been developed to approximate the rate of con-
densation over the transition range (Kn = 1).18!

The mass fraction of a condensed species, Wi(d;),
is given by the mass condensed (in time, 1) on a
particle of size 4, divided by the particle mass:

M wiJ~ Rdp)de
)

pVi(dﬂ) = (17)

I
g deg

Different condensation mechanisms will yield dif-
ferent dependencies of Md,} on ;. In the cases that
follow, it is assumed that d, does not change appreci-
ably with time {thin film approximation). Continuurmn
film diffusion (Eq. (13)) yields M(dp) ~ d, thus:

Wid,) ~ 1/dz fn <1 {18)

while free molecular film diffusion (Eq. (15)) yields
Fld,) ~ &%, and thus:

Wid,) ~ 1/d, Kn» 1. (19)

Species i may also react at the surface of a particle
of diameter, 4. The reaction rate at the surface per
unit area, R; is given by:

kr
R,‘ =

= P gmol m2sec! (20)
RT

where k& (m sec™?) is the surface reaction rate cocffi-
cient and £ is the partial pressure of species 1 at the
surface, Note that Pf may be much less than P§
altowing this process 1o occur at temperatures higher
than the dewpoint. Considering both continuum dif-

tusion and surface reaction, the flow of species i to the
surface is given by:
nd? 1
Fid)y = — (—-—) P gmol sec!
YT RT\1 4, @1

ke 2D

which reduces to Eq. (13} for &k, » 2Din/d, (diffusion
controlled regime), and consequently, a 1/d2 depend-
ence for Wi(d,). Under external surface reaction con-
tralled conditions (k; <€ 2Dvwfdp):

knd:
F{d,} =
{d, RT

P gmol sec™' (22)

leading to:

2D im

Wid) ~ \jd, when: k< (23)

P

For the free molecular regime, Haynes et al’?

showed that reaction coatrolled conditions occur
when the probability, g, of reaction upon collision of
a molecule of species i with the surface is much
smaller than the Knudsen number. According to

molecular collision theory (see Haynes et al.”?):
Dim
k=1 msect (24)
2.6l,

which shows that &, does not depend on particle size.

The particle may be porous, in which case diffu-
sion/reaction interactions inside the particle become
important. The true intemal surface area per unit
mass, § (m? kg'), does not depend on d, and the
flow of species i from the surface into the particle is
given by: .

da petSk.
Ay Pok 2

Fld) = i  gmolsec™ (25)
? 6RT

where £ is the effectiveness factor'®? and k&, (m 57!} is
the true intrinsic reaction rate coefficient. The effec-
tiveness factor, g, depends on the Thiele Modulus
[fp = dof2(poSkefD)Y?] and, for ky > 3 (ie. pore
diffusion controlled conditions), € = 1/, or: -

2( p. \'*
dp \ppSik:

and Pt = P if film diffusion is neglected. D, is the
effective diffusivity (m? sec™!} within the particle, and
depends on molecular and Knudsen diffusivities as
well as porosity. Inspection clearly shows that under
pore diffusion controlled conditions:

M I 73Sk, P

(26)

orT |
Wildy) = ——— -

i
gppdg

whent by > 3 (27}
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FiG. 15. Film condensation of sodium on coal ash particles

in the free molecular and continuutm regimes showing 1/d,

and 1/d% dependencies, respectively (adapted from Neville
and Sarofim!3!).

which is similar to the external surface reaction con-
trolled case. This is not surprising since pore diffu-
sion control implies that reaction takes place close to
the surface, but inside the particle.

In summary, a metal species which either con-
denses or reacts on or near the swiface of a particle
will demonstrate enrichment on small particles.
Under a thin film approximation [dp # di{#)], the
overall metal concentration, ¥;, on the particle will
depend on d}, as:

Wi~ — (28)

either for condensation (P > PP around particles
whose diameters are much greater than the mean

free path of the gas (d, » [), or for conditions of*

continuum diffusion controlled surface reaction,
where, P may be less than PI™. Alternatively:

Wi“"—
dp

(29)

either for free molecular condensation (P > PP)
around small particles whose diameters are smaller
than the mean free path of the gas (d, < &), or for
external surface reaction conirolled conditions, for
all particle sizes, large and small, where PP may be
much less than P™; or for pore diffusion controlled

reaction inside the particle, for all particle sizes where -

PP may be less than P7™. For reaction controlled
conditions inside a very porous particle (e = 1), there
is no dependence of d;, on W (i.c. no enrichment).

6.2.2. Experimental results: condensation and surface
reaction mechanisms

The theory presented above, suggests that different
condensation mechanisins can lead to different de-
pendencies of metal concentration with respect to
particle size. In this section, we present sxperimental
data on what metal condensations mechanisms are
actually observed in combustion processes. Figure 15
depicts, for sodium in coal flyash, a 1/d, dependence
in the free molecular regime and a /42 dependence
in the continuum regime.'** This suggests that film
condensation is the mechanism controlling sodium
enrichment in these particles. Gallagher et al*® found
that the slope of the 1/d? dependence in the con-
tinuum regime, decreased with increasing tempera-
ture. This phenomenon was attributed to sodium
capture by silicon. Neither the larger particles
{do > 4um) nor the very small particles
(@, < 0.4 ym) followed a 1/d} dependence, probably
because significant amounts of sodium were present
in the builk particles of both size extremes. Biermann
and Ondov®” suggested that for coal, a 1/47 depend-
ence for arsenic, selenium, and tungsten was superior
to a 1/d, dependence, over a particle size range from
0.1 through 10 gm, although both correlations coin-
cided for dp > 0.8 gm. Davison et al.,>? and Haynes
et al.,”® on the other hand, both strongly suggest
that many toxic metals (arsenic, nickel, and cadmium
in Davison's study and arsenic, antimony, potassium,
manganese, vanadiurn, and tungsien in Haynes'
study) followed a 1/d, dependence rather than a 1/d?
dependence over particle sizes 0.4 g < d < 10 gm
(i.c. over the continuum range). Haynes, in fact, cor-
roborated the 1/d% dependence of other researchers
for sodium, but found that to be the exception.
The 1/d, dependence for toxic metal enrichment
under continuum conditions is very significant, since
it suggests that many toxic metals may be reactively
scavenged by existing flyash particles as opposed to
merely being condensed on them. This may have a
significant positive bearing on both the potential
capture of trace quantities of toxic metals in the
vapor phase and the potential water leachability of
toxic metals in the collected ash. In conclusion, the
data show that surface condensation can account for
the sodium mass contribution to the mid particle size
range, although very small particles may consist of a
sodiumn fume, and large particles may contain sedium
distributed throughout. Many metals on the other
hand appear to be reactively scavenged or chemi-
sorbed on existing particles, although the generality
of this hypothesis remains to be established. This
topic will be addressed again later.

6.3. Nucleation

Selfnucleation, or homogencous condensation,
changes both the aerosol number and mass (or
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FiG, 16. Effect of temperature quench rate on submicron

flyash particle composition from coal combustion {adapted
from Scotto ef al *%).

volume) concentrations, through the formation of
new particles from gas-phase precursors. In general,
heterogeneous condensation onto the surfaces of
existing particles is thermodynamically favored over
homogeneous nucleation. McMurry and Fried-
lander,'#? while examining new particle formation in
the presence of an existing aerosol, concluded that
the effect of increasing the initial aerosol number
concentration was to suppress new particle forma-
tion, However, when sufficient sites for condensation
do not exist or when supersaturation pressures are
sufficiently high, sclf-nucleation may occur. Nuclea-
tion rate theoriés!®* attempt to describe the forma-
tion of molecular clusters, each very small and con-
taining only a few molecules, Details of the nuclea-
tion theory can be found in Friedlander.'®? If we
consider a stable unsaturated vapor, attractive forces
between individual molecules force the formation of
molecular clusters. At equilibrium, a balance exists
between the addition and removal of vapor molecules
from a cluster of size d, and one can define a critical
nucleus size ¥ as:

4GV mi )
dr = m (30
? TIn S:
or:
4o M., )
e o m (3D
piRTln Si

where 8 = P/Pf is the supersaturation ratio, g is
the surface tension, and v.; and p; are the molecular
volume and density of the liquid, respectively. Clus-
ters smaller than d¥ tend to evaporate, while clusters
larger than 4§ tend to grow.

Let n, represent the number of clusters containing
g molecules. The droplet current, f, is defined as the
difference in the vate, or excess rate, at which clusters
pass from size g — 1 to g (condensation) compared
to g to g — | {evaporation). Under the assumptions
of rapid equilibrium between small cluster sizes, ab-
sence of Jarge clusters, and a quasi-steady state exist-

JPELS 19:2-F
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ing such that droplet current (/) is independent of
particle size (0n,/0t = —difdg = 0), the droplet cur-
rent, or the rate of generation of nuclei particles, can
be expressed as:

I = Aex ( —&
P (In 82

where 4 and B depend on temperature, surface ten-
sion, droplet mass, monomer partial pressure, and
liquid density. Si, the supersaturation ratio (PifP{),
is a very strong function of temperature, and the
droplet current is exiremely sensitive to that quantity.,
As a result:

Rova. = = Aexp((

) m3sec! (32)

lnSiJ") when: dp, = d}

m sec™?

(33)
and:

Runer. = 0

The above expressions suggest that the competition
between homogeneous nucleation, with a very non-
linear dependence on P{*, and helerogeneous conden-
sation, with a linear dependence on F{™, can be
adjusted by varying the temperature quench rates
(dT/ds) in a combustor. Nucleation and condensation
of metal vapors in the neighborhood of burning coal
particles has been investigated theoretically by Senior
and Flagan'®® and Helble et ol.'®® The effect of
d7Tjd¢ has been theoretically investigated by McNal-
{an et al ,1%° who suggested that homogeneous nuclea-
tion of fine silica may occur at temperatures above
1760 K in spite of the presence, in the gases, of pre-
existing particles, when the gases are cooled at a rate
in excess of 600 K sec’!. The experimental data*
shown in Fig. 16 further support the hypothesis that
increased temperature quench rate increases the emis-
sion of small nuclei, although these data suggest that
the increase was limited to that of sodium fume. This
result is in agreement with the results of Taylor and
Flagan'®? and Lin er af,'?® in that it suggests that
combustion conditions, including temperature
quench rate, can have a large influence on the nature
of the size-segregated metal aerosol produced.

when: dp #df misec! (34)

7. TOXIC METAL CAPTURE BY SORBENTS
7.1. Introduction

We have seen that the mechanisms governing the
fate of toxic metals during combustion/incineration
may be determined in part long before the fuet or
waste is fed into the combustor. Other mechanisms
depend on the combustion envirenmeni and the pres-
ence of other species. Aerosol formation processes
commence when the toxic metal is mobilized into the
vapor form (a process which is enhanced by the
presence of chiorine}. As temperatures decline, the
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supersaturated metal will be forced from the vapor
phase, either by nucleation to form new particles, or
by mass transfer with or without surface reaction, to
enrich the composition of existing particles. The gen-
eral dynamic equation may be used to describe the
formation and evolution of the particle size distribu-
tion (containing toxic metals) with time. We have
noted that coagulation alone is insufficient to cause
the submicron toxic metal aerosol to grow into the
supermnicron range, especially within residence times
available during post-combustion processes. Further-
more, the availability of large surface areas offered
by existing submicron particles will promote simpie
condensation and toxic metal enrichment on these
small respirable particles. With respect to the ulti-
mate emissions and subsequent health risks, determi-
nation of the toxic metal speciation is at least as
critical as determination of the particle size distribu-
tion since multimedia aspects of the toxic metals
problem demand that these toxic metals be isolated
from the environment in such a way that they are
neither inhaled nor ingested and that they form
water unleachable compounds. One mechanism
through which this may be achieved is to react, not
merely condense, the metal on the surface of reactive
sorbents to form glass-like compounds containing
(and isolating) the toxic metal in question. The criti-
cal questions include: are such sorbents available and
economical, can they be exploited at the hostile post-
flame environment prior to metal nucleation/conden-
sation, and if glass-like eutectic products are formed,
does the process occur rapidly enough to capfure
sufficient quantities of the metal before the kinetics
are slowed, new nuclei are formed, or the pores are
closed due to high temperature sorbent sintering?
This section addresses these questions and attempts
to show how metal emissions from incinerators may
be controlled by reaction with simple sorbents.

1.2. Capture of Lead and Cadmium in a Bench Scale
Thermogravimetric Reactor

Uberoi and Shadman'#*!#® conducted a series of
experiments in which wvarious sorbents could be
screened to determine their potential for the capture
of lead and cadmium. The apparatus used was a
thermogravimetric reactor described in detail by
Uberoi.'?® The metal compound (chloride) was sus-
pended by a platinum wire from a microbalance,
which monitored the weight change during the experi-
ments. Individual packed microbeds of 100 mg of
sorbent particles placed on a 100 mesh stainless steel
screent In a2 quartz insert were constructed out of
several commercial sorbents (silica, alumina, kaoli-
nite, bauxite, Emathalite, and limestone) with compo-
sitions shown in Table 10. The temperature of the
sorbent bed was higher than the temperature at
which the metal source was vaporized (approximately
700°C vs 495°C for lead and 800°C vs 560°C for
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cadmium), thus ensuring that phenomena other than
simple surface condensation, were investigated. The
metal vapor was transported through the sorbent
bed by a simulated flue pas (1534 COy, 3%, O., 80%
N2, and 2% H»O) and the metal uptake in the
sorbent bed (measured by atomic absorption) was
compared to the metal delivered (microbalance), with
the results shown in Figs 17a and b. Water soluble
metal represents that fraction that could be extracted
by water at 40°C in an ultrasonic bath for 2 hr, and
the remainder is denoted as water insoluble. Note
that the lead and cadmium resuits are significantly
different. While several simple sorbents are effective
for lead removal (silica, alumina, kaolinite, bauxite,
and Emathlite), fewer are effective for cadmium re-
moval (alumina and bauxite}. One might identify the
water insoluble fraction as that fraction that is chemi-
sorbed or reactively adsorbed, while the water soluble
fraction is that which is merely physisorbed. Lime-
stone was not effective at reactively capturing either
metal. That kaolinite is very effective for lead but
not at all effective for cadmium may be attributable
to pore plugging for cadmium. X-ray diffraction
analyses revealed the crystalline structure of both
monoclinic and hexagonal PbAl1:S1:04 for lead, sug-
gesting the following overall reaction for thai com-
pound:

ALO3+28i0; + PbCl; + H,O0 —
PbO- ALOz - 28i0; + 2HCL (35)

Clearly, this is a process of reactive adsorption,
and the presence of water vapor as a reactant is
required. At this point the appropriate kinetics still
remain to be determined, and this idea of reactive
scavenging must still be optimized to be put into prac-
tice.

7.3. In Situ Capture of Lead in a Laboratory
Combustor

One approach to exploit the bench scale results of
Uberoi et al.**! and Uberoi and Shadman!®%:1%% is
to inject sorbent into a fiow combustor in an attempt
to effect the in situ reactive capture of toxic metals in
that environment. This technique has been investi-
gated by Scotto et af,,'*® who conducted experiments
on the capture of vaporized lead by kaolinite injec-
tion downstream of the primary flame in a 17 kW
down-flow combustor. As described in Section 5, an
aqueous lead acetate solution was injected through a
natural gas flame at a stoichtometric ratio of approxi-
mately 1.2 to produce approximately 100 ppm of
lead vapor in the eéxhaust. Particle size distributions
were measured both with and without sorbent injec-
tion and, in addition to particle measurement using a
DMPS, particles were also sampled using a 39 Ipm
Andersen impactor. The effect af chlorine, added to
the combustion air al chlorine/lead molar ratios of 2
and 10, was also examined.
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TabLE 10. Compesition of various sorbents (adapted from Uberoi and Shadman®®*?)

Weight percent Silica Alumina Kaolinite Bauxite Emathlite Limestonc
Si0; 100.0 521 1.0 734 0.7
Alz:0s 100.0 4.9 £4.2 13.9 0.3
Fea 04 0.8 4.8 3.4 0.3
Ti0, 22 04
Ca0O 5.0 972
MgO 26 1.5
Kz0 1.2
Na 0 0.1

100
{a} lead (b} cadmium O water soluble

Metal Adsorbed ipercant)

sfllcn

alumina
kaolinite
bawxite
Emathiite

2
g
£
So

B water insoluble

E &2 & g & ¢
T E £ 3 % g
= E a ug; ﬁ
irbent

FiG. 17. Thermogravimetric reactor: capture of (a) lead and (b) cadmium by sorbents (adapted lrom
Uberoi and Shadman?#8-15%),

Results presented in Fig. 18 show that, in the
absence of chlorine, addition of a kaolinite sorbent
was extremely effective in scavenging the lead vapor
which, in the absence of the kaolinite sorbent, pro-
duced a submicron aerosol via nucleation.!*® In fact,
Fig. 18 shows an approximate. 99%, reduction in the
submicron (<0.5 ym) particle number and volume
distributions. The kaolinite had an approximate mass
mean size of 2.0 um diameter, Impactor samples
showed that the ratio of leadfaluminium was inde-
pendent of particle size (averaging 0.971), with no
tead enrichment on the smaller particles. This sug-
gests an internal surface reactive captuse mechanism
under reactior controlled conditions (with an effec-
tiveness factor equal to unity). This is in sharp con-
trast with coal ash data’® where enrichment on
smaller particles follows either a 1/d, dependence,
when reaction at or near the external surface con-
trols, or a 1/d% dependence when film condensation
controls (see Section 6.2). The average lead/alumi-
aum ratie of 0.971 was consistent with electron dif-
fraction X-ray (EDX) analyses of individual particles
and corresponds to a sorbent utilization rate of 25%
if the reaction product is the same as that proposed
by Uberoi and Shadman'®® {see Eq. (35)). Scanning

electron micrograph {(SEM) images showed that all
sorbent particles that contained lead also melted,
even though the melting point of pure kaolinite
{2083°C) far exceeded any that was achieved during
the expetiment. It was concluded that the partial
utilization of sorbent occurs because of reactive scav-
enging of the lead by the sorbent. Furthermore, as
has been shown in Section 6.1, coagulation processes
are incapable of achieving the observed reductions in
concentration of submicron lead particles. Therefore,
the process was one of reactive adsorption, not physi-
cal coagulation.

When chlorine (chlorine/flead molar ratio of 2) was
added, the kaolinite sorbent was still very effectivein
reactively scavenging lead vapor. This stoichiometry
is analogous to that investigated by Uberoi and Shad-
man'®® for lead. However, when a large excess of
chlorine was added (chlorineflead molar ratio of 10),
the sorbent ceased to be effective under the condi-
tions examined. The reasons for this have not been
unambiguously determined, but one possible explana-
tion might be that the most effective capture is that
of the metal oxide. In the bench scale studies of
Uberei and Shadman, an equilibrium between the
oxide and chloride allews significant amounts of the
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FiG. 18. Laboratory combustor: in situ capture of lead by
kaolinite sorbent (adapted from Scotto et af.'*%).

oxide to be formed and immediately scavenged by
the sorbent, thus causing a net removal. As more
chlorine. is added, the equifibrium shifts towards the
chloride, which is less reactive. Future research could
uncover these mechanisms more precisely.

1.4. Capture of Toxic Metals in a Fluidized Bed
Incinerator

Ho et al'92-1%* have undertaken a far ranging
study to investigate fluidized bed technology for
metal emission control. Bed/sorbent materials consist-
ing of silica {sand), alumina, and limestone were
fluidized at specific temperatures, maintained with a
preheater, Wood, impregnated with lead nitrate or
lead chloride, was charged into the 76 mm diaméeter
bed at a constant rate. It was found that fead capture
by sand depended on bed temperatuse, with an opti-
mum at approximately 700°C, At lower temperatures
the metal failed to be released and was carried out
with unburned carbon. At higher temperatures it
was released rapidly and failed to be captured. Ho et
al.'®* suggest the following mechanisms for metal
capture in their fluidized bed: trapping of the metal
by melted ash from the wood, and subsequent coales-
cenee of the liguid with sorbent particles; vapor
capture, similar to that investigated by Uberoi and
Shadman'®® and Scotto et al,'® and particulate
capture through coagulation of condensed metal aero-
sol with sorbent particles in the fluidized bed. Accord-

ing to Litt and Tewkesbury,'®* particulate capture
by sorbents in fluidized beds will be enhanced if the
sorbent surface becomes ‘chemically or physically’
sticky, and sodium compounds might be added to
promote this. Possibly some modification of this
idea might be applicable in entrained flow systems,
where collapsing of the bed would be kess of a
problem. Sticky particles in fluidized beds can cause
fluidization to cease and the pressure drop to Increase
uncoatrollably, Future research could address this
problem.

8. COMNCLUSIONS

Toxic metal emissions into the environment are
ubiquitous, and arise. from a large number of differ-

ent combustion processes, ranging from fossil fuel

combustion to hazardous and municipat waste incin-
eration, and industrial processes. Regulations limit-
ing the airborne releases of toxic metals can be based
either on a risk assessment analysis, as in the case of
RCRA regulation in the U.S., or on simple emission
limits, as is the case for the CAA regulation in the
U.S. and the EC directives. Toxic metals can neither
be manufactured nor destroyed in a combustion pro-
cess, but they can be transformed both chemically
and physically. In assessing the risks associated with

‘toxic metals in combustion, one must address the

whole multimedia problem. Toxic metals may exit
the process in molten slag, in dry collected ash, in
wet scrubbed ash, or as an airborne aerosol exiting
the stack. In each case the metal may enter the
environment and affect humans through ground-
water contamination, through deposition on fields
and subsequent uptake in the food chain, or through
inhalation. The environmental impact of each of
these processes can be greatly influenced by metal
transformations occurring in the combustion cham-
ber, and these are determined by both the composi-
tion of the inlet feed, and the combustion conditions
themselves. In fact, it is desirable to use the high
temperature conditions of the combustion process to
manufacture benign forms of the metal that can be

“isolated from the enviroament.

Extensive literature exists on metal emissions from
coal combustion. This essentially consists of size
segregated particle compositions of flyash, and shows
that many toxic metals are concentrated in the sub-
micron particle size range. This pariicle size range is
difficult to collect and remove from combustion fiue
gases. In comparison to the coal literature, that on
metal emissions from various incineration and indus-
trial processes is more sparse, and so we must use
some of the coal results to gain insight into the fate
of metals in these less conventional combustion pro-
Cesses.

Toxic metals may be introduced inte the combus-
tion chamber in a great variety of chemical and
physical forms. Furthermore, there is a range of
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combustion environments in which the metals are
subsequently processed. Of interest is to determine
the extent to which these variations affect the subse-
quent transformation of the metal before it leaves
the process. The overriding questions are:

(1) Will the metal Ieave the combustor as submi-
cron particles or vapors, which are difficult to collect
and isolate from the air environment, or will it
combine with easily collectable large ash particles,
which may, either with or without further treatment,
be isolated also from the aquatic or soil environ-
ment?

(2) How does the combustion process transform
the speciation of the metal in question, and can the
high temperature environment of the combustor be
used to transform a potentially toxic metal species
into an environmentally benign form?

Metals may be contained in solid or liquid fuels,
chemically bound to the organic fuel matrix (inherent
mineral matter), dispersed within the fuel particle
as mineral crystallites (included mineral matter), or,
indeed, completely separate from the fuel particle
(excluded or extraneous mineral matter). Alterna-
tively, toxic metals may enter as chemically bound
organometallic compounds, as in paints, pigments,
or chelated compounds. One might expect these to
behave like organic mineral matter in fuels. Metals
may enter together with other inorganic clays and
soils, as during the therrnal treatment of contami-
nated soils, or they may be contained in aqueous
solutions and sludges. Toxic metals may be intro-
duced continuously together with the combustible
waste, or in batch drums, as in rotary kilns. They
may be introduced into the combustion chamber as
single salts or individual compounds, or they may
enter as a mix{ure.

The key issues regarding mechanisms are:

(1) By what mechanisms and at what rates are
volatile metals released into the hot gas phase inside
the combustor, and how do these depend on com-
bustion variables?

(2) What is the composition of the size segregated
aerosol formed in the presence of a condensing toxic
metal? ’

(3) How does the size distribution of the aerosol
consisting of metal nuclei evolve with residence time,
both in the absemce and in the presence of much
larger particles?

(4} Can toxic metal vapor be. reactively scavenged
by sorbents to form environmentally benign com-
pounds?

Chlorine has a profound influence on the partition-
ing of many toxic metals between vapor and con-
densed phases in the combustor. Equilibrium predic-
tians suggest that chlorine can strongly influence the
relative split between hexavalent and trivalent chro-
mium. Upon eatry, the metal-containing waste may
be transformed into various physical forms. Dis-

solved metal salts, such as metal nitrates or pyrites,
for example, will form reactive metal compounds
which may decompose violently at clevated tempera-
tures. This process will occur after water or other
solvents have evaporated, a process that can take
some time if the droplets are large.

Upon cooling, the metal will nucleate homogene-
ously, or condense on existing particles, to form an
evolving aerosol. This will occur at temperatures
below the dewpoint (which depends on the overall
composition}, and the particle size distribution leav-
ing the combustor will depend on how much time
the metal aerosol was allocated after the dewpoint
was reached. This aerosol will consist of small parti-
cles which are difficult to collect, and which are most
likely to consist of toxic metal species. Even if hetero-
geneous condensation around existing particles domi-
nates, this will also lead to strong enrichment of
toxic metals on the small particles. This scavenging
process can occur only at temperatures below the
metal dewpoint, which may be below reasomable
temperatures in the combustor. However, if the metal
can be made to react with other ash aerosol {or
sorbent) particles, the scavenging process occurs
above the dewpoint, and since such a reaction may
have a high activation energy, it can in fact, be
enhanced by the high temperatures present in incin-
erators.

Alternatively, the metal compound may become
embedded inside a porous char matrix. This will
happen, for example, to organic metals in oil or both
inherent and included mineral matter in pulverized
coal. It may also occur for organo-metallic liquids,
although this depends on the volatility of these lig-
uids and whether they are more similar to light oils
which vaporize rapidly without char formation or to
heavy oils which form carbonaceous residues upon
being heated. If a residual char is not formed it is
reasonable to expect that the metal will behave simi-
larly to metals in aqueous solutions (at the same
temperature), where vaporization results either in a
metal vapor or in residual meta! particles, one per
drop. If char, containing organically bound metal, is
formed, the metal contained in the char must be
released within the char matrix, subsequently to dif-
fuse through it, or it will enter the gas phase as the
char matrix itself is oxidized. In the former process,
there is the opportunity for the metal to react with
included silicates to form stable compounds that fail
to vaporize. Alternatively, the metal which has been
released may diffuse back into the char matrix remain-
ing, to react with included silicates situated therc or
it may react with extraneous silicates. Finally, there
is evidence that one metal (sodium), may displace
another metal (potassium), which would otherwise
be immaobile, bound in a stable mineral form such as
illite.

Acrosol dynamic processes governing the temporal
size distribution of an airborne acrosol must be con-
sidered in any attempt to model the fate of metals
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during combustion. Theoretical calculations which
describe the temporal size evolution of an airborn
aerosol have shown that, under incineration condi-
tions, coagulation alone is insufficient to form collect-
able large particles from tiny nuclei resulting from
homogencous condensation. These calculations also
show that coagulation cannot readily be used to
scavenge tiny nuclei by large sorbent particles, Future
work, however, could be to explore the potential of
nsing non-uniform coagulation processes to form
structures with fractal dimensions of less than 3.

It has been shown that many volatile metals can
be reactively scavenged by commercial sorbents. It
has also been shown that this scavenging process can
be employed in situ in the combustor, for the case of
lead being scavenged by kaolinite. This process is
intriguing, since it suggests that the high tempera-
tures in the combustor can be used for an environ-
mentally friendly purpose to isolate toxic metals,
rather than produce only environmentally hostile
effects by enhancing metal vaporization. Future work
could optimize this process and determine the perti-
nent mechanisms. Future work could also develop
multifunctional sorbents that can react and scavenge
more than one metal compound, and also possibly
chlorine. When a metal is initially contained in con-
taminated soils, or in mixed shudges and slurries, it
forms, upon introduction into a hot furnace environ-
ment, an inorganic mixture containing both the toxic
metal and potential scavenging agents, such as clays.
and glasses. It is not surprising, therefore, that upon
heating, much of the toxic metal will react with the
clay and only a little will be released to form a
condensable vapor. Again, the exact mechanisms
have not been determined, although work is in
progress on this subject.
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