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Project Objectives:

The principal objectives of this research were two-fold: (A) To understand the mechanism
and assess the effectiveness of sulfur capture by the chemical calcium magnesium acetate
(CMA); and (B) To evaluate the NO, reduction capabilities of CMA by pyrolyzing its
organic constituent (the acetate) and, thereby, reducing NO to stable No. The optimum
conditions and the location of CMA introduction in the furnace were to be identified.

To achieve these goals water solutions of CMA or dry powders of CMA were injected
into hot air or gases simulating the furnace exhaust (containing SO., NO,, CO,, H;0, O,
etc.) and the composition of gaseous and solid products of the reaction was monitored. The
processes of burning the organic acetate as well as the calcination, sintering and sulfation of
the remaining solids were studied.

The effectiveness of samples of “homemade” CMA, containing various amounts of calcium
and magnesium, was investigated to explore the role of these two chemicals in the NO, and,
mainly, in the SO, capture processes.

Finally, CMA was introduced in the matrix of coal particles by an ion exchange tech-
nique. Upon subsequent combustion, the SO2-NO,, emissions were monitored and compared
to those from burning untreated coal. The composition and physical structure of the ash
residues was examined. Both techniques (CMA pretreatment and CMA injection) may com-
mercially be implemented, either separate or simultaneously. Finally, apart of CMA, the
effectiveness of other carboxylic salts of calcium: calcium formate (CF), calcium acetate
(CA), calcium propanate (CP) and calcium benzoate (CB) to capture SO, and NO, emis-

sions, in the post-flame region of the furnace, was assessed.

Executive Summary of Contents.

A brief summary of the contents of each chapter in this report is given on page 10, in the

section Qutline of the Present Work.
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Overall Abstract

A study was conducted to determine the efficacy of carboxylic calcium and

magnesium salts (e.g., calcium magnesium acetate or CMA,
Ca Mg2(CH2COOH)g) for the simultaneous removal of SO, and NO,, in oxygen-
lean atmospheres. Experiments were performed in a high-temperature furnace
that simulated the post-flame environment of a coal-fired boiler by providing
similar temperatures and partial pressures of SO,, NO,, CO, and O,.

When injected into a hot environment, the salts calcined and formed highly
porous “popcorn”-like cenospheres. Residual MgO and/or CaCO3 and CaQ
reacted heterogeneously with SO, to form MgSO, and/or CaCO,4. The organic
components — which can be manufactured from wastes such as sewage sludge
— gasified and reduced NO,, to N, efficiently if the atmosphere was moderately
fuel-rich.

Dry-injected CMA particles at a Ca/$ ratio of 2, residence time of 1 second
and bulk equivalence ratio of 1.3 removed over 90% of SO; and NO, at gas
temperatures > 950°C. When the furnace isothermal zone was < 950°C, Ca
was essentially inert in the furnace quenching zone, while Mg continued to
sorb SO, as the gas temperature cooled at a rate of -130°C/sec. Hence, the
removal of SO; by CMA could continue for nearly the entire residence time of
emissions in the exhaust stream of a power plant.

The composition of the calcined salts was used to interpret the results of a
cenosphere sulfation model. The sulfation kinetics of Ca-containing calcined
residues were found to be bounded by those of pure CaO and pure CaCOs3.

The high solubility of the salts makes them excellent candidates for wet
injection. Fine mists of CMA sprayed in the furnace at temperatures between
850 and 1050°C, removed 90% of SO, at a Ca/S molar ratio of 1, about half
of the amount used in the dry injection experiments to achieve a similar SO,
reduction. The NO, reduction chemistry was not affected by water when
CMA was sprayed at a Ca/S ratio of 1, i.e., the same reduction efficiency was
achieved as with dry injection (25 - 30%).

Additional research is needed to improve the efficiency and reduce the cost
of the relatively expensive carboxylic acid salts as dual SO,-NO, reduction
agents. For example, wet injection of the salts could be combined with less
expensive hydrocarbons such as lignite or even polymers such as poly(ethylene)
that could be extracted from the municipal waste stream.
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CHAPTER 1.




Overall Introduction

1 Problem Statement

Emissions of SO, and NO, (NO + N O2) from stationary combustion sources
contribute to acid rain formation in the atmosphere; NO, also contributes to
the formation of urban smog and to the depletion of stratospheric ozone. Qver
half of the electricity generated in the USA is produced from the combustion
of coals in plants that are major producers of SO, and NO,. Vast reserves of
coal are found in the USA and developing nations such as China and, indeed,
coal is the most abundant fossil fuel in the world. It is expected that coal will
continue to be used for fuel for a substantial length of time and that concerns
relative to effective control of SO; and NO, will continue well into the future.

At present, the control of sulfur and nitrogen oxide emissions from coal-

fired power plants is achieved with separate processes often in multiple stages.

1.1 Methods of Sulfur Reduction.

Methods of reducing sulfur emissions can be placed in four general categories:
1) fuel substitution; 2) fuel desulfurization; 3) combustion process modifica-
tion; and 4) desulfurization of combustion products.

1) Fuel Substitution. The sulfur content of different types of coals varies
between 0.5 to 4%. Substituting a low-sulfur coal for a high-sulfur coal will
reduce sulfur emissions accordingly.

2) Fuel Desulfurization. Coal can be physically cleaned. Efforts to re-
move ash-forming compounds by physically crushing coal and then separating
mineral impurities from the organic coal also remove some of the sulfur. Sulfur

bounds organically to the coal substrate and inorganically with iron particles




(pyrite) and it is the pyritic sulfur that is removed. Typically, 40% reduction
in sulfur can be achieved by mechanical cleaning (EPA, 1981).

3) Combustion Process Modification. Compounds containing Ca and
Mg — most often limestone or dolomite — can be added to coal during com-
bustion to react with fuel sulfur as it is released. For example, limestone can
be added to coal burning in a fluidized bed, where the temperature is high
enough to calcine the stone (800 — 900°C) and create a more porous solid, but
low enough to preclude both the dissociation of the resulting sulfate and/or
sintering of the calcined stone. First, limestone calcinates:

CaCO3 — Ca0 + CO, (1)

SO, then reacts heterogeneously with the calcined stone. In an oxygen-rich

atmosphere:

Ca0O + SOz + 1 0, —CaSO, (2)
In an oxygen-lean atmosphere:

CaO + H,S — CaS + H,0 (3)

If the temperature is below the decomposition temperature of the carbonate,
SO, can also react directly with CaCOs:

CaCO3 + SO, +  —CaS0,4 + CO, 4)
Calcium-based sorbents also have been added to coal by ion-exchange (Freund
and Lyon, 1982) and by wetting pulverized and micronized coals with aque-
ous solutions of calcium magnesium acetate, calcium acetate and magnesium
acetate (Atal, et al., 1994; Appendix 1).

4) Desulfurization of Combustion Products. Electric utilities in the
USA rely on flue gas desulfurization (FGD) to control SO, emissions for their
newer facilities. FGD processes are either wet o)r dry (referring to the state
of FGD products removed for disposal or regeneration) and wet systems dom-
inate in the USA (EPA, 1981) and Japan (Ando, 1985) as well as Europe.

FGD process are also either regenerative (sulfur is separated from the spent




sorbent which can then be reused) or throwaway (the sulfur-sorbent product
is discarded).

For exaerle, the most widely used flue gas desulfurization strategies in-
volve wet or dry scrubbing with non-regenerated calcium compounds such
as slaked lime or limestone slurries. Injection of these sorbents in the high-
temperature boiler gases also has received much attention because of the pro-
Jected low capital investment. As an example of in-boiler sorbent injection,
Cole, et al. (1986) reported that hydrated materials (e.g., slaked lime) were
more reactive than limestone, and that dolomitic sorbents were more reac-
tive than calcitic sorbents. They attributed the differences in reactivities to
the higher surface area of hydrated sorbents compared to carbonic sorbents,
and to the higher surface area of dolomitic sorbents compared with calcitic
sorbents. For example, a mean surface area of ~50 m?/g was measured for
hydrated dolomitic sorbents compared with an average of ~25 m?/g for hy-
drated calcitic sorbents. This resulted in average Ca utilizations of ~26 % and
~16 %, respectively, for hydrated dolomitic and calcitic sorbents exposed to
2000 ppm SO, at ~1100°C for 0.5 sec. with a Ca/S molar ratio of 2 (Cole,
et al., 1986). The correlation of SO, reduction with sorbent surface area was
also reported by Greene, et al. (1985) and the high surface area of dolomite
was given as a reason for its high sulfur affinity. Evidence of pore structure
was also reported to influence sulfation rates, with the plate-like pores of CaO
from hydrated sorbents posing less diffusional resistance when compared to
the sphere-shaped pores of CaO from calcitic sorbents (Bruce, et al., 1989).

Processes using magnesium are examples of regenerative FGD methods.
At temperatures between 40 to 65°C, magnesium hydroxide slurries react with
SO to form hydrated magnesium sulfites (MgS0303H;0 or MgSO3e6H,0).
The sulfites are dried and calcined to recover MgO and SO for production of

sulfuric acid or elemental sulfur (EPA, 1981; Flagan and Seinfeld, 1988).
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The low-temperature reactions between Mg and S compounds may be an

additional reason why why utilities report improved SO, removal when MgO

is added to lime slurries (EPA, 1981).

1.2 Methods of NO, Reduction.

For utility boilers in the USA, 50% of the NO, emissions are attributed to
coal combustion (EPA, 1983). Current NO, reduction strategies fall into one
of two categories: either 1) suppression of NO, formation during combustion;
or 2) removal of NO, from the stack. Fuel substitution is not as practical as
it is for SO, reduction because NO, can also be generated from atmospheric
nitrogen. Moreover, the nitrogen content of coals is fairly consistently = 1.5
wt. %, thus, it is not possible to substitute a low-nitrogen coal.

1) Suppression of NO, Formation. To understand how altering oper-
ating conditions of a furnace controls NOy, it is necessary to understand how
NO, is formed during combustion. In coal combustion, NO emissions dom-
inate NO, emissions and NO readily oxidizes to NO, at ambient conditions
outside the stack.

Atmospheric nitrogen can form NO during combustion by two mecha-
nisms: thermal fixation at high temperatures near stoichiometric combustion
(“thermal-NO”)(Zeldovich et al., 1947, in Flagan and Seinfeld, 1988; Han-
son and Saliman, 1984); and low-temperature, fuel-rich, short residence-time
formation (“prompt-NO”)(Fenimore, 1971, in Flagan and Seinfeld, 1988; Bow-
man, 1975). Organically bound heterocyclic nitrogen compounds in coal also
oxidize to NO during combustion (“fuel-NO”) (Sarofim and Flagan, 1976) and
create most of the NO, emissions from coal (Beér, 1988).

Thermal-NO formation is sensitive to temperature and this characteristic
is exploited in control strategies. Reducing the temperature to slow the rate

of N; oxidation can be achieved by low excess air firing, flue gas recirculation,




and staging combustion so that a cooler, slower-burning, fuel-rich flame is
followed by overfire air (Figure 1). Since the oxidation of fuel nitrogen is more
sensitive to stoichiometry than temperature, staged combustion (a fuel-rich
zone is followed by a fuel-lean zone) also controls fuel-NO. Low-NQ,, burners
reduce the mixing rate between coal and air, providing the time required for N,
formation. The most popular NO, control methods for USA coal-fired utility
boilers are staged combustion or low-NO, burners (EPA, 1983).

However, present combustion modifications may be approaching the limit
of their NO, reduction capabilities and these techniques alone are insufficient,
at times, to meet the regulations for NO, emissions from coal-fired boilers.
For example, combustion modifications from tangential and wall-fired boilers
have resulted in NO, emissions of 220 — 440 ppm (at 3% oxygen) whereas NO,
emission regulations for coal-fired boilers are between = 100 - 360 ppm at 6%
O2 or 80 to 300 ppm at 3 % O, (Bowman, 1992). Hence, to remove a sufficient
amount of NOg, it will be necessary to use some post-combustion treatment.

2) Post-Combustion Removal of NO,. The major post-combustion
NO; emissions destruction methods are 1) selective non-catalytic reduction
(SNCR) and selective catalytic reduction (SCR) wherein nitrogen-containing
compounds (e.g., ammonia (Lyon, 1974) and urea (Arand, et al., 1982)) are
injected downstream of the boiler; and 2) injection of secondary fuels in a
fuel-rich zone downstream of the primary combustion zone (Myerson, 1975;
Figure 2).

NO, reductions of 80 ~ 90% have been reported for SNCR and SCR at a
RN/NO molar ratio of 2. However, N,O and SOj (if SO, is present) may be
released depending on the type of catalyst used in SCR. NH, may be released
depending on the amount of ammonia slip in SNCR (Bowman, 1992).

When a secondary fuel such as methane is injected to create a fuel-rich zone,

CH; radicals react with NO to reduce it to N,. The reaction paths include
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the formation of CH and NH compounds and are similar to those followed in
prompt-NO and fuel-NO (Beér, 1988; Miller and Bowman, 1989). Injection of
air after the fuel-rich zone completes the oxidation of CO, unburned hydro-
carbons, and any small amount of HCN or NH; (Myerson, 1975). In coal-fired
furnaces, NO,, reduction efficiencies of 70% for cyclone-fired boilers (Yagiela, et
al., 1991) and 40 - 50 % for wall-fired and tangentially-fired boilers (Bowman,
1992) have been reported when natural gas was used as the secondary fuel.
NO, reductions of 60% were reported for a pilot-scale furnace using pulverized

coal as the secondary fuel (Bowman, 1992).

1.3 Dual SO3-NO, Control.

If control of both pollutants is desired, the current strategy is simply to com-
bine separate SO, and NO,, removal processes, e.g., low-NO, burners are com-
bined with wet or dry desulfurization by using throwaway calcium compounds
such as slaked lime or limestone slurries. Few processes exist where one control
agent is used for the simultaneous removal of SO, and NO,.

This research is a study of the control of SO; and NO, emissions from
coal combustion by post-combustion injection of carboxylic salts. The process
could be classified as the injection of a secondary fuel to control NO, occurring
simultaneously with the wet or dry injection of a non-regenerative SO, sorbent.
The study is based on laboratory-scale experiments in a high temperature
furnace. The furnace simulates the post-combustion environment in coal-fired
boilers by achieving similar temperatures and concentrations of SO,, NO, and
O;. While most of the nitrogen oxide emission from coal combustion is in the
form of NO, some NO may oxidize to NO, in( the furnace, hence, the total
reduction of both oxides, NO., was actually measured in the experiments.
The emphasis of this research was on developing an understanding of the

mechanisms of SO; and NO, removal, optimizing the temperature and rate of
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sorbent injection that achieved the most efficient reduction, and investigating
the presence of additional pollutants, such as CO, H,S, HCN, NH3z and N,O,
that may be created from reactions between the salts, SO, and NO.

Why are carboxylic calcium and magnesium salts candidate agents for the
simultaneous removal of the pollutants SO3 and NO,, from the efluent of coal-
fired stationary boilers? The unique chemical structure of the salts — a combi-
nation of alkaline earth metals and organic hydrocarbons — is the key to their
efficacy as dual SO2-NO, reducing agents. When the salts are injected into a
hot environment containing SO, and NO,, (e.g., in a boiler just downstream of
the primary combustion burner), they calcine, releasing hydrocarbon radicals
and leaving behind porous cenospheres of CaCO3, CaO or MgO. The carbon-
ate and oxides react with SO, to form CaSO,4 and MgSOy. In the oxygen-lean
atmosphere, the hydrocarbon radicals react with NO to form N;. In addition,

CaO can act as a catalyst during the reduction of NO.

2 Outline of Present Work

The unique capability of CMA and other carboxylic salts to serve as dual
SO2 and NO, reducing agents has not been explored by other investigators.
Previous work in oxidizing atmospheres (Levendis, et al., 1993) identified the
encouraging SO, sorption characteristics of CMA and CA compared to tra-
ditional SO; sorbents including calcium hydroxide (slaked lime) and calcium
carbonate (limestone). The next step was to determine the efficiency of the
carboxylic salts as NO, reduction agents by injecting them into reducing at-

mospheres containing NO (Chapter 2).

Chapter 3 presents thefesults from dry-injection dual SO,-NO,, reduction

experiments —:the focy$ of this research. The contribution of Mg to SO,
WWC{ :
L
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reduction was quantified. Other aspects of the dual SO5-NO,, reduction process

are addressed in subsequent chapters.
The high solubility of the salts permits their injection as solutions. Fine
mists — and subsequently small aerosols of CaQ and MgO - are thus obtained

and promote more efficient heterogeneous reaction between gaseous SO, and

the solid oxides (Chapter 4).\——” (LO"%Z MW Wﬁ m

The importance of the organic hydrocarbons on SO,- NO, reduction was
explored in Chapter 5 by simultaneous SO,-NO,, reduction experiments using

carboxylic calcium salts with different amounts of aliphatic hydrocarbons (for-

/“lM%ﬂ‘w’d‘ mate, acetate and propionate). The importance of organic structure was ex-

plored using a calcium salt with an aromatic hydrocarbon (calcium benzoate).
Calcium utilizations obtained experimentally were compared to utilizations
calculated with a cenospheric sulfation model.

Commercial sources of carboxylic salts are expensive due to the manufac-
ture of the acid (formic, acetic, or propionic) from natural gas. Alternatives
to reduce cost include manufacture of the acids from biomass, sewage sludge,
or even - in the case of benzoic acid - from coal, and improving the utiliza-
tion of the alkali earth metals while combining them with other sources of less
expensive hydrocarbon fuels, including lignite. Chapter 6 presents some of
these carboxylic salt combinations, enhancers and “analogs” that may provide
a cost-effective solution to simplify SO, and NO, removal from existing power
plants. This chapter also presents calculations to illustrate the economics of
different SO4-NO, reduction schemes.

Chapter 7 summarizes the most important findings of this investigation
and presents recommendations for future research.

While the main purpose of this work was the study of post-combustion
injection of sorbents for removal of SOz and NO,, Appendix 1 describes

experiments in conjunction with a separate project that fwere performed to

PP,
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assess the efficacy of pre-treating coal with carboxylic acid salts. In these

experiments, coal particles of different size and sulfur content were treated
with CMA, CA and MA. Treated and untreated particles were burned in air
at the temperatures expected in pulverized coal burners. Virtually no SO, was
detected during the combustion of treated pulverized coal particles.
Appendices 2 and 3 contain example calculations of equivalence ratios,

chemical thermodynamics and chemical kinetics.
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Custom-Blended Secondary Fuel and
Sorbent Injection for Dual SO5-NO,

Emission Control

Abstract

Estimations of operating costs suggested that the application of cal-
cium and magnesium carboxylic acid salts for dual SO2-NO,, reduction
is practical onmly if a) the cost of the carboxylic acid salts can be sig-
nificantly reduced; b) the utilization of the alkali earth metals by SO
is improved; and 3) part of the organic acid can be replaced by less
expensive hydrocarbons for NO; reduction. This study explored the
latter requirement by investigating the dual reduction of SO2-NO, by
combinations of calcium carboxylic acid salts and auxiliary hydrocar-
bons. The addition of lignite to achieve fuel-rich conditions with cal-
cium propionate injected at a Ca/S molar ratio of ~2 improved NO,
reduction from 35% to 80%. Including MgO in the above blend so
that (Ca+Mg)/S=2 improved SO, capture from 15% to 30%. Blends
of calcium formate and sucrose, injected at Ca/S=1 or 2 with varying
amounts of sucrose to vary ¢, showed increases in both NO, and SO,
reduction as ¢ increased. Excellent SO,-NO,, reductions exceeding 90%
were obtained by dry-injection of a blend consisting of calcium formate
and poly(ethylene), warranting a more through investigation of replac-
ing part of the expensive carboxylic acid by wastes that would otherwise

be landfilled.




1 Introduction and Literature Review

Aliphatic carboxylic acid salts of Ca and Mg, e.g., calcium magnesium ac-
etate (CMA), calcium formate (CF) and calcium propionate (CP), are effec-
tive agents for the simultaneous removal of SO, and NO, emitted from the
combustion of coal. Over 90% removal of these pollutants has been obtained
by dry-injecting CMA in laboratory-scale experiments at temperatures near
1000°C in oxygen-lean atmospheres (3% O3, 12% CO2, 2000 ppm SO, and
1000 ppm NO in N;) at a molar Ca/S ratio of 2 for a nominal 1 second resi-
dence time. Common thermodynamic and chemical kinetics windows wherein
the dual reaction mechanisms are effective are defined by temperature (950 -
1150°C), residence time (1 - 4 s), and bulk equivalence ratio (¢ between 1.1
and 1.3). The fuel-rich reaction zone is followed by a fuel-lean after-fire air
zone, wherein occurs the oxidation of a) CO to COq; b) unburned HCs to
CO, and water; and ¢) NH3 to NO,; and the continued sulfation of Ca to
CaS0Oy. Previous work exploring dual SO2-NO, reduction quantified the con-
tribution of Mg to SO, reduction by CMA (Steciak, et al., 1994d), showed that
substantial amounts of CaCO3 remain in the residues due to the incomplete
decomposition of CaCO3 to CaO - leading to the direct sulfation of CaCOs,
and that the sulfation kinetics of the residues were bounded between those of
pure CaO and pure CaCOj; (Steciak, et al., 1994b, Steciak, et al., 1994d).

Commercially available carboxylic acid salts are expensive due to the cost
of manufacturing the organic acid from natural gas. Research is underway
at Northeastern University to develop manufacturing processes for extracting
carboxylic acids from organic sources such as municipal waste, sewage sludge,
and woody biomass. The simple calculations of operating costs that follow
illustrate the economic challenge to improve the utilization of the alkali earth
metals in the salts and reduce the cost of the organic components.

Consider a 1,000 MW plant burning coal with a thermal efficiency s
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of 0.45. The thermal work input is thus W, = 1090 — 2,222 MW. For a

0.4¢

bituminous coal with a heating value of approximately AH, = 30,000 kJ/kg,
the amount of coal that must be burned every day is

k
(g

T;lc = Wth(MW) E‘

sec hr .
} )24 (=) = ic t | .
AH )-3600( o ) 4(day) 6,400 metric tons of coal per day

If we assume that the coal contains 1.5% sulfur, then the mass of sulfur gen-
erated each day is 7, = 0.015 - rh, = 96 metric tons: further assume that all
of this sulfur is oxidized to SOs, i.e. 192 metric tons of SO, are emitted daily.
For the control of SO; emissions (with a Ca utilization of 15% (Greene, et al,
1985)), an SO, sorbent must be injected at a Ca/S molar ratio of 2 to achieve

30% reduction. Assume that limestone (CaCOg) is used. Hence, the mass of

CaCOj3 that must be injected is MCaCO; = Tg- % . %;—Oi = 600 metric tons

or ~ 9% of the mass of coal burned and, at § 20 per metric ton for limestone,
$ 12,000 per day is spent for SO, removal. Assuming that 20% of the coal
is actually natural gas (methane) or lignite used as reburning fuel to remove

NO,, the daily cost of removing NO, by reburning with natural gas is

m.ton ‘lOOOkg‘Lmol.mOOg. J %25 GJ

0.20-rm( day * m.ton 16 g kg 7 Ooomol GJ 10°J

= $ 15,000 per day.

The daily cost of reburning with lignite to remove NO, is

m.ton, 1000kg k] $1.5 GJ -
: 1 Y
day ) m.ton 7,200 kg GJ 108kJ

0.20 - m ( = § 33,000 per day.

Hence, the total daily cost of SO, and NO, removal is $ 27,000 to $ 45,000,
depending on the type of fuel used for reburning (natural gas and lignite,
respectively), requires = 30% of the mass of fuel input to be injected, and
only a third of the generated SO, is removed. N O, removal of 70% has been
reported by Greene, et al. (1985) for reburning with propane and as high as
70% in cyclone- fired boilers using natural gas as the reburning fuel (Yagiela,

et al., 1991).
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Now consider the application of CMA for the simultaneous removal of SO,
and NO; in the same power plant. At a Ca/S molar ratio of 2, the mass of
CMA that must be injected is hema = s - %9 . %v%lgﬁ = 2,650 metric tons
per day, or & 40% of the mass of coal burned (the MW of CMA is 442 g/mol;
note that this quantity of CMA corresponds to 33% of the mass of input fuel
being used for NO, and 8% for SO, removal). At a price of $600/ton, this
corresponds to § 1.6 million per day, or about 35 to 60 times more expensive
than limestone and lignite or natural gas, respectively. A lighter carboxylic
acid salt such as CP (186 g/mol) would still cost $ 1.3 million per day, or 28 to
60 times more expensive than limestone and lignite or natural gas, respectively.
Clearly, even though nearly all the SO, can be removed, the daily operational
costs of using carboxylic acid salts must be reduced for practical application.

Boosting the utilization of the alkali earth metals in the carboxylic acid
salts and reducing the cost of their organic component, either by manufac-
turing inexpensive carboxylic acids or by partial substitution of the organic
by other traditional fuels such as natural gas or lignite, will reduce their cost.
Assume a) a Ca/S molar ratio of 0.667 (or 50% utilization per alkali earth
element in the CMA molecule); b) an order-of-magnitude reduction in the
cost due to advanced techniques for generation of carboxylic acids from or-
ganic wastes; and c) substitution of natural gas or lignite for the additional
hydrocarbons needed to achieve fuel-rich conditions for reburning. Under this
scheme, the daily cost of CMA and lignite or natural gas is about twice the
cost of limestone and natural gas, and about 30% more expensive than lime-
stone and lignite; about 22% of the mass of input fuel would be injected for
SO, and NO, reduction.

Another interesting scheme would combine wet injection of a low molecular
weight carboxylic acid (e.g., CF) with alternative fuels such as plastics in the

municipal waste stream. The power plant would team 65% calcium utilization
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obtained with wet injection (Steciak, et al., 1994c) with hydrocarbons that

the plant might be payed to dispose of. The economics of this approach still
require a drastic reduction in the price of carboxylic acids. Assuming that the
price of CF can be lowered to one-tenth of the current price of $ 600 per ton
for CMA, the combination of CF and “free” hydrocarbons would be a third
more expensive than limestone and natural gas, but 20% less expensive than
limestone and lignite.

Other factors need to be considered. For example, deriving carboxylic acids
from organic wastes diverts mass from landfills and captures “greenhouse”
gases from natural decomposition that would otherwise be released into the
atmosphere. The direct use of plastics and cellulosic materials — which would
need to be finely shredded or ground - would divert considerable material
from landfills. The inadvertent presence of chlorinated hydrocarbons, e.g.,
poly(vinyl chloride), might be tolerable because of the affinity of Ca for Cl to
form CaCl,! in the fuel-lean after-fire air zone (Dougherty, et al., 1993).

For the above reasons, we were interested in combining carboxylic acid salts
with different amounts and types of hydrocarbons (e.g., an oxygen-containing
hydrocarbon (sucrose) and a traditional fuel (lignite)). In addition, a few ex-
periments were performed with poly(ethylene), a polymer found in quantity in
the municipal waste stream 2. The advantage of the custom-blended sorbents
is the ability to deliver to a particular exhaust system, with its characteristic
SO; and NO, concentrations, a single injection of materials that have been
optimized for the most efficient simultaneous removal of SO,-NO,.

Previous work by Greene, et al. (1985) combined the injection of secondary
fuels (various pulverized coals and propane) for NO, reduction with the in-

jection of calcium-based sorbents for SO, control. They concluded that the

1Ca0 + 2 H-C + C-Cl + 4 0y — CaCl; + 4 CO; + H,0
28 million tons of poly(ethylene) were discarded in 1990 (Wheatly and Levendis, 1993)
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optimum location for sorbent injection was with the after-fire air because of
increased reactivity of the calcined stone at 1000 - 1100°C (gas temperature at
the location of after-fire air injection) compared to stone reactivity at 1400°C
(gas temperature at the secondary fuel injection location). In our approach,
the dual SO,-NO,, reduction can occur at the same temperature which is sev-
eral hundred degrees Centigrade lower than the usual in-boiler secondary-fuel
injection temperature for NO, reduction in a “reburning” scheme (Wendt, et
al., (1973)). Hence, loss of stone reactivity due to sintering is avoided and the
simplicity of a single injection point is maintained — provided that one uses a
secondary fuel that decomposes easily at the lower injection temperature. In-
complete sorbent calcination at injection temperatures below 1100°C and the
lower rate of CaO sulfation at these temperatures are not detrimental because
of the direct sulfation of CaCOj3 (Steciak, et al., 1994b, d; Tullin, et al., 1989;
Snow, et al., 1988) and the sulfation of Mg if it is present in the stone.

2 Experimental Apparatus

The apparatus used was the same as that described in detail previously (Ste-
ciak, et al., 1994a-d, etc). Basically, the high-temperature bench-scale furnace
consisted of an isothermal high temperature zone followed by a quenching zone
wherein the temperature dropped at a rate of at least -350°C/sec (Figure 1).
A capped stainless steel tube with end perforations facilitated the introduc-
tion of after-fire air at the end of the isothermal zone. All of the experiments
described herein were conducted with dry-injected sorbents and solid hydro-
carbons with a nominal residence time of 1 s (at 950°C, bulk Re = 3000 and
50pm particle Re = 2.1) in the isothermal zone. Sorbent was conducted pneu-
matically through a water-cooled injector to the beginning of the isothermal

zone. For all experiments, the background gas partial pressures were 12% CO,,
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Figure 1: Experimental Apparatus
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3% O3, 2000 ppm SO, and 1000ppm NO, balanced in N;. Although NO alone
was introduced to the furnace, the total NO, (NO + NO,) was monitored

at the furnace exhaust. Other species monitored at the furnace exhaust were

SOQ, CO, and C02

3 Experimental Results and Discussion

Our goal was to determine the most efficient dual SO,-NO,, reduction ‘blend’
of carboxylic acid salts and auxiliary hydrocarbons. The hydrocarbons we
considered were lignite, sucrose and poly(ethylene). Lignite was chosen be-
cause it is a practical fuel, it has a relatively high volatility and thus had a
greater likelihood of complete burnout at the gas temperatures and residence
time used, and it had been shown to produce NH3 under fuel-rich conditions
(Chen, et al., 1982), thus the possibility of selective reactions between ammo-
nia and NO, near the 930°C temperature window of thermal de-N O, (Lyon,
1975). Sucrose was chosen because it is an oxygen containing hydrocarbon and
it was easy to work with experimentally; we used it to explore the effect of ¢
on SO,-NO, reduction under conditions where most of the hydrocarbons were
outside — not a chemical part of — the carboxylic acid salts. Poly(ethylene)

was chosen because it is found in abundance in the municipal waste stream.

3.1 S03-NO, Reduction by CP and Lignite

a. SO, Reduction

The reductions of SO, and NO, by CP, CP plus lignite and CP plus MgO
and lignite are presented in Table I. When CP was injected at a Ca/S molar
ratio <2.0, the isothermal zone was fuel lean and the SO; reduction was low.
This may have been due to poor dispersion of a small amount of sorbent.

When lignite was added to create fuel-rich conditions, SO; capture changed
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Table I. SO2-NO, Reduction by CP and Lignite at 1050°C

SO, Red. | Util. | NO. Red.
Sorbent (Ca+Mg)/S| o (%) (%) (%)
CP 1.5 0.76 15 10 35
CP + lignite 1.8 2.3 15 8 80
CP + MgO + lignite 2 2.4 30 15 70

little. The addition of MgO doubled the SO, reduction, although the total
alkali earth to sulfur molar ratio was kept <2.

Results obtained by Greene, et al., in experiments using combinations of
different sorbents and secondary fuels showed sulfur captures of 15% or 22%
using calciticlimestone at a Ca/S molar ratio of 2 and propane as the secondary
fuel. The difference in SO, capture was due to the location of the sorbent
injection. A 15% SO; capture was obtained when the sorbent was injected with
the secondary fuel at a location in their furnace where the gas temperature
was & 1400°C, whereas the 22% SO, capture occurred when the sorbent was
injected with the after-fire air where the gas temperature was &~ 1170°C. The
difference in SO, capture was attributed to loss of stone reactivity at the
higher injection temperature caused by sintering. The ¢ of the secondary fuel
injection zone in that study was 1.1 and the residence times in the fuel-rich
and after-fire zones were 0.4 sec. and &1 sec., respectively. The fuel-rich zone
was not isothermal, but had a cooling rate of -575°C (the cooling rate of the
after-fire zone was less than -200°C).

Greene, et al. (1985) concluded that SO, reduction was relatively insen-
sitive to a variation in ¢ between 0.9 and 1.4. However, their data showing
SOz and HsS capture by calcitic limestone injected with the after-fire air

at Ca/S=2 showed a clear, albeit slow, decrease in sulfur removal from 35%
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to 25% as ¢ of the fuel-rich zone increased from 0.9 to 1.4. This trend is the
same observed previously (Steciak, et al., 1994d) wherein, at an isothermal
zone temperature of 950°C, the reduction of SO; measured downstream of the
after-fire zone by carboxylic acid salts injected at Ca/S=2.8 decreased from
75% at ¢ = 0.5 to 50% at ¢ = 1.3.

Another trend observed by Greene, et al. (1985) was the slow but mea-
surable improvement of H,S capture from 12% to 18% by calcitic limestone
when both the sorbent and H,S were injected with the secondary fuel at
Ca/S=1 as ¢ increased from 0.9 to 1.4. This will be mentioned again below
with the change in SO; capture by CF and sucrose as ¢ was varied.

Propane was the secondary fuel used by Greene, et al. (1985) to explore
the dependence of sulfur capture on &.

b. NO, Reduction

When CP was injected at a Ca/S molar ratio <2.0, the isothermal zone
was fuel lean and the resulting NO, reduction was low (Table I). This may
have been due to poor dispersion of a small amount of sorbent. When lignite
was added to create fuel-rich conditions, the NO, reduction improved.

The NO; reduction obtained by Greene, et al. (1985) using lignite injected
at 1400°C was 50% at ¢ = 1.1 and a NO, background of ~600 ppm. When
the partial pressure of NO, was reduced to ~200 ppm, no NO, reduction
was obtained by secondary fuel injection. In both cases, the NO,. reduction
decreased with increasing ¢; for the experiments with 190 ppm NO,, NO,
production increased as ¢ decreased. The increase in NO, production was
attributed to the 1.11% nitrogen content of the lignite used in the experiments
and the net production of NO, above the background 190 ppm occurred for
all of the nitrogen-containing coals used as secondary fuels. The reduction of
NO; by lignite improved when the after-fire zone temperature was cooled from

~ 1100°C to =~ 900°C; the improvement was attributed to selective reduction
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of NO by the amine radicals produced by lignite in the fuel-rich zone. When
propane was injected as a secondary fuel, no net gain of NO, was produced
by this nitrogen-free fuel. At ¢ = 1.1 with a NO, partial pressure of ~ 600
ppm, a maximum NO, reduction of 55% occurred at an injection temperature
of 1400°C and 70% at an injection temperature of 1560°C. The NO, reduction
tended to decrease, albeit slowly, as ¢ increased. This trend is the opposite
of that observed previously (Steciak, et al., 1994d) wherein, at an isothermal
zone temperature of 950°C, the reduction of NO, measured downstream of the
after-fire zone by carboxylic acid salts increased from 8% at ¢ = 0.5 to 90%

at ¢ between 1.1 and 1.3.

3.2 S02-NO, Reduction by CF and Sucrose

a. SO, Reduction

The reductions of SO, and NO, by CF and sucrose are presented in Table
II. When CF was injected at a Ca/S molar ratio ~1.0 or ~2.0, the SO, cap-
ture and calcium utilization (Figure 2) increased as ¢ of the isothermal zone
increased.

This trend is the opposite of that obtained by calcium carboxylic acid
salts wherein ¢ was increased by using salts with increasing amounts of hy-
drocarbons bonded to Ca (Steciak. et al., 1994d), i.e., CF, CA and CP. A
physical explanation of why these opposite trends occur may rest on the ease
of decomposition of the hydrocarbon.

When most of the organic was imbedded within and bonded with the salt,
local fuel-rich clouds enveloped the particles as the organic components gasi-
fied. As the fraction of organic within the salt increased, longer times were
needed for gasification and subsequent diffusion of SO, to the calcined residues
for heterogeneous sulfation.

When most of the organic was available outside the salt and decomposed




Table IT. SO9-NO, Reduction by CF and Sucrose at 1000°C

SO, Red. | Util. | NO, Red.

Sumse 1 CafS| 6 | (%) | (%) ]| (%)
1.25 1.25 | 0.81 8 6 15
2.5 0.87 | 0.91 10 11 35

3.0 1.09 | 1.1 28 26 70
1.25 | 1.75 ] 0.97 20 11 -

1.6 2.16 1 1.16 68 31 65

2.5 1.75 | 1.24 70 40 70

separately, as for the experiments listed in Table II and plotted in Figure 2,
diffusion of SO; to the calcined residue was not hindered by an envelope cloud
of gasifying hydrocarbons. Ca sulfation under fuel-rich conditions and fairly
low temperatures may explain the role of the organic in SO, removal observed
by Steciak, et al. (1994b). Precalcined CMA was injected at (Ca+Mg)/S=6
and 750°C and failed to remove more than 10% of SO,. Injection of the
precalcined CMA in combination with sucrose to achieve ¢=1.3 caused the
same amount of SO; reduction as that obtained by raw CMA injected at the
same (Ca+Mg)/S and ¢.

It is not clear why Greene, et al. (1985) observed improvement of H,S
capture by calcitic limestone when both the sorbent and H,S were injected
with the secondary fuel.

b. NO, Reduction

When CF was injected at a Ca/S molar ratio =1.0 or 2.0, the NO,
reduction (Figure 3) increased as ¢ of the isothermal zone increased. This was
consistent with the trend obtained by calcium carboxylic acid salts wherein ¢

was increased by using salts with increasing amounts of hydrocarbons bonded
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Figure 2: Ca utilization by CF and sucrose as a function of ¢ at 1000°C
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Figure 3: NO, reduction by CF and sucrose as a function of ¢ at 1000°C
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Table III. SO9-NO, Reduction by CF and Poly(ethylene) at

1000°C
Iso. Zone | SO3 Red. | Util. | NO, Red.
Zone | C/Ca | Ca/S é (%) (%) (%)
Isotherm. 12 2.2 2.0 98 45+ 97
After-fire 12 2.2 2.0 98 45+ 89

to Ca (Steciak. et al., 1994d), i.e., CF, CA and CP. While some NO,, reduction
reactions are catalyzed by CaO (Steciak, et al. (1994a), most selective and
non-selective reactions occur in the gas phase and would not be affected by
diffusion through local fuel-rich clouds. The trend of improving NO, reduction
with increasing ¢ in Figure 3 was the opposite of that observed by Greene, et al.
(1985). The explanation for the difference may lie in the significant difference
in gas temperature between the experiments of Greene, et al. (1985) and
Figure 3 (1400 vs. 1000 °C, respectively). The lower temperature reactions
may allow for the selective reduction of NO by NH; formed during the fuel-
rich decomposition of the organics. Some NH; was measured in the isothermal
reaction zone during NO, reduction by CP (Steciak, et al. (1994)) and nearly

all of it oxidized to NO, in the after-fire air zone.

3.3 S0,-NO,; Reduction by CF and Poly(ethylene)

a. SO, Reduction

Nearly 100% reduction of SO, was obtained by a blend of CF and poly(ethylene)

at 1000°C at a Ca/5=2.2, $=2.0 and C/Ca=12 (or one mole of [-CHy-];o per
mole of Ca), as listed in Table III. The addition of after-fire air had no effect

on SO, reduction.

b. NO, Reduction
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Nearly 100% reduction of NO, was obtained by the same blend of CF and
poly(ethylene), as listed in Table III. The additioxi of after-fire air lowered NO,
reduction to 89%, suggesting that NH; or HCN products from the fuel-rich
reaction zone were oxidized back to NO,.

The excellent SO,-NO, reduction demonstrated by this blend of carboxylic
acid salt and plastic is intriguing and warrants the full investigation of blends

of different carboxylic acid salts and other plastics.

4 Conclusions and Recommendations

1. Simple calculations of operating costs suggest that application of the
carboxylic acid salts for dual SO,-NO, reduction could become compet-
itive if their price is lowered significantly, if the utilization of the alkali
earth metals is optimized, and if part of the expensive carboxylic acids
could be replaced with less expensive hydrocarbons such as lignite or

even waste plastics.

2. The reduction of SO, by combinations of calcium carboxylic acid salts
and hydrocarbons injected into the reaction zone increased as ¢ in-
creased. This trend opposed that found previously by Steciak, et al.
(1994d) wherein the reduction of SO, by carbon carboxylic acid salts
decreased as ¢ increased. The physical explanation may rest on the ease

of decomposition of the hydrocarbon.

When most of the organic was bonded within the salt, local fuel-rich
clouds that could be extremely fuel-rich enveloped the particles as the
organic components gasified and opposed the diffusion of SO to the
particle. When most of the organic was available outside the salt and
decomposed separately, diffusion of SO, to the calcined residue was not

hindered by an envelope cloud of gasifying hydrocarbons.
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3. The reduction of NO, by calcium carboxylic acid salts increased as ¢
increased regardless of whether the increase in ¢ was due to an increase in
hydrocarbons bonded to the Ca or injected into the reaction zone. This
trend suggests that selective reduction of NO could occur in the by amine
radicals that were produced in the fuel-rich zone as the hydrocarbons
decomposed. This selective reduction would be in addition to the non-

selective reduction of NO, by HC radicals.

4. Excellent SO2-NO,, reduction was obtained by a dry-injected blend of CF
and poly(ethylene). Further investigation of carboxylic acid salt-plastic

blends are warranted.

5. Dual SO,-NO; reduction by combinations of wet-sprayed carboxylic acid
salts and different plastics should be investigated. Wet-spraying achieves
high Ca utilization for efficient SO, removal. The use of waste plastics
as sacrificial hydrocarbons for the reduction of NO, diverts significant
amounts of material from landfills. The presence of Ca in the reac-
tion zone may also remove Cl, a decomposition product of chlorinated
hydrocarbons, in the form of CaCl,. The combination of wet-sprayed
carboxylic acid salts and waste plastics may be the most economical and
advantageous scheme for SO2-NO, reduction, providing that the cost of
the carboxylic acid salts can be significantly reduced and the plastics can
be shredded or ground to facilitate quick decomposition in the reaction

zone.
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Overall Summary

A study was conducted to determine the efficacy of carboxylic calcium and
magnesium salts for the simultaneous removal of SO, and NO,. in oxygen-lean
atmospheres. Experiments were performed in a high-temperature, laboratory-
scale furnace which simulated the post-flame environment of a coal-fired boiler
by providing similar temperatures and partial pressures of SO, NO,, CO,
and O. The salts tested included calcium magnesium acetate (CMA, Ca
Mg,(CH2COOH)s), calcium acetate (CA, Ca(CH,COOH),), magnesium ac-
etate (MA, Mg(CH,COOH);), calcium formate (CF, Ca(COOH),), calcium
propionate (CP, Ca(CH;CH,COOH);), and calcium benzoate (CB,
Ca(C7Hs502),).

When injected into a hot environment, the salts calcined and formed highly
porous cenospheres. Residual MgO and/or CaCOjz and CaO reacted hetero-
geneously with SO, to form MgSO, and/or CaCOy4. The organic components
gasified and reduced NO, to N, effectively in moderately fuel-rich atmospheres.

On a Ca/S molar ratio basis, CMA was found to be the most effective
dual 502-NO, reduction agent. Dry-injected CMA particles at a Ca/S ratio
of 2 and bulk equivalence ratio ¢ of 1.3 removed 90% of SO, and NO, at gas
temperatures > 950°C in atmospheres containing 3% O, 12% CO,, 2000 ppm
SO2, and 1000 ppm NO, during a =1 s residence time in the isothermal zone
of the furnace.

The role of Mg during rapidly quenched experiments at gas temperatures
< 950°C was quantified. In the isothermal zone, on a per-mole basis, Ca con-
tributed between 20 and 30%, and Mg contributed between 10 and 15%, to
SOz reduction during a 4 s residence time. Ca was essentially inert in the fur-
nace quenching zone, while Mg continued to sorb SO, as the gas temperature
cooled at a rate of -130°C/sec. Hence, the removal of SO, by CMA could con-

tinue for nearly the entire residence time of emissions in the exhaust stream
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of a power plant.

It can be expected that isothermal zone temperatures 950°C - including
temperatures above 1270°C, the stability limit for CaSO4 — could lead to tem-
peratures that are high enough to favor Ca sulfation kinetics in the region of
the furnace where gas temperature cooled at a rate of -130°C/sec. Essentially
no SO; was emitted during the combustion of CMA-treated pulverized coal
in air at furnace gas temperatures of 1180°C. During these experiments, the
temperature of the volatile and char phase of coal particles treated with CMA
were 2130 and 1730°C, respectively (Appendix I).

At gas temperatures below 800°C, the organic components of the salts
did not completely gasify during the residence time in the furnace. Ca was
transformed to CaCO3 and/or bound organically; the organically bound Ca
would be unavailable for reaction with SO,. At temperatures between 900 to
1150°C, Ca was found in the forms of CaCOj3 and/or CaQ. The composition of
the calcined salts and the availability of Ca was used to interpret the results of
a cenosphere sulfation model. The sulfation kinetics of Ca-containing residues
were found to be bounded by those of pure CaO and pure CaCOs.

The high solubility of the salts, compared with slaked lime (Ca(OH),) or
limestone (CaCO3) (e.g., 30 g/100 cc for CMA vs. 0.85 g/100cc for slaked
lime and 0.0015 g/100cc for limestone) makes them excellent candidates for
wet injection. Fine mists of CMA, produced with an aerosol generator and
sprayed in the furnace at temperatures between 850 and 1050°C, removed 90%
of SO, at a Ca/S molar ratio of 1, about half of the amount used in the dry
injection experiments. About 15% of the SO, was scrubbed by water alone.
When CMA was sprayed at a Ca/S ratio of 1, the NO, reduction chemistry
was not affected by the presence of water, i.e., the same reduction efficiency
was achieved as with dry injection (25 - 30%).

Because the efficiency of NO, removal by secondary fuel injection is a func-
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tion of the initial partial pressure of NO, future experiments should determine
the SO,-NO, reduction efficacy of the carboxylic acid salts when the initial
NO partial pressure is 300 ppm and below.

Additional research is needed to improve the efficiency and reduce the cost
of the relatively expensive carboxylic acid salts as dual SO,-NO, reduction
agents. One suggestion is combining wet injection of the salts (with a Ca uti-
lization of — or perhaps even higher than — 65%) with less expensive reburning
fuels such as lignite or even polymers such as polyethylene which could be

extracted from the municipal waste stream.
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Determination of the Bulk Equivalence
Ratio, ¢

The bulk or average equivalence ratio, @, is defined as the ratio of the
actual fuel-to-oxidant ratio to the stoichiometric fuel-to-oxidant ratio. If ¢is
less than one, more than enough oxidant is present to react with all the fuel
and the reaction conditions are termed fuel-lean. If ¢ is equal to one, exactly
enough fuel and oxidant are present for the reactions to go to completion.
This condition is called stoichiometric. When ¢ is greater than one, more
than enough fuel is present to react with all the oxidant, and this condition
is called fuel-rich. It is important to note that the bulk ¢ is the same as
the actual ¢ in a reactor only if the reactants are perfectly mixed. Usually
this is not the case and pockets of fuel-rich and fuel-lean conditions can exists
regardless of the bulk ¢. Nonetheless, the calculation of @ is useful practically
since it indicates trends and can guide burner design to control emissions.

In the furnace used for the experiments with dual 502-NO, reducing
agents, the sorbents were either dry- or wet-injected. In both cases, the sor-
bents were injected directly into the hot isothermal reaction zone (via pneu-
matic transport through a water-cooled injector) which contained a mixture of
SO and NO. The sorbents mixed with the gases in the furnace. Each particle
or droplet briefly sustained an envelope of gasifying hydrocarbons, creating
fuel-rich conditions within the envelope. When gasification was complete, SO,
had to diffuse into the interior pores of the resulting cenospheres. During the
sulfation of cenospheres containing CaCOs, CO, was released as a product and
had to diffuse out of the interior pores. Even when a blend of SO2 and NO
was used to transport the sorbents to the isothermal zone in order to pre-mix
the sorbents and the gases, considerable local diffusion and mixing occurred

because of gasification and sulfation. Hence, the value of calculating ¢ was
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simply to observe trends and note changes in sulfation and NO, reduction
efficiency as overall conditions change from fuel-lean to fuel-rich.

Oxygen was present in most of the sorbents as well as in SO,, NO, and

the background gas. For CMA injected at a molar Ca/S ratio of 2 in an
atmosphere containing 2000 ppm SO,, 1000 ppm NO and unlimited O,, the
overall stoichiometry to reduce NO to N; and form CaSQ, from SO, and Ca
was described by the following global reaction:
CaMg;(CH,COOH)s + £SO, + 1NO + 1280, — 1CaSO, + 3Ca0 + 2MgO
+ 12 CO; + 9H,0 + IN, (R1)
For each mole of fuel (CMA), the number of moles of oxygen in the reactants
was 6 + ;414121 = 182. Hence, the stoichiometric fuel-to-air ratio was
fs = %{,—‘V‘Vﬁi = 0.737, i.e., one gram of O, was needed with each 0.737 g of
CMA to completely convert SO, to CaSO4 and NO to N, - with unreacted
Ca0O and MgO left over.

The actual fuel-to-oxidant ratio in the isothermal reaction zone was quite
different. The molar flow of O, in the sorbent, SO5, NO and the background

gas were determined first. For each gas, its molar inflow was

.1 913
PoosV S dTit fmol 395 1)

where pyo; was the partial pressure of the gas (in Np) and V its volumetric flow
rate. Because SO, and NO were introduced into the furnace at a volumetric
rate of 1 Ipm at room temperature, and O, at a rate of 2 Ipm, the partial
pressure of all of the gases at the furnace inlet was higher than that in the
furnace because of dilution to achieve the desired final concentration. For
CMA injected at a Ca/S molar ratio of 2 in an atmosphere containing 2000
ppm SOz, 1000 ppm NO and 3% O,, the inlet partial pressures were 6000 ppm
502, 3000 ppm NO, and 4.5% O,. Hence, the total mass inflow of 02 was

, , 1, L
™o, = (fis0, + 5nNO + 1o, +10,incma) - MWo, (2)
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where 1 is the molar flow rate and
noyincma = 6-Ca/S - nso, 3)

since there were 6 moles of O, for each mole of CMA. The mass inflow of CMA
was

mema = MWeps - CafS - 1iso, (4)

This resulteél in an actual fuel-to-oxidant ratio of Jo = 0.935, i.e., 0.935 g of
CMA was provided with each gram of O, in an attempt to convert SO, to
CaS0O4 and NO to N;. Whether or not this amount of O. was sufficient was

determined by the equivalence ratio:

¢=do =095 197

= 7, ~ o737

Here, ¢ > 1; hence, the overall reaction conditions were fuel-rich and insuf-
ficient O, was provided for the complete conversion of the reactants to the
products listed in R1. In the experiments, fuel-rich conditions resulted in co-
pious formation of CO and trace concentrations of H,S, HCN and NH;. The
addition of afterfire air oxidized CO to COq2, H,S to SO,, and HCN and NH;
to NO and thus lowered the overall SO,-NO,, reduction efficiency. The loss of
dual 503-NO, reduction efficiency was significant for ¢ > 1.3 (Chapter 5).
The bulk equivalence ratios for the other sorbents and different Ca/S molar

ratios were calculated in a similar manner.

Notation
SYMBOL DESCRIPTION UNITS
fa actual fuel-to-oxidant ratio -
fs stoichiometric fuel-to-oxidant ratio -
MW molecular weight Z
m mass flow rate P
n molar flow rate mol
P partial pressure atm
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Chemical Thermodynamics and Chemical
Kinetics Calculations

Whether or not a chemical reaction was thermodynamically possible over a
particular temperature range was determined by calculating the change in the
Gibbs free energy per mole, AG (or the chemical potential), for that reaction.

For an individual species,
AGf=ho+Ah—-TAs (1)

where h, is the enthalpy of formation at 298 K, Ak is the enthalpy change
between 298K and temperature T, and s is the absolute entropy. Occasionally,
thermodynamic data sources - especially ones published in recent years - tabu-
lated AGy directly, but Eqn. 1 was used most frequently. The thermodynamic

data sources used are listed below. For a particular chemical reaction
valA]+ vp[B] — vc[C] 4 vp[D] (2)

where v; are the stoichiometric coefficients and [¢] denotes concentration of

species ¢, the change in Gibbs free energy is

AG = ZI/,,AGf,p — EI/TAGf,T = IchGf,c + I/DAG_,',D — (I/AAGLA + I/BAGf,B)
(3)

If AG is negative, the reaction is spontaneous at all T. Also,
AG = —RTIn(K(T)) (4)

where R is the ideal gas constant and K (T') is the equilibrium constant defined

by

YEFYP p vetvp—va-vg
VA, VB (5)

Y4 YB DPref

where y; are the species mole fractions and p is pressure. Hence, the equi-

K(T) =

librium constant can be calculated if AG is known. It also follows that, if
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logio(K(T')) is positive, the reaction is spontaneous. The Gibbs free energy
change was calculated using tabulated thermodynamic data from 700 to 1700K
(427 - 1427°C) for a number of reactions in Chapters 2 and 5.

Knowledge of the rate of reaction was needed to determine how fast a
reaction would occur, given that it was spontaneous over the temperature
range of interest. Kinetics and thermodynamics are linked by the equilibrium

constant and the rate constants for a reaction:

K(T) =+ (6)

)
where k is the rate constant, the subscripts f and r refer to the forward
and reverse reactions, respectively, and k is assumed to follow the Arrhenius

equation:

b= A oxp(~2%) (7)

where A is the pre-exponential factor and E, is the activation energy. Thus,
if the forward rate constant is known, the reverse constant can be calculated,
and vice versa.

For example, the reaction rate constant for the direct sulfation of CaCOs:

CaCO3 + %02 -+ SOz — Ca.SO4+CC)2

was provided by Snow, et al. (1988) as

15,300, em

by =118 - exp(—Toerm) see ()

To convert this to the same scale used in the sulfation model (Simons, et al.,
1987) used in Chapter 5, the pre-exponential factor 71.8 was modified by
M VVso2 g

A =T1.
7 8RTpso2 cm? - sec- atm %)
so that
MWso 15,300
k' =171.8 . -
RTpso, P Togrr) (10)
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A straight line fit to a plot of In(%') vs. 1/T yielded a new effective pre-
exponential factor (A” = 10.76) and activation energy (B! = -13,440 cal/mol)
that were used in the sulfation model. The reverse reaction rate constant was
calculated using Eqn. 6.
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Notation
SYMBOL

A
E,
AG
ho
Ah

= N

X

DESCRIPTION

pre-exponential factor
activation energy
Gibbs free energy change
enthalpy of formation
enthalpy

reaction rate constant
equilibrium constant
pressure

ideal gas constant
absolute entropy
temperature

mole fraction

stoichiometric coefficient
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UNITS

varies

<al
mol

kJ
kmol

kEJ
kmol

kJ
kmol

varies

atm

0.0802062m4it o 1 987 _cal

kJ
kmol-K

K

mol

mol-K



