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variables included relative humidity, temperature, sorbent loading, and gas
concentrations of NO3, SO,, and O,. The primary reagent of interest was calcium
silicate. Calcium silicate or ADVACATE (ADVAnced siliCATE) solids are
comprised of varying amounts of calcium hydroxide reacted with a silica source,
such as fly ash or recycled glass, in a heated aqueous slurry. The reaction
between silica and calcium hydroxide produces a calcium silicate material with
high surface area and porosity.

On non-alkaline solids, three moles of NO; reacted readily with surface
water to produce two moles of nitric acid (HNO3) and one mole of nitric oxide
(NO). On alkaline solids such as hydrated lime and calcium silicate, NO; reacted
readily with surface water and S(IV). The adsorption of water and the hydrolysis
of SO, on the sorbent surface provided sufficient water and S(IV) to react with
NO; to produce mostly nitrite. The presence of oxygen lowered S(IV)
concentration by the oxidation of S(IV) to S(VI) which in turn reduced NO,
removal. Subsequent acidification of the sorbent by the removal of NO, and SO,
facilitated the production of NO. However, conversion of surface nitrite to sulfur-
nitrogen compounds reduced NO production and enhanced SO, removal.

A reactor model based on empirical and semi-empirical rate expressions
predicted rates of SO, removal, NO; removal, and NO production by fly ash
ADVACATE. Rate expressions from the reactor model were inserted into a
second program, which predicted the removal of SO; and NOy by a continuous
process such as the collection of fly ash ADVACATE in a baghouse. The
continuous process model, depending upon inlet conditions, predicted 30-40%

removal for NOy and 50-90% removal for SO,.
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The Clean Air Act of 1990 requires additional reduction of acid gases,
sulfur dioxide, and nitrogen oxides released into the atmosphere from coal-fired
electric power plants. In the case of older existing power plants, a possible retrofit
strategy is to oxidize nitric oxide (the major constituent of NOy in flue gas) to
nitrogen dioxide (NO,) by the addition of methanol or other hydrocarbons into the
duct at an optimum temperature regime. NO can then be removed by either
modifying existing SO, control equipment or by adding a dry scrubbing process.
The focus of this research is to measure the reactivity of NO; and SO, with lime-
based sorbents that have potential use in these systems.

At conditions typical of a bag filter exposed to flue gas from a coal-fired
power plant, various alkaline and non-alkaline solids were contacted with a

synthetic flue gas containing NO; and SO, in a packed-bed reactor. Experimental
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Chapter 1

Introduction

The Acid Rain Program (Title IV) of the Clean Air Act Amendments
(CAAA), signed into law in 1990, requires the electric power industry to
significantly reduce sulfur dioxide (SO5) and nitrogen oxide (NOy) emissions
from fossil-fueled boilers. Implemented by the U.S. Environmental Protection
Agency (EPA), Title IV calls for reductions in SO; and NOy emissions by ten
million tons and two million tons, respectively, from the 1980 levels (Duvale,
1991).

To achieve its SO; reduction goals, CAAA deviates from previous air
pollution legislation by promoting a market-based approach that relies on
economic incentives to determine a utility's choice of compliance. This approach
has led to developing an emissions trading market, imposing an absolute
emissions cap, and allowing utilities the freedom to implement a variety of
technologies to meet the new requirements.

Phase I of Title IV started in January 1995 and affected 110 power plants
located in 21 eastern and midwestern states (Kuehn, 1993). Units regulated by
Phase I were allowed to emit SO, at an average rate of approximately 2.5
Ib/MMBtu. Phase II will begin on January 1, 2000 and affect an additional 785
plants. Phase II tightens the emission limits of Phase I plants and sets restrictions
on all plants with generating capacities greater than 25 MW. Average emission

rates are set at 1.2 Ib/MMBtu for all plants.
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The regulation of NOy emissions by Title IV is fundamentally different
from that of the SO, control policy (Smith, 1993). The rules specify a more
traditional command and control approach. The limits set for NOy emissions are
based upon levels believed to be achievable by the application of low-NOy burner
technology. Depending upon boiler type, limits are set at 0.45 and 0.50
Ib/MMBtu. However, the EPA might require more stringent NOy reductions at a
later date as newer technology develops.

The cost of compliance is estimated at $3-$5 billion per year for the years
between 1995 and 1999, and as much as $7 billion for the year 2000 (Kuehn,
1993). To meet its SO emission requirements, a power plant may implement one
or more of the following options: (1) switch to a lower sulfur coal, (2) purchase
allowances, (3) retrofit with conventional technology such as limestone slurry
scrubbing or lime spray drying, or (4) retrofit with newer, lower capital cost
technology such as in-duct injection processes.

Each of these options has its own advantages and disadvantages. The
advantage of switching to a lower sulfur coal is obvious, but it may not be a viable
option if the burners of existing power plants are designed for specific coals. In
addition, utilities are often limited to coal available in a specific region or state.

At current market price, the purchase of SO, emission allowances (one
allowance is defined as a ton of SO,) offers the most economical solution to meet
compliance. However, uncertainty abounds about the future of the market. As a
result, a utility would take a considerable risk if this option were their sole method

to meet the new emissions standards.



Limestone slurry scrubbing accounts for more than 90% of the SO;
control equipment installed at utility plants (Kuehn, 1993). Because of their
considerable level of commercial operating experience and potential for high SO2
removal (> 95%), both slurry scrubbing and lime spray drying are expected to
remain the preferred choices for Phase II compliance.

Utilities that have chosen fuel switching or currently burn low-sulfur coal
may have to achieve only moderate removal efficiencies for Phase II compliance.
For these cases, the installation of low capital cost technology like lime-based
injection scrubbing may be the least-cost option (Kuehn, 1993). Currently, most
of these systems are in the development stage.

Figure 1.1 compares capital costs of various flue gas desulfurization
(FGD) processes relative to limestone slurry scrubbing. Conventional
technologies like limestone slurry scrubbing and lime spray drying have the
highest capital costs. Newer technologies, such as the LIMB process (a high
temperature duct injection process) and the ADVACATE process (a low
temperature duct injection process), are the least capital intensive. Operating
costs, which are mostly determined by the cost of alkali feed, are typically lower
for limestone slurry scrubbing than for duct injection processes because it
generally achieves a higher utilization of alkali and uses a cheaper raw material

(limestone rather than lime).
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Figure 1.1 Normalized Capital Costs for Sulfur Dioxide Control (Lachapelle,
1995).

As previously mentioned, the application of low-NOy burner technology
to existing boilers should be sufficient in most cases to meet compliance
requirements. Low-NOy burner technology, by a variety of methods and designs,
essentially creates a staged combustion effect within the boiler. Staged
combustion and the creation of fuel-rich and fuel-lean zones in the boiler reduce
peak flame temperature and oxygen availability which in turn lower NOy
production. Combustion modifications of this sort typically reduce existing NOy

emissions by 40-70% (Wood, 1994).



In the coming years, NOx regulations are expected to tighten as new low-
NO, technology develops. Any additional removal of NOy beyond the current
level of reductions set forth in Title IV will require a post-combustion process.
Currently, the two most common post-combustion technologies for controlling
NOjy are selective catalytic reduction (SCR) and selective non-catalytic reduction
(SNCR).

In the SCR process, ammonia is injected into the flue gas to reduce NOx to
nitrogen and water. The reactions take place in a fixed bed of metal oxide
catalyst, at a temperature range of 600-750 °F, and typically lower NOy emissions
by 70-90% (Wood, 1994). The major drawback to SCR is an installation cost
ranging from $75 to $150/kW. Retrofitting and high operating costs, such as
replacement of catalyst, will make SCR an expensive process for existing plants.

In the SNCR process, urea is injected into the furnace to reduce NOx
emissions. SNCR uses chemistry similar to that which SCR uses but reaction
temperatures are in the range of 1600-2200 °F. Removal efficiencies of SNCR
are typically 40-60% (Wood, 1994). Though not as effective as SCR, the major
benefit of SNCR is its simplicity and low capital cost.

Considerable operating and cost efficiencies are possible with processes
that remove both SO, and NOy simultaneously. Several systems are currently
being developed, among them the ADVACATE system modified for NOx
removal. This duct injection process hopes to achieve the SO, removal efficiency
of limestone slurry scrubbing, but at a lower capital cost, and to remove NO, with

the efficiency of SCR but at a cost comparable to SNCR.
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A simplified diagram of the process is shown in Figure 1.2. A typical
coal-fired power plant equipped with a low-NOy burner will emit approximately
200-400 ppm of NOy (NO and NO; combined), where nitric oxide (NO) accounts
for 90% of NOy. Since NO is relatively unreactive and insoluble in aqueous
solutions, a possible retrofit strategy is to oxidize nitric oxide to nitrogen dioxide
(NO3) by the addition of methanol or other hydrocarbons into the duct at an

optimum temperature regime (Hori et al., 1992: Lyon et al., 1990). NO; can then



be removed by either modifying existing pollution control equipment or by adding
a dry scrubbing process.

In the ADVACATE process, the flue gas is contacted by injected
ADVACATE material. ADVACATE (ADVAnced siliCATE) or calcium silicate
solids are produced by reacting varying amounts of calcium hydroxide with a
silica source, such as fly ash or recycled glass, in a heated aqueous slurry (Kind
and Rochelle, 1994; Arthur and Rochelle, 1995). The reaction between silica and
calcium hydroxide produces a porous, high surface area calcium silicate material
that is capable of carrying significant moisture without problems such as caking
on the duct walls.

The sorbents, carried downstream by the flue gas, are removed from the
gas stream by a particulate collection device. For systems with baghouses, most
of the contact between gas and injected sorbent will occur on the bag filters.
Depending on the process, relative humidity at the bag filters is expected to be 10
to 60%. The solids collected by the bag filters are either purged from the system
or used to produce the ADVACATE material. Waste from the process includes
fly ash, calcium sulfite, calcium sulfate, calcium nitrate, and small amounts of
various sulfur-nitrogen compounds.

The objective of this work is to determine the effectiveness of calcium
silicate solids in removing SO and NO; from the flue gases from coal-fired
boilers. Issues addressed in this study include utilization of alkali, SO; and NO»y
rates of removal, and end products formed from the process. Results of the study
were used to make a preliminary estimate of the economic and technical

feasibility of the proposed process of removal.
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The reaction chemistry, experimental methods, and results derived from
this work are presented in the forthcoming chapters. Chapter 2 reviews the
current chemistry and technology behind the ADVACATE process. Chapter 3
details the experimental methods and analytical techniques used to investigate
alkali utilization, SO; and NO; rates of removal, and reaction products. Chapters
4-7 present empirical and modeling results, including a prediction of baghouse
performance. Finally, Chapter 8 lists the conclusions and recommendations to be

drawn from this work.



Chapter 2

Chemistry of the ADVACATE Process

The ADVACATE process modified for NOy removal is the synthesis of
three individual chemical systems. Since the focus of this work is the removal of
acid gases by calcium silicate solids, the chemistry of the first two systems, i.e.,
oxidation of NO by methanol injection and production of ADVACATE by lime
and fly ash, will be detailed briefly in this chapter. The chemistry relating to the
last system, the removal of SO, and NOy by calcium silicate solids in a

humidified environment, will be more thoroughly presented.
2.1 OXIDATION OF NO BY METHANOL INJECTION

The homogeneous gas phase oxidation of NO to NO; by methanol was
first reported by Yano and Ito (1983) in their study of reactions which occur in the
exhaust of methanol-fueled automobiles. They noted limited conversion of NO to
NO, and suggested that the HO; free radicals formed during combustion reacted
with NO to produce NO;. Lyon et al. (1990), in bench scale experiments,
achieved high NO-to-NO; conversions by methanol under a variety of
temperature and residence time conditions. Based on modeling predictions and

previous kinetic studies, they determined the following reaction mechanism:

CH30H + OH* --> CH,OH* + H;0 2.1)
CH,0H* + O3 --> CH0 + HOp* (2.2)
HOy+ +NO -->OH* + NOy (2.3)



Figure 2.1 shows both bench and pilot scale results of a later study by the
same research group (Pont et al., 1993). Zamansky et al. (1995) were able to
demonstrate 98% conversion of NO to NO, at pilot scale with a 50/50 mixture of
hydrogen peroxide (HyO3) and methanol at a molar feed ratio of 1.5:1. Though
more expensive, the addition of HyO; reduced carbon monoxide (CO) production
by more than half. Without H>O,, methanol produced one molecule of CO for

every molecule of NO converted to NO».
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Figure 2.1 Methanol Performance at Bench and Pilot Scale. Methanol molar

feed rate relative to NO was 2 to 1. Residence time was 0.6 seconds
(Pont et al., 1993).
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In related work, Hori et al. (1992) have shown hydrocarbon fuels to be
similarly effective in oxidizing NO to NO, by means of the same HO»;
mechanism. However, the effectiveness in producing HO> radicals was found to

be strongly dependent on fuel type.
2.2  PRODUCTION OF ADVACATE

There has been considerable work done in the manufacture and
characterization of ADVACATE solids for use in flue gas desulfurization. For
example, the reaction between fly ash and calcium hydroxide has been found to
be a two-step mechanism with the initial rate limiting step being the dissolution of
silica from the fly ash, and the second step, the reaction of silica with dissolved
calcium in solution (Peterson and Rochelle, 1990).

Examination by SEM has shown that the product formed is an amorphous,
high surface area material on the surface of the fly ash particle (Peterson, 1990).
The reaction product is most likely CSH, an amorphous, hydrated calcium silicate
with a Ca/Si mole ratio of between 1 and 2.

ADVACATE solids are typically prepared by slurrying hydrated lime, fly
ash, and applicable salts in a batch reactor at elevated temperatures (90-98 °C).
After drying, ADVACATE sorbents have the handling properties of dry powder
but maintain moisture levels of up to 50% by weight (Stroud, 1991). The large
amount of water and exposed alkalinity allow ADVACATE solids to achieve high
rates of removal of acid gases along with a high utilization of alkali.

Recently, work has been done to produce ADVACATE from other silica

sources, such as ground recycled glass (Arthur and Rochelle, 1995). This new
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technology allows for off-site production of ADVACATE and then distribution to
sites other than large power plants, such as municipal waste incinerators and
clean-room operations, that cannot support an entire ADVACATE production
facility.

23 SO AND NOx REMOVAL BY ALKALINE SOLIDS

Since the initial Clean Air Act of 1970, numerous FGD processes have
been developed to varying degrees based on duct injection of alkaline solids.
Most of these processes were designed solely for SO, removal; however, some
designs were extended to include NO, remova) as well. Systems with similarities

to the ADVACATE process modified for NO, removal are chronicled below.
2.3.1 SO; Removal by ADVACATE

There has been a significant amount of work regarding SO removal by
ADVACATE materials ranging from bench to pilot scale. The bulk of the bench
scale work has been performed using a sandbed reactor. The sandbed reactor
exposes the sorbent, mixed in a sand media, to a gas stream similar to the flue gas
produced in a coal-fired power plant. The solids are exposed for a one hour
period, and the conversion of the calcium hydroxide in the sorbent during that
time is taken as the measure of the sorbent reactivity towards SO».

Jozewicz and Rochelle (1986) first noted that ADVACATE materials had
a higher reactivity toward SO, than did calcium hydroxide (Figure 2.2).
Changing process variables, by lengthening sorbent preparation time or raising
slurry temperature, increased SO, reactivity since calcium silicate production was

enhanced under those conditions. The same effect is shown in Figure 2.3, where
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increased calcium silicate production, shown in terms of sorbent surface area,

correlated well with SO» reactivity (Hall et al., 1991). Chu and Rochelle (1989)

reported that SOy removal increased with lower gas temperature and higher

relative humidity.
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Figure 2.2  Effect of Hydration Temperature on Sorbent Reactivity. San Miguel
fly ash was reacted with calcium hydroxide in 16:1 weight ratio to
form ADVACATE sorbent. A 500 ppm SO stream at 54% relative
humidity was passed through the sandbed reactor (Jozewicz and

Rochelle, 1986).

Pilot scale work has been performed using bench scale material injected

into a small duct (Jozewicz et al., 1988). Solids were collected by a pulse-jet
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baghouse to simulate industrial process conditions. Both calcium hydroxide

(hydrated lime) and ADVACATE materials were tested.
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Figure 2.3 Effect of Sorbent Surface Area on Reactivity with SO;. Sorbent
samples were reacted in a slurry reactor for 1 to 6 hours at
temperatures from 60 to 90°C at a fly ash to calcium hydroxide
weight ratio of 3:1. The sandbed reactor was at 60°C with a SO gas
concentration of 1000 ppm (Hall et al., 1991).

Results from the pilot plant are presented in Figure 2.4. For a
stoichiometric feed ratio of 1.0 and an adiabatic approach to saturation
temperature of 11 °C, approximately 60% removal of SO> was obtained with the
ADVACATE material. The stoichiometric ratio is defined as the molar rate of

calcium injected into the duct (either as ADVACATE or calcium hydroxide)
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divided by the molar rate of SO, passing through the system. Approximately
90% removal was obtained when ADVACATE feed ratios were close to 2.0.
Once again, ADVACATE materials had higher reactivity towards SO than did

calcium hydroxide.
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Figure 2.4  Pilot Plant Removal of SO». (Josewicz et al., 1988).

Attempts have been made to model SO7 removal by alkaline solids. Itis
generally believed that SO reacts with a thin layer of water on the surface of the
solid to form a product layer of salt, such as calcium sulfite (CaSO3). Beyond this
point, the sequence for additional removal is not clear. Ruiz-Alsop (1986),

neglecting effects of surface water, modeled the reaction between SOy and
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