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With the advent of increased usage of coal as an energy source, environmental
considerations must be examined. The purpose of this study is to understand the emission
behavior of chlorine and sulfur during combustion in an atmospheric fluidized bed
combustion (AFBC) system.

A two-phase investigation was carried out in order to

evaluate combustion performance, the extent of hydrochloric acid formation during
combustion, and the effect of combustion conditions (limestone addition) on chlorine and
sulfur emission.

Two 1,000-hour burns were conducted with the 12-inch (0.3 m)

laboratory AFBC system at Western Kentucky University. Operating conditions similar
to those used at the 160-MWe AFBC system at the Shawnee Steam Plant near Paducah,
Kentucky were used.
The first 1000-hour burn was done with a low-chlorine (0.012% CI and 3.0% S)
Western Kentucky University # 9 coal. The second 1000-hour burn was done with a
high-chlorine (0.28% CI and 2.4% S) Illinois # 6 coal. The behavior of chlorine and
sulfur was studied by collection of samples of chloride and sulfate emissions from the
combustion flue gases in a buffer solution and analyzed by ion chromatography (IC).
ix

The results indicated that the greater the increase in bed temperature, the higher
the concentration of hydrogen chloride and sulfur dioxide emitted from the AFBC system.
The higher contents of chlorine and sulfur in the coals also contribute to higher emissions.
The limestone is effective in capturing the hydrogen chloride and sulfur dioxide
emissions, especially at lower temperatures (optimal temperature at 1120 K).

Sulfur

dioxide emissions are more easily retained by limestone than by hydrogen chloride in our
experimental conditions. There is no significant change in the emission of HC1 when the
Ca/S ratio is varied. When the sulfur or chlorine content in coal reaches a certain point,
the Ca/S ratio in the combustion mixture will be an important factor in the absorption of
S0 2 and HC1.

x

CHAPTER I
INTRODUCTION

Electrical power generation is the principal use of coal in the United States.
Combustion of coal results in varying quantities of trace pollutant emissions, many of
which may be harmful to industrial operation and human health. Corrosion is also a
major problem of concern.
It is generally accepted that chlorine and sulfur may play roles in the boiler
corrosion in some cases during coal combustion. In order to predict the performance of
high chlorine or high sulfur coals in the combustion systems, it is necessary to have a
better understanding of the different corrosion mechanisms in which chlorine and sulfur
may be involved.

It is also important to evaluate the critical point of coal chlorine

content which may cause initial corrosion. Personnel at TVA's Shawnee Plant observed
that the boiler tubes in the primary superheater region of the atmospheric fluidized bed
combustion system had wastage/corrosion problems between 1992 and 1993.

It is

difficult to isolate the factors (such as chlorine content, sulfur content, or erosion) that
caused this wastage.

Also, the gas composition varies a great deal in the primary

superheater region.

1

2
A.

Chlorine Overview
It has been recognized that a high chlorine content in coal may cause problems

of corrosion and fouling in coal-fired utility boilers and in coal conversion process
equipment.

The high chlorine coal also shortens the life expectancy of expensive

equipment and causes "breakdowns" in normal operations.1
Fouling is the accumulation of small, sticky molten particles of coal ash on a
boiler surface.

A generally accepted fouling classification of coal according to total

chlorine is as follows: 2 if the total percent chlorine in the coal is < 0.2%, the fouling type
is low; 0.2-0.3% chlorine coal is medium fouling type; 0.3-0.5% chlorine coal is high
fouling type; and > 0.5% chlorine coal is a severe fouling type coal.

Severe fouling

obstructs heat exchange during coal combustion.
In terms of corrosion, the occurrence of chlorine in coal leads to the formation of
hydrogen chloride, and the condensation of water containing hydrogen chloride
(hydrochloric acid) on the cooler parts of combustion equipment can lead to severe
corrosion of metal surfaces. Chlorine in coal converts predominantly to HC1 in a furnace,
and coal containing 0.1% chlorine produces approximately 80 ppm HC1 in the flue gas.3
Experience has shown that serious corrosion problems are likely to occur if the chlorine
content exceeds 0.3%.
The chloride content of coal varies from just a few ppm to greater than 1%. The
coal-chlorine values are related to the salinity of groundwater and/or the soil surrounding
the coal bed.
The occurrence and state of combination of chlorine in coal have been the subject
of many investigations. Some research work has shown that the chlorine in coal is almost
completely water soluble, provided that the coal is sufficiently finely ground. Crossley 4

3
postulated that the chlorine in coal is present almost entirely as sodium and potassium
chlorides, but that chlorine could also occur, sometimes to an appreciable extent, (1) as
oxychloride of calcium and magnesium, (2) combined with organic matter, or (3) present
as adsorbed ions.

He also concluded that the amount of chloride in coal largely

determined the extent to which fouling of the high temperature heating surfaces of boiler
plant occurred. Edgcombe, 5 on the other hand, found that the chlorine was not present
mainly as sodium and/or potassium chlorides, the water-soluble alkali being equivalent
to only a fraction of the chlorine, in one instance being as small as 15 percent. He also
found that more than half of the chlorine was usually removed from coal as hydrogen
chloride on heating in air at 200°C and suggested that chlorine so liberated is present as
ions held by the coal substance acting as an ion exchange medium.

The chlorine in

Illinois Basin coals is present mainly as chloride ions (CI") weakly bound to positively
charged ions on the coal surface. 6 The chlorine enriched in organic matter most likely
exists as chloride ions adsorbed on the inner surfaces of the micropores in macerals. The
adsorbed chloride ions probably occur as hydrogen chloride (HC1) associated with
positively charged nitrogen functional groups and may be held in the diffuse electrical
double layer. The charge of the adsorbed CI" is balanced by hydrogen ions (H+) in the
pore moisture, not sodium or other alkali or alkaline earth metal cations. There is no
stoichiometric correspondence between CI" and Na + in Illinois Basin.
When sodium chloride is in intimate contact with coal or mineral particles,
decomposition of NaCl during combustion may take place by way of reactions with
hydrogen in the coal, and with silica.
NaCl (liquid) + 1/2H2 * Na (gas) + HC1

(1)

2NaCl (liquid) + Si0 2 + H 2 0 * Na 2 Si0 3 (liquid) + 2HC1

(2)

4
In thick fuel beds this type of dissociation is extensive. At higher temperatures
( > 1875°K), some hydrolysis of the vapor will then take place.
NaCl (gas) + H 2 0 * NaOH (gas) + HC1

(3)

Emissions of chloride from coal-fired plants can range from 50 to several thousand
ppm by volume, depending on the original concentration in the coal, the type of
combustor, and any pollution control equipment installed.
The dew point (the temperature below which vapor condenses) for HC1 is around
70°C. Therefore at the temperatures encountered throughout a power station, HC1 remains
as vapor. Thus any HC1 leaving the stack will do so in the vapor phase, although some
HC1 may adsorb onto the smaller fly ash particles.
Few studies have been done on the behavior of chlorine in coal during
combustion. N. John Hodges and D. G. Richards 7 stated that the majority of the original
coal chlorine is released during the fluidized bed combustion of coal as a volatile
component, presumably HC1.

For Illinois coals, HC1 was the only chlorine species

identified by quadrupole gas analyzer (QGA), and the chlorine in Illinois coals is released
rapidly as HC1 during combustion in a utility/industrial boiler, not as sodium chloride
(NaCl). 8
A study by Munzner and Schilling on a bench-scale FBC unit with a finely
powdered limestone sorbent found a definite relationship between bed temperature and
the partitioning of chlorine between flue gas and ash phases. 9 However, the emission
percentage for chlorine in the flue gas phase only increased from around 75% to 95%
between 750°C and 900°C.
Liang and others found that chlorine showed a large variation in form with
temperature moving from only 18% gaseous HC1 at 700°C to 99% HC1 at 950°C.10 The

5
remainder being almost entirely in the form of liquid CaCl2 (negligible amounts of
gaseous CI, Cl2 and CaCl2 are formed at all temperatures).
In 1993 the pyrolysis and combustion analysis of Illinois coals were investigated
by

temperature-programmed

thermogravimetry

with

fourier

transform

infrared

spectroscopy (TGA-FTIR) at Western Kentucky University. The analyses indicate that
when heated in air, Illinois coals released hydrogen chloride gas at temperatures from
150°C to 600°C, with maximum evolution occurring between 425°C to 475°C.

The

maximum temperature for the first HC1 peak was around 300°C for all the coals they
studied.11 It was suggested that this phenomenon is an indication that the evolution of
HC1 in the first peak is due to thermal effects and is not related to the rank of coal. They
reported that the second HC1 peak is due to the oxidation of coal and subsequent HC1
release representing a more tightly bound HC1. The boiler corrosion due to chlorine in
coal may not be directly related to the amount of chlorine in coal, but rather to how the
chlorine occurs in the coal.
In an AFBC system limestone may be able to capture the chlorine.
decomposes to form CaO, and CaO reacts with HC1 to produce CaCl 2 .

Limestone
Capture of

chloride by limestone in the combustion zone depends upon the temperature of the
combustion zone and the ratio of calcium-to-sulfur. At greater Ca:S ratios more of the
limestone is free to capture the chlorine. The chlorine captured by the limestone is found
either in the furnace (bottom) ash or the particulates captured by the particulate control
systems downstream of the combustion zone. Smaller raw coal particles and the faster
bed flow rates decrease emissions of chlorine by reducing the residence time of the coal
particles in the combustion zone.

6
Munzner and Schilling studied the effect of limestone in a bench-scale AFBC
system. 9

The results showed that a greater recapture of chloride occurred with larger

excesses of limestone, or when the Ca/S was greater than 2.
B.

Sulfur Overview
Sulfur, in the form of its element or combined with other elements, is a nutrient

for both plant and animal life. However, in recycling sulfur (as with other nutrients) back
to nature, ecological soundness requires that there must be no excess at any given point
in the cycle. In general, the fate of sulfur dioxide emissions involves photo-oxidation in
the atmosphere to form sulfur trioxide which, under humidifying conditions, becomes
sulfuric acid or sulfate aerosol. Residual sulfur dioxide and sulfuric acid or sulfates are
scavenged from the atmosphere by vegetation, eventually being discharged into the sea
by the world's rivers, along with sulfur accumulated from weathering rocks and sulfur
applied as fertilizer. When an excess occurs, the atmosphere-to-land portion of the sulfur
cycle is unsound.12 When severe, this source of pollution causes significant acid rain.
The amount of the sulfur depends on several factors such as the rank of the coal
and its mineral content. It is generally accepted that three forms of sulfur occur in coal:
organic sulfur (an integral part of the coal structure); pyrites and/or marcasites (generally
discrete particles or 'lump'); and sulfates (as salts of metals such as calcium or iron). A
minor amount of elemental sulfur also occurs in coal.13'14,15
Sulfates are not usually present in significant quantities in fresh raw coal.
However, significant amounts can be formed if the coal has been weathered (i.e.,
oxidized).
The type and distribution of organic sulfur varies widely in a complex manner in
different coals.

Roughly 40-70% of the organic sulfur of a coal is in a thiophene
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structure (and its derivatives). Thiophenes are heteroaromatic compounds with the sulfur
as part of an aromatic ring. Sulfides are usually present as aryl sulfides, cyclic sulfides,
and aliphatic sulfides.16"19 In aryl sulfides, the sulfur is part of a non-aromatic ring. In
cyclic sulfides, the sulfur is part of a nonaromatic ring. For high rank coals, disulfides
are not believed to be significant portion of the total sulfur.
The amount of thiols is substantially higher in lignites and high volatile coals than
in low volatile coals. In summary, the types of organic sulfur in the coal vary with coal
rank. The stronger bonding of sulfur present in the higher rank coals renders the sulfur
more stable during heat treatment.14'20'21
According to Coburn,22 pyrite is defined as FeS 2 , but the name is imprecise
because FeS 2 in coal has several forms (isomeric pyrite and/or orthombic marcasite).
Pyrites are distributed in coal in many ways, occurring in lenses and bands, joints or
cleats, balls or nodules, and as finely disseminated particles. Since this material occurs
in an adventitious manner, the size and distribution of these particles play a major role
in the mechanical separability (density) of this form of sulfur. During pyrolysis most
aliphatic sulfur compounds decompose appreciably at about 500°C. Diethyl sulfides begin
to decompose at about 400°C to form H 2 S and mercaptans.

Aliphatic and benzylic

sulfides, mercaptans, and disulfides lose H 2 S between 700-800°C. Aromatic sulfides and
mercaptans are relatively stable and yield H 2 S and CS2 only at a relatively high
temperature (800°C).16'17'18 The sulfur contained in organic matter is transferred into the
flue gas during the early stages of combustion, when the volatile material in the coal is
released. For Illinois coal during combustion, the sulfur released at 300°C may be derived
from aliphatic sulfur, at 440°C corresponding to the release of aromatic sulfur species and
at 480°C resulted from the decomposition of pyritic sulfur species.8 Sulfur oxides are
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formed in the combustion process when the sulfur in the fuel combines with oxygen in
the combustion air. Sulfur oxide evolution can come from any of the accepted sulfur
forms in coal. Sulfur dioxide (S0 2 ) is by far the predominant product of this reaction,
although some sulfur trioxide (S0 3 ) is formed and sulfur dioxide can cause serious, but
localized, environmental effects.

It is estimated that between 5% and 15% of the

potential S 0 2 formed is retained with the coal ash. Approximately 1% of S0 2 is oxidized
to S0 3 which probably is deposited on the fly-ash.2'
The calcium sulfate under fluidized bed operating conditions decomposes little
because of its thermodynamic stability. Limestone's low cost and widespread availability
has led to interest in its use as a reactant for desulfurization of combustion gases.
When finely powdered limestone is injected into the hot flue gases in a steam
boiler, it calcines rapidly to produce CaO. As the gases cool, the CaO begins to combine
with S0 2 , thus becoming one of the more promising techniques of sulfur dioxide removal
from flue gas. The optimum temperature for the reaction of raw limestone with sulfur
dioxide and oxygen is near 850-900°C.24 Both the diameter and porosity of the limestone
particles, and the concentration of sulfur dioxide in the flue gas, have a considerable
effect on the conversion at any time of exposure. During the first minutes of exposure,
the sulfation occurs almost entirely in the outer parts of the particle, but, as time
continues, this reaction zone gradually spreads throughout the whole particle interior.
Although an extensive pore structure develops during calcination of limestone, these pores
are reduced in volume by the sulfation reaction. The lower the calcination temperature,
the larger the surface area and the higher the reactivity. The rate of the sulfation reaction

9
itself increases with temperature until equilibrium constraints become evident at about
1150°C.
The final reaction product is CaS0 4 that is caught with the fly-ash and discarded.
The overall chemical change that occurs during the reaction of calcium carbonate with
sulfur dioxide is often represented as:25
CaC0 3 + S0 2 + l/20 2

CaS0 4 + C0 2

(4)

This composite chemical change must be regarded as involving a number of contributory
steps, among which the following probably include the most important:
CaC0 3 dissociation

CaC0 3

CaO + C 0 2

CaS0 3 formation

CaO + S0 2

and/or

CaC0 3 + S0 2

CaS0 3 oxidation

CaS0 3 + V202

and/or

CaS0 3 + '^SO,

CaS0 3 disproportionation

4CaS0 3 -> 3CaS0 4 + CaS

CaS0 3
CaS0 3 + C0 2
CaS0 4
CaS0 4 + ^ S ,

(5)
(6)
(7)
(8)
(9)
(10)

It is important to understand the mechanism as a means of improving efficiency,
because the injections of limestones are rarely more than 25% stoichiometrically effective.
Elemental sulfur, calcium sulfide, and calcium sulfite have been mentioned as other
products that may be recovered with the CaS0 4 .

It was established that the sulfur

retention efficiency is also affected by other variables such as bed temperature, Ca/S ratio,
combustion efficiency, bed depth, limestone particle size, and hydrodynamic conditions
in the bed.
From the conclusions of R. Rajan, 26 the S0 2 is strongly dependent on the Ca/S
ratio in the range of 1 to 3 and that there is an optimum temperature in the range 800 to
850°C for maximum sulfur retention efficiency at Ca/S equals around 2.2. According to
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Hartman, 27 the optimum temperature for the reaction of raw limestone with sulfur dioxide
and oxygen is near 850-900°C. During the first minutes of exposure, the sulfation occurs
almost entirely in the outer parts of the particle, but as time continues, this reaction zone
gradually spreads throughout the whole particle interior.

The ability of limestone to

absorb S0 2 is largely due to the reaction between S0 2 , 0 2 , and CaO.28

Because the

reaction product, CaS0 4 , has a much larger molar volume than CaO, the pore geometry
changes dramatically as the reaction progresses. In particular the porosity decreases, and
if the stone size is not small enough, this porosity decrease could be quite nonuniform
radically. The resulting equation for S0 2 retention, rj, may be simplified to:29
T] = 1-(1/(1+KP))
K is a function of limestone type and operating conditions and P is the calcium-to-sulfur
mole ratio. The value of the coefficient K will be determined by the sulfation kinetics,
the coal composition, the excess air ratio and the limestone particle size, all of which may
be fixed by the circumstances of the operation.
C.

Standards and Reference Methods for Trace Emissions from Coal-fired Power

Plants
Trace emissions from coal-fired power plants include halides, trace elements and
organic compounds.

Increasing awareness of the environment and of the detrimental

effects of many pollutants in the atmosphere has led to a greater demand for accurate
measurement of emissions. Accurate measurement of these emissions is important in
evaluating coal as a source of possible pollutants on a local, regional and global scale.
At present, few countries set specific limits for trace emissions; those that do have
no legally enforceable standards for sampling and analysis.30 However, it is possible that
more stringent standards will be set within the next decade. National and international
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efforts are currently being directed towards the establishment of such standards. In the
U. S, the Title IV provisions of the Clean Air Act Amendments of 1990 have been
established. Under Title IV, 110 fossil fuel electric generating stations must reduce sulfur
dioxide emissions to 2.5 lbs. /mmBTU by 1995 (phase I). By the year 2000 (phase II),
all fossil fuel electric generating stations must reduce sulfur dioxide emissions to 1.2 lbs.
/mmBTU.
It is important to ensure that research results are provided with a valid accuracy
range or a statistical definition as to their precision and reliability.

Such a measure will

ensure that the final values are used realistically in emission inventories, risk assessment
studies and compliance tests.
Studies on individual power stations can help determine whether there is any
potential threat to the local environment.

On a larger scale, emission values from a

representative number of power stations can be extrapolated to provide estimates for
regional or global emissions of pollutants from power stations. In this event, sampling
and analysis techniques will be a major part of compliance testing. Thus the accuracy
and reliability of sampling and analysis technique is vital.
Emissions from the stacks of combustors are often referred to as "gas." However,
in practice stack gas is a complex multi-phase mixture of gases, solids and liquids.
Capture of a representative sample is not simple, especially since trace species are—by
definition—present in only small amounts in the flue gas.
Reviews of the principles of stack sampling were provided by Hawksley and
others (1977)31 and by Coleman (1993).32 The following steps should be followed.
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(1)

The first step to be taken by any sampling crew is to select a position for

sampling.
The greater the number of sampling points used, the more accurate and
representative the measurements. The location of sampling points in rectangular flues are
usually selected to be equidistant from each other and evenly distributed over a crosssection of the stack. In circular flues the crosssection is divided into concentric areas and
sampled at the axes of the centroids. Separate samples may be obtained from each pointincremental sampling; or the samples from all the sampling points may be pooled and
averaged-cumulative sampling.
(2)

Timing
Sampling should not be carried out during start-up or shut-down of the combustor

or at any time when the power station is not considered to be running normally. Time
must also be allowed for setting up apparatus and adjusting sampling. Longer sampling
times give a more reliable measurement of average pollutant concentrations.
(3)

Equipment
a.

Kinetics

Since the air flow into a sampling nozzle is slowed by the resistance of barriers
such as filters, the air flow passes around the sampling nozzle rather than entering it. To
minimize this effect, sampling must be performed such that the velocity of the gases
within the nozzle is made as similar as possible to that within the flue around the
sampling device. This procedure is known as isokinetic sampling. If isokinetic sampling
is not possible, sampling may be performed pseudo-isokinetically by making an initial
pilot reading and assuming the air flow remains relatively constant throughout the period.
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Pseudo-isokinetic sampling is likely to be less accurate than isokinetic sampling but is
better than non-isokinetic sampling.
b. Materials
The materials with which sampling systems are manufactured must match several
criteria. They must be strong enough to ensure that no breakages occur and to withstand
some intensive washing and rinsing regimes. In general, flue gas sampling equipment for
trace species tends to be delicate and expensive to replace. Sampling equipment must
also be inert so that surfaces do not promote chemical reactions.
c.

Cleaning

The cleaning of all materials used for sampling is of primary importance to ensure
that background contamination is as low as possible.

With complex sampling trains,

glassware cannot normally be cleaned and reused in the field and therefore all equipment
must be taken to the site clean and ready to use.
d. Leak checks
Leakage can be one of the major problems in setting up a sampling system. In
addition to having a diluting effect on the sample, leaks can mean that isokinetic sampling
systems no longer act isokinetically.
e.

Temperature

The behavior of many trace pollutants, their distribution between gas and solid
phase, and their reactivity, depend on temperature.

Temperature control in sampling

systems must therefore be monitored and controlled carefully. Discrepancies between the
actual temperature of the stack gas and temperature of the sampling system can cause
substantial variation in the amount of condensate collected and accumulated in the probe.

14
(4)

Emission rates and concentrations
For isokinetic sampling at a representative point in the duct (Hawksley and others,

1977),31 the following equation, known as the "ratio of area method," may be used to
calculate emission rates.
E = w/t*A/a

(i)

where:
E = emission rate (kg/s)
w = weight of the analyte collected (kg)
t = duration of sample collection (s)
A = area of the flue (m2)
a = area of the nozzle (m2)
The assumption is that the distribution of flow is equal across the flue and that the sample
collected is representative.
For gaseous pollutants such as chlorine, the equation is as following:
c' = A/Vs*10 3

(ii)

where:
A = chlorine concentration in the impinger sample (mg/mL)
Vs = volume of dry gas sampled at standard temperature and pressure (liters)
When non-isokinetic sampling is performed the ratio of area method (i) gives
better accuracy for very large or coarse particles. The sample-concentration method (ii)
gives better accuracy for gases or smaller particles. The choice of calculations used can
therefore depend on what is known about the particles size distribution of the flue gases.
Smith from Walter Smith and Associates, Inc., in 1994 personally recommended that both
methods be used and the results averaged in order to reduce the effects of the different
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biases in each calculation. However, neither method can take into account time or crosssectional variation.
In the United Kingdom a Wet Chemical Method is used for the capture of gasphase halides.33 This method is pseudo-isokinetic and a pump is used to draw the sample
gas through the impinger solutions at a steady rate. The flue gas passes through a quartz
wool filter to remove particles. The tubing is unheated but is kept as short as possible
to limit condensation. A similar method has been adopted by Environment Canada as the
reference method for HC1 from stationary sources.
Methods for the evaluation of trace emissions from stationary sources such as
coal-fired power plants are specified by law in the U. S. A.

The methods are being

introduced and many are still under development or awaiting validation. These methods
are defined within Title 40 of the Code of Federal Regulations (CFR) which is constantly
reviewed and updated to keep up with the many changes in methodology.
Individual sampling and analysis techniques are numbered and are included in
appendices to each part of CFR. The EPA Method 2634 is also known as the midget
impinger method for the determination of HC1, and Method 6 for sulfur dioxide from
stationary sources.
D.

Atmospheric Fluidized Bed Combustion (AFBC) Systems
AFBC technology has been in commercial use worldwide for well over 50 years,

primarily in the petrochemical industry and in small industrial steam generators that are
a tenth to a hundredth the size of commercial power plant generators. This technology
allows the burning of coals with very high ash content and optimizes the sulfur capture
by adding calcium sorbents. During combustion in AFBC systems of coals with high ash
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and moderate sulfur contents, the calcium compounds present in the coal mineral matter
can play an important role in sulfur capture.
Atmospheric fluidized-bed combustion (AFBC) systems are generally mid-size
utility boilers that find applications in institutional power plants for heating purposes and
in many industrial applications for steam production/ 5 The system is now recognized as
an economically viable process with a great potential to enhance coal utilization.
Fluidized-bed combustion (FBC) technology consists of forming a bed of finely
sized ash, limestone (for sulfur removal), and coal particles in a furnace and forcing
combustion air up through the mixture, causing it to become suspended or fluidized. The
height of bed material suspended above the bottom of the furnace is a function of the
velocity of the combustion air entering below the bed. Atmospheric "bubbling-bed" FBC
technology has a fixed height of bed material and operates at or near atmospheric pressure
in the furnace. In atmospheric circulating FBC technology, the combustion air enters
below the bed at a velocity high enough to carry the bed material out of the top of the
furnace, where it is caught in a high-temperature cyclone and recycled back into the
furnace. This recycling activity improves combustion and reagent utilization.

In all

AFBC designs, coal and limestone are continually fed into the furnace and spent bed
material, consisting of ash, calcium sulfate, and unreacted or calcined limestone, is
withdrawn at the rate required to maintain the proper amount of bed material for
fluidization.
The amount of coal fed into the bed is approximately 2 to 3% of the total weight
of the bed material. The fluidization of the bed and the relatively small amount of coal
present in the bed at any one time causes good heat transfer throughout the bed material,
and the resulting bed temperature is relatively low, about 800°C to 900°C (1470°F to
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1650°F). The fluidization and relatively low bed temperature enhance the capture of S0 2
emitted during combustion and retard the formation of NO x .

The features of in-bed

capture of S0 2 and relatively low NO x emissions, plus the fluid bed's capacity to combust
a range of different fuels, are the main attractions of FBC as a power generation
technology. 35
The basic phenomena or mechanisms that contribute to the fluidized-bed
combustion process include fluidization and combustion of coal in a fluidized bed. The
phenomenon of fluidization occurs when a fluid (gas or liquid) is passed upward through
a bed of solid particles at a sufficient flow rate.

At a very low flow rate, the fluid

percolates upwards. However, as the flow rate is increased just above a certain value, the
bed particles are set in turbulent motion. As the flow rate reaches a suitable level, the
bed may behave like a bed of quicksand (teeter bed) or like a boiling liquid with rising
gas bubbles as defined to be a bubbling bed or an aggregative fluidized bed.

Upon

entering a fluidized bed, the coal and sorbent particles are readily dispersed due to
backmixing and bubble-induced agitation. Although the dispersion process is generally
considered as reasonably rapid, the region just above the air distributor plate is certain to
be nonuniform in a practical device with discrete fuel and air entry points.

The coal

particles are heated and devolatilized, whereas the sorbent particles are heated and
calcined. The hot volatile vapor cloud surrounding the individual coal particle mixes with
oxygen in the surrounding gas and burns in a diffusion flame.
The fate of individual coal particles depends upon various factors including the
quality of fluidization.

In an aggregatively air fluidized bed under normal operating

conditions, the solid particles in a bubble phase rise to the top of the bed at a rate
different from that of the emulsion phase, and with it carries some fine particles. The
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extent of individual particle combustion greatly depends on the particle stay time and rate
determining combustion/ignition kinetics. The combustion efficiency of coal in fluidized
beds was found to depend on the particle size, the operating conditions such as the
pressure and temperature in the bed, the residence time for coal particles and for
combustion gas, the stoichiometry, and the quality of fluidization.
E.

Ion Chromatography System
Ion chromatography refers to modern and efficient methods of separating and

determining ions based upon the use of an ion exchange resin. Ion exchange processes
are based upon exchange equilibria between ions in solution and ions of like sign on the
surface of an essentially insoluble, high-molecular-weight solid.
Ion chromatography (IC) is one of the most commonly used "wet chemical"
techniques involving collection of the gases in impinger bottles and analysis of the
resulting solutions.33 In this technique, the ions in solution are separated according to
their affinity for the exchange sites on the resin in a chromatographic column and are then
detected by their conductivity.
The separation mechanism for IC determination of chloride and sulfate is as
follows. The column is a trimethylammonium polystyrene divinylbenzene copolymer
which is used exclusively in the nonsuppressed mode. The mobile phase is composed of
2.5 mM phthalic acid and 2.4 mM tris(hydroxymethyl)aminomethane.

When it passes

through the column, the phthalic acid anions attach to the trimethylammonium ions.
When the chloride and sulfate in the sample are taken into the column by the mobile
phase, chloride and sulfate anions will replace phthalate anions on the column, and then
mobile phase anions will replace the chloride and sulfate. In the process of replacing
mobile phase anions, the partition coefficient (K) of chloride and sulfate are different.
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The polyvalent ions (S042") are more strongly held than singly charged species (CI ). For
this reason the chloride and sulfate will be separated and elute from the column at
different times as detected by a conductivity detector. The retention time of sulfate in the
column (S042") is longer than that of the chloride (CI ).
The quantity of ions present is determined by comparing the peak area generated
by the sample and a standard solution.

This combination of sampling and analysis

techniques is specified for HC1 in US EPA Method 26 and recommended for HC1 in an
Environment Canada reference method.34

CHARPTER II
EXPERIMENTAL
A.

Atmospheric Fluidized Bed Combustor
A.l

A Detailed Description of the AFBC Components

The laboratory-scale atmospheric fluidized bed combustor at WKU was designed
to serve as a highly flexible R&D facility to gain operating experience, evaluate
combustion performance, and estimate the effect of the flue gas emissions on the
atmosphere. The operating conditions for the WKU AFBC system are similar to those
used at the TVA 160-MW AFBC Pilot Plant located near Paducah, Kentucky.
A schematic drawing of the combustor system is shown in Figure 1. The principal
components of the fluidized bed combustor are the fuel bunkers, combustor housing, heat
exchangers, wet cyclone, and stack and cooling fans.
1.

Combustor Housing
The combustor housing consists of several units stacked vertically with the later

option of changing its configuration. In a vertical stack, the system is 4.9 meters in
height with an outer diameter of 0.6 meters,
(a) Wind Box
This section is represented by the lower part of the combustor, from the ground
floor to 0.5 meters (above the floor). It is in this area that the air from the forced draft
fan (FDF) enters into the combustor which results in a bubbling action within the bed and
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Figure 1. Schematic diagram of the Western Kentucky University's AFBC System
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is subsequently forced through the setter plate. The exact area of the bed is a function
of air velocity, but it typically runs from the setter plate to a height of 0.61 meter.
(b) Setter Plate
This porous ceramic material represents the floor of the hot bed material and is
designed for allowing air (from FDF) to be forced through, which results in a bubbling
action within the bed.
(c) Force Draft Fan (FDF)
This fan is responsible for providing the combustion air to the bed. The fan itself
is a lobed (Roots-type) positive displacement blower used to fluidize the bed and provide
combustion air, typical of those found on a Detroit Diesel engine. It is powered by a 5
horsepower electric motor, which is controlled by a Wood's variable electrical box, in
order to deliver various flows of air. Allowing greater than 25% excess air and other
process air requirements, the FD Fan is rated at 150 SCFM (standard cubic feet per
minute) at up to 120" W. C. (water column) and requires an electric motor rating of 5 HP
(horsepower). This motor is powered through a variable speed drive to allow adjustment
of air flow as it is needed.
(d) Bed Heat exchangers
Six moveable tubes are located within the bed area. Typical operation involves
setting the correct coal/lime feeds and air flows and then using the moveble tubes to
adjust the bed temperature to the desired setting. These heat exchangers are bolted to a
mating flange on the side of the respective combustor section and may be easily removed
for service or reconfiguration.

Each heat exchanger is equipped with two dedicated

thermocouples brazed to an outside tube surface, one on the lower side and one on the
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upper side of the unit.

With a bed temperature regulated at 1550+/-50T, this heat

exchanger is capable of absorbing up to 200 x 103 BTU/h.
(e) Freeboard
This area runs from the top of the bed area to the top of the combustor.

It is

inside this area that secondary air is introduced, which helps facilitate complete
combustion. There are two modular freeboard sections of the combustor sitting at the top
of the bed section. Each section is 3 feet tall and, along with approximately 1 foot of the
gas heat exchanger section prior to the tube face, comprises the freeboard area. This area
is very complex in construction and accomplishes many functions.

Two dedicated

thermocouples are installed in the insulating refractory to monitor temperature gradients
and heat storage effects.
(f) Fluidized Bed
The fluidized bed is the main area of concern. This modular bed section is one
of seven bolted together units comprising the main combustor. It is 4 feet tall and is
lined with 6 inches of a cast-in-place insulating refractory, providing a net inside diameter
of 12 inches for the bed material to occupy. Two dedicated thermocouple probes sample
bed temperature at two elevations between the setter plate and the bed heat exchanger.
In the fluidized mode of operation, the bed is suspended by the movement of pressurized
air entering through the setter plate. At the bottom of the bed section, a bed drain is
installed for removal or recirculation of bed material and also for the opportunity to
introduce recycled fly ash, carbon fines, and even certain alternative fuel materials.
2.

Fuel Bunkers
Fuel A and Fuel B are the two fuel storage bins into which a quantity of prepared

fuel would be placed prior to commencing a run. These storage bins or bunkers are
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continuously weighed by load cells; thus real time fuel consumption data are available
during a run. Present combustor runs are designed to be at least eight hours in length at
a firing rate of up to forty pounds of fuel per hour. At the maximum amount, the bucket
will contain 230 pounds of fuel at the beginning of any particular run.

The sorbent

bunker is 1/25 of the fuel bunker volume with all the same constituents as its counterpart.
The fuel injector assembly accepts the blend of fuels and bed material from the blending
chamber and injects the charge above the bed surface. For this project, an under bed
continuous fuel/limestone feed system was installed in the AFBC system.

This

modification improved combustion efficiency to around 95%. The fuel transport/storage
facility was also constructed for this project. The facility could handle approximately 500
lbs of coal per day during test runs.
3.

Gas Heat Exchangers
Another sixty-six gas heat exchange tubes are in a fixed position located

approximately one meter from the top of the combustor.

The hot gases from the

combustor are allowed to enter a wet cyclone where they are met with a wall of water,
which keeps the cyclone cool and subsequently takes almost all solids to the bottom of
the cyclone and into a holding tank. Problems with formation of solids at the gas/water
interface were eliminated by drilling a small hole so that a rod can be inserted to scrape
down any buildup.
4.

Wet Cyclone
The cyclonic scrubber provides for the final step in the process of intimately

mixing water sprays, a process that begins in the spray duct, with the flue gas stream.
The cyclonic scrubber also provides separation of particles beginning at two microns and
larger, allowing the cleaned exhaust to exit to the induced draft fan. The volume of the
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exhaust gas streams up to 250 SCFM and is now cooled to a temperature no greater than
200°F. Particles become entrained in the slurry that accumulates at the bottom of this unit
and are available for sampling and analysis through an isolation valve. Liquid effluent
is allowed to clarify for separation.
The flue gas spray duct is a 4-inch round stainless steel duct which connects the
combustor transition to the cyclonic scrubber.

The flue gas stream is traveling at a

velocity up to 2200 FPM (feet per minute) in this duct where it encounters a high
pressure water spray directed counter to the gas stream's flow. This design improves
contact, mixing and cooling of the flue gas stream.
5.

Stack and Cooling Fans
The induced draft/exhaust hood fan is responsible for transporting the flue gas

stream from the free board area, through the gas heat exhauster, through the spray duct
and cyclonic scrubber and into the outside stack. The freeboard area of the combustor
is operated at or slightly below atmospheric pressure to facilitate measurements and to
reduce possible leaks. Three gas composition/temperature/particulate sample ports are
provided at three different locations on the combustor housing. These ports allow gas
temperature and sample composition measurements.
A.2

Operation

Two 1,000-hour burns were conducted with the 0.3-meter (12 inch) laboratory
AFBC system at Western Kentucky University. Typical operation involves setting the
correct coal/limestone feeds and air flows and then using the movable tubes to adjust the
bed temperature to the desired setting, such as the steady-state conditions as illustrated
in Table 1. Operating conditions similar to those at the 160-MW system at the TVA
Shawnee Steam Plant located near Paducah, Kentucky were used in this study.
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Table 1. Summary of Steady-State Conditions

Primary zone gas
velocity (ms"1)
Fuel feed rate (kgh'1)
Limestone feed rate
(kgh'1)
Ca/S molar ratio

0.33 (298 K)

1.24 (1120 K)

10.44A
2.21A

8.41B
2.21B

3.31

3.31

Temperature (K)
Bed Temperature
at 0.56 m
at 0.97 m
at 1.90 m (probe 1)
at 2.60 m (probe 2)
at 3.30 m (probe 3)

1113
1108
1073
943
958
843

1173
1168
1133
1023
1013
923

1223
1218
1193
1078
1088
978
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The combustor's operating parameters (air/water flow, coal/lime feed, bunker
weight, temperatures and pressure) are computer-controlled and logged to file with a
Zenith 150 MHz computer utilizing the LABTECH software version 3.0. During the
combustion runs any needed changes in the parameters could easily be entered the
computer by accessing the correct control screen and making the necessary corrections
on line.
B.

Fuels
A 1,000-hour burn was done with a low-chlorine (0.012% CI and 3.0% S) Western

Kentucky # 9 coal (WKU 95011), which is the same type of coal as that supplied to the
TVA plant during 1993. A second 1,000-hour burn was conducted with high-chlorine
(0.28% CI and 2.4% S) Illinois # 6 coal (WKU 95031). Analytical data for these coals
are presented in Table 2.

The limestone came from Kentucky Stone in Princeton,

Kentucky, and its analysis is also given in Table 2. This is the source of the limestone
used by the Shawnee plant in their AFBC system during 1993. The coals and limestone
both were air dried before being crushed to -4 mesh (4.8 mm). The limestone was fed
into the system at a constant rate.
B.l

Investigation of Coals Using the TGA Technique

Thermogravimetric Analyzer (The TA instruments TGA 2950) measures the
amount and rate of change in the weight of a material as a function of temperature or
time in a controlled atmosphere.

Measurements are used primarily to determine the

composition of materials and to predict their thermal stability at temperatures up to
1000°C. The technique can characterize materials that exhibit weight loss or gain due to
decomposition, oxidation, or dehydration.

Using the TG instrumental system, coal

samples 95031 and 95011 were analyzed. The system continuously measures the mass
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Table 2. Analytical Analysis Values* for the Coals and Limestone Used in the Study

Coal 95011

Coal 95031

KY

Proximate Analysis
Moisture
Ash
Volatile Matter
Fixed Carbon

10.07
9.37
43.34
47.29

8.32
10.78
37.21
52.02

0.19
57.93
18.90
22.98

Ultimate and Miscellaneous
Analysis (%)
Ash
Carbon
Hydrogen
Nitrogen
Sulfur .
Oxygen
Chlorine (ppm)
BTU/pound

9.37
74.08
5.08
1.54
3.2
6.72
118
13203

10.78
72.16
4.82
1.54
2.38
7.57
3070
12842

57.93
11.18
0.16
0.00
0.00
30.73
36
n/a

Limestone

* Moisture is as received, all other values are reported on a dry basis.
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change of the coal sample when the temperature increases at a heating rate of 10°C/min
with air flow at a rate of 50 mL/min.
B.2

Investigation of Coals Using the Simultaneous TG/MS Technique

The TG/MS is a completely commercial technique. The TG/MS system consists
of a DuPont Instruments 951 Thermogravimetric Analyzer interfaced with a Fisons
Instruments VG Thermolab Mass Spectrometer. In the WKU TG/MS system, the mass
detection range is 1-300 atomic mass units (amu). Electron impact ionization energy used
was 70 ev. The sample size of -20 mg was used in all runs. The same heating rates
and air flow rates are the same as in TGA experiments.

The MS system can

automatically sample the gases evolved from the TG system, analyze them with its
quadrupole analyzer, and save the mass spectra. From the TG/MS system, we can obtain
comprehensive information about mass-to-charge ratios (m/z) for molecular ions and
segment ions of the mixed gases in every mass spectrum.

Using the Fisons VG gas

analysis system software, we can also learn the profile and relative amount of every mass
peak during the combustion process. The information is very important in evaluating the
combustion performance and decomposition mechanisms of the fuels.
C.

Flue Gas Sampling System in the AFBC system
Flue gas can be sampled from any one of four locations on the combustor, as

illustrated in Figure 2.

Thermocouples are provided at these access sites so that the

temperature of thecombustion gases can be measured at their respective place in the
combustor. During combustion runs, the flue gases at the gas heat exchanger region were
analyzed continuously using on-line FTIR, GC and IC instrumentation.

Information

derived from these measurements provides insight for studying reaction mechanisms and

Shimadzu GC-8A
with 10 port
Operable Valve

Shimadzu
Q P 5000
GC/MS

Ion C h r o m a t o g r a p h
& C h r o m a t o p a c Integrator

Sampling
Trains
Figure 2. S c h e m a t i c diagram of the flue gas sampling in W K l J ' s A F B C system.
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transition state energies. Flue gas was drawn from the combustor and pumped to the online devices using a laboratory size stainless steel pump.
The gases were originally allowed to flow directly from the flue gas system into
the FTIR cell, with subsequent passage through the GC. However, due to high moisture
concentrations (6 to 8%), which rapidly deteriorated the GC columns, this method proved
to be unsatisfactory. This problem was corrected by providing for a moisture adsorbent
at the FTIR cell.

Using this last modification it became necessary to move the IC

collection to another probe while gathering C0 2 concentration data from the GC and FTIR.
Analysis of the flue gases is accomplished by examining the gases with the FTIR, GC and
IC systems.
C.l

FTIR Instrumentation

The FTIR used in the WKU system was a Perkin Elmer model 16 PC, which is
controlled by a Digital DEC Station 316SX computer. A heated 2.54 cm outer diameter
and 10 cm path length gas cell was used with the FTIR.

The software used by this

computer is the Infrared Data Manager (IRDM) version 3.5 supplied by Perkin Elmer.
Using the OBEY micro language the computer was programmed to automatically scan
every 15 minutes, calculate the area under a peak and to save the file on both hard drive
and diskette. The FTIR was set to scan from 4400 to 450 wavenumbers and automatically
calculate the area for C0 2 , CO, and S0 2 . Normally, the instrument would make 16 scans
and average the results for the final file.
C.2

GC Instrumentation

A Shimadzu GC-8A gas chromatograph with a ten-port three-column system and
interfaced with a PRG-102A Integrator and a C-R6A Chromatopac recorder was
programmed using BASIC language to operate automatically every 18 minutes. Carbon
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dioxide, oxygen, nitrogen, hydrogen, and carbon monoxide can be identified in this system.
C.3

Ion Chromatography System

C.3.1 Instrumentation
The intrumentation for analysis of chloride and sulfate from combustion in the
AFBC consists of a Shimadzu LC-600 high performance pump with micro volume
plungers for mobile phase delivery, a conductivity detector (CDD-6A), an ion
chromatograph (HIC-6A), a column with a guard column (Shim-pack IC-A1), a Rheodyne
Model 7125 syringe loading sample injector, a column oven and a data processor for
chromatography (Chromatopac CR501). The detailed operating conditions for the data
processor are shown in Table 3.
The column oven has a temperature control range from ambient + 10°C to 99°C and
temperature control accuracy of + 0.1 °C. The conductivity detector has a range of 0.15120 |is/cm, a noise level of 0.004 (is/cm and a drift of 0.025 (is/cm per hour.

The

column is a Hamilton PRP-X100 ion column that is 150 mm in length and has a 4.1 mm
inner diameter and 10 |_im particle size. PRP-X100 is polyvinylbenzyl-trimethylammonium
copolymer which is used exclusively in the non-suppressed mode. High pH makes this
column ideal for the separation of weak anions.

The experimental conditions for Ion

Chromatography are given as Table 4.
C.3.2 Reagents
In the set-up for IC analysis, the flue gas is passed over approximately 100 mL of
a buffered solution mixed with 1.5 mL of 30% hydrogen peroxide. The buffer solution
is 70 ppm sodium bicarbonate and 16 ppm sodium carbonate. The sodium bicarbonate,
NaHC0 3 (FW = 84.01), was reagent grade, A. C. S. powder from Matheson, Coleman and
Bell. The sodium carbonate, Na 2 C0 3 (FW = 105.99), was anhydrous, granular from EM
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Table 3. Operating Conditions for Data Processor (Chromatopac CR 501)

Time Program File

Analysis Parameter File

0.01 LPRINT Time$, Date$;

Width 5
Slope 150
Drift 150
Stop, tm 30
Methods$ 61
Format $ 0
Spl. wt 100

0.02 L. ON
3.01 L. OFF

Speed 5
T. DBL 0
Min. area 10
Atten. 2

Is. wt 1

Table 4. Experimental Conditions for Ion Chromatography

Pump

Conductivity Detector

Oven

Flow Rate
1 mL/min

Gain * Range 1 * 1
Polarity +
Response Standard
Injection Volume 1 mL

Temperature
40°C
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Science. All solutions for the IC are prepared using approximately 17.7 nanopure water.
The hydrogen peroxide, H 2 0 2 (FW = 34.02), was 30% reagent solution from Fisher
Company and was kept refrigerated. The hydrogen peroxide oxidizes the SO x gases and
forms sulfate ions, whereas the buffer solution retains HC1 gases as chloride ions. The
mobile phase for IC is a 2.5 mM phthalic acid and 2.4 mM tris(hydroxymethyl)
aminomethane solution.

The phthalic acid, C 6 H 4 (C0 2 H) 2 (FW = 166.13) was of 99%

purity and from Aldrich Chemical Company, Inc. The tris(hydroxymethyl)aminomethane
(HOCH 2 ) 3 CNH 2 99.9 +%, (b.p. 219-220710 mm, m.p. 171.2-172.3°) was from Aldrich
Chemical Company, Inc. IC chloride (999 (ig/mL, density/0.998 g/mL) and sulfate (1005
1-ig/mL, density/0.998 g/mL) standards were from Alltech.

Before a trapped buffered

solution was analyzed for chloride and sulfate concentrations, the standard buffer solution
was prepared and calibration of CI" and S042" by serial dilutions (1 ppm, 5 ppm, 10 ppm,
20 ppm, 50 ppm, 100 ppm) was conducted.
All glassware was thoroughly rinsed with distilled water twice. The distilled water
was obtained from nanopure II infinity water system (Sybron Barnstead company) located
in TCNW 335 of WKU.

Class A volumetric glassware was used in preparing all IC

standards. Prior to IC analysis, all beakers and syringes were twice rinsed with distilled
water and rinsed with sample solution for four times.
C.3.3 Set-up
The details of the IC setup appears in Figure 2. The solutions are poured into 3
connected cylindrical side arm flasks. The rubber stopper with a glass bubbler through it
are fitted on the flasks and flue gas from port 2 (about 78 inches above the setter plate)
and bubbled through the solution. A pump is connected to the side arm flask to keep the
flow rate at 120 mL/min. A desiccator product is used in between the third flask and
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pump.

The solutions are collected for approximately 1 hour and analyzed by ion

chromatography.

The optimal sampling rate for this project was determined to be 120

mL/min.
The following are details and explanation for the procedure of collecting the flue
gases:
(a) The addition of 1.5% H 2 0 2 to the collecting solution of sodium carbonate and
sodium hydrocarbonate solution helps to trap the sulfur dioxide from the flue gas.
(b) A heating tape around the transmission line is used to avoid condensation of
hydrogen chloride. The temperature of the heating tape is slightly above 120°C
because the dew point of hydrogen chloride is around 70°C.
(c) Micro bubblers are necessary for allowing more time for gases to pass through
the trapping solution.
(d) Before starting the collection procedure, the heated probe must be purged to
prevent flue gas particles from blocking the gas passages.
(e) The vacuum pump pulls the flue gases from the combustor for testing.
(f) The desiccator is used to prevent the pump from eroding.
C.3.4 A Study of New Trapping Method fNaOH Method)
The procedure for chloride and sulfate analysis recommended by the Enviromental
Protection Agency CFR Method 26 was investigated for this research. Because there are
some differences in the experimental conditions, some suitable parts were accepted.
Compared with the NaHC0 3 -Na 2 C0 3 method, the newly investigated method had
almost all the same operating conditions as the former method except the concentration
of trapping solution of NaOH is 0.1 N (pH = 13) in 100 mL with 1.5 mL H 2 0 2 and the
injection volume for ion chromatography is 10 \iL, 100 times less than the NaHC0 3 -
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N^CC^ method. In the recent WKU DOE project in which a small amount of PVC was
added to the coal, the NaOH method was used along with the NaHC0 3 -Na 2 C0 3 method
to compare these two methods.
D.

Laboratory Fixed Bed Combustion Experiment
The purpose of the laboratory fixed bed combustion experiment was to mimic the

AFBC system and provide some of the basis for comparison. A Dupont Instruments 951
Thermogvavimetric Analyzer consisting of a horizontal balance and furnace was employed
as a fixed bed to burn the samples. The gaseous products from combustion of coal were
removed by flowing purge air. The combustion products delivery tube was modified with
glass tubing surrounded by heating tape to accept three flasks connected in sequence
containing the trapping solution as shown in Figure 3. Each time the weight of coal used
for the experiment was around 0.500 g and the program for the TGA was set to ramp
10°C from room temperature to 900°C, then isothermal for 1 hour to let the coal
completely burn.

The coals used are the same as those used in the AFBC system

experiment, coals 95031 and 95011. A variety of conditions for trapping solution and
operation were investigated.
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TGA furnace
quartz
tube

thermocouple

trapping solution

teflon tubing

teflon flowmeters

1

Air

Figure 3. Schematic diagram of the flue gas sampling system in the laboratory fixed bed
experiment

CHAPTER III
RESULTS AND DISCUSSION
A.

Thermogravimetric Analysis (TG/DTG) for Coals during Combustion
Coals 95031 and 95011 were heated in the TG furnace from ambient temperature

to 850°C at a heating rate of 10°C/min and an air flow of 50 mL/min. The resulting
combustion TGA/DTG profiles of coals 95031 and 95011 are shown in Figures 4 and 5.
There are two significant mass losses for two coals. The first thermal decomposition
stage occurs between 25°C and 200°C. It is mainly due to the loss of inherent water in
the coals. The second thermal decomposition stage begins at 200°C and ends at 700°C.
It is due to the devolatilization and combustion of the coals. The amount of mass losses
for coals 95031 and 95011 are 73.21% and 83.58%, respectively.

The mass gain is

obtained between 200°C and 300°C for both coals; it corresponds to the chemisorption of
oxygen on the surface of the coals.
It also should be noted that the decomposition of the coals started around 200°C
(from MS curves), and then chemisorption and decomposition reactions compete with
each other.
As described above, we find that the combustion behaviors of coals 95031 and
95011 are very similar. This characteristic is the important one both for our fuel selection
and as the basis for our AFBC studies.
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Figure 4. TG/DTG combustion profile for coal 95011.
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Figure 5. TG/DTG combustion profile for coal 95031.
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B.

TG/MS Results for Coals during Combustion
Figures 6 and 7 show the TG/MS combustion profiles for some of the peaks in

the mass spectra of coals 95031 and 95011. The profiles of peaks m/z 28, 36, 44, and
64 can be attributed to the ions of CO, HC1 (mass 36), C0 2 , and S0 2 , respectively.
There are two HC1 peaks in the mass data. The first peak around 330°C is from the
loosely bound chloride in the coal structure; the second peak around 480°C corresponds
to a tighter bound chloride. From TG/MS graphs, the results indicated similarity of coal
structure for both coals.
The MS profiles of S0 2 peaks in Figures 6 and 7 provide some evidence about the
forms of sulfur. The aliphatic sulfur decomposes at 280°C-350°C; then pyrite decomposes
at 350°C-450°C; and finally, thiophene rings decompose at 450-570°C.
C.

Results from Ion Chromatography
After injection, chloride and sulfate ions were eluted from the column and detected

with a conductivity detector, then recorded and quantified with an integrator. The
chromatograms and peaks for chloride/sulfate and analysis time for a blank, a standard
solution, and a sample are shown in Figure 8. As can be seen, there is a well-defined
resolution, giving results in less than 30 minutes.
The response for chloride was linear in the working range 1 ppm to 200 ppm.
The response for sulfate was linear in the working range between 1 ppm and 200 ppm.
Linearity of the response is guaranteed by the dependence of the conductivity on
concentration provided that matrix effects do not intervene.
For a chloride and sulfate sample with a mean of 5 ug/mL (n = 10), a percent
relative standard deviation of 1.2% and 1.76%, and a standard deviation of 0.06 and 0.087
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4.006
4.522
8.492

20.23

\
i
L

» 4.094
5.849

I
21.448

Figure 8. Chromatograms for the Na 2 C03-NaHC03 method. The Chromatograms
A = blank; B = sulfate and chloride standard (1 ppm); C = sample.
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were both obtained.

The instrumentation was found to have a LOD of 0.02 ppm for

chloride and 0.04 ppm for sulfate based on three times the standard deviation of the
blank.
As for the new trapping method with NaOH, although still under investigation,
good chromatograms were obtained as shown in Figure 9. The retention time for both
chloride and sulfate is around 20 minutes. The working ranges for chloride and sulfate
are 5-100 ppm and 5-100 ppm, respectively, which are large enough for our research.
Comparing these two methods, one can see that in Figures 10 and 11 the NaOH
method is very sensitive to HC1, to the extent it is trapped more effectively than with the
NaHC0 3 -Na2C0 3 method. But in the sulfate trapping figure, the new method seems to
have no effective results.

The search for ways to improve this method is being

conducted.
D.

Laboratory Fixed Bed Combustion Results
In the laboratory fixed bed combustion experiments, several factors play roles in

the effective absorption of chloride and sulfate emissions.

Some of these factors are

discussed below.
D.l Effect of Heating Transfer Lines on Absorbing the Emitted Gases
Figure 12 shows the very important effect of heating transfer lines on the
collection of HC1 emissions.

When there was no heating, only about 10% HC1 was

trapped in the solution. The reason is that HC1 is easily condensed on the tubing at the
lower temperatures.

Heating the tubing to 120°C (above its dew point of 70°C), the

results were very obvious; more than 70% of the total HC1 absorption was reached.

3.984
/
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Figure 9. Chromatograms for the NaOH method. The Chromatograms are:
A = blank; B = sulfate and chloride standard (1 ppm); C = sample.

NaOH method

Na,CO,-NaHCO, method

95031 + lime

95031 + lime + 3.3% PVC

95031 + 3.3% PVC

Coal Type

Figure 10. Comparison of Na 2 C0 3 -NaHC0 3 method and NaOH method for absorbing chloride.

NaHC0 3 -Na 2 C0 3 method

NaOH method

95031 +lime

95031 + lime + 3.3% PVC
Coal Type

Figure 11. Comparison of Na 2 C0 3 -NaHC0 3 and NaOH method for absorbing sulfate.
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Figure 12. The effect of heating on the absorption of chloride and sulfate.
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As for S0 2 , heating the transfer line causes the trapping efficiency of sulfur
dioxide to decrease some.

The explanation is that heating the tube brings higher

temperatures into the solution and decomposes the H 2 0 2 .
D.2 The Number of Efficient Trapping Bottles
Three bottles were connected in series and used for collection of gases as shown
in Table 5; one can tell that the first bottle absorbs the most (above 90%) of the HC1 and
S0 2 emissions. The results indicate that one bottle was sufficient for the research.
E.

Parameters and Emission Results from the AFBC System
E.l Parameters Set-up in the AFBC system
E.l.l

Collection Time

The nature of coal combustion is such that the gas flow and pollutant content
always fluctuate. Longer sampling times give a more reliable measurement of average
pollutant concentration. Time must also be allowed for setting up apparatus and adjusting
sampling positions between runs. Figure 13 shows that the more time spent on collecting
the samples the more sulfur dioxide and hydrogen chloride that will be trapped in the
solution. In this experiment, the efficiency and detection limit of ion chromatography
were considered in the decision to collect samples. The experiment shows that 1 hour is
long enough to collect the samples; thus the 60-minute collecting time was selected.
E.1.2 Flow Rate
Figure 14 demonstrates that as the flow rate increases, the performance of sulfur
dioxide and hydrogen chloride retention in the trapping solution is completely different.
The retention of hydrogen chloride is plotted versus the flow rate, but the retention of
sulfur dioxide is opposite. As shown in the graph, the optimal flow rate (the common
point) for both sulfur dioxide and hydrogen chloride is 120 mL/min.
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Table 5. Comparison of the Series of Bottles in Absorbing Gases Emission
(Coal/95031 with weight 0.5 g, heating rate: from ambient temperature to 900°C
at 50°C/min with air flow rate 120 mL/min)

Times

% CI
Emission

% CI
Absorbtion

% Sulfate
Emission

% Sulfate
Absorbtion

(1) F (front)
M (mid)
B (back)
total

22.44
0.62
0.14
23.20

96
2.6
0.60

51.67
0.61
0.42
52.70

98
1.1
0.7

(2) F (front)
M (mid)
B (back)
total

19.22
1.59
0.33
21.15

90.87
7.5
1.5

52.70
0.92
0.68
54.30

97
1.6
1.2

(3) F (front)
M (mid)
B (back)
total

19.63
1.49
0
21.13

92.90
7.05
0

62.88
1.19
0.38
64.45

97.56
1.8
0.58

Figure 13. The effect of collection time on the absorption of emitted hydrogen chloride and sulfur dioxide.

0.25

Flow Rate (L/min)
Figure 14 The effect of flow rate on the absorption of emitted hydrogen chloride and sulfur dioxide.
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E.2

Emissions from the AFBC system
The major operating parameters for the AFBC system were as follows: excess air

level = approximately 1.3; Ca/S ratio = approximately 3; bed temperature = 1144 K; and
C0 2 level = approximately 13%; oxygen in the flue gas = 5-6%. Figure 15 shows the 0 2
and C 0 2 concentrations in the flue gas at various positions above the fuel injection port.
The summaries of steady-state run conditions for both test runs are shown in Table 1.
The influence of process parameters on the emissions of S0 2 and HC1 will be discussed
in the following sections.
E.2.1 The Effect of Bed Temperature
Figure 16 shows that the S0 2 emission increases as the bed temperature is raised.
The optimal sulfur retention is obtained around 1120 K. The sulfur retention reaches
around 96% at this temperature. At higher temperatures (>1120 K), the active internal
surface of the limestone particles is decreased, which may be due to the effect of sintering
of the limestone particles.

The thermal decomposition of the CaS0 4 under reducing

conditions (such as in the presence of CO, hydrogen, or carbon) at the higher temperature
may also contribute to the emission of S0 2 . From thermodynamic and kinetic view, as
Allen36 stated there are, at least in principle, three possible routes by which sulfation of
CaO can occur. These are:
(a)

by the initial formation of the sulfite
CaO + S0 2 * CaSO

(11)

CaSO, + 'AO, * CaSO,4

(12)

followed by

(b)

by a gas-phase reaction to form SO
SO, + 'AO, * SO

(13)

<Nitrogen
Chloride

x
Sulfur dioxide,
^.Carbon.dioxide
- «

o
-a

H

H
1.6

2.2

2.4

2.6

2.8

3

Oxygen
h

3.2

3.4

3.6

Height Above Fuel Injector (m)

Figure 15. The effect of height above fuel injector on flue gas emissions.
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Figure 16. The effect of temperature on the emission of sulfur dioxide at different heights above the fuel injection port.
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followed by
(14)

CaO + SO, * CaSO,4
(c)

or via CaS
4CaO + 4S0 2 * 3CaS0 4 + CaS

(15)

CaS + 0 2 * CaSO,

(16)

When the temperatures are below 1100 K, sulfation occurs mainly with the
formation of CaS0 3 , as in reactions (11) and (12). The CaS0 3 is the major intermediate
of the reaction at the temperatures below 1100 K, and S0 2 concentrations are typical of
those in coal combustion.

At temperatures

above

1100 K, where CaS0 3

is

thermodynamically unstable, a change of mechanism can be postulated to one of the other
two (b) and (c) alternatives. This mechanism is also used to explain the decrease in S0 2
uptake at the higher temperature.
The decomposition of CaS0 3 to CaO and S0 2 will become significant above 1100
K. Also at higher temperatures, the sulfation proceeds via the slower reaction (b), with
S0 3 as the intermediate species.

This phenomenon would give rise to a step change

observed in the rate at 1100 K.
The effect of temperature on the emission of chloride is shown in Figure 17. More
HC1 is observed when the temperature was raised to the higher temperature. The capture
of HC1 by limestone is more difficult than the capture of S0 2 . Also the reaction between
HC1 and CaO is more favorable at the lower temperature. 10 The higher concentration of
HC1 with increasing height above the fuel injection ports might result from the secondary
combustion (the secondary air was injected at 0.8 m above the setter plate) occurring in
the freeboard region.

30

High chlorine coal

100

1120

H = 3.3m

1140

1160

1180

1200

1220

1240

Temperature (K)

Figure 17 The effect of temperature on the emission of hydrogen chloride at different heights above the fuel injection port
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E.2.2 The Effect of Coal Type
Figure 18 shows the results of sulfur dioxide emission from tests with two different
coals (95011 and 95031). It is clear that good sulfur capture is obtained between 1120 K
and 1170 K for both coals. The higher sulfur dioxide emission for coal 95011 (lower
chlorine coal) observed at the higher temperature may be due to the effect of temperature
and the higher sulfur content (3%). There is good agreement between the HC1 emission
and chloride content in the coal, as is illustrated in Figure 19. No chloride containing
species were identified in a cold trap solution (methylene chloride with phenol). Phenol
dissolved in solvent methylene chloride absorbs the molecular chlorine from the oxidation
of HC1 at different temperatures and produces 2-chlorophenol, 2,4-dichlorophenol, trans1,2-dichlorocyclohexane,

or

4-chlorophenol

which

can

be

idendified

by

Gas

Chromatography-Mass Spectroscopy.37 The results showed that the formation of chlorine
in the combustor was not significant.
E.2.3 The Effect of the Ca/S Ratio
In Figure 20 the measured S0 2 in the flue gas is plotted versus the calcium-tosulfur molar ratio. The results indicate there is a significant improvement in the sulfur
capture with the higher Ca/S ratio in the temperature between 1172 K and 1227 K.
However, there is no effect at the optimal temperature (1120 K).

In the case of HC1

emission, there is no significant difference on the emission of HC1 between different Ca/S
ratios, as is illustrated in Figure 21.

Temperature (K)

Figure 18 The effect of coal type on the emission of sulfur dioxide at different temperatures in an AFBC system
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Figure 19. The effect of coal type on the emission of hydrogen chloride at different temperatures in an AFBC system.
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Figure 20. The effect of Ca/S ratio on the emission of sulfur dioxide at different temperatures in an AFBC system.
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Figure 21 The effect of Ca/S ratio on the emission of hydrogen chloride at different temperatures in an AFBC system
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CHAPTER IV
CONCLUSIONS
Based on the data presented in the above section, the following statements and
observations can be made :
(1)

The higher concentrations of hydrogen chloride and sulfur dioxide were produced

from the AFBC system when the bed temperature was increased. The higher contents of
chlorine and sulfur in the coals also contributed to more emissions. The limestone was
effective in capturing the hydrogen chloride and sulfur dioxide emissions, especially at
lower temperatures (optimal at 1120 K) in our experiment. Sulfur dioxide emissions were
more easily retained by limestone than hydrogen chloride.

There was no significant

change in the emission of HC1 when the Ca/S ratio was varied.

When the sulfur or

chlorine content in coal reached a certain point, the Ca/S ratio in the combustion mixture
would be an important factor in the absorption of S0 2 and HC1.

Chlorine was not

identified under our experimental conditions.
(2)

The NaOH trapping method is very sensitive for absorping HC1. The Na 2 C0 3 -

NaHC0 3 method is better for absorping S0 2 .
(3)

Laboratory fixed bed experiment provides chlorine and sulfur behavior from coal

combustion at static experimental conditions that can be used as reference in the AFBC
system.
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