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ABSTRACT

The focus of this program is to provide insight into the formation and minimization
of NOx in multi-burner arrays, such as those that would be found in atypical utility
boiler. Most detailed studies are performed in single-burner test facilities, and may not
capture significant burner-to-burner interactions that could influence NOx emissions.
Thus, investigations of suchinteractions were made by performing a combination of
single and multiple burner experiments in a pilot-scale coal -fired test facility at the
University of Utah, and by the use of computational combustion simulations to evaluate
full-scale utility boilers. In addition, fundamental studies on nitrogen release from coal
were performed to develop greater understanding of the physical processes that control

NO formation in pulverized coal flames - particularly under low NOx conditions.

A CO/H,/O,/N, flame was operated under fuel-rich conditions in a flat flame reactor
to provide a high temperature, oxygen-free post-flame environment to study secondary
reactions of coal volatiles. Effects of temperature, residence time and coal rank on
nitrogen evolution and soot formation were examined. . Elemental compositions of the
char, tar and soot were determined by elemental analysis, gas species distributions were
determined using FTIR, and the chemical structure of the tar and soot was analyzed by
solid-state **C NMR spectroscopy.

A laminar flow drop tube furnace was used to study char nitrogen conversion to NO.
The experimental evidence and simulation results indicated that some of the nitrogen
present in the char is converted to nitric oxide after direct attack of oxygen on the
particle, while another portion of the nitrogen, present in more labile functionalities, is
released as HCN and further reacts in the bulk gas. The reaction of HCN with NO in the
bulk gas has a strong influence on the overall conversion of char-nitrogen to nitric oxide;
therefore, any model that aims to predict the conversion of char-nitrogen to nitric oxide
should allow for the conversion of char-nitrogen to HCN. The extent of the HCN

conversion to NO or N, will depend on the composition of the atmosphere surrounding



the particle.

A pilot-scale testing campaign was carried out to evaluate the impact of multiburner
firing on NOx emissions using a three-burner vertical array. In general, the results
indicated that multiburner firing yielded higher NOx emissions than single burner firing
at the same fuel rate and excess air. Mismatched burner operation, due to increases in the
firing rate of the middle burner, generally demonstrated an increase in NOx over uniform
firing. Biased firing, operating the middle burner fuel rich with the upper and lower
burners fuel lean, demonstrated an overall reduction in NOx emissions; particularly when
the middle burner was operated highly fuel rich.

Computational modeling indicated that operating the three burner array with the
center burner swirl in a direction opposite to the other two resulted in aslight reduction in
NOX.
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EXECUTIVE SUMMARY

INTRODUCTION

The focus of this program isto provide insight into the formation and minimization
of NOx in multi-burner arrays, such as those that would be found in atypical utility
boiler. Most detailed studies are performed in single-burner test facilities, and may not
capture significant burner-to-burner interactions that could influence NOx emissions.
Thus, investigations of such interactions were made by performing a combination of
single and multiple burner experiments in a pilot-scale coal -fired test facility at the
University of Utah, and by the use of computational combustion simulations to evaluate
full-scale utility boilers. In addition, fundamental studies on nitrogen release from coal
were performed to develop greater understanding of the physical processes that control

NO formation in pulverized coal flames - particularly under low NOx conditions.

The following summarizes efforts and results obtained from four different aspects of
this program. The first two sections describe the results of fundamental studies on
nitrogen release during secondary pyrolysis and during char oxidation. The next section
describes results of pilot-scale studies of multiburner arrays. The final section discusses
computational modeling efforts including the incorporation of two fundamental
submodels and simulations of the pilot-scale facility.

NITROGEN EVOLUTION DURING SECONDARY PYROLYSIS

Economica NO, control techniques used in pulverized coal furnaces, such as air/fuel
staging, promote secondary reactions of the primary coal volatiles. Secondary reactions
significantly influence the nitrogen transformations among different combustion products
and the ultimate NO, production. The major objectives of this study were to investigate
the nitrogen evolution and soot formation mechanisms at high temperature, high heating

rate conditions.



A CO/H,/O,/N, flame was operated under fuel-rich conditions in aflat flame reactor
to provide a high temperature, oxygen-free post-flame environment to study secondary
reactions of coal volatiles. Effects of temperature, residence time and coal rank on
nitrogen evolution and soot formation were examined. Elemental compositions of the
char, tar and soot were determined by elemental analysis, gas species distributions were
determined using FTIR, and the chemical structure of the tar and soot was analyzed by
solid-state **C NMR spectroscopy.

Both temperature and residence time have a significant impact on the secondary
reactions of tar. Coal-derived soot exhibited loss of aliphatic side chains and oxygen
functional groups prior to significant growth in average aromatic ring size.
Polymerization reactions accel erated at temperatures above 1400 K, leading to alarger

and more interconnected cluster.

Experiments were performed onthe model compounds of biphenyl and pyrene to
study soot formation mechanisms for aromatic hydrocarbons. Ring opening reactions
were shown to constitute the first step in the soot formation process for biphenyl,
followed by ring size growth and cluster crosslinking. Little evidence of ring opening
reactions was observed during the pyrolysis of pyrene. A simple model was devised to
describe the secondary reactions of coal volatiles based on the chemical structure

analysis.

During secondary pyrolysis, an enrichment of nitrogen in tar was first observed,
followed by a subsequent fast nitrogen release, finally decreasing at a much slower rate at
high temperatures. The decay of the nitrogen functionalitiesin the tar is similar for all
the coalsin this study, indicating that reactivity of the tar nitrogen functionalities show
very little rank dependence. As pyrolysis proceeded, the clustersin soot became larger
and more interconnected, which retarded the further release of nitrogen. Some types of
guaternary nitrogen are thought to be responsible for the earlier release of NH3 than HCN

at low temperatures. However, additional NH; can be formed through the interactions of



HCN and other oxygen radicals in the gas phase or on a specific surface.

EVOLUTION OF NITROGEN DURING CHAR OXIDATION

Although much of the nitrogen present in coal evolves during devolatilization, a
significant fraction is also released during the process of char oxidation, with some of
that nitrogen being converted to nitrogen oxides. A detailed study of the mechanisms by
which this process occurs was carried out under this program, and the study was

comprised of severa components.

In the first component, an experimental study was performed in order to evaluate the

rate of nitric oxide reduction on the char surface, as shown in the following reaction:

C+NO® 3N, +CO R-

Although this reaction has been subject of numerous studies, it has been found that
most of the rate expressions reported in the literature tend to underestimate the amount of
nitric oxide reduced during char oxidation. Some researchers have therefore proposed
aternative values for this rate, considerably higher than ones reported previoudly. In
contrast to these results, the experimental data obtained in this study show that the rate of
nitric oxide reduction on the char surface is predicted within one order of magnitude by
the values traditionally reported in the literature. There are, however, two processes that
increase the rate of nitric oxide reduction on the char surface: 1) the reaction of HCN
(formed from secondary devolatilization) with nitric oxide; and 2) the accumulation of
nitrogen-containing surface complexes on the char surface at the beginning of the char-
nitric oxide reaction. Thefirst processisrelated to the conversion of volatile-nitrogen to
nitric oxide and therefore should not affect the conversion of char-nitrogen to nitric
oxide. The second one was found to be important only in the temperature range of

Xl



fluidized bed combustion (1123 — 1323 K), and thus has |esser influence on pulverized

coa combustion.

The second part of the study tried to explain a steep reduction in the conversion of
char-nitrogen to nitric oxide as the concentration of nitric oxide in the background is
increased. This trend was observed in experiments conducted for three different fuels:
coal; char previously produced under pulverized combustion conditions; and an activated
carbon. The effect was more pronounced at a concentration of 4% O, than at 20% and

was almost insensitive to variations in particle size.

The development of a mathematical model that used atraditional value for R-1
correctly predicted the trend of reduction in the conversion of char-nitrogen to nitric
oxide as the nitric background concentration increased. However, it overestimates its
magnitude, particularly for chars with low surface area. If the rate for R 1 isincreased by
two orders of magnitudes, the predicted value for the conversion of char-nitrogen to nitric

oxide s close to the experimental results.

The detection of HCN during the process of char oxidation, particularly asthe
sample size increased, suggested that the homogeneous reaction of HCN and NO isan
alternative route for the destruction of nitric oxide. An aternative model that considered
homogeneous reactions in the boundary layer and in the bulk showed that the
homogeneous reactions of HCN with the NO present in the background can explain the
reduction in the conversion of char-nitrogen to nitric oxide as the background nitric oxide
concentration is increased; in particular for the coal char. For the activated carbon with
low nitrogen content and high surface area, the heterogeneous process can be dominant,
but for the other chars the influence of the homogeneous reactions in the bulk is

significant.

The experimental evidence and simulation results show that some of the nitrogen
present in the char is converted to nitric oxide after direct attack of oxygen on the

particle, while another fraction of nitrogen, present in more labile functionalities, is

X1



released as HCN and further reacts in the bulk gas. The reaction of HCN with NO in the
bulk gas has a strong influence on the overall conversion of char-nitrogen to nitric oxide;
therefore, any model that aims to predict the conversion of char-nitrogen to nitric oxide
should allow for the conversion of char-nitrogen to HCN. The extent of the HCN
conversion to NO or N, will depend on the composition of the atmosphere surrounding

the particle.

PILOT-SCALE STUDIES: MULTIBURNER FIRING OF PULVERIZED
COAL

A pilot-scale testing campaign was carried out to evaluate the impact of multiburner
firing on NOx emissions. Extensive data had been previously collected using asingle
pulverized-coa (PC) burner, and this data was thus available for comparison with NOx
emissions obtained while firing three burners at the same overall load and operating
conditions. A range of operating conditions were explored that were compatible with the
single-burner data, and the emission trends as a function of air staging, burner swirl and
other parameters were compared. In addition, a number of burner-to-burner operational

variations were explored to provide insight on their potential impact on NOx emissions.

In general, the results indicated that multiburner firing yielded higher NOx emissions
than single burner firing at the same fuel rate and excess air. At very fuel rich burner
stoichiometries (SR < 0.75), the difference between multiple and single burners became
indistinguishable. Thisresult is consistent with previous single-burner data that showed
that at very rich stoichiometries the NOx emissions became independent of burner
settings such as air distributions, velocities and burner swirl.

Comparisons were made exploring a mismatch in individual burner firing ratesto
identify any positive or negative impact. Two different approaches to firing rate
mismatch were used: 1) where individual burner stoichiometries were held constant
(changing both coal and air flowrates); and 2) where individual burner stoichiometries

were varied (changing coal feedrate only). In both approaches, the center

X1



burner firing rate was increased up to as high as 3X that of baseline, and the upper and
lower burner firing rates were decreased to maintain an overall constant firing rate. In
general, a3X increase in firing rate in the center burner resulted in a notable increase in
NOx emissions for both staged and unstaged conditions. This effect was observed for
both constant and variable burner stoichiometry conditions. Note that a 2X increasein

firing rate in the center burner resulted in minimal differences from uniform operation.

Some conditions were identified where NOx emissions could be reduced in a
multiburner firing scenario; specifically, through the use of burner biasing. If the middie
burner was operated very fuel rich, with the outer burners operated at high excess air
levelsto compensate, the overall NOx emissions were lower than when all burners were
operated with equal air/fuel flow rates. Burner parameters such as swirl had to be
optimized, however, to achieve stable operation. This approach yielded NOx emissions
that were dlightly lower than the single burner data under unstaged conditions; however,
the application of such severe biasing should be evaluated in the context of corrosion,
deposition, or other potential adverse affectsin the near burner region. A commercial
application would be likely to demonstrate a greater effectiveness at less severe biasing
due to the ability to bias in the direction of gas flow. In other words, avertical staging

effect could be accomplished without the use of overfire air.
COMPUTATIONAL MODELING

A comprehensive combustion code (GLACIER) was used to simulate the reacting
flow of apilot scale pulverized coal facility and a500 MW utility opposed wall fired
boiler. In addition, the Chemical Percolation Devolatilization (CPD) model was

incorporated into the combustion code, along with a soot formation model.

The pilot scale furnace of the University of Utah, known as the L1500 furnace, was
simulated and different burner arrangements were modeled: 1) all three burners rotating
clockwise looking from the burners toward the exit; and 2) top and bottom burners

rotating clockwise and the center burner rotating counterclockwise looking from the
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burners toward the exit. The flames all looked similar with all the burners having equal
direction of swirl. Changing the direction of the center burner swirl caused the bottom
two flames to move dightly downward. Changing the direction of swirl of the center
burner reduced the NOx by about 7.5%. The exit temperature, O,, and CO where
essentially unchanged. This reduction in NOx, though small, is the effect of changesin
mixing between the burners. The temperatures, oxygen and NOx were in reasonable

agreement with the measured data.

The Chemical Percolation Devolatilization (CPD) Model (Genetti, 1999) was
incorporated into GLACIER and was used to predict coal particle volatile yields as
compared to those of the original two-step devolatilization model in GLACIER
(Kobayashi et al. 1976) for a simple simulation with Illinois #6 coal. Comparisons of
volatile yield predicted by the CPD model and by GLACIER indicated that the times for
onset of devolatilization and the overall volatile yields predicted by the two models were
comparable; however, theinitial devolatilization rate predicted by the CPD model is
steeper than that predicted by GLACIER and the duration of devolatilization is longer.

The soot model for coal-fired system developed by Brown et al. (1998) was
implemented into GLACIER and applied to the pilot-scale test furnace at the University
of Utah Combustion Research Laboratory. The soot model is made of three transport
equations for tar mass fraction, soot mass fraction, and the number of soot particles per
unit mass. Tar evolution is calculated from the CPD model (Fletcher et al., 1992b). The
simulation results illustrated some interesting behavior for the soot formation and
oxidation. The model results predicted that tar starts to form due to coal devolatilization
close to the burner and at the same location, soot volume fraction and number density
increase astar is being converted to soot. Soot volume fraction then decreases due to
oxidation. Soot number density also decreases due to oxidation and agglonmeration of
soot particles. Upon additional air introduction at the staging port, complete soot

oxidation occurs. Additional air input at the staging port completes soot oxidation.
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1 NITROGEN EVOLUTION AND SOOT FORMATION
DURING SECONDARY COAL PYROLYSIS

1.1 INTRODUCTION

The consumption of coal for power generation is projected to increase steadily into the new
century. Coal combustion produces more NO, per unit of energy than any other major
combustion technology (Smoot, 1993). Therefore, pollutant emission associated with coal
combustion will have a huge impact on the environment. NO, (nitrogen oxides), a major
pollutant from coal fired furnaces, can cause a variety of environmental and health problems
such as stratospheric ozone depletion and urban smog. Consequently, the reduction of NO,

emissionsis currently amajor topic of coal research.

The mgor source of NO, from coal combustion is the nitrogen present in the coal itself,
since the production by the thermal mechanism (therma NO,) is effectively inhibited by
regulating flame temperatures (Niksa, 1994). In commercial pulverized coa furnaces, coal
nitrogen isreleased in three stages, as shown in Figure 1.1.1. Nitrogenisinitially liberated with
the volatiles during primary devolatilization. Primary devolatilization involves the thermal
decomposition of the coal's organic structure and the release of low molecular weight volatiles.
These volatiles can be divided into two parts: (a) light gases which do not condense at ambient
temperature and pressure; and (b) tars which are comprised of relatively heavy, aromatic
structuresthat do condense at ambient temperature and pressure. During primary
devolatilization, nearly all the volatile-N is released with the tar (Chen and Niksa, 1992a). Inthe
second stage of nitrogen transformation, the volatiles undergo secondary reactions (secondary
pyrolysis) in hot, fuel-rich conditions that convert part of the nitrogen in the tar into HCN
(Nelson, et al. 1990; Chen, 1991; Ledesma, 1998). Sincetar has a strong propensity to form
soot at high temperatures and long residence times, some of the nitrogen in the tar will be
incorporated into the soot. At the same time, nitrogen trapped in the char, i.e., the organic solid

remaining after the initial stage of devolatilization, is expelled by thermal dissociation induced



by higher particle temperatures. In the third stage, oxygen reacts with char, liberating all
additional nitrogen by chemical conversion to NO, (Pershing, 1977). All of the nitrogen released
will end up in the combustion products. However, volatile-N, unlike char nitrogen, is amenable
to reduction to N, through inexpensive techniques such as burner configuration modifications
and aerodynamic control, which can reduce NO, emission by 50-80% (Smoot, 1993).

primary pyrolysi s second rolysi s oxidatio n
/e ary pyroly >/ >

+0xyge n

. Tar-N —_—3 Soot- N o> NOX
(heavy,
aromatic structure) / N2

HCN ————» N>O
QQ /
Q,%% — Primaryga s NO, \

(C2Hz, C2Hy,
Coal-N CHy, CeHg. eto) precursor s NO

/ \ -, /
Char-N N2, HNCO \
(coal after N

volatiles released) 2

\ rongen

Residual Char- N =————pp- NOy

Figure 1.1.1. Three stages of nitrogen release during coal combustion.

The most economical combustion modification to reduce NO, is air staging. In air staging,
the combustion air is distributed at different elevations along the furnace wall to establish
aternating fuel-rich and fuel-lean zones (Man, et a. 1998). Air staging promotes the conversion
of volatile-N to N,, hence minimizing NO, formation by delaying the mixing of the air (oxygen)
supply with volatile-N (Van der Lans, et a., 1997). Such delayed mixing therefore gives the

primary coal volatiles (tar and light gas) ample time to undergo secondary reactions. Since



aerodynamic control methods such as air staging totally rely on the availability of volatile
nitrogen in the gas phase, the incorporation of tar nitrogen into soot has an adverse effect on NO,
reduction. It isclear that secondary pyrolysis significantly influences the ultimate NO,
production in industrial furnaces. Consequently, a detailed investigation into the nitrogen
transformations during secondary pyrolysis and the effects of the tar-soot transition on nitrogen

releaseis critical for design and implementation of new pollution control strategies.

Current nitrogen release models, including the CPD model at BY U (Fletcher, et al. 1992c),
only simulate the nitrogen release during primary pyrolysis, which occurs at relatively low
temperatures (below 1200 K). However, the temperatures in the pyrolysis zones of industrial
furnaces are usually much higher (1800 K). The form and partitioning of nitrogen species at
high temperatures, after they are released from the char, directly determine the NO, production
in the furnace. This project intends to investigate the nitrogen transformations during secondary
pyrolysis and to build a more extensive model that accounts for nitrogen release and

transformations at conditions more relevant to industria furnaces.
1.2 LITERATURE REVIEW

Previous studies on pulverized coa pyrolysis are reviewed here with emphasis on the
secondary reactions of coal volatiles, the formation of NO, precursors in the gas phase, and the

effects of secondary reactions on nitrogen transformations.

1.1.1 Genera Mechanism of Coal Devolatilization

Coal pyrolysisisthefirst step in coal combustion and gasification. Although coal pyrolysis
occurs on atime scale (up to several hundreds milliseconds) much shorter than the subsequent
char oxidation process (0.5 to 2 seconds for pulverized coal), it has a huge impact on the overall
combustion efficiency and pollutant production in industrial furnaces. Coal pyrolysis has been
studied extensively for more than a century. However, no general mechanism is universally
accepted, nor can all observations be accounted for by any single model (Chen, 1991). Thisis
probably because of the numerous chemical and transport processes that occur simultaneously in



the coal flame, making them very difficult to distinguish and interpret. In addition, coal
pyrolysisisvery sensitive to specific properties of coal type, which vary substantially among
coa rank. In this section, fundamentals needed to interpret pyrolysis experimental dataare
reviewed, starting with a brief description of the chemical structure of coal, and followed by a
discussion of the sequencein coa pyrolysis. Finally, previous studies on secondary reactions of

coa volatiles are reviewed in detail.

1.1.2 Chemical Structure of Coal

Coal ismainly composed of avariety of organic structures. Coal can beviewed asa
complex organic polymer consisting of large polycyclic aromatic clusters of several fused rings
linked together by assorted hydrocarbon chains and bridges of varying lengths. Modern
analytical techniques (NMR, FTIR, etc.) have established four major structures in coal: aromatic
clusters; aiphatic bridges and loops; side chains; and oxygen groups (Chen, 1991; Smith, et al.
1994). These structures are shown in Figure 1.2.1.
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Figure 1.2.1. The structure of a hypothetical coal molecule (adapted from Solomon, et al.
1988).

3C NMR analysis of coals has shown that the majority of the carbon in coal is aromatic
(Solum, et al. 1989). The percentage of aromatic carbon (aromaticity) usually increases with
coal rank. Aromatic carbons are incorporated into various sizes of condensed rings, ranging
from one to three condensed rings for lignites and subbituminous coals to two to four condensed
rings for bituminous coals (Pugmire, et al. 1990). There are also aiphatic side chains and
oxygen-containing functional groups at the edges of these aromatic clusters. These aromatic
clusters are linked together by the aliphatic bridges or ether bridges to make a large three-

dimensional macromolecular network.

Other important heteroatoms in coal are sulfur and nitrogen. Those elements generally
comprise asmall fraction of the organic materials, but they account for ailmost al the pollutants

formed during coal combustion. A detailed description of the nitrogen formsin coal is presented



in alater section.

1.1.3 Coa Pyrolysis

The observed phenomena during coa pyrolysis are not only determined by the chemical
structure of the coal, but are also influenced by physical properties (particle size, moisture
content) and operating conditions. Nevertheless, three main processes can be identified during
coal devolatilization. (1) Upon heating, coa undergoes mild changes, including the disruption of
hydrogen bonds, vaporization and release of certain noncovalently bonded molecules, and low
temperature crosslinking (large aromatic fragments attaching together) in low rank coals with
more than 10% oxygen (Solomon, et al. 1992). These early reactions usually occur at
temperatures lower than 500 K, and are generally not very important in the whole pyrolysis
process. (2) During primary pyrolysis at higher temperatures (500 K-1000 K), the weak aliphatic
bridges connecting large aromatic clusters in the coal matrix are cleaved to produce molecular
fragments. Those fragments containing one to several aromatic ring structures will be released
astar if their vapor pressure is sufficiently high to escape the coal matrix. The larger fragments,
too large to vaporize, will eventually undergo moderate temperature “ crosslinking” reactions to
attach to the char. At the same time, release of some of the functional groups attached to the
aromatic clusters and some labile bridges leads to the formation of light gases, including CO,
CO, and light hydrocarbons. (3) Secondary pyrolysis initiates when the tar and certain light
gases (such as benzene and acetylene) begin to undergo further reactions in the gas phase. There
are ambiguous and contradictory definitions for secondary pyrolysisin the literature (Haussmann
and Kruger, 1989; Chen, 1991; Solomon, et a. 1992). In thiswork, secondary pyrolysisis
referred to as any reaction of volatiles after they leave the char particles. Figure 1.2.2 showsthe

major reaction pathways of coal during pyrolysis.

Tar isthe mgor reactant in secondary reactions, although certain light hydrocarbons are also
believed to participate in secondary pyrolysis a high temperatures. At temperatures from about
1000 K t01300 K, functional groups and side-chains attached to the aromatic rings in the tar will
thermally decompose to release additional gases, usually comprising CO, CO,, light



hydrocarbons, H, and heteroatom species (HCN, NH;, SO,, COS, etc.) (Doolan, et a. 1986;
Serio, et al. 1987; Xu and Tomita, 1989; Bassilakis, et al. 1993). At temperatures higher than
1200 K and prolonged residence time, the aromatic ringsin the tar will attach together to form
larger clustersin a process similar to the crosslinking reactions in the char. The size of the
clusters will continue to grow until the identifiable soot nuclei form in the flame. Itisthe
generation of such nuclel from the initial gas-phase reactants that initiates the soot particle
inception process. These nuclel will serve as seedsto form large soot particles through process
of coagulation, agglomeration, and aggregation (Ma, 1996). The molecular weight of the final
soot particles can be as high as severa million amu. The hypothetical molecule of the parent
coal and the succeeding pyrolysis stages from a molecular point of view are demonstrated in
Figure 1.2.2.

1.1.4 Secondary Reactions of Coal Volatiles

As mentioned in the first chapter, secondary reactions play an important role in the overal
coa combustion process. However, most of the previous research in the field has been devoted
to primary pyrolysis. The limited studies on the secondary reactions of coal volatileswill be
reviewed here in two parts: the first part discusses the formation and distribution of various gases
from tar cracking reactions; the second part emphasi zes soot formation in coal pyrolysis or
combustion systems. Although these two parts are reviewed separately here, it should be pointed
out that these two processes significantly overlap during secondary pyrolysis. It isbelieved that
soot formation is favored at higher temperatures (Doolan, et al. 1986; Solomon, et a. 1992). The
effects of secondary reactions on nitrogen release will be reviewed in the next section.

1.1.4.1 GasPhase Cracking Reactions

The kinetics of vapor-phase secondary reactions for coal tar were studied by Serio and
coworkers (Serio, et al. 1987). Their experiment consisted of two independently- heated tubular
chambers connected in series. The first chamber was a fixed-bed reactor used to pyrolyze a
Pittsburgh bituminous coa at alow heating rate (3°C/min) to a maximum temperature of 550°C.



The freshly generated tar and other volatiles were pyrolyzed in the second chamber at
temperatures ranging from 500-900°C and residence times ranging from 0.6-3.9 s. The major
products from the tar cracking were light gases (CH,4, C,H4, C,H,, etc.), light oils and some
transformed tar. Higher temperatures promoted higher conversion of the tar vapors in the second
reactor. Kinetic parameters for the cracking reactions were reported based on the measured data.

Inasimilar study, tar was generated by a fluidized-bed flash pyrolyzer from an Australian
coa (Doolan, et al. 1986). Thetar vapor and other gases were then cracked in two reaction

systems, one using tar vapor in tubular quartz reactors at 900-1400 K and residence
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Figure 1.2.2. Stages of pyrolysis viewed at the molecular level (adapted from Solomon, et al.
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1988).

times of ~0.2 and ~1 s, the other using tar aerosol in a shock tube at 1100-2000 K and a
residence time of 1 ms. Yields of CO and light hydrocarbons including CH,4, C3Hg, CoH,, CgHe,
were determined as a function of temperature. All of the measured gases reached a maximum
yield with temperature and then declined, with the exception of C,H,, which increased
dramatically in the temperature range 1200 K-1400 K. Pyrolytic carbon (soot) was also
identified starting at about 1300 K, which is coincident with the depletion of hydrogen in the tar.

Nelson et a. (1988) investigated the pyrolysis of coal at high temperatures in fluidized bed
reactors and in ashock tube. The experiments were compared with results from an experiment
where tar was produced at 600°C in afluidized-bed reactor and where the tar subsequently
flowed into a shock tube that operated between 600 and 800°C. The gaseous hydrocarbon yields
observed from secondary cracking of the tar were similar to those observed for direct pyrolysis
of the same coal in afluidized-bed pyrolyzer at 600-800°C. The kinetic parameters obtained for
the production of C,H, and C3Hg from tar pyrolysis were similar to those obtained from model
compounds like hexadecane. However, the activation energies obtained for the formation of

these products by direct pyrolysis of coal were much lower than from the model compounds.

A more detailed study was carried out by Xuand Tomita (1989) who treated the effects of
temperature and residence time on secondary reactions separately. The distributions of inorganic
gases, hydrocarbon gases and liquids by pyrolyzing nascent volatiles were carefully measured
using gas chromatography. It was found that temperature and residence time exerted the most
influence on secondary reactions of volatiles. Tar started to decompose at 600°C, forming
aliphatics, aromatics and coke, but the yield of CO, remained constant. At 800°C, the nature of
the secondary reactions changed considerably due to soot-forming reactions. The conversion of
tar to aliphatics became negligible above 800°C. The decomposition of aiphatic hydrocarbons
and small aromatic oils became significant at 900°C, resulting in a continuous increase of coke
formation. At this high temperature, the reported coke and soot yields were not distinguished.
The kinetic parameters derived from curve-fitting their experimental data showed agreement

with those observed in the pyrolysis of codl itself or in the tar pyrolysis, implying that the
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formation rates of hydrocarbons were similar in the above cases. Thisisin agreement with the
findings of Nelson (1988).

The changes in molecular structure of flash pyrolysis tar generated from a subbituminous
cod in afluidized-bed reactor were analyzed by Field-1onization Mass Spectrometry (FIMS)
(Hayashi, et al. 1992). The extent of secondary reactions was regulated by an independent
temperature-controlled freeboard zone in the reactor. The H/C ratio of tar was found to decrease
with the increasing freeboard temperature, and the yields of CO, CO, and light hydrocarbons
increased monotonically up to 800°C. Analysis of the tar showed that the yields of pure
aromatics and nitrogen-containing compounds increased monotonically with temperature, while

hydroxyl compounds decreased.

1.1.4.2 Soot Formation Reactions

Soot can be found in amost al combustion and pyrolysis systems. Extensive research on
soot formation demonstrated that soot is usually formed when the local environment is
sufficiently fuel-rich to allow condensation or polymerization reactions of the fuel to compete
with oxidation (Ma, 1996). In pulverized coa furnaces with staged combustion, the high
temperature and the lack of oxygen by the delayed mixing promote the formation of soot. Soot
impacts coa combustion in two ways. First, soot particles suspended in the combustion flame
will significantly enhance radiative heat transfer due to their large surface area, small size
(submicron for young soot and several hundred microns for the mature soot) and spectrally
continuous radiation characteristics (Rigby, 1996). Calculations have shown that the near-burner
flame temperature could be lowered up to 300 K due to the radiative heat transfer between the
soot and the wall (Brown, 1998). It istherefore important to include the effects of soot in
combustion models, since kinetic predictions are a strong function of temperature. Second, part
of the nitrogen released from coal during devolatilization will be reincorporated into the soot,

which complicates models of nitrogen transformation and NO, production.

The limited studies on coal-derived soot are reviewed here, including the hypothesized

11



precursors, proposed soot formation mechanisms, and the influence of local combustion

parameters on soot formation.

The formation of soot from electrically-heated entrained flow pyrolysis of different coal
ranks was studied by Nenninger (1986). The aerosols from the collection system were analyzed
for tar and condensed ash by both extraction with methylene chloride and neutron activation
analysis. The soot yields were calculated by difference. The sum of tar plus soot was reported to
be constant while the soot yield increased dramatically at temperatures above 1200 K (with an
equally dramatic declinein tar yield). Thiswasthefirst direct evidence that tar, whose main
components are polycyclic aromatic hydrocarbons, or PAH, isthe soot precursor in coal systems.

Wornat and coworkers (1988a) determined the comprehensive compositions of PAH from
the pyrolysis of a high-volatile bituminous coal in a drop tube reactor under sooting conditions.
The results suggested that ring size and the presence of attached functional groups determine the
reactivities of the PAH. Compounds with more complex attachments were more reactive than
compounds with simple or no attachments. In addition, it was found that the increases in soot
yield occurred at the expense of PAH yield, suggesting that PAH serves as a precursor to soot.
About 20 wt% of the coal (daf) was converted to soot at high temperatures and long residence
times, which is comparable with the data reported by Nenniger (20 wt%, daf) at 2200 K for a

high-volatile bituminous coal.

FTIR spectra of the tar produced at high temperatures in afluidized bed reactor showed the
existence of peaks characteristic of the stretching frequency of the carbon-carbon triple bond,
suggesting that alkynes generated from tar cracking reactions may participate in soot formation

during higher temperatures.

A systematic characterization of temperature-induced secondary reactions of coal volatiles
from a subbituminous coal and a hva bituminous coal was carried out in aradiant entrained-flow
reactor (Chen, 1991). The soot formation from secondary reactions of coal volatiles was
examined under inert conditions. Again, the yields of tar/oils plus soot in the high temperature

experiments were reported to be relatively constant with temperature. It was hypothesized that
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the weight loss due to expelling CO and other gases from tars was compensated by the addition

of light hydrocarbons.

Coal-derived soot was analyzed from entrained-flow pyrolysisin a post-flame environment
by Ma (1996). The total soot yields decreased slightly with increased temperature for coals
ranging from lignite to hva bituminous, which is inconsistent with the observations of other
researchers (Nenniger, 1986; Wornat, et a. 1988a; Chen, 1991). It should be pointed out that the
other three experiments were conducted in inert conditions (N, or argon). Certain types of
oxygen-containing species in the post flame may have atered the soot yield in Ma's experiment.
Because coal combustion in industrial furnaces does not occur under inert conditions, Ma's
results may be more useful in evaluating soot formation mechanismsin coal systems. A more
comprehensive review of soot in coal combustion systems was published by Fletcher et al.
(1997), describing various experiments on coal-derived soot, measured optical properties of soot,
and existing models of soot formation and oxidation.

1.1.5 Nitrogen Transformations during Pyrolysis

1.1.5.1 Nitrogen Functionalitiesin Coal

Coal-bound nitrogen resides principally in heterocyclic ring moieties (Smith, et al. 1994).
The results of X-ray Photoel ectron Spectroscopy (XPS) studies reveal that most coal-N is present
in pyrrolic (five-membered ring) and pyridinic (6-membered ring) groups. It was observed that
pyrrolic functionalities in coals are present in much higher concentrations than pyridinic forms,
and that the proportion of pyridinic-N seemsto increase with coal rank (Kelemen, et a. 1993).

In the XPS studies, an additional component, corresponding to quaternary nitrogen (Kelemen, et
al. 1994), was often found necessary to achieve an acceptable fit to the measured XPS spectra.
However, the exact nature of this functionality is still poorly understood. The XPS analysis of
Argonne Premium Coals showed that quaternary nitrogen is only a small fraction of the total

coal-N, and that the quaternary nitrogen content seems to decrease with coal rank (Figure 1.2.3).
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Figure 1.2.3. Nitrogen functional groups by XPS curve resolution analysis (adapted from
Kelemen 1993).

It has been argued that quaternary nitrogen may be formed due to the oxidation of the
pyridinic nitrogen to N-oxide (Nelson, et al. 1992). XPS analysis of the coal surfaces prepared
by conventional wet polishing had been observed to produce an appreciable increase in the
intensity of the quaternary nitrogen and a corresponding decrease in the intensity of the pyridinic
nitrogen. Further studies are still required to verify the genuine structures of this class of

nitrogen compounds.

1.1.5.2 Nitrogen Partitioning during Primary Pyrolysis

Primary pyrolysisisthefirst step during coal combustion, therefore the nitrogen release
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during primary pyrolysis has a huge impact on the subsequent secondary reactions. The amount
of coal nitrogen released as light gasesis negligible at low temperatures (Freihaut, et a. 1993;
Kelemen, et al. 1993). Thisis probably because nearly all forms of nitrogen in coal are
incorporated into aromatic ring structures, which require higher energiesto react. Pyrolysis
studies on N-containing aromatic model compounds have dermonstrated that significant thermal

decomposition would only take place at temperatures higher than 800°C.

Tar isthe mgjor transport mechanism for fuel nitrogen during the initial stage of pyrolysis
(Solomon and Colket, 1978; Chen, 1991). Heated grid experiments on alignite and 12
bituminous coals at a heating rate of 600 K/s showed that for temperatures up to 600°C, no
significant amount of nitrogen were released. The striking similarity between the tars and the
corresponding parent coalsby ** C NMR and infrared analysis suggested that tar-N occursin the

same structures as in the parent coal in the initial stage of devolatilization.

The effects of heating rate on both tar yield and nitrogen partitioning between various
products were examined on two bituminous coals without the interference of secondary reactions
(Cal, et al. 1992). Thetar-N fraction increased with heating rate, since the tar yield experienced
asimilar increase. This may suggest that the nitrogen content in the tar is independent of heating
rate and that the nitrogen structure remains almost intact during primary pyrolysis.

A detailed study of primary nitrogen release in an entrained-flow system was conducted on
four coals of different rank (Chen and Niksa, 1992b). It was found that the nitrogen was initially
released almost entirely in the tar. His study also demonstrated the dependence of tar nitrogen
release on coal type: high rank coal, with a higher tar yield, produced more tar-N than low rank

coal.

Freihaut and coworkers (1993) used a heat grid reactor and an entrained-flow reactor to
examine the influence of temperature, residence time, pressure, and particle size, on coal
nitrogen release. In the entrained flow experiments, the low rank coal tar contained significantly
less nitrogen on a mass fraction basis than the parent coal during the initial, primary tar evolution

phases. Their results showed that the nitrogen evolution behavior of low rank coals differsfrom
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that of bituminous coals both with respect to tar yield potential and intrinsic nitrogen

concentration in the tar.

XPS analysis of the chars and tars obtained from pyrolyzing Argonne Premium coals
showed some interesting results regarding nitrogentransformations. Pyrrolic and pyridinic
species were the dominant nitrogen forms in chars and tars obtained from low temperature, low
heating rate pyrolysis. However, an additional band corresponding to amino nitrogen or nitrile
species was found necessary to obtain a good fit to the XPS nitrogen spectrum for low rank coals
(Kelemen, et a. 1998). Pyrolysisstudiesin fluidized bed reactors reported significant amount of
nitrile species in the high rank coal tar, but the tars generated from an entrained-flow system did
not show anitrile band. Becauseit is generally believed that amino species tend to form
ammonia during thermal decomposition while nitrile compounds are the main source for HCN

release, further studies on the genuine nature of this additiona nitrogen form are needed.

1.1.5.3 Nitrogen Transformations during Secondary Reactions

At temperatures above 1000 K and at long residence times, the volatiles released during
primary pyrolysis will undergo secondary reactions. Under fuel-rich conditions, thermal
cracking of the tar molecules will cause ring opening reactions, leading to the release of nitrogen
in the form of light gases such as HCN (Chen, 1991). When soot formation begins at 1300 K, a
portion of the nitrogen in the tar is incorporated into the soot matrix. The nitrogen incorporated
into the soot is not easily reduced by the aerodynamic technologies such as air/fuel staging. The
study of soot nitrogen is complicated by the nitrogen released from char at similar temperatures.
As mentioned earlier, the high temperature nitrogen release from the char is considered primary
pyrolysis, since it has not reacted in the gas phase.

Experiments on a hv bituminous coal showed that the N/C ratio was quite different for the
tar and soot, indicating that soot is not a simple accumulation of PAH’s in the tar (Wornat, et al.
1988a). Incorporation of the N-containing PAH into the soot was faster than the non N-
containing PAH during the initial soot formation process. The nitrogen content of the soot was

found to decrease with increasing temperature. Two mechanisms were
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suggested for such a decrease, including the liberation of N-containing gas species from the soot
and the incorporation of PAH with successively lower nitrogen content during soot growth. The

second aspect was suggested to have alarger effect on reducing the soot N/C ratio.

As much as 25% of the volatile-N was reported to be incorporated into soot for a hv
bituminous coal and 10% for a subbituminous coal (Chen and Niksa, 1992b). It was aso
observed that nitrogen incorporation into soot occurred early during secondary pyrolysis, and
that the fraction of coal nitrogen integrated into the soot remained constant, even though the soot
yield increased steadily with increasing temperature. Consequently, the nitrogen content of the
soot decreased throughout secondary reactions, which is consistent with Wornat’ s observation.
The major N speciesin the gas phase was found to be HCN. Haussmann et al. (1989) also
reported about 20-30% of volatile-N trapped in the soot for a bituminous coal. However,
pyrolysis experiments in aflat flame burner showed much less nitrogen fraction trapped in the
soot, and no significant changes of nitrogen composition in the soot with residence time were
noticed (Rigby, 1996).

The nitrogen functionality of the tar was examined by pyrolyzing a German bituminous coal
in afluidized bed and performing size exclusion chromatography (SEC) on different molecular
mass fractions (Li, et al. 1997). The nitrile group, not present in the raw coal and the tars
produced at 600 and 700°C, appeared in the SEC fractions of the tar produced at 800°C, which
coincides with the temperature at which N-containing model compounds begin to decompose.
XPS analysis of the tars also indicated the conversion of pyridinic nitrogen to nitrile nitrogen in
the range of 600-800°C. The presence of reactive species and H was suggested as a reason for
the earlier release of nitrogen gas species (HCN, NH3, HNCO, etc.) from the coal than from the

model compounds.

Heated grid experiments on some bituminous coals demonstrated the different nitrogen
rel ease patterns during high temperature pyrolysis (Man, et al. 1998). At relatively low
temperatures (1000-1200°C), volatile nitrogen (mostly contained in tar) fractional yields were
approximately equal or slightly less than the total volatile yields. However, at higher

temperatures (1400°C above), there was additional release of nitrogen with very little
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total massloss. The “secondary” nitrogen release (defined by these authors to be any reactions
occurring after the primary tar release) occurred at a much slower rate than the “ primary”
nitrogen release. This*secondary release” was associated with areduction of hydrogen content

in the char.

Ledesma’s (1998) experiment on the thermal cracking of coal tarsisthe only study of
nitrogen release from tars free from the effects of residual char and from transport effects from
the coal surface. Primary tars were generated at 600°C in a fluidized reactor and subsequently
thermally decomposed in atubular reactor connected with the fluidized reactor. HCN was found
to be the dominant nitrogen species from tar cracking. A considerable amount of NH3; and
HNCO was also identified. Thisisthe only experiment where a significant amount of HNCO
has been reported. The fraction of soot-N was not reported, but was likely less than 10% based

on the nitrogen balance.

Recently, the N-containing PAH (NPAH) in the tars of abituminous coal and a
subbituminous coal were characterized according to their fused aromatic ring numbers using gas
chromatography coupled with a chemiluminescence detector (Yu, et al. 1999). It was found that
the initial depletion of N-containing species was mainly attributed to direct conversion to soot
during the early stage of secondary pyrolysis. Neutralization and mass transformation of polar
compounds (carboxyl -substituted NPAH) appear to be responsible for an observed increase of
NPAC in the middle stage of secondary reactions. The decrease of NPAC, after reaching a
maximum at the late stage of secondary pyrolysis, indicates the successive predominance of
polymerization and ring rupture reactions, which lead to the release of HCN. Yu'sresults also
confirm the findings of Axworthy (1978), in that the stability of NPAC does not necessarily
correspond to the activation energy associated with a given pyrolysis condition. 2-ring NPAC
(such as quinoline) in the coal tars, assumed to form from the reaction of pyridine and acetylene,
appear to be the most stable species during severe secondary pyrolysis.

1.1.5.4 Noncondensible Nitrogen Gases

Secondary reactions of tar and thermal decomposition of char at high temperatures
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will result in the release of nitrogen species into the gas phase. The major gas species are
identified as HCN, NH3, HNCO and N, (Xu and Tomita, 1989; Chen and Niksa, 1992b;
Bassilakis, et a. 1993; Freihaut, et al. 1993; Li, et al. 1997; Ledesma, et a. 1998). HCN and
NH; are by far the most important nitrogen species in pulverized coa burners and fluidized
reactors, although some slow heating pyrolysis experiments on fixed bed did show N, asthe
dominant species (Axworthy, et al. 1978; Leppalahti, 1995; Takagi, et al. 1999). HNCO yields
corresponding to 15% of the total volatile-N were reported in afluidized bed pyrolysis
experiment (Li, et a. 1997).

Thereis still controversy over the origins and interactions of HCN and NH; during coal
pyrolysis. Some researchers believe HCN and NH; are generated from a similar source since the
temperature of initial HCN and NH; formation is very close (Nelson, et al. 1992); others assume
that NH; is converted to HCN under severe conditions (Chen 1991; Brill, et al. 1992). Recently,
more and more researchers have begun to believe that HCN may be the primary nitrogen species
during pyrolysis and that NH3 is partly formed from HCN through hydrogenation (Bassilakis, et
al. 1993; Leppalahti, 1995; Rudiger, et al. 1997; Ledesma, et al. 1998; Friebel and Kopsel, 1999;
Schafer and Bonn, 2000). The absence of NH; from the decomposition products of N-containing
model compounds was explained by the lack of donatable hydrogen atomsin these aromatic
compounds (Mackie, et al. 1990; Mackie, et al. 1991). Enhanced HCN conversion to NH; by
adding small amounts of water (hydrogen donor) was also reported (Schafer, 2000). The
hydrogenation of HCN to NHs is further complicated by the fact that more NH 3 has been found
in experiments with relatively high concentrations of oxygen-containing species (O,, O, OH,
etc.) (Van der Lans, et al. 1997). Therelatively higher NH3 yield associated with low rank coals
under inert conditions may be somewhat correlated with the higher oxygen content in the parent

coadl.

The relative amounts of HCN and NH3 can be affected by many factors such as coal rank,
heating rate, temperature, local stoichiometry and even experimental apparatus. Table 1.2.1
shows the list of reported HCN and NH3 yields from different coa pyrolysis experiments.

These results can be summarized as follows: HCN is predominant in high
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temperature, high heating rate entrained-flow systems; however, in slow heating rate fixed bed
experiments, more NHz isidentified. Strong rank dependence of HCN and NHs releaseis
demonstrated in entrained flow systems and fluidized bed experiments, with more NH; rel ease
for low rank coals than for high rank coals. The large variation in the reported HCN and NH;
yields at various conditions shows that more understanding is needed. A simple correlation
between the nitrogen functionalities in coal and the final nitrogen distributions in gas does not
yet exist. Therefore, additional dedicated research is necessary on the release of HCN and NH;
in industrially-relevant systems.
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Table 1.2.1. Noncondensible Nitrogen Products under Pulverized Coal

Combustion Conditions.

Nitrogen Products

HCN isthe dominant
product

Apparatus

arc-jet fired entrained flow
reactor (Haussmann, 1989)

Conditions

900 ppm O,, bit. and subbit.
coa

heated grid
(Freihaut, et al. 1989)

inN,, 14 coals

radiant flow reactor
(Chen, 1991)

inert atmosphere, 6 coas

entrained flow reactor
(Freihaut, et a. 1993)

inert atmosphere, 14 coals

entrained flow reactor
(Bassilakis, et al. 1993)

inert atmosphere, Argonne
Premium coals

both HCN and NH;
detected; HCN isthe
primary components with
small amount of NH; for
lower rank coals

entrained flow reactor
(Blair, et al. 1976)

inert atmosphere, 20 coals

|aboratory-scale combustor
(Rees, et al. 1981)

substoichiometric; bit. coals

drop-tube reactor
(Phong-Anant, et al. 1985)

in argon, subbit. and lignite

fluidized bed
(Nelson, et al. 1992)

inert atmosphere; 3 coals

pyroprobein an air-staged
entrained flow furnace
(Kambara, et al. 1995)

inert atmosphere, bit. and
subbit. coals

radiant flow reactor

slightly oxidizing

(Niksa,1996) atmosphere, bit. and subbit.
coals
fluidized bed inert atmosphere, bit. coal

(Ledesma, et al. 1998)

more NH; isformed than
HCN

electrically heated furnace
(Kremer,1986)

oxidizing atmosphere; mv
bit. coal
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flat-flame burner Ar/O, flame, subbit. coal
(Peck, et al. 1984)
fixed bed inert atmosphere; slow
(Leppalahti, 1995) heating rate; Russian coal
TG-FTIR inert atmosphere; Argonne
(Bassilakis, et al. 1993) Premium coals
more HCN isfound in high | laboratory-scale combustor Ar/O,/CO,; 48 coals;
rank coals, while the (Chen, et al. 1988) various stoichiometry
__distribution of NH, fixed bed inert atmosphere, low rank
increases towards lower ) coals
rank coals, and can become (Friebel, 1999)
larger than HCN
1.1.6 Summary

Thorough understanding of the mechanisms of nitrogen evolution and transformation during
the different stages of devolatilization is essential to the comprehension and prediction of the
ultimate fate of coal nitrogen during coal combustion. Asaresult of this literature review, the
following needs for the information of coal nitrogen release are identified in order to develop a

generalized coal-dependent nitrogen release model:

1) Nitrogen partitioning among the gas, tar/soot and residual char during primary and

secondary coal pyrolysis
2) Nitrogen evolution rates from tar, soot and char
3) Interactions of nitrogen species in the gas, tar/soot and char

Unfortunately, after several decades of dedicated studies on NO, control, a satisfactory and
complete solution for the above issues has not yet been obtained. Data on nitrogen release
during secondary pyrolysis, which process predominates in novel air-staged coal furnaces, are
insufficient. Disagreement still exists regarding which species are the primary NO, precursors
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during pyrolysis and combustion. Soot formation mechanismsin coal systems and the effects of
soot on nitrogen transformation are not fully understood. And finally, the gas phase reactions
involving nitrogen transformation still need improvement. Enhanced knowledge on the above
topicsisrequired in order to develop realistic models of nitrogen evolution in coal combustion,
which are essential for further optimization of burner design and pollutant suppression.
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1.3 OBJECTIVE AND APPROACH

The general objective of thisresearch isto further investigate the secondary reactions of coal
volatiles under conditions relevant to commercia pulverized coal furnaces, with emphasis on
nitrogen transformations and soot formation. As the research proceeded, an opportunity arose to
study afew pure hydrocarbon compounds that are found in coal tar and other fuels (such as jet
fuel and diesel). Therefore, a secondary objective of this study was added: to study the solids

produced in the early stages of soot formation from representative model compounds.

More specificaly, the effects of temperature, residence time, and coal rank on the nitrogen
partitioning inthe gas, tar/soot and char at high temperature (1150 K-1850 K), high heating rate
entrained flow system are examined. Since a complete reaction mechanism for the conversion of
stable NO, precursors (mainly HCN and NH,) in the gas phase to NO, is already available
(Miller, 1989), specia emphasisis placed on the studies of the release rate of these nitrogen
precursors during secondary pyrolysis. Soot formation mechanisms are investigated using
elemental analysis and *C NMR analysis on the tar and soot generated from both coal and model
compounds. The effects of tar-soot transition on nitrogen transformations are also addressed,

since soot retards the conversion of NO, to N, by limiting the nitrogen in the gas phase.

Four coals ranging from lignite to hva bituminous were pyrolyzed in a post-flame
environment in aflat-flame reactor. Eighty pyrolysis tests were performed at seven temperature
settings and four residence times, which provide important data for deriving kinetic parameters
for secondary reactions of coal volatiles. The condensed products (tar, soot and char) were
collected and analyzed separately using various modern analytical techniques including
elemental analysis, Inductively Coupled Plasma (ICP) and *C NMR spectroscopy. The gas
phase compositions were analyzed using Fourier Transform Infrared (FTIR) Spectroscopy. The

nitrogen evolution were examined both in the condensed phase and in the gas phase.
The main tasks in this project can be summarized as:

1) Determination of the tar/soot yields and mass release in coal pyrolysis under a broad
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range of conditions.

2) Development of PPB-level gas analysis capability for N-containing and other relevant
speciesusing an FTIR system.

3) Examination of the soot formation process from coa and from model compounds. The
mechanism of nitrogen evolution during tar-soot transition is proposed based on the analysis of

tar and soot from these experiments.

4) Postulation of reaction mechanisms and derivation of kinetic parameters to explain tar

reduction, soot formation and nitrogen evolution.

Chapter 4 presents the description of how the experiments were performed. Chapter 5
presents the results of experiments regarding the secondary reactions of coal volatiles, focusing
on the hydrocarbon structures. This chapter also presents results of a modeling effort to describe
the experimental observations. Chapter 6 presents results of the solid-state *C NMR analyses of
tars and soots from coal and model compounds, showing changes in the chemical structuresin
the solid phase products during pyrolysis. Chapter 7 presents the nitrogen release and
transformation data. Finally, in Chapter 8, a summary and lists of conclusions drawn from this

study are presented, followed by limitations and recommendations for future work.
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1.4 DESCRIPTION OF EXPERIMENTS

1.1.7 Hat Flame Burner

The flat flame burner (FFB) used in this study was described thoroughly by Ma (1996). An
FTIR gas analysis system was added and used in connection with the suction probe in the FFB
system to allow on-line gas measurement. Figure 1.4.1 shows the revised FFB system. A
syringe-type particle feeder was used to provide a steady feed rate (~1 g/hr) and to alow an
accurate measurement of the total amount of sample fed in each experiment. Thisflow rate
ensured single particle behavior in the reactor. The particles from the feeder were entrained in
N, and injected about 1 mm above the burner surface through a metal centerline tube. The
temperature in the FFB can be adjusted by changing fuel type, the amount of dilution N,, and the
equivalenceratio. The calculated heating rate for pulverized coal particles can reach 10° K/s
(Ma, 1996), which is close to particle heating ratesin industrial furnaces. The entire reactor can
be raised and lowered relative to the level of the sampling probe to accommodate desired
residence times. All the reaction products were collected by a water-cooled probe with nitrogen
guench jets at the probe tip. Nitrogen was also transpired though a porous inner wall of the
probe in order to minimize soot deposition on the probe walls. A virtual impactor at the end of
the suction probe was used to separate the large, dense char particles from the small and low-
density soot particles. A cyclone connected behind the virtual impactor was used for char

collection. The soot particles were collected on polycarbonate filters with a1 mm pore
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Figure 1.4.1. Schematic of the Flat Flame Burner (FFB) with the gas analysis system.

size, supported by a separate glassfilter. Soot samples were carefully scraped from the
filters to avoid the use of solvents. The reaction gas stream was collected after passing the filters
and was analyzed by the FTIR to get the gas compositions. A detailed discussion on the gas

phase FTIR measurement is presented in a later section.

1.1.8 Gas Temperature Control
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Temperature isacritical parameter in coa pyrolysis. For many years, methane was used as
the mgjor fuel in the FFB to perform high temperature, high heating-rate experiments. Since the
flammability limit of methane is very narrow (from 5% to 15%, volume in air), the lowest
operating temperature of afuel-rich methane flame is about 1600 K. However, significant
secondary reactions usually start at atemperature aslow as 1100 K for acoa system. A method
was devised to lower the temperature to about 1100 K for the study of secondary pyrolysis. Asa
result of this study, it was found that carbon monoxide (CO) is an ideal fuel for low temperature
experimentsin the FFB. It has several advantages over other fuels (such as methane). First,
because CO has much broader flammability limits (12.5%-75%, volume in air) than most of the
common hydrocarbon fuels (2%-15%, volume in air for methane, ethane, propane etc.), the
temperature of a stable CO flame can theoretically be maintained at about 1000 K even at very
fuel-rich conditions. Such low temperatures can not be achieved using other hydrocarbon fuels.
In practice, a small amount of hydrogen was also added to the fuel stream to enhance stability.
Second, CO flames also minimize the steam production, which can greatly interfere with FTIR
measurement of other weakly absorbed species. Using a CO flame, the temperature can be
easily adjusted from 1100 K to 2000 K in the FFB to facilitate the pyrolysis experiments, with
steam production less than 1% in the post-flame gases. A CO monitor was used in the lab for
safety reasons when the CO flame was in operation. The experiment was also performed under a

safety hood to prevent CO poisoning.

1.1.9 Coa Selection

Coal rank isan indicator of the coalification (maturation) of a coal from avariety of plant
precursors. It iswell established that coal rank is one of the most important factors that
determine the behavior of coal devolatilization. Temperature sensitivity of tar evolution, the tar
yields and compositions are strongly correlated with coal rank (Freihaut, et al. 1993). Since
secondary reactions and the involved nitrogen chemistry are directly related to tar evolution, the
secondary nitrogen release is also influenced by coal rank. For example, it has been
demonstrated by most researchers that ammonia formation is usually associated with lower rank

coals. Consequently, four coals covering a broad range of coal ranks were employed in this
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study. These coals, namely Illinois #6 (Bituminous), Utah (Bituminous), Black Thunder
(Subbituminous) and Knife River (Lignite), were obtained from the DOE/UCR program at the
University of Utah and Brigham Y oung University. Figure 1.4.2 displays the sample positions
on acodlification band plot. The O/C ratio varies from about 0.1 to 0.27, while the H/C ratio
fallsin arelative narrow range from 0.86 to 0.9.

1.1.10 Sample Preparation

All the coals were pulverized and sieved to 45-75 nm in an inert environment. Each coa
sample was dried in an inert environment at 105°C for two hours prior to the experiment. Drying
the samples helps to reduce the unpredictabl e effects of moisture on pyrolysis, and assistsin
achieving a steady and reproducible feed rate while avoiding agglomeration. The coal or char
samples were separately evenly using a specifically designed rotating splitter to reduce the
heterogeneity, a practice suggested by Perry (1999).
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Figure 1.4.2. Coalification band plot of coal samples investigated.
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1.1.11 Particle Feeder

The particle feeding system is the same one used by Ma (1996). Coal particles were
contained in a 2.5 ml open-ended syringe. A syringe pump pushed the particlesinto a funnel,
and then the entrained nitrogen flow carried the coal particlesto the burner through athin
polyethylene tube (Imm 1. D.). The feed rate was adjusted by changing the frequency or period
of the pulse signal used for driving the step motor that operates the syringe pump. The stepping
rate for all the experiments was set at 2 steps per second, which corresponded to a particle feed
rate of about 1.2 gram/hour for coals. The feed rate was then calibrated by recording the weight
of the coal fed during a certain period of time. Figure 1.4.3 shows the cumulative coal feed
versustime for Knife River coal. The profilesfor other coals are similar, indicating that an
excellent feed rate can be maintained at a given step frequency. The slope of the line gives the
actual particle feed rate. At thisfeed rate, single particle behavior was obtained in the reactor, as

evidenced by measurements using a high speed camera (see Chapter 5).
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Figure 1.4.3. Cumulative feed of the Knife River coal.
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1.1.12 Temperature Settings and the Corresponding Flow Rate

By shifting the fuel from methane to carbon monoxide, a much broader range of temperature
settings can be achieved in the FFB ssimply through the manipulation of the equivalence ratio and
the dilution nitrogen. Seven temperature conditions were devised in this study beginning from
about 1100 K, where significant secondary reactions are believed to start, up to about 1900 K,
where previous studies have shown that the mass release from coal will complete. The
corresponding flow rates of carbon monoxide, air, hydrogen (enhancing the burning of CO),
dilution nitrogen, carrier nitrogen and quench nitrogen are listed in Table 1.4.1, along with the

peak temperature and equivalence ratio.

Table 1.4.1. Flow Rates in the Seven Temperature Settings.

Peak gas Air CO H, Dilution | Carrier Quench | Equivaenc
temperature | (sipm (slpm (sipm | N2 (dpm) N> N> eratio
K) o) ) (spm) | (sipm)
1159 925 | 975 | 03 6.5 0.0367 60 1.45
1281 11.25| 975 | 0.3 6.5 0.0367 60 1.37
1411 135 | 9.75 | 03 6.5 0.0367 60 1.28
1534 19.5 12 0.35 10.2 0.0367 60 1.21
1618 24.5 12 0.4 8 0.0367 60 1.20
1752 23 12 0.32 6 0.0367 60 1.12
1858 2425 | 12 0.32 35 0.0367 60 1.10

*dpm: standard liters per minutes (at 1 atmosphere and 298 K)

Since nitrogen release during pyrolysis, not combustion, is studied, the equivalence ratio for

each condition was maintained at a value greater than unity to ensure an oxygen-free
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environment. The post-flame centerline temperatures were measured in the absence of particles
using a thermocouple (OM EGA° type-B) with asmall bead (about 0.9 mm in diameter) asa
function of height above the flat flame burner surface. The thermocouple readings were then
corrected for radiative heat |oss using energy balance calculations. The detailed correction
procedure is described by Zhang (2001). Because the actual coal loading is so light, the
measured temperature profile is believed to sufficiently describe the temperature field the coal
particles were subjected to during the experiments. Each condition is referred to by its peak gas
temperature for the sake of convenience. The centerline temperature profiles for the seven
conditions used in thisinvestigation are presented in Figure 1.4.4.
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Figure 1.4.4. Centerline gas temperature profiles (after radiation correction).

1.1.13Particle Residence Time Measurement
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Product yields and compositions collected at different residence times are used to provide
kinetic rates of nitrogen transformations during secondary pyrolysis. Accurate measurement of
the residence time is critical in modeling the nitrogen release rate from the coal particles. For the
bulk collection of the pyrolysis samples, residence time was varied by changing the position of
the reactor relative to the stationary collection probe. For each temperature condition, reaction
products were collected by the suction probe at four different elevations above the burner,
namely 1, 3, 5and 7 inches. However, even at the same elevation, the residence times vary for
different temperature conditions, since the total mass flow rate and temperatures were changed.

A high-speed video camera (K odak EktaPro Imager) was used to record the trgjectory of single
coal particles at different temperature conditions. Three recording speeds were used in the
measurement: 1000 frames per second; 500 frames per second and 250 frames per second. There
is atrade-off when choosing the appropriate recording speed. Higher recording speeds will give
amore precise time measurement (due to a smaller time increment for each frame), however, it
also requires amuch stronger light source. The video images of coal particles werefirst stored
into amemory device (Kodak EktaPro EM Processor). These images were then played back on
aTV monitor. Usually three distinct particles were identified and chosen for the measurement,
and the three measured values were averaged. The video images can also be transferred to a
regular VHS tape for further examination. The magjor limitation of the residence time
measurement was that the resolution of the high-speed camerawas not very high (256 pixels).
Therefore, only coa particles with sufficient luminance could be identified and measured on the
TV screen. At the two lowest temperature conditions of 1159 K and 1281 K, no trgectories of
burning particles could be seen, regardless of the recording speed. Actualy, the temperatures at
these conditions were so low that the coal particles could not be recognized even with the naked
eye. Consequently, the residence times at these two conditions were estimated through
theoretical calculations. Even at higher temperature conditions, there was still a certain distance
between the tip of the coal injection tube and the first luminescent point where the residence time
could not be measured directly. The residence time for this distance was a so estimated by
theoretical calculations (see Chapter 5). The lllinois #6 coal was chosen as the representative
sample to perform the residence time measurement. The measured residence times for this coa
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were applied to al the other coals since it was demonstrated that the profiles of height versus
residence time were similar for a broad range of coals (Ma, 1996), as long as the particle size

was similar.

1.1.14Experimental Test Matrix

Nitrogen evolution during the secondary coal pyrolysisisavery complicated process. Coadl
parameters, burner configurations and operation conditions can greatly affect the nitrogen release
during coal combustion. In this study, temperature, residence time and coal rank were chosen as

the test variables, since these factors exert most of the influence on the nitrogen transformation.

Temperature is one of the most important parameters that affect the nitrogen chemistry
during pyrolysis, since kinetics are strongly dependent on local temperature. Previous study also
showed that residence time has a significant influence on coal pyrolysis (Chen and Niksa,
19924).

Coal rank is another important parameter to be addressed in this study. Tar evolution, its
reactivity and the nitrogen release are strongly dependent on coal type (Freihaut, et al. 1989;
Solomon, et al. 1990; Chen and Niksa, 1992b). The four coals used in this study have been well
characterized previously and have been used extensively in industry. Therefore, the data
obtained in this study can easily be compared with relevant data from the literature.

In this study, eighty pyrolysis experiments were performed in the FFB as outlined in Table
1.4.2. Thefour coals were pyrolyzed in seven different temperature conditions. Each condition
is represented by its peak gas temperature after radiation correction. For the lllinois #6 and Utah
coasinthe 1534 K and 1618 K conditions, pyrolysis experiments were performed before the
FTIR analysiswas available (these experiments are represented by the symbol Din the table).
The gas analyses for the two temperature conditions were performed a year later. Although
special efforts were made to duplicate the experimental conditions, the data obtained in these two
conditions are not so accurate as those obtained at other conditions where the pyrolysis

experiments and gas analysis were performed at the same time.
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Table 1.4.2. Testing Matrix for FFB Experiments.

Illinois #6 linch 3inch 5inch 7inch
1858 K s (NMR)
1752 K S S
1618 K D D D D
1534 K D s (NMR) D
1411 K S s (NMR) s
1281 K s s (NMR) s s
1159 K s (NMR) s
Utah linch 3inch 5inch 7inch
1858 K S
1752 K S S
1618 K D D D D
1534 K D D D
1411 K S S S
1281 K S S S S
1159 K S S
Black Thunder linch 3inch 5inch 7inch
1858 K S S S
1752 K S S S
1618 K S S S
1534 K S S S S
1411 K S S S
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1281 K S S S S

1159 K S S
Knife River linch 3inch 5inch 7 inch
I —

1858 K S

1752 K S S
1618 K

1534 K S S S S
1411 K S S S
1281 K S S S S
1159 K S S

s: normal test with on-line gas measurement at the same time

D: pyrolysis experiments were performed, and tar/char were collected and analyzed in 1998,

gas measurement were performed a year later after adopting areliable procedure.

NMR: tar and soot samples were analyzed by **C NMR at the University of Utah
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Solid-state *C NMR analysis of the tar and char collected at different reaction severity has
previously been performed to provide critical information regarding the chemical structure
changes at various stages of devolatilization (Fletcher, et al. 1990; Hambly, 1998: Perry, 1999).
It has been shown that nitrogen release during primary pyrolysisis directly associated with the
chemical structures of the char (Perry, et al. 2000). Consequently, one would expect that the
changes of chemical structures of the tar should also help us to better understand the mechanism
governing the nitrogen liberation from tar during secondary pyrolysis. The tar and soot samples
collected at five conditions using Illinois #6 coal were therefore analyzed by *C NMR at the
University of Utah. A discussion of the NMR analysis will be presented in Chapter 6.

Because of the time required to perform experiments, sample collection was only repeated
for the Illinois #6 coal at the 1 inch height for the 1159 K case and at the 3 inch height for the
1534 K case. However, repeat elemental analyses were performed on all the solid products. ICP
analysis on the chars and FTIR analysis on the gas phase were also repeated to evaluate the
variations of the resultsin thisstudy. A detailed discussion of the repeatability of the current
study is presented in the section of error analysis in Appendix E of Zhang (2001).

1.1.15Pyrolysis of Model Compounds

Two aromatic model compounds, biphenyl and pyrene, were pyrolyzed in the FFB to
generate tar and soot samples for subsequent *C NMR analysis. Of major importance in this
study is the transformation of aromatic hydrocarbons to PAH to soot, and at what temperature
this occurs for different soot precursors. The starting model compounds were obtained from the
Aldrich Chemical Company.

During the experiment, it was found that the particle feed system, originally designed for
feeding coal particles, could not handle the model compounds. The organic compounds, when
ground to the approximate size of the coal particles (~50 nm), were almost impossible to inject
directly into the reactor because the particles adhered to the wall of the funnel and to the

polyethylene transport tubing connecting the funnel and the reactor. Coal particles can be
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transported smoothly into the reactor because of the mineral matter in the coal. The mineral
matter helps to reduce the surface tension or electrostatic forces between the particles and the
wall. Pyrene and biphenyl particles become very sticky due to electrostatic forces when ground
to small sizes. In this study, an inorganic compound was mixed with the model compounds and
then ground to fine powders ranging from 45-75 nmm to produce a mixture to be used in the
existing particle feeding system. Several inorganic compounds were tested, and silicagel was
found to work well. Silicagel (S O,, amaor component in coal mineral matter) will not be
pyrolyzed or vaporized under the desired temperature conditions (1160 K to 1470 K). The SO,
shows no color when injected into the hot flame, so there is no interference with the luminescent
yellow cloud produced by soot particles. The luminosity caused by radiation from soot particles
isthe easiest way to identify the formation of soot in a combustion system. Other inorganic salts
do exhibit colors because they contain certain glowing metals. The model compounds, when
mixed with silica gel, were easily transported into the reactor through the connection line. In
addition, silicagel has a much higher density than soot particles, therefore, it can be separated in

asimilar fashion as coal char by the virtual impactor and the cyclone.

However, some problems were also identified during the model compound experiments. It
was found that the fraction of silica gel deposited with soot on the soot filters could be
significant at certain conditions. A detailed discussion on this problem is presented in a later
section. The elemental analyses of the soot samples from model compounds were performed at
BY U, and a correction was made to account for ash contamination in the soot. The lllinois#6
coal and coa soots were also analyzed by Galbraith Laboratories in Knoxville, Tennessee, as a

means of independent verification of the BY U analysis.

1.1.16 Sample Characterization

1.1.16.1 Separation of Soot from Char

In experiments conducted at the highest temperatures (>1752 K) and the longest residence
times, significant amounts of black and low-density powders were found mixed with the char in
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the cyclone of the collection system. By shaking the vial containing the samples in the cyclone,
atotally dark layer was found sitting on top of agray layer. The top layer was mainly soot
particles, as evidenced by the elemental analysis (85-98% carbon) and certain physical
characteristics such as density and strong electrostatic property. The bottom layer was mainly
char particles, although sometimes nearly white ash-rich particles were dso identified. The
existence of soot particlesin the cyclone was also reported by Ma (1996). The virtual impactor
used for the char/soot separation in the FFB was designed based on the assumption that the soot
particles should be smaller than 5 nm. Since the soot agglomerates generated in this system at
high temperatures can be as large as 20 nm, it is not surprising that the virtual impactor failed to
separate soot from char efficiently. A complete separation of soot from char is essential in order

to get an accurate soot yield and elemental analysis of the final soot and char.

A gravity separation of soot from char ssmply by shaking the mixture in avia was described
by Ma. However, the soot particles near the interface of the two layers were very hard to
remove, and a complete separation was almost impossible. A quantitative soot and char
separation was also conducted on a fly ash sample containing certain amount of soot and char
(Veranth, et a. 1998). The sample was dispersed in ethyl alcohol by ultrasonic agitation.
Through a series process of settling and decanting with fresh ethyl alcohol, the carbon found in
the final supernatant fraction was assumed to be soot and the carbon in the bottom fraction of the
separation was assumed to be char. Since both soot and char are organic in nature, the use of
organic solvents in the separation will inevitably introduce errors. The solvent can aso change
the physical and chemical properties of soot and char, so the subsequent analysis will not be

accurate in reflecting the characteristics of the original samples.

A mini-cyclone was designed to accomplish the soot/char separation in the current
experiments (Figure 1.4.5). First, the soot/char mixture was placed into the cyclone, whichis
closed on one end and open on the other end. Then the mixture was stratified by gravity using a

vibrator. The upper part of the soot layer, which was usually pure soot particles, was carefully
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Figure 1.4.5. Soot/char separation using an aerodynamic method.

removed by a spatula. When there was little soot |eft on top of the char layer, tangential
argon injection was introduced at the top of the cyclone. As expected in acyclone, the low
density soot particles were first entrained with the swirl flow created by the tangential argon
flow. The soot particles were then easily removed by the outgoing argon flow, while the high
density char particles remained in the cyclone. After avisual check, the remaining char was then
weighted and used for further analysis. The mass fraction of soot in the mixture was estimated

from amass balance. Comparison of the elemental analysis on the separated soot and
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those collected on the filters showed similar results, within experimental error. The carbon
content of the separated char was never higher than 80%, indicating that soot contamination was

negligible.

1.1.16.2 Tar and Soot Analysis

As explained in the first chapter, the heavy, aromatic volatiles released from the coal
particles that condense at room temperature are collectively termed tar. The mgjor components
of tar are large polycyclic aromatic hydrocarbons and oils (Nelson, et al. 1986). Under
conditions of high temperature and long residence time, the tar has a strong propensity to form
soot (black, carbortrich solids) (Chen and Niksa, 1992b; Ma, 1996). Although any further
reactions of the tar are defined as secondary reactions, the study of the transition from tar to soot
(which usually occurs at 1350-1450 K) is emphasized in this study.

During the experiments, the tar-soot transition can be qualitatively illustrated by examining
the condensabl e solids collected on the filters from the gaseous pyrolysis products. At low
temperatures (under 1200 K), the coal particles in the reactor were not luminescent. The solids
collected were very sticky and light yellow in color. Thisisacharacteristic of coa tar. Asthe
temperature increased, the color of the solids became darker and darker (from yellow to brown,
then to dark brown) but less and less sticky. Finally the solids turned into jet-black powder and
were highly electrostatic in nature. These solids are usually considered to be soot.

Another interesting phenomenon observed during the experiments also clearly demonstrated
the difference in the size of the tar and soot (see Figure 1.4.6). In this study, two filters were
packed together in the filter holder to collect any condensable volatiles. A polycarbonate filter
(Osmonics, Inc.) with apore size of 1 nm was placed on top of a glass microfibre filter
(Whatman International, Ltd.). The tar/soot samples were easily removed from the
polycarbonate filters without the use of solvents, which must be used to obtain samples from the
glassfiber filters. The polycarbonate filter isathin film with a smooth surface, so the deposits

were easily scraped off using ablade. The glass filter was used as both a support for the
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polycarbonate filter and as a second filter to trap escaping aerosols from the first filter.
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Figure 1.4.6. Tar/soot deposition on the filters at different temperatures.

By examining the deposits on the filters, it was found that at low temperatures (below 1411
K), the particles significantly penetrated through the polycarbonate filter, leaving some deposits
even on the glassfilter. The lower the temperature, the more deposits were found on the glass
filter. This meansthat some of the tar or young soot molecules were much smaller than 1 nm, as
expected. However, at high temperatures (above 1752 K), the amount of soot particles that
penetrated through the polycarbonate filter became negligible. The glassfilter was absolutely

42



clean at 1858 K, indicating that all the soot particles were larger than 1 nm in diameter.
Scanning Electron Microscopy (SEM) analysis showed that soot agglomerates can grow as large
as 20 nmin the FFB (Ma, 1996). Since large particles caused less clogging in the polycarbonate
filters, longer run times were possible at high temperatures. The tar or soot yields were

determined by weighing the two filters together before and after each experiment.

The density of the tar is also much higher than that of the soot. Because the transition from
tar to soot isagradual process, it is extremely hard to quantitatively determine the percentage of
soot existing in the solids collected on the filters. Chen and coworkers defined soot as the
residue remaining after the condensed volatiles were extracted with tetrahydrofuran (THF) in an
ultrasonic bath (Chen and Niksa, 1992b). Pugmire suggested using methylene chloride to extract
tar from the collected volatilesin order to determine the soot yield (Pugmire, 1999). However,
both methods need large quantities of samples and are subject to errorsin many aspects
(temperature, extraction time, and polarity will al affect the results). In this study, the collected
condensable volatiles are treated as mixtures to avoid using solvents. The volatiles deposited on
the filtersin this study are therefore collectively termed as tar/soot, and are analyzed together
without separation. It is recommended separate examination of extracts and residues from

soot/aerosol samples be included in future studies.

1.1.16.3 Ash Contamination in Tar and Soot

During the coal pyrolysis experiments, it was found that small amounts of char and ash
particles were deposited with the tar and soot on the soot filters. The char particles were found
on the soot filters when these particles were sufficiently small and could not be separated by the
virtual impactor. The small char particles could have been formed from particle fragmentation.
The ash in the tar and soot was likely caused by the recondensation of some volatile inorganics
and ash, which vaporized from the char during pyrolysis (Nenniger, 1986). From the
experiments of the model compounds, a significant amount of silica gel was found mixed with
the tar or soot, making a reliable measurement of elemental analysis hard to achieve. The ash

contents of the tar or soot samples were therefore determined in the same way as that for the
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chars and the parent coals as presented in the “ Sample Analysis’ section.

The measured ash contents of the collected deposits on soot filters during pyrolysis of the
coals and model compounds are presented in Appendix E of Zhang (2001). That work presents
the measured ash content in the tars and soots obtained from coa and model compounds. As
described by Zhang (2001), ash contamination for the coal tars or soots is only significant for the
Knife River lignite, where about 10% ash was mixed with the tar or soot. A correction was
therefore made to account for the ash contamination in the elemental analysis. For the other
three coals, ash contamination was negligible. However, the impuritiesin the tars or soots of the
model compounds were much more significant. For biphenyl, the ash content was as high as
77%. For pyrene, the ash content ranged from 7% to 35%. The small particle size (32-63 nm)
of the silicagel used in this study is thought to be the major reason for the inefficiency of the
virtual impactor in separating silicagel and soot. In addition, silica gel absorbs water (steam)
very easily, and does not release the water until about 800°C. Consequently, the absorbed water

can interfere with the elemental analysis of the soot samples, especialy the hydrogen content.

1.1.17 Sample Analysis

A number of modern analysis techniques were used to characterize the parent coal, char, tar,
soot and gaseous samples produced in this study. A detailed discussion on each techniqueis

given in the following sections.

1.1.17.1 Proximate Analysis

Proximate analysis refers to the determination of the moisture, volatile matter and ash
content in acoal or char. Proximate analysis was performed following the standard practice for
proximate analysis for coal and coke set by the American Society for Testing Materials (ASTM).
Minor changes have been made to accommodate the analysisin our lab. An electrically-heated,

programmable oven was used for the proximate analysis.

14.1.1.1 Moisture



About 0.4 gram of char or 1 gram of coal was weighed and added into a platinum crucible.
Then the sample was dried at 105°C in a hood for two hours. The difference in weight before

and after the drying procedure gives the moisture content of the sample.
14112 Ash

When the sample was dried, the crucible was placed back into the oven. The oven
temperature was ramped up to 500°C in one hour. The sample was flooded with air every 30
minutes by opening the oven door. This ensured the sample was burning well. The temperature
was then ramped up to 750°C in another hour. Finally, the sample was soaked at 750°C for at
least 12 hours before the sample was cooled down and weighed again. The weight loss was used

to calculate the ash content of the sample.

1.4.1.1.3 Volatile Matter

Volatile matter of the parent coal was determined in a manner similar to the ASTM test
method D3175. About 1 gram of coal was placed into asmall ceramic crucible sitting inside of a
larger ceramic crucible. The larger crucible was used because it is much easier to handle and it
helpsto preserve al of the carbon deposit even for sparking samples. The small crucible was
covered with aloose fitting lid and put into the oven. The whole set was soaked in 950°C for
exactly seven minutes before it was cooled down and weighed. The percentage |oss of weight

minus the percentage moisture gives the volatile matter content.
1.1.17.2 Ultimate Analysis

A Leco CHNS-932 elemental analyzer was used to obtain the mass fraction of carbon,
hydrogen, nitrogen and sulfur of the coal, char and tar/soot samples. Nitrogen and hydrogen
content of samples are the most important data in elemental analysis becauseit is believed that

the nitrogen release is directly associated with these two elements. Elemental analysisisalso

necessary to close the elemental mass balances in this study.

Each sample was weighed into atared silver crucible before being totally burned by pure
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oxygen in the oxidation furnace in the analyzer. The combustion gas was then swept through the
nondispersive infrared absorption detection system. H,O, SO, and CO, were measured in
sequence, and the signals were converted into weight-percent hydrogen, carbon and sulfur.

These infrared sensitive gases were then removed by special reagents, leaving only N,. The
remaining N, was measured by thermal conductivity and was converted to the weight percent of
nitrogen in the sample. Oxygen content was calculated by difference. Five replicates of each

sample were analyzed in succession and the results were averaged.

For coals and chars with high ash content, the samples were first ground to fine powders to
reduce heterogeneity using awig-I-bug device. Several coal standards, one coke standard, and a
pitch standard, all with known compositions, were used to calibrate the coal, char and tar
samples. An appropriate standard was used between every four samples to account for the
possible machine drift. It was observed that the measurements for carbon and hydrogen were
very accurate, usually within 1% (relative). Nitrogen and sulfur analyses were aso sufficiently
accurate. A detailed discussion on the variationsin elemental analysisis presented in Appendix
E of Zhang (2001).

1.1.17.3 Determination of Dry, Ash-free Mass Release by the ICP Technique
Inductively Coupled Plasma (ICP) atomic emission spectroscopy was used to determine the

total mass release of the parent coal using atracer technique described by Fletcher (Fletcher and

Hardesty, 1992a). It isbased on the assumption that the tracer is preserved during the pyrolysis.

A balance on the tracer balance results in the following equations:

mcoal )yt,coal = mchar )yt,char (41)
L dry basis 4.2)
mcoal yt ,char
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Then

M etV charary (= X s charary )

= (4.3
Mo gt Mooatary XL = X coai ary)

M o et _ Yiwd (17 Xasr chr ary)

(4.4)

Mg gt Yeow (17 Xah con ay)

By mathematical manipulation, the mass release on a dry, ash-free basisis obtained:

MR =1- M =1- yt,coal y(l- Xash,char,dw)

N (4.5)
mcoal,daf yt,char (1' Xash,coal,dw)

Several tracersincluding silicon, titanium, aluminum, barium and zinc were tried, with Ti
and Al giving the most reliable results. The difference of the mass release data obtained from
these two tracersis usually less than 5% (relative). The mass release determined by the Ti or Al
tracer technique was also compared with that obtained using the ash as a tracer and with the
overall mass balance (the mass of char collected, divided by the mass of coa fed into the
reactor). The final mass release reported is the averaged value of the two measurements using

the Ti tracer and the Al tracer.

1.1.17.4 Chemical Sructure Analysis by **C NMR Spectroscopy

The average chemical features of the Illinois#6 coal and the tars or soots from both the cod
and model compounds were characterized by solid-state **C NMR spectroscopic techniques at
the University of Utah. Three different NMR experiments were used to determine the carbon
skeletal structure of a sample, including a standard cross-polarization and magic angle spinning
(CPIMAY) experiment, a variable contact time experiment, and a dipolar dephasing experiment
(Solum, et al. 1989). Fourteen structure parameters can be directly derived from the NMR
spectra, giving the aromaticity and the relative amount of different types of functional groups of
asample. These structure parameters can be used to calculate the lattice parameters which are
used in the CPD model (Fletcher, et al. 1992c). The lattice parameters include the aromatic
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cluster size, attachments per cluster, cluster molecular weight, and bridge mass. For an
estimation of the cluster mass and bridge mass, the dry, ash-free carbon content in the sample

obtained from elemental analysisis also required.

1.1.17.5 Quantitative Analysis of the Pyrolytic Gas using the Fourier Transform Infrared

Soectroscopy (FTIR)

Analysis of the pyrolysis gasesis critical for following the nitrogen species after they are
released from the coal. It isalso essentia for the closure of the mass balance and tracking the

effects of other gas species on the nitrogen transformations.

Accurate measurement of the nitrogen species in the product gas stream from the FFB was
the biggest challenge in this study. A large amount of CO and H, are burned in order to maintain
the high temperature, high heating rate environment in the FFB that is necessary for the study of
secondary nitrogen release. On the other hand, the coal |oading has to be kept very low (about 1
gram/hour) to facilitate single particle reactions (which provide easily interpretable data for
computer ssimulation). In addition, large quantities of nitrogen used to quench the reaction
stream further dilute the concentrations of the gas species. Consequently, the concentrations of

the nitrogen speciesin the collection system fall in the range of parts per billions (PPB).

Quantification of the nitrogen precursors (HCN and NH3) during pyrolysis was previously
attempted using an industrial toxic gas monitor (Hambly, 1998; Perry, 1999; Zhang, 1999).
However, it was shown that the monitor was not capable of accurately measuring HCN and NH3
in the FFB because of alarge drift in the measurement, sometimes resulting in a standard
deviation as high as 500% (Zhang, 1998). Thisis probably due to the interference of steam. A
high resolution gas chromatograph (HP 6890) was also tested, however, the detection limit of the
GC isonly w to high parts per million (PPM) level. In addition, since the pyrolyzed gases are a
complicated mixture, different types of detectors would be needed for the complete gas analysis
(Flame lonization Detector for hydrocarbons; Thermal Conductivity Detector for No; .Electron

Capture Detector for electronegative species such as HCN).
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Application of FTIR on trace-gas analysis in combustion systems has been reported by
several researchers (Kallonen, 1990; Breton, 1992; Kassman, 1995; Ledesma, 1998). The
techniques in IR spectroscopy can be used for most common combustion gas measurements
(except for diatomic gases such as N,, H,, etc.), and at the same time eliminate the complexity
and reliability problems experienced with systems employing multiple individual gas analyzers,
each with their own detectors. By choosing a proper resolution and a suitable gas cell, FTIR

spectroscopy replaces the following traditional analyzers:
Chemiluminescence for NO and NO,
U. V. absorption for ozone
Non-dispersive infrared for CO
Gas Chromatography for hydrocarbons
Flame photometry for sulfur-containing species

However, since the reported trace gas concentrations were usually in the range of PPM
(from 5 PPM to several hundred PPM), accurate measurement of trace gases was difficult. In
addition, the measurement was also complicated by the harsh environment, which contained
about 15% CO,, 25% CO and small amounts of H,O experienced in this study. All of these
gases are extremely strong infrared absorbers, which can greatly interfere with the measurement

of other low-concentration and weakly-absorbing species (such as HCN, C,H,; and CgHg).

1.4.1.1.4 FTIR Anaysis Procedure

A BOMEM® MB-155 FTIR coupled with a 10 m multi-reflection gas cell (Infrared
Analysis, Inc.) was successfully used to perform the on-line measurements of the PPB-level
HCN, NH3, hydrocarbons and other significant speciesin the FFB. The schematic of the
sampling system is shown in Figure 1.4.7. The IR beam produced from a Globar IR source was
introduced into the gas cell by several reflecting mirrors. The beam was reflected between the

two sets of gold-plated mirrorsinstalled at the two ends of the gas cell. After passing
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through the specified path length, the IR beam was directed out of the gas cell and was received
by aliquid N,-cooled MCT detector (EG&G, Inc.) with a detectivity (D*) of 10%°. The detailed

description of the gas cell can be found in the next section.
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Figure 1.4.7. On-line FTIR gas analysis system.

The procedure for the gas cell purging and spectra collection can be summarized in the
following steps. First, the gas cell was purged with pure nitrogen for 15 minutes to remove any
possible contaminants. Next, the combustion gas without coal particles was pumped into the gas
cell after passing several glassfilters. The glass filters were used to remove any possible
aerosols that might deposit on the gold-plated reflection mirrors. The reflection mirrors have to
be kept extremely clean to ensure best results. After the gas cell was purged for 5 minutes
(preliminary tests showed that 5 minutes was enough to totally purge the gas cell at the flow

rates used in the gas sampling line), the single-beam background spectrum was collected by the
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spectrometer. The gas cell was then purged again with pure nitrogen and refilled with the
pyrolysis gas with coal particles flowing in the reactor. The sample was allowed to achieve
thermal equilibrium for several seconds. Because the pyrolysis gas was quenched and water-
cooled, the equilibrium was quickly reached in afew seconds within the gas cell as evidenced by
the stability of the measured concentrations. A spectrum of the gas sample was collected, using
the previously collected single-beam spectrum as the background for ratioing. The cell wasthen
flushed with nitrogen to be made ready for the next sample. All the spectra were acquired with a
resolution of 1 cm’ and a spectral range of 500-4000 cni. By using aliquid N,-cooled MCT
detector, the detection limit of the FTIR can be as low as 50 PPB for certain types of gases
(including NH3, C,H4 and C,H,). The detection limits for other gases are generally about 100
PPB. Figure 1.4.8 shows the existence of HCN and NH3 in the coal pyrolysis spectraand a

comparison with the corresponding reference spectra.
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Figure 1.4.8. Identification of HCN and NH; in the coal spectra by comparison with the
reference spectra.

1.4.1.1.5 Gas Cell Operation

The gas cell isavery important component in the FTIR measurement of the trace-gasesin
this study. It isimpossible to measure low-ppb level trace gases without using a proper gas cell.
The long-path heatable gas cdll (type G-3-8-H-Ba-Au, Infrared Analysis, Inc.) used in this study
was made of borosilicate glass, and therefore was resistant to most corrosive and reactive gases

common in combustion systems.

The gas cell was constructed based on the original “White” cell design in which the basic
three-mirror system is used to direct the IR beam within the gas cell (Hanst, 1999a). The basic
set of four passes of the “White” cell is described as follows. The light from the source is
directed into the gas cell. Initialy, it isfocused on to areal image in the entrance aperture of the
cell. The beam then diverges and is collected by one of the two objective mirrors placed on one
end of the gas cell. The objective mirror is a spherical mirror situated two focal lengths from the
image so that it re-focuses the image, inverted, on the lower part of the opposite field mirror,
which has the same focal length as the objective mirror. The field mirror is designed so that the

reflected diverging beam falls entirely on the second objective mirror. When the beamisre-
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focused and redirected out of the cell, there are four passes of the IR beam (see Fig. 4.9).
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Figure 1.4.9. Three mirror optical system with a basic set of four passes (White, 1942).

By manipulating the position of the field mirror, different path lengths in multiples of four
passes can be achieved. In the cases where more than four passes are achieved, there are two
rows of images on the field mirror. The number of images on the lower part of the field mirror
determines the path length. The number of images allowed in the row depends on the placement
of the first image in the lower part of the field mirror. If it falls exactly on the centerline, no
more than four passes are possible. The further to theright thefirst imagefalls, the greater the
number of passes allowed. In practice, the number of passesis determined by counting the
number of images in the bottom row of the field mirror and multiplying by four. In this study,
48 passes were used with 12 images in the bottom row (see Fig. 4.10). Thetotal path length was
calculated to be approximately 9.75 m.
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Figure 1.4.10. Placement of images on the field mirror in this study.

The determination of a proper path length is critical in accurate measurement of trace gases
in a harsh environment encountered in the FFB. According to Beer’s law, the absorbance of an
IR beam is proportional to the concentration of the absorbing media and the path length it

travels:

&| 0
- Io%l—i =A=zaxH
0@ (4.6)
I intensity |o: incident intensity a: absorption coefficient

c: concentration of the absorber L: path length A: absorbance

The concentrations of the absorbing species at a certain experimental condition were fixed.

Variation of the path length will result in a change of the absorbance. Increasing the path length
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will raise the absorbance of a certain species, whose peak will be higher and much easier to
identify. Since the concentrations of HCN and NH3 are extremely low (low-ppb), increasing the
path length will facilitate the accurate measurement of these species. However, because there are
also large quantities of CO and CO, in the system, the increase of path length will

simultaneously boost the absorbance of these strong IR absorbers, which results in serious
interference with the measurement of other weakly-absorbed or low-concentration species. For
example, the strongest absorption peak for HCN is at 712 cni®, but this peak cannot be used in
the analysis, since a strong CO, peak absorbed at 680 crmi’ significantly overlaps with the HCN
peak, making the measurement extremely difficult. Finally, it wasfound that a path length of
9.75 m would give the best results for most of the conditions used in this study.

1.4.1.1.6 Veification of the Reliahility and Reproducibility

Obtaining reliable and repeatable gas measurement is critical inthe FTIR analysis. The gas
measurement can be affected by many factors.

1.4.1.1.6.1 Temperature and Pressure Effects

It is extremely important to carefully control both the temperature and pressure when
performing any quantitative analysis on gas species. Absorption band intensities, widths, and
areas are dependent upon both parameters. In this study, all the spectra (reference, background
and sample spectra) were collected at room temperature (23+1°C) and ambient pressure (12.4
psia, at the altitude of BY U). Therefore, the spectra were easily manipulated without worrying
about the possible absorption band broadening and band shift caused by changes of temperature

and pressure.

1.4.1.1.6.2 Memory Effects

The results from trace-component analysisin long-path gas cells can be adversely affected
due to the selective adsorption or desorption of materials from the cell walls (Compton, 1993).
Figure 1.4.11 shows the measured concentration of the major species in the gas phase when the

Black Thunder coal was pyrolyzed at 1858 K. Those concentrations reported were acquired at
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different residence times after the gas cell was flushed. These data demonstrate that negligible
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Figure 1.4.11. Measured concentration of major species at different residence times in the
gas cell.

selective absorption occurred for all the gases except ammonia. Ammonia decays roughly
linearly with residence time. In order to remove the cell “memory”, the flushing of the gas cell
by pure nitrogen was extended to 15 minutes and a spectrum was then collected to verify the
absence of any species from the subsequent degassing. The spectra showed that the
concentration of ammonia left in the gas cell after flushing was negligible. In order to minimize
wall adsorption effects, NH3; was measured immediately after the gas cell wasfilled, requiring
about 40 seconds (10 scans). Other gases were measured using 144 scans to obtain a better

signal to noiseratio, since the signal to noiseratio is proportional to the square root of the
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number of scans (Ingle, 1988).
1.4.1.1.6.3 Coal Heterogeneity and Feed Rate

Asindicated earlier, the coal sampleswere dried and split off evenly in order to reduce the
heterogeneity. However, particle-to-particle variationsin particle size, ash content and elemental
composition cannot be totally eliminated. In addition, although the measured coal feed rate was
fairly stable over arelative long time (several minutes), the amount of coal fed into the burner
was not essentially constant at each instant. Therefore, the gas concentration aso changed
during the experiments. Since the coal feed rate was much more steady over along period of
time, the gas cell was allowed to be purged continuously for five minutes before a spectrum was
collected. Repetitive measurements showed that the fluctuations in gas concentrations were not
serious, as demonstrated in Figure 1.4.12. All of the concentration data for various species are
tabulated in Appendix A of Zhang (2001).
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Figure 1.4.12. Duplicate FTIR measurements of major pyrolysis gas species (The lllinois #6
coal pyrolyzed at the 1 inch location at 1411 K).

1.4.1.1.7 Quantification of the Gas Species

Prior to the quantitative analysis, calibration gases of the maor species found in the
pyrolysis gas were purchased from different sources after being certified to the desired
concentration (see Table 1.4.3).

These reference gases were then diluted to the appropriate range using nitrogen as diluent.
The calibration curves were determined from each calibration gas at three different
concentrations (roughly 1ppm, 5 ppm and 15 ppm) at the same temperature and pressure as the
pyrolysis gas. These calibration curves were only used to check the extent of the linearity of the
absorbance versus concentration for each reference gas. Special care was taken to ensure that the
concentration range of each gas was within the dynamic range over which the analytical curve
was linear. A linear calibration curve for each gas was used in this study in order to facilitate the
detection of abnormalities and because of mathematical ease of use (easy subtraction, accurate
ratioing). The exact concentrations of areference gas were determined by a quantitative FTIR
program called QA Soft developed at Infrared Analysis, Inc (Hanst, 1999b). The corresponding
standard gas spectrum (with known concentration) from a quantitative database was used to
calibrate the reference gas. This practice ensures that a reference gas is always calibrated by the
same standard gas spectrum, which is digitized in the database. Signal drift caused by the
modification of the optical path and detector is unavoidable. Using asingle, digitized standard
spectrum introduces less error than the traditional calibration method which relies on the
calibration curve established by dilution of a certified standard. One of the drawbacks of the
traditional method is that the certified standard may decay in the container, resulting in
additional uncertainties.

Table 1.4.3. Reference Gas Concentrations and Their Origin.
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Reference gas Concentration Origin
Acetylene 99.8 ppm SUPELCO
Ethylene 105 ppm SUPELCO
Methane 97.8 ppm SUPELCO
Hydrogen Cyanide 9.8 ppm AGA Specidty Gas
Ammonia 44.5 ppm AIRGAS
Propyne 98% SIGMA ADRICH

These reference gases were then diluted to the appropriate range using nitrogen as diluent.
The calibration curves were determined from each calibration gas at three different
concentrations (roughly 1ppm, 5 ppm and 15 ppm) at the same temperature and pressure as the
pyrolysisgas. These calibration curves were only used to check the extent of the linearity of the
absorbance versus concentration for each reference gas. Special care was taken to ensure that the
concentration range of each gas was within the dynamic range over which the aralytical curve
was linear. A linear calibration curve for each gas was used in this study in order to facilitate the
detection of abnormalities and because of mathematical ease of use (easy subtraction, accurate
ratioing). The exact concentrations of areference gas were determined by a quantitative FTIR
program called QA Soft developed at Infrared Analysis, Inc (Hanst, 1999b). The corresponding
standard gas spectrum (with known concentration) from a quantitative database was used to
calibrate the reference gas. This practice ensures that areference gas is always calibrated by the
same standard gas spectrum, which is digitized in the database. Signal drift caused by the
modification of the optical path and detector is unavoidable. Using asingle, digitized standard
spectrum introduces less error than the traditional calibration method which relies on the
calibration curve established by dilution of a certified standard. One of the drawbacks of the
traditional method is that the certified standard may decay in the container, resulting in
additional uncertainties.

59



The reference gas was calibrated using a novel analytical technique called RIAS (Region
Integration and Subtraction) developed by Philip Hanst. RIAS was originally developed to take
advantage of fine structures (very small integration regions) in the spectra. However, in the
reference gas calibration, the spectral range over which the integration was made was
intentionally chosen to be broad. Because the standard spectrain the database were recorded by
adifferent spectrometer and a different detector, differences of the fine structuresin the standard
spectra and the reference spectra are expected. A broad integration region covering many peaks
helps to reduce such errors. For other species of lessimportance to this project, i.e., COS, SO,
and CS,, the corresponding standard gas spectra in the database were used directly to make the

measurements.

After the reference gas was calibrated, the concentrations of the target compound were
determined using GRAM S/32° (Galactic Industries Corporation) on the basis of the integrated
area of asample and areference gas over the same spectral region (Figure 1.4.13). The
integration region and the baseline in the spectra were determined beforehand for the integration
using the characteristic absorption peak of each gas. Spectral regions used for quantitative
analysis of each gasare givenin Table 1.4.4.

The experimental data showed that the nitrogen is balanced within 10% for most cases.
FTIR has proven to be avery effective way to measure the PPB-level gas species simultaneously
and accurately in this study.

Table 1.4.4. Spectral Regions used in the Quantitative Analysis.

Compound Spectral Region, cni*
HCN 3250-3400
NH3 900-1000
CH; 3200-3400
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C,H,4 900-1000
CH,4 2855-3185
CeHe 1000-1080
Propylene 800-1100
1,3-butadiene 800-1000
NO 1750-1970

SO, 1300-1400
COs 2000-2100
CS; 1480-1560
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Figure 1.4.13. Demonstration showing the determination and subtraction of ethylene and

62



ammonia peaks from the coal spectra.
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1.5 SECONDARY REACTIONS OF COAL VOLATILES

1.1.18 Coal Characterization

The proximate and ultimate analyses of the four coals, ranging from lignite to high-volatile
bituminous, are summarized in Table 1.5.1. The experimental methods used to obtain these
measurements are explained in Chapter 4. In the ultimate analysis, oxygen content was
determined by subtracting out the summation of carbon, hydrogen, nitrogen and sulfur. Because
the sulfur values as determined by the elemental analyzer include both organic and inorganic

sulfur, the oxygen values are somewhat under-estimated.

1.1.19Residence Time Determination

Asdescribed in Chapter 4, the residence times of a coal particle at certain collection
locations were measured using a high-speed camera. However, the low-resolution camera can
only track those particles with sufficient luminance reaching a certain height in the FFB. The
residence time, used for a particle traveling from the tip of the injection tube to the first
luminescent point where it can be recognized, has to be accurately estimated in order to obtain
the total residence time. Thefinal residence time reported is actually the summation of the time

calculated during the nontluminous zone and the time measured after the first luminescent point.

The residence time over the nortluminous zone was cal cul ated based on a particle
momentum balance. The coal particles were carried upward by the carrier N, in the injection
tube, as shown in Figure 1.5.1. Since the injection tube is about 300 mm long, the coal particle

should reach its terminal velocity at the tip of the tube. Thisterminal velocity also served as the

Table 1.5.1. Proximate and Ultimate Analyses of the Coals Used.

Coa Rank Proximate Analysis Ultimate Analysis
(Wt%) (Wt%, daf)



Ash Volatile C H N O S
Matter (daf)

[llinois | hvCb 12.3 48.8 75.7 52 15 12.8 4.6
#61
Utah hvBb 9.8 49.3 814 | 59 1.6 10.5 0.5
Black subC 6.8 52.3 76.6 5.0 11 16.9 0.5
Thunder
i
Knife lignit 11.2 747 708 | 4.8 10 | 219 15
River# e

~: O=100-(C+H+N+S)
¥: Ultimate analyses were obtained from Dr. Mark Solum of the University of Utah

/E Ultimate analyses were obtained from the Commercial Testing and Engineering

Company

#: Proximate and ultimate analysis for Knife River lignite were obtained from Dr. Eric
Eddings of the University of Utah
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Figure 1.5.1. lllustration of the non-luminous zone in the Flat Flame Burner for the coal
particle residence time calculations.

initial velocity in the calculations of the residence time. The two forces acting on a coal
particle, namely the drag force and the force of gravity, can be modeled assuming the coal

particle is a sphere with adiameter of D, and density of r .

Since the particle size is on the order of microns, Stokes Law can be applied for the
estimation of the drag force:

Fd = 3pn gV¥ (51)
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Vy =V, -V (5.2)
Vy: dip velocity between the particle and the entraining gas

M. gas viscosity

The gravitational force acting on the particleis
F=2p r -r.) 5.3
9 g PYP U g (5.3)

Then, the acceleration of the particle can be expressed as

) 3pmD,v, - %Drf’(rp -1,)9

- 54
%DpBrp ( )
18mv r
:Fnsli' (1- —2)g
prp rp

The terminal velocity of acoal particle can be calculated by setting the acceleration to zero.

_ (rp ' rg)gDp2
ptermna 18mg

Y (5.5

For the Illinois #6 coal with a density of 1210 kg/nT and an average diameter of 60 nm, the
terminal velocity isabout 0.133 m/s. This particle velocity was used as the initial velocity for all
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of the coals. The residence time was obtained by integrating over the height z of the following
differential equation set:

a2 _,

I

}'dvp :gﬂSr@(ng- n,) ae_ r_gggg

It & DT, él [ o (5.6)
in,=0133

!

In equation 5.6, the only unknowns are the density, viscosity and velocity of the gas. These
values were estimated by simulations using the Chemkin-11 premixed code (Kee, et al. 1985).
The flame in the FFB was assumed as a premixed flame, although in reality it consists of dozens
of tiny diffusion flames. This should be avalid assumption due to the rapid mixing of the fuel
and oxidizer. Another assumption was that the flow is one-dimensional, since the premixed code
can only handle one-dimensional flow. Although there are some boundary layer effects near the
wall of the FFB, previous measurements had shown that the temperatures were almost uniform
radialy around the centerline (Ma, 1996). The total mass flow rate and measured centerline
temperature profiles were used as input in the Chemkin ssmulation. A comprehensive CO/H,/O,
combustion mechanism was adapted from a published source (Y etter, et al. 1991). The
mechanism was modified later into the Chemkin format (Austin, 1999) and was used throughout
all the calculations. Thefina version of the mechanism can be found in Appendix B of Zhang
(2001).

During the measurement, it was also found that the length of the non-luminous zone is
dependent on the total flow rate and the temperature condition. The integration of the residence
time was only made over that length. The calculated residence times, the total mass flow rates,
and the peak temperatures for all the temperature settings are tabulated in Table 1.5.2.
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Table 1.5.2. Calculated Residence Times in the Non-Luminous Zone.

Conditions 1858 K 1752 K 1618 K 1534 K 1411 K
total flow rate 0.033 0.034 0.039 0.034 0.024
(g/cn-sec)
measured 12.7 16.5 13.3 12.7 33.6
integration length
(mm)
calculated residence 11.9 15.2 12.1 14.7 42.2
time (ms)

The residence time after the first luminescent point, as measured by the high-speed camera,
was then added to the calculated residence time in the non-luminous zone to obtain the total
residence time for agiven height. For the two lowest temperature conditionsin this
investigation, the residence times were calculated using a bulk gas velocity, since no visua
particle velocity measurement could be made at these conditions. The 1411 K condition was

used as areference for the calculation.

m=rnA (5.7)
Yo - Lo, Mz M, (5.8)
vi T m, M,

Dz
Dt =— ,

y (5.9)

Where T, M, m and v stand for temperature, molecular weight, mass flow rate and gas
velocity, respectively.

The mean molecular weight of the gas was estimated from an equilibrium calculation using
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the NASA-Lewis code. Equation 5.8 was used to calculate the velocity of aparticlein anew
condition, and the residence time over a small step of height can be obtained from equation 5.9.
Thetotal residence time was obtained by adding all the small time steps together. The residence
times for any given height at all the conditions are presented in Table 1.5.3. These values are
also shown in Figure 1.5.2 with a residence time measurement at Sandia National Laboratories as

areference. The Sandia measurements were made at 1700 K in asimilar reactor.

Table 1.5.3. Residence Time versus Height at All Conditions.

Height (in.) 1159 K | 1281 K | 1411 K | 1534 K | 1618K | 17/52K | 1858 K
(ms) (ms) (ms) (ms) (ms) (ms) (ms)
I —§
1 46 38 33 19 18 19 17
3 105 88 74 44 38 43 39
5 143 119 102 66 58 63 58
7 182 153 130 88 76 84 78
1.1.20Mass Release
1.1.20.1 Results

The mass rel ease data measured at selected collection elevations for all the coal types are
shown in Figures 1.5.3 through 1.5.6. The mass release approached an asymptote at the most
severe pyrolysis condition (highest temperature and longest residence time) for all casesin this
study. That means the ultimate value of the mass release at the current heating rate was reached
and the devolatilization reaction was essentially completed at the most severe condition. Since
the
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Figure 1.5.2. A plot of residence time versus height for all conditions (the dashed line
represents residence times measured at the Sandia National Lab using a similar reactor at
about 1700 K).
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Figure 1.5.3. Volatile and tar/soot yields of the Illinois #6 coal at selected collection
heights.
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Figure 1.5.4. Volatile and tar/soot yields of the Utah coal at selected collection heights.
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Figure 1.5.5. Volatile and tar/soot yields of the Black Thunder coal at selected collection
heights.
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Figure 1.5.6. Volatile and tar/soot yields of the Knife River lignite at selected collection
heights.

nitrogen released during the devolatilization is the focus of this study, the ultimate mass
release will help to better understand the relationship between the nitrogen release and the total
volatile yield.

As seen in these figures, alarge difference in the total mass release was observed between
the 1inch and 7 inch data. It isinteresting that the total mass release observed at 7 inchesin the
1159 K condition is very close to that obtained at 1 inch in the 1858 K condition for al coas
except lignite. Thisindicates that temperature and residence time both influence the total mass
release. Such an effect was noticed in a previous study on primary tar yields (Chen, 1991). The
data obtained in the current study indicate that secondary reactions are also strongly influenced
by temperature and residence time.
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1.1.20.2 Rank Dependence of Ultimate Mass Release

The ultimate mass release for the four coals used in this study are compared with the data
reported by other researchers, as shown in Figure 1.5.7. The ultimate mass release refers to the
asymptotic value achieved at the most severe condition for each coal in thisstudy. The ultimate
mass release for these experiments are remarkably consistent with Chen’ s data, showing that
the ultimate mass release is approximately constant from high-volatile bituminous to
subbituminous. However, the ultimate mass release decreases for lignites and low-volatile coals.
The ultimate mass rel ease data reported by Pugmire and coworkers are also comparable with the
resultsin this study, showing that the ultimate mass release for alignite is lower than that for a
bituminous coal (Pugmire, et a. 1990).
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Figure 1.5.7. Rank dependence of the ultimate mass release.
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1.1.21 Secondary Reactions of Coal Volatiles

This section of experimental results and discussion is grouped into three sub-sections. First,
the results of measured tar and soot yields and the distributions of light hydrocarbons from the
coal pyrolysis are presented. Second, a modeling effort to describe the secondary reactions of
coal volatiles under high temperature, rapid-heating conditionsis presented. Finaly, a
comparison and discussion of the results in this study with those reported in the literature is

presented.

1.1.21.1 Results

15111 Tar and Soot Yields

15.1.1.1.1 Temperature Effects

A graphical summary of the measured tar/soot yields at all conditionsis plotted in Figure
1.5.8, so the trends can be clearly examined. Despite the scatter in the data, it isfound that the
“tar plus soot” yields first decrease with temperature, then increase at higher temperatures. This
observation is different from the findings of Chen (1991) and Nenniger (1986) which showed

that the sum of the tar and soot yield is constant during secondary pyrolysis.

The trend of the decrease of “tar plus soot” yield at low temperatures followed by an
increase at high temperatures is especially true for the low rank coals. The tar/soot yields
collected at the 7 inch location in the 1752 K condition for the Knife River and Black Thunder
coals are 4.36% and 10.32%, respectively. At the 1281 K condition, these values are 1.79% and
4.17% respectively. The measured yields are more than doubled when the temperature was
changed from 1281 K to 1752 K, which cannot be explained by experimental error. During the
experiments, it was found that the color of the deposits collected on the filters started to become

darker at 1281 K, which implies that soot began to form at that temperature. Thisis consistent
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Figure 1.5.8. Measured tar/soot yields with temperature for the coals in this investigation.

with the soot inception temperature from the pyrolysis of the model compounds in this study
and other research (Glassman, 2000). The primary tar usually starts to decline after reaching the
ultimate yield at about 1000 K (Fletcher, et a. 1992). At low temperatures (1000-1300 K), the

decline of the tar yield is due to thermal cracking reactions, which lead to the rel ease of
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secondary gases (light hydrocarbons, CO and CO,) (Doolan, et al. 1986). At these temperatures,
soot formation is still insignificant, causing the measured tar and soot yield to decrease with
temperature. The high soot yield at high temperatures (>1800 K) cannot be explained by direct
tar conversion alone; the light gas released from char seems to participate in the soot formation.
It should be noted that the temperature at which the tar and soot yield startsto increaseis
different for different coal ranks. This means that the tar/soot yield not only depends on the

secondary reactions of the tar but also strongly depends on the tar structure and reactivity.
15.1.1.1.2 Residence Time Effects

The tar and soot yields measured at different residence times can be used to understand the
detailed secondary reaction kinetics of the tar. Since there is a certain portion of nitrogen
trapped in the tar and soot, elemental analysis of the tar also reveals the nitrogen release during
secondary reactions. Figures 1.5.9 and 1.5.10 show the variation of the measured tar and soot
yields with residence time at different temperature conditions for the Illinois #6 and Black
Thunder coals, respectively. At the 1281 K condition, the tar cracking reaction predominated,
resulting in a net decline of the combined tar/soot yield. Significant soot formation from tar was
observed at 1534 K, as seen by the rapid growth of the tar/soot yield in the figures. At the 1858
K condition, the soot growth was observed to occur at a slower rate. Such trends can be viewed
more clearly by examining the slopes of the soot yield versus residence time curves at different
temperatures as shown in Figure 1.5.10. These data indicate that the rate of soot growth was
highest in the temperature range from 1500 K to 1700 K.

1.5.1.1.2 Gas-Phase Product Distributions

CO, CO, and H,0 are products of CO combustion in the FFB. Because the coal loading is
very low (about 1 g/hr), the incremental amount of these gases released from the coa could not
be measured accurately. The hydrocarbons released from the coal during pyrolysis were

carefully measured and are presented here.
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Figure 1.5.10. Tar/soot yield versus residence time for Black Thunder at various
temperatures.

Previous studies have shown that homogeneous secondary reactions have a strong effect on
the distributions of hydrocarbon gases. The hydrocarbon gases play an important role in soot
chemistry at high temperatures. Also, the nitrogen transformations during secondary reactions
can be greatly influenced by hydrocarbon gases, as suggested by the reburning mechanism
(Smoot, 1993). In the practice of reburning, nitrogen oxides are converted to N, by injecting
methane or natural gasinto the coal flame. Some researchers have proposed detailed reaction
mechanisms for the interaction of hydrocarbon radicals (CH, CH,, etc.) with both NO, and NO,
precursors such as HCN and NH; (Miller,1989; Glarborg, 1994; Miller, 1996). Therefore, the
yields of individual hydrocarbons during secondary reactions must be examined in order to fully

understand the nitrogen reaction pathways.

Theyields of hydrocarbon gases reported here were calculated from the FTIR
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measurements. There are two types of hydrocarbons that cannot be accurately quantified by the
FTIR, so they are not reported here. Onetype isthe alkynesin the spectral region 3300-3360
cm. Careful examination revealed that this should be a mixture of propyne, 1-butyne, 1-
pentyne and phenylacetylene. The large amount of overlap of these peaks made the
identification and quantitative measurement of each individual speciesimpossible. The total
area (which is proportional to their concentrations) underneath these alkyne spectral peaks
exhibited a temperature dependence similar to that of methane or benzene. By comparing the
spectral areq, it was found that these alkynes only accounted for less than 5% of the total
hydrocarbons. Therefore their effects should be quite small. The other type of unidentified
hydrocarbon fraction is the non-condensable light oils (gaseous hydrocarbons having more than
six carbons) whose spectra overlap with the methane peak. Although FTIR spectroscopy offers
far more accuracy and much lower detection limits for light hydrocarbons (less than six carbons)
than the conventional analyzing instruments such as gas chromatography, it is not an ideal
analyzer for differentiating hydrocarbons having more than six carbons. In this study, the
individual speciesin these light oils were not measured. However, the measurement of the total
spectral area of these light oils showed that their combined fraction never exceeded 5% of the
total hydrocarbons in the gas phase.

15.1.1.2.1 Temperature Effects

Figures 1.5.11 to 1.5.14 shows the distribution of the non-condensible hydrocarbons with
temperature for the four coals used in this study. These measurements were performed at the
longest residence time at each temperature setting. The distributions at other residence times are
similar to those presented here. The hydrocarbon rel ease data exhibited a similar trend with
temperature for all coal types. Propylene (CsHg) and 1,3-butadiene (C4He), which only constitute
avery small fraction of the light gases at the lowest temperature, decreased monotonically with
temperature and were completely depleted at about 1400 K. Except for the lignite, the yields of
al the other gas species increased with temperature, reached a maximum, then declined. Each
individual species exhibited a characteristic maximum evolution temperature, which seemed to

be independent of coal. However, different species exhibited different maximum evolution
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temperatures. For instance, methane reached its peak at about 1400 K, ethylene at 1300 K and
acetylene at a much higher temperature of 1550-1600 K.

It should be noted that the set of gas species measurements at the 1534 K condition for the
Illinois #6, Utah and Knife River coals was performed before areliable FTIR procedure was
adopted. Therefore, the data reported for the 1534 K condition should be viewed with caution.
However, reliable measurements on the Black Thunder coal covering the whole temperature

spectrum showed a similar trend, indicating that the early measurements were reasonable.

The lignite demonstrated a different pattern of hydrocarbon release at long residence times.
All the gases were found to decrease monotonically with temperature, except for CoH,. This
may suggest an earlier release of light hydrocarbons for lignite than for other higher rank coals.
Such observation is consistent with the **C NMR analysis of the coal, which shows a higher
fraction of aiphatic side chains and bridgesin lignites. The early release of light gases from low
rank coalsis also accounted for in the CPD model (Fletcher, et al. 1992).
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Figure 1.5.11. Temperature dependence of hydrocarbon yields for the lIllinois #6 coal.
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Figure 1.5.12. Temperature dependence of hydrocarbon yields for the Utah coal.
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Figure 1.5.13. Temperature dependence of hydrocarbon yields for the Black Thunder coal.



Knife River
(7 inch above the burner)
-®- CH,

- CH,
~A- CH,
V¥V CgHg
“p- C,Hg
—O— total measurable
hydrocarbons

20

15

10

Hydrocarbon Yield (wt% of daf coal)

0 . ] :
1100 1700 1800

Temperature (K)

Figure 1.5.14. Temperature dependence of hydrocarbon yields for the Knife River coal.

Another interesting finding is that all the gases were consumed except for C,H, at the most
severe condition. Thetrend in the figures strongly impliesthat all of the light gases will
eventually be depleted at even higher temperatures. Doolan and coworkers showed that the
major carbon-containing species from coal volatiles are CO and soot at temperatures above
1800 K (Doolan, et al. 1986).

1.5.1.1.2.2 Residence Time Effects

The hydrocarbons are believed to form from two different sources during the coal pyrolysis.
Some of the hydrocarbons are released during primary pyrolysis by breaking the bonds of the
aliphatic attachments or bridges. The others are released through the secondary reactions of the
tar and/or light oils. At high temperatures, these species (especialy C,H, and C¢Hg) may make
significant contributions to the surface growth of the soot particles (Frenklach, et a. 1986).
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Investigations of these hydrocarbons help to understand the mechanism governing the transition

from tar to soot.

Figures 1.5.15 and 1.5.16 show the measured hydrocarbon yields for the Utah and Black
Thunder coals as a function of residencetime. The other two coals showed similar results. At
the 1281 K condition, C;H, and CH,4 were the magjor species. C,H, only accounted for less than
20% of the light gases. Theyields of all the gases increased with residence time at this
temperature, then declined. The decline of the total hydrocarbon yields is consistent with the
increase in soot yield. At the 1618 K condition (Figure 1.5.16), C,H, became the most preval ent
speciesin the pyrolysis products. The total hydrocarbons also dropped more rapidly with
residence time at higher temperatures. Since C,H, can play an important role in the early stage
of soot formation (Glassman, 1988), the existence of high concentrations of C,H, may indicate
that significant soot formation has begun in the flame. This trend can be seen more clearly in
Figure 1.5.17. Even at 1534 K, the growth of the soot yield seemed to be partially compensated
by the decline of the C,H, yield, indicating that C,H, addition may be one of the primary sources
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Figure 1.5.15. Yields of hydrocarbons for the Utah coal during pyrolysis at 1281 K.
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Figure 1.5.16. Yields of hydrocarbons from the Black Thunder coal during pyrolysis at 1618
K.
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Figure 1.5.17. Yields of tar/soot and hydrocarbons from Black Thunder coal during
pyrolysis at the 1534 K condition.

for soot growth. The proposed mechanism of soot addition from secondary light gases will

be discussed in the next section.

1.1.21.2 Modeling

1.5.1.1.3 Simulation of the CO flame

In this study, the coals were pyrolyzed in a post-combustion environment, and the effects of
the post-flame gases on secondary coal pyrolysis must be addressed. The flame structure of the
CO flame was modeled by the Chemkin/Premix code using the measured centerline gas
temperatures as input. The assumptions made in the simulation were given in the previous
section. The profiles of the major molecular speciesin the CO flame at the 1159 K and 1858 K

conditions are plotted in Figure 1.5.18. It can be seen that the steam production never exceeds
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1% for either case, as originally designed, to facilitate the FTIR analysisin the gas phase. At the
1159 K condition, CO is dominant and its mole fraction is much higher than that of CO..
However, at the 1858 K condition, the reverse trend is observed. Large quantities of CO, in the
post-flame have the potential to reduce the soot yield, according to the following gasification

reaction:

CO, +C=2CO (5.10)
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Figure 1.5.18. Calculated mole fractions of the municipal molecular species versus distance
in the FFB with a CO flame.

Oxygen-containing radicals are of specia interest, due to their high reactivity in aflame.
Calculations have shown that five magjor species exist in the flame, including O,, O, OH, HO,,
and H,0,. HO, and H,0O, are not considered in the discussion because their molar fractions
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never exceed 10°. The calculated concentrations of the other three species, O,, O and OH, at
1159 K and 1858 K are shown respectively in Figure 1.5.19. The profiles at other temperatures
aresimilar. Severa trends are observed from the plot. First, the mole fractions of molecular
oxygen at hi gh temperatures are higher than those at low temperatures. Thisis partly dueto the
lower equivalence ratio in the high temperature condition (see Table 1.4.2). Second, the mole
fractions of O and OH radicals are only significant at the flame front and decay rapidly
thereafter. This suggests that the influence of oxygen-containing radicals on coal pyrolysisis
only appreciable at the flame front, which is only about 1 cm thick, as seen from the oxygen
concentration profiles. Third, the mole fractions of OH and O radicals at 1858 K are much
higher than those at 1159 K. Thisis not surprising since a high temperature can provide enough
energy to initiate bond scission to produce more radicals. Finally, it isinteresting that the mole
fractions of O radical are much higher than those of OH radical at all casesin the CO flame.
However, in a methane flame, the cal culations showed more OH than O, as shown in Figure
1.5.20. The higher OH concentration in the methane flame may have important implications on

the trend of the measured soot yields versus temperature in a CO flame versus a methane flame.
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Figure 1.5.19. Calculated mole fractions of the major oxygen-containing species versus
distance in the FFB with a CO flame.
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Figure 1.5.20. Mole fractions of the major oxygen-containing species in the FFB with a
methane flame at 1900 K (adapted from Ma, 1996).

Fletcher and coworkers (1997) reported a slight decrease in soot yields with increasing

temperature (above 1650 K) when coal was pyrolyzed in a methane flame. However, in contrast,

soot yields were found to increase with increasing temperature for al the coals in the current

study (see Figure 1.5.8). These coal pyrolysis experiments were performed in the same reactor;

the only differenceisthe fuel. The slight decrease in soot yields at high temperaturesin the

methane flame was thought to be due to two major reasons. First, the much higher steam

production in a methane flame could reduce the soot yields by steam gasification, as shownin

eguation 5.11. Second, the higher fractions of OH in a methane flame could react with soot

precursors such as PAH in the tar, resulting in lower soot yields.
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H,0+C=CO+H, (5.11)

Bittner and Howard have suggested that the addition of OH to the ring may be responsible
for the destruction of benzene in a sooting flame (Bittner and Howard, 1981). Haynes also
pointed out that OH radicals appear to be the chief oxidant of the PAH formed from a coal or
liquid fuels (Haynes, 1991). Therefore, it islogical to believe that OH radicals could play a more
important role than other radicals in the destruction of tar molecules before soot formation. At
1860 K, the peak mole fraction of OH is about 8 10°*in the CO flame, while the peak mole
fraction of OH in the methane is about 3.5° 103, which is more than four times higher at asimilar
temperature condition. It is possible that the larger concentration of OH radicals in the methane
flame that causes the decline of soot yield with increasing temperature at temperatures above
1600 K.

Sinceradicals are very reactive, the destruction of soot precursors by radicalsis very
plausible. The fact that the methane flame has higher mole fractions of OH is therefore

consistent with the observed decrease in soot yields in that flame.

15.1.1.4 Modelingof Tar and Soot Yields

Asexplained in the first chapter, there are three stages in coal combustion including primary
pyrolysis, secondary pyrolysis and char oxidation. Among these three processes, the primary
pyrolysisisthe most sensitive to the chemical structures of different coal types (Niksa, 1994).
Based on the measured chemical structure parameters, the CPD model (Fletcher, et a. 1992) can
describe the early stage of devolatilization with adequate accuracy. However, secondary
reactions of volatiles from primary pyrolysis are not treated in the CPD model.

A simple mechanism is proposed here based on previous studies to describe the major
reaction pathways during secondary coal pyrolysis. Only secondary reactions are modeled here,
with three major reaction routesillustrated in Figure 1.5.21. It is assumed that there are two
competitive reactions, cracking (rc) and polymerization (r,), for primary tars. At temperatures

below 1200 K, the cracking reaction is dominant, causing the release of aliphatic materials and
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carbon oxides. These secondary gases are mainly formed from the side chains and oxygen
containing functional groupsin the tar molecules. At more severe pyrolysis conditions,
secondary reactions cause ring opening reactions, preferentially those aromatic structures with
heteroatoms such as oxygen and nitrogen, to release HCN (Chen, 1991) and CO (Ledesma,
1998). Beginning at 1400 K, ring structures will undergo polymerization to form soot after
stripping off the functional groups. It isfurther assumed that only a certain fraction of primary
tar can be directly converted to soot. This assumption is based on the fact that the secondary gas
production from primary tar reaches an asymptote at high temperatures. The fraction of primary
tar that can be directly transformed to soot is assumed constant for each coal and dependent on
coal rank (correlated with coal oxygen content). In order to simplify the problem, another
assumption is made that the cracking and polymerization reaction, which are very complicated

and involving hundreds of elemental steps, can be lumped into a set of first-order reactions.

Secondary reactions

_ Secondary gases
G(ac\i\(\g —
‘C" QL
2
Tar =1
A
> Q
Oa/lh@f/'g g
H >
Soot
cod > /
Primary gases
Primary Char ) Final Char

Figure 1.5.21. Proposed reaction mechanism in modeling the secondary pyrolysis.
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During the construction of the model, it was also found necessary to include a secondary
soot growth mechanism to best fit the experimental data. The soot addition (r) is also modeled
as afirst-order reaction by the attachment of hydrocarbons in the flame to the primary soot.
Previous studies show that the surface of hot soot particles readily accepts hydrocarbons from the
gas phase (Homann and Wagner, 1967). Pyrolysis experiments on coals also demonstrated that
certain hydrocarbon gases (such as C,H, and CgHg) may participate in soot formation at high
temperatures (Haussmann and Kruger, 1989; Chen, 1991). Chen suggested that only the light
hydrocarbons released from tar cracking (i.e., secondary gases) may participate in the soot
addition. However, it seems more reasonable to include the hydrocarbons released during the
early stage of devolatilization and the additional gases from thermal cracking of char (primary
gases) as sources for soot growth. In this simulation, no differentiation was made between soot
addition from the primary gases and from the secondary gases.

It should be noted that no chemical structure parameters were used in the ssmulation. The
FTIR and GC analysis showed a distinct similarity in the major components for primary tars
from various coa types (Freihaut, et al. 1989; Nelson, et al. 1990). The cracking reactions of
tars from different coals also showed similar kinetic parameters (Doolan, et al. 1986; Serio, et al.
1987). Therefore, secondary reactions may be less influenced by the chemical structure than the
local environment, such as temperature and stoichiometry. However, the chemical structure of
the nascent tar is still important. It iswell established that more aromatic structures exist in the
tars of high rank coals, which implies a higher sooting tendency under pyrolysis conditions.
However, for smplicity, the chemical structure of tar is omitted in this model development. The
description of the rates for tar cracking, polymerization and gas-phase soot addition are as

follows.

df,, . .
r.= ? = kc(ftar,c - 1:tar,c) (5.12)
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df

r, = éatr 2 =Ky (Fap = fiap) (5.13)
deOO a
0= = Kalfaooa ™ faoara) (5.14)
df,
L =-(r
" =-(r,+r1) (5.15)
frare +fap=1 (5.16)

where fi5 ¢ stands for the mass fraction of primary tar that participatesin tar cracking; fi.
stands for the mass fraction of primary tar that participates in tar polymerization, and fsyot o Stands
for the mass fraction of the total additional soot (as dry, ash free coal) from hydrocarbonsin the
gas. The asterisk means the asymptotic solution (i.e., ultimate yield) for a specific fraction of
primary tar or soot. For example, f . Stands for the ultimate mass fraction of primary tar that is
eventually gasified to secondary gases; ftar,p* stands for the ultimate mass fraction of primary tar
that is eventually converted to soot, and fsoot,a* stands for the ultimate mass fraction of additional
soot from hydrocarbons. 1t should be pointed out that it is the fraction of primary tar or the
fraction of the ultimate soot growth from hydrocarbons that was modeled, not the coal mass
fraction. The residual tar and soot yield based on the dry, ash-free coal can be calculated by the

following equations:
Yior (1) = Vi Kiar(1) (5.17)

ySOO'[(t) = yfar xftar, p(t) + fsoot,a* >¢soot,a( t) (518)

wheret, f and y are residence time, fraction of the ultimate products (tar or soot) and fraction

asdry, ash-free coal, respectively.

95



1.5.1.1.4.1 Calculation of Kinetic Parameters

The tar cracking reaction was assumed to have an activation energy of 100 kJ/mol, obtained
from the vapor-phase secondary cracking of nascent tars from a Pittsburgh #8 coal as reported by
Serio et a. (1987). A comparable activation energy was also derived by fitting the tar cracking
datafor a subbituminous coal (Doolan, et a. 1986) and a bituminous coal respectively (Ledesma,
1998).

For the Illinois #6 coal, the primary tar yield was calculated from the CPD model using the
measured *C NMR data. For the other coals, the primary tar yields were first calculated by the
CPD model using a correlation of the structure parameters based on the elemental composition of
the parent coa (Genetti, 1999). The first data point of tar yield in the current study is much
lower than the “ CPD-predicted” tar yield. The kinetic parameters presented here are the best fit
for the data measured in the FFB. However, the tar decay rate using these parameters cannot
explain the decay from the “ CPD-predicted” tar yield to the first data point measured in this
study. The “CPD-predicted” tar yield istoo high to alow development of areasonable tar decay
model to fit the datain the current study. The low tar yields measured in the present work were
probably due to the post-flame environment in which the coals were pyrolyzed; the short
residence times in the FFB may be another reason. Determination of the exact reason for the low
tar yields is beyond the scope of the present work.

The activation energy for soot formation from tar (E;) was assumed to be 230 kJ/mol and
the activation energy for soot addition from hydrocarbons (E;) was assumed to be 320 kJ/mol.
E, isbased on the result of previous studies (Ma, 1996) and is modified to better fit the
experimental data. E, isthe best-fit parameter for this study. The activation energy for soot
formation from tar islower, because the tar has a higher sooting tendency since it contains PAH.
With the activation energy fixed, the experimental data were used to fit the pre-exponential
factor for different coals. The ultimate fraction of primary tar that can be converted to soot was
also assumed based on the oxygen content of the coal.

A summary of the coal-dependent kinetic parameters by fitting the experimental datais
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shown in Table 1.5.4. Thevalues of fiac , frarp and fsoora are presented in Table 1.5.5. These
numbers have no specific physical meaning, but represent the best values to fit the experimental
data. However, this does not mean these values are only random numbers. CO and CO, are the
major secondary gases from tar cracking. It was found that yields of CO and CO, are much
higher for low rank coals than for high rank coals (Cliff, et a. 1984; Doolan, et al. 1986; Chen,
1991). The higher yield of secondary gases from tar implies an accordingly lower soot yield.
Therefore, values of the ultimate tar fraction in Table 1.6.2 that can be directly converted to soot
(fp*) were adjusted according to the coal rank. It isbelieved that secondary gas production from
tar is somewhat associated with the oxygen content of the parent coal, but the exact nature of this
relationship is still unclear. The measured and calculated profiles of the tar plus soot for the four
coals are presented in Figures 1.5.22 to 1.5.25. It must be emphasized that these kinetic
parameters are not expected to extrapolate to temperatures or conditions significantly different
from those in the current experiments. The results, however, do provide insight into the rate of
homogeneous (cracking) and heterogeneous (soot formation) tar secondary reactions for coals of

different ranks.

Table 1.5.4. Summary of the Best-Fit Kinetic Parameters for Secondary Reactions of Coal

Volatiles.
Ac E. Ap Ec Aa Ea
(sech) | (kI¥mol) | (sec™) | (kImol) |  (sech (kJmol)
lllinois #6 2.5E5 100 2.0E9 230 5.0E10 320
Utah 5.0E5 100 2.0E9 230 8.0E10 320
Black Thunder | 1.0E6 100 2.0E9 230 3.0E11 320
KnifeRiver | 4.0E5 100 2.0E9 230 5.0E11 320

Table 1.5.5. Values of f,,. )", f,.. and f,,, Used in the Simulation.

97



ultimate tar fraction | ultimate tar fractionto | ultimate additional soot
to soot (ftar,p*) secondary gas (fiarc ) from hydrocarbons
(fsoot,a)
[1linois #6 0.7 0.3 0.04
Utah 0.78 0.22 0.04
Black Thunder 0.63 0.37 0.04
Knife River 0.4 0.6 0.02
L L L L I L
[ e tar+soot yield (exp.)
--. tar+soot yield (model)
20-— i
~ i ® tar+soot (model)
S
:-'(E 15__ total soot__
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Figure 1.5.22. Calculated tar and soot yield for the Illinois #6 coal.
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Figure 1.5.23. Calculated tar and soot yield for the Utah coal.
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Figure 1.5.24. Calculated tar and soot yield for the Black Thunder coal.
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Figure 1.5.25. Calculated tar and soot yield for the Knife River lignite.
1.1.21.3 Discussion

15.1.15 Tar and Soot Yields

The Illinois #6 coals have been extensively studied, so a comparison of tar or soot yields
with previous work can be made, as shownin Figure 1.5.26. Thetar yields of Hambly (1998)
and Watt (1996) were obtained by pyrolyzing the coa in a drop-tube reactor in an inert
environment. Their data show a similar trend to that found in this study: the yields of tar plus
soot decreased
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Figure 1.5.26. Comparison of tar and soot yields for Illinois #6 coal (the temperature is the
particle temperature for Chen and peak gas temperature for others).

first at temperatures below 1400 K, due to secondary reactions. At high temperatures, the
soot yieldsin this study agree well with Ma s data except the one point at 1650 K. Also shown
in the figure is the maximum tar yield from primary pyrolysis reported by Chen (1991). Thetar
yield is more than 60% higher than the highest tar/soot yield obtained in this study. This cannot
be solely attributed to secondary reactions. In Chen’s experiment, the collected tar was extracted
from glassfilters by a solvent (THF). The pure tar sample was then weighed after evaporation of
the solvent. The tar yield measured this way could be subject to the following errors: incomplete
evaporation of the solvent arising from a partial miscibility between the solvent and the tar and

possible residues from the solvent itself. Both can result in a higher value than the actua tar
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yield. The maximum tar yield obtained in a heated grid reactor (Ko, et al. 1988) islower than
that in thisstudy. There are probably two reasons for the difference. First, the low temperature
and low heating rate used in the heated grid reactor may result in alower tar yield. Second, tar
collection may be incomplete due to recondensation of tar to the remaining char and deposition
of tar on the trap wall, as reported by the author.

A comparison of the tar and soot yields of Utah seam coalsis presented in Figure 1.5.27. It
should be noted that the yields reported by Freihaut and coworkers (Freihaut and Seery, 1981)
were obtained under vacuum pyrolysis and on adry coa basis. Itis clear that the tar and soot
yields collected at the 1 inch location in this study are much lower than those collected at the 7
inch location. By examining the mass release dataat 1159 K, it was found that mass release at
the 7 inch location is 25% (absolute) higher than that measured at the 1 inch location, while the
difference is about 10-15% for other coals. That means the lower tar and soot yields are
probably due to the incompl ete devolatilization process at short residence times. The tar and
soot yields collected at the 7 inch location are comparabl e with those reported by Friehaut and
Ma at temperatures below 1650 K. However, at temperatures higher than 1650 K, a different
trend is observed. In this study, the soot yields continued to increase with increasing
temperature, while the tar or soot yields declined with increasing temperature in the case of
Freihaut and Ma. In Freihaut’s experiment, tar was generated on a heated metal screen. Since
the tar quickly escaped the hot screen once it was released, it had no chance to form soot. The
systematic decrease of tar yields was totally due to the intra-particle or extra-particle thermal
cracking of the tar. In Ma's case, the decrease of the soot yield is thought to be due to the
existence of large quantities of OH radicals in the methane flame front that may destroy the soot

precursors such as tar and PAH, as explained in the previous section.
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Figure 1.5.27. Comparison of tar and soot yields for Utah coal (Freihaut’s data were on the
dry coal basis).

For Black Thunder and Knife River coas, a similar comparison cannot be made due to a
scarcity of data. The only tar yield for aWyodak coal (which comes from the same seam as
Black Thunder) was reported by Ko. Under 0.1 M Pa, the maximum tar yield was 19.3% (daf).

Finally, the rank dependence of tar and soot yields is compared to those from the literature
(see Figure 1.5.28). The maximum tar yield defined in this study is the highest collectable tar at
the lowest temperature setting, 1159 K. Xu and Tomita determined the maximum tar yield by
pyrolyzing 17 coas at 1037 K in a Curie-point pyrolyzer (Xu and Tomita, 1986). The heating
rate was approximately 3000 K/s. Tyler’s data are exclusively for Australian bituminous coals
pyrolyzed in afluidized bed reactor (Tyler, 1979). The datareported by Chen (1992 a) are the
maximum tar yields during primary pyrolysis. The maximum tar yields obtained in the BY U

drop tube reactor are also shown. From the figure, several trends of the dependence
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Figure 1.5.28. Comparison of rank dependence of tar and soot yields.

of tar/soot yield on coal type can be observed. First, thereis no distinct relationship between
carbon content and the maximum tar yield, as seen by the large scatter in the data. From Tyler's
data, even for similar bituminous coals, the tar yield of one coal can be twice as much as another
coa. The genera rule of thumb isthat the tar yield is highest for bituminous coals, but drops for
lower rank coals such as subbituminous and lignite and higher rank coals such as anthracite.
Second, for low rank coals, the yields reported at BY U are much lower than those of Xu. Thisis
probably because Xu’s tar yields were calculated by difference from the gas analysis and the
weight loss, making them susceptible to over-estimation (Perry, 1999).

The tar/soot yields obtained in this study are much lower than those by other researchers,
especially for low rank coals. Several factors may be responsible for such adifference. First, the
datareported in this study are not the actual maximum tar yields. Significant secondary
reactions have already occurred before the first sampling location in the FFB, leading to a lower
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tar yield. The measured tar/soot yields declined monotonically with temperature below 1500 K.
Second, it is possible that tar was trapped inside the filters instead of on the surface at low
temperatures (Figure 1.4.6). However, the filters were weighed together to determine the tar
yield. A yellowish deposit was found on the glass wool installed downstream before the gas cell.
However, this amount was insignificant. Therefore, the low tar yield is not thought to be caused
by the tar filters. Third, semivolatile species of molecular weight 100 to 200 amu may be
another reason. They do not fit clearly into either the tar or gas categories (Solomon, et al.
1992). These species are too volatile to remain condensed on tar collection surfaces, but are not
volatile enough to stay in the gas phase. This sometimes can result in 5-10% loss in materials.
Fourth, the post-combustion environment used in this study may also contribute to the lower tar
and soot yield. The combustion products, such as CO, CO, and H,0, readily react with the
highly active nascent tar molecules, resulting in alower tar yield. The influence of the oxygen
containing species in the flame should be insignificant at low temperatures, due to the low

concentrations. However, they may have a substantial effect on high temperature soot yields.

It was found that the secondary reactions of the tar before the first collection point in the
FFB and the interactions of the post-combustion environment with the tar are likely the reasons
for the observed low tar and soot yieldsin this study.

1.5.1.1.6 Secondary Reactions of Nascent Coal Volatiles

When heated, tar and light gases will be released from coal particles during primary
pyrolysis. Primary pyrolysisis afast reaction, usually occurring in afew milliseconds under a
typical pulverized coa firing condition. The tar quickly reachesits maximum yield at about
1000 K. Under high temperature and fuel-rich conditions, the primary tar will undergo two

competitive reactions. thermal cracking and soot formation.
15.1.1.6.1 Gasphase Thermal Cracking Reactions

The chemical structure analysis by **C NMR methods clearly demonstrates that thermal
cracking is dominant at low temperatures, leading to the release of secondary gases (Solum, et
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al., 2000). Serio et al. (1987) investigated kinetics of the thermal cracking of fresh coal tars
generated from fixed-bed pyrolysis at 500-900°C. Tar conversion was found to be insignificant
below 600°C. At higher temperatures, the major products were light gases, oils and some
transformed tar. The formation of char from secondary reactions of tar was also identified.
Thereis certainly apossibility that the primary tar will redeposit onto the char surface to
participate in the crosslinking reaction. However, under the high temperature, high heating rate

conditions encountered in an industria furnace, such reactions should be minimal.

Secondary reactions of primary tar were examined more clearly in Doolan’s experiment
(Doolan, et al. 1986). The primary tar was obtained by pyrolyzing an Australian subbituminous
coal in aflash pyrolyzer operated at 870 K. The tar was then cracked in a quartz tube reactor at
870-1370 K and in a shock tube reactor at 1100-2000 K. Theyields of various products in the
guartz tube reactor are shown in Figure 1.5.29. Below 1300 K, the major products were various
hydrocarbon gases, CO, H,O and possibly some light oils. It isclear that thermal cracking of tar
isamajor source of hydrocarbon gases during pyrolysis. The release of light hydrocarbons
increased with temperature up to 1300 K, then started to decline dightly after reaching the
maximum yield. Soot formation commenced at 1300 K by direct conversion from tar, as
evidenced by the sharp decrease of the remaining tar.

It isaso interesting to find that the combined yields of light hydrocarbons, CO and H,O
reached an asymptote at 1200-1370 K. That isto say, the ultimate yield of secondary gases from
primary tar is somewhat constant at high temperatures. Although the highest temperature used
by Doolan in the quartz reactor was 1370 K, it is most likely that this trend will remain valid at
even higher temperatures. The dashed linein Figure 1.5.29 represents the model prediction of
the production of secondary gases from tar during secondary reactions using the kinetic
parametersin the Tables 1.5.4 and 1.5.5. Only the cracking mechanism was included in the
model prediction; no soot formation was included. An excellent agreement is reached between
the data points and model predictions regarding the remaining tar below 1300 K, before the onset
of soot formation.
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Figure 1.5.29. Cumulative product yields of the primary tar as a function of reactor
temperature (adapted from Doolan, et al. 1986).

The hypothesis of constant gas production from the tar at higher temperatures (>1300 K) is
supported by the following observations. First, in Doolan’s high temperature shock tube
experiment where atemperature as high as 2000 K was achieved, the yield of CO reached an
asymptotic value of 18% (wt% of primary tar) at temperatures higher than 1600 K. The amount
of oxygen in the CO produced from the tar was equal to the original oxygen in thetar. Second,
the tar yields obtained at different final temperatures for various coal types reported by Frelhaut
(1981) aso confirmed a constant ultimate gas release from primary tar at temperatures higher
than 1400 K (see Figure 1.5.30). Thetars were generated in a heated grid reactor operated at
different temperatures. Despite the scatter in the data, a general trend can be identified for each

coal: thetar yield quickly risesto its maximum during primary pyrolysis then decays slowly to
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an asymptote which is coal-dependent. The decay of the tar was solely due to thermal cracking
reactions, since no soot was present even at 1800 K. Once released from the coal, the tar was
guenched immediately by the surrounding cold gas. Therefore, the tar had no chance to
transform to soot, which is favored at high temperatures. The constant tar yields at high
temperatures in Freithaut’ s study suggest a constant gas production from primary tar.
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Figure 1.5.30. Tar yields as a function of final temperature for different coal types (adapted
from Freihaut, et al. 1981).

It iswell established that the fresh tar is comprised of polycyclic aromatic clusters with
various attachments. On the other hand, soot is composed of much larger aromatic clusters
and/or polymerized PAH’s. The fraction of hydrogen and other heteroatomsin soot is very
small. In order to form soot that is relatively free of hydrogen, oxygen and nitrogen, the tar must

first shed the attachments or even open the aromatic rings to release those elements. The oxygen
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will be converted to CO or, to alesser extent, CO,. Aliphatic side chainswill be converted to

light hydrocarbons. The nitrogen will be released mainly in the form of HCN.

In the simulation of the secondary reactions of tar in the modeling section, it was also
assumed that the mass fraction of primary tar, which is eventually converted to gas, is aso coal
dependent, with lower rank coals producing more secondary gases. This hypothesis can be
justified by the chemical structure data reported by Perry (1999).

In Table 1.5.6, the structural parameters derived from *C NMR for two coals and their
corresponding tars and soots are presented. South Banko lignite and Pittsburgh #8 hv
bituminous coa represent the two different coal types. Previous measurements have shown that
the fresh tar released from coal usually has a similar chemical structure to that of the coal
(Pugmire, et a. 1990). Therefore, here the coal parameters are used for the primary tar.

Table 1.5.6. Structural Parameters Derived from *C NMR Analysis for Tars

(adapted from Perry, 1999).

sample condition Ch Ca|s+l| Py |B.L.|SC.| Mg | My
South Banko coal 0278 | 13| 53| 055 | 29 24 | 410 | 47
(lignite) 1250 K 0255|1227 |09 | 26 | 01 | 164 | 5
Pittsburgh #8 coal 0314 | 15| 45 | 0.62 | 2.9 16 | 311 | 28
(hv bituminous) 1250 K 0341 | 17| 42 | 095 | 40 | 02 | 249 | 9
1650K (soot) | 0429 | 21 | 48 | 089 | 43 | 05 | 316 | 12

*see Nomenclature for the definition of the parameters.

There are 30% more side chains per cluster (2.4) in South Banko parent coal than in the
Pittsburgh #8 coal (1.6). These side chains are usually aliphatic in nature and are released as
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light hydrocarbons during pyrolysis (see Figure 1.2.2). At 1250 K, the side chains for the two
coal tars are similar (0.1 and 0.2 respectively), indicating that more side chains are lost for the
lignitetar. This can be viewed more clearly by comparing the total attachments per cluster (s +1)
and the average molecular weight per attachment (Mg). For the Pittsburgh #8 coal, the number

of total attachments per cluster for the primary tar (4.5) and the tar at 1250 K (4.2) are similar.
However, s +1 drops substantially from 5.3 to 2.7 for the South Banko coal tar over this same
temperature range. The corresponding average molecular weight per attachment drops from 28
to 9 for the Pittsburgh #8 coal tar for this temperature range and from 47 to 5 for the South
Banko tar. This means that low rank coal tars not only lose more attachments, but also lose more
mass per attachment. Thisisdirect evidence that low rank coal tars lose more mass than high
rank coal tars during secondary reactions. However, a quantitative correlation of such rank
dependence cannot be established from the limited data in this study.

1.5.1.1.6.2 Soot Formation

Soot formation from coal tar usually commences between 1350 and 1400 K, as indicated by
the significant change of the tar structure during that temperature range (Solum, et al. 2000).
Ring opening may be the first step in soot formation. Pyrolysis experiments on biphenyl (see
Chapter 6) showed that ring opening is the first step to soot formation for some model
compounds. Ring opening releases the heteroatoms and other aliphatic materials and creates free
radicals. Theseradicalswill then undergo a series of reactionsto form larger clusters through
such reactions as condensation and polymerization. The coal tar has a higher sooting tendency
than aromatic model compounds and light hydrocarbons, since the soot incipient temperature for
coal tar is much lower. This can be explained in two aspects. First, the coal tar can produce
more radicals and is more reactive because it has more attachments per cluster (s +1). Second,
the larger ring structure in coa tar has a higher stabilizing effect during polymerization (Badger,
et al. 1964).

The sooting potential of different coal types was studied in an inert pyrolysis environment in

adrop-tube reactor (Nenniger, 1986). It was found that the soot yield increased while the tar and
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hydrocarbon gas yield decreased as the pyrolysis temperature was raised. The soot yield reached
an asymptote at high temperatures, which is dependent on coal rank. Wornat et al. (1988a)
investigated changes in the composition of PAH during the tar evolution from the pyrolysis of
high-volatile bituminous coa in argon. The compounds with more complex attachments were
found to be more reactive than compounds with simple or no attachments. Thisis consistent
with the previous discussion claiming that coal tar has a higher sooting tendency than the model
compounds. PAH serves as a soot precursor, since the increase of soot yield was nearly offset by
the decrease of PAH. In another pyrolysis experiment, Chen and co-workers (Chen and Niksa,
1992b) reported that the yields of tar/oils plus soot during secondary pyrolysis were constant and

were equal to the maximum tar-plus-oil yields obtained during primary pyrolysis.

All of these pyrolysis experiments conducted in inert environments reported that the sum of
tar plus soot remained constant during pyrolysis. The soot yields increased monotonically with
temperature or reached an asymptotic value at high temperatures. However, the sum of tar plus
soot in this study follows a different pattern: the soot yield first decreased and then increased
with temperature. The sum of tar plus soot at 1858 K is almost two times the value at 1159 K for
Knife River and Black Thunder coals, although the soot yields are small.

It is possible that the soot yield at high temperatures is susceptible to overestimation by ash
contamination. Ash in the parent coal may vaporize during pyrolysis, then recondense with soot
on thefilters. Analysisof the high temperature soot samples showed about 10% ash in the Knife
River soot and minimal amounts in the soots from the other three coals. Therefore, ash
contamination of soot was not a major factor in these experiments, and cannot explain the

increase in soot yields.

The chemical structure analysis facilitates the investigation of the major changes of tar
during secondary pyrolysis, which can, in turn, be used to explain the measured tar and soot
yields measured in this study. At 1159-1411 K, the thermal cracking reaction predominated,
which is characterized by two distinct processes. First, the tar lost most of the aliphatic side
chains and oxygen functional groups. Next, ring opening reactions also commenced to produce

more light hydrocarbons and to release heteroatoms. Since soot formation is
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negligible at this temperature range, a net decline of the yield of tar plus soot was observed.
From 1411 K, direct conversion of soot from tar began, as evidenced by the increase of aromatic
carbon per cluster. Assecondary reactions proceeded, both ring rupture and polymerization
became significant. Asthe cluster size became larger, polymerization of PAH was accelerated.
The rate of soot formation surpassed the rate of tar decay, therefore, the sum of tar plus soot
increased steadily from 1411-1618 K. The continuous growth of soot yield after 1618 K can
only be explained by the addition of hydrocarbon species released from primary pyrolysis and
the subsequent secondary cracking reactions. Eventually, these hydrocarbons were depleted at
high temperatures (probably higher than 1900 K), and the soot yield reached an asymptotic value
which is dependent on coal type.

Strong evidence has shown that direct addition of certain hydrocarbon species to the soot
surface is amajor soot growth mechanism at high temperatures. Soot formation from
hydrocarbon fuels has been studied extensively. However, the effects of light hydrocarbons

during the soot formation in a coal system are still unclear.

The participation of hydrocarbons in the growth of coal-derived soot was first noticed by
Chen based on a carbon balance (Chen, 1991). In his experiment, the carbon fraction (total
carbon in the coal) incorporated into the sum of tar/oils and soot was found to increase with
increasing severity of secondary reactions. Since the carbon fraction released as CO during
pyrolysis was negligible (less than 1%), the only source of carbon that contributed to soot growth
would be hydrocarbons in the gas phase. Char is another possible carbon donor. However, the
carbon in char (solid phase) cannot directly participate in soot growth, since carbons must be
released as hydrocarbons first.

In this study, a similar phenomenon was also identified. The carbon fractionsin the tars or
soots are plotted in Figure 1.5.31 for the four coasin this study. As seen from the figure, at
temperatures higher than 1500 K, the fraction of coal carbon incorporated into tar/soot increased

substantially on arelative basis with increasing temperature. During secondary pyrolysis,
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Figure 1.5.31. Fraction of coal carbon incorporated into tar and soot (collected at 1 inch

above the burner surface).

primary tar will lose carbons due to the release of light hydrocarbons. When heteroatoms

(mainly oxygen) in tar are expelled during ring opening reactions, additional carbons are lost

since oxygen isreleased from tar as CO (Nenniger, 1986) and nitrogen as HCN (Chen, 1991). In

Figure 1.5.31, the fraction of coal carbon in the sum of tar plus soot at 1858 K is much higher

than that at 1159 K. That means the carbon loss during tar decomposition was compensated by

gainsin carbon from other sources. Previous studies showed that the CO yield always increases

with increasing temperature during secondary reactions (Doolan, et a. 1986; Ledesma, et al.

1998), CO istherefore not considered to be a carbon source for the soot growth. The decline of
measured total hydrocarbon yields at temperatures higher than 1500 K (Figures 1.5.11 to 1.5.14)

conclusively demonstrates that hydrocarbons in the gas phase contribute significantly to the soot

growth in acoal system.
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Gas anaysisin this study showed that C,H, became the predominant speciesin
hydrocarbons at temperatures higher than 1600 K (see Figure 1.5.16). Therefore, C,H, should be
the main species participating in the soot surface growth at high temperatures. Other researchers
also reported that C,H, isthe only hydrocarbon that survives at temperatures above 1800 K
(Doolan, et a. 1986). Direct C,H, addition to the soot surface was modeled in a premixed
hydrocarbon flame (Frenklach and Wang, 1990). Itismost likely that this reaction is also
important in coal pyrolysis. Benzene, claimed to be another important species in surface growth,
seems to make much less contribution than C,H,, since benzene was consumed quickly at
temperatures higher than 1600 K (Figure 1.5.16). The addition of hydrocarbons was modeled as
a separate route for soot growth at high temperatures. The activation energy obtained for
hydrocarbon addition is 320 kd/mol, which is much higher than the activation energy for the
direct tar conversion (230 kJ/mol). In other words, soot formation from tar is rapid compared to
soot growth through hydrocarbon addition.
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1.6 CHEMICAL STRUCTURE ANALYSIS

1.1.22 Chemical Structure Results

Solid-state *C NMR analysis givesinsight into a variety of average chemical structural
featuresin solid organic samples, such as coal, tar or soot. The NMR analyses were performed
at the University of Utah for the tars and soots from the Illinois #6 coal and two model
compounds. All the tar and soot samples used in the **C NMR analysis were collected at the 3
inch location in the FFB, except one tar sample was collected at the 1 inch location in the 1159 K
condition from the Illinois#6 coal. A summary of these NMR analysesisgivenin Tables 1.6.1
and 1.6.2 respectively. In each table, the structural parameters derived directly from the NMR
spectra are presented, followed by the | attice parameters calculated from the structural
parameters. The elemental compositions of each sample are also shown. Thisisthe first set of
solid-state *C NMR analyses on tars from aromatic model compounds. These data, together
with those previously reported on coal tars and soots (Hambly, 1998; Perry, 1999), give
substantial insight into the transition from tar to soot. These data provide the basis for

developing reliable soot mechanisms from aromatic compounds.

1.1.23 Analysis of Chemical Structure Data

Figure 1.6.1 shows the chemical structure of the two starting model compounds: biphenyl
and pyrene. Biphenyl is made of two benzene rings connected with asingle bond. Pyrene has a

structure containing four fused benzene rings. These two compounds are pure aromatic
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Table 1.6.1. Structural and Lattice Parameters for Tars/Soots from lllinois #6 Coal.
(samples obtained at the 1 inch location at 1160 K, at the 3 inch location at other
temperatures)

Structural Parameters®

sample | 1, | 1.7 | 1S lgo R T T O S I O AR I D R
coal | 072|005 | 002|003 |067|021|046| 008|018 | 020 | 028 | 0.19 | 0.09 | 0.05
1160 K | 0.85 | 0.04 | 002 | 0.02 | 0.81 | 0.33 | 048 | 0.08 | 0.19 | 0.21 | 0.15 | 0.09 | 0.06 | 0.02
1280 K | 0.92 | 0.02 | 0.005 [ 0.015 | 0.90 | 042 | 048 | 0.04 | 0.19 | 0.25 | 0.08 | 0.05 | 0.03 | 0.02
1410K | 097 | - 097 | 033 | 064 | 0007 | 0.19 | 045 | 0.03 | 0.03 | 0.00 | -
1530K | .00 | - 1.00 | 0.26 | 0.74 0.74 | 000 | 0.00 | 0.00 | -
L attice Parameters’
Cp Cq s+1 Po B. L. S.C. M. W. My
cod 0.299 15 5.8 0.65 3.8 2.0 355 30
1160 K 0.259 12 4.0 0.78 3.1 0.9 227 21
1280 K 0.278 13 3.3 0.87 2.9 0.4 203 14
1410 K 0.464 23 4.5 1.00 4.5 0.0 319 9
1530 K 0.74 89 1.00 1186
Elemental Analysis (daf)®
C (%) H (%) N (%) 0 (%)
cod 75.68 5.16 1.50 12.78
1159 K 78.23 5.02 1.75 11.28
1281 K 85.61 4.00 1.89 4.22
1411 K 89.37 3.19 1.36 2.69
1534 K 90.15 1.73 0.6 3.37
1858 K 90.07 1.18 0.56 3.11

8Structural parameters:

Percent carbon: ! ,-total sp>hybridized

carbon; ! .S-carbonyl, d>165 ppm; ! .-
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aromatic carbon; ! ,"-aromatic with proton attachment; ! ;\-nonprotonated aromatic; ! 4 -phenolic
or phenolic ether; ! >-alkylated aromatic d=135-150 ppm; ! .5-aromatic bridgehead; ! ,-aliphatic
carbon; ! 4-CH or CH,; ! 5 -CHj or nonprotonated; ! +°-bonded to oxygen, d=50-90 ppm

P|_attice parameters:

Cp: fraction of bridgehead carbons; C: aromatic carbons per cluster; s +1: total attachments
per cluster; Py: fraction of attachments that are bridges; B. L.: bridges and loops per cluster; S.
C.. side chains per cluster; M the average molecular weight of an aromatic cluster; My: the

average molecular weight of the cluster attachments

“Elemental analyses were performed by Galbraith Laboratoriesin Knoxville, Tennessee
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Table 1.6.2. Structural and Lattice Parameters for Model Compound Soots.

(samples obtained at the 3 inch location)

Structural Parameters

| 1 C 1 O 1 O | 1 H 1 N 1 P 1 S 1 B | 1 H [
1 a 1 a 1a IS | & 1a 1a 1a 1a |1 a | a 1 a | a
Biphenyl 0.91 0.00 0.00 | 0.00 [ 091 054 | 037 | 003 | 020 | 0.14 | 0.09 | 0.08 | 0.01
1365 K
Biphenyl 0.93 0.00 0.00 | 000 | 0.93 050 | 043 | 002 | 0.19 | 0.22 | 0.07 | 0.07 | 0.00
1410 K
Biphenyl 0.98 0.98 036 | 062 | 004 | 019 | 0.39 | 0.02 | 0.02 | 0.00
1470 K
Pyrene 0.98 0.02 0.02 0.96 047 | 049 | 002 | 012 | 0.35 | 0.02 | 0.02 | 0.00
1410 K
Pyrene (1)d 0.99 0.99 0.36 | 0.63 005 | 058 | 0.01 | 0.01 | 0.00
1460 K
Pyrene (2)e 0.99 0.99 036 | 063 | 003 | 013 | 047 | 001 | 0.01 | 0.00
1460 K
L attice Parameters
Co Cq s+1 = B. L. S.C. M. W. My
Biphenyl 0.154 9 2.3 0.96 2.2 0.1
1365 K
Biphenyl | 0.237 11 25 1.00 25 0.0
1410K
Biphenyl | 0.398 20 4.7 1.00 4.7 0.0
1470 K
Pyrene 0.365 18 2.6 1.00 2.6 0.0
1410 K
Pyrene (1)* | 0.586 35 1.8 1.00 1.8 0.0
1460 K
Pyrene (2)° | 0.475 23 3.7 1.00 3.7 0.0
1460 K

“Determined by deconvolution of the CP/MAS spectra.
*Determined by chemical shift range normally used in data analysis
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Biphenyl Pyrene

Figure 1.6.1. Chemical structure of biphenyl and pyrene.

compounds and found extensively in coal tars. Analysis of the chemical structure data of
the tars from model compounds helps to reveal the important reaction pathways during soot
formation from hydrocarbons. The tar/soot samples were generated at a temperature range
where the transition from tar to soot is highlighted. During the experiment, it was found that no
particles were observed in the reactor at temperatures lower than 1300 K. The deposits collected
on the filters were yellowish and sticky, which istypical of tar. Only when the pyrolysis
temperature was raised sufficiently high was luminosity noticed in the flame. The luminosity is
due to the radiation emitted from the solid soot particles formed from tar. The soot incipient
temperature varies for different starting compounds. In this study, the temperature was found to
vary from 1350 to 1400 K for solid aromatic compounds.

Thedatain Tables 1.6.1 and 1.6.2 compare the chemical structures of the pyrolysis products
at various stages of tar-soot transition. The numbers of side chains per aromatic cluster are
plotted in Figure 1.6.2. For the coal tar sample at 1159 K, the number of side chains per cluster
has been reduced by over 50% from that in the parent coal. Perry (1999) showed that the

119



coal

1159 -

1281 .

] 1365
1411 1534 biphenyl =—=mq 1410 1470
lllinois #6 tars biphenyl tars pyrene tars

Figure 1.6.2. Changes of side chains per cluster with temperature for tars from Illinois #6
coal and two model compounds.

number of sidechains per cluster in primary tars generated at 900 K in a drop-tube reactor
were only 11% less than in the parent coal. Thisisastrong indication that significant
secondary reactions had aready occurred for the first tar samples collected in this study,
resulting in a substantial loss of side chains. Whenthe reaction severity increases, the tar
continues to lose side chains, which are the source of the secondary gases such as light
hydrocarbons, CO and H,O. At 1411 K, no side chains were found in the coal tar. All the
clusters were connected together by bridges or loops. In the case of biphenyl, there are no side
chainsin biphenyl itself. However, a small number of side chains was detected in the biphenyl
tar at 1365 K. No side chains were found in pyrene tars, probably due to the high stability of the
fused ring structure.

The number of bridges or loops can also be compared throughout the transition from tar to
soot (see Figure 1.6.3). At 1159 K and 1281 K, the coal tar had fewer bridges or loops per

cluster than the parent coal. Thisis consistent with the previous notion that tar is formed from
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bond-breaking of the large coa network and is small enough to be vaporized into the gas
phase. At 1411 K, the number of bridges and loops increased and was even higher than that in
the parent coal. This means that the clustersin the tar are more interconnected, a sign of soot
initiation. A similar finding was also reported by Hambly (1998) and by Perry (1999), but at a
much lower temperature, 1080 K for Hambly and 1250 K for Perry.

1411 K 1470 K
coal 1460 K
1159 K1281 K
1410 K 1410 K
1365 K
@ lllinois #6 tars biphenyl tars pyrene tars

Figure 1.6.3. Changes of bridges and loops per cluster with temperature for tars from
Illinois #6 and two model compounds.

Theresidencetime at 1411 K in this study is about 74 ms, while the residence time is about
210 msin Hambly’s experiment and 300 msin Perry’ s experiment. Asexplained previoudy,
residence time also has an important effect on secondary reactions. The short residence timein
this study may be responsible for the difference in the starting temperature of crosslinking in the

tar.

The initiation of soot formation from tar can be best viewed from the number of aromatic
carbons per cluster represented in Figure 1.6.4. The early coal tars have less aromatic carbons
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per cluster than the parent coal, consistent with the findings of previous studies (Watt, et al.

1996; Perry, 1999). One explanation is that the clusters have to be sufficiently small in order to

escape the coal matrix to formtar. Beginning at 1411 K, the number of aromatic carbons per

cluster was higher than that in the parent coal. At the same time, the number of side chains

decreased sharply. The only possible explanation is that the tar molecules began to undergo

polymerization reactions (like crosslinking reaction in the char) after stripping off the side chains

at this temperature. At 1534 K, the number of aromatic carbons per cluster is almost four times

higher than that at 1411 K. However, for the tars from model compounds, the change is more

gradual, but is comparable at temperatures below 1500 K.
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Figure 1.6.4. Changes of aromatic carbon per cluster with temperature for tars from lllinois
#6 and two model compounds.

The average molecular weight of coal tar is shown in Figure 1.6.5. 1t isfound that during

122



the transition from tar to soot, the size of the aromatic cluster grows substantially, consistent with
the increase in the number of aromatic carbons per cluster. The molecular weight of soot
samples from the two model compounds is not available due to the erroneous elemental analysis.
However, the calculations showed that the increase (relative) of molecular weight of soots from
the model compounds was much smaller than that for the coal tar, which indicates that coa tars

have a higher sooting tendency than the model compounds.
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Figure 1.6.5. Changes of average molecular weight per cluster and average molecular
weight per attachment with temperature for tars from lIllinois #6 and two model
compounds.

Thereisastriking similarity between the changes in aromatic carbons per cluster and the
average molecular weight per cluster in the coal tars (compare Figures 1.6.4 and 1.6.5). The
increase of the cluster sizeis amost entirely due to the increase in aromatic carbon. Thisis

confirmed by the carbon aromaticity data (percent of carbon that is aromatic) in Figure 1.6.6.
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The portion of the aliphatic carbon (side chainsin this case) continued to decrease with the
severity of the secondary reaction. Above 1400 K, almost al the carbons are aromatic, which
means that ring growth reactions were dominant over ring opening reactions in the early stage of
tar evolution. These aromatic clusters will continue to grow to form alarge network of fused
rings. A possible reaction pathway for the cluster growth is shown in Figure 1.6.7.
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Figure 1.6.6. Changes of aromaticity with temperature for tars from Illinois #6 and two
model compounds.
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Figure 1.6.7. Hypothetical ring growth reaction in anthracene pyrolysis (adapted from
Badger, et al. 1964).
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In the case of coal, the primary tar, released from the coal matrix by breaking the labile
bridges connecting the aromatic clusters, will first lose side chains or functional groups attached
to the ring structure (see Figure 1.6.2). Thiswill cause the release of secondary gases, which are
seen in low temperature tar cracking studies. The side chain lossis also confirmed by the
decrease in average molecular weight per attachment seen in Figure 1.6.5. From 1159 K, the
molecular weight per attachment for the coal tar dropped quickly due to the mass release to the
gas phase. At higher temperatures (1300-1500 K), the tar molecules undergo ring opening
reactions. PAH with oxygen functional groups seem to have a higher reaction rate than non
polar PAH, as evidenced by the quick decline of ! .° from 1159 K to 1411 K. Analysis of
nitrogen-containing PAH from coal pyrolysis also indicated the preferential reaction of polar
PAH in secondary reactions (Wornat, et al. 1988b). At temperatures higher than 1400 K, PAH
undergoes polymerization to form larger clusters. Thisreaction is sensitive to temperature and
becomes very fast at elevated temperatures, as evidenced by the marked increase in molecular
weight per cluster seen in Figure 1.6.5, where the molecular weight increased by afactor of three
between 1411 K and 1534 K. At this stage, the clusters are getting larger and more aromatic. At
1534 K, the aromaticity is very close to unity for the coal tar/soot. The higher number of bridges
and loops for this sample also showed that the clusters are more interconnected. At the final
stage, the cluster size (number of carbons per cluster) of the soot sample can be quite large (e.g.
greater than 200 at 1858 K), suggesting that the polymerization reactions are dominant from
1600-1800 K. Thisisaso consistent with the previous conclusion that soot formation is favored

at high temperatures.

The data obtained for the biphenyl samples exhibit a different pathway for pyrolysis and
soot growth. First, ring opening reactions have occurred during early pyrolysis, which is clearly
evident by the aliphatic carbon present in the samples (see Table 1.6.2). FTIR analysis of the gas
phase during the model compound pyrolysis aso showed the existence of small hydrocarbon
molecules including CH,4, C,H, and benzene. Therefore, it is believed that aring opening
reaction occurs early in the soot formation process for biphenyl. The decrease of the fraction of
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aliphatic carbon with increasing temperature (e.g., 0.09, 0.07 and 0.02) indicates that major
structural rearrangements are occurring following the initial ring opening reactions. The number
of bridges and loops per cluster, which is 1.0 in unreacted biphenyl, doublesto 2.2 and 2.5 at
1365 K and 1410 K and then doubles again to 4.7 at 1470 K. The cluster size, which starts at 6
in the parent molecule, growsto 9, 11 and 20 aromatic carbons respectively. Hence, the ring size
not only grows significantly but the number of bridges and loops per cluster also increases from
avalue of 1 to nearly 5 over the relevant temperature range. This suggests that soot growth in
biphenyl soot consists not only of ring size growth but also cluster crosslinking which could
result in the formation of large crosslinked structures. Although NMR analyses for model
compound samples at higher temperatures are not available, it is most likely that they will follow

atrend of soot growth similar to that of the coal tar.

The evolution of pyrene soot follows still another path. First, little evidence is noted for ring
opening reactions. Only approximately 1% of the carbon appears as sp° hybridized species,
indicating that very little ring opening occurs, unless stable alicyclic molecular species are
formed following ring opening. The smaller amount of aliphatic carbon in pyrene tar/soot
samplesis probably due to the high stability of fused ring structure in pyrene. Second, ring
growth of only approximately 10% has occurred at 1410 K compared to nearly 100% in the case
of the corresponding biphenyl soot. However, data on this 1410 K soot sample indicate that the
relatively small cluster size has been augmented by an average of 2.6 crosslinking sites per
cluster. The data obtained from this study are inconclusive regarding the exact mechanism for
ring growth in the pyrene soots between 1410 K and 1460 K, since different analysis methods on

the broadened aromatic band of pyrene soots generated different results.
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1.7 NITROGEN RELEASE DURING COAL PYROLY SIS

1.1.24Nitrogen Distribution

Temperature is acritical factor in determining the extent of secondary reactions. In this
study, the temperature range was carefully selected in order to highlight the nitrogen release
during secondary pyrolysis. The cumulative distributions of the coal nitrogen at various
temperatures are presented in Figures 1.7.1 to 1.7.4. At the lowest temperature (1159 K), the
secondary reactions just began as indicated by the initiation of HCN release. It is suggested that
the initiation of HCN could be considered as a sign for the start of the gas-phase secondary
reactions of the primary tar (Freihaut, et al. 1993). At the highest temperature (1858 K), the
secondary reactions of the tar were near completion, as evidenced by the H/C ratio of the soot.

The distribution of the nitrogen from the parent coal was determined from the char and
tar/soot yields coupled with elemental analysis. Gaseous nitrogen species were determined
independently from the results of FTIR measurement. Except for the Illinois #6 coal, the
nitrogen balance is within 10% at temperatures higher than 1500 K, but deteriorates at low
temperatures. Below 1300 K, 10-20% of the nitrogen in the parent coal is not accounted for in
the measurements. A similar trend was also observed in Chen’s experiment, where about 10% of
the coal nitrogen is not accounted for in the early phase of secondary pyrolysis (Chen, 1991).
Haussmann al so reported a nitrogen balance of 90% when pyrolyzing a Pittsburgh #8 coal in an
arc-jet fired entrained-flow reactor (Haussmann, 1989). However, the missing nitrogen remained
constant over the temperature range in his study (1200-1600 K). Therefore, Haussman labeled

the missing nitrogen as N».
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Figure 1.7.1. Cumulative distribution of the coal nitrogen for the lllinois #6 coal at the 7
inch location.
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Figure 1.7.2. Cumulative distribution of the coal nitrogen for the Utah coal at the 7 inch
location.
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Figure 1.7.3.  Cumulative distribution of the coal nitrogen for the Black Thunder coal at the
7 inch location.
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Figure 1.7.4. Cumulative distribution of the coal nitrogen for the Knife River coal at the 7
inch location.

Repeated FTIR analysisin the gas phase showed that the release of HCN and NH; at
temperatures below 1300 K was insignificant. The small nitrogen-containi ng aromatics (1-2
rings) commonly found in coal tar (Nelson, et al. 1990) could possibly account for the missing
nitrogen. However, no significant peaks associated with these nitrogen-containing species are
identified in FTIR spectra. These species are also never reported in substantial amount in
previous studies. Molecular nitrogen (N,) may be responsible for the missing nitrogen during
the pyrolysis of the Illinois #6 coal, possibly caused by reburning type reactions. However, it
shoud not be a significant source of error for the other three coals, since the nitrogen balance
improved and was close to 100% at high temperatures. Therefore, the gap in nitrogen balance is
most likely due to inaccuracy of the nitrogen fraction in the solid phase and perhaps some

unknown nitrogen species not mentioned above.

In Chapter 5, the tar and soot yields measured in this study are compared with those reported

from literature. For coals of similar rank, systematic lower tar yields were observed in this
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study, especialy at low temperatures. This may partially reconcile the failure of the nitrogen
closure at low temperatures. For Illinois #6, the missing nitrogen (as much as 20%) even at high

temperaturesis unclear.

1.1.25Modeling of Nitrogen Evolution during Secondary Reactions

Nitrogen evolution is the magjor topic in this study. Two major processes of nitrogen
evolution have been identified during secondary pyrolysis. First, thermal cracking of tar causes

ring opening reactions, releasing nitrogen as HCN (Chen, 1991).

Second, at high temperatures, when polymerization reactions of tar are sufficiently rapid,
certain portions of the tar nitrogen will be integrated into soot. However, nitrogen can aso be
released directly from char at elevated temperatures. The measured HCN and NH; were the sum
of those released from tar and those released directly from char. No distinction can be made
between these two mechanisms in the current study. In addition, some researchers believe that
NH3; maybe a secondary product formed from HCN. This makes the model of HCN and NH;
even more complicated, since the reaction pathways for HCN-NH3 conversion are not fully

understood.

In this study, only the nitrogen evolution in the tar and soot was modeled. Nitrogen release
from char has aready been modeled using the revised CPD model with adequate accuracy for
high temperature, high heating rate pyrolysis (Perry, 1999). The fraction of the coal-N

incorporated in tar or soot can be calculated by

mN,taf — [N]tarmtar

N, = =
mN,CoaI [N]coalmcoal

tar

(7.1)

where [N] and m are the nitrogen content and mass of tar or coal, respectively. It should be

noted that the mass of tar over the mass of coal givesthetar yield, asin (6.10)

m
— =Y (7.2)
M oy
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then

N, = M‘i Yo = Ry Yo (7.3)
[Nl

Since the tar and soot yield can be calculated using the model in the previous section, only
the nitrogen ratio needs to be modeled. By careful examination of the experimental data, it was
found that the ratio of the nitrogen content in tar or soot over that in the parent coal (daf) follows
asimilar trend for all the coals at long residence times (Figure 1.7.5). The nitrogen ratio drops
very quickly between 1300-1500 K, then decreases at a much slower rate at temperatures higher
than 1600 K. An empirical first-order reaction mechanism was devised to fit the datain this
study (also shown in Figure 1.7.5).

dR,

E
=- AN exp(- R_.T.)(RN b R¥) (7-4)

where Ay, Ey and Ry are the empirical pre-exponential factor, activation energy and
ultimate nitrogen ratio, respectively. The coal-independent (for the coals in this study) kinetic
parameters are shown in Table 1.7.1. The calculated amounts of coal nitrogen incorporated into
tar and soot versus temperature using these parameters are shown in Figure 1.7.6. Thereis
generally excellent agreement between the data and model predictions. The model does not
agree with the data from the high temperature experiments on the Utah and Knife River coals
(1752 K); these two points are thought to be in error, since nitrogen addition to soot isunlikely at

this temperature.

132



1_45_ O lllinois #6
E v A Utah ]
3 o VvV Black Thunder E
12 A X Knife River =
i M ﬁ —— model ]

[N]tarl[NLoa\

O v v v

Temperature (K)

Figure 1.7.5. [N].,/[N].a versus temperature for all the coals in this study. The line is the
model prediction using the best-fit parameters in Table 1.7.1.

Table 1.7.1. Best-Fit Kinetic Parameters Used in the Simulation.

Ay (sec™h Ex (kJmol) Ry (unitless)

5.90E8 220 0.36
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Figure 1.7.6. Predicted decay of the fraction of coal nitrogen in the tar and soot (N,,,)

compared with the measured values (for the longest residence time at each temperature

condition).
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1.1.26 Nitrogen Release during Coal Pyrolysis

1.1.26.1 Total Nitrogen Release

As discussed in Chapter 1, only the nitrogen released to the gas phase can be reduced by
effective methods such as air staging. Therefore, the fraction of volatile nitrogen somewhat
determines the overall NO, reduction efficiency for coal combustion. Figures1.7.1t0 1.7.4
showed that about 40% of the coal nitrogen was released rapidly during the primary pyrolysis at
1159 K. However, the nitrogen release during secondary pyrolysis was at a much slower rate.
At least 40% of the coa nitrogen remained in the char even at the most severe conditions. Pohl
and Sarofim (1977) showed that all of the nitrogen in the char would be released if treated at
2100 K for 20 minutes. However, since typical residence timesin industrial furnaces are about 2

sfor pulverized coal, significant nitrogen remainsin the char after pyrolysis.

During the pyrolysis process, nitrogen release isinherently related to massrelease. In
Figure 1.7.7a, the total nitrogen release versus mass rel ease data obtained in this study are
compared with the results reported by Baxter (1996) for an Illinois #6 coal and by Haussmann
(1989) for a Pittsburgh #8 coal. Thisfigure shows that the results in the current study are
comparable with those in the literature. For bituminous coals, the nitrogen release is comparable
with the mass release during the early stage of pyrolysis (0-30% mass release), followed by a
dower nitrogen rel ease than mass release in the 30-55% mass release stage. 1n the final stage
(higher than 55% mass release), the nitrogen release was found to continue when the mass

release was nearly compl eted.

The nitrogen release pattern for low rank coalsis shown in Figure 1.7.7b and exhibits a
different pattern from that observed for the bituminous coalsin Figure 1.7.7a. In Figure 1.7.7b,
the total nitrogen release versus mass release data for the Black Thunder coal and Knife River
lignite are compared with the results from Haussmann (1989) for a M ontana subbituminous coal
and from Baxter (1996) for aBeulah lignite. In the early phase of devolatilization, the fractional
nitrogen release rates for the low rank coals are much slower than the normalized overall mass
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release. The slower nitrogen release during early pyrolysisis even more significant for the

M ontana subbituminous and the Beulah lignite operated in entrained-flow systems. Asthe
pyrolysis proceeds, the particle temperatures rise and the nitrogen is rel eased when the aromatic
ring structures are volatilized or ruptured. During the late stages of pyrolysis, the nitrogen
release catches up with the massrelease. The continued slow nitrogen rel ease after the

completion of the mass release is less pronounced for low rank coals.
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Figure 1.7.7. (A) Nitrogen release vs. mass release for the bituminous coals. Also shown
are values reported by Baxter for an illinois #6 coal and by Haussmann for a Pittsburgh #8
coal; (B) nitrogen release vs. mass release for low rank coals. Also shown are values
reported by Haussmann for a Montana subbituminous coal and by Baxter for a Beulah
lignite.

1.1.26.2 Nitrogen Evolution in Tar and Soot

Under rapid heating conditions, tar is virtually the only carrier for nitrogen release when
secondary reactions are eliminated. Almost all the nitrogen in coal existsin tightly bound
aromatic ring structures, which are among the most thermally stable structuresin the coal. These
ring structures are transported essentially intact to form tar during primary pyrolysis. However,
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different types of coals are observed to exhibit different patterns of primary nitrogen release,

indicating a strong rank dependence.

The nitrogen ratio in tar, defined as the nitrogen content in the tar or soot divided by the
nitrogen content in the parent coa (daf), is a conveniert gauge to monitor the rank dependence
of nitrogen release:

= Nl

Ry =
[N]coal,daf (75)

Since the nitrogen content in the parent coal is a constant, the ratio actually reflects the
change of nitrogen evolution in tar or soot. Freihaut et al. (1993) reported that bituminous coal
tars display an almost constant Ry, irrespective of extent of tar evolution during the early phase
of devolatilization. Values of Ry close to unity suggest that tar is a collection of random samples
from the coal. Thisisaso observed by Solomon and coworkers (1978) in apyrolysis
experiment involving 12 bituminous coals. They found that the amount of nitrogen released was
proportional to the amount of tar released during the initial stage of devolatilization. However,
low rank coal tars have a much smaller Ry, and Ry was found to increase with increasing
temperature. The smaller Ry in low rank coal tars means the nonpolar PAH are preferentially
released astar during pyrolysis of low rank coals. Thisis confirmed by the greater char nitrogen
fraction in the Knife River lignite than other coals at 1159 K in this study. The exact nature of
the delayed nitrogen release in low rank coal tarsis not obvious, but it may be related to the early
crosslinking reaction that occurs only in low rank coals. Some nitrogen-containing PAH
(PAHN) are trapped in the large clusters during the early crosslinking, making them too large to
vaporize as tar during pyrolysis.

After the tar escapes the coal matrix, nitrogen release will take different routes of releasein
the tar and in the remaining char. The tar nitrogen evolution is presented in the following

discussion. Further nitrogen release from char will be discussed in the next section.

Figure 1.7.5 shows the nitrogen ratio (Ry) versus temperature for the four coals used in this
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study. A similar trend is observed for all coals: the nitrogen ratios were higher than unity below
1300 K, followed by arapid decay between 1300-1600 K, finally decreasing at a much slower
rate at temperatures above 1600 K. The striking similarity of the nitrogen release from tars of
different coal types indicates that reactivity of the tar nitrogen functionalities during secondary
pyrolysisislargely rank independent.

It isinteresting that the nitrogen content in tar isinitially higher than the nitrogen content in
coal, i.e., Ry is higher than unity, at the early stage of secondary pyrolysis. Such enrichment of
nitrogen at the early phase of secondary pyrolysis can be explained by examining the chemical
structure data of the tar and soot. From the chemical structure analysis, it was found that the first
set of secondary reactions of tar was loss of side chains and functional groups (relatively free of
nitrogen). The tar nitrogen release is delayed since nitrogen usually existsin aromatic ring
structures that react at higher temperatures. Therefore, since the tar releases carbon, hydrogen
and oxygen but not nitrogen, high nitrogen ratios are observed during the early stages of
secondary pyrolysis. At later stages of secondary pyrolysis, ring opening reactions became
significant, where the tightly bound nitrogen in aromatic rings was released (usually as HCN).

The nitrogen ratio, Ry, therefore dropped due to the nitrogen loss from tar.

1.7.1.1.1 Nitrogen in Soot

Polymerization of the ring structures in tar becomes more pronounced at more severe
pyrolysis conditions. A portion of the nitrogen is incorporated into the young soot particles.
Recently, the evolution of the nitrogen-containing compounds in tar during secondary pyrolysis
was examined. It was found that the initial depletion of nitrogen in tar is mainly attributed to
direct conversioninto soot (Yu, et a. 1999). Thisimplies that the young soot should have a
higher nitrogen ratio than the primary tar, which is confirmed by examining Chen’s (1991) soot
data. Figure 1.7.8 shows Chen’s nitrogen ratio (Ry) data for tar and soot during the secondary
pyrolysis for a Pittsburgh #8 coal. In his experiment, the aerosols collected on the glass filters
were first extracted with tetrahydrofuran (THF), followed by filtration through a Teflon
membrane. The membrane residue was denoted as soot and the sample going through the

membrane was deemed tar. As seen from the figure, nitrogen is concentrated in the
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soot during the early stage of secondary pyrolysis. However, the nitrogen ratio decreased rapidly
due to the fast soot growth at more severe conditions. Haussmann and Chen reported that the

fraction of coal nitrogen incorporated into the soot is constant during secondary pyrolysis, even

though soot
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Figure 1.7.8. Nitrogen ratio of a Pittsburgh #8 tar and soot during secondary pyrolysis
(adapted from Chen, 1991). Temperatures in the figure denote the maximum particle
temperatures.

yields increase dramatically at the same time. The nitrogen analysis in this study supports
thisidea. In Figure 1.7.6, the fraction of coal nitrogen in tar and soot versus the temperature was
shown. At temperatures above 1600 K, the nitrogen fraction in soot (there is almost no tar at
these conditions) reaches an asymptotic value which is coal-dependent. The observed constant
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nitrogen fraction in soot can be reconciled by the following arguments. As Y u pointed ou, the
incorporation of tar nitrogen into soot occurs during the early stages of secondary pyrolysis. As
pyrolysis proceeds, the clustersin the soot become larger and more interconnected (see Figures
1.6.3 and 1.6.4), which serve as a barrier that hinders the further release of nitrogen by ring
rupture. Direct addition of nitrogen-free hydrocarbons is an important soot growth mechanism at
high temperatures, as discussed earlier. Soot growth by hydrocarbon addition lowers the
nitrogen ratio in soot. Therefore, the amount of coal nitrogen integrated into soot in largely

determined by the early soot formation process.

1.7.1.1.2 Reactivity of Nitrogen Functionalitiesin Tar

The decay in the nitrogen ratio is similar for al the coalsin this study. Therefore, itis
reasonabl e to suspect that the reactivity of the tar nitrogen shows little rank dependence.
Analysis already showed that the nitrogen functionalitiesin coa tar are very similar for coals
ranging from brown to bituminous (Nelson, et a. 1990). One or two ring nitrogen-containing
aromatics such as pyrrole, pyridine, quinoline, indole and some nitriles are the major
components. The observed nitrogen decay in tar would reflect the combined effect of all these
compounds. As a homogeneous gas reaction, the nitrogen decay in tar is expected to be less
dependent on the original coa properties.

1.1.26.3 Nitrogen in the Gas Phase

FTIR measurements in this study showed that HCN and NH3 are the dominant nitrogen
containing gas species evolved during secondary pyrolysis (Figure 1.7.1to 1.7.4). Thisis
consistent with previous studies on coa nitrogen release under rapid heating conditions. Other
important nitrogen species, reported previoudly in literature, were also examined. HNCO, found
in fluidized-bed experiments (Ledesma, 1998), was not measured due to the significant overlap
of the CO, and CO pesks in the spectral range 2200-2400 cmi*. Scoping pyrolysis experiments
were performed on a South Banko lignitein pure N, at 1000 K in the BY U drop tube reactor
(Perry, 1999). No HNCO was detected in the gas phase. It is possible that HNCO formed
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through interaction with the fluidized particles. Therefore, measurements were focused on HCN

The relative amount of HCN and NH; formed during coal pyrolysisisvery important in
determining the final fuel-N conversion. While NH3 is mainly converted to NO, HCN can either
be converted to NO or N,O (Schafer, 2000). The nitrogen partitioning in the gas phase during
pyrolysisis therefore important in predicting NO, formation in coal-fired furnaces. However, it
is still not clear whether HCN and NH; are released independently from different functionalities
in the coal, or whether, and to what degree, NH; is a secondary product of HCN hydrogenation
(Ledesma, 1998).

By examining the nitrogen distribution in this study, it was found that the sum of HCN and
NH; at 1858 K is much higher than the fraction of coal nitrogen incorporated in the early tar.
This observation indicates that secondary reaction of tar is not the only source of nitrogen release
into the gas phase. Actually, the fraction of nitrogen released as tar is ailmost insignificant for
low rank coals. The coal nitrogen in the early tarsis only 8% for Black Thunder and 3% for
Knife River. In contrast, the final amounts of HCN plus NH; can account for as much as 50% of
the parent coal nitrogen. Thermal decomposition of char plays a significant role in nitrogen
release during coal pyrolysis. Although XPS analysis showed that similar nitrogen
functionalities are found in both tar and char (Kelemen, et al. 1998), the rate and mechanism of
nitrogen release from these two sources are quite different. However, it was impossible to

distinguish the separate contribution of char vs. tar to the HCN and NH 3 formation in the current

study.

Thermal cracking of tar vapor without the interference of char was conducted in a tubular
flow reactor from 600-1000°C (Ledesma, 1998). HCN was found to be dominant in the gas
phase, with a small amount of NH; and HNCO. The source of HCN is thought to be the nitriles
found in coal tar. Nitrile functionality, absent in the parent coal and primary tar (at 600°C), was
identified in coal tar at high temperatures (800°C) using XPS (Li, et al. 1997). However, amino
nitrogen peaks, rather than nitriles, were found in low rank coal tars in another study (Kelemen,
et al. 1998). It should be pointed out that it is difficult to distinguish these two
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functionalities, due to the overlap of these peaksin the XPS spectra. Model compounds studies
showed that the release of HCN from coal through nitrilesis more plausible. Laskin and
coworkers (1997) studied the decomposition of indole and quinoline (two nitrogen
functionalities common found in coal tar) in a shock-tube reactor. Four major species were
identified in the reaction system: acetylene, HCN, benzene and nitriles. Nitriles were formed by
breaking the carbon-nitrogen bond in the compounds (Figures 1.7.9 and 1.7.10). HCN can be
formed by breaking the weak carbon-carbon bond from nitriles, confirming that ring opening is
the major mechanism for nitrogen release from coal tar. No NH3; was detected in their analysis.
Actually, HCN isthe only nitrogen species reported in model compound studies, except that
reported by Axworthy where a small amount (less than 5%) of NH; was detected (Axworthy, et
al. 1978). Coal tar contains the same nitrogen compounds that have been examined in model
compounds studies. In addition, tar cracking is aso a homogeneous gas phase reaction.
Therefore, it is reasonable to believe that the amount of NH; formed directly from coal tar is

small.

H H
C C CHy
. Oh— O
_CH % C
N

N Il
N

Figure 1.7.9. The reaction scheme of the formation of nitrile from indole (adapted from
Laskin, 1997).
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Figure 1.7.10. The reaction scheme of the formation of nitrile from quinoline and
isoquinoline (adapted from Laskin, 1998).

Cod tar is not merely a mixture of pure aromatic nitrogen-containing compounds. It ismore
complex and contains aliphatic side chains and oxygen functional groups. It is believed that
these attachments play an important rolein tar nitrogen release. First, these side chains, when
detached to form radicals (having lower selectivity and activation energy), tend to attack thering
structures, resulting in an early release of nitrogen. Previous studies show that HCN usually
emerges between 1250-1350 K for model compounds such as pyrrole (Mackie, et al. 1991),
pyridine (Mackie, et al. 1990), indole (Laskin, 1997), quinoline (Laskin, 1998) and 2-picoline
(Terentis, et a. 1992). However, HCN release in coal pyrolysis occurs at about 1000 K, whichis
much lower. Second, the existence of oxygen in coa tar makes the conversion from HCN to
NH; possible. Van der Lans and co-workers suggested that NH3 is formed from other nitrogen
compounds (like HCN) by reaction with oxygen-derived radicals, since more NH 3 has been
found in experiments with larger amounts of oxygen (Van der Lans, et al. 1997). The higher
NH; formation in pyrolysis of low rank coalsis also attributed to the higher oxygen content. In
addition, more NH3; was always detected in peat (having a higher oxygen and hydrogen content)
than in coal in the same pyrolysis condition (Aho, et al. 1993; Leppalahti, 1995). The current
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study, to a certain degree, also seems to support thisidea. Figures1.7.1to 7.4 show that the NH3
yield increased with increasing temperature. However, as temperature increased in the current
experiments, the equivalence ratio became lower (see Table 1.4.2). The equivalenceratiois 1.45
at 1159 K but only 1.09 at 1858 K condition. The higher concentration of oxygen-derived
radicals (resulting from both the high temperature and initial high oxygen concentration) may be

partially responsible for the observed increase of NH; in the current study.

The main reaction pathway for the conversion of HCN to NH; can be summarized as
(adapted from Van der Lans, et a. 1997):

HCN / CN %%%7 ® NCO 3#® NH, (7.5)

The oxygen can be O,, OH or O radicals. In a post flame environment, OH is more
important (Fenimore, 1979). However, NCO seems to be the intermediate for the conversion at

al cases.

NH; can also be formed directly from coal pyrolysis. Figures1.7.11 and 1.7.12 show the
HCN and NH; yields as a function of temperature, collected at 1 inch above the burner. For
bituminous coals, the formation of NH; commenced at the same temperature as HCN. For low
rank coals, NH; was released at alower temperature than HCN. It isunlikely that the NH; was
formed from HCN, due to the low temperature and the high equivalenceratio. The early
occurrence of NH3 from low rank coals strongly suggests a unique source of NH; that is

significant only in low rank coals.

Two types of nitrogen functionalities are possible originsfor NH;. One type is the amine-
containing functional groups. Amine is thought to be the source of NH3 in coal pyrolysis by
many researchers (Leppalahti, 1995; Kelemen 1998). However, aminesonly exist in very small

amounts in coal and usually thermally decompose between 500 and 600°C, a temperature
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Figure 1.7.11. Yields of HCN and NH; versus temperature for high rank coals (collected at 1
inch above the burner).
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Figure 1.7.12. Yields of HCN and NH; versus temperature for low rank coals (collected at 1
inch above the burner).

range much lower than the lowest temperature in the current study. The other typeis
guaternary nitrogen. The exact nature of quaternary nitrogen is still controversial. Some
investigators think quaternary nitrogen is a distinct nitrogen functionality. Others believethat
guaternary nitrogen is formed due to the oxidation of pyridinic nitrogen (Nelson, et a. 1992) or
association with nearby or adjacent hydroxyl groups (Kelemen, et al. 1994). Quaternary nitrogen
ismore likely to be the source for the early release of NH3 in this study, since quaternary
nitrogen shows strong rank dependence and can only be found in significant amount in low rank
coals. It should be emphasized that quaternary nitrogen may only be responsible for the early
release of NH3 seen in many studies. It is unlikely that quaternary nitrogen is the source of the

large quantities of NH3; formed at more severe conditions.

Previous studies show that nitrogen release during coal pyrolysisisacomplicated process.
The relative amount of HCN and NH; formed is not only determined by coal properties, but also
dependent strongly on reactor configuration and local environment. Therefore, more data are
needed before an attempt can be made to correlate the release of HCN and NH 3 with coal
properties (i.e., certain functional groups or elemental compositions).

1.1.26.4 Nitrogen in Char

Nitrogen release from char is quite different from that of tar, although the nitrogen
functionalities in the tar and char are ssimilar. Figure 1.7.13 shows the corrected N/C ratio versus
temperature for the coalsin this study. The corrected N/C ratio is obtained from the N/C ratio in
tar or char divided by the N/C ratio in the parent coal. A striking similarity of the profiles of the
nitrogen decay for the four coals is noticed in both tar and char. However, the N/C ratio in the
char only decreased dlightly from 1159 K to 1858 K. Chen (1991) suggested that the extensive,
aromatic ring structures built up in char retarded the release of heteroatoms at elevated
temperatures, a similar mechanism to that previously discussed for tar at the late stage of

secondary reaction. A recent *C NMR analysis on the tar-char pair collected at increasingly
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Figure 1.7.13. Corrected nitrogen/carbon ratio versus temperature (A) for the tar and soot
and (B) for the char for the four coals in this study (collected at 7 inch above the burner).

severe conditions indicated that the ring buildup reaction rate is comparable in the tar and in
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the char (Perry, 1999). Therefore, the much slower rate of nitrogen release from char cannot be
solely attributed to the chemical structure change during coa pyrolysis. The large difference of
nitrogen release rate from char and tar makes it reasonable to believe that differencesin
reactivity for the nitrogen functionalities in the char and tar may be also responsible. That isto
say, the nitrogen functionalities trapped in char are less reactive than their counterpartsin tar.
These functionalities may either be transformed to more refractory types induced by heat during
pyrolysis or stabilized by nearby functional groups, making them extremely resistant to thermal

decomposition. More research is needed to verify the validity of this hypothesis.

It is thought that both HCN and NH3 can be evolved from char during pyrolysis (Li, et a,
1996; Leppalahti, 1995). They may be released independently from different functionalitiesin

char, or else NH; may be formed from HCN in the pores and surfaces of

the char (Bassilakis, et al. 1993). Unfortunately, the exact reaction mechanism of char
nitrogen cannot be examined due to the limits of the current study. In this study, the
contributions to the total HCN and NH; release from the char and the tar cannot be distinguished.
More research on high temperature char pyrolysisis needed to clarify the exact contribution of

each mechanism.
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1.8 SUMMARY AND CONCLUSIONS

The major objective of this study is to investigate the mechanisms of secondary reactions of
coal volatiles, including nitrogen evolution and distributions among different products.
Furthermore, soot formation during secondary pyrolysis was examined, and its effect on nitrogen
chemistry was evaluated. These information help understand the nitrogen transformations at
typical coal firing conditions, and is essential to the development of a comprehensive nitrogen

release model for the coal-utilization processes.

1.1.27 Accomplishments

A CO/H,/O,/N, flame was operated under fuel-rich conditionsin aflat flame reactor to
provide a high temperature, oxygen-free post-flame environment to study secondary reactions of
coal volatiles. Temperature, residence time, and coal rank were chosen as the major test
variables to examine the nitrogen evolution and soot formation mechanism during secondary
pyrolysis. Temperatures in the reactor were adjusted from 1159 K to 1858 K, where secondary
reactions were highlighted. Four coals, ranging fromhigh volatile bituminous to lignite, were
used to study the influence of coal properties on nitrogen release. The results were reasonable,

repeatable and comparable with published data from the literature.
The major accomplishments achieved in this study can be summarized as:

1) Low temperatures in a post-combustion environment were achieved using a CO flame,

which facilitated the study of secondary pyrolysis.

2) A set of eighty pyrolysis experiments, including four coals, seven temperature conditions,
and four residence times was completed. The resulting char and tar/soot samples were analyzed

to provide the elemental compositions, mass release and product yields for each test.

3) Noncondensible gases produced during pyrolysis were accurately quantified by FTIR
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coupled with a multi-reflection, long-path gas cell. The results were reliable and reproducible,
representing the first extensive gas analysis data of coa pyrolysisin a post-combustion

environment. A detection limit aslow as 50 ppb was achieved for some gases.

4) The chemical structure changes of tar and soot samples from a coal and two aromatic
model compounds were derived from *C NMR analysis. Thisisthefirst dataset of *C NMR

analysis on tars and soots from model compounds.

5) A hypothetical secondary reaction mechanism of coal volatiles was developed. Three
major processes were identified and modeled using first-order reactions. The nitrogen evolution
from tar was also modeled as afirst-order reaction and the corresponding rate expression was
derived.

1.1.28 Summary of Results

1.1.28.1 Mass Release and Tar/Soot Yield

The ultimate mass release from coal pyrolysisin this study exhibited strong rank
dependence and showed similar trends to those reported by other investigators. The tar and soot
yields measured in this study are much lower than those reported in the literature at similar
temperatures and heating rates, especially for low rank coals. Two major reasons may be
responsible for the observed lower tar/soot yields including A) unaccounted semivolatile species;
and B) gasification of the nascent tar by the oxidizing species in the post flame environment. Of

these two reasons, gasification is thought to be more important.
1.1.28.2 Chemical Structures of Tar and Soot

Changes in the chemical structure of tars and soots from an Illinois #6 coa and two model
compounds, biphenyl and pyrene, were analyzed using solid state *C NMR spectroscopy. This

isthe first time tars and soots from coals pyrolyzed at increasingly severe conditions from 1250

K to 1600 K have been analyzed by *C NMR. Since transition from tar to soot usually occurs
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between 1300 K and 1450 K, this study provided a unique opportunity to examine the early soot
formation mechanisms. Thisisaso the first data set containing chemical structure analysis
where two model compounds have been included, which givesinsight into the evolution of soot

from hydrocarbons.

The coal-derived soots exhibited loss of aliphatic and oxygen functional groups prior to
significant growth in average aromatic ring size. Thisis evidenced by the dramatic loss of side
chains per cluster at temperatures from 1160 K to 1280 K, while the aromatic carbons per cluster
aswell as bridges and loops per cluster remained roughly constant. Ring opening reactions
started to dominate beginning at 1280 K. PAH containing oxygen functional groups seems to
have a higher reaction rate than the non-polar PAH, as seen by the early disappearance of oxygen
attached functional groups (carbonyl carbon, phenolic carbon and oxygen bonded to aliphatic or
aromatic carbon) at 1400 K. At 1400 K, no aiphatic side chains were evident, but the number of
bridges and loops increased dramatically, suggesting that ring polymerization reactions may have
begun. Between 1411 K and 1534 K, polymerization reactions accelerated and became
dominant; the clusters grew bigger and were more aromatic as well. The molecular weight per
cluster increased more than three times and the aromaticity was very close to unity at 1534 K.
Finaly, at 1858 K, an extraordinarily large cluster size (greater than 100 carbons) was observed,
indicating that soot growth is favored at high temperatures.

The data obtained for the model compounds exhibit a different pathway for pyrolysis and
soot growth from that for the coal. For biphenyl, aliphatic carbon was absent in the starting
compound, but was observed in the pyrolyzed samples. Therefore, it is believed that ring
opening reaction is an early step in the soot formation process for biphenyl. Next, the decrease
of the fraction of aliphatic carbon (from 0.09 to 0.02) with increasing temperature indicates that
major structural rearrangements were occurring following the initial ring opening reactions. The
number of bridges and loops, which is 1 in unreacted biphenyl, doubled to 2.2 and 2.5 at 1365 K
and 1410 K and then doubled again to 4.7 at 1470 K. The cluster size, which started at 6 in the
parent molecule, grew to 9, 11, 20 aromatic carbon, respectively. Hence, soot growth consists

not only the ring size growth but aso cluster crosslinking which results in the formation of large,
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interconnected structures.

The evolution of pyrene soot follows another path. First, little evidence is observed for ring
opening reactions. Second, ring growth of only approximately 10% has occurred at 1410 K
compared to nearly 100% in the case of the corresponding biphenyl soot. However, data on this
1410 K soot sample indicate that the relatively small cluster size has been augmented by an
average of 2.6 crosslinking sites per cluster. The data obtained from this study isinconclusive
regarding the exact mechanism for ring growth in the pyrene soots between 1410 K and 1460 K,
since different analysis methods on the broadened aromatic band of pyrene soots generated
different results. Clearly, thisisan areafor future work.

1.1.28.3 Mechanism of Secondary Reactions of Coal Volatiles

A simple reaction mechanism of secondary reactions of nascent coal volatiles was proposed
based on the tar/soot yields and chemical structure data. Two competitive reactions, cracking
and polymerization, were assumed for primary tars. At low temperatures (below 1300 K), the
cracking reaction is predominant, causing the release of secondary gases. At high temperatures,
ring polymerization reaction accelerated, leading to substantial soot growth. It is further
assumed that the fraction of primary tar that can be directly converted to soot is constant and
dependent on coal rank. At temperatures higher than 1600 K, an additional soot growth
mechanism from gas-phase hydrocarbon addition was a so included.

The three reaction pathways were modeled as first-order reactions. Kinetic parameters were
obtained by fitting the experimental datain the current study and those reported in literature. By
using a single activation energy for each reaction, very good agreement was achieved between
calculated tar/soot yields and measured yields. The early decrease of the tar plus soot yield with

temperature, due to fast tar decay and slow soot growth, is clearly shown in the simulation.

1.1.28.4 Nitrogen Release during Coal Pyrolysis

Nitrogen release isinherently related to mass release during the early stage of

152



devolatilization. In addition, a strong rank dependence of the total nitrogen release is also
observed. For bituminous coals, nitrogen release is proportional to mass release at first, followed
by adelay during the middle stage, and then proceeding at a slow rate even after massrelease is
largely completed. For low rank coals, the fractional nitrogen release rates are much slower than
the fractional release of overall mass during the early stage of pyrolysis. A delayed nitrogen
release during the middle stage and a much slower nitrogen release from char after the majority

of mass release ceases (at a prolonged time scale) is aso observed.

Tar isvirtualy the only carrier of coal nitrogen during the early phase of pyrolysis. For
bituminous coals, these ring structures in coal are transported essentially intact to tar during the
early pyrolysis. Non-polar PAH are preferentially released as tar during the early pyrolysisfor

low rank coals, probably due to the early crosslinking in coal.

During secondary pyrolysis, an enrichment of nitrogen in tar isfirst observed, followed by a
subsequent fast nitrogen release. The fraction of coal nitrogen in tar/soot reaches an asymptote
during the late stages of pyrolysis. The enrichment of nitrogen in tar clearly shows that nitrogen
exists in tightly-bound ring structures, which only react at more severe conditions. Subsequent
nitrogen release, in the form of HCN, is caused by ring rupture at high temperatures.
Incorporation of a portion of nitrogen into soot occurs during the early stages of soot formation.
As pyrolysis proceeds, the clusters in soot become larger and more interconnected, which retard
the further release of nitrogen. Therefore, the fraction of coal nitrogen incorporated into the soot
remains constant while the soot yield increases rapidly. In addition, the nitrogen functionalities
in tar seem to have a higher reactivity than their counterparts in the char.

It is thought that tar nitrogen is exclusively released as HCN from nitriles. NH3 can be
formed through the interactions of HCN and other oxygen radicals in the gas phase or on a
specific surface. Direct release of nitrogen in char as both HCN and NH; is possible. The data
in the current study by themselves are not conclusive regarding the complicated reaction
pathways among the nitrogen species during coal pyrolysis. However, it proves that the relative

amount of HCN and NHz; formed is strongly dependent on reactor configuration and local
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environment.

1.1.29Principal Conclusions

This study of nitrogen evolution during secondary coal pyrolysis and soot formation
mechanism from coal tar and model compounds at high tenrperature, high heating rate conditions
has given rise to the following conclusions:

1) Both temperature and residence time have significant effects on volatile release from coal

during secondary coal pyrolysis.

2) Secondary reactions of coal tar are influenced more by thermal history than by chemical
structure, based on similar behavior of tar decay from a broad range of coal types.

3) Addition of gas phase hydrocarbons to existing soot particles is necessary to explain the
dlight increase in soot yield at temperatures above 1600 K, but is not the principal soot formation
mechanism in acoa system. C,H, isthe major species participating in the soot surface growth,
while benzene and other species make much less contribution.

4) The sooting mechanism was dependent on the chemical structure of the parent aromatic
molecules. For coadl tar, loss of aliphatic side chains and oxygen functional groups was the first
step in soot formation, followed by rapid ring growth above 1400 K. For biphenyl, significant
ring opening reactions occurred prior to ring growth. For pyrene, little evidence of ring opening

reactions was found.
5) Thereactivity of nitrogen functionalitiesin coal tar shows little rank dependence.

6) For low rank coals, NH; is released earlier than HCN; for high rank coals, NH3zis
released at the same time as HCN. Some types of quaternary nitrogen are responsible for the
earlier release of NH; than HCN at low temperatures. However, quaternary nitrogen is not the

source of the large quantities of NH3; formed at more severe conditions.

7) Tar nitrogen is exclusively released as HCN. NH; can subsequently be formed from
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HCN and other nitrogen species.

1.1.29.1 Limitations and Recommendations

The current study offered a unique opportunity to examine the secondary reactions of coal
volatiles, with an emphasis on nitrogen species. The results confirm much of what has been
reported in previous studies. At the same time, new phenomena have been observed and new
ideas have been developed. Unfortunately, it is not possible to address all the questions
regarding nitrogen evolution during secondary pyrolysis due to the limitations of the current
study. Thelimitationsin this study are presented and recommendations are proposed here which

would be valuable for future work in this area.

1) The current tar and soot collection system should be reconstructed to improve the
collection efficiency. Significant amounts of tar or soot (10-15%) were deposited on the walls of
the collection system, which is hard to collect and measure. Although a correction is made to the
tar/soot yields by weighing those deposits after wiping them off using kimwipes, a more accurate
method is needed because the tar/soot yields are one of the most important measurements.
Perhaps a porous wall could be used throughout the collection system to minimize tar or soot

deposition.

2) Products collected at different residence times provide the detailed kinetics for secondary
pyrolysis. However, the residence timesin the current study are not long enough to further
examine the additional soot formation from hydrocarbons and nitrogen evolution from soot,
especialy at high temperatures. Using alonger reactor is an option to obtain longer residence

times.

4) A better closure on the nitrogen balance is desired, especially at low temperaturesin this
study. A further investigation is needed to resolve this problem. Since the nitrogen balanceis
very good at high temperatures, it is possible that some nitrogen species that are significant at

low temperatures but converted to other species at more severe conditions were not measured.
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3) N, and oxygen containing species (CO, CO,, H,0 etc.) could not be measured in the
current study. Accurate quantification of N, could help secure a better nitrogen balance and shed
light on another possible pathway of nitrogen evolution during secondary pyrolysis. If air was
replaced by pure oxygen and dilution/quench nitrogen was replaced by an inert gas such as argon
or helium, N, could be measured using a high resolution gas chromatograph.

4) The collected tar and soot deposits should be split and examined separately. The soot
percentage in the total deposit is a convenient gauge for the extent of secondary reactions of tar.
It is essential to track the soot formation rate from tar and nitrogen evolution during different
stages of secondary pyrolysis. Itisalso useful to test the validity of the current secondary

reaction mechanism of tar.

5) The secondary reactions of coal volatiles and nitrogen release are modeled as empirical,
first-order reactionsin thisstudy. All the kinetic data are derived from experimental data. No
chemical structure data are involved in the model, therefore, it is not expected to be valid for
conditions too far away from those adopted in the current study. A detailed, “intrinsic” model
that incorporates changes of chemical structure and nitrogen functionalitiesis desirable in order
to predict accurately the nitrogen release for coals from different origins and at a broad range of

conditions.

6) It is demonstrated in the current study that nitrogen decay from tar is roughly independent
of coa rank. Pyrolysisof nitrogen-containing model compounds (such as pyridine, pyrrole,
guinoline, nitriles, etc.) in the flat flame reactor will provide useful clues regarding the nitrogen
transformations within tar and the subsequent release as gas species. The gas phase should be
carefully examined to verify the interactions of the nitrogen species with other speciesin the gas
phase. The chemical structure analysis of the resulting soot will help understand the nitrogen

evolution from soot at elevated temperatures.

7) The secondary reaction model should be incorporated into a general devolatilization
model (such as the CPD model) so that the whole process of coa pyrolysis can be evaluated.
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2 EVOLUTION OF NITROGEN DURING CHAR OXIDATION

2.1 INTRODUCTION

The three most common nitrogen oxides produced during coal combustion are air pollutants.
Nitric oxide (NO) and nitrogen dioxide (NO,) are acid rain and photochemical oxidant
precursors. Nitrous oxide (N,O) is a contributor of global warming and to the destruction of
ozone layer. In order to control the production of these oxides is fundamental to understand all

significant mechanisms for nitrogen oxidation during coal combustion.

This dissertation studied one of these mechanisms: the conversion of the nitrogen present in
the char to nitrogen oxides. This section describes the present understanding of the process of
char-N oxidation during coal combustion and identifies several research areas where numerous
uncertainties are yet to be resolved. The main objective of this study is to provide insight into

these areas by experimental and computational analysis.

2.1.1 Description of the Process of Char-N Conversion to Nitrogen Oxides

The conversion of char-N to nitrogen oxide can be described as the results of two competing
processes: The release of the nitrogen present in the organic matrix of the char and the reactions
that the formed nitrogen-containing species can have on the char surface or with the additional
gaseous molecules present inside the char pores or in the boundary layer. The first sections of the
introduction describe these processes as if one was independent from the other one. This thought

experiment helps to understand the complete processes and to identify what areas need more

study.

2.1.2 Reease of Char-N to Produce Nitrogen-Containing Species

In the hypothetical case that any nitrogen-containing species released from the char does not

react during its diffusion path in the char pores and in the boundary layer, the problem of the
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conversion of char-N to nitric oxides reduces to identifying the nature and production rate of the

nitrogen-containing species produced during char oxidation.

The nitrogen in the char can be converted to gaseous species through three major
mechanisms: a) Temperature treatment; b) Direct reaction with oxygen and c) Reaction with
nitric oxide. All these processes present different characteristics. However, al have the same
starting point, the nitrogen in the char. The next section describes how the nitrogen atoms occur

in the char organic matrix.

2.1.2.1 Nitrogen-containing functionalitiesin coal and char

XPS (X-ray Photoelectron Spectroscopy) of coal, chars, and synthetic chars has been widely
used to study the nature of the nitrogen-containing groups in the char (Kambaraet al., 1993, Pels
et al., 1995, Kelement et a., 1994 Pels et al., 1993, Wojtowicz, 1995 Kelemen et al., 1998,
Ashman et al., 1998, Stajczyk, 1999, Kelement et al., 1999Jones et al., 1999a). Some conclusions
of these studies are presented by Thomas (1997) and may be summarized as follows:

1. Nitrogen functionalities in coal are basically pyrrolic (50-80%), pyridinic (20-40%) and
guaternary nitrogen (0 - 20%). Small amounts (<10%) of amino groups may be present in low
rank coals. The nature of the quaternary nitrogen is not clear. Pels et a. (1995) suggested that it
may represent a N-oxide of pyridinic-N or protonated pyridinic-N. Kelemen et a. (1998)
assigned this peak to pyridinic or basic nitrogen species associated with hydroxyl groups from
carboxylic acids or phenols. Figure 2.1 presents a representation of these functionalities and their

typical distribution in coal.

2. After mild pyrolysis (T < 923 K) there is an increase of pyridine groups, as the

concentration of pyrrole and quaternary nitrogen is reduced.

3. More severe pyrolysis conditions (higher temperature and longer residence times) tend to
reduce pyrrole concentration, whereas pyridine concentrati on remains constant or tends to
increase due to the transformation of pyrrolic nitrogen to pyridinic nitrogen, and the conversion
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of some pyridinic nitrogen to quaternary nitrogen. This quaternary nitrogen is not represented by
the structures shown in Figure 2.1, but rather by incorporation of nitrogen in graphene layers
(Pelset al., 1995).

4. The heating rate used for the formation of the chars aso affects the distribution of
nitrogen functionalities (Kelemen et al., 1998). High heating rates (10* K/s up to 923 K) prevent

the formation of quaternary nitrogen so that pyrrolic and pyridinic structures will be favored.

The similar conclusions obtained from different groups and for different carbonaceous materials
suggest that the nature of the nitrogen compounds present in coal iswell understood. The
guestion that arises now is how this information may be related to the production of nitrogen

containing gaseous Species.

Pyrrolic
(50 - 80 %) Pyridinic
H (20 - 40 %)

| N

|
@ \
Pyrrole 4 é Pyidine

) Quaternary ) | )
Amino (0 - 20 %) //O_ K ,'/O
NH, (<10%) H o " ‘

H H
e " e "
_ ] _ ]
NN N NN N

Pyridinium Pyridine-N-oxide Carboxyl H-bridge Phenol H-bridge

Figure 2.3. Distribution of nitrogen-containing functionalitiesin coal (Pelset al., 1993, ,
Stajczyk, 1999)

Two different answers are possible depending on whether the release of nitrogen compounds
is studied during pyrolysis or during oxidation. Kambara et al. (1993) analyzed 20 coals and their
respective chars by XPS as well as composition of the gases evolved during pyrolysis by GC and
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concluded that the variation of the nitrogen functionalities in chars during pyrolysis can be
qualitatively related with the yield of nitrogen-containing species. Quaternary nitrogen converts
finally to NHz and some fraction of pyrrolic and pyridinic nitrogen convertsto HCN. Their
experiments were in an oxygen free environment. In contrast to the results for pyrolysis, when
coals and chars have been oxidized no correlation has been found between the evolved gases and
the nitrogen functionalities of coal and chars (Wojtowicz, 1995, Stajczyk, 1999, Jones et al.,
1999a. Wojtowicz et al. (1995) and Stanczyk (1999) did not find any correlation between
nitrogen functionality and coal or char-N conversion to NO, N,O or N, during low temperature
char oxidation. The reason for this lack of correlation may be that most final nitrogen
functionalities after severe pyrolysis correspond to nitrogen present in six-membered rings
(quaternary and pyridinic) and no matter what groups are present in the original coal the
influence of them on the final NOx production is minor (Pels et a., 1995). Stanczyk (1999)
states that the relation between nitrogen containing species and nitrogen functionalitiesin char is
negligible when compared to other factors such as surface area of chars, porosity, or reactivity
for NOx destruction.

Most studies agree with the conclusion that the functional form of nitrogen present in the
char has a secondary effect compared to those of other parameters such as catalysts, char surface
area, and pore size distribution, when considering char-N conversion to nitrogen oxides.
However, the knowledge of how nitrogen atoms are bonded to the char structure is the first step

when trying to explain the evolution of the nitrogen present in the char.

2.1.2.2 Evolution of nitrogen-containing species due to char heat treatment

When coal is submitted to high temperatures it decomposes into a gaseous phase formed by
tars and gases and termed volatiles, and a solid residue called char. The amount of coal mass
released as volatiles depends on the coal rank, heating rate and peak temperature. Under inert
atmosphere, the coal mass loss increases with temperature until an asymptote is reached.

Contrary to what happens to the carbon mass, the mass fraction of nitrogen in the char

decreases with temperature, and at temperatures of more than 2000 K the char nitrogen
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concentration becomes zero (Pohl and Sarofi m, 1976). This nitrogen depletion under inert
atmosphere occurs at time scales in the order of hours. These results illustrate the low thermal
stability of the nitrogen containing molecules in the char. The presence of heteroatomsin an
aromatic cluster reduces the stabilization energy by about 41 — 67 kJymol (Baxter et al., 1996). It
IS possible then to expect that as the temperature is increased, aromatic clusters with pyridinic or
pyrrolic nitrogen will decompose, while the main bulk of the carbon will condenseto form
graphite-like structures. In fact N, and solid carbon are the species favored from a

thermodynamic point of view at these temperatures (see Appendix A of Molina, 2002).

The hour time scales needed for complete nitrogen depletion are far from the typical second
(fluidized bed combustion) or millisecond (pulverized combustion) time scales of coal
devolatilization at conventional industrial conditions. For the shorter time scales, the data
available are more confusing and suggest a complex dependence on coal rank, heating rate and
time of exposure at high temperatures.

In their seminal work, Pohl and Sarofim (1976) found a continuous reduction on the
nitrogen retained in the char as exposure time increased at temperatures ranging from 1000 K to
2100 K for alignite and a bituminous coal. Only at the lower temperatures (< 1500 K) an
asymptote seemed to occur at retentions close to 50 % and for residence times longer than 1

second.

The results of Fletcher and Hardesty (1992) as presented by Genetti and Fletcher (1999) and
in more detailed in Genetti (1999) show that at the temperatures typical of fluidized bed
combustion (1000 — 1300 K), the nitrogen content of the aromatic clustersin the char slowly
decreases until it reaches an asymptote after 100 to 250 ms. Gibbins and Williamson (1998)
studied nitrogen evolution during char devolatilization at a higher temperature range (1723 —
2073 K). Their results show that as peak temperature increases, the residence time required to
obtaining an asymptotic value on the nitrogen char content decreases. In thisway at 1873 K a
residence time of 2 seconds is necessary to reach the asymptote, whereas at 2073 K, only 0.15

seconds are necessary.

The discussion above has two major implications in the study on the conversion of char
nitrogen to nitrogen oxides. Thefirst oneisthat in atypical pulverized coa boiler (temperatures
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1700 — 2200 K), where the devolatilization occurs in atime scale of the order of few
milliseconds, the amount of char nitrogen released just due to thermal treatment islow when
compared to other mechanisms. Only after long residence times, in the order of minutes, it is
possible to deplete considerable nitrogen from the char just by thermal treatment (Pohl and
Sarofim, 1976). Although the results of Fletcher and Hardesty (1992) and Gibbins and
Williamson (1998) show a slow decrease on char-N with residence time at a high temperature,
this decrease istoo low and the rate of nitrogen evolution too slow when compared to that of
total mass released in an oxidizing environment. Higher nitrogen releases would require higher
temperatures, and might be achieved with high air preheat or oxygen enrichment of the oxidant
stream. At fluidized bed conditions (temperatures 1000 — 1300 K) the competition between
nitrogen release due to an increase of temperature and due to oxidation may be more important.
In this case, acompound as HCN can be released due to the increase in char temperature that
occurs at the first stages of char oxidation.

The second consequence of the release of nitrogen by heat treatment isthat it will affect the
determination of the nitrogen content initially present in the char. The most common approach
when calculating the conversion of char nitrogen to nitrogen oxides is presented in E 2.2.1,

where (N/C) represents the atomic ratio of nitrogen to carbon in the char.

Conversionto N, O, = atoms of N produced asN, O, —

%’ (atoms of carbon released)

Any error on the evaluation of (N/C) has a direct impact on the conversion. Chars produced
at a specific gas temperature and oxidized at the same gas temperature will have atemperature
overshoot due to the exothermicity of the carbon-oxygen reaction. Some char nitrogen can
evolve due to thermal decomposition during this period and the value for (N/ C) of the original
charswill be higher than the one of the char during the actual char oxidation process. This

produces an under-prediction of the char nitrogen conversion to NxOy. This observation is
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particularly true when N, is not measured in the exhaust gases, sinceit is not possible to close

the nitrogen balance in the system.

2.1.2.3 Evolution of nitrogen by reaction with oxygen

During char oxidation, the nitrogen present in the char can react with oxygen to produce
nitrogen oxides. Asimportant as this reaction is, the detailed kinetics of the reaction of char
nitrogen with oxygen has not been studied, at least not in the refereed literature. Thisis not
surprising considering that the reaction of carbon atoms with oxygen, arguably the most
important reaction known Walker et a., 1991 is still subject of strong debate in issues as
fundamental as reaction order with respect to O, and product distribution (Shaddix, 2001, Hurt
and Calo, 2001, Haynes, 2001).

Due to the numerous experimental difficulties associated with the evaluation of the details of
the carbon-oxygen reactions, alternative techniques as computational chemistry are used. This
technique has become more common and sophisticated in the analysis of the carbon-oxygen
system. First studies that used semiempirical calculations (Moulijn and Kapteijn, 1995) have
been replaced by more robust Ab Initio computations (Montoya et al., 2001). The results do not
only give information about the mechanism of the reaction (Chenand Y ang, 1998) but also in
the reaction rates (Montoya and Truong, 2001). It is possible that in the future the combination of
these techniques with more comprehensive methods that consider a balance of complex sites on
the char surface (Haynes, 2001) can be used to explain the process of char-oxidation and by
analogy the reaction of the nitrogen in the char with oxygen (Sarofim et al., 1999). However, in
the mean time it is reasonable to consider that the rate of abstraction of a nitrogen atom from the
char matrix by reaction with oxygen should be similar to the rate of carbon abstraction by

reaction with oxygen.

This does not mean that the rates of total carbon and nitrogen released are the same, but that
the rate of nitrogen and carbon abstraction fromthe char matrix by oxygen should be similar. It
is possible though that through alternative processes the total rate of nitrogen and carbon release
will be different, as was suggested by Molina et a. (2000). These authors considered that the rate
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of nitrogen release is not proportional to the rate of carbon release in two cases. At high
temperatures, nitrogen release through heat decomposition is important at the first stages of char
oxidation, as suggested from the experimental results of Baxter et al (1996). At moderate
temperatures (700 — 900 K), the nitrogen oxide formed from nitrogen oxidation can be re-
adsorbed in the char surface through reaction R 2.2.1, where C(_) represents a carbon active site.

2C()+NO® C(N)+C(O) R2.2.1

These two processes affect the rate of nitrogen release. It will be higher than the rate of
carbon release for the case when nitrogen is released due to a heat effect, and lower for the case
when nitrogen oxide is re-adsorbed on the char surface. However, this does not imply that the
rate for the reaction nitrogen-oxygen is different from the rate of the reaction carborn-oxygen, but

that additional processes need to be considered when predicting the global results.

In summary, the present understanding of the reaction of char nitrogen with oxygenis
limited. The best approximation is to consider it proportional to the rate of carbon reaction with
oxygen and that the product is nitric oxide, as suggested by reaction R 2.2.2.

C(N)+0,® C(O)+NO R222

2.1.2.4 Evolution of nitrogen by reaction with nitric oxide

Nitric oxide can react with char to produce N,, HCN and N,O. In all these reactions, the
nitrogen in the char evolves to the gaseous phase; therefore these reactions are mechanisms of
char nitrogen evolution and are mentioned in this section of release of nitrogen containing
species from the char. But since these reactions also destroy nitrogen oxides on the char surface,

they are discussed in the next sections.
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2.1.3 Reaction of Nitrogen-Containing Species on the Char Surface

Among the nitrogen-containing species that can be formed directly during char oxidation,
nitric oxide and nitrous oxide can react on the char surface. The most studied reactions are the
reduction of NO and N,O on the char surface to produce N,. They are discussed in the next two
sections. The less known reaction of NO with char nitrogen to produce N,O and HCN is
analyzed in the last part.

2.1.3.1 Reduction of NO on the char surface

The non-catalytic and catal ytic reduction of nitrogen oxides on char surfaces has been
extensively investigated and can be classified into three main groups: 1) those, carried out at low
temperatures (< 573 K), that pursue a better understanding of the NO reduction phenomenon in
order to develop materials suitable for the destruction of NO at post-combustion conditions
(Rubel et al., 1995, Lizzio et d., 1997 Garcia-Garciaet a., 1997, lllan-Gomez et al., 1998,
Garcia-Garciaet d., 1999, Xiaet d., 1999, Ciambelli et a., 1999) 2) those focused on the
mechanism of nitrogen oxides reduction on char surface (Madley and Strickland-Constable,
1953, Smith et a., 1959, Teng et a., 1992, Illan-Gomez et a., 1993, Chu and Schmidt, 1993,
Teng and Suuberg, 1993a, 1993b, RodriguezMirasol et al., 1994, Suzuki et al., 1994, Illan-
Gomez et al., 1995a, 1995b, 1995¢, 1996a, 1996b, Orikasa, H. et al., 1995, Chambrion et al.,
1996, 1997a, 1997b., 1998a., 1998b., Guo and Hecker, 1996, Suuberg et al., 1996, Teng et al.,
1997, Carabineiro et al., 1997, Aarna and Suuberg, 1998, 1999, Kyotani and Tomita, 1999,
Zhonghua et a., 1999, Nodaet al., 1999, Tomita, 2001); and those that search for akinetic
expression for this reaction suitable for modeling and design purposes (Furusawa et al., 1980,
Levy et al., 1981, Song et al., 1981, Chan et al., 1983 Schuler et al., 1987, Jensen et al., 2000,
Molinaet al., 2001). Comprehensive reviews on these reactions can be found in the literature
(Aarnaand Suuberg, 1997, Li et al., 1998). This section describes the mechanism of the reaction
and the most frequent kinetic parameters used to explain it.
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Molinaet al. (2000) reviewed the different mechanisms proposed for the reaction of
nitrogen on the char surface. They concluded that at the conditions where most of the
mechanistic studies have been conducted (temperatures between 800 and 1200 K and oxygen
concentration lower than 0.2%) the mechanism suggested by Tomita and coworkers and
summarized in reference (Tomita, 2001) is the one that better explains the experimental results.
The first reaction in this mechanism is the dissociative chemisorption of NO represented by
reaction R 2.2.1. Once chemisorbed, the active surface sites will react with incoming NO
molecules to produce N, and CO according to R 2.2.3. ReactionsR 2.2.4 and R 2.2.5 can also

occur but in lesser magnitude.

C(N)+ NO® N, +C(O)or CO R2.23
2C(N)® N, R2.24
2NO +2CO® N, +2CO, R2.25

Even though the mechanism proposed by Tomita and coworkers (Tomita, 2001) explains
most of the experimental observation on the reduction of NO in char, it does not give
information on the kinetic parameters for the reaction. And thisis probably one of the areas
where there are more uncertainties in the study of the conversion of char nitrogen to nitrogen
oxides. Most of the controversy originates from the failure of most rate kinetic parameters on
predicting the conversion of char nitrogen to NO at pulverized coal combustion conditions.
Visona and Stanmore (1996) found that only the kinetic parameters of Chan et al. (1983), the
ones for which highest rate of NO reduction on char surface is calculated, were able to predict in
areasonable way the conversion of char nitrogen to nitric oxide. The other three kinetic
expressions used (Levy et al., 1981, Song et al., 1981, de Soete, 1990’ over-predicted the
conversion. In amore recent study, Jensen et a. (2000) compared the rates of NO destruction on
the char surface reported in the literature, with one evaluated under slightly oxidizing

atmosphere, from chars prepared in situ and guaranteeing that the influence from particle-particle
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reactions was minimum. These authors found that the rate of NO/char reaction was almost two

orders of magnitude higher than the common values reported in the literature.

The kinetic parameters for the reduction of NO on the char surface are still unknown,
particularly at pulverized coal combustion temperatures. This study evaluates the rate of NO
reduction on the char surface for different carbonaceous materials and analyzes how the rate

parameters influence the prediction of the conversion of char nitrogen to nitrogen oxides.

It also addresses the effect that an increase in the nitric oxide concentration in the boundary
layer has on the conversion of char nitrogen to nitrogen oxides. The experimental study by Spinti
(1997) and the calculations by Visona and Stanmore (1996) and Coda et a. (Codaet al., 1998)
suggest that an increase in nitric oxide reduces the char nitrogen conversion to nitric oxide. This
effect isrelated to the reduction of nitric oxide on the char surface asMolinaet al. (2001)

suggested. This dissertation presents a more detailed explanation of this phenomenon.

2.1.3.2 Reduction of N,O on the char surface

Madley and Strickland-Constable (1953) postulated in 1953 the most important step on the

mechanism of N,O reduction on the char surface (R 2.2.6).

C()+N,0® C(O)+N, R2.26

More recently Noda et a. (1999) provided experimental evidence that supports R 2.2.6 as
the main pathway for the reduction of N,O on the char surface. Molecular Ab Initio calculations
also support this conclusion (Kyotany and Tomita, 1999). This reaction mechanism is not

surprising considering the strength of the nitrogen-nitrogen bond present in the N,O molecule.

Contrary to the agreement on the mechanism, there is uncertainty regarding the values for
the kinetics of N,O reduction on char surfaces. Furthermore, the number of kinetic studies on the
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reduction of N,O on carbonaceous materialsis less than for those of NO. Li et al. (1998) present
areview of kinetic parameters for this reaction. The reported activation energy varied from 65 to
115 kJmol. Teng et a. (1997) suggest the existence of atwo kinetic regi me as that reported for
NO(Aarnaand Suuberg, 1997). At low temperatures (<748 K) the activation energy for the
reduction of N,O on a phenol-formaldehyde resin char increases with burn-off from 57 to 66
kJmol. At high temperatures (>748 K) the activation energy increases with burnout, from 170 to
230 kJmol. This divergence in results suggests the need of further research in determining the

apparent kinetics for the reduction of N,O on char surfaces.

This dissertation does not eval uate the parameters for this reaction since it considers that an
approximate value for the rate of N,O destruction on the char surface does not have afirst order

effect on the evaluation of the char nitrogen conversion to nitrogen oxides.

2.1.3.3 Other reactions of NO on the char surface

Although less studied than the previous two reactions, nitric oxide can react on the char
surface to produce HCN as reported by de Soete (1992) and quoted by Amand and Leckner
(1993). It can aso react with the nitrogen in the char to produce N,O, according to the
mechanism described in Figure 2.2 and suggested by Goel et a. (1994). This mechanismis
currently subject of strong debate considering the importance of an alternative route where N,O
is produced from the homogeneous oxidation of HCN Winter et al. (1996). However, Montoya et
al. (2000) found that the reaction of NO with the nitrogen present in the char in the presence of

oxygen is possible from a thermodynamic point of view.

These additional reactions for the system of nitric oxide/char are important since they

provide different pathways that can affect the final product distribution.

2.1.4 Homogeneous Reactions of Nitrogen-Containing Species in the Char Pores

and in the Boundary Layer
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Studies in the last five years have found that the homogeneous reactions occurring in the
char boundary layer are important in the prediction of the char nitrogen conversion to nitrogen
oxides. Particularly at fluidized bed conditions some researchers (Ashman et al., 1998, Winter et
al., 1996, 1999 argue that homogeneous reactions in the boundary layer are necessary to explain
the formation of N,O during char oxidation.

Figure 2.4. Mechanism proposed for N,O formation.
After Goel et al. (1994)

Figure 2.3 (Molinaet al., 2002) illustrates the effect that homogeneous reactions can havein
the conversion of HCN to NO and N,O at conditions similar to fluidized bed combustion. The
model that predicts the resultsin Figure 2.3 follows the approach by Kramlich et a. (Kramlich et
al., 1989) where char combustion is approximated by methane oxidation in a CSTR reactor with
aresidence time of 1 ms, and a PFR with a cooling rate of 275 K/s represents the reactions in the
boundary layer. The equivalence ratio in the CSTR reactor and the temperature of injection of
1%w HCN to the system are varied. At low temperatures (900 K), HCN escapes the system of
reactors without oxidation. At high temperatures (1700 K) HCN is completely oxidized to NO.
And there is an intermediate region (1100 — 1300 K) where HCN is converted to N,O and other
specieslike N, and HNCO that are not presented in the figure. A similar effect occurs when the
equivalenceratio is varied from 0.01 (highly oxidizing conditions) to 1.4. At low equivalence
ratios, HCN is converted to NO, while at high values it escapes the reactors without oxidation.
However, thereisaregion of intermediate equivalence ratios where N,O is produced from HCN

oxidation, particularly in the temperature range between 1100 and 1300 K.
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Figure 2.5. Predicted conversion of HCN to N,O and NO when HCN is injected to a
system of CSTR (1ms) and PFR (cooling rate 275 K/s) at different temperatures and
equivalence ratios (After Molina et al. 2002).

170



Although analysis as the one in Figure 2.3 are frequent for the conditions of fluidized bed
combustion (Ren et al., 2002, Molinaet al., 2002 , the effect of homogeneous reactions on the
conversion of char nitrogen to nitrogen oxides in the char pores and in the boundary layer at
pulverized combustion conditions has normally been neglected. The studies of Mitchell et al.
(1990), Leeet al. (1995) and Goel et al. (1996a) coupled homogeneous and heterogeneous
reactions during char combustion, but they focused on the prediction of the CO/CO; ratio rather
than on the nitrogen-containing species.

The homogeneous nitrogen reactions during combustion have been extensively studied
(Miller and Bowman, 1989) and there are several mechanisms developed to predict most of the
homogeneous reactions occurring at combustion conditions (e.g. Smith et a.). This dissertation
make use of these mechanisms to study from a computational point of view the effect that
homogeneous reactions may have at pulverized combustion conditions on the conversion of the
nitrogen containing species generated during oxidation.

2.1.5 Prediction of Char Nitrogen Conversion to Nitrogen Oxides

The two previous sections discussed the conversion of char nitrogen to gaseous species
and the reaction of those species on the char surface and in the boundary layer as separate processes.
But during char oxidation all these processes occur at the same time. It is desirable though, to
understand their separate effects. From an experimental point of view it is easy to study reactions of
NO or N,O on the char surface under inert atmosphere, but it is extremely difficult to isolate all
these processes when oxygen is present due to the high velocity of the oxygen/char reaction. The
release of nitrogen species, the reaction of these species on the char surface and in the boundary

layer, al occur at the same time in most experimental setups.

At fluidized bed combustion conditions Winter et al. (1996, 1999) have successfully used a
technique that employs iodine injection to suppress the radia reactions and in this way the effect
of gas phase reactions. Jones et a. (1995) and Ashman et al. (1998, 2000) placed probes close to
charsreacting at low temperatures ( < 900 K) and were able to detect HCN and other species that
suggest that they reduced the influence of boundary layer reactions.
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These studies suppressed to a certain extension the reactions in the boundary layer, but the
reaction of gaseous products with the char till occur. The difficulty of isolating these effects
during experiments has made the use of models for the study of char nitrogen conversion to
nitrogen oxides a common practice. Through modelsit is possible to separate all these process
and to address their influence. This section describes how these models are used in the literature.

Molinaet al. (2000) reviewed the single particle models used to predict the conversion of
char nitrogen to nitrogen oxides. They identified four fundamental steps in the process of

modeling char nitrogen conversion to nitrogen oxides.

2.1.5.1 Carbon oxidation

This part refers to the process of char oxidation itself. Char nitrogen conversion occursin a
system where the most important event is the oxidation of the carbon in the char to carbon
monoxide and carbon dioxide. As Domino and Smith (1999) suggest, if this major processis not
modeled in the right way, it isimpossible to obtain a good prediction of the conversion of char
nitrogen. Therefore, the models developed during this study try to apply most of the current
understanding of char oxidation, despite of the various uncertainties that remain in the process
(Shaddix, 2001, Hurt and Calo, 2001). However, it is important to stress that the main objective
of the dissertation is to study the conversion of char nitrogen to nitrogen oxides, and not char
oxidation itself. The effect that any ssimplification in the char oxidation model may have in the
conversion of char nitrogen to nitrogen oxides should be considered during the analysis of the

results of char nitrogen conversion to nitrogen oxides.

2.15.2 HCN formation
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Asdiscussed in section 2.2.1.4, HCN has been considered an important intermediate in the
conversion of char nitrogen to nitrous oxide at fluidized bed combustion conditions. Modeling
the conversion of HCN to nitrogen oxides during char oxidation presents a problem since the
only published rate expressions that describe the release of HCN are the one that only consider
HCN release due to heat treatment (Fletcher and Hardesty, 1992, Genetti and Fletcher, 1999,
Genetti, 1999, Perry et al., 2000). To avoid this problem, Visonna and Stanmore (1996) used an
empirically defined parameter that determines the amount of char nitrogen that is evolved as
HCN. Ren et al. (2002) followed a similar approach. The empirical value they used was similar
to the experimental conversion of char nitrogen to nitrogen cyanide species, as reported by
Ashman et al. (2000) Although thisis an approximation, it is an aternative way to understand
the effect that the evolution of char nitrogen as HCN can have on the final formation of nitrogen

oxides.

2.1.5.3 NO formation

Except from the values reported by Goel et a. (1994) and de Soete et al. (1999) that have
specific expressions for the oxidation of char nitrogen to nitric oxide, most of the models assume
that the rate of NO evolution is proportional to the rate of carbon oxidation from the char. As
was discussed in section 2.2.1.2.3 thisis a reasonabl e approximation if other processes that may
change the rate of NO evolution, as for example NO chemisorption on the char surface, are

considered.

The kinetic constants of the models like the one of Goel et al.(1994) and de Soete et al.
(1999) were found after fitting the experimental results to complex heterogeneous mechanisms.
For example, the model of Goel et al (1994) had thirteen constants fitted through a least square
approximation of the experimental results obtained in alaboratory scale fluidized bed (Tulllin et
al., 1993a, 1993b). Although these parameters predicted most of the experimental trends of char
nitrogen conversion to nitrous oxide (Goel et al., 1994, 1996¢’ they failed to predict the trend for
char nitrogen conversion to nitrogen oxides when the temperature increased (Kilpinen et al.,
2001). The mechanism of de Soete et al. (1999) chas twenty-five coal-dependent constants.

173



Although there is nothing wrong on fitting experimental results to comprehensive mechanistic
models, it isimportant to recognize that sometimes the use of multiple empirically derived
constants from one set of experiment makes the model solely valid for the conditions at which

the constant were evaluated.

The approach in this dissertation, when there are not universally accepted rate constants is to
use values defined between theoretical limits and to analyze any possible implications that the

uncertainty of this constants may have in the prediction of the final results.

2.1.5.4 NO reduction

In their pioneering study Wendt and Schulze (1976) considered the homogeneous reduction
of NO as the only mechanism for nitrogen oxide destruction. However, most of the present
models apply the rate of NO reduction on the char surface as the main pathway for NO
destruction (Sarofim et al., 1999, Jensen et al., 2000, Visona and Stanmore, 1996, Goel et al.,
1994, de Soete, 1999, Wendt and Schulze, 1976). In addition to the heterogeneous mechanism of
NO destruction, this dissertation studies the effect that any homogeneous reaction will havein

the conversion of char nitrogen to nitrogen oxides.

2.1.5.5 N,O production

In the four main points defined by Molina et al (2000) they did not discuss the formation of
N,O. However, nitrous oxide is an important pollutant nitrogen pollutant at fluidized bed
conditions. Most of the models devel oped for studying the conversion of char nitrogen to
nitrogen oxides at fluidized bed conditions consider N,O formation (Goel et al., 1994, de Soete,
1999). Those designed for pulverized combustion conditions do not (Sarofim et a., 1999, Molina
et a., 2001, Visona and Stanmore, 1996, Wendt and Schulze, 1976, Shimizu et al., 1992). The

reason is that nitrous oxide is not detected at typical pulverized coa conditions.
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The fact that N,O is not detected at pulverized combustion conditions does not mean that it
is not produced from the char or in the boundary layer and then oxidized to NO or reduced to N,

in the gaseous phase before it exhausts the boiler.

A thermodynamic calculation (see Appendix A of Molina, 2000 for details on equilibrium
calculations) shows that at the conditions of pulverized bed combustion, all nitrous oxide will be
converted to nitric oxide and molecular nitrogen. This dissertation considers the possible
production of nitrous oxide during char oxidation even at pulverized coal combustion conditions.
Homogeneous reactions in the boundary layer and in the boiler before gas exhaust simulate N,O
conversion to NO or N..

2.1.6 Implication for Coal-Fired Utility Boilers

It isunlikely that the development of a single particle model that describes the conversion
of char nitrogen to nitrogen oxides in a comprehensive way will by itself reduce NOx emissions
from utility boilers. However, the incorporation of such amodel into computational fluid dynamic
codes (CFD) can be used to understand how in the global picture of coal combustion, the char

contributes to the total nitrogen oxide emission.

The most common approach for modeling the conversion of char nitrogen in CFD codes
is the one proposed by Smith et al. (1982). According to this model, the release of nitrogen from the
char is proportional to the mass consumption during char combustion. All fuel nitrogen is converted
to HCN, whichis then either oxidized to nitrogen oxide or reduced to molecular nitrogen according
to the kinetic rates of de Soete (de Soete, 1975). This model has been extensively used in the
literature (Jang and Acharya, 1991 with some variations to include empirical constants to account for
the partitioning between volatile nitrogen and char nitrogen (Eddings et al., 1994Xu et al., 2000) or
to consider additional heterogeneous reactions or NH3 formation (Lockwood and Romo-Millares,
1992, Visonaand Stanmore, 1998).

These models are applied as post-processors of the data generated by the main

comprehensive CFD model. These post-processors use the temperature, flow field and
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concentrations obtained from the main combustion model calculations and the NO production model
is thus decoupled from these calculations. This is a reasonable approach since due to their low
concentrations, the nitrogen-containing species have a negligible influence on the mass, heat and

momentum balances of the complete furnace.

Sarofim et al. (1999) used a simplified single particle model that simplified the process of
char nitrogen oxidation as the combination of the rate of NO destruction on char and the direct char
nitrogen oxidation to produce nitrogen oxides as a postprocessor of the CFD data obtained from the
simulation of 2500 MW coal utility boiler. These authors compared the results for one boiler before
and after the implementation of a NOx control strategy (low NOx burners with over-fire air). The
results suggested that the total conversion of char nitrogen to nitric oxide was in the order of 13% for
both cases. Char nitrogen conversion to nitric oxide was not affected by the application of the NOx
control technique that reduced the total NO emissions from 803 to 351 ppm. Sarofim et al. (1999)
explained thisinvariability in char nitrogen conversion to NO by a combined effect of two
competing processes. The lower nitric oxide concentration in the background tends to increase the
char nitrogen conversion to nitric oxide (as discussed in section 2.2.1.3.1), however the NOx
reduction strategy also reduced the oxygen concentration on the boundary layer of the char. This
reduction on oxygen concentration increased the char burnout time, which consequently increased

the amount of NO reduced on the char surfaces.

Following the lead by Sarofim et al. (1999), this dissertation uses a more comprehensive
model to discuss the effect that variations in the surrounding gas composition and temperatures can
have on the conversion of char nitrogen to nitrogen oxides.

2.1.7 Summary

Figure 2.4 shows in avery simplified way the process of char nitrogen conversion to

nitrogen oxides and molecular nitrogen. The figure does not address the importance of the
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mechanisms, but recognizes the existence of them. One of the objectives of this dissertation isto

provide an insight into how important these mechanisms are at different conditions.

The left section of the diagram represents the heterogeneous processes. Through these
processes the char nitrogen is converted from the solid phase to the gaseous phase. The most
probable species to be released due to thermal decomposition is HCN. This mechanism of char
nitrogen release competes with the direct attack of oxygen to produce NO. There are additional
heterogeneous reactions that consider the reaction of NO on the char surface to produce N,, HCN
and N,O. These reactions at the same time destroy NO.

All these three reactions only occur in the presence of oxygen. The heat necessary for HCN
evolution is only produced when oxygen is present in the system. Oxygen is necessary for the
production of NO. And without NO, the reactions leading to the production of N,, HCN and N,O

do not occur.

Once these species leave the char surface, they can react in the char pores and in the
boundary layer with all the gaseous species present in it. Nitric oxide and molecular nitrogen
survive these reactions and are usually detected in the boundary layer in amost any reacting
environment. N,O is only detected at fluidized bed conditions, and HCN is only detected when
the oxidation in the boundary layer is unimportant or has been suppressed. These species
continue to react homogeneously in the bulk and at the exit of the boiler. Only NO, NO, and N,
are detected at the exit of pulverized boilers. At fluidized bed combustion conditions, N,O is also
detected.

With few experimental exceptions, all these processes occur at the same time, making it
difficult to evaluate their contribution to the conversion of char nitrogen to nitrogen oxides.
However, the use of char oxidation models permit to identify what process are dominant at specific

conditions.
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2.2 OBJECTIVES AND APPROACH

The main objective of this dissertation is study the conversion of the nitrogen present in
the char to gaseous species. To this end, experimental and computational analyses of the
system were performed.

The experiments had two specific objectives. 1) To estimate the rate of NO destruction on
the char surface and 2) To evaluate the effect that nitric oxide concentration in the bulk, char

particle size and oxygen concentration have in the conversion of the char nitrogen to nitric oxide.

Two carbonaceous materials were used during the study: a bituminous coal, the char
produced from this coal and acommercia activated carbon. The difference between the nitrogen
content of both materials facilitated the understanding of the phenomenon of char nitrogen

conversion to nitric oxides.

The computational analysis part also focused on two objectives. 1) To develop asingle
particle model that could be implemented in a CFD code to be used in the design of processes for
the reduction of nitrogen oxides emissions during coal combustion and 2) To evauate with the
use of amore comprehensive single particle model the relative importance of the different

phenomena occurring during the conversion of char nitrogen to nitrogen oxides.

The experiments were carried out at temperatures that simulate pulverized coal combustion
(1500 - 2300 K) since thisisthe region where less experimental information exists. The
computational analysis though, not only considered pulverized combustion conditions, but also
fluidized bed combustion. The idea was to develop a mechanistic model capable of describing
the phenomena occurring during char combustion, over the temperature regime encompassing
both fluidized bed and pulverized coal combustion.
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2.3 EXPERIMENTAL SETUP

2.3.1 Horizontal Furnace

The experiments were carried out in an electrically heated, laminar-flow, drop-tube reactor
with a diameter of 5.08 x 10> m that allowed a maximum continuous operating temperature of
1750 K. The conventional setup of the drop-tube was modified to allow the implementation of
batch experiments with in situ char formation. Figure 2.5 presents a schematic of the

experimental setup.

During the experiments, a specified amount of solid was introduced to the reactor by means
of acustom-built distributor part. This distributor part is composed of adisk located in front of
the char injection tube. The purpose of the disk is to generate a turbulent zone that spreads the
coal uniformly over the entire cross-sectional area of the drop tube reactor, minimizing the
chance of particle-particle interactions. To prevent the deposition of coal on the walls of the
distributor, aradial gas stream is flown through the walls of the distributor that are in contact
with the coal stream in the turbulent zone. After the disk, laminar flow devel ops before the gases
enter the drop tube reaction zone and the coal stream is dispersed over the entire cross sectional
area. Since the flow inside the reacting section is laminar, no deposition of coal on the reactor
walls occurs. The solid stream is then collected over an alumina/silica non-woven fabric that was
placed in the medium of the reacting zone. A quartz window on the top of the drop tube allowed

visual examination of the particles.
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Figure 2.7. Experimental setup for the batch experiment: 1. Quartz window, 2. Carrier gas
input, 3. Char feeding system, 4. Distributor, 5. Distributor radial gas, 6. Disk input; 7.
Graphite heating element , 8. Alumina/silica non-woven fabric, 9. Collection Probe, 10.
Cooling Waterll. Filter, 12. Cold trap, 13. Diaphragm vacuum pump
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2.3.2 Gas Anaysis

During char or coal oxidation at temperatures above 1200 K, the most abundant
gaseous species are CO,, O,, N,, NOand SO,. Other species such as CO, NO,, N,O,
HCN, CG,H, and CH,are also detected at lower concentrations that depend on
experimental conditions. All the speciesin the first group except SO, are of relevance for
the present study; therefore the gas analysis technique was focused on the correct
guantification of CO, and NO (O, and N, could be deduced from a mass balance). The
concentration of these four species was evaluated by FTIR anaysis and double-checked
with aNDIR anayzer for CO, and a chemiluminescent analyzer for NO. The use of the
FTIR aso allowed measurement of CO, NO,, HCN, N0, SO,, C,H, and CH,. However,
the concentration of these species was not corroborated by an additional technique and

therefore should be understood to be less precise.

2321 FTIR

The use of FTIR for the analysis of the gases produced during coal combustion in
experimental setups has become a common practice. For a detailed description of the
method of calibration and of the analysis-regions used during these experiments the
reader isreferred to the theses by Spinti (1997), Sirdeshpande (1999) and Tullin (1995).
This discussion focuses on the most critical aspects of the application of FTIR gas
analysis that are specific to the experimental setup of this study.

2.3.2.1.1 Description of the FTIR gas analysis protocol

The FTIR used in the experiments was a Nicolet Model 550 Magna-1R Spectrometer
equipped with a 254 cnt gas analysis cell with a path of 7.25 m. The software packages
Omnic 5.2 and TQ Analyst 6.0 from Nicolet Instrument Corporation were used to define
the method for gas analysis quantification. For the calibration, metered flows of standards
of NO, NO,, N,O, CO and CO, of known concentration were mixed with He to obtain
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different mixture concentrations that ssimulated the typical values expected during the
experiments. Appendix B of Molina (2002) presents a summary of the standards and their
concentration. With the standards as input, a Partial Least Square (PSL) algorithm

implemented in the software package was applied to evaluate the species concentration.

Table 2.1 shows the spectral regions used to evaluate the concentration, the
concentration range and the estimated error of the measurements for the most common
species. In the definition of the absorption region, extreme care was taken to avoid any
water interference. The errors are less than 6% for all the species excepting CO and CO..
For these two species the error is dightly higher due to the broad range of concentrations

measured.

Table 2.1. FTIR analysis spectral regions and detection limits

Gas NO CO N.O CO, NO,
Region 1959.3 - 2058.9 — 1259.8 — 772.4 — 1600.4 —
(cm™) 1789.9 2046.9 1245.3 726.1 1597.0
Concentration 5- 30 ppm — 7— 0.06 — 5-
range 1540 ppm 4.8 % 100 ppm 12.1% 190 ppm
Estimated -5.7 -15.0 -2.0- -12.3 -6.0
Error (%) +5.7 +7.0 +10.0 +3.3 5.7

Before every experiment, a background reading on Ultra High Purity (UHP) helium
flowing directly through the FTIR at 4000 cr/min (298K, 101325 Pa) was taken. These
background conditions were also used while collection the spectra of the standards and
during the experiments. This alowed comparison between backgrounds on
differentdates. There was no detectable variation in the background during the time the
experiments were carried out. Thisindicates a negligible decay of FTIR sensitivity with

time.
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2.3.2.1.2 Effect of water condensation

The water produced during coal combustion condensates in the collection probe and
cold trap. Water is known to affect the evaluation of nitrogen oxide concentration due its
absorption of nitrogen dioxide and ammonia (Evans et a., 1993). However, due to the
small sample size and the low hydrogen content of the samples water condensation, was
not observed in the cold trap. Any loss of nitrogen oxides in the cooling system was

therefore negligible.

2.3.2.1.3 Timeresolution

Coal and char oxidation at temperatures above 1200 K is arapid process. At 1700
K, the reaction time is ~ 100 ms. Since collection time for one spectrain the FTIR used in
this study was close to 3 seconds, it isimportant to guarantee that despite the differencesin
time scale, the FTIR was able to detect enough data to evaluate the conversion of the

nitrogen in the sample to nitrogen oxides.

In order to estimate the influence of time resolution, two different evaluations of the
data collected with the FTIR were performed. In the first one, the data from the FTIR was
compared to that obtained with a NDIR analyzer for CO, and a chemiluminescent
analyzer for NO. These two instruments have response data in the order of 0.25 seconds.
The results are described in the next section, but the conclusion is that despite the low
time resolution of the FTIR, it captures the concentration of gases evolved during the

oxidation experiments.

The second evaluation considered the determination of the Residence Time
Distribution (RTD) in the reactor. The complete description is presented in Appendix C
of Molina (2002). The conclusion of this evaluation is that the FTIR does not resolvein
time the event of char or coal oxidation in the drop tube, since the dispersion of the
products in the reactor volume and in the analysis system produced a broad RTD.

However, the FTIR detects the total amount of gases produced during coal combustion.
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2.3.2.2 NDIR and chemiluminescent analyzers

In order to improve the confidence in the experimental results, a complementary
technique for the evaluation of the concentration of the main gases was implemented. A
Non Dispersive Infrared (NDIR Nova Model 4280RM Dual Range CO and CO,)
analyzer was used to evaluate the concentration of CO, and a chemiluminescent analyzer
(Thermo Environmental Model 10A Chemiluminescent NO-NO, Gas analyzer) to
evaluate the concentration of NOx. These two instruments were connected to an OPTO
22 1/0 system for data acquisition and control, so that time vs. concentration profiles

could be logged.

Both instruments were calibrated at concentrations of zero given by He (background
gas) and those given by to different mixtures of standard gases. The calibration was
checked every day during the experiments. Spinti (1997) presented a more detailed

description of the instruments and of the calibration procedure.

Figure 2.6 presents a comparison of the profile of CO, and NO concentration as
calculated from the FTIR and the NDIR and chemiluminescent analyzers respectively
during the oxidation of 6 mg of coal Illinois No. 6 (particle size =58 um) at 1698 K in a
mixture of 4% O /He. The figure shows that despite the difference in time resolution
between the two analysis techniques, the calculated results for CO, and NO are very
similar in magnitude and in shape. Similar plots were obtained for several other
experiments. The differences between the results from the FTIR and the NDIR and
chemiluminescent analyzers for the area under the curve were always lower than 10% for
CO, and 20% for NO. This was considered a reasonabl e difference taking into account
that the experiments do not occur simultaneoudly, the low concentration of the species

involved and the short duration of the event.

After confirmation that the FTIR gave reasonable gas concentration, most
experiments were analyzed exclusively with FTIR. To guarantee the continuous
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calibration of the FTIR, the background of He was tested every day and the carbon mass

bal ances was checked for every experiment.

—o—NDIR
— & —FTIR
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Figure 2.8. Comparison of the concentration vs. time profiles as calculated with the
FTIR and with the NDIR and chemiluminescent analyzerz. lllinois No. 6. T, = 1698,
O, = 4%, D, = 58 ym. Sample size = 6 mg

2.3.2.3 Collection probe

The collection probe was made of stainless steel, with an inner diameter of 0.0127 m
(0.51in). It had two entrances for cooling water. Contrary to the previous studiesin the
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drop tube (e.g Graham, 1991), the collection probe did not use a quench gas. The reason
for thisis that a quenching stream dilutes the combustion gases to concentrations beyond
detection limits for the gas analysis system. Nevertheless, with the use of a water-cooled
probe it is possible to obtain cooling rates in the order of 2 x 10° K/s (Heitor and Moreira,
1993 and Appendix D of Moalina, 2002).

Another concern with the collection probe is that catalytic effects on the probe
surface can affect the final gas concentration. In particular, NO can be reduced to N,
when in contact with stainless steel at high temperatures. However, in the setup in Figure
2.5, the stainless steel is only in contact with the nitrogen oxide at low temperatures (<

373 K) sinceit is cooled by water (~288 K) over the entire length in contact with the gas.

2.3.3 Experimental Method

As stated in section 2.2.2, the experimental analysis had two main objectives. One to
estimate the rate of NO destruction on the char surface and two, to evaluate the
conversion of char nitrogen to nitrogen oxides under different experimental conditions.
Different experiments were used to meet each of these objectives. This section describes
these experiments.

2.3.3.1 Experimentsunder inert atmosphere

These experiments were designed to estimate the rate of NO reduction on the char
surface. Jensen et a. (2000) suggested that, for some chars, the rate of NO reduction on
the char surface suffers a strong deactivation with reaction time. This effect is manifest
only for bituminous coal. Similar test for anthracite and a petroleum coke did not present
the same effect (Jensen, 1999). To address possible char deactivation, the experiments

were designed so that char was prepared in situ. Table 2.2 presents step by step the
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methodology of the experiments. In Step 1, a mixture of NO/N,/He with a specific NO
concentration (750 ppm for most of the experiments) is added to the reactor until a steady
state NO concentration is reached. 5 to 6 mg of solid isinjected into this mixture and is
deposited on the non-woven fabric inside the reactor. This represents time O of the
experiment. After ~ 5 minutes, oxygen is allowed into the reactor to consume any
remaining char. Figure 2.7 shows the profiles for CO,, NO and CO for one of these

experiments.

Table 2.2. Experimental method for evaluating the rate of NO reduction on the char
surface

Step Time (9) Gases Solid
NO (ppm) He 0O,

Necessary to obtain equilibriumin

1 NO concentration 0-750 Baace O
0 0-750 Baance O Injection
120 - 300 0 Balance 21%

It isimportant to note in Figure 2.7 that when the solid injection occurs, the system is
unchanged since the gas used to entrain the solid during the injection flows through the
reactor during the entire experiment. The solids are elutriated from the feed tube by
decreasing the distance from the hypodermic tube to the solid surface (Figure 2.8).
Therefore the decrease in nitrogen oxide concentration is only due to the reduction of NO
on the char surface. The production of CO is also evidence of this reaction. When oxygen
is allowed into the reactor, CO, and CO are produced.

The injection of oxygen resultsin adilution of the gasesin the system. Thisisthe
reason why the NO concentration after the solid oxidation does not reach the same level
it had before the solid injection. The constant increase in NO concentration with reaction
time is due to a reduction on the mass of solid available for reaction
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Experiments similar to the oneillustrated in Figure 2.7 were performed at different
temperatures, with different solid materials and at different NO concentrations. The detail
analysis of the results is postponed for the next section. This section only illustrates the

experimental method.
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Figure 2.9. CO,, NO and CO profiles in the inert atmosphere experiments.The solid
is added to the reactor a time 0 to a mixture He/N,/NO (750 ppm).Oxygen (21%)
enters the reactor at 480 (s). T = 1273 K, Char U Furnace
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Figure 2.10. Process of solid injection. Left: Steady State, only gases flow through the
hypodermic tube. Right: Injection; the test tube is moved upwards and the solids
flow through the hypodermic tube into the reactor.

2.3.3.2 Experimentsin the presence of oxygen

Two different types of experiment in the presence of oxygen were carried out in
order to evaluate the conversion of char nitrogen to nitrogen oxides under different

conditions.

2.3.3.2.1 Experiments with purge

The first set of experiments, or experiments with purge, is simlar to the one
described in Table 2.2. At the beginning of the experiments, the reactor isfilled with He.
At time O, the solid is injected into the reactors, where it is collected on the non-woven
fabric. After one minute of solid injection, O, is admitted into the system at a specific
concentration. Figure 2.9 presents the concentration vs. time profiles for one of these

experiments.
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At time zero, when the solid, in this case chars prepared in the U-Furnace (see next
section for a description in the solids used in this study), was injected into the reactor, CO
is produced in considerable concentrations. CO, and NO are also produced, although in
lower magnitude. The production of these species just by the addition of char into the
system was unexpected since oxygen was not present in the system. The reason for thisis
examined in following sections. Besides NO and CO,, other species as SO,, HCN, and
C,H, were detected in the first part of the oxidizing/purge experiment. The presence of
these species depended on the solid used and on the experimental conditions as will be
discussed in the next sections. After oxygen addition, CO,, NO and COare produced in
higher magnitudes.
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Figure 2.11. CO,, NO and CO profiles in the oxidizing/purge experiments. The solid
is added to the reactor that is under He purge at time 0. Oxygen (4%) enters the
reactor after 60 seconds. T = 1698 K, U-Furnace char
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2.3.3.2.2 Direct injection

In these experiments, the reacting solid was injected into a mixture of O./NO/He/N,.
Part of the reaction occurs while the solids fall in the reactor and the remaining char
reacts on the non-woven fabric.

Two different oxygen concentrations (4 and 20%), five NO concentrations (0, ~250,
~500, ~750 ppm) and three different particle sizes (35, 58 and 118 um) were used in
these experiments. The resultsin Figure 2.6 are an example of the CO, and NO profiles
obtained in this system. The CO profileis similar to the one of CO,. However, the

production of CO in this system was lower than inthe purge experiments.

2.3.4 Characterization of Solid Samples

2.3.4.1 Ultimate and proximate analyses

One bituminous coa and one activated carbon were used in this study. Table 2.3
presents the ultimate and proximate analysis of the samples. Coal refersto the raw
[llinois No. 6 coal. Char DT refersto char produced by injection of coal in a Drop Tube
reactor without the presence of the non-woven fabric (continuous injection mode). U-
Furnace char is char produced in a pulverized coal pilot scale furnace (Spinti, 1997) from
I1linois No.6 coal under a self-sustained flame and typical pulverized combustor
conditions. Activated carbon isthe commercial activated carbon produced from coconut
shell.
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Table 2.3. Coal and Char analysis

Proximate Analysis (%) Ultimate Analysis daf (%)

Moist. Ash Volaile Fixed C H N S O
Matter  Carbon

Coadl 6.91 5.56 46.38 41.15 80.67 530 187 0.98 11.19
Char DT 503 1031 3.87 80.79 9570 056 184 0.72 1.18
Char U-Furn.  0.89  17.85 N.A. N.A. 9263 148 19 0.62 331
Act. carbon 6.06 5.23 N.A. N.A. 9156 206 014 002 6.21

N.A. Not available

The datain Table 2.3 are from (Spinti, 1997), except for the datafor Char DT that
were obtained from Huffman Laboratories in Golden, Colorado. The datain Table 2.3
shows that the nitrogen content for the coal and the charsis very similar (~1.90 + 0.06

%). The nitrogen content for the activated carbon is lower by one order of magnitude.

The differences in the elemental composition between the chars prepared in the drop
tube and those prepared in the U-Furnace is due to different production techniques. The
chars-DT were prepared by exposure to 1698 K of coal for residencetimescloseto 1.4 s
if completely developed laminar flow is assumed. The chars prepared in the U-furnace
were submitted to temperatures close to 1500 K and residence times of the order of 0.3 s.
These differences in temperature and residence time explain the higher carbon and lower

hydrogen content of the chars prepared by injection in the drop tube.

The char was produced in order to provide the elemental and proximate analysis for
the initial condition of the char in the in situ experiment explained in section 2.3.3.2.1.
The difference in the residence time of the chars prepared in the drop tube (~1.5 s) and
those prepared in section 2.3.3.2.1 (~1 min) represents a caveat in the use of the
proximate and ultimate analysis of the first one when analyzing the conversion of char

nitrogen to nitrogen oxides in the experiments with purge. Late devolatilization reactions
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can occur during this minute and those are not considered in the elemental analysis.
However, the difficulties associated to producing chars with only one-minute residence
time inside the drop tube impose the use of an approximated elemental conposition. The

chars with 1.4 seconds residence time are therefore used for this approximation.

2.3.4.2 Particlesize

All the samples used in this study were received as pulverized solid. Further sample
preparation was limited to the use of sieves for the separation of particle size. For most of
the experiments, a fraction +230 — 270 (63 — 53 um) was used. This represents an
average diameter of 58 um. When the effect of particle size was studied, two additional
sizeswere considered +140 — 170 (108 — 88 um) and +400 (<37um). Thefirst one
represents an average particle diameter of 98 um and the last one, particle size smaller

than 37 pm.

Although the use of sieves for particle characterization presents numerous problems,
particularly related to the discrete characteristic of the separation and difficulty on
separating solids that as coal tend to agglomerate, this technique is sufficient to guarantee
arelative uniform particle size and considerable differences between different size
fractions to evaluate the influence of particle size on the production of nitrogen oxides.

2.3.4.3 Surfacearea

The surface area of the chars represents an additional parameter that isimportant for
the evaluation of char reactivity. The BET surface areafor the chars prepared in the U-
furnace was 104.8 m?/g. The one of the activated carbon is 1678 m?/g. These data are
from Spinti (1997).
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2.4 REDUCTION OF NITRIC OXIDE ON THE CHAR SURFACE

2.4.1 Introduction

The most smplified approach to char nitrogen oxidation may be to consider that
nitric oxide isthe only product and to ignore the effect of diffusional restrictions and
homogeneous reactions. In this case, the amount of char-nitrogen converted to nitric
oxide depends on the difference between the reaction of nitric oxide formation (R 2.7)
and destruction (R 2.8). According to this simplistic approach, if the ration between both

ratesisone, al the nitrogen oxide formed will be converted to N,

0, +-CN ¥#1® NO R2.7

NO+-C¥%%® N, +-C(O) R2.8

It is obvious that the real process of char-nitrogen conversion to nitric oxide is more
complex that the simple scheme represented by R 2.7 and R 2.8. In particular, the time
scales and surface areas in which both reactions occur are completely different. Whileit
ismore possible that R 2.7 occurs on the external area of the surface where the oxygen
concentration is higher, R 2.8 can occur on al the internal surface area, where nitric

oxide can diffuse.

Nevertheless, as a thought experiment, the ratio between the rates for reaction R 2.7
and R 2.8 can be used as an indicator of the amount of char-nitrogen converted to NO. E

2.2 represents an expression for thisratio. r.,_, istherate of char nitrogen oxidation to

NO and ry . therate of NO destruction on the char surface. These two rates can be
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characterized as the value of a kinetic constant k; times the concentration of oxygen

(CO2 ) and nitric oxide (C,,) raised to the power of reaction orders a and  respectively.

a
f'en-o — kOCOz

E22

b
r.NO—C kNO—CC:NO

The value for the ratio between rates expressions is considerably sensitive to the

units used for species concentration. Therefore, the following discussion assumes first

order reactions. In this case, the factor for the ratio of concentration (C"*O2 / Cﬁ,o) is 80 for

a typical combustion system (C, ~0.04;Cy, ~5" 10*mol fraction units). At higher

oxygen concentration this number increases to 420 (21 % O,).

Thisimplies, that under typical oxidation conditions, if the diffusion limitations and
homogeneous reactions are not considered, and assuming first order reactions, thereisa
factor between one to two orders of magnitude that increases the possibilities of

converting char-nitrogen to nitric oxide.

However, in E 2.2 thereis an additional factor that relates the kinetic constants of
both reactions (K. /Kyo.c) - This factor, combined to diffusion limitations determines

the actual extent of char-nitrogen conversion to nitric oxide.

Thefist term, k.o that represents the rate of char nitrogen oxidation (R 2.2) can be

assumed to be of the same order of the rate of char oxidation times the ratio of nitrogen to
carbon atoms in the char. There is extensive literature on the rate of char oxidation
(Shaddix, 2001 Hurt and Mitchell, 1992, Smith, 1982). Therefore, most of the emphasis
on the evaluation of the selectivity towards nitric oxide is focused on the eval uation of

the rate of NO destruction on the char surface, k. .. Thisreaction has been extensively

198



studied. Aarna and Suuberg (1997) reviewed more than 20 different studies of this
reaction for different carbonaceous materials and environmental conditions. They
proposed an expression (E 2.3) that represented the rate of NO destruction at

temperatures above 700 K within one order of magnitude.

Kno c =5.5x10° exp(- 15939/ T)  (gyom *h*am;y) E23

Molinaet a. (2000) confirmed that expression E 2.3 represented within one order of
magnitude the rates of NO/C reactions from different studies (Levy et a., 1981 - de
Soete, 1990 Guo and Hecker, 1998). However, arecent study by Jensen et al. (2000)
suggest that most of these kinetics under-predicted the rate of nitric oxide reduction on
the char surface because of thermal deactivation of chars produced under inert
atmospheres. These authors proposed an alternative expression (E 2.4) for the
temperature range of 1123 — 1423 K that is according to Jensen et a (2000) a factor of 10
— 100 greater than the range of the literature data.

Kyo.c =6x10°exp(- 14800/T) (m°kg_C''s™) E24

One main difference between E 2.3 and E 2.4 are the units used for normalization of
the rate expression. While Aarna and Suuberg (1997) used the more classic approach of
normalizing the reaction rate by the surface area of the solid (m?/gm C), Jensen et al.
(2000) chose the carbon density inside the reactor (kg C/nT). Both rates expression can
be converted to the units of the other if the carbon density and the surface area of the
solid are known. Unfortunately, Jensen et al. (2000) did not report the surface area of the

chars they used during their measurements. Nevertheless, as shown in Appendix E of
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Molina (2002), when areasonable value of surface areais applied to expression E 2.4, the

results lie between one order of magnitude of those predicted by E 2.3.

Although the rate of NO reduction on the char surface reported by Jensen et a
(2000) is probably not as high as the authors originally suggested, it is worthy to evaluate
the effect of that char deactivation can have on this reaction. lllan-Gémez et al. (1995c¢),
Aarna and Suuberg (1998), Guo and Hecker (1998) and Y amashita et al. (1993) have
observed asimilar effect, particularly at low temperatures (573 — 923 K). All these
authors suggest that the accumulation of nitrogen in theinitial stages of char gasification
isthe reason for this behavior. In fact, Guo and Hecker (1998) found a negative balance
on nitrogen that suggests a build up of nitrogen complexesin thisinitial unsteady period.
This processisfirst order with respect to nitric oxide concentration and tends to disappear
as temperature increases (Aarna and Suuberg, 1998). Ashman et al. (1998) and Abbasi
(1999) have also observed nitrogen accumulation during char oxidation. All this evidence
suggests the existence of an adsorption-limited process that is more important at low
temperatures when the char surface is not clean. At higher temperatures, the population
of surface complexesis smaller and the reaction is no longer adsorption-limited, therefore
the effect is lower.

The following section evaluates the effect of char deactivation on the reduction of

nitric oxide on the char surface.

2.4.1.1 Influence of char in situ preparation on the rate of nitric oxide reduction on the

char surface
Figure 2.10 to Figure 2.13 present the concentration profiles for CO,, CO, NO and

HCN for the injection of three different solids: i. Illinois No. 6 coal (coal), ii. Char from

[llinois No. 6 formed in the U-Furnace (U-Furnace char) and iii. An activated carbon.
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The gas temperature changes between figures. 1t is 1273 K for Figure 2.10, and 1415 K,
1556 K and 1698 K for Figure 2.11, Figure 2.12 and Figure 2.13 respectively.

At all temperatures there isarapid increase of CO, CO, and HCN concentration as
soon as the solids are injected. Simultaneously the NO concentration decreases. This
increase in the concentration of CO, CO, and HCN as codl isinjected is more pronounced
for coal than for the other two solids, and this difference tends to reduce as the
temperature increases. This peak corresponds to the release of volatiles. It isaso
observed in the char and the activated carbon since these two solids release some volatile
compounds as product of secondary devolatilization reactions once injected into the drop

tube reactor.

Although in Figure 2.10 to Figure 2.13 only HCN and to certain extent CO and CO,,
represent the evolution of volatiles during coal devolatilization or secondary
devolatilization reactions, Molina (2002, Appendix F) shows evidence of the presence of
some other light hydrocarbons (CH,4, C,H, and C,H,) characteristic of devolatilization
products at high temperatures. The analysis of the spectra by Molina (2002, Appendix F)
suggests that the presence of these speciesis more evident at the lower temperatures
(1273 K) since these species are converted to CO, inside the reactor at higher
temperatures. The increase in the production of SO, with temperatures is also probably
due to the oxidation of sulfur species. This reference also shows that the U-Furnace char
also produced these volatiles species, although in considerably lower concentration than
the one reported for the coal.

These results are also in agreement to those in Figure 2.10 to Figure 2.13. The
increase in HCN relative concentration that occurs just after solid injectionis
considerable more pronounced at lower temperatures and for coal. It decreases with
increasing temperature and is almost negligible for U-Furnace char and for the activated

carbon. At the same time the peak for CO, increases with temperature.

In summary, the concentration vs. time profilesin Figure 2.10 to Figure 2.13 and the

FTIR spectrareported by Molina (2002) show that there is release of volatiles during the

201



first few seconds after the injection of the solids in the reactor; that mainly these volatiles
are produced during coal injection, though some small production of volatiles by the U-
Furnace char and the activated carbon occurs. These volatiles are converted to CO, as the

temperature increases.

It isimportant to remember that due to the large volume in the reactor, thereisa
relative broad Residence Time Distribution (see Appendix C of Molina, 2002) that
transforms any instantaneous phenomenon inside the reactor into a 20 to 50 second event
in the FTIR. Thisisthe reason why, in Figure 2.10, where the coal isinjected in the
reactor at time O, the corresponding production of volatiles appears to last 20 seconds,
while the actual process should be in the order of a hundred milliseconds (Kobayashi et
al., 1976).

The reason for the discussion of the detection of volatile compounds just after char
addition is because they can have an influence in the evaluation of the rate of NO
reduction on the char surface. Under rich conditions, the reduction of NO by natural gas
is awell-known technigue to reduce nitrogen oxide emissionsin different combustion
systems (Bilbao et al., 1995, Xu et a., 1999). Thus, it can be expected that at the
temperatures in which the production of volatiles was higher (1273 K) the reduction of
nitrogen oxide due to gas phase reaction isimportant and can affect the evaluation of the
rate of nitric oxide reaction with the char surface. As temperature increases and the
volatiles tend to form oxidized species such as CO, this effect should be lower. In the
same way, this effect should be noticeable when coal isinjected in the
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Figure 2.12. Profiles of CO,, CO, NO and HCN vs. time during char reaction with a
750 NO/He stream. Solids are injected at time 0. T = 1273 KSample size =5 mg. ?
Coal, ? U-Furnace char, x Activated carbon
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Figure 2.13. Profiles of CO,, CO, NO and HCN vs. time during char reactionwith a
650 NO/He stream. Solids are injected at time 0. T = 1415 K Sample size =5 mg. ?
Coal, ? U-Furnace char, x Activated carbon
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Figure 2.14. Profiles of CO,, CO, NO and HCN vs. time during char reactionwith a

650 NO/He stream. Solids are injected at time 0. T = 1556 K Sample size =5 mg. ?
Coal, ? U-Furnace char, x Activated carbon
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Figure 2.15. Profiles of CO,, CO, NO and HCN vs. time during char reactionwith a
650 NO/He stream. Solids are injected at time 0. T = 1698 K Sample size =5 mg. ?
Coal, ? U-Furnace char, x Activated carbon
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system, but smaller when U-Furnace char or activated carbon are injected since these

solids tend to produce less volatiles.

All these observations occur in Figure 2.10 to Figure 2.13, for which at 1273 K
(Figure 2.10), the reduction of nitric oxide after coal is steeper than for any of the other
solids. At other temperatures (Figure 2.11 to Figure 2.13) this phenomenon is not

observed.

This effect is easier to appreciate in Figure 2.14 where the reduction of NO as
computed by E 2.5 is plotted as a function of time.

_ N0}, - [NO]

X - out ]
NO [NO]m E25

Where [NOJ,, and [NO],,, represent the nitric oxide concentration at the inlet and

outlet of the droptube respectively. Xyo = 1 implies complete reduction of the incoming

nitric oxide stream in the reactor.

Figure 2.14 shows an increase in the nitric oxide conversion when the solids are
injected. For temperatures above 1273 K, thisincrease is slow and is followed by a slow
decrease in conversion as the solid is consumed. The higher the temperature, the steeper
this reduction since the reaction occurs faster. The difference in the onset of the peak
between all the solids is amost negligible at these temperatures. It isimportant to notice
that although the mass of carbonaceous materialsinjected in the reactor is aways the
same, the actual mass of the char reacting with the nitric oxide is different in every case
since the amount of material devolatilized varies between solids. Therefore total nitric

oxide conversion is not comparable between the different solids.
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At 1273 K the plot looks different. The increase on char nitrogen reduction just after
the injection of the solidsis steeper when coal is injected than when any of the other two
solids are injected. Two peaks are observed: One in the first 20 seconds and a second one,
broader, that goes from 20 to 50 seconds. Both peaks superimpose to form one. They are
observed in a better way in Figure 2.15 that shows the reduction of nitric oxide for
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Figure 2.16. NO reduction after injection of carbonaceous materials into the drop tube. Solids are injected at time 0 into a
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d. T = 1698 K Sample size =5 mg. ? Coal, ? U-Furnace char, x Activated carbon

1 1
0.9 0.9 - ~
0.8 - aT=1273K b. T=1358K
g o)
Z =z
> <
1
0.9 - _
084 c. T =1443K
2 o
> <
T T T .0 e NS, T : ; ;
-50 50 150 250 350 450 -50 50 150 250 350 450

Figure 2.17. NO reduction after injection of carbonaceous materials into the drop tube. Solids are injected at time 0. a. T =
1273 K, b. T=1353 K, c. T=1443 K, d. T = 1698 K? Coal (15 mg), ? U-Furnace char (5 mg)
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similar experiments when coal and U-Furnace char are injected into the reactor with
a 250 ppm NO/He composition and for which the sanple size for coal was 15 mg and for
char 5 mg. At 1273 K, the steep increase in the conversion of nitric oxide just after coal
injection is evident. A broader peak that extends from 20 to 250 seconds follows the first
peak (15 — 20 s). After 250 seconds the conversion of nitric oxide stabilizes. For U-
Furnace char at this same temperature, only the second broad peak is observable,
although it only expands to 150 seconds approximately. For coal at 1353 K both peaks
occur, athough the second peak is not so evident. At 1443 K only the first peak is
observed. These peaks occur in the first 20 seconds. At 1698 K no peak is observed, asit

was the casein Figure 2.14 d.

It is aso important to notice in Figure 2.17 that the difference in nitric oxide
conversion between char and coal reduces as the temperature increases. The reason for
thisisthat the amount of coal devolatilized increases with temperature (Kobayashi et al.,
1976), and the difference between the masses of solid that reacts with nitric oxide
decreases as temperature increases. It would be desirable to normalize the results by the
mass of char actually reacting, but the numerous species released during devolatilization
(Appengix G) prevent agood evaluation of the mass of carbon released by exclusive
determination of the gaseous phase concentration. The use of proximate analysis of chars
produced in the continuous injection mode at the temperatures of interest does not
represent the actual mass of char in the reactor either since there is a considerable
difference in residence times. In the next section, an alternative evaluation of the mass
present in the reaction is used to determine the actual mass of carbonaceous material
reacting with nitric oxide in order to estimate the rate of nitric oxide reduction on the char

surface.

The last important observation in Figure 2.15 is that the results at 1698 K show that
mass transfer limits the reaction of NO reduction for the coa in the first 400 seconds. The
reduction of nitric oxide when coal is injected coincides with that of U-Furnace char in
the first seconds after injection. Then the one of coal dlightly increases, while the one of
U-Furnace char decreases constantly. The one of coal finally decreases after 450 seconds.
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The trend in X o with time for U-Furnace char corresponds to the decrease in the amount
of char (and hence the rate of NO reduction) and it is a different mechanism from that
leading to the decline of Xyo at 1273 K. The mass of char for the coal remaining after
450 seconds of reaction is more than twice that of the one of the U-Furnace char and this
is the reason why the decrease in the nitric oxide reduction for the U-Furnace char is
sharper. However, the two peaks coincide just after injection since mass transfer limits

the reaction.

The following observations summarize the results in Figure 2.10 to Figure 2.15 and
the spectrain Molina (2002, Appendix F):

1. Just after the injection of solidsinto the reactor there is a steep increase on the
reduction on nitric oxide. This steep increase is only noticeable at the lower
temperatures (T < 1450 K) (Figure 2.14 a. and Figure 2.15 a,, b. and c) and
coincides with volatiles evolution. It is observed only when coal isinjected in the

reactor, it does not occur when U-Furnace char or activated carbon are injected.

2. Following this peak, there is another one that expands beyond volatiles evolution.
This peak is broader and only occurs at lower temperatures (Figure 2.14 a. and
Figure 2.15 a. and b.) It is more pronounced at lower NO concentrations. It occurs

for coal and to alower extension for U-Furnace char.

3. After the occurrence of these two peaks, the extent of nitric oxide reduction
constantly decreases with time, due to the reduction in char loading as a result of
char oxidation by nitric oxide.

These observations and the analysis above suggest three different phenomena

occurring during the process of nitric oxide reduction on chars produced in situ.

The first process corresponds to homogeneous reduction of nitric oxide by the
volatiles produced just after the solids are injected in the reactor. The fact that this

process occurs only when coal is the injected solid supports this conclusion. The evidence
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found in Appendix F of Molina (2002), that at higher temperatures most of these volatiles

species are oxidized to CO,, explains why this peak is only present at low temperatures.

The second process corresponds to adsorption of nitrogen oxide complexes on the
char surface. As described in the introduction, other groups (Illan-Gomez et al., 1995c,
Aarnaand Suuberg, 1998, Guo and Hecker, 1998, Y amashitaet al., 1993) also observed
this phenomenon. This process is characteristic of the nitric oxide — char reaction at low
temperatures and has afirst order dependence on the nitric oxide partial pressure (Aarna
and Suuberg, 1998). The datain Figure 2.14 and Figure 2.15 shows that the appearance
of the second broad peak only occurs at low temperatures, and it is more evident at low
nitric oxide pressure. Also in Figure 2.14 a. and Figure 2.15 a. it is evident that after this
process occurs, the rate of NO reduction on the char surface resumes at pseudo-steady

state conditions.

The final processis the reaction of nitric oxide on the char surface. This occurs once
the char surface has reached equilibrium between adsorption of nitric oxide to form
nitrogen complexes on the char C(N) (R 2.1) and the reaction of these complexes with
incoming NO to form N, (R 2.3). At high temperatures R 2.3 occurs at high enough rates
that there is no nitrogen accumulation through R 2.1.

The decrease in the extent of the reduction of nitric oxide once the third process
beginsis only due to the reduction in the char mass available for NO reduction and is not
a conseguence of char deactivation. The decrease in the nitric oxide reduction that occurs
after the end of the second process (Figure 2.15 a.) does not occur due to char
deactivation but due to an activation of reaction R 2.3 asthe char surface is covered with

C(N) complexes. At higher temperatures, this process does not occur.

The next section presents a discussion on the actual effect that the first two processes
can have on the evaluation of the rate of nitric oxide on the char surface.
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2.4.2 Evauation of the Rate of Nitric Oxide Reduction on the Char Surface

The previous section showed that for the experiments in this study, nitric oxide

reduction on the char surface occurred through three different processes. The detection of

these three phenomena is important in the understanding on the mechanism of nitric oxide

reduction on the char surface. However, from the point of view of how much nitrogen oxides

are actually produced during char combustion, it is more important to evaluate to what

magnitude these phenomena contribute to the reduction of nitric oxide.

The first phenomenon is nitric oxide reduction by the volatiles produced after
injection of the solids into the reactor. The influence of this process on the prediction of
the conversion of char nitrogen to nitric oxide depends on the capacity to predict the
amount and composition of the volatiles released and the reactions occurring in the
gaseous phase. It is not the objective of this study to explore these two fields; detailed
studies are available in the literature (Miller and Bowman, 1989, Glarborg et al., 1998,
Perry et al., 2000Nevertheless, it isimportant to recognize that reaction of volatiles with
nitric oxide can have an effect on the conversion of char nitrogen to nitric oxide under

specific oxygen concentration and temperature.

The second process corresponds to an accumulation of the nitrogen on the char,
possibly by the formation of C(N) complexes. The resultsin this study, aswell asin
others (Aarna and Suuberg, 1998, Guo and Hecker, 1998) suggest that this processis
important at temperatures below 1300 K, in the range of fluidized bed combustion, but it
may not be dominant at higher temperatures.

This processis more evident in chars produced just after devolatilization; its
importance in reactions of NO with activated carbons and on chars produced under
different conditions is aimost negligible. One hypothesis to explain this behavior is that
after coal devolatilization there is a population of sites that can form C(N) complexes.
Not al these sites are active after devolatilization. Some of them need further exposure to
high temperatures to react with NO to form C(N) complexes. Chars prepared before

injection may have a smaller population of these sites, and therefore the formation of
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C(N) complexes (R 2.1) and its reaction with nitric oxide to form N, isin equilibrium (R

2.3).

Although it is important to understand the mechanism of this process, it isalso
important to evaluate its magnitude. Even though it is complicated to determine reaction
rates from the data in Figure 2.10 to Figure 2.15 since the evaluation of the mass of solid
available for reaction at every timeis difficult, it is possible to compare the relative
reduction of nitric oxide by this phenomenon as compared to the reaction once pseudo-

steady state is obtained.

Molina (2002, Appendix G) presents a description of the derivation of the

expression for the rate of nitric oxide reduction on the char surface E 2.6.

ﬁNO]m 9 E26

W g[NO]out (%]

KNO

If E 2.6 is applied to the processin Figure 2.10 when the process of formation of
C(N) complexesis occurring (~10 s) and when the reaction is occurring at pseudo-steady
state (~ 150 ) it is possible to obtain an approximation of the relative contribution of the

process of C(N) formation on the reduction of nitric oxide on the char surface (E 2.7).

ZNoj, ¢ nZNOJ,
Kho _ é[NO]om o_ W” g[NO]out o E27

Klrxllo ﬁNO]m = ﬁNO]'” 0
é[NO :)Iut B g[NO Iolut B
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In E 2.7, superscript | represents the process of C(N) formation and superscript |1 the

process when pseudo-steady state is obtained. E 2.7 recognizesthat n' =n" . Sincethe

values for nitric oxide concentrations are known, the only unknown is the ration between

the mass of char at both times W" /W' . Since the reaction is more advanced at timell,

W" /W' isalways< 1. Therefore W" /W' =1 in E 2.7 represents a maximum for
Kio/Kio-

When the datain Figure 2.10 are applied to E 2.7, with W" /W' =1,
Kio/Kho =2.6. For thedatain Figure 2.15d. K}, /K 1o = 2.7. Thisimplies that the

process of C(N) formation produces an increase of the order of at most 2 to 3 times the
rate at pseudo-steady state conditions. This number holds for the conditions of these
experiments performed under inert atmosphere. When oxygen is present in the system,
the population of active sites will be completely different and it is difficult to predict
what the magnitude of this process on the rate of nitric oxide reduction will be.

To evaluate the rate for the third process, when char reacts with nitric oxide in
pseudo-steady state, the experiment in Figure 2.10 was interrupted during the part when
the slope of nitric oxide reduction was linear by injection of oxygen. Figure 2.16 presents
the carbon dioxide evolution after oxygen injection to the system in Figure 2.10.

It is possible from CO, concentration to evaluate the total carbon mass in the reactor
and through E 2.6 determine the rate of nitric oxide reduction on the char. Table 2.4
summarizes the results of this calculation for the three solids and compares this valuesto
the one predicted by the correlations by Aarna and Suuberg (1997) and Jensen et al.
(2000) (see Appendix E of Molina, 2002 for details of comparisons).

The experimental results show that the rates of nitric oxide reduction by the coal and
the U-Furnace char are aimost identical. Thisisin agreement with the fact that the CO,
profiles for both solids as reported in Figure 2.16 are the same; therefore the mass inside

the reactor is similar. At the same time the nitric oxide concentration for both solidsis
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also the same (Figure 2.10) therefore both rates should be equal. The rate for activated
carbon is higher, since the mass is lower (Figure 2.16) but the nitric oxide concentration
isalittle bit lower than for coal and U-Furnace char. Since the surface area available for
reaction in the activated carbon is one order of magnitude higher than the one for the char
(see section 2.3.4.3) the higher reduction rate is not an unexpected result. Nevertheless,
the difference between surface rates is not proportional to surface area, suggesting that

not all the areais active for the reduction of nitric oxide.

CO2 (%)

Figure 2.18. CO, evolution after the injection of oxygen to the drop tube when the
solids where reacting with nitric oxide. T = 1273 K.? Coal, ? U-Furnace char, x
Activated carbon
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Table 2.4. Comparison of kinetic constants for the reaction of nitric oxide with char.
Results from experiments and from two different values reportedin the literature

Kno (Mol NO mi*s™)

Solid Present Study Aarna and Suuberg (1997) Jensen et al. (2000)
Coal 16.0 8.6 226.2
U-Furnace char 15.7 8.6 226.2
Activated Carbon 31.2 119.6 226.2

The comparison with the values reported by Aarna and Suuberg (1997) and Jensen et
al. (2000) show that the expression by Aarna and Suuberg (1997) predicts kinetic reaction
rates that differ by less than one order of magnitude from the results of the present study.
The prediction for the coal and U-Furnace char are the same, since in the calculation it
was assumed that both had similar surface areas. The predictions for the activated carbon

are higher in a proportion to the difference in surface areas.

The expression for the kinetic reported by Jensen et al. (2000) over-predicts the
experimental results by more than one order of magnitude. This expression does not
predict any difference between the reactivity of coal, U-Furnace char or activated carbon
since it does not consider the surface area available for reaction. The over-prediction on
the experimental results can be related to the different coal used in the experiments by
Jensen et a (2000) and to the fact that the rate expression reported by these authors was
not normalized by char surface area, which makes it difficult to extend their results to

different solids.

2.4.3 Summary

This section presented an evaluation of the rate of nitric oxide reduction on the char
surface. In particularly, it addressed the claim that the rate for the destruction of nitric
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oxide on the char surface has been under-predicted due to char deactivation in the process

of char formation.

Experiments conducted with chars produced in situ, char previously produced at
pulverized combustion conditions and with an activated carbon showed the existence of
three phenomena during the reduction of nitric oxide. The first one represented the
homogeneous reaction of the volatiles that evolved after the injection of the solid into the
reaction with nitric oxide. The second one was related to the accumulation of nitric oxide
on the char surface probably through the formation of C(N) complexes. The third oneis
the heterogeneous reaction of nitric oxide with char.

The results showed that at pulverized combustion conditions (T > 1500 K) the
dominant process is the third one. The rate for nitric oxide reduction for this process was
within one order of magnitude to the value predicted by the expression recommended by
Aarnaand Suuberg (1997).

At fluidized bed conditions (T < 1300 K) the second phenomenon may be important
and the rate expressions such as those of Aarna and Suuberg (1997) may under-predict
the nitric oxide conversion to N, when used at combustion conditions when the nitric
oxide — char reactions begin immediately after char formation, before a pseudo-steady
state is reached. For the solid used in this study, the increase in nitric oxide reduction due

to formation of C(N) sites was a factor of 2 to 3.
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2.5 CONVERSION OF FUEL NITROGEN TO NITRIC OXIDE AT
PULVERIZED COMBUSTION CONDITIONS - EXPERIMENTAL
RESULTS

2.5.1 Introduction

Section 2.4 suggested that by the use of one equation (E 2.2) that related the rates of
NO production and destruction it was possible to evaluate in a simplified manner the
relative conversion of char-nitrogen to nitric oxide during char combustion.

Section 2.4 also showed that the expression by Aarna and Suuberg (1997) for the
reduction of nitric oxide on the char surface predicted the experimental resultsin this
study within one order of magnitude. Given an expression for the rate of char oxidation
and assuming that the formation of nitric oxide to be proportiona to that of char

oxidation it seems possible to use E 2.2 to evaluate the char-nitrogen conversion to NO.

However, there is still debate on the kinetic expressions for the rates of char
oxidation (Shaddix, 2001, Hurt and Calo, 2001) and the conversion of char nitrogen to
nitric oxide strongly depends on this value (Molina et a., 2000). Furthermore, the time
scales for the reaction of nitric oxide formation and destruction are different. While the
formation of nitric oxide occurs in the reaction front where char is oxidized, the nitric
oxide formed in this front can diffuse inside the particle and react with the char to form
N,. E 2.2 does not describe this complex process. To obtain a better description, it is

necessary to use experiments and more complex models.

This section presents the results of experiments designed to provide insight on the
conversion of char nitrogen to nitric oxide at pulverized combustion conditions. The
discussion of the models for the conversion of char-nitrogen to nitric oxide is deferred to

the next section.
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2.5.2 Variation of the Conversion of Fuel Nitrogen to Nitric Oxide with

Background Nitric Oxide Concentration

The results in this section correspond to the experiments described in Section
2.3.3.2.2 in which asolid (either coal, U-Furnace char or activated carbon) isinjected
into the reactor at a 1698 K and 4% O.,/He. The nitric oxide concentration is varied
between experiments.

Asit was explained section 2.3 and Appendix C of Molina (2002), in these
experiments an event that occurs in the order of a hundred milliseconds, appears as a
wide peak of approximately 50 seconds due to the residence time distribution in the
reactor and gas analysis system. Jensen et a. (2000) have shown the importance that the
total mass concentration inside the reactor has on the conversion of char-nitrogen to nitric
oxide. In particular, that the higher the sample size, the lower the conversion of char-
nitrogen to nitric oxide, until an asymptote is reached at approximately 20 mg for the
experiments of Jensen et al. (2000).

Therefore, extreme care was taken to ensure an adequate carbon mass balance and a
constant sample size during the experiments. The first one guaranteed that despite the
broad residence time distribution the complete process of char combustion was detected
inthe FTIR. Since N, was not measured, closure of the nitrogen balance was not
possible. The constant sample size was important to avoid any effect on the sample size

on the conversion of char-nitrogen to nitrogen oxides.

Table 2.5 presents the variation of the sample size, fixed carbon, carbon balance and

the relative amount of CO, in the carbon balance (a co, ) . The fixed carbon was computed

as the sample size times the fixed carbon as reported from the proximate analysis for
coal; or the sample size minus the amount of ash for the U-furnace char and the activated
carbon. This number represents the amount of char actually injected in the reactor. Since
the proximate analysisis performed at temperatures lower than the one used in this study,

the actual mass of coal injected as char will be lower than the one presented in Table 2.5.
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At the same time, some volatiles will be released due to secondary devolatilization

reactions occurring in the U-Furnace char and activated carbon. Thus fur these two solids

the mass injected as char may be lower than the one presented in Table 2.5. Neverthel ess,
the datain Table 2.5 suggests that the actual mass of char injected when U-Furnace char

and activated carbon are injected into the reactor is higher than when coal is the fuel.

Table 2.5. Variation of the Sample Size, fixed Carbon, C balance and carbon
conversion to CO, with background NO concentration. O, = 4%, 63 — 53 pm

Background Sample Size (mgQ) Fixed Carbon (mg)
NO (ppm)
Coa U-Furnace Activated Coa U-Furnace Activated
char Carbon char Carbon

0 5.3 5.4 4.2 2.2 4.4 4.0
214 55 4.4 4.8 2.3 3.6 4.5
440 4.8 4.5 4.3 2.0 3.7 4.1
640 4.1 4.6 4.1 1.7 3.8 39
722 4.0 4.7 5.0 16 39 4.7

C balance (%) aco,

0 113.7 110.0 102.3 0.99 0.99 1.00
214 111.0 101.8 78.1 0.99 0.99 0.98
440 99.0 90.8 79.4 0.99 0.99 0.99
640 1152 819 88.0 1.00 0.99 1.00
722 99.3 1013 88.0 0.99 0.99 0.99

It was difficult to prepare such small size of perfectly constant weight, therefore

the sample size varied between 4.0 and 5.5 mg (average = 4.6). However, there is not any

specific trend on the sample size, carbon balance or conversion of carbon to CO, with the

222



variation of background nitric oxide or with the fuels. This suggests that any difference that
results in the conversion of fuel-nitrogen to nitrogen oxides during fuel oxidation should be
related to the variation in the nitric oxide background concentration and not on the mass of

solid injected into the system.

Figure 2.17 to Figure 2.19 present the nitric oxide vs. time profiles that correspond to
the resultsin Table 2.5. The figures show a transition from net nitric oxide production (at
0 ppm NO) to net nitric oxide reduction (at ~ 730 ppm NO). While the solids produced
nitric oxide when there is no nitric oxide present in the background gas, their injection
caused nitric oxide reduction when the nitric oxide concentration is high.

The effect is very similar for U-Furnace char (Figure 2.17) and coa (Figure 2.18).
These two solids produce a peak of approximately 90 ppm nitric oxide after injection into
a4%0,/He gas. The net emission of nitric oxide decreases as the background
concentration increases and it becomes zero at ~ 400 ppm NO. With further increasein
the background nitric oxide concentration, there is reduction in the nitric oxide
concentration after solid injection. The maximum reduction of nitric oxide reached

approximately 30 ppm for a background nitric oxide concentration of 725 ppm.
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Figure 2.19 Profiles of nitric oxide vs. time. U-Furnace char injection at t = 0.
NOconcentration in the background as parameter: ? 0 ppm; ? 217 ppm; x 445
ppm;? 643 ppm; ? 724 ppm O, = 4%/He, Tg = 1698 K, 63 — 53 um
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Figure 2.20. Profiles of nitric oxide vs. time. Coal injection att = 0. NO
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For activated carbon (Figure 2.19) the production of nitric oxide is lower than for
the other two solids. Thisis consistent with itslower nitrogen content (see Table 2.3). Asin
the cases of injection of coal and U-Furnace char a net reduction in the nitric oxide emissions
occurs at high concentrations of background NO. However, the effect for activated carbon is
more pronounced that for the other two solids. While a concentration of more than 400 ppm
is necessary to begin nitric oxide reduction for the coal and the U-Furnace char, only 200

ppm is necessary when activated carbon is injected into the reactor.

Spinti (1997) observed the same phenomenon of reduction of char nitrogen
conversion to nitric oxide as the background NO concentration is increased. Visona and
Stanmore (1996), Coda et a. (1998) and Sarofim et al. (1999) have predicted the same
effect from single particle calculations. Despite these studies, the exact mechanism by
which this phenomenon occursis not completely clear (Spinti, 1997). Therefore, the
evaluation of this phenomenon at different conditions (oxygen concentration and particle

size) can give additional insight on the conversion of char-nitrogen to nitrogen oxides.

The next two sections present the effect of an increase in the oxygen
concentration and a variation in the particle size on the variation on the nitric oxide evolution
with changes in background nitric oxide concentration. This section solely describes the

experimental results. Their interpretation and explanation is deferred to the next section.

2.5.2.1 Effect of oxygen concentration

Experiments similar to the ones described before were carried out with an oxygen
concentration of 20% instead of 4%. The sample size, carbon balance and conversion to CO,
presented similar characteristics as described for the experiments at 4% O, (see Table 2.6).
The main difference was the higher conversion of char to CO,. As experienced at the lower
oxygen concentration, no specific trend was observed in the profile for the concentration of
carbon-containing species as the background nitric oxide concentration was varied.
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Figure 2.20 to Figure 2.22 present the nitric oxide concentration profiles for the case when
the oxygen concentration inside the reactor was 20%. Although experiments were conducted
at five nitric oxide concentrations as in the experiments at 4% O,, only three concentrations

are presented here (additional data are given in Appendix H of Molina, 2002).

As occurred at 4% O,, results for U-Furnace char (Figure 2.20) and coal (Figure 2.21) are
very similar. There is anet production of nitric oxide when the background nitric oxide
concentration is zero, and this net production decreases as the nitric oxide background
concentration increases. The decrease in net production of nitric oxide with increases in
background nitric oxide concentration is less pronounced at 20% oxygen than at 4% oxygen.
For instance at a background concentration of 740 ppm, at 4% oxygen concentration thereis
actually a net reduction in the nitric oxide concentration, whereas at 20% there is almost no

variation in nitric oxide concentration after the injection of the solid.

Table 2.6. Variation of the sample size, fixed Carbon, C balance and carbon
conversion to CO, with background NO concentration. O, = 20%, 63 — 53 pm

Background Sample Size (mgQ) Fixed Carbon (mg)
NO (ppm)
Coa U-Furnace Activated Coa U-Furnace Activated
char Carbon char Carbon

0 4.1 39 4.3 1.7 3.2 4.1
214 4.7 5.3 55 1.9 4.4 5.2
440 4.6 4.3 4.3 1.9 35 4.1
640 4.8 4.1 3.8 2.0 3.4 3.6
722 4.2 4.0 4.4 1.7 3.3 4.2

C balance (%) aco,

0 101.0 934 86.8 1.00 1.00 1.00
214 99.5 96.5 92.3 1.00 1.00 1.00
440 103.1 975 90.4 1.00 1.00 1.00
640 975 89.6 93.6 1.00 1.00 1.00
722 91.2 93.9 90.9 1.00 1.00 1.00
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Figure 2.22 Profiles of nitric oxide vs. time. U-Furnace char injection att = 0. NO
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Figure 2.24 Profiles of nitric oxide vs. time. Activated carbon injection att = 0. NO
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For activated carbon (Figure 2.22) the reduction in nitric oxide production with an
increase in the background nitric oxide concentration is more pronounced than those for the
other two solids. Nevertheless, the effect is considerably |ess pronounced than that at 4% O,

concentration.

It is conventional to present the net NO production at different NO background
concentrations as aratio to the amount of nitrogen present in the injected solid. For this

purpose a,,, was defined as the cumulative conversion of nitrogen in the solid to nitric

oxide.

L
) NC,oat
Ao = ? E2.8
(N/C)uig @ M(Ci0 +Ceo, et

Where: t; - t; isthe experiment interval (sec); C; the concentration of speciesi

(mol/nt); n the volumetric flow (m’/sec) and (N/C) the atomic ratio of nitrogen to

solid

carbon in the solid obtained from the elemental analysis.

Figure 2.23 presents the variation of a,,, with background nitric oxide concentration

for the three solids and the two different oxygen concentrations. Each point in Figure
2.23 is obtained after integration of the CO,, CO and NO vs. t profiles.

Figure 2.23 showsthat a ., decreases as the nitric oxide concentration increases.

Thisreduction is very similar for coal and U-Furnace char, but it is different for activated
carbon. It is more pronounce at 4% O, and it less steep at 20% O,, in particular for
activated carbon.
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2.5.2.2 Effect of particle size

Figure 2.24 presents the results of the experimerts for which two different particle
sizes, 108 — 88 um and < 37 um were used. The results are presented as the variation of
a o With background nitric oxide concentration. The figure also includes the curve for

particlesin the size range 63 — 53 um that has aready been presented in previous

sections.

For the three solids and for the three particle-size fractions, the results are very

smilar. In fact, it is not possible to find a specific trend in the variation of a,, with

particle size.

The resultsin Figure 2.24 should be understood as if the experimental setup used in
these experiments was not capable to determine any trend in the conversion of fuel
nitrogen to nitric oxide for different particle size fractions. Figure 2.24 does not imply
that atrend does not exist, but that it is not intense enough to be detected by the present
experiments.

Detailed profiles of NO vs. time (similar to Figure 2.17 to Figure 2.22) and the
results of the carbon mass balance (equivalent to Table 2.5 and Table 2.6) can be found in
Appendix H of Molina (2002).
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2.5.3 Summary

This section presented experimental results on the variation of the conversion of fuel
nitrogen to nitric oxide as the background nitric oxide concentration is varied from zero

to 750 ppm.

For the three fuels used in the study (coal, U-Furnace char and activated carbon)
there was a clear reduction on the conversion of fuel nitrogen to nitric oxides as the
background nitric oxide concentrations increased. The effect of background nitric oxide
concentration on the conversion of fuel nitrogen to nitric oxide is very similar for coal
and U-Furnace char, but more pronounced for activated carbon.

An increase in oxygen concentration from 4% to 20% decreased the rate at which
reduction in the conversion of fuel nitrogen to nitric oxide fell off as the background

nitric oxide concentration increases.

The differences in the conversion of fuel-nitrogen to nitric oxide for three particle
size fractions (108 — 88 um, 63 — 53 um and < 37 um) was not measurable for the present
experimental setup over the range of background concentrations studied, i.e. the variation
in particle size did not produce any noticeable effect on the conversion of fuel nitrogen to

nitric oxide.
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2.6 CONVERSION OF FUEL NITROGEN TO NITRIC OXIDE AT
PULVERIZED COMBUSTION CONDITIONS - ANALYSIS AND
DISCUSSION

2.6.1 Introduction

There are several implications of the results described in section 2.5. The most
obvious may be that as the nitric oxide concentration inside the boiler is reduced (e.g. to
comply with stricter regulations) the contribution of char to the total nitric oxide
produced during coal combustion becomes more important. This effect is stronger at
lower oxygen concentration and does not seem to be highly affected by the particle size,
at least in the 30 — 120 um range.

Although this conclusion is significant, the analysis of the results in Section 2.5
should include a mechanism that explains the strong decrease on the conversion of char
nitrogen to nitric oxide as the nitric oxide concentration in the background increases.
When this mechanism is completely identified, it may be possible to take full advantage
of the information obtained in Section 2.5, particularly by designing strategies to reduce

the net conversion of char-nitrogen to nitrogen oxide.

Different approaches may be valid to infer the exact mechanism by whichthe nitric
oxide formed during char oxidation is reduced to N,. This study couples predictions made
by theoretical models on char combustion to the experimental results in Section 2.5.
Through the development of different models it is possible to understand the importance
different mechanism have on the evolution of the char-nitrogen during combustion. This
section describes different models and compares their predictions to the resultsin Section
2.5. Through this comparison it identifies the importance dfferent mechanisms have in

the conversion of char nitrogen to nitric oxide.
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2.6.2 Simplified Single Particle Moddl (SSPM)

Beside the ssmplistic approach described in the introduction of section 2.4 that
considers the conversion of char-nitrogen to nitric oxide as the ratio of nitric oxide
formation to that of nitric oxide destruction; the ssmplest approach to understanding the
results in Section 2.2.5 is to follow the pioneering work of Wendt and Schulze (1976).
These authors used a single particle model to describe the process of char oxidation and

to evaluate how much char nitrogen is oxidized to nitric oxide.

Severa authors have used a similar method to study the conversion of char-nitrogen
to nitrogen oxides at fluidized bed combustion conditions (e.g. Goel et al. 1994, Goel et
al., 1996b) and at pulverized combustion conditions (e.g. Visona and Stanmore (1996),
Visona and Stanmore, 1999 and Molina et a. (2000), Molina et a., 2001).

A detailed description of the SSPM can be found in Appendix | of Molina (2002).
Basically, the SPPM consists of an analytical solution of the species mass conservation
equation at constant temperature, for oxygen and nitric oxide inside a spherical char
particle. The model uses an effective diffusivity and considers three reactions: carbon
oxidation (R 2.9) and nitric oxide formation and destruction (R 2.7 and R 2.8

respectively).

Carbon oxidation:

- C+1/20, %:%® CO R29

2.6.2.1 Ratesof char oxidation and production and destruction of nitric oxide

From the simple approach described by E 2.2 it is possible to understand that the

conversion of char-nitrogen to nitric oxide depends on the ratio of the nitric oxide
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formation to that of nitric oxide destruction. Since it is reasonable to think that the rate of
nitric oxide formation is proportional to that of char oxidation, it is important to
guarantee that any model used to evaluate the net production of nitric oxide correctly
predicts both the rate of char oxidation and that of NO destruction. An over-prediction on
the rate of char oxidation relative to that of NO destruction will overestimate the
conversion of char-nitrogen to nitric oxide. In contrast, if the rate of char oxidation is
under-predicted relative to the reduction of nitric oxide on the char suface, the char-

nitrogen conversion to nitric oxide will be underestimated.

As shown in detail by Molina (2002, Appendix |), the rate of char oxidation depends
on the temperature and on the surface area of the char. To guarantee the correct
evaluation of the rate of char oxidation, the surface area of the char particle was adjusted
to give a value of time vs. char burnout that was in agreement with the experimental
results.

The experimental results of Hurt (1993) for Illinois No. 6 coal were used for
comparison. The data of Hurt (1993) relate char burnout to time and particle temperature
for two different oxygen concentrations. Since the SSPM assumes a constant
temperature, the mean temperature for every experiment reported by Hurt (1993) was
used. With a value of surface area of 10 nf g*, good agreement was obtained between

Hurt’ s measurements and model predictions as presented in Figure 2.25.
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Although the data by Hurt (1993) only represents few points in the complete char
oxidation domain, Figure 2.25 shows that the rate of char oxidation used in the SSPM
predicts burnout profiles that are similar to those obtained in the experiments. This
guarantees that the influence of the rate of char oxidation on the conversion of char-
nitrogen to nitric oxide predicted by the SSPM should be consistent to the actual situation

in the experiments.

The additional parameters used in the generation of the data in Figure 2.25 were r
=700 kg m* (particle density) and e = 0.41 (porosity).

Given that the model estimates in a reasonable way the rate of char oxidation, the
next step is to choose the rate of nitric oxide production. In this case it was assumed to be
proportional to the rate of char oxidation, with N/C, the atomic ratio of nitrogen to
carbon atoms in the char, as a proportionality constant. This has been found to be a good
approximation at these high temperatures (Ashman et al. 1998, Molinaet al., 2000).

The expression of Aarna and Suuberg (1997) was used for the rate of nitric oxide
reduction on the char surface. According to section 2.2.4, this expression predicts this

rate for the experiments in this study within one order of magnitude.

2.6.2.2 Comparison to experimental results

Figure 2.26 presents the comparison of the experimental values of char-nitrogen
conversion to nitric oxide, (a ) as a function of background NO concentration to that
predicted with the SSPM for the U-Furnace char and the activated carbon at two different

oxygen concentrations. Since the model constantly predicts high char nitrogen conversion

to nitric oxide when the original expression of Aarna and Suuberg (1997) for nitric oxide
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reduction on the char surface (kno) Was used, the simulation was also carried out
with a value two orders of magnitude higher (kyo X 100) than the one reported by Aarna
and Suuberg (1997).

The surface area used for the U-Furnace char during the simulation was 10 nf g*
since this value was the one that gave good agreement with the experimental data of Hurt
(1993) as was explained above. This number is one order of magnitude lower than the
one determined by BET experiment (see section 3.4.4). However, it is known that during
char oxidation not all the char surface is active for reaction, and a value of 10 is possible.
For activated carbon, a surface area of 1000 nf g* represented the higher surface area

according to the BET analysis.

Figure 2.26 shows that the SSPM predicts a decrease in the conversion of char-
nitrogen to nitric oxide as the nitric oxide concentration is increased. However, the slope

of theline of a,, vs. background nitric oxide concentration predicted by the model is

low compared to that for the experimental results.

For U-Furnace char, after multiplying the rate of nitric oxide formation by 100 one

obtainsvaluesof a,, that are still high relative to the experimental values.

For activated carbon kyo X 100 predicts the results in a correct way at 4% O,, but it
underestimates a,, at 20%0,. Nevertheless, the model correctly predicts a steeper slope
for the plot a,, vs. background NO concentration for the case at 4% O,. The predictions
by the SSPM for a,, can be affected by the fact that the kinetics of char oxidation was

not calibrated to experimental results. Thus, the results predictions for this fuel are
anayzed more regarding the good prediction of the trends that on the exact determination
of the quantity.

Figure 2.27 presents again the comparison between the model predictions and the

experimental results, this time for different particle sizes. The SSPM predicts a

lowera,, for chars with larger particle size. The reason for this is that a larger particle
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presents more surface area available for NO reduction to N, inside the particle. This
effect is amost negligible for UFurnace char at the origina value of kyo and more
noticeable for kyo x 100.

In contrast, the effect for activated carbon is more noticeable for the original kyo that
for the case when kyo X 100 was used. This occurs because for a very high surface area
(m* g, as the one of the activated carbon in the model, the effect of an increase in the
carbon mass (g) available for reaction is not as significant as when the surface area is
low. Furthermore, when the rate is extremely high, the SSPM predicts that the destruction
of nitric oxide on the char surface is limited by the diffusion of nitric oxide from the
boundary layer. In this case, the effect of alarger surface areafor nitric oxide reduction in
the bigger particles is partially neutralized by its lower mass transfer coefficient in the

boundary layer.

From the results in Figure 2.26 and Figure 2.27 it seems that a model that exclusively
considers the heterogeneous reactions (R 2.7 to R 2.9) implemented in the SSPM tends to
overestimate the conversion of char-nitrogen to nitrogen oxide when a typical value of

the constant of nitric oxide reduction over char is used.

If the model uses a value for this rate two orders of magnitude higher than the one
traditionally reported in the literature, the predictions are in better agreement with the

experimental results.
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An apparent contradiction is evident since the kinetics for NO reduction need to be
increased two orders of magnitude to fit the data obtained under experimental conditions
but can predict the rate of nitric oxide reduction on the char surface for these same fuels
under inert conditions within less than one order of magnitude (section 2.2.4). The next
section examines this contradiction.

2.6.2.3 Factors affecting the rate of NO reduction on the char surface

Among the phenomena that can cause an increase in the rate of nitric oxide reduction
on the char surface, in particular two occur during char oxidation at the conditions of the
experiments in this study. The first one is that most of the rates of nitric oxide reduction
have been evaluated under oxygen-free conditions and oxygen increases thisrate. The
second possibility is the reaction of nitric oxide with carbon monoxide on the char
surface (R 2.10). During char oxidation, it is obvious that oxygen is present in the system
and that there is simultaneous presence of carbon monoxide and nitric oxide inside the
particle, therefore both phenomena can increase the rate of nitric oxide destruction on the

char surface above the values found under oxygen free conditions.

NO+CO® /2N, +CO, R2.10

2.6.2.3.1 Oxygen

Different studies report that the reduction of nitric oxide on the char surface is
considerable increased in the presence of oxygen. Tomita (2001) has found that the N,
formation rate during char oxidation by nitric oide is “significantly increased” in the
presence of oxygen. Although Tomita did not quantify the magnitude of this
enhancement, the rate increased by a factor of 4 after the oxygen concentration was

246



varied from 0% to 0.4 % at 1123 K and a NO concentration of 500 ppm for chars
produced from phenol formaldehyde resin. The mechanism for the increase on nitric
oxide reduction as the oxygen concentration is increased was not conclusively identified
by Tomita and coworkers (1998b, 2001) but they suggested that axygen activates the
C(N) complexes originated after nitrogen oxide dissociative chemisorption on the char (R
2.1).

Although it is difficult to extrapolate the results of Tomita and coworkers from 1123
K up to 1698 K, the experimental results by Ashman et al. (1998) suggest that the
importance of the population of C(N) complexes at high temperatures is lower than at
1123 K.

Jensen et al. (2000) also reported an increase in the rate of nitric oxide reduction on
the char, but as it is explained in section 2.2.4 and Appendix E of Molina (2002), this
effect seems to be more related to nitrogen adsorption on the initial stages of carbon
oxidation and to a misrepresentation of the surface area available to reaction. Since at the
temperatures of the experiments in this study the influence of nitrogen chemisorption is
low and the surface area was set according to experimental results on the rates of char
oxidation, it does not seem very possible that a similar effect occursin the present setup.

2.6.2.3.2 Carbon Monoxide

Levyetal. (1981) and Chan et a. (1983) studied the effect of carbon monoxidein
the nitric oxide reduction on the char surface. Both concluded that carbon monoxide
increases the conversion of nitric oxide on the char surface. They found that the effect
was less pronounced at high temperatures and proposed an oxide striping reaction (R
2.11) as the mechanism by which carbon monoxide enhances the reduction of nitric oxide
on the char. The C(O) complexes were proposed to inhibit the reduction of nitric oxide on
the char surface. Furusawa et al. (1985) obtained similar experimental results and

proposed the same mechanism.
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CO +C(0)® CO, +C() 911

More recently, Aarna and Suuberg (1999) questioned R 2.11 as the reason for the
enhancement of the reduction of nitric oxide on the char surface and suggested a zero
order expression with respect to CO for R 2.10. Their study was at 1073 K.

The effect of CO on the prediction of the conversion of char-nitrogen to nitric oxide
during char oxidation has been examined by Visona and Stanmore (1996) and Molina et
a. (Molina et al., 2001) at pulverized coa conditions. The first authors used the
Langmuir-Hinshelwood expression for the enhancement of the reduction of nitric oxide
reported by Chan et d. (1983). Although Visona and Stanmore (1996) do not present the

value of nitric oxide conversion they state that the results were unsatisfactory.

Molina et al. (2001) used the rate expression determined by Aarna and Suuberg
(1999) for R 2.11 and found that although there is a reduction of the conversion of char-

nitrogen to nitric oxide when R 2.11 isincluded in the model, this reduction is minimum.

In summary, it seems unlikely that the presence of CO in the system can increase the
rate of nitric oxide reduction on the char surface to the values necessary to obtain a
correct prediction of the conversion of char-nitrogen to nitric oxide during char
combustion. In particular at the temperatures at which this experiments were carried out
the effect of CO was found to be minor (Levy et al., 1981). However, the effect of
oxygen in the reduction of nitric oxide is more obscure, and can increase the value of kyo

to values for which the rate of NO reduction on the char surface can become important.
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2.6.2.4 Summary of the comparison of the predictions of the SSPM to the experimental

results

The following are the main conclusions obtained from the comparison of the
predictions by the SSPM and the results in Section 2.2.5:

1. A simplified single particle model that only considers three reactions (R 2.7 to R
2.9) predicts a decrease in the conversion of char-nitrogen to nitric oxide as the
background nitric oxide concentration is increased. This is in agreement with
experimental results. However, the slope for the plot of char-nitrogen conversion to nitric

oxide (a,g) Vvs. background nitric oxide is too low if a value for the rate of nitric oxide

reduction on the char surface (ko) traditionally reported in the literature is used.

2. If the same model is modified by multiplying ko by 100, model predictions are

closer to experimental results.

3. The model predicts a steeper sope for the a,, Vvs. background nitric oxide

concentration for an oxygen concentration of 4% than for 20%. Thisisin agreement with
the experimental results.

4. The model predicts that as the particle size increases, the conversion of char-
nitrogen to nitric oxide decreases. However, the uncertainty in the experimental
measurement prevents a comparison of these predictions with the experimental results.
For large surface areas, as the one presented by the activated carbon, this effect is less

pronounced.

5. The effect of oxygen was identified as the most possible cause for an increase in
the rate of nitric oxide reduction on the char surface. However, the experimental data
obtained in this study as well as in the literature are not sufficient to quantify the real

magnitude of this effect.
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The comparison of the predictions by the SSPM with the experimental results
suggests that a heterogeneous model than only considers R 2.7 to R 2.9 does not predict
the experimental trends reported in Section 2.2.5, unless the rate for reduction of nitric
oxide in the char surface is a value two orders of magnitude higher than the one
traditionally reported in the literature. Considering the results in Section 2.2.4, this high
value on the kyo seems unrealistic unless the presence of oxygen in the system causes an

increase in Kyo.

In the case that the high value of kyo is correct, the SSPM predicts the most
important trends on the conversion of char nitrogen to nitric oxide when the background
nitric oxide concentration increases, however the exact magnitude of the process is not

correctly predicted.

Taking into account that the results with the SSPM are not completely satisfactory it
is advisable to explore other mechanisms that can contribute to the conversion of char-
nitrogen to nitric oxide during char oxidation. The next sections discuss two of these
mechanisms: the interaction of nitric oxide with other particles present in the reactor and

the effect of homogeneous reactions.

2.6.3 Effect of Sample Size

Jensen et al. (2000) showed that as the sample size increases, the conversion of char-
nitrogen to nitric oxide decreases (e.g. for a bituminous coal char at 1473 K the
conversion of char nitrogen to nitric oxide is ~0.9 for a 0.5 mg sample, but ~ 0.05 for a 6
mg sample.) These authors considered that the effect of a larger sample size was that the
nitric oxide formed by one particle, was reduced by the surrounding particles. The larger

the sample size the higher the area available for nitric oxide reduction.

Figure 2.28 presents results from the present study of the variation on the conversion

of char-nitrogen to nitric oxide with sample size when U-Furnace chars are injected into
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the reactor at 20% O, and 1698 K. The figure also presents the carbon balance. Figure
2.28 shows that the conversion of char-nitrogen to nitric oxide decreases as the sample

size increases. Although the curves for a,, and carbon balance follow a similar trend,

the variation in the carbon balance is lower (96.5 to 103.6%) compared to the one for

a,o (0.47 to 0.55). Furthermore, an overestimation of the carbon balance would occur
when the denominator in E 2.8 is too high, and this would produce a reduction in a,
and not an increase as occurs in Figure 2.28. Therefore, the variation of a,, with sample

size seems related to the sample size and not to the process of evaluation of a .
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Figure 2.30. Variation of the conversion of char-nitrogen to nitric oxide and carbon
balance with sample size. Injection of U-furnace char into the droptube at 20%0, Tg
= 1698 K, 63 - 53 um

According to the results in Figure 2.28 and the previous experience of Jensen et al.
(2000) it seems possible that in the experiments presented in Section 2.2.5 the
surrounding particles reduce the nitric oxide produced by one particle. Therefore, the

value of char nitrogen conversion to nitric oxide evaluated from the experiments is lower
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than the actual one occurred in the experiment. This would explain why the predictions

by the SSPM overestimated a -

As sound as the previous conclusion seems, it is in disagreement with the resultsin
Section 2.2.5. Table 2.5 and Table 2.6 show that when a similar sample size of coa and
U-Furnace char is injected into the reactor, as was the case in the experiments in Section
2.2.5, the actual amount of char mass introduced when coal is injected into the reactor is
approximately half the amount of when UFurnace char is injected. This occurs since
approximately half of the mass of the coal is released as volatiles after injection into the

reactor. The amount released for U-Furnace char has to be lower.

If the reduction of nitric oxide by surrounding particles was as determinant on the
evaluation of the conversion of char-nitrogen to nitric oxide as Figure 2.28 and previous

studies (Jensen et al., 2000) suggest, a, should be lower when char is injected into the
reactor than when coad is injected into the reactor. But as Figure 2.23 shows, this is not
the case. In Figure 2.23 a.,, when the oxygen concentration is 4%, the valuesof a, for
coa and U-Furnace char are practically the same. Moreover, in Figure 2.23 b. (20% O,)
a,.o IS aways higher for char than for coal, in total contradiction to what an effect on

char sample size suggest.

It could be argued, though, that the conversion of the nitrogen in the volatiles to

nitric oxide during coal oxidation is such that when it is added to the conversion of char-
nitrogen to nitric oxide it gives the same number for a,, as when UFurnace char is

injected in the reactor. This seems however an unlikely event. In particular, if this needs

to be the case for all five experiments at different background nitric oxide concentrations.

To sum up, the experimental evidence suggests that athough an increase in the
sample size tends to reduce the conversion of char-nitrogen to nitric oxide, this reduction
is not originated by variations in the actual mass of char injected into the reactor and

therefore the influence of the reduction of nitric oxide from other particles in the present
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experimental setup is negligible. Next sections discuss an dternative hypothesis that

explainswhy a, decreaseswith sample size.

2.6.4 Experiments with Purge

This section presents results for the experiments described in section 2.2.3.3.2.1
where the solid is injected into the reactor under inert atmosphere, and after a one-minute
purge, oxygen is admitted into the reactor (see Figure 2.9). These experiments differ from
those in Section 2.2.5 in which the solid is injected when oxygen is already present in the

reactor.

Figure 2.29 shows the variation of the conversion of char-nitrogen to nitric oxide

(ayo) and the carbon balance with the sample sizes for three different experiments. The

first case (squares) is for experiments with purge in which the collection probe is placed
immediately after the char. The second case (crosses) is also for experiments with purge
but this time the collection probe was placed 8 cm downstream for the nonrwoven fabric
that holds the char. This gives an additional residence time of ~ 0.36 s. The third case
corresponds to the results already presented in Figure 2.28, that are included for
comparison.

In the results in Figure 2.29, a,, was caculated by E 2.8 from the concentration

profiles after oxygen injection (see Figure 2.9). The carbon baance represents a
comparison between the amount of carbon injected and the amount of carbon detected as

CO and CO, in the period after oxygen was injected.

As Figure 2.9 shows, immediately after injection, there is release of CO and CO;;
therefore it is not surprising that in Figure 2.29 the carbon balance for the purge
experiments is lower than the one for the direct injection experiments. What is
unexpected is the considerably lower conversion of char-nitrogen to nitric oxide for the

experiments with purge. The conversion islower by afactor of amost four and it is lower
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for the experiments in which the collection probe was placed further downstream in the

reactor. To explain this behavior, it is convenient to review the definition of a .

E 2.8 shows that a,, depends on the profile of gas concentration of NO, CO and
CO, and on the aomic ratio of nitrogen to carbon (N/C) in the solid. Where N/C is
evaluated from the elemental analysis of the solid injected into the reactor. Althougha
reveals any effect that the purge time prior to oxygen injection can have on the release of
CO, CO, and NO, itisinsensitive to any variationson N/C, since this value is computed

from the elemental analysis of the solid prior injection into the reactor.

In the injection experiments in which the solid immediately reacts with oxygen, the
value of N/Ccalculated from the elemental analysis is a correct representation of the

ratio of nitrogen to carbon in the char when oxidation begins. However, in the
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experiments with purge, the solids can experience additional devolatilization that can

adter thevalueof N/C as evaluated from the elemental analysis.

A reduction of N/C during the purge period can explain why a, islower for the

experiments with purge. In this case, the actua mass fraction of nitrogen in the char

would be lower than the one in the elemental analysis of the char prior injection.

The lower value of a,, for the experiments with purge is not enough evidence to

conclude that there is released of nitrogen during the period the char isin purge. Since the
U-Furnace chars were prepared at conditions that resembled pulverized coal combustion
(Spinti, 1997) one would expect a minimum amount of material released after exposure
to high temperature. A one-minute residence timeis far from the long residence times (~1
hr) required for complete depletion of nitrogen under inert atmosphere reported by Pohl
and Sarofim (1976). However, the analysis of the FTIR spectra of the exhaust gases
during the purge time shows evidence of the presence of HCN (Figure 2.30) and NO
(Figure 2.31).

Figure 2.30 presents the spectra of the exhaust gases produced during the purge
period after injection of U-Furnace char into the reactor. The spectra are compared to a
standard for HCN. Figure 2.30 shows the presence a peak characteristic of HCN
concentration during the purge experiments at high sample sizes. As the sample size
decreases from 40 to 5 mg the peak disappears. This is evidence that during the purge
experiments, the chars release HCN. The amount of HCN released is low, and only

detectable for high sample sizes.

Figure 2.31 shows FTIR peaks related to nitric oxide during the experiments with
purge (the spectrum of an H,O standard is presented so that the peaks for NO can be
separated from those of H,O). The production of nitric oxide probably occurs from the
oxidation of HCN. The fact that as the sample size decreases the peak for nitric oxide do
not decrease but that it increases for some cases suggests that after the injection of the U-

Furnace char into the reactor, the amount of oxygen in the reactor is enough to oxidize all
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the HCN released to NO when the sample size islow. At higher sample sizes, some HCN
escapes oxidation and it is detected by the FTIR (Figure 2.30).

In other words, the lower the mass of carbon injected, the higher the possibility that
the species released from the char are oxidized. As the sample size increases, the
atmosphere becomes more reducing and species as HCN that in the presence of O, at

1698 K are rapidly oxidized to NO can survive until detection.

If the height of the peak for nitric oxide presented in Figure 2.31 is normalized by the
mass of char injected into the reactor, this number increases as the sample size decreases
(see Figure 2.32). This further supports the conclusion that higher sample sizes promote a

reducing atmosphere where HCN is not oxidized to NO.

The previous discussion suggests that homogeneous reactions can have an effect on
the conversion of char-nitrogen to nitric oxide and that can explain the variation of a,

with the sample size, as observed in Figure 2.28 and Figure 2.29. The higher the sample

size, the more reducing the atmosphere.

One additional way to measure the magnitude of the carbon oxidation occurring in
the reactor is to evauate the ratio CO,/CO. At these high temperatures, CO is the main
product of char oxidation (Tognotti et al., 1990). Therefore, the rate CO,/CO gives
information on the extent of carbon oxidation in the homogeneous phase. If CO,/CO is
zero, there is no oxidation of CO. A high value of CO,/CO impliesthat CO is oxidized by

homogeneous reactions and suggests a more oxidizing atmosphere.
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Figure 2.34. Variation of the height of the nitric oxide peak in Figure 2.31 normalized
by the sample size injected into the reactor with the sample size U-Furnace Char. Tg
= 1698, 63 — 53 um

In the experiments of direct injection, amost all CO is converted to CO, and the
ratio CO,/CO does not give additional information on the magnitude of reduction in the
homogeneous phase. However, in the experiments with purge before oxygen injection,
the concentration of CO in the exhaust gases is significant and the ratio CO,/CO can be

used to quantify the magnitude of carbon oxidation in the gaseous phase.

Figure 2.33 presents this ratio for the experiments presented in Figure 2.29 when U-
Furnace char is injected in the system. It aso includes data when coal was injected into
the reactor. The figure shows that ratio CO,/CO is considerably lower for coal than for U-
Furnace char and that it increases as the sample size decreases.

The amount of carbon-containing species released from volatiles after the injection
of coa has to be higher than the one of char. The data of Molina (2002, Appendix J)
show that during this period, acetylene, ethylene, methane and HCN are detected in the
reactor. For char, only HCN was detected. This explain why the ratio CO,/CO is higher
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for the char since the higher the amount of carbon-containing material in the gaseous
phase, the more reducing the atmosphere surrounding the particle and less CO will be
oxidized.

In the same way, the higher the sample size, the higher the mass of gaseous material,
released after the injection of the solid. This explains why the ratio CO,/CO decreases as

the sample size increases.

In summary, this section presented additional experimental data on the conversion of
char-nitrogen to nitric oxide following an experimental procedure in which oxygen is
injected into the reactor after the solids have been in purge in the reactor for one-minute.
The results show that the conversion of char-nitrogen to nitric oides decreases as the
sample size increases and that it is considerably lower for the experiments with purge

than for those in which char is directly injected into a He/O, stream.
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Figure 2.35. Variation of the CO,/CO ratio with the sample size during the purge
period for ? Coal and ? U-Furnace char, Tg = 1698 K, 63 — 53 um
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A detailed analysis of the FTIR spectra of the exhaust gases produced during the
purge period after the injection of coal and char shows that HCN is produced in
measurable amounts for large sample sizes. However, as the sample size decreases, HCN
isoxidized to NO.

A decreasein theratio CO,/CO as the sample size increases and when more volatiles
are releases supports the conclusion that a bigger sample size contributes to a more
reducing atmosphere, in which not all the HCN released from the char is oxidized to NO.

The reason why these chars release HCN after injection may be related to the fact
that the activation energy of the volatile released is a distributed function. Some unstable
nitrogen-containing polyaromatic compounds may condense in the char matrix during
char production, particularly under the conditions at which the U-Furnace chars were
produced (exposure to high temperatures at low residence times). These compounds,
once exposed to high temperatures can be released as HCN. Furthermore, the presence of
O, in the system, as the production of CO and CO, suggests, can produce the disruption

of the char matrix and nitrogen-containing species, such as HCN, can be rel eased.

2.6.5 Effect of Homogeneous Reactions

At this point it seems proper to evaluate if the influence of homogeneous reactions
can explain the behavior observed in the different experimental results presented in
Section 2.2.5 and in the previous section.

As shown in Figure 2.30 and Appendix J of Molina (2002), HCN is released just
after the injection of coal and U-Furnace char in the reactor. Some of this HCN is
oxidized to nitric oxide by the oxygen present in the system. As the sample size

increases, the amount of HCN that is oxidized to nitric oxide decreases.

The higher presence of HCN as the sample size increases suggests that the reduction

on the conversion of nitric oxide as the sample size increases can originate from the
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influence that homogeneous reactions can have on the conversion the nitrogen-containing
species released after the solids are injected into the reactor. In this way, when the sample
size is low, the atmosphere surrounding the injected solid is more oxidizing and tends ©
favor NO production. As the sample size increases, the atmosphere becomes more
reducing and the favored speciesis No.

The effect of homogeneous reactions can also explain the decrease on the conversion
of fuel-nitrogen to nitric oxide as the background nitric oxide concentration increases
(Figure 2.17 to Figure 2.24). Any HCN released after the injection of the solid into the
reactor, can react with the nitric oxide produced by the particle and in the background to
produce N,. The higher the concentration of background nitric oxide, the higher the
amount of HCN converted to N,. This effect has to be more pronounced at low oxygen
concentrations and almost independent of particle size. All of thisisin agreement to the
resultsin Figure 2.23 and Figure 2.24.

Furthermore, if the reduction on a, as the background nitric oxide concentration
increases occurs due to the destruction of NO with the HCN released from the particle,
one can expect asimilar slope for the plot of a,, vs. background NO for the coal and the
U-Furnace char since in both cases the effective amount of NO reduced will depend on
the presence of HCN in the gaseous phase. The FTIR results in Figure 2.30 and in
Appendix J of Molina (2002) show that HCN is released from both solids. Figure 2.23 a
shows that the conversion of fuel-nitrogen to nitric oxide is the same for coa and U
Furnace char at 4% O,. At 20% O, where there is a higher possibility of HCN oxidation
to NO that at 4%, the solid that produces a more reducing atmosphere will present a
lower value of a,.And thisisthe case in Figure 2.23 b., where the conversion of fuel-

nitrogen to nitric oxide for coal is always lower than the conversion of char-nitrogen for

the U-Furnace char.

The effect of homogeneous reactions can also explain why a,, is lower in the

experiments with purge (Figure 2.29). Not only the value of N/C decreases because of
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the release of HCN after the injection of solids in the system, but also when HCN is
released into a gaseous stream that already contains oxygen, the conversion to nitric
oxide should be higher than when HCN is released into the reactor when oxygen is just

been injected into the system. In addition, the lower value of a,, when the residence

time is higher (collection probe at 8 cm in Figure 2.29) supports a homogeneous process,

in which the nitrogen produced from the char is reduced to N».

The existence of this parallel mechanism for NO reduction on the homogeneous
phase can also explain why the SSPM that only considered heterogeneous reactions
overestimated the conversion of char-nitrogen to nitric oxide when kinetic parameters for
the reduction of nitric oxide on the char surface that are traditionally reported in the
literature were used.

Although the experimental evidence support that homogeneous reactions affect the
conversion of char-nitrogen to nitric oxide, it is necessary to understand if a theoretical
treatment that considers homogeneous reactions explains the experimental results of
Section 2.2.5 and section 2.6.4. Furthermore, previous studies (Pohl and Sarofim, 1976,
Kobayashi et a. (1976) and Gibbins and Williamson (1998) have shown that the release
of the nitrogen present in the char by exposure to a constant high temperature is minimal
in the time frame of char oxidation at pulverized combustion conditions. Therefore, the
release of char-nitrogen as HCN has to be promoted by the presence of oxygen in the
system. However, at the temperature and oxygen concentration typical of pulverized coal
combustion the conversion of char-nitrogen to nitric oxide seems more possible than to
HCN.

The next section presents a comparison of the predictions of a model that couples
homogeneous and heterogeneous reactions to the experimental results presented in this
study. This comparison presents information that helps to understand the relative
importance that a homogeneous mechanism can have in the conversion of char-nitrogen
to nitrogen oxides.
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2.6.6 Model with Homogeneous Reactions

Any HCN released from the char after injection in the reactor can react in the
homogeneous phase in the char boundary layer or in the bulk, before the gas temperature
islow enough to freeze the chemistry of the system.

This section examines the homogeneous reactions that HCN can undergo in the

boundary layer and in the bulk.

2.6.6.1 Reactionsinthe boundary layer

Different authors have examined the homogeneous reactions occurring in the
boundary layer of the char. Mitchell et a (1990) coupled the heterogeneous reactions
occurring in the char with homogeneous reactions occurring in the boundary layer and
studied the extent of conversion of CO to CO,. Their model predicted that in the
boundary layer at 6 and 12% O, the conversion of CO to CO, is minimum. Lee et al.
(1995) developed a robust transient numerical model for carbon particle ignition and
oxidation that coupled heterogeneous and homogeneous reactions in the boundary. Goel
et a. (1996a) used a similar model and conpared the predictions to data obtained from
experiments in an electrodynamic balance (Tognotti et al., 1990) and to study the
reactions of N-containing species in the boundary layer at fluidized bed conditions (Goel
et a., 2001). They concluded that the reaction of HCN and other cyanide-like compounds
in the boundary layer with NO can produce N,O.

The present study uses a model that couples reactions in the boundary layer with a
detailed description of the heterogeneous chemistry that occurs during char oxidation
with an approach similar to those described above. This program is Skippy (Ashman et
a., 1999) (Surface Kinetics In Porous Particles).
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2.6.6.1.1 Mode Description

Skippy, originally developed within the Department of Chemical Engineering at The
University of Sydney, calculates species and temperature profiles for the reaction of a
porous solid in a reacting gaseous environment at pseudo-steady state. The Skippy code
employs data and subroutines from CHEMKIN package (Kee et al., 1989, the
SURFACE CHEMKIN package (Coltrin et al., 1990 and the Sandia transport packages.
(Keeet al, 1986

Skippy solves the mass conservation equation, the energy equation, and the species
conservation equation by considering a multicomponent diffusion system and mass
convection. A more detailed explanation of the structure of Skippy is presented in
reference (Haynes, 2001) and in Appendix K of Molina (2002).

Among the different inputs required in Skippy, the mechanism for the gas and
surface chemistry may be the most important. For the gas phase the GRI-Mech 3.0
(Smith et a.) was used. GRI-Mech 3.0 is optimized for the combustion of methane and
natural gas under the limits of 1000 to 2500 K, 1.3 to 1013.3 kPa and equivalence ratio
from 0.1 to 5. These limits for pressure and temperature are within the conditions
occurring in the boundary layer during char oxidation. Since the main fuel oxidized
during the combustion of the char is CO and since the oxidation of CO is a fundamental
step during methane oxidation, it was assumed that GRI-Mech 3.0 represents the
homogeneous phase reactions occurring in the boundary layer. In fact the targets for the
GRI Mech 3.0 included the prediction of CO oxidation at 1700 — 1900 K and at
equivalence ratios from 0.04 to 6. This is the rage were more of the simulations in the

present study were performed.

The heterogeneous mechanism used in Skippy has to follow a detailed scheme that
conserves surfaces complexes and active sites. However, it can be ssimplified by the
global reactions presented in Table 2.7. A more detailed description of the heterogeneous
mechanism and kinetic parameters used in the system are presented in Appendix K of
Molina (2002).

266



R 2.12 to R 2.13 represent the heterogeneous formation of CO and CO, from the
char surface. The rate parameters were taken from reference (Muris and Haynes, 2001) in
which the ratio CO/CO, was defined to satisfy the experimental data by Tognotti et al.
(Tognotti et a., 1990).

R 214 and R 2.15 represent the formation and destruction of nitric oxide
respectively. The rate of nitric oxide formation was considered to be proportional to the
rate of carbon monoxide formation from char oxidation (R 2.12). The rate expression for

nitric oxide reduction on the char surface by Jensen et al. (2000) wasused in R 2.15.

Table 2.7. Summary of heterogeneous mechanism used in Skippy

No. Reaction
R212 -C+10,® CO
R213 -C+0,® CO,
R214 - N+10,® NO

R215 - C+NO® iN,+CO

R216 - HCN 3%® HCN

An additional reaction was added to simulate any HCN released to the gaseous phase
(R 2.16). The proportion of HCN to NO released could be varied as input parameter. The
condition was that the fraction converted to HCN plus the one converted to NO was the
mass fraction of nitrogen in the char. Note that the mechanism in Table 2.7 assumes that
HCN is released at a rate proportional to the one for char oxidation. This is done since
previous studies (Krammer and Sarofim, 1994) showed that oxygen is necessary to
release the nitrogen in the char at the temperatures and time scale typical of char

oxidation.
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2.6.6.1.2 Cadlibration for the rate of char oxidation

As explained in section 2.6.2.1, the rate of char oxidation is fundamenta in the
evaluation of the conversion of char-nitrogen to nitric oxide. In section 2.6.2.1 the SSPM
was calibrated to the experimental data obtained by Hurt (1993) for char conversion. The
same process was done for Skippy. Figure 2.34 presents the comparison of the

experimental results by Hurt (1993) and Skippy’s predictions when a surface area of 5 nt
g'isused.
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Figure 2.36. Comparison of the char burnout as predicted by Skippy (symbols) and
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Although the agreement between experiments and prediction is not perfect, it is
considered enough to guarantee that the model estimates in a reasonable way the char
burnout. If the char surface area is increased from 5 m* g™ char reactivity will be
overestimated and this affects the conversion of char-nitrogen to nitric oxide as it is
discussed later.

2.6.6.1.3 Predictions when all char-nitrogen is converted to nitric oxide

Figure 2.35 presents the comparison of the predictions by Skippy and the
experimental results presented in Section 2.2.5 assuming that all char-nitrogen is
converted to nitric oxide. As it was the case in Figure 2.26 and Figure 2.27 when the
predictions by the SSPM were compared to the experimental results, two values of kyo
were used. The first one (kno) , corresponds to the kinetic expression by Jensen et al.
(2000). The second one is the same number multiplied by 100 (kno X 100).
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The predictions obtained from Skippy are very similar to the ones by the SSPM
(Figure 2.26 and Figure 2.27). The main difference is that Skippy with a value of kyo X
100 underestimates a,, while the SSPM dlightly overestimates it. The reason for thisis

that Skippy uses the kinetic of Jensen et a. (2000) by assuming that the surface area in
those experiments was 10 nf g (see Appendix K of Molina, 2002). With this value, the
rate of reduction of nitric oxide on the char surface is approximately one order of
magnitude higher than the one by Aarna and Suuberg (1997) used in the SSPM (see
section 2.6.2). In this case, Skippy predicts a lower conversion of char-nitrogen to nitric

oxide.

The results in Figure 2.35 suggest that an increase in the rate of nitric oxide
reduction on the char surface is required to predict the total conversion of char-nitrogen
to nitric oxide. In Figure 2.35, kyo Was increased by multiplying the original expression
by 100. However, this is not the only way to increase kyo. Since an increase in surface
area increases the rate available for destruction, it seems right to assume that the higher
the surface area the lower the conversion of char-nitrogen to nitric oxide. However, an
increase in surface area also increases the rate of char oxidation. And this effect competes

with any increase in the reduction of NO on the char surface.

Figure 2.36 presents the effect of an increase in surface area from 5 to 50 nf g™ for
the radial profile of oxygen (a.), the char burnout vs. time (b.) and the variation of the
conversion of char-nitrogen to nitric oxide (c.) and nitrogen (d.) as predicted by Skippy

for the oxidation of U-Furnace char at 4%0,
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Figure 2.36 shows that as char conversion advances, the conversion of char-nitrogen
increases. Thisisin agreement with results at fluidized bed conditions (Goel et al., 1994)

and is due to a reduction on the area available for NO reduction.

Figure 2.36 aso shows, that a larger surface area reduces the conversion of char-
nitrogen to nitric oxide. For instance at a burnout of zero the conversion of char-nitrogen
to nitric oxide reduces from 0.98 to 0.86 when the char surface area increases from 5 to
50 nt g™,

Although this seems an improvement in the predictions presented in Figure 2.35, it
has one additional effect, a considerable increase in the char reactivity (Figure 2.36 b.)
The time for 60% char conversion reduces from 100 ms to 40 ms. Given the fact that the
model was calibrated to predict the experimental data of Hurt (1993) for char oxidation
(see Figure 2.34) this increase seems unreadlistic. Furthermore, the improvement on the
prediction of the conversion of char-nitrogen to nitric oxide is minimum (from 0.98 to
0.86) when the experimental result is ~ 0.4 (Figure 2.23). All this evidence suggests that
an underestimation on the surface area available for reaction is not the reason why Skippy

over-predicts the conversion of char-nitrogen to nitric oxide.

One final observation from Figure 2.36 is that although the total conversion of char-
nitrogen to nitric oxide increases with char burnout, the change is not steep, particularly
at the beginning of the char oxidation. According to this, the conversion of char-nitrogen
to nitric oxide at the beginning of the reaction is a good indicator of the total conversion
of char-nitrogen to nitric oxide.

The next smulations with Skippy present the results at the beginning of the char
conversion. Therefore the results will dlightly underestimate the conversion of char-
nitrogen to nitric oxide compared to that if the complete burnout is computed. However,
this effect is minor and it should not effect the evaluation of trends. The high
computational demand of the evaluation of a complete char oxidation profile provides the

basis for this assumption.
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To end this section, Figure 2.37 presents the comparison of the predictions by Skippy
to the experimental data for the oxidation of active carbon at (4% O,). The simulation
used a surface area of 100 nf g* and the elemental composition in Table 2.3. For this
high surface area, the profile close to the reaction front is really steep (see Figure 2.36 a.)
and the solution of Skippy becomes difficult. This prevented obtaining a solution for
higher surface area or higher oxygen concentrations. For these cases it is necessary to use
a smplified version of the homogeneous mechanism. However, this was considered

beyond the scope of this study.
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Figure 2.39. Comparison of the variation of the conversion of char-nitrogen to NO
withNO in the background for the experiments (symbols) and the predictions by
Skippy for two values of kyo (Aarna and Suuberg 1997): Dashed line: kyo; Bold line
KnoX 100. T, = 1698 K, Activated Carbon 4% O, 63 — 53 um

As it happened with the U-Furnace char (Figure 2.35), Figure 2.37 shows that
Skippy overestimates a,, when kyo is used and it underestimates it for kyo x 100.

However, the predictions with kyo for activated carbon are closer to the experimental
results than those for U-Furnace char. The higher surface area and carbon content of the
activated carbon are the reason for this.
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2.6.6.1.4 Extent of the reactions in the boundary layer

Up to this point, the predictions obtained from Skippy are very similar to the ones
obtained from the SSPM. This is not surprising since both considered the same
heterogeneous reactions.

However, the purpose behind the use of Skippy was to understand the magnitude of
the reactions in the boundary layer. To do this, the extent of the conversion in the
boundary layer of carbon to CO and CO, and of char-N to different N-containing
compounds in the event that all the char-nitrogen was released as HCN was studied. This
value was arbitrarily set to one to facilitate the study of the reactions of HCN in the

boundary layer.

Figure 2.38 presents the predictions by Skippy for the oxidation of U-Furnace char
and for five different cases in which the location of the boundary layer expressed as the
ratio of the boundary layer to the particle diameter (Rs./Rcha) Was varied from 1 to 75
(cases A to D). In all the cases it was assumed that all the char-N was converted to HCN
and that the bulk concentration was 4% O,/He, except for case E where 1 % H,O was
included. This case was added because results from previous studies (Lee et al., 1995,
Goel et a., 1996a) have shown that H,O is required to obtain the oxidation of CO in the
boundary layer.
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Figure 2.40. Skippy’s prediction for the conversion of a. Char-carbon and b. Char-nitrogen for the combustion of U-Furnace
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Rg /Rha = 98 and with 1% H,O in the background
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Figure 2.38 shows that under the conditions of the ssimulations CO and HCN do not
undergo any considerable transformation in the boundary layer. Not even with a ratio
ReL/Renar @ high as 98 it was possible to obtain any reactions in the boundary layer. With
the addition of 1% H,O the activity in the boundary layer increases, but not in a
considerable way. Since a boundary layer of more than 100 times the particle size is
unrealistic for the experimental conditions of this system, the smulation suggest that for
the oxidation of the U-Furnace char, any homogeneous reactions should occur in the bulk

and not in the boundary layer.

Since Goel et al. (2001), using asimilar model, found that the conversion of HCN in
the boundary layer at fluidized bed conditions was minimum if NO was not present; some
simulations with Skippy were run with a variation in the nitric oxide in the background.
Figure 2.39 presents the conversion of carbon to CO and CO, and of nitrogen to NO,
HCN, NO, and N, for the oxidation U-Furnace char (cases A to B) and activated carbon
(cases C to H). The nitric oxide concentration in the background changes between cases,

and for the last two cases (I and H), the boundary layer is longer.

The results on the conversion of the carbon in the fuel to CO and CO, are similar to
those in Figure 2.38. For all the cases, the oxidation of CO in the boundary layer is
negligible. Thisisin agreement with previous results by Mitchell et al. (1990).

The results for the conversion of char-nitrogen to different nitrogen-containing
species (Figure 2.39 b.) show that HCN does not react in the boundary layer. For all the
cases, the conversion of char-nitrogen to HCN is one. Not even in case H in which the

boundary layer was extended to R /Rcy = 95 HCN reacts in the boundary layer.
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Figure 2.39 b also gives additiona information on the process of nitric oxide
reduction on the activated carbon. The results for case C where the background
concentration is zero show that all char-N is converted to HCN. However, as the nitric
oxide increases to 750 ppm, the production of N, is considerable. This occurs because of
the destruction of nitric oxide on the char surface. Since the resultsin Figure 2.39 b are
normalized by the amount of char-nitrogen in the char, the conversion of char-nitrogen to
nitric oxide can get negative values higher than —1. In the same way the conversion of
char-nitrogen to N, can get values of more than one. This effect is more noticeable for a
fuel like the activated carbon for which the nitrogen content is low and the surface area
available for nitric oxide reaction is high. In thisway, a conversion of char-nitrogen to N,
of ~3.0 (as in case F) means that the amount of N, produced is three times the one that
would have been produced if al the nitrogen produced in the char was converted to

nitrogen.

In contrast to the results in Figure 2.38 and Figure 2.39, the experimental evidence
shows that amost all the carbon monoxide produced during char oxidation is converted
to carbon dioxide before reaching the gas analyzers. Therefore, additional reactionsin the
bulk should occur. The next section examines the influence of these reactions on the

conversion of char-nitrogen to nitric oxide.

2.6.6.2 Reactionsin the bulk

If CO and HCN do not react in the boundary layer; they should react in the bulk,
before the reactions in the gaseous phase cease in the collection probe. The estimated
residence time for the exhaust gases from the char surface to the collection probeis0.13 s
at 1698 K and for the gas flow of the experiments. Since the collection probe has a
relative high cooling rate (see Appendix D of Molina, 2002), most of the reactions should

occur within this section.
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To simulate the reactions occurring in this region, the output of the gaseous phases
obtained from Skippy at the different cases studied was used as input to SENKIN (Lutz et
al., 1988), a program that computes the time evolution of a homogeneous reacting
system. The homogeneous reaction mechanism was GRI Mech 3.0 (Smith et al.). The
simulations were performed assuming constant temperature (1698 K) and a residence
time of 0.13 s. In this case the evaluation of the conversion of char-nitrogen to nitric

oxide is not as straightforward as with Skippy, since the data available to compute a

outputs are mole fractions and not molar flows. In this case a, was calculated

according to E 2.9.

— [NO]OUT + [NOZ]OUT - [NO]IN
No [NO]INCHAR

E29

Where [NO],y represents the mol fraction of nitric oxide in the input obtained from
the simulation by Skippy. This value is a few ppm lower than the nitric oxide in the
background because some nitric oxide is reduced by the particle. It is important to note
that the input obtained from Skippy corresponds to the species concentration at a radius
eight times the particle radius, and before the end of the boundary layer. This is done
because the gas concentration at the end of the boundary layer corresponds to the

boundary condition of the problem.

[NOJour and [NO,out are the nitric oxide and nitrogen dioxide concentration
predicted by SENKIN after a residence time of 0.13 seconds. Since some NO is oxidized

to NO, it is necessary to acount for both during the evaluation of a,. [NOlin crar

represents the amount of nitric oxide that would be produced if al char-nitrogen were
converted to NO. It is computed as the fraction of nitrogen in the input obtained from

Skippy when the background nitric oxide concentration is zero.
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E 2.9 represents the apparent conversion of char-nitrogen to nitric oxide when it is
assumed that all char-nitrogen is converted to HCN. In the cases when the conversion of
char-nitrogen to HCN isless than one, E 2.9 has to be corrected by taking into account

the amount of char-nitrogen already converted to nitric oxide in the input, as

- [NO]OUT + [NOZ]OUT - [NO]IN + [NO]NO=0
NO [NO]INCHAR

E 210

Where [NO] o, represents the mol fraction of nitric oxide in the boundary layer,
when the background nitric oxide concentration is zero. For example for a background
nitric oxide concentration of 250 ppm, when the conversion of char-nitrogen to HCN is
0.5, [NQ],, will be few ppm hgher than 250 (e.g. 255 ppm) because of the contribution
of the char-nitrogen to NO (5 ppm in this case). If al the HCN is converted to N,
[NOJoyr +[NO, ]y Will be 255 ppm and [NOloy; +[NO,]oy; - [NOJ,, is zero.
According to E 2.9, a,, is zero, however some char-nitrogen (5 ppm) was already
converted to nitric oxide and thisis the reason why it is necessary to add [NO] ., inthe

denominator of E 2.10.

Figure 2.40 presents the results for the variation of a,, with variations in the
background NO during the oxidation of U-Furnace char and activated carbon when the
inputs obtained from Skippy are used. There is no comparison at 20% O, for activated
carbon, since as it was mentioned above, it was not possible to obtain a solution for the
system with Skippy. Two different cases are considered. One in which all the char-
nitrogen is assumed to be released as HCN (a ., = 1) and asecond onefor a,, = 0.5.
It is important to remember that during these simulations, the release of HCN and NO
was assumed proportional to char oxidation; i.e., HCN is released due to the presence of

oxygen in the system.
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Figure 2.42. Comparison of the variation of the conversion of char-nitrogen to NO
with NO in the background for the experiments (symbols) and the predictions after
the reactions in the bulk are considered. T, = 1698 K, Res. time = 0.13 s. 63 — 53um a.

U funrance char 4% O,, - - : a,,cy = 1; ----I 8y = 0.5and NO =80 at NO,,,, =0 b.

U-furnace char 20% O, - - : a, oy = 1; ----: @yeny = 0.5 and NO =45 at NO,,, =0c.

Activated Carbon 4% O,
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For all the cases in Figure 2.40, all the HCN was either reduced to N, or
oxidized to NO and NO,. Also the conversion of char-C to CO, was always higher than
0.6 at 4% O, and .98 at 20 % O,. A higher residence time increases the conversion to
CO, but has no influence on the conversion of char-nitrogen to different species. This
shows supports the conclusion that the conversion of CO and HCN occurs in the bulk and
not in the boundary layer.

When a,, is one, the predictions are very close to experimenta results for U

Furnace char when the nitric oxide background concentration is not zero. It is important
to remember that in this ssmulation there is no fitted parameter. The reduction of nitric
oxide occurs from the reaction of HCN with the NO in the background. The more
oxidizing the atmosphere surrounding the particle, the higher the oxidation of HCN to
NO. Therefore the predicted value of a,, is lower at 4% than at 20 %, again in

agreement with the experimental results.

Despite the correspondence between model predictions and experimental results
when a,., = 1, the predicted value for a,, is considerable different from the

experimental results when the background nitric oxide concentration is zero. This occurs

because if there is no nitric oxide in the gaseous phase, HCN is oxidized to NO.

In order to explain this disagreement it is possible to consider the case in which
aycy 1S lessthan one. In that case (for instance at a,, = 0.5) the background nitric
oxide concentration will not be zero, even if there is not addition of nitric oxide to the
gaseous stream. In fact, Figure 2.17 and Figure 2.20 show an average concentration for
nitric oxide concentration in the bulk when the background nitric oxide concentration is
zero of 80 and 45 ppm at 4 and 20 % O, respectively. If the ssmulation are repeated
assuming a,, = 0.5 and abackground concentration of 80 and 45 ppm when there is no
injection of nitric oxide into the reactor, the predicted value of a,, gets closer to the

experimental results at background NO concentration of O.
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In contrast to the relative agreement between the predictions obtained when
the reactions of HCN in the boundary layer are considered for the U-Furnace char and the
experimental results, the predictions for the activated carbon considerable differ the

experimental results. The reason for this that a,, cannot be less than -1 if the nitric

oxide is only reduced by the reaction with HCN; i.e., if every atom o char-nitrogen is

converted to HCN and then reacts with NO to produce N,, a,, will be —1. Thisis

different for the case where NO can react with the char surface. In this case the limit on
the amount of nitric oxide that can be reduced by the char will be the mass of char, and

this number is considerably higher than the nitrogen in the char.

2.6.7 Final Discussion

This objective of this chapter was to explain the why the conversion of fuel-nitrogen
to nitric oxide decreased as the background nitric oxide concentration decrease. A first
approach to explain this result was by a single particle model that only considered
heterogeneous reactions occurring on the char surface. This model predicted the correct
trend for the decrease in the conversion of char-nitrogen to nitric oxide. It also predicted
more conversion of char-nitrogen at 20% O, and lower at 4% O, and a low dependence
on particle size. However, the magnitude for the reduction of nitric oxide production
from the char as the background nitric oxide concentration increases was only predicted
correctly, when the rate of nitric oxide reduction on the char surface was two orders of
magnitude higher than the results predicted in the literature and found experimentally in
the present study.

An alternative model that considered homogeneous reactions in the boundary layer
predicted a similar conversion of char-nitrogen to nitric oxide than the SSPM when all
the char-nitrogen was assumed converted to nitric oxide. The use of kinetic parameters
for the rate of nitric oxide reduction on the char slightly higher than the one used in the

SSPM made that the predictions for the activated carbon were closer to experimental
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results. However, the predictions for the U-Furnace char were considerably
different from the experimental results, unless the rate was increased by two orders of

magnitude.

The same model suggested that the reactions in the boundary layer at the conditions
of these experiments do not affect the conversion of char-nitrogen to nitric oxide.
However, the conversion in the bulk, before the reactions are suppressed in the collection

probe has a strong influence in the system.

In particular, if the char-nitrogen is converted to nitric oxide and HCN, the reactions
in the bulk can explain the constant decrease of the conversion of char-nitrogen to nitric
oxide when the background nitric oxide concentration increases for the U-furnace char.
They also explain the reduction on the conversion of char-nitrogen to nitric oxide as the

sample size increases.

The comparison of the model predictions with the experimental results suggests that
the release of HCN from the particle has an important role on the conversion of char-
nitrogen to nitric oxide; in particular for chars with relative low surface area and high
nitrogen content. The evidence collected shows that the exclusive heterogeneous
reduction of nitric oxide on the char surface cannot account for the steep reduction on the
conversion of char-nitrogen to nitric oxide as the background nitric oxide concentration is
increased for the U-furnace char, unless the rate of nitric oxide reduction is considerable
higher than the one found experimentally. For an activated carbon with low nitrogen
content and high surface area, the heterogeneous process can be dominant, but for the U-
furnace char the influence of the homogeneous reactions in the bulk is significant.

This suggests that some of the char-nitrogen is released as HCN after char oxidation
begins. The experimental evidence and the simulations are not enough to conclude what
isthe amount of char-nitrogen converted to HCN by direct oxidation of the char. But this
number is probably less than one, since when there is not nitric oxide injected in the
background the amount of char-nitrogen to nitric oxide is not one as would occur if al
the char-nitrogen was released as HCN.
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One could expect therefore that some of the nitrogen present in the char will
be converted to nitric oxide after direct attack of oxygen to the particle, while other
fraction of nitrogen, present in more labile functionalities, is released as HCN and further
react in the bulk.

A single particle model that aims to predict the conversion of char-nitrogen to nitric
oxide should therefore alow for the conversion of char-nitrogen to HCN. The extent of
the HCN conversion to NO or N, will depend on the composition of the atmosphere

surrounding the particle.

For some chars, as the activated carbon in this case, the heterogeneous destruction of
nitric oxide on the char surface is important, therefore this process should also be
included in a single particle model. Under certain conditions, where the oxygen
concentration is too low to produce the released of HCN from the particle, this

mechanism will dominate over the homogeneous reactions of HCN with nitric oxide.
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3 PILOT-SCALE STUDIES: INITIAL MEASUREMENTS
OF MULTIBURNER FIRING

3.1 INTRODUCTION

In general, low NOXx burner devel opment and optimization is performed with asingle
burner in pilot-scale and commercial-scale test facilities. These burners are subsequently
installed in multiple burner arrays in boiler applications and the optimization can thus be
invalidated. To assess the impact of switching from single-burner firing to multiple-
burner firing, the University of Utah pilot-scale pulverized coal test facility was modified

to operate with a three-burner configuration.

Two pilot-scale testing campaigns were carried out to evaluate the impact of
multiburner firing of pulverized coal on NOx emissions. In addition, extensive data was
collected under a separate Department of Energy program (Combustion 2000 - Low
Emission Boiler System - LEBS), using a single pulverized-coa (PC) burner (Eddings, et
al. 2000). A range of multiburner operating conditions were explored that were
compatible with the single-burner data, and emission trends as a function of air staging,
burner swirl and other parameters were studied and will be described below. In addition,
anumber of burner-to-burner operational variations were explored that provided
interesting insight on their potential impact on NOx emissions. Some of these variations
include: running one burner very fuel rich while running the others fuel lean; varying the
swirl of asingle burner while holding others constant; increasing the firing rate of a

single burner while decreasing the others.

3.2 EXPERIMENTAL

3.2.1 Pilot-Scale Facility

The University of Utah pilot-scale combustion test furnace referred to as the
“L1500" isanomina 5 MMBtu/hr pilot-scale pulverized-coal-fired furnace designed to

simulate commercial combustion conditions. A major objective of this combustion
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facility isto study pollutant formation and control, carbon utilization, and ash
management in a system which operates similar to commercial boilers. Therefore, the

L 1500 pilot-scale furnace has the following characteristics:

- Simulates the range of time/temperature histories that are found in commercial

units.

- Includes both the ability to fire single or multiple gas burners and/or coal burners.

- Has the provision for evaluating different slag screen designs for improved ash
management.

- Has the capability to test different reburning and burnout air injection locations
and velocities for emissions control.

- Provides simulated waterwall area (if desired) for deposition studies.

- Hasanominal firing rate of 5 MM Btu/hr with coal.

- Permits multiple locations for coal injection such that coal and/or gas can be used

as reburning fuels independent of main firing burner.

- Has adequate sample/observation ports for measuring all inputs and outputs as

well as portsto allow detailed species and temperature profiles to be obtained.

Has a completely instrumented control room adjacent to the facility to control the

operation of the furnace and to record and analyze data.

Figure 3.1 is a schematic diagram of the L1500 combustor. The horizontal-fired
combustor is1.1 m x 1.1 m square and nearly 12.5 meters long. The walls have multiple-
layered insulation to reduce the temperature from about 1925 K on the fire-side to below
330 K on the shell-side. The combustor is modular in design with numerous access ports
and optional cooling panelsin each section. This allows the flue gas temperature profile
to be adjusted to better simulate commercial equipment. The access ports are used for
visual observations, fuel and/or air injection, and product sampling.

The overall combustion facility includes the air supply system, water supply and

cooling system, L1500 combustor, fuel supply systems (either gas or coal or both), a flue-
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gas cooling chamber, scrubber, and induced-draft fan and a stack. The facility meets all

environmental regulations.

Figure 3.1. The 5 MMBtu/hr multi-fuel combustion test facility at the University of
Utah referred to as the L1500 Furnace.

3.2.2 Burner Design

Four 1.5 MMBtu/hr dual swirl block burners (Figure 3.2) were designed to fit on the
L1500 Furnace at the University of Utah. This burner design is patterned after an
existing 5 MMBtu/hr burner. Each burner has the ability to independently vary the swirl
of the secondary and tertiary air from a swirl number (Ratio of tangential momentum to
axial momentum) of 0-2 with the use of swirl blocks. The design parameters are
describedin Table 3.1.
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Figure 3.2. Sketch of the dual-register, swirl-block low NOx burner.

Table 3.1. Burner Design Parameters

Nominal Firing Rate 15 MM Btu/hr
Primary Air Stoichiometric Ratic 0.15
Primary Air Velocity 80 ft/sec
Primary Air Temperature 150 F
Secondary Air/Tertiary Air Ratio 33%/66%
Secondary Air Swirl Numbers 0-2
Secondary Air Velocity 85 ft/sec
Secondary Air Temperature 600 F
Tertiary Air Swirl Numbers 0-2
Tertiary Air Velocity 115 ft/sec

Each register contains a set of stationary and moveable blocks. Figure 3.3 and
Figure 3.4 show how the air can be shifted from an axial direction (no swirl) to a

tangential direction (full swirl) by changing the moveable blocks.
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At any given time, three burners (top, middle, and bottom) can be in operation. By
choosing three burners, the middle burner will be shielded from wall effects and thus give
a better indication of the effects of burner-to-burner interaction. Burner wall effects can

be determined using the outer two burners.

In an effort to determine the effect of swirl direction, three burners were designed
with a clockwise swirl and afourth burner was designed with a counter-clockwise swirl.

The opposite swirl burner can be installed in any of the three positions.

Figure 3.3. Burner swirl blocks in the no swirl position.
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Figure 3.4. Burner swirl blocks in the full swirl position.

Figure 3.5 shows a comparison between the single-burner and three-burner firing
configurations. The single 5 million BTU/hr burner is shown on the left, and the three 1.5
million BTU/hr burrers are shown on the right. All burners are based on the same low
NOx burner design, and scaling to the smaller, multiple burners was performed by
matching velocities. The burners are dual-air-register burners, and the innermost air
annulus is termed the secondary air stream while the outermost air annulus is termed the
tertiary air stream. For most conditions in these tests, 33% of the combustion air was
introduced in the secondary and 67% was introduced in the tertiary. An additional
amount of air (15% of stoichiometric requirement) was utilized in the primary air stream

to convey the pulverized coal.

The coal pipe runs down the center of the burner and has a bluff body along its
centerline, resulting in the coal being introduced in an annular region. A smell annulus
for natural gasinjection islocated on the periphery of the coal pipe, and unless otherwise
indicated a small amount of natural gas (~5% of thermal input) was introduced at this
location to assist with flame attachment. The burner swirl is generated by the use of
|FRF-type swirl blocks, and there is separate swirl control for the secondary and tertiary

air streams. Unless otherwise specified, all tests were performed at afiring rate of 4.5
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million BTU/hr with exhaust conditions of 15% excess air. Tests involving burner
staging used staging air introduced into section 3 of the L1500, providing a staged

residence time of approximately 1 second.

Figure 3.5. Two different firing configurations for the L1500. A single 5 MMBtu/hr
burner is shown on the left, and three 1.5 MMBtu/hr burners are shown on the right.

As the burners were being fabricated, the design for the installation and operation of
the multiple burners was started. A vertical arrangerment of three burners was decided to
be the desired configuration for the burners (Figure 3.5b). In this arrangement, there will
be both mixing from burner to burner and buoyancy effects. The burner centerlines were
gpaced on the same distance as the L1500 sample ports. This spacing will provide the
best opportunity to obtain centerline emissions profiles along the length of the furnace to
determine the mixing characteristics. The burner quarl was designed with a 35° half
angle and an L/D=1 to be consistent with the single burner design. Each burner has two
one-inch access holes in the quarl angled from the outside of the shell to the quarl for UV
peepers and ignition sparkers. An additional peeper was placed down the barrel of each

burner for use with gas flames during furnace heat- up and overnight conditions.

Each burner has primary air, secondary air, tertiary air, natural gas, and coal streams
which are measured and controlled independently from the other burners. The secondary
and tertiary air inputs are independently controlled for both flow and preheat temperature.
The flows are measured by V-Cones and are controlled by control valves. The
temperatures are controlled with electric heaters and SCR’s. The natural gas streams are
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controlled by mass flow controllers, which were sized to control the flow for low
stabilization gas flows as well as heat-up and overnight conditions. Primary air streams
are measured with V-Cones and controlled by control valves before going through an
eductor to carry the pulverized coal to the burner. The coal isfed into the eductors with
screws from loss-in-weight feeders.

The L1500 furnace previously had only one coal feeder and an associated hopper. In
order to accurately control additional coal streams, two additional loss-in-weight feeders
were purchased. In addition, new hoppers and slide valves were designed and purchased.
The location of the new feed system made for some interesting design problems. The
pulverized coal isloaded into the hoppers from bulk solids bags using the building crane.
However, the crane stops short of the hoppers, and therefore atrolley was designed to
bring the hoppers to the crane (Figure 3.6). When a hopper is empty, the hopper will be
disconnected from the feeder, through a soft connection, and rolled out to where the crane

can fill the hopper from a new coal bag.

Figure 3.6. New coal feed system with moveable hoppers and feeders.
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3.3 RESULTS & DISCUSSION

3.3.1 Effect of Burner Swirl

Aninitial comparison was made between the two firing conditions under unstaged
conditions, and the mgjor firing parameter varied was burner swirl. The results, shown in
Figure 3.7, indicate higher NOx emissions for the multiburner scenario. The swirl setting
axis refersto a percentage of maximum swirl achievable with the IFRF-type swirl blocks
used with these burners. The 100% swirl setting corresponds to a theoretical swirl
number of 2. Note that under the condition of totally axial flow (swirl setting of 0%), that
both firing configurations yield similar NOx emissions; however, this condition
represents optimized burner operation (reflected by the high NOx levels) and does not
represent how these burners would be utilized in practice. No combustion air preheat was
used for these swirl comparisons; therefore, al flame attachment (and thus NO reduction)
was due to the interaction of the swirl setting and the burner quarl geometry.
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Figure 3.7. Comparison of the effect of burner swirl on single and multiburner firing
scenarios under unstaged conditions.
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3.3.2 Effect of Air Staging

Both firing configurations were tested under staged conditions to see how the two
conditions compared as increasing lower burner zone stoichiometries. The results are
shownin Figure 3.8, where it is clear that again the multiburner firing condition yielded
higher NOx except at very low burner stoichiometries.
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Figure 3.8. Comparison of the effect of air staging on single and multiburner firing
scenarios. Burner swirl was set at 25%.

At very fuel rich burner stoichiometries (SR < 0.75), the difference between multiple
and single burners became indistinguishable. This result is consistent with previous
single-burner data (Eddings et al, 2000) that showed that at very rich stoichiometries the
NOXx emissions became independent of burner settings such as air distributions, velocities
and burner swirl. The explanation of this independence is the removal of large quantities
of air from the burner zone to be later introduced downstream for air staging. Once the air
flow rates have been reduced substantially, the burner aerodynamics become less
significant with respect to NOx formation behavior. The oxidation of fuel nitrogen
species such as HCN and NH3 in the burner zone, will be controlled by the level of

oxygen entrained into the fuel rich core created by this burner design. An unattached
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flame or significant shear layer mixing between the primary and secondary streams can
both increase the amount of oxygen in the fuel rich core early in the flame. Typically, low
NOX pulverized-coal burners are designed to minimize the possibility of these two
phenomena, thereby providing the greatest opportunity for fuel nitrogen decay to N2 in
the hot, rich regions of the coal flame. As more and more air is removed from the burner,
the probability for flame detachment or significant secondary/primary shear layer mixing

iS minimized.

3.3.3 Effect of Mismatched Firing Rates

3.3.3.1 Preserving burner stoichiometry

To identify whether a burner mismatch has advantageous or deleterious effects on
NOx emissions, a staging curve was run for widely varied firing rates as shown in Figure
3.9. For the mismatched firing rate data, the center burner was operated at 3X the firing
rate of the other two, yielding firing rates of (from top to bottom burner) 0.9MM BTU/hr,
2.7 MM BTU/hr and 0.9 MM Btu/hr. The increases and decreases in firing rate were
accomplished by increasing both fuel and air flow rates; therefore, the burner
stoichiometries were held constant relative to each other. As shown in the figure, the
burner mismatch provided similar NOx levels for most burner stoichiometries. The 3X
middle firing rate case appeared to be sightly lower under most conditions, but there was
afair amount of scatter in the uniform curve. There was no attempt to optimize the
burners during these tests, as the burner swirl settings were held constant. As noted with
the single versus multiburner comparison, the differences at very low stoichiometries are
even less than at higher stoichiometries due to the large amount of air that has been

removed from the burners.

For the unstaged condition (SR=1.15), it appeared that NOx emissions were slightly
higher with a burner mismatch, even though the staged cases appeared to yield dlightly
lower values. Additional data were taken to further explore this behavior using both a 2X
and a 3X increase in middle burner firing rate, as shown in Figure 3.10. Each condition

was run under arange of swirl settings to try and obtain optimal burner conditions for
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stability and low NOx. Also, the overall firing rate was held constant at 4.5 MM BTU/hr
for al three data sets. As shown, afactor of 2 mismatch in burner firing rates did not
provide a significant increase in NOx emissions under unstaged conditions; however, a

factor of 3 mismatch resulted in avery notable increase in NOx emissions.

Recall that the experimental conditions for Figure 3.9 and Figure 3.10 involved
preserving burner stoichiometries when firing rates were varied. Thus, even though
mixing in regions between burners would vary due to increasesin air velocity in the
center burner, the overall stoichiometry in the core of each flame was unlikely to be
changed significantly until much further downstream. This change would occur
downstream since the core flame conditions at the exit of the coal pipe were the same for
all three burnersinitially and would only vary further downstream due to the increased

shear mixing between burners with the center burner firing at a higher rate.
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Figure 3.9. Effect of mismatched firing rates on NOx emissions over a range of
burner stoichiometries.
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Figure 3.10. Effect of mismatched firing rates on NOx emissions using constant
burner stoichiometries under unstaged (SR=1.15) conditions.

3.3.3.2 Variable burner stoichiometry

Additional tests were carried out on the effect of mismatched firing rates under
conditions were the burner stoichiometry was not preserved. In practice, burner mismatch
in aboiler ismore likely to occur due to an increase or decrease in coal flow rate, with
the air flow rate to individual burners remaining relatively constant. Since different
elevations of burners are typically fed from different pulverizers, it is not uncommon to
have some variations in fuel feed rate in the vertical direction. In the previous tests, the
air flowrates were changed to match changes in the coal feedrate to preserve burner
stoichiometry. Thus, additional tests were performed where the air to each of the three
burners remained evenly distributed between them, and the coal feed rate was increased
in the center burner with corresponding decreases in the top and bottom burners. These
tests were carried out under staged (SR=0.90) and unstaged (SR=1.15) burner conditions,
and the results are shown in Figure 3.11and Figure 3.12. The swirl setting for all three
burners was varied as the independent parameter for a given firing configuration, to
identify the optimal setting for lowest NOx.
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As shown in the figures, thereis aclear trend of increasing NOx with anincreasein
coal feed to the center burner. Thistrend was evident for both the unstaged and staged
configurations. Also, higher swirl settings appeared to yield lower NOx for the

multiburner configuration, and for the quarl and burner designs utilized in this facility.
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Figure 3.11. Effect of mismatched firing rates on NOx emissions using variable
burner stoichiometries for staged (SR=0.90) conditions.
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Figure 3.12. Effect of mismatched firing rates on NOx emissions using variable
burner stoichiometries for unstaged (SR=1.15) conditions.
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3.3.4 Effect of Burner Biasing

The previous set of experiments described the effect of varying the coal feedrate
between the different burners, resulting in afiring rate mismatch. This section describes
experiments in which the coal feedrate was constant, thus preserving individual burner
firing rates, but the combustion air flowrates were varied. The use of burner biasing,
where some burners are operated fuel rich and others are operated fuel lean, represents a
condition that could have potential for NOx reductions. In practice, one would envision
operating lower levels of burnersin aboiler under fuel rich conditions, and bias the
additional air to upper levels of burnersyielding an effectively staged system (in the
absence of overfire air). To explore this possibility, tests were performed using two
different biasing scenarios. The overall burner zone stoichiometry was held constant at
1.15 (thus no overfire air was used), with the center burner being operated fuel rich and
the upper and lower burners being operated fuel lean. The first scenario represented mild
biasing, with the middle burner operating at SR=0.95 and the outer burners operating at
SR=1.25. The second scenario represented very severe biasing, with the middle burner
operating at SR=0.65 and the outer burners operating at SR=1.40. The results, shownin
Figure 3.13, indicate a minimal impact using the mild biasing scenario (middle burner
SR=0.95). The severe biasing scenario, however, shows some promise for NOx
reductions. Thereis asignificant amount of spread in the data at low levels of swirl,
indicating the highly unstable flames produced with the biasing. However, at high levels
of swirl the spread in the datais minimal and the severe biasing configuration provides

consistently lower NOX.

There are some differences between this pilot-scale evaluation and a commercial
application; most notably, the ability to biasin the direction of flow. Thus, athough very
rich stoichiometries were required in the middle burner to demonstrate a reduction, it is
anticipated that in practice the application of biasing would prove effective with less
severe disparities between burners. The ability to operate with lower burner levels fuel
rich followed by very lean upper burners should provide significant NOx reduction. Such
biasing has been shown to provide some degree of NOx reduction in Cyclone-fired coal

boilers, although it was proven to be less effective than actual staging with overfire air
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use (Adams, et al. 1999). This differenceislikely due to the difference in rich zone
residence time. Thus, large boilers with many levels of burners may be able to achieve
greater NOXx reductions using biasing due to the ability of maintaining afuel rich zone for

longer residence times.

550
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o
% 4007 QO SR=1.25
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Figure 3.13. Effect of burner biasing on NOx emissions. Burner firing rates were held
constant (same coal mass flow) while air flow rates were varied.

3.4 CONCLUSIONS & RECOMMENDATIONS

A pilot-scale testing campaign was carried out to evaluate the impact of multiburner
firing on NOx emissions. Extensive data had been previously collected using asingle
pulverized-coal (PC) burner, and this data was thus available for comparison with NOx
emissions obtained while firing three burners at the same overall load and operating
conditions. A range of operating conditions were explored that were compatible with the
single-burner data, and the emission trends as a function of air staging, burner swirl and
other parameters were compared. In addition, a number of burner-to-burner operational

variations were explored to provide insight on their potential impact on NOx emissions.
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In general, the results indicated that multiburner firing yielded higher NOx emissions
than single burner firing at the same fuel rate and excess air. At very fuel rich burner
stoichiometries (SR < 0.75), the difference between multiple and single burners became
indistinguishable. Thisresult is consistent with previous single-burner data that showed
that at very rich stoichiometries the NOx emissions became independent of burner

settings such as air distributions, velocities and burner swirl (Eddings et al., 2000).

Comparisons were made exploring a mismatch in individual burner firing rates to
identify any positive or negative impact. Two different approaches to firing rate
mismatch were used: 1) where individual burner stoichiometries were held constant
(changing both coal and air flowrates); and 2) where individual burner stoichiometries
were varied (changing coal feedrate only). In both approaches, the center burner firing
rate was increased up to as high as 3X that of baseline, and the upper and lower burner
firing rates were decreased to maintain an overall constant firing rate. In general, a 3X
increase in firing rate in the center burrer resulted in a notable increase in NOx emissions
for both staged and unstaged conditions. This effect was observed for both constant and
variable burner stoichiometry conditions. Note that a 2X increase in firing rate in the

center burner resulted in minmal differences from uniform operation.

Some conditions were identified where NOx emissions could be reduced in a
multiburner firing scenario; specifically, through the use of burner biasing. If the middie
burner was operated very fuel rich, with the outer burners operated at high excess air
levels to compensate, the overall NOx emissions were lower than when al burners were
operated with equal air/fuel flow rates. Burner parameters such as swirl had to be
optimized, however, to achieve stable operation. This approach yielded NOx emissions
that were dlightly lower than the single burner data under unstaged conditions; however,
the application of such severe biasing should be evaluated in the context of corrosion,
deposition, or other potential adverse affectsin the near burner region. A commercial
application would be likely to demonstrate a greater effectiveness at less severe biasing
due to the ability to biasin the direction of gas flow. In other words, avertical staging
effect could be accomplished without the use of overfire air.
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4 COMPUTATIONAL MODELING

4.1 APPLICATION OF COMPREHENSIVE MODELING

A comprehensive combustion code was used to simulate the reacting flow of the

pilot scale pulverized coal facility and a500 MW utility opposed wall fired boiler.

4.1.1 Computationa Tool

The computational tools used in this study were devel oped to address the operational
and design considerations of awide range of combustion systems including, but not
restricted to, utility boilers. The current models simulate reacting flows and particles,
including gaseous diffusion flames, pulverized-coal flames, liquid sprays, coal dlurries,
injected sorbents, and other oxidation/reduction systems. In particular, emphasis has been
placed on ssimulating coal combustion and pollutant formation. GLACIER, a three
dimensional, two-phase reacting flow code includes several capabilities necessary for
accurate simulation of coal-fired boilers. These capabilities include turbulent, particle
transport with full coupling of particle and gas phase mass and momentum,; coal reaction
processes such as devolatilization, char oxidation and gas-particle interchange; NOx
formation/reduction chemistry; particle convection and radiation with absorption,
emission and anisotropic scattering; full coupling of gas-particle energy exchange; and
ash deposition. In addition, boiler-side waterwall and radiant panel surface temperatures
can be predicted as part of the computation, given a back-side (i.e., steam) temperature
and surface resistance (from the deposit thi ckness and thermal conductivity, for

example).

4.1.2 Pilot Scale Furnace Modeling

The pilot scale furnace of the University of Utah, known as the L1500 furnace, was
simulated. The facility, described in the previous section of this report, was configured to
fire coal using three burnersat 1.5 MM Btu/hr each. The impact of the direction of burner

swirl was investigated. Two arrangements were model ed:
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Arrangement 1 had all three burners rotating clockwise looking from the burners

toward the exit.

Arrangement 2 had all two burners rotating clockwise and the center burner rotating
counterclockwise looking from the burners toward the exit.

The operating conditions are given in Table 4.1. The agreement between the
measured and predicted axial temperature profiles (Figure 4.1) is good. The predicted
results are shown in Figure 4.2 through Figure 4.4. All these figures show contoursin the
vertical plane passing through the burner centerlines. Figure 4.2 through Figure 4.4 show
the gas temperature, oxygen, and CO distributions, respectively. Comparison of Figure
4.2, Figure 4.4 and Figure 4.5 demonstrates that the flame shapes have been well
simulated. The flames shown are well attached.

The flames all look similar with al the burners having equal direction of swirl. The
effect of changing the sense of the center burner swirl is seenin Figure 4.2 through
Figure 4.4. The opposite direction of swirl in the center burner causes the bottom two

flames to move dightly downward.

Table 4.2 gives the predicted effluent results. The temperatures, oxygen and NOx are
in reasonable agreement with the measured data. Changing the direction of swirl of the
center burner reduced the NOx by about 7.5%. The exit temperature, O,, and CO where
essentially unchanged. This reduction in NOx, though small, is the effect of changesin
mixing between the burners.

4.1.3 Utility Furnace Modeling

The unit modeled is a 500 MWe opposed-wall-fired furnace with 24 burners, three
rows and four columns on each wall. Prior to alow-NOXx retrofit, the unit was fitted with
Intervane burners. During the retrofit the burners were replaced by low NOXx burners. In
addition, an advanced overfire air (OFA) system was installed. This consists of an

independent wind box for improved penetration/control of OFA injection through 8
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directly opposed ports above each column of burners, and 4 underfire air ports at the level
of the bottom burner row near the walls. After retrofit, NOx emissions from this unit

were decreased but there was a significant increase in the level of unburned carbon.

The test conditions that were used for the pre- and post-retrofit smulations are
presented in Table 5. The proximate and ultimate analyses for the coa used for the
simulations are shown in Tables 6 and 7, respectively. The coal size distribution for the
pre-retrofit case was 64% through 200 mesh and 97.6% through 50 mesh. The
corresponding percentages for the post-retrofit conditions were 72.6% and 99%,
respectively.

Ten variations from the post-retrofit conditions were model ed:

1 Base Case - actual test conditions including nontuniform secondary air
distribution and non-uniform coal distribution at coal pipe exit (post-retrofit
conditions).

2 Top-row Classified - in order to remove large particles from the worst burners
with the least investment, the particle size distribution typical of arotary classifier

was used on coal supplied to the upper row of burners.

3 Top-row Intervanes - burner coa distribution nozzles based on the intervane

design were considered for the upper burner row on both walls.

4 Reversed Outer Burners - coal pipeinletsin the outer columns were flipped 180°
to direct the heavier particle loading towards the interior of the furnace in order to
avoid alarge number of particlesin the side wall/wing wall gap.

5 60/40 SA (secondary air) - the secondary air split was changed to 60/40 between

the outer and inner burner columns. (The split was 55/45 in the base case).

6 MFA (midfire air port) Ports - amidfire air port near the side wall between the
middle and upper burner rows was added.
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7 Front MFA Ports - amidfire air port near the side wall between the middle and

upper burner rows (front wall only) was added.

8 No OFA - the OFA ports were removed and the air was redistributed to all the

burners and underfire air ports.

9 No OFA or UFA (underfire air) - the overfire air ports and underfire air ports

were removed with redistribution of the air to all the burners.

10 High UFA - a50% increase in the front wall underfire air port flow was made

with air taken from the twelve burners on the front wall.

Case 2 contemplated the removal of the split flame coal pipe with an intervane coal
pipe without modifying the burner throat or air registers. In Case 3 the coa distribution
was changed so that the higher loading was toward the center of the furnace. The intent
of this modification was to reduce the coal particle density in the region close to the side
wall. In the baseline 55 % of the secondary went to the outer columns and 45% to the
inner. In Case 4 this bias was increased to 60% in the outer columns and 40% in the
inner. Cases 5 and 6 contemplated the addition of air ports between the middle and upper
burner rows adjacent to the side wall. Case 5 added ports on the front and rear walls, but
only the front ports are open in case 6. In both cases the overall air flow is constant and
the midair ports draw air from the overfire air. Cases 7 and 8 investigated different staged
air scenarios. In Case 7 the OFA was eliminated and the air redistributed to the burners
and the underfire air (UFA) ports. Finally, in Case 9 the UFA flow was increased by
50%.

The results of these simulations are summarized in Table 5 which the lists predicted

NOXx emissions.

The objective of this study was to determine the effect burner interactions of the
different scenarios, al at a constant overall excess oxygen level of 3.1%, would have on
NOXx emissions. Carbonin-ash was aso evaluated. From Table 8, two cases showed

significant increase in NOx emissions, Case 2 and Case 8, as might be expected.
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Case 2 changed the coal pipe on the upper row of burnersimproving the initial
coal/air mixing, increasing NOx emissions and reducing carbon-in-ash somewhat.
Therefore, it can be concluded that increasing the mixing in the top burners to reduce LOI

elevates NOx that cannot be compensated from low NOx burners below.

Reversing swirl of the outer burners (Case 3) had essentially no effect on the NOXx.
Case 4 addressed the interaction from increasing the air bias between columns of burners.
A dlight reduction was predicted in the NOx emissions with thisincrease in bias. The
further staging of the inner burners more than compensates for the reduction in staging in
the outer burners. Thisis one of the more promising approaches for this furnace as the

carbon-in-ash was significantly reduced.

Adding midfire air ports (MFA) (Cases 5 and 6) dightly increased NOx even though
the burner belt stoichiometry was lower. High Underfire air (UFA) flow (Case 9)
produces only minor variations in NOx but also improves carbon-in-ash.

Eliminating both the OFA and UFA (Cases 7 and 8) increased NOx as expected.
However, the simulations suggest that a 50% reduction compared to the pre-retrofit (not
presented) is possible with low-NOx burners; but OFA can give a further significant
reduction of approximately 25%.

Combinations of the two approaches of Cases 4 and 9 could prove to be most
effective. They are also, potentially low-cost options with little to no capital expenditures

required.

4.2 CPD MODEL IMPLEMENTATION/APPLICATION

The Chemical Percolation Devolatilization (CPD) Model (Genetti, 1999) has been
incorporated into GLACIER and has been used to predict coal particle volatile yields as
compared to those of the original two-step devolatilization model of GLACIER
(Kobayashi et al., 1976) for a simple ssmulation with Illinois #6 coal. Particle
temperatures input to the CPD model are predicted by GLACIER. Volatile yields
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predicted by the CPD model are not coupled back into GLACIER, since GLACIER
accounts for only one reacting volatile stream and the CPD model distinguishes between

two streams, tar and light gas.

A reacting flow simulation was performed with Illinois #6 coal. A sample CPD input
filefor Illinois#6 coal file provided inputs required by the model. Coal properties for
Illinois #6 coal, compiled by Fletcher and Hardesty (1992a) and tabulated in Table 4.3,
were used in the ssimulation. The two-step coal devolatilization rate parameters of
Ubhayakar et al. (1976) were used by GLACIER

The simulation was performed with 60 mm coal particlesin a 10 cm square tube of
1.0 m. length. Coal particles entered the tube at 350 K. and tube walls were held at a
constant temperature of 800 K. Air entered the tube at a mass flow rate of 0.01 kg/s and a
temperature of 700 K. The simulation was performed at a stoichiometry of 1.9.

Comparisons of volatile yield predicted by the CPD model and by GLACIER are
shownin Figure 4.6. The times of onset of devolatilization and the overall volatile yields
predicted by the two models are comparable. However, the initial devolatilization rate
predicted by the CPD model is steeper than that predicted by GLACIER and the duration

of devolatilization islonger.

4.3 SOOT MODEL IMPLEMENTATION/APPLICATION

The soot model for coal-fired system developed by Brown et al. (1998) has been
implemented into GLACIER and applied to a pilot-scale test furnace at the University of
Utah Combustion Research Laboratory. The soot model is made of three transport
equations for tar mass fraction, soot mass fraction, and the number of soot particles per
unit mass. Tar evolution is calculated from the CPD model (Fletcher et al., 1992b).

Utah coa wasfired at afiring rate of 4.1 MMBtu/hr in the pilot-scale test furnace
equipped with a dual-swirl coal-fired burner. Burner and overall stoichiometries were

0.86 and 1.1, respectively. The mass mean particle size was 68.0 mm, coal feeding rate
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was 152.4 kg/hr, primary air rate was 205.5 kg/hr, secondary air rate was 327.2 kg/hr,
tertiary air rate was 653.9 kg/hr, and staging air rate was 349.0 kg/hr. The staging air
port was located at 3.25 meter from the burner exit. Utah coal is a bituminous coal and

its proximate and ultimate analysis results are shown in Table 4.4.

The selected ssimulation results at a middle cross-section of the test furnace are
shownin Figure4.7. Tar startsto form from coal devolatilization close to the burner as
shownin Figure 4.7-a. At the same location, soot volume fraction and number density
increase as tar is being converted to soot. Soot volume fraction, then, decreases due to
oxidation. Soot number density also decreases due to oxidation and agglomeration of
soot particles. Upon additional air introduction at the staging port, complete soot
oxidation occurs. Figure 4.8 shows average soot volume fraction and oxygen
concentration as afunction of distance from burner exit. At close to burner, oxygenis
rapidly consumed by coal combustion. Soot oxidation starts at around 1 meter from the
burner exit and this further decrease oxygen level. Additional air input at staging port

completes soot oxidation.

According to the work of Veranth (2000), about 0.2 ~ 0.6% of fuel carbon forms soot
(or small size char) for low-NOx burner conditions with bituminous coal. Soot volume
fraction before staging air, then, isabout 1.0~ 107~ 3.1 10". Estimated average soot
volume fraction before the staging port from GLACIER/SOOT isabout 1.2~ 10™.

Table 4.1. Operating Conditions

[b/hr

Coal Carrier Air 450
Secondary Air 1100
Tertiary Air 2200
Natural Gas 10.8
Coadl 318

SR. 115
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Table 4.2.

Model Effluent Results

Arrangement 1

Arrangement 2

Exit Gas Temp., K
Exit CO, dry ppm
Exit O2, %
Exit NOx, dry ppm

1427
15
3.0

421

Exit NOx, ppm@3% O,

421

1423
16
3.0

390
390

Table 4.3. lllinois #6 Coal Properties

(Fletcher and Hardesty, 1992a)

Mass Weight
C 59.98 %
H 3.78 %
O 7.38 %
N 1.15%
S 4.51 %
ash 13.77 %
moisture 9.43 %
HHV 10,835 Btu/lb

Table 4.4. Properties of Utah Coal (As received)

wt% wt%

Fixed Carbon 45.46 C 69.65
Volatile Matter 39.42 H 4.42
Moisture 4.68 O 9.16
Ash 10.44 N 125
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S 0.40
HHV 12,303 Btu/lb ash 10.44
Moisture 4.68

Table 4.5. Summary of Utility Furnace Operating Conditions

Component Pre-Retrofit |Post-Retrofit
Cod 42.5 kg/s 44.8 kg/s
Primary Air 113.4kg/s | 105.4 kg/s
Total Secondary Air 393.3kg/s | 408.5kg/s
Secondary Burner Air 269.3 kg/s
Overfire Air 106.8 kg/s
Underfire Air 32.4kgls
Excess Oxygen 1.90% 3.10%
Burner Stoichiometric Ratio 11 1.18

Table 4.6. Proximate Analysis of the Coal Used in Utility Furnace

Component | Mass Percent
Fixed Carbon 51.70%
Volatile Matter 33.10%
Ash 9.10%
Moisture 6.10%

Table 4.7. Ultimate Analysis of the Coal Used in Utility Furnace

Species| Mass Percent
C 71.40%
H 4.70%
O 5.80%
N 1.40%
S 1.70%
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Table 4.8. Summary of Parametric Cases

Case NO, ppm Burner Belt Stoichiometry
1 - Base 351 0.87
2 - Top row intervane coal pipe 421 0.87
3 - Coal pipe inlets reversed in outer burners 350 0.87
4 - 60/40 secondary air split 345 0.87
5 - MFA port on front and rear walls 354 0.8
6 - MFA port on front wall only 362 0.83
7 - No OFA port 380 0.92
8 - No OFA port and UFA port 447 1.19
9 - High UFA ports 376 0.83
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Figure 4.5. Flame images taken with all burners at full load, 1.5 MM Btu/hr.
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Figure 4.6. Volatile yields and particle temperature as a function of residence time.
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