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Abstract—Tropospheric measurements show that nitrous oxide (N;O) concentrations are increasing over
time. This demonstrates the existencé of one or more significant anthropogenic sources, a fact that has
generated considerable research interest over the last several years. The debate has principally focused on
(1) the identity of the sources, and (2) the consequences of inereased N0 concentrations, Both questions
remain open, to at least some degrae,

The envirenmental concerns stem from the suggestion that diffusion of additional N,O into the
stratosphere can result in increased ozone (0,) depletion. Within the stratosphere, N, 0 undergoes
photolysis and reacts with oxygen atoms to yield some nitric oxide (NO). This enters into the well known
0, destruction cycle. N,O is also 2 potent absorber of infrared radiation and can contribute to global
warming through the greenhouse effect.

A major difficulty in research on N,Q is measurement. Both electron capture gas chromatography and
continuous infrared methods have seen considerable development, and both can be used reliably if their
limitations are understood and appropriate precautions are taken. In particular, the ease with which N,O
is formed from NO in stored combustion products must be recognized; this can occur even in the lines of
continuous sampling systems.

In combustion, the homogeneous reactions leading to N,O are principally NCO + NO — N0 + CO
and NH + NO — N,0 + H, with the first reaction being the most important in practical combustion
systems. Recent measurements have resulted in a revised rate for this reaction, and the suggestion that
only a portion of the products may branch into N;O + CO. Alternatively, recent measurements also
suggest a reduced rate for the N3O + OH destruction reaction. Most modeling has been based on the
carlier kinetic information, and the conclusions derived from these studies need to be revisited.

In high-temperature combustion, N, forms early in the flame if fuel-nitrogen is available. The high
temperatures, however, ensure that little of this escapes, and emissions from most conventional combus-
tion systems are quite low. The exception is combustion under moderate temperature conditions, where
the N,0O is formed from fuel-nitrogen, but fails to be destroyed. The two principal examples are
combustion fluidized beds, and the downstream injection of nitrogen-containing agents lor nitrogen
oxide (NO,} control (e.g., selective noncatalytic reduction with urea),

There remains considerable debate on the degree to which homogeneous vs heterogencous reactions
contribute to N, formation in fluidized bed combustion. What is clear is that the N;O yield is inversely
proportional to bed temperature, and conversion of fuel-nitrogen to N,0O is favored for higher-rank
fuels. Fixed-bed studies on highly devolatilized coal char do not indicate a significant role for heterogene-
ous reactions involving N, O destruction. The reduction of NO at a coal char surface appears to yield
significant N,Q only if oxygen (0;) is also present. Some studies show that the degree of char
devolatilization has a profound influence on both the yield of N,O during char oxidation, and on the
apparent mechanism. Since the char present in combustion fuidized beds will likely span a range of
degrees of devolatilization, it becomes difficult to conclusively sort purely homogeneous behavior from
potential heterogencous contributions in practical systems,

Formation of N,Q during NO, control processes has primarily been confined to selective noncatalytic
reduction, Specifically, when the nitrogen-containing agents urea and cyanuric acid are injected, a
significant portion (typically > 10%) of the NO that is reduced is converted into N;O, The use of
promoters to reduce the optimum injection temperature appears to increase the fraction of NQ converted
inte N,O. Other operations, such as air staging and reburning, do not appear to be significant N;O
producers. ITn selective catalytic reduction the yield of N,O depends on both catalyst type and operating
condition, afthough most systerns are not large emitters.

Other systemns considered include mobile sources, waste incineration, and industrial sources. In waste
incineration, the combustion of sewage sludge vields very high N,O emissions. This appears to be due to
the very high nitrogen content of the fuel and the low combustion temperatures. Many industrial systems
are fargely uncharacterized with respect to N, emissions. Adipic acid manufacture is known to produce
large amounts of N,O as a by-product, and abatement procedures are under development within the
industry.

* Author to whom correspondence should be addressed.
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L INTRODUCTION

Nitrous oxide (N;O) was long neglected as a pollui-
ant species in comparison to the attention given to
the other nitrogen oxides (NO,). Unlike other NO,

species, N, is known to be extremely inert in the
troposphere. This inertness sugpested that there was
little environmental consequence associated with
N,O emission, so it was easy to consider it a
nonpollutant.
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The well-known toxicological (ie., anesthetic) re-
sponse in humans appears only when N,0 is adminis-
tered in high concentration, typically 805, with the
balance being oxygen to prevent asphyxiation. The
concentrations encountered in nature and in indus-
trial emissions are so far below the level needed to
elicit an immediate toxicological response that N,O
cannot be considered a pollutant on this basis.

In a more practical vein, the difficulty involved in
obtaining N,0 measurements probably contributed
to its neglect for many years. At times when NO,
measurements were being routinely made on many
sources, N;O was still a specialty measurement requir-
ing return of batch samples to the laboratory, fol-
lowed by a difficult gas chromatographic analysis.

Interest in N, emissions was largely started by
atmospheric chemists, who observed that the tropo-
spheric concentration was increasing with fime at a
rate of approximately 0.250fyr. This increase sug-
gested the existence of at least one unknown, substan-
tial anthropogenic source. It also triggered interest in
the consequences of this increased tropospheric N,O
burden.

Examination of the global N,O budget shows
that, while its source (natural and anthropogenic} is
through ground level emissions into the troposphere,
its primary sink occurs through diffusion to the
stratosphere. Here, the N,O is finally destroyed by
either photolysis or reaction with singlet oxygen
atoms. The result ts that a portion of the N,0 is
converted into nitric oxide, which enters the ozone
destruction cycle. Thus, increased tropospheric N,O
concentrations can lead to increased O; removal

rates. (It is critical to remember that considerable”

N,0 is made naturally, and this represents a major
contribution to natural O, destruction in the strato-
sphere. The concern is that increased anthropogenic
N,O will accelerate this natural rate. This differs
from the chlorofluorocarbon {CFC) problem where
the natural tropospheric concentration is zero.)

The actual influence of the additional N,O flux on
stratospheric O, is itself an issue. In particular, chemi-
cal mechanisms have been proposed by which N,O
acts to lessen the O, destruction tendencies of CFCs.
Thus, the problem presented by N,O towards strato-
spheric O, remains a cause for debate.

In addition to its ilnpact on stratospheric Q5, N,O
contributes to global warming. The N,0O molecule is
a strong absorber of infrared radiation at wave-
lengths where carbon dioxide (CO,) is transparent.
Although the concentration of N,O is much less
than that of CO,, it is a much stronger absorber on
a molecule-by-molecule basis. This suggests that in-
creased N,O concentrations in the troposphere counld
lead to more retention of long-wavelength radiation
emitting from the surface of the Earth.

The search for anthropogenic sources has concen-
trated on (1) industrial processes that may emit glo-
bally significant quantities of N,0, and (2) biological
processes that may produce N,C on a widespread

basis. Although there has been extensive work in
both of these areas, the work has been hampered by
measureraent difficulties. Nonetheless, a substantially
improved picture of the global N,O budget has
emerged. Based on this understanding, steps are
being taken to modify the processes that gemerate
anthropogenic N;O.

Certain features have come to. be recognized as
contributing to N,O emissions from combustion sys-
terns. First and foremost is the oxidation of fuel-
nitrogen under relatively low-temperature conditions.
This allows W,0 to form, and to avoid subsequent
destruction. Thus, any system in which nitrogen in a
combined form is oxidized under refatively low tem-
peratures can lead to N,O emissions. Practical exam-
ples include combustion fluidized beds, and NO,
control processes that involve the downstream injec-
tion of nitrogen-containing compounds, such as urea.
In most combustion systems, however, the flame
temperature is sufficiently high that any N,;O formed
in the flame zone is destroyed before the gases are
emitted. Thus, most combustion systems do not emit
much N,O.

This entire area is relatively new and is confinuing
to evolve. The purpose of writing this review is
twofold: (1) to identify the bulk of the work per-

formed on N,O to date, and (2) to atiempt as fair a

comparison of the frequently contradictory results as
possible. The latter is particularly difficult because
many investigators are simmltaneously working on
the same problem, and have not had an opportunity
to resolve differing results. Thus, for example, reports
of work on fluidized bed combustors frequently
appear on initial impression to be contradictory. As
is clear from the following discussion, many issues
cannot yet be resolved in terms of simple
mechanisms.

This review describes atmospheric behavior and
measurement systems. The discussion of the behavior
of N,O in combustion systems incledes homogene-
ous and heterogeneous flame chemistry, pulverized
coal and fluid bed combustion systems, and thermal
waste remediation. The review concludes with a
review of information on N,O behavior during NO,
control activities, N,O from mobile sources, and
N,O from other industrial sources.

Notably missing is any discussion of N,0 from
biological activities. Although this is an important
component of the global N,O budget, it falls outside
of the scope of this review.

2. ATMOSPHERIC CHEMISTRY AND ENVIRONMENTAL
CONSEQUENCES

2.1. Role of N;O in Global Warming

With an effective surface ternperature of approxi-
mately 6000 K, most of the sun’s radiation is emitted
within a spectral range of 100 to 3000 nm. These
wavelengths include the visible region and portions
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TABLE §. Summary of key greenhouse gases (adapted from Ramanathan,! Levine,” and Houghton et af.*)*

Refrigerant- Rcfrigéran:—

It 12

Co, CH, CCIL,F CCi,F, CH,CCl, CCl, N,O
Pre-industrial 2715280 0.7-0.8 0 0 0 0 285-238
atmospheric ppm ppm ppb
conc.
(1750-1800)
Approximate 345-353 1.72 ppm 220-280 380484 130 ppt 120 ppt 304-310
current ppm ppt ppt ppb
atmospheric
COonc.
(1985-1990)F
Current rate 1.8 ppm 0.015 ppm 9.5 ppt 17 ppt +15.5% +2.4% 0.8 ppb
of annual (+0.46— (+0.9- (+4.0- (+4- {+0.25-
atmospheric 0.5%) 1.1%) 10.3%) 10,195} 0.35%)
accumulation
Projected 400609 2.1-4.0 700-3000 20004800 350-450
atmospheric ppm ppm ppt ppt ppb
conc. mid-21st
century}
Atmospheric 50-200 year 10yr 65 yr 130 yr 150 yr
Tifetime§

*97 — percent by volume, ppm = parts per million by volume, ppb = parts per billion (10°) by volume, ppt = parts per

trillion (10'2) by volume,

1 1990 concentrations are based on extrapolation of measuremenis reported for earlier years.
1 Mid-21st century concentrations are based on current annual rate of atmospheric accumulation, and do not consider

activities aimed at reducing etmissions,

§ Atmospheric lifetime defined as the ratio of atmospheric content to the total rate of removal. CO, lifetime is a rough

of the ultraviolet and infrared spectra. The Earth’s
atmosphere is transparent to most of this incident
radiation and, as this radiation reaches the Earth, it
is either refiected back to space or absorbed to heat
the surface. To maintain constant temperatures, heat
gained by the sun’s incident radiation must be bal-
anced by heat losses through re-radiation. With an
average temperature of approximately 300 K, the
Earth emits most of its radiation at infrared wave-
lengths above 3000 nm. Unlike inicident solar radia-
tion, the Earth’s atmosphere is not entirely trans-
parent to outgoing infrared radiation. Atmospheric
gases such as water (H,0), CO,, methane {CH,),
N,O, O,, and more than 12 synthetic gases such as
CFCs and chlorinated solvents, absorb the Earth’s
radiation. These gases then re-emit this energy. A
portion is radiated towards space at cooler atmos-
pheric temperatures, and another portion is radiated
back to Earth’s surface where it results in additional
surface heating. The net result is increased surface
temperatures. This “greenhouse™ effect is necessary
for the existence of life on Earth, and accounts for a
temperature enhancement from 253 K (—4°F), the
calculated average surface temperature without a
preenhouse effect, to 288 K (59 °F), the Earth’s cur-
rent average temperature. ! Without the greenhouse
effect, the Earth would be covered with ice.

While water vapor absorbs radiation across the
entire spectrum, other predominant greenhouse gases
absorb radiation in distinct bands. These absorption

. indication of the time necessary for CO, concentrations to adjust to changes in emissions.

bands are for CO, (13,000 to 17,000 am), CH, (7000
to 8000 nm), N, (8000 to 8500 nm), and O, (9000
to 10,000 nm). In the pre-industrial atmosphere,
nearly 80%, of the radiation emitted by the Earth was
in the spectral range 7000-13,000 nm. This region
was referred to as the “window™ because of its rela-
tive transparency to outgoing radiation.® However,
as the natural balances of these atmospheric gases
are changed (i.e., increased) through human activi-
ties, and as previously unknown synthetic greenhouse
species, such. as CFCs, and chlorinated solvents, are
introduced into the atmosphere, this balance is upset,
resulting in increased absorption in the CO,, CH,,
N,(, and O, bands, and new absorption by synthetic
gases which absorb strongly in the window region.
This increased absorption decreases the Earth’s heat
loss, and increases the greenhouse effect and net
global warming. Since surface temperatures also
drive climate and hydrological cycles, the excess
energy now available powers changes to weather and
precipitation patterns. These effects cannot be ecasily
predicted, however, because of the nonlinear interac-
tions involved.!

Table | presents a summary of key greenhouse gas
concentrations in the atmosphere.'~> Comparison is
made between pre-industrial concentrations, deter-
mined through polar ice core analysis, and current
ambient concentrations. The data indicate a trend
of increasing atmospheric concentrations for these
species. Ramanathan® suggests that atmospheric
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increases in CH, and carbon monoxide (CO), such
as those seen during the twentieth century, may have
increased tropospheric G concentrations by 2097,
Levine* identifies the relative contribution of several
atmospheric gases to global warming: CO, (49%),
CH, (18%), CFCs (Refrigerant-11 and -12) {1437),
N, O (6%), and other trace gases (13%).

2.2 Role of N,Q in Stratospheric O3 Chemistry

Approximately 85% of the Earth’s atmosphere, in-
cluding almost all of its water vapor, is associated
with the troposphere, which extends from the surface
to about 15km. The remaining 15% is associated
with the stratosphere, which extends from approxi-
mately 15 to 50 km above the Earth’s surface. Over
909, of atmospheric O, resides in the stratosphere.
Stratospheric O, acts to shield the earth from biologi-
cally lethal ultraviolet (UV) radiation (wavelengths
below 310 nm). Most importantly, stratospheric O,
shields the earth from UV-B radiation with incident
wavelengths from 280 to 310 nm. These wavelengths
are especially harmful because they lie in a regime
where the solar spectrum and DNA (biclogical) sus-
ceptibility overlap.?

In recent years, ground-based, aircraft, and satel-
lite measurements have examined stratospheric O,
concentrations over the Antarctic. These measure-
ments indicate that, during the early Antarctic spring
{a 4-6 week period beginning in late September),
total column O, has decreased by over 50% during
the past 10 years. Currently, this behavior seems to
be unique to the Antarctic due to spring weather
patterns which prevent the transport of O, from the
southern hemisphere mid-latitudes to the polar re-
gions. As spring progresses, normal circulation pat-
terns are re-established, and the missing O, is replen-
ished.? In 1988, the Qzone Trends Panel formed by
the National Aeronautics and Space Administration
(NASA), the National Oceanographic and Atmos-
pheric Administration (NOAA), the World Meteoro-
logical Organization, and the United Nations Envi-
roument Program concluded that global strato-
spheric O, concentrations had fallen several percent
between 1969 and 1986.° The Panel found that,
during this period, stratospheric O, decreased be-
tween 1.7 and 3.0% in the area between 30 and
64°N.? The Panel also attributed these decreases to
increasing atmospheric concentrations of trace gases,
primanly CFCs.

In 1929, Chapman® identified a “classical” mecha-
nism to describe the formation and destruction of
stratospheric 0,. According to this mechanism, the
chemical production of O, is initiated by the photo-
dissociation of molecular oxygen by solar radiation
with wavelengths of 242.3 nim or less:

O+ hv—0+0 A<2423nm. (1)

Once dissociated, atomic oxygen may combine with O,

and a third body, M [usuaily N, or O,], to form O,:

0+0,+M—0O; + M. 2

O; destruction can also occur through photo-
dissociation:
O, + v —0 + 0, G)

or through reaction with atomic oxygen:

0, + 0— 20, @

At the time, these reactions were thought 1o fully
describe the global stratospheric Oy balance. How-
ever, over the past 20-30 years three other destric-
tion routes were discovered involving reactions with
hydroxyl radical (OH):

OH + 0,—HO, + 0O, (5)
HQ, + O, — OH + 20, (&)

chlorine:
Cl+ 0, —ClO+ 0O, (8)
CiO+0—-Cl+ 0, (9)

and NO:

NO + 0; =+ NO, + O,
NQ, + 0—NO + O,.

(10)
(11}

Most iinportantly, these three mechanisms are cata-
lytic in nature, resulting in the destruction of Oy,
without the net destruction of the OH, Cl or NO
reactants, Thus, these species are recycled and remain
available for numerous O, destruction steps. A review
of the OH and NO chemistry is presented by Crutzen.’

221. H,O!OH chemisiry

In the stratosphere, the OH radical is produced
through the photodissociation of water:

H,O + Av—OH + H 4 <242nm (12)

and through the oxidation of water by excited atomic
singlet D oxygen [O(*D)]:

H,0 + O('D) — 20H. (13)

Water reaches the stratosphere through diffusion
from the troposphere, and through CH,, oxidation in
the stratosphere:

CH, + OH — CH, + H,0. (14)

In addition to direct destruction reactions, the OH
radical can also interfere with Q4 preduction indi-
rectly by consuming atomic oxygen (see Eq. (2)):
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TasLE 2. Selected trace gases, and trace nitrogen species in
the atmosphere {adapted from Levine™*)

Concentration

Muajor gases
Nitrogen (N;) T8.08%
Oxygen (O,) 20.95%
Argon (A1) 0.93%
Selected trace gases
Water {H,O) 0to 2%
Carbon dioxide (CQ,) 353 ppm
Ozone (O3)
Tropospheric 002 t0 0.1 ppm
Stratospheric 0.1 to 10 ppm
Methane {CH,) 1.72 ppm
Refrigerant-12 (CF,Cl,) 0.48 ppb
Refrigerant-11 {CFCl;) 0.28 ppb
Hydroxyl (OH)
TFropospheric 0.15ppt
Stratospheric 0.02 t0 0.3 ppt
Trace nitrogen species
Nitrous oxide (N,0) 310 ppb
Ammonia (NH;) 0.1 to 1.0 ppb
Nitric oxide (NO)$
Tropospheric Otol ppb
Stratospheric up to (.02 ppm
Nitric acid (HNO,) 50 to 1000 ppt
Hydrogen cyanide {(HCN) 200 ppt
Nitrogen dioxide (NO;} 10'to 300 ppt
Nitrogen troxide (NO4 ) 100 ppt
Peroxyacetyl nitrate (CH,CO3;NQ;) 50 ppt
Dinitrogen pentoxide (N.Ox) 1 ppt
Pernitric acid {HO;NO, 0.5ppt
Nitrous acid (HNO;) 0.1 ppt
Nitrogen aerosols
Ammonium nitrate (NH NO,) 10 ppt
Ammonium chloride (NH,Cl) 0.1 ppt

*9% = percent by volume, ppm = parts per million by
volume, ppb = parts per billion {10%)} by volume, ppt =
parts per trillion (10'?) by volume.

tExhibits strong diurnal variation with maximum
concentration during the day. :

1 Exhibits strong diurnal wvaration with maximum
concentration during the night.

OH+O—H+ 0, {15)
H+0,+MoHO, + M (16)
HO, + O—OH + O,. an

Again, this catalytic reaction set results in the destruc-
tion of atomic oxygen but not in the net destruction
of OH radical.

222, CFC{CI chemistry

Chloring is produced in the stratosphere through
the photodissociation of CFCs:

CCl,F + hv—CCLF + Cl
CCl,F, + hv— CCIF, + Cl

A<265nm (18)
A< 200nm. (19)
These CFCs, Refrigerant-11  (CClL,F) and

Refrigerant-12 (CCl,F;), are not naturally occurring
in the environment. Their presence in the strato-

sphere is the result of anthropogenic emissions and
diffusion through the troposphere. These compounds
are extremely stable in the troposphere and were
widely used as propellants, refrigerants, blowing
agents, and solvents. Table 1 indicates that
Refrigerant-11 and -12 exhibit mean atmospheric
lifetimes of approximately 65 and 130 years, respec-
tively.? As a consequence of concern regarding
stratospheric O, destruction, these compounds are
being replaced. However, adequate substitutes are
not always available, and those that are available,
such as hydrochlorofluorocarbons (HCFCs) includ-
ing Refrigerant-21 (CHCL,F) and Refrigerant-22
(CHCIF,), also have the potential for Q5 destruction,
although to a somewhat lesser extent. In addition to
CEFCs and HCFCs, other anthropogenic sources,
such as solvents and pesticides, may contribute to
the stratospheric chlorine loading.

2.2.3. N;OINO chemistry

The stratospheric formation of NO is the result of
photolysis of N,0 and reaction with O{'D), via the
reaction set:

N,O + hv— N, + O('D) 20)
N,O + O('D) — 2ZNO o3}
N,O + O('D}) = N, + O, 22

Levine? identifies the photolysis reaction (Eq. (20))
as being responsible for approximately 90% of the
N;O destruction, while Egs (21) and (22) each
account for about 5% of its destruction. With an
atmospheric lifetime of approximately 150 years {see
Table 1), N,O is extremely long-lived. N,O is also
very stable in the troposphere. Its destruction takes
place only afier its diffusion into the stratosphere.?
The reaction in Eq. (21} leads to the production of
stratospheric NO and to the subsequent chemical
destriction of stratospheric Q, through the reactions
described in Eqgs (10) and (11), with the net result:

0, + 0—20,.

Note that, as with the OH radical and Cl reactions,
NO is not destroyed during this mechanism, and is
recycled for further reaction with O,. Levine? identi-
fies this catalytic NO cycle as responsible for about
70%; of the global chemical destruction of strato-
spheric 5. However, a large portion of this contri-
bution is. from natural sources of N,Q. With the
exception of relatively minor emissions from high
flying aircraft, Eq. (21) is the only known source of
stratospheric NO. Other NOQ, species released into
the troposphere as a consequéence of combustion and
other industrial activities are quickly removed and
do not have the atmospheric lifetimes necessary to
reach the stratosphere, Table 2 summarizes the atmos-
pheric concentrations of major gases, selected trace
gases (including OH, CFCs, and NO), and trace
nitrogen species compiled by Levine. 28 It should be
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FiG. 1. Tropospheric measurements of N;O from four
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F16. 2. Composite set of atmospheric concentrations of

N,O over the last 1000 years as determined from ice core

air bubbles. Horizontal bars indicate time span over which

data are averaged. Recent tropospheric measurements (as

annual averages) are included in upper right commer
{adapted from Khalil and Rasmussen®).

noted that N,O is the second most abundant nitro-
gen species in the atmosphere after molecular
nitrogen.

Stratospheric O; destruction is further complicated
by potential mteraction between chlorine monoxide
(C10) and nitrogen dioxide (NQ,):

CIO + NO, — CIONO,. 3

This reaction converts the chain carriers of two cata-
Iytic cycles to an “‘inert” product. Thus, as a result of
this interaction, increased N, emissions may act to
reduce stratospheric O, destruction by interfering
with atomic chlorine reformation (Eq. (9)). Addition-
ally, the converse i1s also true, increased CFC emis-
sions may act to interfere with NO reformation (Eq.
(11)). However, little is known about this reaction

including a complete lack of rate data. Moreover, it
is unknown how “inert™ the product actually is.

This complex chemistry is further confused when
interactions between stratospheric O, and the global
heat balance are considered. These reactions are all
temperature dependent and, by absorbing ultraviolet
tadiation, O, acts to control temperatures in the
stratosphere. As stratospheric O, is depleted, more
radiation reaches the Earth’s surface, cooling the
stratosphere. In addition, reductions in the Earth’s
radiative flux which reaches the stratosphere further
affect temperatures and reaction rates.

2.3. Tropospheric Measurements of N,O

Since the mid-1970s, systematic tropospheric meas-
urements of N,O have been made at locations
worldwide.>'? These data, summarized by Khalil
and Rasmussen'? and presented in Fig. 1, show the
atmospheric concentration of N,O to be currently
increasing at an average rate of approximately
0.80 + 0.02 ppbv per year or approximately
0.27 £ 0.01% per year.!? Based on these data, cur-
rent (1993) atmospheric concentrations are estimated
to be 310.5 ppbv. It is also interesting to note that
Weiss® has determined that N, O is unequally distrib-
uted between the northern and scuthern hemi-
spheres, with the northern hemisphere higher by
0.83 % 0.15 ppbv at the time that the measurements
were made {1976-1980). This may be indicative of
the larger land mass or larger population centers and
industrial activity in the northern hemisphere.

Data by Pearman et af,'* Khalil and Rasmus-
sen, 1% Ethridge et al.,'® and Zardini er al.*” examin-
tng N,O concentrations in air bubbles trapped in
polar ice core samples suggest that this temporal
increase is a relatively recent phenomenon. In polar
regions, where yearly snow falls do not melt, air
associated with the snow is trapped in tiny bubbles
as subsequent accumulation and pressure convert
older snow to ice. Analysis of the air within these
bubbles can yield information concerning the com-
position of gases in the atmosphere hundreds, thou-
sands, or tens of thousands of years ago. These data,
summarized for the past 1000 years by Khalil and
Rasmussen'® and presented in Fig. 2, include a com-
posite set of measurements from 0-1820 A.D_ ¥
1600-1966 A.D.,'% 1600-1900 A.D>.,'7 and 1800-
1900 A D.'3 Understandably, these data are subject
to much more uncertainty compared to the precise
measurements of the past 15 years. Evident from
Fig. 2 is the absence of any significant trend between
0 and 1500 A.D. At that time, however, concentra-
tions were seen to suddenly drop and then rise again.
Khalil and Rasmussen'? suggest that this phenom-
enon was the result of the “little ice age™ which
reportedly occurred at this time and which may have
resulted in reduced biological activity. For the period
18801960, the trend shows a steady increase of
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Tagts 3. Estimates of global sources of N,0 (Tg N per year)*
Elkins®? and Khalil and
de Soete'*f Levine? IPCC2%3!  Manneral?*  Rasmussen'?
Natural sources
Soils 7.6
Tropical soils 37 3.7
wet forests 2.2-3.7
dry savannas 0.5-20
Temperate soils 0.01-1.15 <{.5
forests 0.05-2.0
grasslands NK§
Oceans 1.4-2.6 1.4-2.6 1.4-26 1.9
Total natural sources 51-78 42-10.3 5.6-6.8 9.5
Anthropogenic sources
Biomass burning (1.5 (0.4-0.6) 0.1-1.0 02-10 4.02-0.29 1.0(0.1-1.9)
Sewage 1.0(0.2-2.00
Agticulture
cattle operations (.3 (0.2-0.6)
irrigation (ground water release) 05-1.1 0.5(0.5-1.3)
use of nitrogen fertilizers 1.0(0.7-1.3) 0.01-2.2 001514 0.6 (0.3-1.9)
on agricultura) fields 001-1.1
leaching into groundwater 0.5-1.1
land vse chauges (defarestation) 0813 0.8-1.3 04
Fossil fuel combustion ¢.1-0.3 <05
stationary sources 0.2(0.1-0.3) 0.1-0.3 0.0 {0.0-0.1)
mobile sources 0.4 {0.2-0.6) 0.2-0.6 0.5(0.1-1.3)
Industrial activities
adipic acid (nyton) 0.4-0.6 NK
nitric acid 0.1-0.3
Global warming 0.2 (0.0-0.6)
Atmospheric formation (indirect) NK NK
Dy and wet deposition 0.13-50
Total anthropogenic sources 2.1{1.4-238) 1.5-4.8 1.0-5.0 2.0-9.6 4.5(1.8-9.7)
Total 2.1(1.4-2.8) 6.6-12.6 5.2-153 7.6-16.4 14.0(11.3-19.2)

*ITg =1 x 10%tonnes = 1 x 103 g
T Anthropogenic sources only.

Data presented in the review by Mann ef al?* were taken from Elkins. ™
p

§NK, not known.

0.07 £ 0.01 ppbv per vear. For comparison, the most
recent atmospheric data (1976-1988) (see Fig. 1 and
Table 1) have also been included, and show an even
more expanded rate of increase (0.08 £ (.02 ppbv).
Khalil and Rasmussen'? point out that the ice core
data are often imprecise, ambiguous, and subject to
potential errors. Moreover, the most recent ice core
data (late i800s—early 1900s) are subject to even
greater uncertainties due to problems associated with
resolving air bubble formation in ice over short time
intervals. A review of the use of ice core data to
resolve historical trends of greenhouse gases is pre-

sented by Raynand et al.'®

24. Tropospheric N,O Balance

Major uncertainties exist concerning the identifica-
tion and apportionment of the global sources of

N,O. It is known, however, that these global sources
must balance the global rate of atmospheric destruc-
tion plus the rate of atmospheric accumulation. Rate
data suggest that Eqs (20), (21), and (22) destroy
approximately 10.5 * 3.0 teragrams of nitrogen (in
the form of N,0) per year (Tg N per year). Also, the
atmospheric accumulation described above requires
the production of another 3.5 £ 0.5 Tg N per year.
As a result, total global production of N,O must be
approximately i4 * 3.5TgN per year to balance
these destruction and accumulation terms.?

Table 3 presents estimates of the global sources of
N,O published by several groups in recent
years.*!319-24 The contributions from natural and
anthropogenic sources have been grouped separately
for comparison. Natural sources include nitrification
and denitrification of nifrogen species in soils and
oceans. Denitrification involves the chemical transfor-
mation of soil nitrate (NO;') to molecular nitrogen
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(N3} and N,O. Almost all of the N,O produced by
denitrification escapes into the atmosphere. Nitrifica-
tion involves the oxidation of reduced soil nitrogen
species (such as NH}) to nitrite (NOJ) and nitrate
{NO7) with N,O as an intermediate preduct. These
same processes are responsible for N, O production
in oceans. However, it is uncertain whether denitrifi-
cation in oxygen-deficient deep waters or nitrification
in exygen-rich surface waters is repsonsible,? Table 3
indicates general agreement among the four recent
studies which have presented natural source data.
The single exception is the soil source published by
Khalil and Rasmussen,'* which is notably higher
than the other estimates.

Table 3 suggests that the global estimates of anthro-
pogenic sources are highly variable, with values rang-
ing from 1.0 to 9.3 Tg N per year. In addition, the
different studies often do not include the same set of
sources in their anthropogenic estimates. For exam-
ple, Khalil and Rasmussen®? include a sewage source
that the others do not. IPCC?! also includes esti-
mates from adipic and nitric acid production which
are notably significant. Several data sets'*1%-2* also
suggest indirect N, formation through atmospheric
transformations from NQ, precursors, or heterogene-
ous mechanisms involving atmospheric nitrates, al-
‘though these sources are not well quantified. Of
particular interest is the potential source identified
by Khalil and Rasmussen,'? which identifies climatic
feedback and accelerated biogenic activity from CQ,
increases and global warming as being responsible
for approximately 0.2 Tg N per year. This estimate
was taken from ice core data and N,O trends seen
during the “little ice age.” Evident from Table 3 is
that not all global sources of N,0 have been
identified, and that those which have been identified
are subject to large error as indicated by the large
range of estimates presented. However, we see
that, while the magnitude of total global sources
ranges widely (5.2-16.1 Tg N per year), they bracket
the sum of the destruction and accumulation terms
determined independently (14 £ 35TgN per
year).

Table 3 indicates that N,O emissions from fossil
fuel combustion sources countribute a relatively small
portion of the total anthropogenic source. However,
this was not always believed to be true. Only recently,
fossil fuel combustion, especially coal combustion,
was believed to be the major contributor to measured
increases in ambient N,O concentrations. These in-
creases also seeémed to track measured increases in
ambient CQ, concentrations. Previous research?® pre-
sented data indicating direct N,0 emissions from
coal combustion exceeding 100 ppm, and an approx-
imate average N,O-N:NO, molar ratio of 0.58:1.
These data seemed to confirm earlier suggestions®5-27
that combustion of fossil fuels (and coal in particular)
represented a dominant factor in the observed in-
crease of N,O. In addition, emission factors gener-
ated using N,0 stack concentrations of 100-200 ppm

were adequate to close to global anthropogenic mass
balance.

Additional combustion measurements, gathered by
a number of research groups, however, did not
always confimn the early results. These numerous
studies often used various N;O sampling and analyti-
cal methodologies including samples measured on-
line and samples exiracted into containers for subse-
quent analysis in a laboratory environment. An expla-
nation for the resulting growing scatter in the data
was proposed by Muzio and Kramlich?® who sug-
gested the presence of an N,0O sampling artifact.
They presented evidence that indicated that N,0O
was produced in sampling containers awaiting analy-
sis. They further hypothesized a mechanism for this
formation involving NO, SO, and H,0. This evi-
dence questioned the validity of all existing data
which involved container sampling. Additionally,
since secondary reactions converting NQ to N,O in
the sample containers were found to occur easily at
room temperature,?®-3* a new indirect relationship
between anthropogenic NO emissions (including com-
bustion) and global N,O increases was suggested
(see Table 3).1%1° Although not vet characterized or
quantified, this may include NO conversion in
plumes, in the troposphere, or on surfaces.** Further
discussion of the sampling artifact, and the applica-
tion of sampling and analytical procedures to mini-
mize its effect, is presented in Section 3.

Since the discovery of the sampling artifact, new
research has sought to characterize N,O emissions
from fossil fuel combustion sources, and to determine
the effect that modifications used to control NO_ has
on N,Q emissions. A summary of these findings is
presented in Table 4. For conventional stationary
combustion sources (including coa! combustion),
recent measurements indicate average N, O emissions
less than 5 ppm. These values are more than a factor
of 20 times less than emissions believed to be pro-
duced several years ago. Interestingly, fluidized bed
combustors, and several of the thermal DeNO, and
catalytic processes developed for NO, control, also
seem to contribute to increased levels of N,Q. At
present, these technologies are not in widespread
application, and the associated increases in N,0
emissions do not add significantly to the global flux.
However, as these technologies are further devel-
oped, and their use becornes more common, they
have the potential of affecting global emissions.
Several of these technologics will be discussed further
in later sections.

3. MEASUREMENT OF N,O

N,O from combustion sources has been measured
using a variety of methods including both grab (con-
tainer) sampling and on-line monitoring techniques.
Once collected, grab samples are often analyzed
using gas chromatography (GC). On-line monitoring
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TaBLE 4. N,O emission from fossil fuel combustion {adapted from de Soctc'?)

Uncontrolled combustion N,0 emissions
Conventional stationary combustion 1-5 ppm
{coal, oil, gas)
Fluidized bed combustion 20-150 ppm
{depends on temperature, oxygen concentration,
physical/chemical properties of fuel)
Diesel engines 0.03 g N per km
(value given for small passenger cars; heavy
duty engine emissions may be higher)
Gaioline engines 0.01-0.03 g N per km
NO, control technology Effect on N,O emissions
Fuel staging for conventional stationary Up to 10 ppmyv increase over uncontrelled
combustion combustion
Thermal DeNO, controls (SNCR)
NH, injection 3-5% of NO, reduction converted to N,O

Urea or cyanuric acid injection

Catalytic processes
Selective catalytic reduction (SCR)

Three-way catalysts (gasoline engines)
New catalysts
Medium aged catalysts

10-15%, of NO, reduction converted to N,O

Limited laboratory studies indicate increased
emissions from some catalysts
No field data avaiiable

3-5 times the uncontrolled emissions
10-16 times the uncontrolled emissions

methods include nondispersive infrared (NDIR),
tunable diode infrared laser (TDIR), Fourier trans-
form infrared (FTIR), and GC techniques. Each of
these methods presents its own advantages and dis-
advantages. This section will present some of the
history behind N, measurements, briefly describe
some of the developing on-line techniques, and then
focus in some detail on the configuration and opera-
tion of a gas chromatograph/felectron capture detec-
tion {GC/ECD) method that can be used for on-line
or sample container analysis,

3.1. Atmospheric Analysis Procedures Applied to
Combustion Samples

The origins of most of the analytical procedures
that have been applied to measure N,O concentra-
tions in combustion stack gases lic in the methods
developed by atmospheric scientists to measure tropo-
spheric and stratospheric gases including N,O. These
procedures, first developed in the 1960s, employed
thermal conductivity GC.**37 More recent proce-
dures, however, have used ¢lectron capture gas chro-
matography because of its extremely high sensitivity
and specificity for N,0.%2%38-41 [y fact, the analyti-
cal procedure described in Section 3.4. can trace its
origin ta the work by Weiss.® In addition to the
analytical procedures that were adapted from atmos-
pheric sciences, combustion researchers also bor-
rowed the container sampling procedures commonly
used for atmospheric measurements. These involved
the extractive sampling of flue gases directly into

sampling bags or rigid bombs (glass or metal) and
then subsequent analyses of these samples at some
later time in a remote laboratory. Unlortunately,
this procedure led to errors in efforts to establish a
global N,0 database in the early to mid-1980s, caus-
ing incorrect conclusions concerning the contribution
of combustion sources.

3.2. N,0 Formation in Sampling Containers

Grab sampling methods are appealing from cost
and convenience considerations. However, as men-
tioned in Section 2, the integrity of samples taken in
this manner may be easily compromised under many
common combustion sampling conditions?8-30:33
This sampling artifact has been observed when nitro-
gen oxides (NO,), sulfur dioxide (50,), and moisture,
present in many combustion samples, react in the
sampling containers to-produce N;O. N,O genera-
tion in grab sample containers approaching 200 ppm
has been observed.*® However, current research*?43
is evaluating the use of modified sample conditioning
techniques that minimizes or negates N,O formation
in contained samples. This container sampling tech-
nique uses calcium hydroxide {Ca(OH),) and phos-
phorus pentoxide (P,0O5) sorbenis to selectively
remove the SO, and moisture. This procedure has
been proven able to reduce N;O formation to under
10 ppm for samples stored for up to 2 weeks with
mitial NO, SO, and moisture contents of 600 ppm,
1200 ppm, and 10%;, respectively. The artifact chemis-
try has been investigated by Muzio ef al3° and Lyon
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TaBLE 5. Chemical mechanism, rate constants, and equilibrium constants for model to predict N,O
formation in flue gas sampling containers (adapted from Muzio ef af.*® and Lyon and Cole®'}*

(Gas-phase reaction
NO 4+ NO + 0, —+NO,; + NO,

Liquid-phase reactions
NO, + HSO,™ —NO,~ + HSO,
HSO; + HSO,(+ H.0) —H,80, + H,50,
2NO, + H,0 — HNO, + HNGQ,
HNO, + H$0,~ = NO0SO,~ + H,0
NOSO0,~ + H*(+ H,0)— HNO + H,S0,
NHO + HNO — N,0 + H,0
NOSO,™ + HS50;~ — HNO{SQ,)7*

HNO(SO,)? + H*(+H,0)— HONHSO,~ + H* + HSO,~
HNO(S0,) % + H,0 — HONHSO,~ + H* + HSO,~

Equitibrium processes
NO,(gas) = NO,(aq)
50,(gas) = 50,(aq)

SO,(aq) = H* + HSO,~
HNO, = H* + NO,~
HSO,~ = H* + S0

Rate constantf
6.73 x 10°

Rate constant
3.00 x 10°
5.00 x 10°

7.00 x 107

2.40 x 10°

5.00 x 10!

3.00 x 104

8.50 x 10"

1.90 x 1072

1.50 x 1078

Henry's law constant
H = 001 M/{atm
H = [.3 Mfatm

Equilibrium constant
K=15x107M
K=51x10"*M
K=120 x 102 M

* Rate constants and equilibrium constants at 25 °C.

1 Rate constants are in units I/mol/s or F/mol?/s.

Gas cone. (ppm)

0 T Y T Y ¥ YT T YT
100 150 200 250 300 30

Time {min}

Fic. 3. Comparison of kinetic calculations (curves) and

experimental data {Q) of N,0 formation in sampling con-

tainers, Imitia} concentrations for model: H,0 = 105,

CO, = 11%, O, = 4%, NO = 600 ppm, SO, = 2000 ppra.

Experimental results are for an unnamed coal (adapted
from Muzio ez al,3%),

and Cole.*! Both groups concluded that the mecha-
nism involves the dissolution of NQ, and 80, into
condensed water followed by a complex set of liquid-
phase reactions which produce N,O as 2 by-product,
This mechanism was summarized by both groups
and is presented in Table 5. Using appropriate rate
information and species concentrations, comparison
can be made between model predictions and experi-
mental results as shown in Fig. 3.

Figure 4 illustrates how quickly N,O can be
formed in sampling containers, and that condensed
water is not necessary for the reaction to proceed.
These data, taken from Linak et al.,3* present results
of time-resolved analyses of stack gases from selected

100 260 300

a 1 2 3
Sampla storags time (haurs)

4 4

FiG. 4. N;O formation in contained flue gas samples as a

function of sample dryness. Pilot-scale measurements exam-

ined a Utah bituminous ccal (NO, = 757 ppm): A dry

P;0., O dry (refrigerated), O wet. Full-scale measurements

examined a mediom sulfur Alabama bituminous coal

{NO; = 354 ppm): A dry P;O;, @ wet (adapted from
Linak et &%),

laboratory and full-scale tests. Stainless steel sample
containers were used during this study. Figure 4
(laboratory combustor data, open symbols} shows
that N,O is rapidly formed from an initial value of
4.2 ppm to a level approaching 200 ppm, when con-
densed water was present, to half that value when
water was removed by a refrigerated knockout pot,
and to less than 30 ppm when the sample was desic-
cated with P,O. Data from glass containers showed
similar asymptotes in N,0, but a slower rate of
increase at early times. This study also showed that
the rise of N, is accompanied by a drop in gaseous
80, in the sample container, indicating the impor-
tance of sulfur as well as moisture on this low-tem-
perature mechanism. Figure 4 also presents similar
N,O evolution data from a sample collected from a
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FiG. 5. Comparison of on-fine N,O flue gas measurements

(solid symbols: & pulverized coal, W fuel oil, @ natural

gas) to measurements made from contained flue gas samples

after 42 hours of sample hold time (open symbols: A

pulverized coal, [1 fuel oil, O natural gas). The dashed

line represents a previously proposed N;O-N:NOQ, cocrela-
tion of 0.58:1 {(adapted from Linak er al ?3).

full-scale coal-fired utility boiler (solid symbols). it is
interesting to note that both the sub-scale and full-
scale N,O data from wet or partially dry samples
show rapid increases in the first minutes and hours
after sampling. Smaller (but non-negligible) increases
are seen in the dry samples. Maximum N,O values
from wet samples are seen after 24 hours. These
values (200 and 75 ppm} are comparable to those
presented by the historical data and the previously
proposed N,O-N:NO, correlation. The data also
indicate that the maximum N,O concentration is
related to the initial NO and SO, concentrations.
Nitric oxide data show the rapid removal/reaction
of this species (possibly forming NO,) within 14
hours regardless of the moisture content of the
samples. These results are consistent with data from
other studies?®-29+44% and the model proposed
above.*%*! Similar data trends were observed for
No. 5 and No. 2 fuel oils, and tests on natural gas
combustion effluents indicated a measurable, albeit
smaller, effect, even though SO; values were below
detectable levels.

Figure 5 summarizes several sets of time-resolved
data and shows how the maximum yield of N,O
formed in the sample container (after approximately
48 hours) depends on the initial NO in the flue
gas>* These data (open symbols) can be compared
to the previously accepted N,O/NO, emission ratio
(dotted ling). It is now generally accepted that high
N,O emissions from conventional combustion sys-
tems characterized by the historical database can be
explained on the basis of this sample container arti-
fact. The true N,0 emission levels, shown in Figure
5 as solid symbols, are independent of the initial NO
concentration and never exceed 5 ppm for the com-
bustion units tested.

3.3, Continuous Infrared Spectrometry Approaches

On-line, real-time N,O analyzers are desirable;
however, the commercial ‘availability of these moni-
tors has, until recently, been limited. In early systems,
detection levels were insufficient, and elaborate
sample conditioning systems were routinely required.
Additionally, these systems were largely research-
oriented,*” requiring extensive operator attention
and may not have been designed for field use, Several
continaous, real-time monitoring techniques based
on infrared radiation absorption have been devel-
oped and applied to N,0 combustion source
monitoring.

A tunable diode infrared (TDIR) spectrometry
analyzer has been developed by EPA’s Air and
Energy Engineering Research Laboratory (AEERL)
{0 monitor N,O emissions from its fossil fuel combus-
tion test facilities.*® TDIR systems offer excellent
sensitivity, and are capable of detection levels in the
parts per billion range. In addition, interferences
from other IR radiation absorbing gases can be
minimized by the TDIR analyzer’s ability to isolate
appropriate N,O absorbing wavelengths with greater
resofution. The main disadvantages of TDIR spec-
trometry are its complexity, high cost, short life span
of laser diodes {1-2 years), and the necessity for
cryogenic cooling.

FTIR spectrometry is another viable. continuous
N,O monitoring method, it offers excellent wave-
length resolution and sensitivity. In addition, FTIR
spectrometry is capable of monitoring multiple wave-
lengths simultaneously, making the technique suit-
able for real-time, multi-component monitoring of
combustion gases. The main disadvantages of FTIR
systems are their complexity and high cost.

A less complex nondispersive infrared system has
been developed at the University of California,
Irvine (UCI) Combustion Laboratory.*® NDIR ana-
lyzers are routinely used for the continuous measure-
ment of CO, CO,, and SO, from combustion
sources. The UCI group conducted parametric inves-
tigations using a variable-wavelength infrared ana-
lyzer and simulated combustion gases to examine
N,O absorption and interfercnce sensitivity around
three N,O absorbing infrared wavelengths (4500,
8000 and 17,000 nm). They concluded that the region
between 7800 and 8500 nm was most suitable for
measuring N,O in combustion gases, and that NO,
and SO, are the primary interfering species in this
region. Based on this information, the UCI group
adapted a Horiba Model VIA-500 NDIR analyzer
with a 500 mm sample cell and a detector arrange-
ment designed to electronically correct for a portion
of the effects of interfering species. The prototype
instrument responded linearly to N,O concentrations
ranging between 0 and 250 ppm. The UCI group
also employed sodium sulfite and sodium carbonate
solutions to scrub the sample gas to further minimize
the effects of NO, and SO,, respectively. They found
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that these solutions effectively remove NG, and 50,
from the sample without affecting N,O. This system
was then used to make measurements from two
tangential-fired coal utility boilers. Results indicate
that N,C emissions from these units were consist-
ently less than 1 ppm. They concluded that the NDIR
system can provide continuous measurement capabili-
ties and is capable of monitoring N,O levels as low
as several parts per million. However, the system is
susceptible to interferences from other compounds
present in combustion gases that absorb IR radiation
at similar wavelengths to N;O. These interferences
can often be minimized through the use of elaborate
conditioning systems as well as electronic back-
ground correction.

3.4. On-line Gas Chromatography Approaches

Currently, N,0 concentrations in combustion
gases are most commonly monitored using gas chro-
matography. GC techniques, coupled with electron
capture detection (ECDY), offer excellent semsitivity
with detection levels far less than ambient concentra-
tions (approximately 350 ppb). Other defection meth-
ods such as thermal conductivity detection (TCD)
and mass spectrometry {MS) have also been success-
fully used. An important fimitation of GC methods
is that they do not allow a continuous real-time
measurement. Other disadvantages include analytical
difficulties and detector desensitivity caused by inter-
fering compounds present in the combustion gases.
Conversely, in addition to excellent sensitivity, GC
methods are typically easy to construct and operate,
and relatively inexpensive. A GC analytical pro-
cedure suitable for N,O measurement from combus-
tion gases has been documented, 5%-%!

In addition to a susceptibility to interferences
present in the flue gases, GCs are prone 10 memory
effects from moisture and SO, resulting in detector
baseline instability as well as operational difficulties.
These effects have direct impacts on detector sensitiv-
ity, often raising detection levels to values above the
actual N,O concentrations present in the flue gas
streams to be measured. However, regardless of these
limitations and the fact that this technique does not
vield real-time information, the GC/ECD system
offers the advantages of being highly sensitive, rela-
tively inexpensive, widely available, and fairly simple
to operate. The development of an acceptable
GC/ECD analytical system and procedure suitable
for the on-line measurement of N,O from fossil fuel
combustion sources requires negating the effects of
interferences present in combustion process emis-
sions, configuring the instrument for automated op-
eration, and improving the linear working range of
N, O emission quantification.

The GC/ECD analytical system developed for use
by EPA’s Air and Energy Engineering Research
Laboratory*® uses a precolumn backflush method to

JPECS 20:2-D

isolate the interfering flue gas components. The system
is automated by using the timed event commands
associated with the GC operation/data acquisition
system to control and activate the sampling—valving
hardware. N,Q is quantified by relating integrated
peak areas to a least-squares linear regression of
logarithm-transformed calibration variables (peak
area and N;O concentration). The system requires
that a particulale free, moisture conditioned, sample
stream be delivered to the system under slight posi-
tive pressure. Figure 6 is a schematic diagram of the
analytical system. The analytical conditions of the
GC/ECD system are presented in Table 6.

Potential column contaminants are avoided by
precolumn backfiushing, This technique uses a single
10-port valve to divert—direct the fiow of carrier gas
and sample gas streams through the chromatograph
system. A schematic diagram of a [0-port valve is
presented in Fig. 7. The 10-port valve can be oper-
ated in two positions or modes. In the backflush
position {Fig. 7a), the precolumn is backflushed by
carrier 2 to a vent (ports 10, 9, 6, and 8 consecu-
tively). The analytical column, supplied by carrier 1
(ports 5§ and 7 consecutively), is connected to the
ECD. A 1 cm?® sample loop, bridging ports 3 and 4,
can be charged with the sample stream (ports 1 and
2 consecutively). In the analyze position (Fig. 7b),
the valve is aligned so that carrier 1 purges the
sample loop to the precolumn (ports 5, 3, 4, and 6
consecutively). The effluent of the precolumn is
routed to the analytical column and on to the detec-
tor {ports 9 and 7 consecutively). Carrier 2 is vented
via ports 10 and 8. The sample stream is vented via
ports 1 and 2. Once the analyte of interest (IN;0O) has
eluted from the precolumn onto the analytical
column, the valve is returned to the backflush posi-
tion: the flow through the precolumn is reversed and
the interfering sample components are purged from
the precolumn.

Anq electronically controlled air actuator is used to
automate valve switching. The valving system is con-
trolled by interfacing the GC and integrator to a
timed event control module that converts digital
commands from the integrator to time controlied
electrical switches. To further aid in analytical system
automation, a solenoid valve, installed upstream of
the 10-port valve sample loop, allows continuous
purging of the sample loop with sample gas until the
time of analysis. The valve was controlled so that,
just prior to analysis, the solenoid valve is closed,
sample flow is stopped, and the sample loop is equili-
brated to atmospheric pressure, Later, the 10-port
valve is returned to the backflush position and the
sample solenoid valve opened, restoring flow to the
sample loop. The system is also configured for unat-
tended, continuous operation by incorporating the
programmed timed events into a separate program
capable of automatically re-initiating the sequence of
timed events.

The linearity of the GC/ECD system developed by
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F16. 6. Automated on-line GC/ECD system for N, O analysis {(adapted from Ryan and Linak®").
TasLe 6. GC/ECD analytical systein equipment and conditions (adapted from Ryan and Linak®')
Gas chromatograph Hewleti-Packard model 5890A
Integrator Hewlett-Packard model 3392A
Timed sample event conteolier Hewlett-Packard mode! 19505A
Detector 53Nii constant current cell electron capture detector maintained at
300°C
GC oven temperature Isothermal, 50 °C
Carrier gas 5 or 10% methane in argon (P53, P10}
Precolumn 6 ft {1.8 m) x 0.125 in, (0.32 cm) Q.D. stainless steel, packed with
HayeSep D, 1007120 mesh support
Precolumn carrier flow 30 cm®fmin (head pressure ~ 36 psig, 308.2 kPa)
Analytical column 12t (3.7m) x 0.125in. (0.32 cm) G.D. stainless steel, packed with

Porapak Super Q, 80/100 mesh support
Analytical column carrier flow 30 can®fmin (head pressare ~ 40 psig, 377.1 kPa)

TasLE 7. Two mathernatical approaches to evaluate detector linearity (adapted from Ryan and Linak®!)*

Linear regression In transformned linear regression
N, N,O In (N,O In N,O
(known) Peak area (calc)}  Bias9 known) (Peak area)  (calc) Bias %
0.514 6858 =311 =751 —0.66553 8.8331711 047 86
0.97 13153 -2313 =3196 —0.03045 9.484405 0.99 2.1
1.99 24199 —040 -—120.1 0.688134 10.05406 2.02 1.5
503 56075 £.58 —89 1615419 10.92444 5.36 6.6
985 99278 11.35 15.2 2287471 11.50567 10.41 5.7
19.4 174880 23.18 19.5 2.965273 1207185 20.11 37
40.4 318570 4574 13.2 3.698829 12.67285 40.45 0.1
80.1 559344 8336 4.1 4.383275 13.23451 714 29
128 216984 123.68 —34 4.852030 13.61337 12079 -56

*N,O concentrations in ppmv.
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F1G. 7. Ten-port sampling valve configured for on-line N,O
analysis (adapted from Ryan and Linak*?).
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Fi1G. 8. ECD response to N,O calibration gases (z) detector

response 1o known calibration standards (Q), peak area =

6389.233 (N, O) + 26755.25, r* = 0993537 (b) calibration

transformation, In{peak area) = 0.8597 In(N,0) +

9491897, r* = 0999238 (adapted from Ryan and
Linak®}).

AEERL was evaluated with varied concentration
N,O in nitrogen span gases ranging from 0.5i4 to
128 ppmv. The detector response to N,O (area counts
Jppm N,0)} exhibited decreasing sensitivity with in-
creasing concentration. This effect tends to limit the
linear working range of quantification. The lincarity
of the detector was evaltated using two mathematical
approaches: a least-squares linear regression of the
calibration variables, concentrations, and peak areas;
and a least-squares linear regression based on trans-
formed (natural logarithmic) calibration variables. A
comparison of these two approaches is presented in
Table 7 and Fig. 8. The approaches are compared by
back-calculating the concentration of each calibra-
tion standard and determining the percentage bias
from the known value. The linear regression of the
transformed calibration variables (Fig. 8b) was effec-
tive in minimizing the relative error of calculated
concentrations. Less than 109 bias was observed
over the entire range. By calibrating in a narrower
concentration range, more specific to anticipated
emission concentrations, the relative error can be
further reduced.

The automated, on-line GC/ECD system was
evaluated extensively on a number of diverse fossil
fuel and biomass fuel combustion test facilities.
During on-line analyses, span or performance checks
were conducted on a routine basis. These checks,
used to evaluate method accuracy and precision,
were conducted at various times during the measure-
ment process. The accuracy and precision levels
achieved during various on-ling monitoring require-
ments were consistent, The type of combustion
source monitored did not appear to affect method
performance. Accuracy of span checks, expressed as
percentage bias, was consistently less than 15%,. The
precision of replicate span checks, expressed as per-

cent relative standard deviation (RSD), was consist-

ently less than 10%. The method was found to be
suitable for the quantification of N, concentrations
ranging from 0.100 to 200 ppm. Using this method
for on-line monitoring purposes altows an automated
semicontinuous measurement approximately once
every 8 minutes. The system can be. easily incorpo-
rated into most contimious emission monitoring
sample delivery-conditioning systems, the only re-
quirements being the removal of particulates and
moisture from the sample stream by a refrigeration
condenser. The sample stream should be diverted to
the analytical system prior to further moisture condi-
tioning by a desiccant.

4. N70 IN GAS-FIRED COMBUSTION

The goals of this section are (1) to review the
critical reactions that govern the homogeneous chem-
istry of N;O in combustion, and (2} to discuss the
behavior of N,0 in gas flames. The literature clearly
shows that N, can arise as an intermediate in the
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Fic. 9. Comparison of rate constants for N,O +
M — N, + O + M from reviews and recent data.

combustion of fuel-nitrogen. Once the fuel-nitrogen
is consumed, however, fast destruction reactions
ensure that little escapes the flame. Higher N,O
emissions can occur only if the flame is quenched, or
the fuel nitrogen is introduced downstream of the
flame zone. Tn both cases, N, destruction reactions
are diminished.

Although the qualitative features of the flame be-
havior of N,0 are understood, quantitative predic-
tion remains uncertain. In particufar, recent measure-
ments of the rate of the critical NCQ + NO reaction
indicate (1) that its rate is lower at high temperatures
than previously thought, and (2) that, potentiafly,
only a portion of the reaction branches to N;0O. In
addition, recent measurements also suggest that the
destruction reaction N,O + OH is approximately 10
times slower than the rate used in most modeling
studies. Since most kinetic modeling has used both
the earlier, higher NCO + NO rate with a branching
catio into N,O of unity, and the higher rate for
N;O + NO, these findings have the potential to
upset current views of N,0 formation from cyane
species.

4.1. Elementary Reactions of N;O Relevant to Gas
Flames

Reactions thought to be important to the behav-
ior of N,Q in combustion systems include:

NO+M—N, + 0+ M (24)
N,O0 + O—=N, + 0, 2%
— NGO + NG (26)

N,O + H— N, + OH 20
N,O + OH—N, + HO, (28)

NCO + NO —N,0 + CO (29}

—N, + €0, (30)
N, +CO+0 (31
NH + NO—N,0 + H. (32)

The reactions governing NCO concentrations are
also imporiant to the problem. These include reac-
tions forming NCO, and alternate destruction path-
ways that compete with Eq. (29) for available NCQ.
Rates for these reactions must be carefully selected
with an awareness that the understanding is rapidly
evolving. In contrast, the reactions and rates govern-
ing the concentration of the other precursor, NH,
are more firmly established.

41.1. O+ M— N, + O+ M
The thermal destruction of N,Q via the reaction

has been extensively studied. It is used as a source of
oxygen atoms in fundamental experiments, where
the reaction is generally recognized as producing
triplet oxygen via a spin-hindered pathway.3* The
reaction is also one of the more easily studied thermal
decomposition reactions, so it has become a proto-
type for testing both new experimental systems and
theores. In addition, the reverse reaction has been
implicated as a source of NO, (via N,O oxidation)
under the moderate temperatures (ca 1600 K)
characteristic of ultralean, premixed gas turbine
operation. Kinetic studies reported before 1973 have
been reviewed by Baulch ef al®? and those since
Baulch but before 1984 by Hanson and Salimian.®?
Data through to 1989 are discussed by Tsang and
Herron.** We will comment only on recent rate
determinations and their comparison with these
reviews. A comparison of these rate expressions with
more recent data is shown in Fig. 9 and Table
8.52'53'55-59 .

The Leeds review®? suggests curvature in the Arrhe-
nius plot above 2000 K. This is taken into account in
the Hanson and Salimian review,*? that proposes a
modified Arrhenius rate for this reaction. At normal
combustion temperatures the curvature is not very
severe, and the rate expressions proposed by either
of the authors, or by Miller and Bowman,’” are
adequate.

The very high activation energy of the reaction
makes the rate quite slow at low temperatures (ca
1000-1500 K), where it is more difficult to obtain
rate data without considering interfering reactions.
One reason for studying the reaction at low and
moderate temperatures is to obtain an accurate re-
verse rate for N;O formation in low-temperature,
lean, premixed combustion.5%¢! Johnsson é¢ al 3¢
and Hulgaard®® were interested in this temperature
range because of its similarity to fluidized bed operat-
ing temperatures. An improved knowledge of the
homogeneous decomposition rate under fluidized bed
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FaoLe8. Rateconstants for N;O+ M — N, + O+ M

Reference Rate expression

Comments

Baulch et af.>*

Dindi et.af.>*
Johnsson et al. 3¢
Miller and Bowman
Hulgaard®®

Fujii et al.*®

57

50 x 10 exp(—29,000/T)
Hanson and Salimian®3 6.9 x 1073 T2-* exp(32,710/7")
3.5 x 10" exp(—25970/T)
4.0 x 104 exp(—28.230/T)
1.6 » 10" exp(—25.970/T)
6.5 x 1015 exp(—30,250/T)
1.0 x 1015 exp(—130,190{T)

Review, 1300-2500 K

Review, 15003600 K.

Flame, 10002000 K

See text

Review

Flow reactor, see text, 11901370 K
Reactor, 1600-2500 K

conditions would help identify the relative impor-
tance of homogeneous vs. heterogeneous destruction
in these facilities.

Both Johnsson et al.*® and Hulgaard>® used flow
reactors to characterize the N,O + M reaction in
this moderate temperature range. The Hulgaard
data®® vield a higher rate than the consensus of the
published data, although this is attributed to the
presence of secondary reactions. Johnsson er al.*®
obtained data at 1000-1350 K, and combined these
data with pablished higher temperature results to
develop a rate expression very similar to those in the
literature reviews. The recent data of Fujii er of.%®
also are in agreement with the reviews.

Dindi et al** used a CO-N,0 flat flame, which
allowed attention to be focused only on those reac-
tions involving N,0, NO, CO, and N,. Their rate,.
and that derived from flow reactor data by Hul-
gaard,® both deviate from the published reviews at
low temperatures. These deviations can become criti-
cal when these rates are used to calculate N,O forma-
tion via the reverse reaction. As discussed by Tsang
and Herron,** the variations in the rate constant at
fower temperatures require additional work.

Although there is substantial scatter in the reports
of chaperon efficiencies,** recent results suggest that
M(N,) = 1.55 M(Ar).>® For helium, the chaperon
efficiency varies with temperature, and has been ap-
proximated by the form: M(He} = x M(Ar), where
x = 12.25 exp(—2000/7).5¢ These values agree, at
least qualitatively, with other data,’® and can be
used both to correct fundamental data to a common
basis, and for modeling. Additional measurements in
the 1000-1400 K temperature range suggest the fol-
lowing efficiencies relative to Ar: Q,, 1.4 £ 0.3, CO,,
3.0 £ 0.6, N;, 1.7 £ 0.3, and H,0, 12 £ 3552 The
pressure dependence of N;O + M is well-character-
ized, and is discussed in Tsang and Herron.** Under
combustion conditions it appears to always be in the
fall-off regime. .

4.12. N;O + Q> products

The reaction of N,0 with oxygen afoms has
also been extensively studied. In general, the two
product channels are found to be approximately
equally favored over a wide temperature range

N,O + O N, + 0, (25)

13

12

11

Z 104
_g 10
94
B4
T T T r T T T T
02 03 04 OS5 05 ©F 08 085 10
1000/T (K1)
Fic. 10. Comparison of rate constants for N,0 4

O0—=N, + 0, or NO + NO from reviews and recent
data.

N,O + 0 —-NO + NO.

These rates are critical insofar as they determine the
yield of NO from the destruction of N,O; Eq. (26} is
almost alone in yielding NO from N,O destruction.
These reactions were reviewed by Baulch et al.®? for
pre-1973, by Hansen and Salimian®® for 19731984,
and by Tsang and Hemron®* for 1984-1989. Some
recent data are reviewed by Dindi er af.3% In general,
the more recent rate recommendations (Hanson and
Salimian,3* for Eq. (25)°"%%) follow the expression
recommended by Baulch e7 af.:%2

kys = kyg = 1.0 x 10"* exp(—14,100/T)
1200-2000 K (33)

which is plotted in Fig. 10. These rates, along with
those for the remaining N,O destruction reactions
discussed here, are summarized in Table 9.%%
35.57.58,63-67 Although some authors have sug-
gested slightly different rates for these two reac-
tions,** Fig. 10 shows that there is little difference
between the consensus rate and the alternative pro-
posed for the NO + NO product channel. Recent
data on the product channel N, + O, suggest a
reduced rate and lower activation energy at high
temperature.5*

Tsang and Herron®* point out that the data of
Hidaka et al®?® are substantially higher than the
consensus. They suggest that the participation of the
N,Q + OH reaction, which was not accounted for

(26)
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Tascg 9, Rate constants for N3O destruction reactions

Reference Rate expression Comments
MO+ 0—=N; + 0,
Baulch er af.5* L0 x 10 exp{—14,100/T) Reviews

Hanson and Salimian®*
Dindi et al.**

Hidaka ef al*> 1.0  10°® exp(—14,100/T) Shock tube, 1450-
20K

Davidson ec af.%4 1:4 x 102 exp(— 5440/T) Shock tube, 1940-
1[AK

N,0 + 0—NO + NO

Baulch ef af *2 1.0 x 10 exp(—14,100{T) Reviews

Dindi er al.3*

Hanson and Salimian®? 6.92 x H'? exp{—13,400/T) Review

Hidaka et al.%? 5.6 x 10" exp{—14,100/T} Shock tube, 1450—
20K

Davidson ef al.** 2.9 x 1083 exp (- 11,650T) Shock tube, 1680
2430 K

Baulch ef al.*2 7.6 x 10'* exp(—7600{T) Reviews, 700-2500 K
Hanson and Salimian®?
Marshall et af. 63 331 % 10%® exp{—2380/T) 390-1310 K
+ 4.4 x 101* exp(—9690/T)
Marshall er af % 2.53 x 10 exp(—2290/T) 410-1230 K

+ 2.23 x 10" exp{ —8430/T)

Hidaka et al.**

Tsang and Herron®*
Hulgaard*®

N,O + OH — N, + HO,
Miller and Bowman®?
Martin and Brown®’

Tsang and Herron®*

1.51 x 10 exp(—7550{T)

9.64 x 10'? exp{—7600/T)
1.9 x 10° T242 exp(— 6794/T)

2 x 102 exp(— S030/T)
6 x 10! exp(~3775/T)
8.43 x 102 exp(— 5000{T)

Shock tube, 1450
2200 K

Review

Review

Review
Review

Review

in data analysis, may have increased the apparent
rate of N,O + O reaction. This view is supported by
Dindi e af,>® whose use of a CO flame would have
minimized the latter reaction. In this case, the data
agree closely with the reviews. It must be remem-
bered, however, that the rate of the N,O + OH
reaction is imperfectly known at high temperatures,
and that recent results described below suggest a
much lower rate.

413 N;O 4+ H—= N, + OH

The reaction

N,O + H— N, + OH @27
is a major sink for N,O in flames. The rate recom-
mended by the Leeds group®? has generally been
accepted by most recent reviews,”>*7 and is shown
in Fig. 11. Two more recent determinations by
Marshall er af.%%%® show a marked curvature in the

Axrhenius plot, aithough the simple Archenius expres-
sion suggested by the Leeds group appears to be
adequate at higher temperatures. The rate recom-
mended by Hulgaard® shows substantial curvature
if extrapolated to higher temperatures, and suggests a
higher rate, as do the measurementis of Hidaka ef al 2

The alternative product channe! of NH + NO be-
comes more important at increased temperatures,’?
but remains minor even at high combustion tempera-
tures.%® Figure 11 shows the rate used in the Miller
and Bowman®" compilation (calculated from the re-
verse reaction), and the upper kmit for the rate
defined in Marshall ef /%% Although this channel is
not a significant sink for N,O, it can be a major
source of NH in fiames using N,0O as the oxidizer, as
will be discussed shortly.

414 N,O + OH— N, + HO,

The removal of N,O by hydroxyl radicals has
received only limited attention:
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Fic. 12. Comparison of ratc comstants for N0 +
OH — N, + HO, from reviews and recent data.

Nzo + OH — Nz + HOz. (28)

The reaction has been studied at room temperature
to determine the degree to which QH is capabie of
removing tropospheric N;Q. Figure 12 compares the
rates- suggested by Miller and Bowman3? {based on
the data of Biermann et al.%%) with those proposed
by Martin and Brown®? (derived from Chang and
Kaufmann®®) and by Tsang and Herron.** Also
included is a single measurement by Glarborg et
al.,%® which suggests the rate is at least an order of
magnitude lower than those used in the compilations,
something they attribute to a higher activation
energy. The significant scatter shown in the plot is
suggestive of the controversy over the importance of
this reaction. Ignored in ¢arly modeling studies, its
exclusion has been suggested as a source of error in
some flame predictions.”® As discussed in later sec-
tions, some modeling studies mdicate major impor-
tance for this reaction under certain conditions. The
low rate reporied by Glarborg ef al.2 would, how-
ever, preclude this conclusion. Tsang and Herron®*
suggest a second possible product channel, into

HNO + NOQO, If this channel is active, it provides an
additional means for N,Q decomposition to lead to
NO (the other major source being the N;O + O
reaction discussed above). Clearly, more data are
needed on this reaction.

4.15. NCO + NO— N0 + CO

The formation of N,0 in gas flames with added
fuel nitrogen is thought to occur primarily through

NCO + NO— N0 + CO (29}
NH + NO—N,C + H. (32)

as well as the reverse of Eq. (24). NCO arises from
reactions involving the decomposition of cyano spe-
cies such as HCN and HNCO, as discussed in Section
417.

Equation (29) is projected to be the major pathway
in both flames and post-flame processes involving
cyano species. It appears to be 2 major source of
N,O when HCN is introduced into the gas phase
downstream of the primary flame zone,”! and in
fluidized bed combustion.?* It is also critical to the
formation of N,O when urea injection is used for
NO, control’ and in the RapreNQ, process. %
Due to its apparent importance, both the rate and
product identification have been areas of recent inter-
est in the literature.

At present, seven determinations of the rate have
been identified from the literature, four at room
temperature, and three at variable temperatures.
These are summarized in Table 10777 and Fig.
13.37.73.77.79-83 The early determination of Fifer and
Holmes®® was estimated from kinetic modeling of a
more complex system.®* With the exception of Fifer
and Holmes,®? all the determinations are in excellent
agreement at room temperature. All of the determina-
tions at higher teraperature also show remarkable
consistency. The expression developed by Perry”’
lacks curvature on the Arrhenius plot, although this
appears to be because his temperature range was not
sufficiently large to make the curvature evident; his
data are consistent with those of Atakan and
Wolfrum.”™® For reference, the earlier rate recom-
mended by Miller and Bowman®7 is included, pri-
marily because it has been used extensively in recent
modeling. This was based on an extrapolation of the
Perry?’ expression before the more recent data were
available,”® 7 and clearly it has been superseded.

Three product channels have been suggested:

NCO + NO— N,0 + CO 29)
—N, + CO, (30)
N, +CO+0. (31)

Perry’” uses structural and energy arguments to
suggest that the most likely products are N,O + CO,
although the other channels cannot be excluded.
Zahniser et al®? established a lower bound on the
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TanLE 10. Rate constanis for NCO + NO reaction

Reference Rate expression

Comments

Perry”’ 1.02 x 103 exp(196/T)

Atakan and Wolfrum™® 3.0 x 1017 7152 exp(—

Laser photolysis, 294-538 K
260/T) Laser photolysis, 294-1260 K

Mertens er al.”? 1.4 x 108 7173 exp( —384{T) Shock tube, 2380-2660 K, rate
expression developed for 294-2660 K
14.0
NGO + NO—se products
13.8 4
156 Cooksan at 2187
also Cooper and Harshbargert2
134 PemyT™

Willar and Bowman57
132 4 (recommendation)

13.8 1

log{k}

12.8 1
12,6 1
12.4

i2.2 - Martans ot 2179

120

Atakan and Wollrum ™

Zahniser et al %3

Fitar and Holmesm\
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FiG. 13. Comparison of rate constants for NCO + NO — products from reviews and recent data,

TasLe 11. Reom temperature branching ratios from the
literature

Branching ratio

Products Cooper and Hershberger®* Becker et af ®*
N,O + CO 0.33 0.35

N, + CO, 0.44 0.65

Ny +CO + 0O .23 0.0

N,O channel of 0.4 relative to the overall rate of Eq.
(29) at room temperature. Recently, Cooper and
Hershberger®? and Becker et al *° developed measure-
ments of the branching ratios at room temperature.
These branching ratios, presented in Table 11, were
not anticipated based on kinetic arguments, and they
suggest that the branching ratio into N,O may also
be less than unity at higher temperatures.

These findings have the potential to alter the
present view that NCO + NO is the key pathway to
N,(O in RapreNQ, and urea injection, as well as in
low-temperature oxidation of HCN and in fluidized
bed combustion. The revised rate for NCO + NO at
1200 K is now a factor of 2.5 slower than the Miller
and Bowman®? extrapolation that has been used
extensively in modeling. In addition, the yield of
N,O at high temperature may be only a fraction of
the total products of this reaction. Although these
findings suggest that other pathways may be impor-

tant in generating N,O, the picture is far from being
resolved. For exaraple, the curvature of the Arrhen-
ius plot supgests a change in th¢ mechanism with
temperature,”® which may also. indicate a change in
the branching ratio. In addition, Glarborg et af 52
suggest that their new reduced rate for the destruc-
tion reaction N,O + OH may cancel the reduced
formation from NCO + NO and prevent significant
changes in model predictions. High-temperature
measurements of the branching ratio would help
resolve this issue and establish the importance of the
NCO + NO reaction to the generation of N0 in
practical systems.

416, NH + NO—-N,O+ H

Equation (32) is a key route to the formation of
N.O in flames that lack cyano species. Data before
1985 have been reviewed,>® as have more recent
data.*™%* We will comment on some of the more
important points brought out in the reviews, as well
as on some of the most recent data, BAC-MP4
calculations suggest that N,O + H predominate over
N; + OH as products because of a lower energy
barrier between intermediate and product, in spite of
greater exothermicity of the N, + OH channel.®$
Miller and Melius®® estimate that 19% of the reaction
branches imto N, + OH at room temperature, and
that this fractton rises to 30 at 3500 K.
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Figure 14 compares recommended rates from the
reviews and recent data.¥78487-8% Dyjrect rate meas-
urements at lower temperatures are in good agres-
ment, while indirect measurements at higher tem-
peratures show a wide variation (se¢ discussion and
plots in Miller and Bowman®’). Miller and
Bowman suggest a rate constant that extrapolates
the low-temperature data in order to pass near the
upper limit of the rate set in Morley.”® The rate
proposed by Glarborg et al.5® yields a slightly higher
rate at high temperatures. This rate produces better
agreement with flame modeling. % Also, recent shock
tube measurements support a higher rate,®” The scat-
ter in Fig. 14, as well as the significant scatter shown
in the data plots in the review articles, illustrates the
difficulty in resolving the high-temperature behavior
of this reaction due to interfering reactions. Addi-
tional data will help to firmly establish the rate.

4.1.7, Other NCO reactions

The formation of N,O from NCO depends not
only on the rate and product distribution of the
NCO + NO reaction, but also on the availability of
NCO. The several reactions governing the formation,
and particularly the destruction, of NCO have been
shown through modeling to have a critical influence
on N,O yields.®! The key destruction reactions
include:

NCO + O0—NO + CO (34
— CN + O, (minor) (35)

NCO + H—+NH + CO (36}
NCO + OH—-HNCO + O 37
NCO 4 0, = NO + CO,. (38}

Reviews of these reactions are. available.’*®* These
reactionis arc arcas of current research interest, and
the understanding is continuing to evolve,’%7%7?

The formation of NCO occurs through the oxidation
of both HCN and HNCO via reactions such as:

HCN 4+ O—NCO + H
HNCO + OH — NCO + H,0.

(39}
(40

4.2, Behavior of NQ in Homogeneous Systems
4.2.1. Flame studies

A number of flat-flame studies concerning N,O
have béen performed. These include flames in which
N, is the principal oxidizer, ftames where N,O is
present as a trace species in the reactants, and cases
where no N,O enters the flame, but where it appears
as an intermediate from added NO or other fixed
nitrogen compounds.

All of the flames share certain features in common.
First, if N,O is present in the reactants, either as a
major or minor species, it is rapidly removed by the
flame. Only for relatively low-temperature combus-
tion does significant N,O persist beyond the primary
flame. For those systems where a fixed nitrogen
species other than N,O is initially present (e.g., NH;,
HCN, NO), the N,O appears early in the reaction
zone as an intermediate, and is consumed by the end
of the flame.

The use of N, as an oxidant in hydrocarbon
flames has a long history.?2*% Recent advances in
combustion diagnostics and kinetic modeling have
enabled comprehensive investigations of individual
Aames. Two recent exercises of note are by Habecbul-
lah et @l.%¢ and Zabarmick.®”

The experiments of Habecbullah er al ®® examined
low-pressure CH,—N,O flames. These focused on a
broad range of issues in hydrocarbon and nitrogen
chemistry. With respect to N, 0, most of the decom-
position was attributed to NoO + M — N, 4+ O +
M, with a fraction due to N,Q + H. The appearance
of imidogen (INH) is partially due to the reverse
reaction of Eq. (32):

N,O + H—NH + NO.

Although only a small fraction of the N;O is proc-
essed through this channel in this flame, the appear-
ance of NH provides a Fairly sensitive tést of the
pathways leading directly to NH. (Note that NH,
was not detected, and thus by inference higher amines
were not present.) The appearance of NH is consist-
ent with a mechanism in which at least a portion of
the N,0 + H reaction proceeds as shown in the
reverse of Eq. (32), rather than exclusively into
N, + OH. The analysis is, however, complicated by
the presence of other formation channels in this
hydrocarbon flame: CH + NO — NH + NO. None-
theless, the NH peak height was adequately modeled
using a rate for the reverse reaction of Eq. (32) based
on the Leeds compilation.®?

Zabarnick®? studied a similar flame. Application
of a detailed model provided good agreement for



170

. most species, indicating that the most important
kinetic pathways were adequately modeled by the
kinetic set. The critical discrepancy was the predic-
tion of too much NH by the model. In the model,
the rate for N,© + H — NH + NO was based on
data from Miller and Bowman.*? Figure 11 shows
that the Miller and Bowman rate is somewhat below
the upper limit recommended by Marshall er al%®
The apparent uncertainty in this rate manifests itself
as an uncertainty in predicted NH from these flames.
Roby and Bowman®® examined rich, atmospheric
pressure H,/O,/Ar/NO flames, some of which were
perturbed by the addition of C,H,;. Approximately
1750 ppm NO was added, which yielded almost 100
ppm NH, early in the flame. As this NH, decayed, a
transient peak of 15 ppm N, developed. It is clear
that the source of the N,0 was NH + NQ; the NH
arises as a decomposition product of the NH,. De-
tailed modeling was not, however, able to identify a
source for NH, from the reactant NQ. This issue has
apparently remained unresolved as no later work has
involved a flame under these very rich conditions.
Nonetheless, simplified kinetic calculations using the
measured NH, profile as input showed that the
source of N;O was NH + NO. The calculations also
suggested that a significant amount of probe chemis-

try distorted the N, O profiles, generally by reducing

apparent N,O concentrations below their actual
flame values. The action of the probe was to freeze
both the NH; chemistry producing N,0, and the
destruction reaction involving N,O + H. 1t is a little
surprising that the N,O levels were reduced in the
probe, where the high-activation energy destruction
reactions would be expected to preferentially slow
first, yielding increased N,O. Di Julio and Knuth®?
examined fuel-nitrogen conversion in an atmospheric
pressure H, fueled flat flame. They observed N,O as
an intermediate early in the flame, but it was rapidly
consumed.

In contrast to Roby and Bowman, Martin and
Brown'®® examined N,O behavior in lean premixed
combustion (H, or CH,, with NO, NH;, or N,O
as a dopant). In general, they found that the
amount of N,O surviving varied inversely with tem-
perature, which was a direct consequence of the
high activation energy of the destruction step
(N,0O + H) compared with that of the principal for-
mation step (NH + NO). With N,O as a dopant,
they saw a small amount of NO formation, which
was attributed to a partial branch of the N,O + H
reaction into NO + NH. Alternatively, a portion of
N,;0 could form NO through N,O + 0 = NOQ +
NO.

One of the most interesting observations was the
appearance of an N,O spike when the probe was
passed radiaily through the shear layer at the edge of
the flame.'®® At a constant distance from the flame,
the passage through the shear layer increased the
N;O from an in-flame value of ca. [ ppm to 28 ppm.
This was attributed to a preferential loss of hydrogen
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atoms from the shear layer due to their high diffusiv-
ity. The gradient is maintained by the Ioss of hydro-
gen in the colder regions due to H 4 O, +
M— HO, + M. This suggests a mechanism that
explains the small emissions of N,O from industrial
gas flames; i.e., via turbulent quenching.!® A slightly
different mechanism may be active in turbulent flame
sheets wunder high Damkdhier numbers.!ot
Here, the thin flame sheets could become preferen-
tially depleted in hydrogen atoms due to diffusion,
and the small amount of N,O that is formed near
the flame zone may partially escape flame
destruction,

Martin and Brown subsequently applied kinetic
modeling to their data.5” Sensitivity analysis showed
that the most important reactions were the principal
formation reaction, NH + NO—N,O + H; the
principal sink reaction, N;O + H— N, + OH; and
the principal reaction removing hydrogen atoms,
H + O, + M—HO; + M. The rate of the latter
two are known with certainty. The sensitivity analy-
sis, however, points out the need for (1) a more
complete understanding of the rate of NH + NO,
and (2) proper identification of the product channels
for NH + NO and N,0 + H at the temperatures of
interest. Note that they were better able to fit their
data using the slightly high rate for NH + NO of
Glarborg et al.®® than with the rate proposed by
Miller and Bowman.3’

Only very limited studies of N,O in high-intensity
stirred combustion have been made, Houser er
al.1%271% used this experimental format to study the
decomposition of model fuel-nitrogen compounds,
which will be discussed in the next section. Malte
and Pratt®® used a stirred reactor operating on CO
near the lean blowout imit to investigate NO forma-
tion mechanisms appropriate for advanced, premixed
gas-turbine combustion. Under these relatively cool
conditions where thermal NQ, was well-reduced,
they identified N,O as an intermediate leading to
NO,,

N,O + 0 —NO + NO. (26)

This was also recognized by Wolfrum.!®® Recent
data from high-pressure flames show that this
mechanism can be a significant contributor to gas-
turbine NOQ,, particularly under reduced tempera-
ture conditions designed to minimize thermal
NO,.t%¢ These resulis illustrate the value of obtain-
ing accurate rate data for the reverse reaction of
Eq. (24), or accurate data for the reverse rate in the
correct temperature range if the rate is found from
thermochemistry.

- 4.2.2. Reaction of fuel-nitrogen

As noted earlier, the addition of fuel-nitrogen to
laminar flames leads to the appearance of N,0 as an
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Fic. 16, Kinetic modeling of the experiment described by

Fig. 15, including a case where only 405, of the NCO +

NO reaction branches to N0 + CO (adapted from Kram-
lich er al ™).

intermediate. Significant emissions occur, however,

only for low-temperature flames (obtained either .

through a low adiabatic flame temperature or
through high heat extraction at the burner). Also,
addition of fuel-nitrogen to large turbulent flames
yields no more N,Q in the exhaust than if no fixed
nitrogen was included with the fuel 71°7 Modeling
efforts suggested that the reaction N,0O +
H— N, + OH is sufficiently fast to be capabk of
removing all the N,O formed in the flame zones,
even if the N,O formation. rate is artificially aung-
mented by unrealistically rapid char production
rates. If N,O is to be emitted from any fossil fuel
systems, what could be the source?

One clue is provided by early data on the oxidative
pyrolysis of fuel-nitrogen compounds. Researchers
have recognized that, alihough nitrogen is bound
into complex organic structures in coal, it appears in
the devolatilization products almost exclusively as
HCN and NH,.!%-11? ]t is now known that the

HCN and NH, arise from secondary tar cracking
reactions after primary devolatilization, although
the exact mechanism remains an area of resgarch.
Early studies on the pyrolysis'’! and oxidative
pyrolysis?®2104112 of model fuel-nitrogen com-
pounds showed that under certain oxidizing,
moderate-temperature regimes, compounds such as
cyanogen, pyridine, and HCN could yield large
amounts of N,O.

Kramlich et al.”' were able to generate large ex-
haust concentrations of N,0O in a tunnel furnace by
the downstream injection of cyano species. The pri-
mary natural gas flame of this furnace was designed
to generate 600 ppm NO. The post-flame gases were
quenched by heat extraction at a rate of 350 K/s. A
side-streamn injector was used to introduce HCN into
the furnace at various locations and temperatures,
The results, shown in Fig. 15, indicate that between
1100 and 1500 K a significant fraction of the HCN
was converted to N,0. Similar results were obtained
for an acetounitrile spray, with the maximum conver-
sion temperature offset somewhat due to the time
required for the evaporation of the spray. Ammonia,
however, generated very litile N,O under these
conditions.

Application of a plug-flow model {with distributed
side-stream addition) to these results produced the
predictions shown in Fig. 16. The major features of
Fig. 15 are reproduced: a peak in N,0 emissions as a
function of injection temperature, and the lack of
N,C production from NH,. Sensitivity analysis
showed that the N,;O behavior is governed by

HCN + 0— NCO + H (39)
NCO + NO - N,0 + CO (29)
NH + NO > N,O + H (32)
N,O + H—N, + OH. 27

Above the favorable temperature window, N,O re-
maoval via Eq. (27) was rapid, and alternate pathways
for the oxidation of HCN and its intermediates were
opened. At lower temperatures, HCN failed to react
within the time available. In the case of NH; injec-
tion, competing oxidation reactions within the tem-
perature window prevented Eq. (32) from generating
significant N;O. One feature of the model was the
overprediction of the conversion of HCN to N,O.
Use of a recommended reduced branching ratio** of
40%, was entered into the model, which resulted in
much more realistic N,O predictions. This lends
global support to the fractional branching ratios (see
Table 11) recently reported.®3%85 However, it has
been argued that this discrepancy is due to neglecting
the N,0 4+ OH reaction, which would also act to
suppress the N0 concentrations,*" The data of Glar-
borg e al. %% suggest the N,O + OH rate is too slow
to contribute, which raises the specter that errors in
both the N;O + OH and NCO + NO reactions may
cancel each other in modeling. Clearly, the uncer-
tainty in the branching ratio and the rate of the



i72 1. C. KraMmrick and W. P. LiNnAK

25

=
D Hao or ar2s E
O Muzin o a1 g
201 AKrambch orar? s
*+ Krambich of 21107 g
o Linok ot a£33 8
® lwasaki of af114 g“
= 15 ] ¥ Swedishmaece™ 4
£ ¥ Swedtsh hama fumace'15
E * Piasotti and Rasmussen?
o  Vitovec and Hackl ¥
# 10| ©Yokoyama eresM? X
g
5] i
Fy + N
fu] [+74] v
ag e u
0f0R? . , . 5
0 200 400 600 800 1000
MO, {ppm)

FiG. 17. Compilation of field data on N,0 emissions from
gas-fired equipment.

N,O + OH reaction prevent firm conclusions from
being drawn at this time,

For such a mechanisin to explain N,O emissions
in pulverized coal flames, a means of transporting
volatile HCN to these cooler environments must be
proposed. While late devolatilization or turbulent
mixing limitations could provide some HCN within
the appropriate temperature window, neither of these
15 likely to act as a major source in practical systems.
This is consistent with the low N,O emissions re-
ported from coal-fired furnaces, as will be discussed
shorily.

Houser et a studied HCN decomposition in
moderate-temperature stirred reactors and plug-flow
reactors. In the stirred reactor preignition mode,
they found no NO generated, and N,O as a major
product. At higher temperatures the reactor contents
ignite, and they found no N,0 in the products.
Using these: data, they conclude that the NCO +
MO reaction cannot be a major source of N,O. The
key reactions are assumed to be

1104

HCN + 0 —NCO + H (39)
NCO + O —NO + €O (34)
NCO + NO—N,0+CO  (29)
N,O + H—N, + OH. @

Houser et al*°* concluded that above the ignition
temperature Eq. (27) is too slow to completely
remove N,OQ unless unrealistically high hydrogen

atom concentrations are assumed. Thus, low N;O

emissions can be accounted for only by (1) the insig-
nificance of Eq. {29), or (2) the predominance of Eq.
(39) over Eq. (29). They concluded that the latter
possibility requires an unrealistically high oxygen
atom concentration, so by process of elimination,
Eq. (29) must have an insignificant rate. An alterna-
tive proposed by Houser ef al is the reaction
sequence: )

CN 4+ NCO—CN, + CO (41)

0, + CN, — CO + N,0. (42)

Other N,O destruction pathways may be active in
this systemn with its very high fuel-nitrogen content
that are not active in practical flames. A recent
Kinetic evaluation has been successful in reproducing
the plug-flow nitrogen speciation data of Houser et
al.'™ using the NOO -+ NO reaction as the source
of the N,O.%t :

4.3, Industrial Gas Flame Data

The emission of N, O from industrial gas flames
has always been found to be quite low. Figure 17
provides a compilation of data from large-scale, tur-
bulent gas ﬂames'ls.ZG.BS.‘ll.lﬂ'},ll:&-llT The left-hand
haif of the plot compares NO, and N,O data, while
data tn the right-hand panel do not have accompa-
nying NO, data. In peneral, emissions are so low as
to be of little environmental consequence when it is
remembered that the atmosphere contains approxi-
mately 0.3 ppm N,0. Two of these data were ob-
tained with NH; doping into the fuel,”*'°7 but this
failed to generate significant N,O. The highest con-
centrations noted in Fig, 17 are associated with (1) a
Swedish home heating furnace,*** (2) early data by
Hac et al,®*® and (3) early data by Pierotti and
Rasmussen.?®

The home heating furnace likely involves lower
overall flame temperatures and greater opportunity
for quench of the flame. There is ample evidence
that the quench of flames containing fuel-nitrogen
will produce higher levels of N,O,'%? although it has
not been shown that this is true when fixed nitrogen
species are absent from the fuel.

The data of Hao ef al.?’ were obtained by collec-
tion in 50 cm? syringes that had an opportunity to
age before analysis. Since SO, was not present in
these gas flames to a significant extent, it is unlikely
that a large amount of N,O was generated in the
sample.?®3%3 However, there is evidence that the
formation of N, O within sample containers can pro-
ceed to a limited extent, and at a slower rate, in the
absence of one of the necessary ingredients: SO, or
moisture.?? Although this question cannot be conclu-
sively settled in retrospect, the large quantity of
recent data from Austria''® and Japan'! ™12 suggests
that most industrial gas equipment does not produce
more than 2 ppm N,O. Reported concentrations in
excess of these values must be carefully examined to
determine if special combustion conditions exist
which give risc to emissions above the anticipated
level.

4.4. Summary of N,O in Gas Flames

Although N,O is not emitted in significant concen-
trations from gas flames, research shows that it has
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an active flame chemistry that is relevant to pulver-
ized coal combustion and combustion fluidized beds.
Flame studies suggest that N,O is formed from
other fixed-nitrogen compounds early in flames, but
that it is rapidly and completely removed. Imposition
of high-quench environments appears to preferen-
tially deplete hydrogen atoms, thereby reducing the
N,O removal rate and Jeading to enhanced emission
from flames containing {uel-nitrogen.

Clearly, the highest emissions occur in gas flames
where cyano species are oxidized under moderate-
temperature conditions. This situation can occur in
practice.in combustion fluidized beds and with down-
stream injection of cyanuric acid or urea for NQ,
control. Present modeling shows that N,0 arises
from the reaction NCO + NO. Recent data suggest,
however, that this reaction is somewhat slower at
10001200 K than previously thought. Also, room-
temperature product measurements show that only a
portion of the reaction branches into N,O, which
may indicate that other product channels are active
at higher temperatures. Certain kinetic studies have
also suggested a role for the reaction N,O + OH,
although recent rate data on this very imperfectly
known reaction tend to minimize its importance,
These findings may alter current kinetic scenarios
governing N,O formation in combustion fluidized
beds and during cyanuric acid and urea injection,

5. BETERQGENEQUS CHEMISTRY OF N3O

The overall conclusion from Section 4 is that N,Q
emissions from industrial gas flames are not signifi-
cant. Only two sifuations were identified in which
elevated N,O emissions are possible. The first occurs
when fuel-nitrogen is mntroduced downstream of the
flame zone. Here relatively temperature-insensitive
N,C formation reactions occur, but the destruction

reactions are suppressed. This situation can gecur in

practice when urea or cyanuric acid is injected into
hot flue gas as a reagent for NQ, control (see Section
8). This situation may also occur in combustion
fluidized beds, where volatile HCN enters the gas
phase at relatively moderate temperatures.

The second scenario takes place when reacting
gases conmiaining NH; are quenched, which again
suppresses the temperature-sensitive destruction reac-
tions, but allows the temperature-insensitive forma-
tion reactions to occur for a time. In light of this
recognition that gas flames do not present an environ-
mental N,O problem, the research community has
focused on heterogencous systems, although work
continues to fully quantify the gas-phase
mechanisms.

Research into the problems of N,0O formation in
heterogeneous combustion has largely been driven
by field measurements on practical units. These sug-
gest that some types of combustion systems (e.g.,
pulverized coal flames or oil flames) do not emit

significant N,0. Other devices (e.g., fluidized bed
combustors) have more substantial emissions. While
this has served to focus research, it has not been
interpreted as a license to ignore low-emission sys-
tems. Rather, the fact that certain heterogeneous
systems do not yield much N,;O provides valuable
clues on the mechanisms that are active, and on how
N, O can be suppressed in high-emission systems.

The importance of the heterogeneous contribution
to N, O is reflected by the fact that this and Sections
6 and 7 are largely devoted to it. This section reviews
the fundamentals of heterogeneous N,0 chemistry.
Section 6 focuses on pulverized coal combustion,
while Section 7 is directed towards combustion fluid-
ized beds. The heterogensous chemistry covered in
this section includes char reactions, and catalytic
reactions associated with practical combustion sys-
tems (e.g., catalytic activity of alkaline compounds
used for 8O, control in combustion fluidized beds).
Downstream catalytic processes will be covered in
Section 8.4.

5.1. Owerview of Heterogeneous Chemistry

The principal forms of heterogeneous reactions
that have attracted research attention include:

(1} destruction of N,Q on char surfaces;

(2} reduction of NO on char surfaces to yield
N,C;

(3) oxidation of char-bound nitrogen to yield
N,G;

(4) heterogencous generation of HCN from char
nitrogen, which forms N,Q in the gas phase;
and

{5) reactions of N,O over alkaline surfaces, includ-
ing catalytic destruction and catalytic forma-
tion from NO and NH,.

These heterogeneous reactions are difficult to charac-
terize In many experimental systems due to concur-
rent homogenecus chemistry. The gas-phase reac-
tions can complicate both the qualitative and quanti-
tative interpretations of the results.

5.2, Destruction of N,O on Char Surfaces

de Soete has performed the most detailed study
to date on the chemistry involving N,O and char,!!?
including N,Q destruction on char surfaces. His
reactor system included a small packed bed (20 mm
id. x 8 mm tall) containing 50100 mg of highly
devolatilized coal (35-50 gm in diameter) mixed
with inert quartz beads. The reagent gases were
passed through the bed while it was heated in an
electric tube furnace. Measurements of product gas
composition were used to develop heterogeneous
kinetics under both steady-state and iransient
conditions.

Generally, N,0O was found to be more readily
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TarLe 12. Arrhenius rate parameters for Eq. (45} (adapted
from de Soete!2%)
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Fic. 18. Rate constants for heterogeneous N,O reduction:
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Fi16. 19. Comparison of time constants for N;O destruction
due to various sources in a pulverized coal flame.

reduced on char surfaces than NQ. Mechanistic argu-
ments lead to the following as the dominant
reaction:

N;O + (—C)— N, + (—C0) (43)
where the species in parentheses represents a surface
site. Very little NO product was observed, which

1. C. KrRAMLICH and W, P, Lmiak

indicates that this is the major pathway, as opposed
to:120 '

N,O + (=CO)—2NO + (=C). (44

de Soete tested three chars, and developed the kinetic
expression:
N,O destruction rate (g/s)

= Aexp(—T*T) mcPuo (45)

where A and T* are Arrhenius rate parameters, m.
is the mass of carbon present in the char {g), and
Pn,o is the partial pressure of N,0 (Pa). The Arrhen-
ius parameters, defined for each of the chars, are
presented in Table 12.

Figure 18 summarizes recent data on the hetero-
geneous destruction of N,O on various surfaces;'?®
Table 13 describes the various data in Fig. 18.12%
124 The work on calcium surfaces will be discussed
presently. Additional data on the destruction of N,O
over a char surface have been presented by Gulyurtlu
et al.}?% Consistent with de Socte, these authors find
that N, is the predominant product.

These rates provide sufficient information to per-
form a preliminary assessment of the heterogeneous
contribution to N,0 destruction in pulverized coal
flames. For this calculation, let us assume that pulver-
ized coal 15 burned in 125%; theoretical air. Half the
coal mass is lost during devolatilization and bumed
to give combustion products. One mole of this prod-
uct gas is accepted as the basis for the calculation,
including its accompanying char. This allows the
ratio of solids to gas to be correctly set. Given this,
Eq. (45) can be integrated to establish a characteristic
time constant for first-order N,O decay due to hetero-
geneous reactions in this system (i.e., the time needed
for {1 —e'] or 63% of the original N,O to be
removed).

This characteristic ime is plotted against tempera-
ture in Fig. 19, using data for the Cedar Grove char.
It is clear that at moderate temperatures substantial
time is needed to effect heterogeneous N,O destruc-
tion at the suspension densities characteristic of pul-
verized coal firing. However, it must be remembered
that this calculation sets an upper limit for N,O
destruction by char in pulverized ¢oal flames because
it does not allow for any reduction in char mass
through oxidation. The corresponding time constant
for the homogeneous removal of N, O by the reaction:

is plotted for comparison. For all but the lowest
temperature conditions the homogeneous mechanism
predominates. Another means of comparing the het-
erogencous rate to homogencous destruction is to
determine the hydrogen atom concentration that
would be needed for the rate of the destruction
reaction:

N,O + H> N, + OH @7
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TasLE 13. Key to heterogeneous destruction data reported in Fig. 18

Char from Eschweiler bituminous coal
Char from Prosper bituminous coal

Char from Cedar Grove bitumninous coal
Graphite

Calcined Ignaberga limestone, 300-500 gm
Analytical grade Ca0

Calcined Pyrenees limestone, 80160 gm
Calcined limestone

Calcined crystalline limestone

Calcined amorphous limestone

Reagent grade CaSQ,
Analytical grade quartz sand, 200-800 gm
SiQ,, 100 ggm

ZrR-SCSIOTRDOE

Calcined Ignaberga limestone, followed by 4 hr of sulfation

de Soete'?®

de Soete! 20

de Soete!2®

de Soete!??
Santala ef al.'2!
Miettinen et af.’3?
de Soete!??
Moritomi ez al, "3
Khan er af.'?*4
Khan ef af 12%
Santala et af '
Miettinen er al.12?
Santala er af. 12}
de Soetelzo

to match the heterogencous rate. This is also shown
in Fig. 19, which illustrates that very low levels of
hydrogen atoms are needed to make this homogene-
ous reaction the dominant removal pathway.,

These conservative calculations suggest that hetero-
geneous N,O destruction on char surfaces is not a
significant contributor to the overall destruction rate
in pulverized coal firing. This conclusion is indirectly
supported by Aho and Rantanen'?® who show that
homogeneous N,0 removal was not enhanced by
the addition of a peat dispersion to. a2 homogeneous
N,O destruction experiment, Further evaluation
would be necessary to establish the heterogeneous
contribution in higher firing density situations (e.g.,
combustion fluidized beds).

5.3. Reduction of NO on Char Surfaces to Yield NG

With well-devolatilized char, de Soete?*® and Guly-
urthe &7 al.'*® saw very little conversion of NO to
N,O on char surfaces when no oxygen was present
in the reactants (i.e., when no O, was available to
generate N,O through char-nitrogen oxidation).
Other work, however, has been interpreted to suggest
that, with oxygen present, N,O becomes a major
product of NO reduction over char.12712% Amand ¢
al.**® invoke this reaction to explain their fluidized
bed results. Here, N,O yields dropped and NO con-
centrations increased when ash recirculation in their
bed was stopped (presumably reducing the unburned
char loading). As pointed out by Hulgaard,’® there
are other possible mechanisms that give rise to this.
For example, the oxidation of HCN or NH, over fly
ash could form N,0Q, while at the same time NO
could be reduced over the fly ash. An interrption in
the ash flow to the bed could reduce N,0 formation
and NO destruction.

Tullin e a/.*3! burned small amounts of coal in an
externally heated fluidized bed operating in a batch
mode. They found that the fractional conversion to
NO increased as the char approached final burnout.
This suggests that NO is formed as the primary
oxidation product, and that N,O is formed by the
reaction of some of this NO with char nitrogen. Near

burnout, the amount of char surface available is
diminished, and the N, O formation reactionisstopped.
This conclusion is supported by an increase in N,0O
yields when additional NO is added to the experi-
ment.'?? Mochizuki et al.'?? also conclude that the
reaction between NOand nitrogen at the char surface is
a major pathway to N,;O. One interpretation of the
oxygen effect is that O, is required to continually
expose freshchar-nitrogen for reaction with NQ_ 129131
All of these data suggest that the surface absorption of
NO, followed by reaction with another NO molecule to
yield N0, is not an important path.

5.4. Oxidation of Char-Bound Nitrogen to Yield N,O

de Soete’s fixed bed experiments'®® represent the
most quantitative approach to the oxidation of char-
bound N, to yield N,O to date. Although previous
work examining 50 coals indicates that typically less
than 209 of the char-nitrogen is converted to NQ,1°%
de Soete’s experiments under steady-state condition
suggest this conversion to be 30-70%, and that 1-6%
of the char-nitrogen becomes N,Q. The amount of
N,O formed is propertional to the amount of carbon
consumed. This suggests that N,0 formation is
mechanistically linked with carbon oxidation, In fact,
carbon oxidation and nitrogen burnout have previ-
ously been found to be proportional, and deviations
from the proportionality have been attributed to late
nitrogen devolatilization,*3?

The full mechanism proposed to account for the
behavior is:***

Q; + A(—C)— H—-CO) (46)
(—CQ) — CO + freesite 47
H—CO)—-CO; +(—C) + frecsite  (48)

O; + (—C) + (—CN) — (—~CO} + (—CNO)

(49
{(—CNO)—NO + (—C) (50
NO + (~C)— 05N, + (- CO) (51}
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Suzuki et al.123),

{(—CN} + (~CNO) =+ N,0 + {—-C) (52)
N, O + (—C)—N; + (—CO}. (33)

Since only small amounts of N0 were formed when
NO was exposed to the char, de Soete concludes that

the following reaction is probably of minor
importance:2°

NO + (—CN) = N,O + (—=C) (59)

although, as mentioned in the previous section, the
depietion of surface nitrogen when oxygen is not
available to expose new surface may have limited
the effectiveness of this reaction in de Soete’s
experiments.

Transient experiments were performed in which
the flow of oxygen—-argon was rapidly replaced with
pure argon. These experiments showed that the
number of available sites occupied by oxygen was
only a fraction of the total available sites. This
indicates that Eq. (46) is rate controlling, Above
800 K the measured rate of Eq. (46) is such that pore
diffusion within the char influences the rate. Thus,
the overall rate measured for Eq. (46) includes an
effectiveness factor that is a function of the structure
of the particular char under consideration.

At the present time one cannot easily use this
information to accurately assess the relative role of
char-nitrogen conversion to overall N,O emission.
However, some bounds ¢an be placed on the poten-
tial contribution. One approach is to use de Soete’s
observation!2? that up to 6% of the char-nitrogen
will react to form N,O. This value can be used in the
pulverized coal example developed earlier (with the
additional assumption that half the original coal
nitrogen content of 194 remains with the char follow-
ing devolatilization). The results suggest a maximum
emission of 18 ppm. It must, however, be borne in
mind that much of this N,O would be formed above
1500 K, where homogeneous reactions would almost
immediately destroy it.”" Thus, although the ultimate
heterogeneous conversion of char-nitrogen to N,O
ranges from 1 to 6%, only a fraction of this would be
expected to result in emission.

Mochizuki et al'®® used a small-scale fluidized
bed to study N,O formation from char. They argue
that the fluidized bed format gives them better con-
trol over particle temperature overshoot than the
fixed bed system. Figure 20 shows that N,O does
not begin to break through the bed until the later
stages of char combustion, when CO emissions have
dropped to zero and O, has begun to rise from its
eriginal level of about 0.5%. This appears to contra-
dict the results of de Soete, *® who found that hetero-
geneous formation of N,O paralleled carbon burn-
out. The ultimate analysts of the raw char shows
that it is not as strongly devolatilized as the char
used by de Socete (it contains over three times as
much hydrogen). Thus, the results suggest that N,0
may be formed in the bed through the reactions
described by de Soete, but that emission is suppressed
by homogeneous activity until the bed no longer
emits CO. This is supported by the observation that
the addition of CO in the gaseous reactants sup-
pressed N,Q emissions. Oxidation of CO via CO +
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OH — CO, + H could form hydrogen atoms that
would remove N, O via the reaction N,O + H.

The data of Suzuki er ol '3 give support to this
mechanism. They examined N,Q formation from
petroleum coke that had been subjected to different
degrees of devolatilization. Figure 21 shows that, for
the highly devolatilized cokes, the formation of N,O
was proportional to carbon bumout, as was found
in de Soete’s experiments. ' 2° For poorly devolatilized
chars, however, the fractional conversion of char-
nitrogen to N,O was suppressed at low carbon con-
version, and increased markedly near the end of
burnout.

Tulline et af.!?7 performed a similar experiment in
which small amounts of coal were added to a
laboratory-scale externally heated fluidized bed to
provide time-resolved batch reactor data. Unlike
the results of Suzuki er al,’*? they find that N,0
formation proceeds almost linearly with carbon
burnout during the char combustion stage for a
range of reactor temperatures and oxygen concentra-
tions. This points to a fuel dependent effect that
will be discussed in more detail in Section 7.3.4.
They also found that doping the fluidized bed with
additional NO significantly increased N,O produc-
tion during the char oxidation portion of their ex-
periments. This suggests that the dominant mecha-
nism is the production of NO during char oxida-
tion, followed by the reduction of NO at the char
surface to yield N,0O. As noted above, the reduction
reaction occurs only in the presence of oxygen, pos-
sibly because continued char oxidation is needed to
expose fresh char-nitrogen for reaction with
N0'129_.131

Thomas ez af. *3* oxidized '*C materials that were
artificially doped with various nitrogen compounds.
They observed much higher levels of N,0 release
when NH, was the doping agent. While it can be
easily argued that their material differs significantly
from coal char, the data strongly suggest that nitro-
gen functionality within the char strongly influences
the yicld of N,O from char combustion.

Coupled with the data of Suzuki et &f,,'** Mochi-
zuki et al.,**% and de Soete,'*%12° these data support
the following observations.

(1) For a well-devolatilized char where care has

been taker to minimize competing homogene-
ous reactions, the ultimate yield of N,;O as a
fraction of fuel-nitrogen is in the range of
approximately 1-6%,.

(2} For strictly heterogeneous oxidation, the oxida-
tion process is nonselective (i.e., the formation
rates for N,O formation and char oxidation
are proportional).

(3} For poorly devolatilized oil coke, competing
gas-phase reactions appear t¢ suppress N,O
during the early stages of combustion.

(4) The final conversion of char-nitrogen to N,O
is, however, higher for poorly devolatilized
cokes. One explanation is that the nature
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of the poorly devolatilized coke lends itself
to higher heterogeneous formation rates.

The N0 is, however, suppressed at
early times because of homogeneous
destruction.

(5) Coals exposed to an environment similar to
that of the coke show N,O growth that paral-
lels the carbon burnout.

Points (4) and (5) are in critical need of resolution.
Since devolatilization occurs in situ in fluidized beds,
during much of its lifetime the coke will more closely
resemble the partially devolatilized material of
Suzuki et gi!*? than the highly devolatitized char
(prepared under an inert atmosphere at long times)
used by de Soete.!'%12° Accelerated conversion of
fuel-nitrogen to N;O occurs at late times for poorly
devolatilized coke, but does not appear to do so for
coal char.*27 These points will require resolution to
understand the actual emission mechanism in fluid-
tzed beds. These topics will be explored further in
Section 7.

Another fundamental question is to differentiate
between (1) the generation of N,O by direct char
oxidation, and (2) the gencration of NO by char
oxidation, followed by its conversion to N,O at the
char surface in the presence of O,. One approach is
to observe the response of N,0O as additional NQ is
doped into the system. Here, the data conflict, and
are likely to be dependent on experimental format;
thus, discussion is deferred to Section 7.

5.5. Heterogencous Generation of HCN from Char-
Nitrogen

Cyano species such as HCN have been shown to
be precursors for N,O under oxidative pyrolysis
conditions,*92-104.112 and if HCN is introduced
into the post-primary flame gases at an appropriate
temperature.”! The source of HCN in coal flames
is thought to be secondary reactions of the
nitrogen-containing tars that are one of the primary
products of coal devolatilization,!® Extensive re-
views of the overall rate of nitrogen release, the
mechanisms of release and conversion, and the influ-
ence of parent coal properties are available.!*® No
attempt will be made to summarize the literature
here.

At temperatures where HCN is converted perma-
nently to N,O (1100-1500 K} most, but not all,
devolatilization is complete in pulverized coal
flames.'3* However, char-nitrogen can be converted
to N,O via gasification reactions.’®’ In furnaces
HCN would probably have such a short lifetime that
none would be observed in gas samples. Instead,
HCN would be rapidly converted to products, includ-
ing N,0. Thus, failure to measure HCN under these
postflame conditions does not necessarily indicate
the absence of a homogeneous pathway io N,O that
involves HCN,
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5.6. Nitrogen Reactions Over Alkaline Surfaces

An integral part of combustion fluidized bed tech-

nology is the use of limestone sorbents within the
bed to capture SO,. Several studies have suggested
that N;O may be catalytically destroyed over calcium
compounds. Also, certain alkaline materials appear
to be capable of catalytically forming N,O from
NH,. Pulverized limestone is used as the raw material
for sulfur capture in fiuidized beds. This CaCO; is
rapidly decomposed to CaQ, which captures 8O, via
the reaction:

Ca0 + SO, + 050, +CaS0,. {59

Thus, the alkaline surface that is actually exposed
for reaction in the bed may be either CaQ or CaSQ,,.

The high catalytic activity of CaO surfaces towards
N;O decomposition is  well-documented.!?!-
123,133,138-142 Eioyre 18 illustrates that all CaOQ sur-
faces are not equivalent in their catalytic activity.
First, Ca( prepared from vcalcined limestones will
have varying surface areas, depending on the proper-
ties of the parent stones, and on the degree of sinter-
ing that is allowed to occur following calcination. !*?
Hansen et al.**! found that calcined limestones that
have a high activity for N, destruction also are the
most reactive towards 8Q;. In the past, high reactiv-
ity towards SO, has been associated with (1) the
development of high porosity during calcination, and
(2) the resistance of this structure to porosity loss
during suffation.'**

Catalytic removal proceeds with a rate that ap-
pears to be independent of the presence of a number
of other species (NO, HCN, NH,;, 0,).** In the
experiments of Hansen et al.,**! the failure of added
NO to influence the N;O removal rate was also
noted. Since NO was also reduced in these experi-
ments, this indicates that NO and N,0 were not
competing for the same sites on the CaQ surface.

In practice, the CaQ that is present in fluidized
beds is rapidly coated with a sulfate product layer.
Miettinen et al.**? found that reagent grade CaSO,
showed little reactivity towards N,O destruction.
This low activity has been confirmed by several
researchers.}??141142 [5 contrast, others have re-
ported higher activities.!2!1*% [t appears that chemi-
cally pure CaSQ, has liitle activity towards N,0O,
but that sulfated limestone may, under some circum-
stances, be more reactive. In general, sulfated lime-
stone consists of a sulfate coating over unreacted
CaQ. Depending on the nature of the surface (i.c.,
the presence of surface defects), the free-stream gases
may have greater or lesser degrees of contact with
the more reactive CaQ core. Also, the limestones
contain varying amounts of impurities, which may
promote the destruction reaction.

Little work has been done to measure N,O decom-
position over reduced calcium surfaces. In his study
of fluidized bed sulfation, Hansen!*® found that
CaS0, could be reduced to CaS, CaO, and §; in

fluidized beds. Hansen ef 2/.'** found that CaS was
atleastasactiveas CaQ towards N, Qdestruction when
CO was present. This suggests another means by which
sulfated limestone could act as an N,O removal
catalyst in fluidized beds: the partial reduction of the
unreactive CaSO, into reactive CaQ and CaS.

Klein ef al'4? and Mictinen et al'?? found that
MgQO was almost as reactive as CaO as an N,O
decomposition catalyst. Both were deactivated by
sulfation.*4? However, the ability of MgO to capture
sulfur is limited in practical sysiems by (I) a lower
decomposition temperature for the sulfate product,
and {2) a lower reaction rate with SO, due to the
lower product layer diffusivity of S0, through
MgS80,.1*7 Thus, Klein ef al.'*? suggest that MgO
may be an appropriate additive to fluidized bed
combustors for controlling N,O since it is resistant
to deactivation through sulfation.

Limited studics have been undertaken on other
materials. Coal and peat ash have been found to be
much less reactive than CaQ.!*%1%8 Miettinen ef
al.'*? examined Fe,0Q; and Fe,(,, and found them
to be almost as reactive as CaQ.

de Socte studied the catalytic formation of N;O
over a reduced calcium sulfate that was prepared by
reaction with graphite.** The introduction of
1240 ppm of NO into this fixed bed experiment gener-
ated additional N,O between 1200 and 1400 K, al-
though the maximum yicld was only 4 ppm. Al-
though the composition of the reduced CaS0, is not
known, in light of the discussion in Hansen,'¢ it
seems likely to contain CaO or Ca8. Since both of
these are potent N,O reducing agents, it is possible
that additional N,O was formed, but immediately
removed. The short gas-phase residence time in de
Soete’s experiments is-designed to minimize compet-
ing homogeneous reactions (the empty-bed nominal
residence time is ~ 75 ms).

lisa er af *** examined N,O formation from NH,
over beds of CaQ and CaSO,. N,O was detected only
when CaQ was the bed material. Both NH,/Q, and
NH,/NO/fO, initial compositions were capable of
generating N,O. In the latter case, a maximum of
300 ppm N,O was generated from 2000 ppm each of
NO and NH, at 850 °C, a nitrogen conversion of 15%.
The practical importance of this reaction remains
uncertain, however. Since CaS0O, was totally unreac-
tive in this situation, one could conclude that normal
sulfated limestone would also be unreactive because it
always presentsa sulfated surface for reaction. Alterna-
tively, the preceding discussion shows that wide varia-
tions exist in reported rates for N,0 destruction on
sulfated materials. This suggests that some sulfated
limestones may have enough CaQ “character” to act
as catalysts for NH;-N, O conversion.

5.7. Heterogeneous Kinetics Summary

With few exceptions, the relative importance of
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vatious heterogeneous pathways involving N,O
during combustion has been defined. Quantitative
prediction from the fundamental data is still beyond
our reach, however. The critical problems include:
(1) the great variability in starting materials, and (2)
the difficuity in removing the effects of homogeneous
chemistry from experiments designed to resolve
heterogencous 1ssues.

The destruction of N,O on char surfaces has been
well characterized, and the products do not appear
to include significant NQ, Likewise, the reduction of
NO on char surfaces does not appear to yield N,O
unless oxygen is present. Oxidation of bound nitro-
gen from highly devolatilized chars provides an ulti-
mate conversion to N, O in the range 1-6%, although
in practical systems a significant portion of this
would probably be homogeneously reduced. In practi-
cal systems, it is difficult to differentiate experimen-
tally between N,O that arises directly from char
oxidation, and N,O that arises due to oxidation of
char nitrogen to NO, followed by the reduction
of NO to N;O at the char surface in the presence
of oxygen, .

Another problem is the difficulty of separating the
role of homogeneous chemistry from heterogensous
chemistry in experiments. In particular, the oxidation
of poorly devolatilized coke appears to cause reduced
N,O yields at early times and enhanced yields near
burnout. This difference in behavior compared to
the behavior of well-devolatilized chars is of consider-
able interest because partially devolatilized coals are
more likely to be representative of the chars found in
combustion fluidized beds.

The alkaline sorbent CaO is a catalyst for N,O
destruction. Pure CaSQ,, however, dees not appear
to have catalytic activity. Sulfated limestone occasion-
ally appears to have an intermediate activity, which
may be the result of vanable amounts of reactive
Ca0 being exposed during suifation. Another source
of scatter may be the variable amounts of impurities
present in limestone samples. CaQ also appears to be
a catalyst for the conversion of NH, to N,0.

6. BEHAYIOR IN PULVERIZED COAL FLAMES

Pulverized cozl flames were among the first indus-
tria] combustion sources to be characterized for N,O
emissions. The widespread use of pulverized coal,
coupled with the relatively high amounts of fuel-nitro-
gen contained in the fuel, suggested that this class of
sources was worthy of attention.

The initial measurements on utility boilers were
reported in 1976.%%27 This was followed by a limited
number of studies through 1986-1987. As discussed
in Section 3, it was later found that large amounts of
N,O could be formed within the flasks that were
used for sample storage in many studies. Subsequent
studies either modified the storage téchnique to avoid
N,O formation, or used on-line methods where the
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samples had little time to age. These later studies
have shown very low emissions from pulverized coal
or oil-fired units, penerally less than 5 ppm. However,
there have been several studies of time-resolved N,0
behavior in coal flames, which indicate that much
higher N,Q concentrations exist carly in the flame.
These studies are wvaluable for their mechanistic
insight.

6.1. Early Coal Studies

Pierotti and Rasmussen?® reported three measure-
ments (32.7, 32.8, and 37.6 ppm) from a pulverized
coal-fired uaiversity power plant. They used 6 |, elec-
tropolished stainless-steel flasks for their samples;
the subsequent analysis was by GC/ECD. Nominally,
these samples would have been subject to the sam-
pling artifact, although the concentrations measured
were much lower than those reporied in later studies.
One reason for this might have been the fact that the
source and the analytical laboratory were in close
proximity, and the time between sampling and analy-
sis may have been short. Alternatively, the stainless-
steel surface may have moderated the pH of the
material absorbed on the walls and helped to slow
the conversion of NO t¢ N,O.

Weiss and Craig®” used 21 Pyrex sample flasks to
collect stack gas from the Mohave coal-fired station
in Nevada. These were preconcentrated by [reezing
in a liquid-nitrogen bath. The concentrated sample
was then evaporated and dried. These concentrated
gases (containing mainly N,O and CO,) were ana-
lyzed by an ultrasonic phaseshift detector. Thus,
these samples would have also been subject to in-
container N,O formation. The reported N,O emis-
sion was 25.8 ppm, which is also low compared to
subsequent studies where the sampling artifact was
active,

Kramlich er al.'®? measured N,O emissions from
a small-scale tunnel furnace. The goal was to identify
whether the use of air staging for NO, control would
lead to enhanced N,0 emissions. These samples were
obtained by an on-line preconcentration procedure
similar to that of Weiss and Craig (i.e., the samples
withdrawn from the reactor were immediately frozen
in & liquid-nitrogen trap and then evaporated, dried,
and analyzed on-site by thermal conductivity gas
chromatography). Although the results were tnsensi-
tive to the stoichiometry of the rich zone, increased
reactor cooling increased N,O emissions, and
premixed coal flames yielded more N, than diffu-
sion coal flames. Although the clevated N,O emis-
sions (20-90 ppm) could be due to sample system
chemistry, it is possible that the reduced combustion
temperatures in this small facility caused more of the
volatile HCN to oxidize in the 1200-1500 K window
where N, O emissions can be formed,”!

Castaldins ef al'*® examined a series of sources
associated with NO, abatement operations. Hao er
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TazLE 14. Survey of recent N data from combustion systems*

Andersson et al. } Several European plants
Dahlberg ef al ¥ 17 combustion plants

Electric Power Research Institutet 14 utilities -
Laird and Sloan*>!

3 corner-fired, 2 opposed-fired (I low-NO,)

3 wall-fired coal, 3 wall-fired 0il (2 low-NO,)

Linak et af 33 6 coal-fired
Muzio et al **? 2 oil-fired

7 coal-fired
Persson'*? 1 coal-fired
Sage’of’ral 2 stokers
Sloan and Laird*¢

burners
Soelberg!** 11 plants

Vitovec and Hack!''®

4 wall-fired, 3 corner-fired, both normal burners and low-NO,

9 coalfired plants, including pulverized coal, lignite, stoker-

firing, and briquettes
11 oil-fired plants
4 petroleum-coke planis

Yokoyama ef al !t 11% 7 coal-fired
21 oil-fired

* Pulverized-coal fired unless otherwise indicated.
1 As reported in Mann er ol.7*

al.?5 surveyed nine oil-fired and three coal-fired fur-
naces in northeastern USA, as well as measurements
on a pilot-scale furnace.!*® For both Castaldini and
Hao a correlation was noted in which the apparent
N,O emissions (obtained using sample flasks and
remote analysis) were about 253 of the NO, emis-
sions measured on-line at the site (see Fig. 5). As
discussed in Section 3, this apparent proportionality
was due to the conversion of NO, within the
sample flasks to N,O at an approximate 4:1 ratio.
Following the identification of this artifact, both
measurement methods development (see Section 3)
and retesting of combustion sources have been pri-
Ority activities.

6.2. Recent Database on Pulverized Coal Emissions

Extensive recent surveys of N,O emissions from
pulverized coal and oil-fired furnaces have been re-
ported. Table 14 summarizes sources of these
dam_14.33.46.113.116—113.[5 1,153,154 It is Clca.r from re-
viewing this very large database that the majority of
measurements from industrial combustion systems
yield very little N,O. Emissions in excess of 5 ppm
are very rare, with the exception of combustion
fluidized beds, which are discussed in Section 7. One
generzl trend is that higher emissions tend to be
associated with oil-fired units, although the emission
levels are still quite low. The reason for this is not
known.

As discussed in Section 3, at these very low emis-
sion levels, the care taken in measerement becomes
critical. Simple drying or SO, scrubbing will prevent
the formation of large amounts of N,0. However,
measurement studies show that residual moisture,
S0,, and/or long sample lines will still allow a few
ppm of N,O to form. Thus, the preponderance of
the data suggest very low values, and the few outliers

warrant close examination to determine if unusual
combustion conditions exist, or if sampling proce-
dures were adequate.

6.3. Mechanistic Studies of Pulverized Coal
Combustion

In spite of the fact that emissions from industrial
pulverized coal furnaces are low, several recent stud-
ies indicate that higher concentrations exist early in
the flame zone. The relation between the fast forma-
tion and destruction chemistry early in these pulver-
ized coal flames has become an area of intercst that
may have some relevance in combustion fuidized
beds.

Smart et ol %% obtained time-resolved data in the
large axial IFRF pulverized coal flame. The firing
rate was 2500 kW and the maximum temperaturc
was about 1600 °C. In this flame, N,0 peaks early in
the flame zone at 12 ppm, and decays to an exhaust
concentration of about 4 ppm.

Abbas er al'%® performed time-resolved measure-
ments within a moderately swirled pulverized coal
flame. This smaller flame (ca 130kW) yielded =z
lower maximum fiame temperature (1270 °C) than in
the experiments of Smart ef a/!>° In spite of the
differences in scale and temperature, Abbas saw simi-
Iar behavior: an early peak at 9 ppm followed by
decay to the exhaust concentration at 4.5 ppm. Both
groups interpreted their data as indicating that the
N,O emission was the result of flame-zone N,0
which failed to be fully destroyed before exiting the
fumace.

Some valuable insight was provided by the experi-
ments of Aho et al.2>7 who added dilute suspensions
of coal and peat to hot flue gas in a plug-flow reactor
operating between 750 and 970 °C. The overall resi-
dence time was approximately 370 ms for most of the
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FiG. 22. Conversion of fuel nitrogen into N,O and NO

from a dilute suspension of various coals and peats at 1894

0,: @ S H3 peat, A C HS peat, Bl English coal, O U.S.

coal, A Colombian coal, (1 Australian coal (adapted from
Aho et al**7).

Nz0 {ppm)

— —r——r—r—r——r T
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Distance from ignition point {m}

Fic. 23. Effect of maximum combustion temperatures on
the time-resolved behavior of N0 in a pubverized coal
flame. Taiheiyo coal, SR = 4.96, d, = 63 — 105, m:: @
Trau = 800°C, & T, =90°C, B T, = 1000°C, A
Trax = 1100 °C (adapted from Okazaki et al.*5%),

runs. Figure 22 shows the conversion of fuel-nitrogen
to NO and N,O as a function of temperature. Over
this residence time, they saw maximum conversion of
fuel-nitrogen to N,O (ca 20%;) at the lowest tempera-
ture. By 970 °C, essentially no N,O was found in the
exhaust. One could argue, in light of the preceding
data'**%¢ that at the highest temperatures an N,O
transient was present at short times, but the N,O
was destroyed before exiting. Unfortunately, no time-
resolved data were presented at the higher temperature
conditions. They also examined the yield of N,O at
800 °C for a coal and vatious peats.?>® They found
that N;O yields decreased with increasing fuel oxy-
gen:nitrogen ratio. This suggests less N,O forma-
tion from lower rank fuels, and mirrors the results
for fluidized bed combustion presented in Section 7.
In another experiment, Aho ef al.**7 measured the
decay of N,O added through the coal injector. At
970 °C and 18% O,, only about half the N,O was

removed before exiting the reactor. Alternatively, il
the O, concentration was decreased to about 19 and
500 ppm CO was added with the N,O, the N,O was
fully destroyed in under 50 ms. The suggestion is
that the oxidizing CO provided hydrogen atoms
to rapidly remove the N,0. Interestingly, the co-
addition of a small amount of peat with the N,O
failed to increase N, destruction.

In light of this, there appear to be at least two
plausible reasons why N,O emissions were not noted
during the high-temperature coal injection tests
shown in Fig. 22: (1) no significant N,O may have
formed, and (2) if N,O were formed, it could have
been removed by the burning volatiles. The Failure of
injected peat to remove N;O could have been due to
the small amount used, or the fact that the peat
volatile combustion may have been concentrated
around the particles, and thus in poor contact with
the free-stream N,O. '

Hein®? examined time-resolved N,O behavior in
a 700 kW ficility burming German brown coal, These
data also showed an early peak (maximum value
40 ppm) which decayed to zero before exiting the
reactor. An interesting additional observation is that
higher N,O transient peaks were obtained when the
primary zone stoichiometry was restricted towards
fuel-rich conditions.

Okazaki et al'%° present a very valuable set of
time-resolved pulverized coal measurements in which
the temperature of the furnace is varied. As shown in
Fig. 23, at low temperatures, N,O rises to its final
value early in the flame zone, and then rvemains
frozen at that value through the remainder of the
furnace. At high temperatures, the data strongly
resemble the larger-scale coal data: a small peak
carly in the flame, followed by a decay.

In staged and unstaged oil flames, N,O was also
observed as an early intermediate.*®* Like the other
time-resolved data, it rapidly decayed with distance
along the flame axis. Like the data of Hein,'*®
higher N,0O concentrations were seen early in the
flame during staged operation (i.e., when the primary
flame was restricted towards fuel-rich conditions).

It is likely that the source of the early N,O peak is
the oxtdation of the high flux of HCN arriving in the
gas phase from devolatilization. The relationship be-
tween this early peak and the N,O that is actually
emitted is less clear, however, Kinetic modeling”!
suggests that N,O has a very short lifetime under
flame condtions. In particular, the 1600°C flame
témperatures of Smart’s experiment!*® yield a very
short predicted half life. How, then, can N,O be
measured consistently within the flame zones of pui-
verized coal flames? Also, what is the actual source
of the emission measured at the exhaust?

One train of thought is that the N,O formed in
the primary flame is due to & very high flux rate of
volatile nitrogen (as HCN) entering the gas phase.
Here, it partially reacts to form N,O, which is also
subject to rapid removal reactions. Thus, the N,0
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can be considered to be in pseudo steady state; it is
rapidly formed and destroyed, and the exact
concentration depends on the local balance between
these fluxes.” Due to the speed of the reactions, the
N, O will disappear almost imnmediately if the source
flux is removed. Thus, according to this interpreta-
tion, the N,O that appears in the exhaust is not the
N,O that is present in the transient peak. The early
N0 has been completely destroyed, and the exhaust
N, O was actually formed downstream.

An alternative view is based on the fact that coal
flames are not well mixed, and the N,0 measured in
the early region could be the result of formation in
low-temperature, fuel-lean pockets. Here, kinetics
suggest that conditions favour N,0 formation, Per-
sistence of these mnmixed pockets out of the flame
zone and into the exhaust could lead to a flame zone
contribution to N,O emission. In light of what is
known, detailed kinetic modeling would likely resolve
these issues.

7. COMBUSTION FLUIDMZED BEDS

Among fossil fueled combustion systems, combus-
tion fluidized beds have consistently shown the high-
est N,O emissions in ficld measuremerits. Although
this wnwelcome finding has become widely recog-
tiized only during the last 6 years, it has spawned a
large research effort. The work has focused on (1)
formation mechamnisms, (2) cmissions as a function
of combustion parameters, and (3) control strategies.

One response to this high level of interest is the
recent appearance of two in-depth reviews of the
behavior of N,O in combustion fluidized beds.?4'52
Major sources for these reviews are the 11th Inter-
national Fluidized Bed Conference in 1991,
as well as the Infermational Workshops on N,G
Emissions that were held in France in 19885 and
Portugal in 1990. Section 7.2 summarizes the major
conclusions of these reviews. Section 7.3 provides a
more detailed discussion of papers that have recently
appeared. This includes results from the N,O Work-
shop that was held in Tsukuba, Japan, in July
1992,1% a5 well as a discussion of the controlling
mechanisms. The influence of NO,_ (and N,0) abate-
ment strategies on emissions from fluidized beds is
discussed 1n Section 8.

7.1, Field Data

Field measurements on various full-scale fluidized
bed systems have been reported primarily at the 3rd,
4th, and 5th International Workshops on N,O Emis-
sions, and at the 11th FBC Conference. Table 15
surnmarizes some of the features of these
mea.surements.l13'l 15,116,130,152,153,164-169 It must
be borne in mind that the measurements reported at
the 3rd I[nternational Workshop on N,0 Emis-
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sions!'$ were made before the sample container arti-
fact was discovered, although the vast majority of
these measurements were made under procedures
that minimized the in-container generation of N,Q
{(i-e., most of the samples were dried before storage).
The field tests consistently indicate emissions substan-
tially above those found from pulverized coal flames
or fuel oil flames.

Attempts to draw general conclusions from the
field data are very difficult due to the wide variation
in combustor configurations, operating parameters,
and fuel types. In spite of this, certain trends are
clear from the data. First, N,O emissions uniformly
decrease with increasing bed temperature. At the
same time, NQ, emissions increase. In general, lower
rank fuels deliver lower N,O emissions. Most other
operating parameters {excess air, addition of lime-
stone} appear to have a weak influence on N,O.
Carefully obtained ‘subscale data have been the
means of advancing our understanding beyond that
available from field data.

7.2. Summary of Major Trends

The following presents the major observations re-
ported in the reviews by Mann ef ¢l 2* and Hayhurst
and Lawrence.'5? First, it cannot be overemphasized
how difficult it is to extract mechanistic information
from fluid bed experiments. In general, a wide variety
of experimental designs and scales have beent used to
study N,O formation in fluidized beds. In addition,
enough information is frequently not provided to
Fully rationalize these data.*®? In fluidized beds many
of the parameters are coupled in actual expeniments
(e.g., excess air and bed temperature), which makes
it difficult to cleanly extract the influence of a single
variable. These observations show the highly empini-
cal nature of the fluidized bed database, and suggest
that much care must be taken in data analysis to
develop general conclusions. In spite of these difficul-
ties, considerable progress has been made in under-
standing this complex phenomenon.

The most pronounced trend is that of temperature.
Reduced bed temperatures almost universally cause
higher N,O emissions, as the measurements pre-
sented on Fig. 24 show.!®” As discussed in Section
7.3, a number of mechanisms describe the tempera-
ture effect. Figure 24 also shows that NQ increases
with bed temperature, suggesting that higher operat-
ing temperature is not the best means of controlling
N,0.'%® In addition, higher operating temperatures
reduce 30, capture by limestone,

The influence of fuel type is less significant than
that of temperature. In general, lower rank fuels
tend to yield lower N;O emissions. This has been
aitributed to the tendency of the lower rank fuels to
favor NH, release over HCN release.198-19% HCN is
acknowledged to be more efficiently converted to
N,0.71162 Alternatively, the higher surface area of
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TABLE 15. Summary of field data for combustion fividized beds

Amand and Lechner!®*
Arnand ef ol 130163

Braun ef ol ¥5¢

Brown and Muzio'®?

Gustavsson and Leckner'®®

Hiltunen et al.'*°

Muzio e al.* 14

Persson! 52

Ryan and Srivastava!l3

Sagels:m

Vitovec and Hack|! 1¢*

One 8 and ore 12 MW CFB. Detailed parametric variations of excess
air, lime addition, and char loading

QOne 4 MWy AFBC used for plant heating, Examined influence of bed
temperature, fuel-type, and NO, control strategies

One AFBC and one CFBC were examined in detail. Variations
included bed temperature, excess air, and sorbent feed. Also more
limited parametric variations at three cogeneration CFBC sites

Examined gas injection for N,O control at a 12 MW, CFBC.
Emissions range from 80 to 250 ppm as a function of temperature.
Examined a number of parameters

Measurements from & CFBCs. Results correlated in lerms of mean
furnace temperature and fuel type. Emissions range from 10 to 140
ppm

Three CFBCs with N,0 ranging from 26 to 84 ppm at 3% O;. One

unit at 3 loads: 55, 75, 100% of full load, yielding 126, 93, 84 ppm
N,O, respectively

One 15 MW PFBC and one 40 MW CFB. Varied bed temperature in
the larger unit and locked at NO, control agents

Summary of Third Internaticnal N,O Workshop; data presented on 4
Swedish units and 6 Finnish units

Two AFBCs: 30, 22-77 ppm; one CFBC: 91 ppm

Austrian measurements. Four CFBCs, three AFBCs. CFBC results
showed strong dependence on fuel type: bituminous coal = 24 ppm,
lignite = 7.5, bark/sewage sludge/bituminous coal = 3.3, bark/fsewage
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sludge == 0.8
* Converted from mgfl'rl3 to ppm.
100 the carbon content of the coal.!®* Although the
specific mechanisms underlying these correlations are
_ ] unclear, both the oxygen:nitrogen ratio and coal
& carbon content can, within limits, be indirect indica-
§ 7 . tors of coal rank.
§ Excess air has been an unusually difficult param-
S e ] eter to distingish from temperature because they are
> %& so closely coupled in fluidized bed operation. In
50 o experiments wheie the temperature effect was re-
a0 ° moved, higher excess air generally increases N,O
260 - emissions. Mann et al.?* examined the coupling be-
240 ] o° tween temperature and excess air, and found that, at
P . ° higher temperatures, excess air has less of an effect
5 20 N & on N,( emissions, as shown in Fig. 25.
£ 200 2 . There appears to be considerable disparity in the
® ool :&t‘ effects of limestone addition on N,O emis-
£ o' & sions, 2*182:17% In all cases, the change in emission
g 160 g was small, whether the trend was up or down. The
140} results reported in Section 5 show that CaQ is an
10 N,O removal catalyst, although it is also a catalyst

860 870 880 830 800 ©10 S20 830
Avarage bed temperature {*C)
¥1G. 24. Comparison of NO, and N,Q emissions for various
combustion temperatures from a full-scale combustion fiuid-

ized bed: Nuncia A 56 MW, O 57 MW, O 110 MW
(adapted from Brown and Muzia'®").

lower rank fuels may promote more complete hetero-
geneous N,Q destruction.! ™

Other correlations have been observed, including
an inverse relationship between the oxygen:nitrogen
ratio of the fuel and N,0,%*-126 and an increase with

for the formation of N,0 from NH,. In either case,
the linestone sorbent is actually coated with CaSO,
due to the absorption of SO, duririg the experiments.
As discussed in Section 5, CaS0, showed much less.
activity for both formation and destruction. Thus,
issues such as the degree of sulfation of the sorbent,
the amount of NH; released by the coal, and the
amount of limestone used (set by the sulfur content
of the coal) can be expected to interact to determine
the net influence on N,O. The reader is referred to
Mann ef al.** and Hayhurst and Lawrence!®? for a
complete discussion of the details.
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FiG. 25. Influence of excess air on N,0 emissions from a
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Wallman et al.'™® saw an increase in both NO,
and N;O with pressure. Although the authors at-
tribute this to increased reduction of NO to N,O
over char, the results of de Soete' 1 do not support
this as a major pathway unless oxygen Iis
present,}2712° Other resulis show an increase in
MN,0 with pressure for bituminous coal, but little
change for peat or brown coal.l”® At present, the
effect of pressure does not appear to be well
understood.

7.3. Recent Results and Mechanistic Interpretation

Results which have appeared since the reviews of
Mann ef al.** and Hayhurst and Lawrence'$? have
further verified trends. These results are largely from
the 5th International Workshop on N;O Emissions
which was held at Tsukuba, Japan in July 1992,
which was notable for the number of mechanistic
studies presented.'®?

In spite of the large number of results, the ongoing
controversy over the relative contribution of homo-
geneous vs heterogeneous N,O formation in fluid-
ized beds has not been settled. This is really part of a
larger question concerning the general mechanisms
that are active in fluidized beds. It may well turn out
that there is no single answer to these questions, but
rather various answers depending on the type of
fluidized bed (bubbling vs circulating), fuel type,
and operating conditions. Fortunately, much of the
recent data have been obtained with the goal of
developing an improved mechanistic understanding.

7.3.1. Temperature

The. tendency of N,O emissions to decrease with
higher bed temperatures is verified by additional
results. 174182 The source of this temperature effect

is still an area of controversy. Wallman et al.'??
show, through laboratory-scale fluidized bed experi-
ments, that N, O is formed at the lowest bed tempera-
tures {<725°C), but that many solid materials will
catalyze decomposition at these low temperatures.
They propose that the temperature effect is due to
increased catalytic decomposition activity as the tem-
perature increases rather than increased homogene-
ous removal via N,O + H. The latter reaction is
argucd to be teo slow to contribute at these lower
temperatures,! 7172

Alternately, both Naruse ef a/.*®* and Kilpinen
and Hupa®! have been able to reproduce the fluidized
bed temperature behavior (down to 727 °C) based
entirely on homogeneous chemistry, For Kilpinen
and Hupa the decreasing N,O at higher temperatures
comes about not because of the increasing rate of
N,O + H or increased heterogeneous removal. In-
stead, the kinetics suggest that higher temperatures
promote the oxidation of NCO to NO via:

NCO + 0—NO + CO (34)
NCO + H—NH + CO (36)

with the NH being eventually oxidized to NO. These
reactions compete for the available NCO pool, and
reduce the amount of NCO available for N, forma-
tion via:

NCO + NO—N,0 + CO. (29

At high temperatures (> 950 °C) the N, O + H reac-
tion begins to contribute to N;O removal. The rela-
tive importance of these various pathways are illus-
trated in Fig. 26 for a high and low bed temperature.
Note that these predictions were made with a mecha-
nism that used the earlier, faster rate for Eq. (29).
The revised data for this reaction, and the potential
that not all the products branch into N,0 + CO,
may modify the conclusions drawn in Fig. 26. Note
also that the figure does not suggest a highly signifi-
cant role for the N,O + OH — N, + HO, reaction.
Thus, the reduced rate for this reaction suggested by
Glarborg et 4i.%* should not affect the calculations,
Kinetics allow the resolution of one apparent dis-
crepancy in the temperature behavior of fluidized
beds. In fluidized beds, the N;O yield increases as
the temperature is reduceéd throughout the normal
operating range down to 700 °C. However, when
HCN or urea is injected into flue gases for NQ,
control, N,O yields peak at 980 °C.7**! This differ-
ence is explained by homogeneous chemistry. At
lower temperatures, HCN and NH; by themselves
do not provide enough chain branching to sustain a
self-propagating decomposition. In fluidized beds,
however, volatile oxidation provides sufficient excess
radicals to allow HCN oxidation and N,O formation
to proceed at lower temperatures. With N,0 forma-
tion removed as a ratecontrolling step, the
concentration becomes controlled by other factors as
the temperature is increased: (1) the decrease in the



Mitrous oxide behavior 185

HCO
1
|
|
|
l
I
i
i

|
m'&mﬂz !

{a)

Hel
|
|
1
i
|
|
|
|
[
H
i
1
|
|

)

FiG. 26. Critical homogeneous pathways for nitrogen in fluidized bed combustion: {a) 1200 K, (b) 1000 K
{adapted from Kilpinen and Hupa®!).

fraction of NCQ that becomes N,0,°! (2) the in-
crease in the catalytic destruction rate,?® and (3) at
higher temperatures, the increase in the rate of the
N,O + H reaction.

7.3.2. Fuel eﬁecfs

Numerous studies presented in the reviews*16?

suggest that higher rank fuels yield more N,0O in -

fluidized beds. Although several theories have been
offered explaining this behavior, none at present
appear to be fully consistent with all of the trends
within the data. Very likely, several mechanisms are,
to greater or lesser degrees, active simultaneously.
Braun et af. 1%¢ show that a low-volatile bituminous
coal yields more N,Q in a bubbling bed than a high-
volatile bituminous coal at the same bed temperature.
This trend could be due to higher freeboard tempera-
tures for the high-volatile coal. These higher tempera-
tures promote homogeneous N, destruction, and
are caused here by the combustion of volatiles in the
freeboard. These are released near the top of the bed
due to the overbed feeding system. Alternately, Wéj-
towicz ef al. '™ suggest that at low bed temperatures
homogeneous destruction will be ineffective due to
low hydrogen atom concentrations and also the high
activation energy of the N;O + H reaction (although
they do suggest that higher freeboard temperatures
may be responsible for the behavior). These general
uends correlating high coal rank with high N,O
emissions have been observed by other investiga-
tors.'79-181.184 The trend for higher N,O from low-
volatile coals also holds for circulating beds.*#°
Anaother approach has been to correlate the behav-
jor through differences in the bed solids characteris-

tics. Although it is difficult to rationalize a large
difference in bed solids between the low- and high-
volatile bituminous coals used by Braun et al 'S
differences between bituminous coals and lignites
could be important. Wéjtowicz ef al'™ suggest that
the unusual mineral matter content of lignites (e.g.,
high calciem content)} could be partly responsible for
suppressing N,0 emissions through heterogeneous
destruction. An alternative thought follows similar
lines. Lignites tend to generate more ash in the
aerosol mode (0.1-0.2 g) through a vaporization-
condensation mechanism.!®® Once released, this acro-
sol presents a very large surface area for potential
catalytic N,O reduction.

A third difference between low- and high-rank
fuels is the tendency of low-rank coals to yicld their
fuel nitrogen as NH, rather than as HCN. 108109
Several experimental and modeling studies have
shown that NH, is much less efficiently converted to
N, O than HCN under fluidized bed conditions.”"-*?

7.3.3. Combustor configuration

As stated above, one cannot necessarily expect
that the same N,0 formation-destruction mecha-
nisms will have the samne importance in both circulat-
ing and bubbling beds. Naruse et /.7 introduced
coal into a bubbling fluidized bed at two locations.
In the first configuration the coal was placed on the
upper surface of the bed. As shown in Fig. 27, N;O
profiles through the bed indicate that most of the
formation takes place in the freeboard. When the
coal was introduced at the air distributor, the figure
shows that the N,0 formed deep within the bed. This
suggests that, at least in bubbling beds, a significant
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F16. 28. Concentration profiles for NO and N, O through a
circulating fluidized bed riser at 1073 K for three different
coals: @ Taiheiyo high volatile bituminous, A Datong
high volatile bituminous, [0 unnamied medium volatile bitu-
minaus (adapted from Moritomi and Suzuki'®®).

fraction of the N,O is formed rapidly, on a time frame
simiiar to that of devolatilization.

In circulating beds, the N,O formation appears to
be more well distributed. Figure 28 shows profiles
taken through a circulating fluidized bed by Moni-
tormi and Suzuki.!®® Here, N,O concentrations in-
crease uniformly throughout the riser section of the
combustor, while the NO concentration simultane-
ously decreases. This has been taken as evidence
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F16. 29. Yield of N, O from coal particles that are restrained

to burn at a specific height in an externally heated fuidized

bed: O anthracite, @ fignite, O bituminous (adapted from
Hayhurst and Lawrence'®?).

by some that NQ is formed early from volatile
nitrogen and is then converted sfowly to N,O
through heterogeneous reactions. However, in-
creased excess air increases both NO and N,0,
which suggests that NO is not the only source of
N,0.1%° Amand ef al.'%5 measured little HCN within
the riser of a CFBC, which has been taken as evi-
dence of lack of homogeneous formation. Under
these conditions, however, rapid consumption of
HCN suggests that low measured HCN concentra-
tions do not necessarily rule out homogeneous
formation.

Hirama and Hosoda!®® ‘compared a circulating
bed with a bubbling bed operating at the same tem-
perature. They found that the circutating bed gener-
ated substantially more N,0O than the bubbling bed.
The same trend can be seen in the field data; although
not unexpectedly, there is more variation in these
results.

The role of combustor coafiguration has also been
addressed by comparing results in which the reaction
environment is varied. Hayhurst and Lawrence?$?
suspended a coal particle within an electrically heated
bubbling bed, and measured the final N, emissions
as the location (i.¢., height) of the particle was varied
within the bed. They found, as shown in Fig. 29,
that the highest N,O emissions were obtained with
the particle located deep in the bed. As the particle
was moved towards the surface, the N,O emissions
decreased. This decrease was associzted with the
appearance of a luminous volatile flame above the
bed. The lowest emissions occurred when the particle
was freely burning in the freeboard region. Hayhurst
and Lawrence attribute this behavior to a suppres-
sion of the N,O destruction reactions by the bed
material. In particular, the hydrogen atoms that arc
critical for destroying N,O may be preferentially
destroyed by catalytic reactions on the bed material.
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Fi16. 31. Changes in concentration profiles of NO and N,0
when NO and N, are added to the base of the riser in a
combustion fluidized bed burning bituminous coal: Panel 1:
A N,O before addition, T N0 after addition of 360 ppm
N,O; Panel 2: A N,O before addition, & N,O after
addition of 360 ppm NO, O NO before addition, @ NO
after addition of 360 ppm N,O; Panrel 3: O NO before
addition, [ NO after addition of 360 ppm NO (adapted
from Meritomi and Suzuki'®®).

This overall destruction may be accelerated by the
high diffusivity of these hydrogen atoms within the
dense bed. An alternative interpretation along the
lines of Kilpinen and Hupa®! would suggest that more
of the volatile nitrogen is processed into N,O within
the bed because (1) the presence of the bed material
moderates the volatile combustion tempeérature, and
(2) the bed material provides a surface for the cata-
lytic recombination of free radicals from volatile
combustion. Both of these effects act to restrict NCO
oxidation as an alternative to N,0 formation. As
the particle height increases and more of the combus-
tion occurs in the freeboard, the temperature and
radical concentrations increase and more of the NCO
is converted to NO.

Another approach to this was taken by Fujiwara
et al. 17¢ They varied the mean diameter of their bed
support materizl while holding all other parameters
constant. In this case, decreasing the size of the bed
material increased the fraction of the bed volume
occupied by voids (i.e., bubbles). As illustrated by
Fig. 30, this had the effect of increasing the N,O
emissions. This suggests that more N,O is formed
within the bubbles than is formed in the dense phase.
Initialty, this appears to contradict the results of
Hayhurst and Lawrence,'®? who saw more N,0
formed when the reactions occurred within the dense
parts of the bed. While the results of Fujiwara ef al.
cannot be explained -at present, it may be possible
that the bubbles provide a vehicle for speeding the
removal of volatile nitrogen from the bed.

7.3.4. Homogeneous vs heterogeneous N;O

One of the most important mechanistic issues in
fluidized beds is the relative contribution of homo-
geneous vs heterogencous N,O formation reactions.
This problem has been extremely difficult to decou-
ple experimentally. In a fluidized bed combustor,
both the solid phase and the gas phase act te
modify the environment experienced by the other.
Thus, fixed bed data where no homogeneous chemis-
try occurs must be interpreted cautiously in a fluid-
ized bed context. Likewise, strictly homogeneous
models may not include critical features describing
the interaction between the gas-phase species and
the bed material. One approach to obtaining mecha-
nistic data has been to perturb the fluidized bed
environment and monitor the result, Several recent
studies have used this approach with considerable
SUCCESS.

One attempt to directly define the homogeneous
vs heterogeneous contributions is the work of Mori-
tomi and Suzuki.'2° In their experiment, a circulating
fluidized bed was fired on either petroleum coke or
bituminous coal. Both NO and N,O were separately
injected into the bed to determine (1) the incremental
destruction of each of these species, and (2} the
degree to which each was converted to the other in
the process of being destroyed. Figure 31 shows that,
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FiG. 32. Changes in concentration profiies of NO and N,0
when NO and N,0 are added to the base of the riser in a
combustion fluidized bed buming petroleum coke: Panel 1:
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N,O; Panel 2: A N,0O before addition, A N,0 after
addition of 399 ppm NO, O NO before addition, @ NO
after addition of 399 ppm N;O; Panel 3: Q NO before
addition, @ NO after addition of 399 ppm NO (adapted
from Meritomi and Suzuki'*?).

for bituminous coal, the injected N, was essentially
compleicly destroyed. Figure 31 also shows that essen-
tially none of the injected N,0O was converted to
NO during the destruction reaction. When NO was
the injected species, only part of the added stream
was destroyed, although (again) none of the de-
stroyed NO was converted to N;O.

These results show that the bituminous coal bed
possesses a very strong reducing power towards N;QO.
The injection of an additional 360 ppm of N,O failed
to perturb the existing N, O profile through the bed.
This suggests that the N,O formed within the bitumi-
nous coal bed is the result of the balance between a
fast formation reaction and =a fast destruction reac-
tion. The speed of the destruction reaction is such
that the appearance of an additional 360 ppm of
N, 0O failed to perturb the balance. This further sug-
gests that the formation reactions, in order to develop
the amount of N,0 measured, must be supplying a
flux that considerably exceeds that corresponding to
the 360 ppm of added N,O. The fact that little of the
added NO appeared as N,Q is inconclusive because,
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even if it werc converted to N,0 at 1009 efficicacy,
no increased N, emission would be expected, con-
sidering that 360 ppm of N,O injected directly into
the bed did not cause an increase.

Wallman et al'™? present a similar experiment,
except they used a bubbling bed burning bituminous
coal. In contrast to Moritomi and Suzuki,%° how-
ever, the addition of 400 ppm of N,O to the combus-
tion air resulted in a small increase in W,0
emissions.

Another apparent contradiction is found in the
data of Tullin er @l.'?” In these laboratory-scale
measurements the addition of 250 ppm of NO to the
bed resulted in ar increase from 15 fo 24, in the
overall conversion of fuel-nitrogen te N,O. In con-
trast, the measurements of Moritomi and Suzuki!3?
found no change in N;O when NO was doped into
their bed. Thus, it appears that the capability of the
bed of Tullin et al.'?7 for reducing N0, which was
so strongly noted in the experiments of Moritomi
and Suzuki,!®® was diminished. With the relatively
light loading and batch operation, N,O destruction
could be reduced due to (1) reduced heterogeneous
N,O destruction, or (2} reduced homogenecus de-
struction once the coal was devolatilized in these
batch experiments. Note that in both experiments,
the conversion of NO to W,0 could proceed, but for
Moritomi and Suzuki'®® the additionai N,0 would
have been destroyed by the bed.

The results for the petroleum coke portion of the
Moritomi and Suzuki!'®® experiment are, hawever,
difficult to rationalize in terms of homogencous chem-
istry. When their previous experiment was repeated,
some similar features emerged. One is that when NO
was injected and destroyed in the bed, little addi-
tional N,O was formed. Likewise, destroyed N,O
did not appear as NO. The first difference is the
much higher N,O emissions, as shown in Fig. 32
The second major difference is that externally added
N,O was only partially destroyed, rather than com-
pletely destroyed as with bituminous coal. This
second observation suggests that the destruction reac-
tions are not nearly so active in the case of petroleum
coke, something that could be explained by the very
low volatile content of this fuel. On the other hand,
the high N,O emissions compared to the bituminous
coal (450 vs ca 100-150 ppm) and the very high
conversion of fuel-nitrogen to W0 (22.6%,) are diffi-
cult to explain. Moritomi and Suzuki propose this as
evidence that the direct conversion of coke nitrogen
to N,O is the dominant mechanism, since the coke
contains only 5.3% volatile matter. This 15 difficult
te reconcile with the much lower conversions of
char-nitrogen to N,0 obtained by de Soete’*® and
others (1-6%). The alternative that NO obtained
from char oxidation reacts at the char surface to
produce N,0O is difficult to reconcile with the fact
that externally added NO did not yield any increase
in N,O emissions. As pointed out by Mann et al.2*
one possible explanation is that a gasification reac-
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Fic. 33. Changes in the emissions from a fluidized bed
burning coal caused by the addition of a spike of petroleum
coke at time zero (adapted from Moritomi er ol *2%).
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FiG. 34. Emission response of an externally heated fluidized
bed to the injection of a small amount of bituminous coal,
showing hypothesized reaction regime (adapted from Hay-
hurst and Lawrence*42),

tion could provide another tmeans of liberating char-
nitrogen and forming N,O homogeneously. This
would not be dependent on the direct formation of
N,O from char-nitrogen, which from de Socte’s data
appears to give poor yields.

In a similar experiment, Moritomi et al.'?? spiked
petroleum coke into a CFBC while it was burning
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bituminous coal. Figure 33 shows that this generated
a NO spike, and a long-term increase in N,O emis-
sions. Simultanconsly, however, the temperature de-
creased and the O, concentration increased, both of
which tend to increase N,0Q. Thus, the higher N,0
could be due to this change in bed conditions, or to
the increased conversion efficiency of char-nitrogen
into N,O.

Hayhurst and Lawrence'®? report the results of
preliminary experiments where they intreduce small
batches of coal inte an ¢lecirically heated bubbling
bed. They then follow the N,Q emission with time
through devolatilization and char burnout. As shown
in Fig. 34, they are capable of resolving an N,O
spike due to devolatilization, and a long-term, slow
emission due to char.reaction. Integration of these
two modes results in an estimate of the total emission
that is due to volatile reaction vs that due to char-
nitrogen conversion. This is shown in Fig. 35, which
shows fairly equal yields of N,O from both sources
for the bituminous coal, and that a preponderance
of N,O arises from the volatiles for the lignite. At
least two differences separate these experiments from
the actual fluidized bed environments: (1) for the
data in Figs 34 and 35, a single 2.5 g piece of coal
was inserted info the bed, and (2) because the coal
density was much below that found in normal prac-
tice, the concentrations of the gas-phase reacting
species were much lower than in practice.

Tullin et al.'?? conducted a similar experiment in
which fresh coal was added to an externally heated
fluidized bed. The time-resolved data were similar in
form to that of Hayhurst and Lawrence,'®? ie., a
spike in N,0 emissions foflowed by a long-term
release during char combustion, Visual observation
during these experiments suggests that devolatiliza-
tion occurred while the coal particles “floated” on
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the surface of the bed, and that this produced a’
visible flame. As noted earlier, the visible flame condi-

tion at the bed surface in the Hayburst and Lawrence

experiments was associated with reduced N, O yields.

Apparently, the bed material moderates volatile com-

bustion tempetature and reduces the radicals needed

for NCO oxidation to NQ, Thus, the experiments of
Tullin et al.* 27 may have understated the volatile N,O

yield compared with the situation where the devolatili-

zation is dispersed throughout the bed material.

Pels et al'®* also atiempted to assign fractional
conversions of char-nitrogen and volatile nitrogen to
N,O. Their results suggest that the fractional conver-
sions of char-nitrogen were fairly fow, while those of
the volatile nitrogen were high.

Finally, several studies examined the effect of adding
various species to fluidized beds. Gavin and Dor-
rington'%? examined the effect of doping fuel-nitrogen
into a fluidized bed. They found that fuel-nitrogen
modelcompounds(pyridineand pyrrole)strongly stim-
ufated N,O emissions due to homogeneous conver-
sion. Likewise, Amand and Leckner'®” added CH;CN
to a large circulating finidized bed and found substan-
tial conversion to N,O. They also found that the lower
portions of their bed exhibited a strong reducing
capability for N, O, similar to that noted by Moritomi
and Suzuki.'®® Dam-Johansen et al!®® found that
added SO, slowed HCN oxidation to N,O through
radical recombination, although the effect was weak.
In contrast, Tullin et ali® also added 8O, to a
laboratory-scale fluidized bed and saw an increase in
N, emissions. In this case, radical recombination was
probably also active but, due to the lack of volatiles at
the later stagesof this batch experiment, the action was
to suppress homogeneous N,Q destruction.

1.4. Summary

Clearly, more experimental' work and detailed mod-
eling would help to identify the controlling mecha-
nisms in practical fluidized bed combustion. Many
results and conclusions are contradictory, and subject
to more than one interpretation. Nonetheless, funda-
mental data have identified two viable mechanisms
for N, O formation in fluidized beds.

(1) Devolatilization of fuel-nitrogen as HCN and
NH,, fotlowed by oxidation to N,O.

{2) Oxidation of char-nitrogen to NO, followed
by the reaction of this NO with char-nitrogen
to yield N;O.

On the surface, homogeneous chemistry seems to
be capable of explaining many of the major trends.
The release of volatile nitrogen as HCN under fluid-
ized bed conditions yields a known N;O precursor
into an environument where N,0 formation is fa-
vored. Lower rank coals are known to yield more of
their fuel-nitrogen as NH,, which does not convert

to N;O as efficiently under fluidized bed conditions.
This tentatively explains the lower emissions ob-
served with lower rank fuels. Alternately, low-rank
coals may experience greater heterogeneous N,O
reduction due to their different ash compasition and
morphology. Homogeneous chemistry is capable of
reproducing the most prominent characteristic of
N, O behavior in fiuidized beds, the decrease in emis-
sions with increasing bed temperature. 1t does so by
showing that the key intermediate, NCQ, is increas-
ingly converted to NO rather than N,O as the bed
temperature increases.

Heterogeneous reactions are also capable of gener-
ating N,0. The reduction of NO at a char surface to
vield N,O does not appear to occur if oxygen is not
available to expose fresh char-nitrogen.!!® In the
presence of oxygen, the effective mechanism appears
to be the reaction of NO with exposed char-nitrogen
to yield N,O rather than the absorption of NO on
the surface, followed by reaction with a second NO
molecule.”"‘”’

Extrapolation of these results to practical fluidized
beds is more difficuit. For example, the data of
Tullin et al.'*7 show that heterogeneous N, forma-
tton increases with NO daping, a feature used to
imply that NO reduction at the char surface is the
source of N,0. Other data for practical beds show
no increase in N,O with NO doping.!®® This implies
that strong N,O destruction reactions are active in
the bed that are capable of removing any additionat
N,O which may be generated by the reaction of
char-nitrogen with NO. Since the bed does generate
N, O emissions in spite of this strong reduction reac-
tion, the actual source flux for N,O -must be many
times that represented by the emission. The key
question 1s the identity of this source. The hypothesis
is that, in a realistically loaded bed, a large amount
of volatile nitrogen passes through N,O as an inter-
mediate. The emission is only a fraction of the total
amount of N,0 formed. The yicld of N,O from
char-nitrogen may be masked by this active volatile
chemistry in a realistically loaded bed.

An important message from these data is that both
the volatile combustion and char oxidation processes
involved in N,O formation are coupled in systems
operating under practical conditions. Experimental
systems that seek to decouple the process by moving
away from practical conditions (e.g., batch processes,
light loading of an otherwise inert bed, use of char
instead of coal) are expecied to generate sound fuada-
mental data. These results cannot, however, be di-
rectly extrapolated to describe trends in full-scale
units. To do so requires a fully-coupled model that
correctly integrates all of the fundamental steps.

8. BERAVIOR OF N0 DURING NO, CONTROL PROCESSES

The goal of NO, control procedures is to convert
NO into N, by modifying the combustion environ-
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ment, introducing a selective agent, or combining a
selective agent with a catalyst. Since all of these
processes involve nitrogenous intermediates, there
is an opportunity that a portion of these intermedi-
ates will react to form W,0. This possibility was
recognized early, at least with respect to combustion
modifications, 107-44?

This section will review the influence of the major
NO, control technologies on N,O emissions,
including:

(1) air staging;

{2) reburning or fuel staging;

(3) selective noncatalytic reduction (SNCR), in-
cluding the thermal DeNO, process (NH, injec-
tion), the urea injection process, the RapreNO,
process {cyanuric acid injection), and the use
of advanced or promoted agents; and

(4) selective catalytic reduction (SCR),

In addition, we will briefly review the steps that have
been taken to specifically control N;O from combus-
tion fluidized beds.

8.1. Sraged Combustion

Air staging generally refers to the division of com-
bustion air into at least two streams such that the
fuel is initially processed through a region of reduced
oxygen availability. Under these conditions, conver-
sion of fuel-nitrogen to N, is improved, The second
air stream completes fuel burnout. This basic strategy
is executed in a number of ways, including fuel
biasing and “burners out of service”. The low-NQ_
burners that are now available from most manufac-
turers are based on providing staged environments
within the burner. The division of the air into two or
more streams has been practiced in fluidized beds to
create a fuel-rich zone for improved NO, control.

As discussed in Section 6, it is well established that
reducing furnace conditions leads to lower N,0 emis-
sions from pulverized coal combustion. Thus, one
might suspect that the early formation of N;O noted
in Section 6 would be reduced during staged combus-
tion, This, however, does not always appear to be
the case based om results from brown coal.!’® In
spite of the overall fuel-rich conditions in the primary
zone, free oxygen still persists early in the flame, and
with it, N,O.

At the point where secondary air is added, the
fixed-nitrogen species are nominafly distributed
among NO, HCN, and NH,. Thus, the oxidation of
at Jeast HCN might be expected to form N,O. How-
ever, the data'®® show no N,0 formation at the
staging point. One probable reason for this is the
relatively high temperature, above 1000 °C. Another
is the concurrent burnout of CO from the primary
zone, which will generate hydrogen atoms via CO +
OH — CO, + H. Thus, at the staging point, any

N,O which is formed would hLikely not survive.
Earlier work in a smaller furnace®®” failed to find an
influence of staging. The emission levels in this
facility were elevated (20-90 ppm), which was attrib-
uted to the relatively cool combustion temperature.
Another study examining air staging in laboratory-
scale furnaces®? found similar N,O emissions com-
pared to unstaged operation. This study reported
N,O emissions from the staged combustion of natu-
ral gas, No. 2 fuel oil, and No. 5 fuet oil all less than
1 ppm. Coal combustion emissions ranged from 1 to
5 ppm.

Air staging can be approached in CFBCs by divid-
ing the air injection location. Mann et al®** per-
formed a brief examination and found no influence
on N,O emissions. Likewise, Hiltunen et af 1%* found
no direct influence of air staging beyond that attribut-
able to temperature changes. Jahkola et a/.17* found a
weak increase in N,O with staging, while Shimizu et
al. 1*® and Bramer and Valk'®! all saw a concurrent
decrease in NO, and N,0O with increased staging.
Hayhurst and Lawrence!5? attribute the latter results
to both increasing temperature in the fue gas and
the creation of a rich zone at the bottom of the bed.
It is clear from the varying results that staging ap-
pears to have only a weak influence on N0, and its
effect is difficult to separate from other parameters.

8.2. Reburning

Reburning or fuel staging involves the addition of
a second fuel stream after the primary fuel burnout
is completed. For example, a low-NO, bumer can be
used to complete the burnout of the primary fuael.
Secondary fuel is added above these burners to create
a moderately fuel-rich zone. Within this zone, radi-
cals generated by the secondary fue! decomposition
attack NO to produce N;, HCN, and NH,. A final
air stream is added to burn out the secondary fuel
and convert any remaining reduced nitrogen to NO
or N,. Both coal (containing fuel-nitrogen) and natu-
ral gas (nitrogen-free) have been proposed as reburn-
ing fuels. Process descriptions and development his-
tory are available in the literature, %2

For coal reburning, the fuel is introduced under a
reduced iemperature compared to a normal indus-
trial coal flame. This suggests that higher conversions
of volatile nitrogen to N,O may occur than would
be normally expected. At present, only very limited
measurements have been reported in the open litera-
ture. In one subscale study, application of coal te-
buming to a gas-fired primary increased N,O emis-
sions from less than 1 to 11-13 ppm.”* Although in
terms of concentration this increase appears to be
small, it represents a 6.5% conversion of fiel-nitrogen
to N,O. This is about an order of magnitude greater
than the conversion found in coal-fired primary
flame (0.797). This is a little surprising because, ac-
cording to the discussion on air staging in Section
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8.1, one would expect that the N,O would be de-
stroyed at the final air staging point. Whether this
trend for increased N,O formation extrapolates to
large-scale is yet to be seen. In contrast, reburning
with natural gas over a coal-fired primary yiclded a
greater than 50% N,Q reduction.”

In their kinetic modeling stedy, Kilpinen ef al.
studied natural gas reburning. They find no N,O
formation in the fuel-rich zone. If, however, the final
air addition temperature is reduced below 1200 K
then some of the HCN from the fuel-rich zone is
irreverstbly converted to N,O. Such an air injection
temperature is, however, too low for practical boiler
operation since CO burnout times would become
unacceptably long. They did not attempt to simulate
coal reburning, in which such a temperature is far
too low to provide adequate char burnout. They do
find that the performance is strongly transport influ-
enced, so it is difficult to extrapolate the findings to
the coal case. It is, however, clear that gas reburning
should he a good tool against primary zone N;O,
and that coal reburning may either form or destroy
N,O, depending on the initial primary zone
concentration.

An approach similar to reburning has been at-
tempted in fluidized beds, where natural gas was
injected into the cyclone of a CFBC.1%% At substan-
tial firing rates (of the order of 103 of the heat
input), N,O reductions of the order of 50% were
achieved, compared with kinetic predictions of 9057,
The difference was attributed to the effects of imper-
fect or finite-rate mixing, possible with a contribution
due to heat loss. Alternately, the recent data of
Glarborg et al.5% suggest that the rate of the critical
N,O + OH destruction reaction may be much
slower than that used in the model. This may
account for the discrepancy.
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8.3. Selective Noncatalytic Reduction

Selective noncatalytic reduction (SNCR) had its
origins in the observation that NH, would selectively
react with NO under appropriate temperatures to
yield N,.'%* Many years of work have resulted in an
excellent understanding of this process, which is sum-
marized by Miller and Bowman.®’ The following
reactions are important:

NH; + OH — NH, + H,0 (56)
NH, + NO—N; + H,0 57
NH,; + NO— NNH + GH (58)
NNH+M—=N, +H+ M (59)
H+ 0,—OH + 0. (60)

This reaction sequence is self-propagating under the
correct conditions. The NH, that is consumed by
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Eq. (58) feads to the generation of OH radicals (via
both Eqs (58) and (60)) needed to facilitate Eq. (56).
The only significant acknowledged means for generat-
ing N, O is the reaction

NH + NO —N,O + H. (32)

Both modeling and experimental studies indicate
that, while some N,O is formed, it is a very minor
product.7*-72?1 Faster oxidation reactions effec-
tively compete for the NH under these conditions.

Alternative agents have been proposed to avoid the
handling problems assoctated with NH; and to im-
prove NO, removal performance. The principal com-
petitor for NH; is urea, CO(NH,),."?® The urea is
injected as either am aqueous solution or a dry
powder. Some controversy has surrounded the prod-
ucts of the initial thermal decomposition reaction,
Arguments based on consistency between data and
modeling suggest that the products are NH, +
HNCOQ,’%!%6  which has been confirmed by
experiment.”?

Once released into the gas phase, the HNCO reacts
primarily according to the following sequence:

HNCO + OH — NCO + H,0  (40)
NCO + NO—N,0 + CO (29
HNCO + H—NH, + CO.  (61)

In the absence of other reactions, the.chain branching
associated with NH, and N,O consumption must
support the decomposition of HNCQ, Qther reac-
tions (e.g., concurrent wet CO oxidation) can also
provide the radicals needed te drive Eq. (40). The
key difference between ureca and NH, is that urea
can generate HNCO, NCO, and N,O as major prod-
ucts of reaction, NH, does not. Thus, as is well-
known, urea generates substantially more N,O emis-
sions when used as an SNCR agent.”%! Typically,
less than 5% of the NO reduced is converted to N,O
when NH; is used. This compares to conversions
greater than 10% for urea (sec Table 4).

The RapreNO, process is another SNCR process
based on the use of cyanuric acid as an agent,!%%-1%7
The cyanuric acid thermally decomposes to yield
HNCO, which reacts according to Eqs (40), (29),
and {61) to destroy NO, in the course of which N;O
is formed as a by-product.!®®

Comparison of urea and cyanuric acid as agents
shows that wrea generates less N, O under equivalent
conditions. This is expected since only half of the
nitrogen contained in the urea becomes associated
with HNCO following injection. The other half forms
NH, which does not yield significarit N,O. In the
case of cyanuric acid injection, all of the nitrogen
initially becomes HNCO, and thus final N,O yields
are increased.’?

A major limitation of SNCR is the relatively
narrow temperature window over which the agents
are active at removing NO,. Also, in large-scale
facilities, NO removal at the optimum femperatuce is
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not complete. Thus, a considerable research effort
has been expended to emhance performance. One
approach is the co-injection of combustible promo-
ting compounds (e.g., CO or H,) with the agents. As
shown in Fig. 36,199 this has the effect of shifting the
optimum temperature window to lower temperatures
(in this case, the introduction of the combustible was
achieved by staging). Depending on the amount of
free oxygen present and the amount of combustible,
the performance at the new optimum temperature
can be either better or worse than the original unpro-
moted system. The temperature shifts because the
oxidation of the combustible generates excess frec
radicals that are needed to initiate the reaction of the
agent. Without the reaction of the combustible, the
agent would not react at the lower temperature be-
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FiG. 38. Influence of hydrogen promotion on NO removal

performance and N,O formation during HNCO reaction:

O 0 ppm H,, O 300 ppm H,, A 600 ppm Hy, A 2950 ppm
H, (adapted from Caton and Siebers™).

cause it cannot supply sufficient radicals through
chain branching.

Figure 37 illustrates the effect of CO on urea
performance.?®® Increased amounts of CQ lead to a
shift in the NO, reduction window to lower tempera-
tures, but do not dramatically change the width of
the window. The N,0O formation window, however,
is seen to increase in width with increasing CO. In
another experiment, H, was used as 4 combustible
promoter for the HNCO reaction.” In this case, as
shown in Fig. 38, the combustible both promoted
the NO, removal performance and increased the
N,O emissions. '

Kinetic modeling shows that the combustible acts
to generate free radicals. These radicals promote
agent decomposition: HNCO + OH — NCO +
H,0. Next, N,O forms via NCO + NO. At higher
temperatures, the N,O is destroyed by N,O + H. At
lower temperatures, the hydrogen atom is still avail-
able, but the relatively high activation energy pre-
vents the N,O + H reaction from being effective.
Thes, as the temperature window for NO removal is
shifted to lower temperatures by the combustible,
most of the reactions “follow™ the window due to
their weak temperature sensitivity. The N,O + H
reaction is the exception due to its strong temperature
dependence, and the N,;Q produced from the agent
reaction fails to react further.

The conclusion is that the presence of a combusti-
ble may or may not widen the SNCR window for
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urea injection, but that it appears to (1) reduce the
temperature at which peak N,O emissions are ob-
served, and {2) increase these peak emissions. Note
the similarity between this sitzation and that within
a FBC. In a FBC, fuel-nitrogen in the form of HCN
is released by the coal. This reacts in the presence of
oxidizing coal volatiles. Thus, the combustibles
within the volatiles can be viewed as “promoters™,
which tend to reduce the optimum temperature for
NO reduction and N,O formation. With sufficient
combustibles present, as would be the case in a FBC,
this optimum temperature would be reduced to
<700 °C, Thus, as temperature is increased, N,O
emissions would be expected to be reduced, and NO
emission would increase, which is the normal
characteristic of FBCs.

Recent experimental work suggests that sodium
additives may be one effective means of reducing
N,O formation in SNCR. Chen er ol **" performed
tunnel furnace experiments in which a variety of
sodium compounds were co-injected with wurea.
Figure 39 shows NO, reduction and N,0O emissions
as a function of urea injection temperature. The
figure shows that urea promeoted by monosodium
glutamate gave both an increase in NO, removal
performance and a substantial reduction in N,O
emissions. Other sodium compounds, such as
Na,CO0,, also reduced N, emissions, although SO,
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tended to reduce effcctiveness. This could be due to
the formation of a nonreactive sulfate coating on the
sodium particles, or through suppression of sodium
volatility due to sulfate formation.

Use of NH, for NO, reduction in FBCs has been
extensively examined. The results indicate that little
N,O is generated until NH, is added in high stoichio-
metric excess over NQ.1%6173-292 {Jreg injection,
however, is strongly correlated with increased N,0
emissions.'*® However, fixed bed studies using
quartz, clay, and ash show that, even with urea
injection, N,O yields are sharply depressed.?®? This
suggests that appropriate inorganic surfaces can be
used to suppress N,O formation when urea is used
as an SNCR agent.

8.4. Selective Catalytic Reduction

In the present context, selective catalytic reduction
(SCR) refers to the reduction of NO by added NH;
over a catalyst. This distinguishes it from processes
involving other agents, such as CO, H;, and CH,.
The process is, at present, apphied only to stationary
sources of NO,, with mobile sources being domi-
nated by direct catalytic reduction without the use of
an agent such as NH,. Selective catalytic reduction
is currently being applied to industrial systems in
Japan and Germany, and is being increasingly used
in other parts of the world.

The formation of N,O during SCR was noted in
the early 19705 {e.g., Otio er al.2°), A very detailed
review of the fundamentals of SCR, including the
problem of N,O production, is available.2® In addi-
tion, a general review of the application of catalysts
to environmental problems is also available, which
includes SCR and other topics.2%¢

Most SCR systems are based on either noble metal
catalysts or vanadium in combination with other
metals and various substrates. Laboratory work sug-
gests that N,O can be a major product of SCR over
noble metal catalysts.?®” The amount of N, formed
depends on the state of the surface, and also on the
nature of the substrate.?®® The formation appears to
be due to a reaction through a Langmuir—Hinshel-
wood mechanism between two adsorbed NO mol-
ecules.2®* The nature of the platinum surface seems
to have an effect, with single crystals not yielding
significant N,0. We were unable to find published
field measurements on noble metal catalysts, al-
though unpublished information suggests that a sig-
nificant portion of the reduced NO can be converted
into N;Q in practical installations on gas turbine
sets 208

In addition to the general review of Bosch and
Janssen,?%* the problem of N, 0 formation over vana-
dium has been specifically reviewed by Odenbrand et
al?%® In earlier work, the proposed mechanism in-
volved the reoxidation of the vanadium surface by
adsorbed NO to yield reduced N,0.2°% Recent work
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suggests that N,O arises directly from the reaction
of NH; and NO at low temperatures, and from
direct NH, oxidation at high temperaturés. Due to
this mechanism, the minimum for NO, emissions
falls at a lower temperature than the maximum in
N,O emissions.??%21° The practical consequence is
that, below ~ 300 °C, only negligible N,0 is formed,
while the formation becomes significant at higher
temperatures due to NH; oxidation.??? This is sup-

ported by long-term, pilot-scale testing of a wide

number of vanadium catalysts.?*' Here, no signifi-
cant N,O was noted, at least to 400 °C. Since catalyst
sintering starts to become a problem above these
temperatures,”®® this is unlikefy to be a common
operating condition. A survey of N,O emissions
from 22 SCR installations in Japan indicated no
emissions exceeding 1 ppr.*1%

Review of the data suggests that, within the broad
bounds outlined above, the actual yield of N,O is
highly variable. It depends on catalyst type, catalyst
treatment (e.g., crystal size), contamination, support,
and background gas composition. It will likely
depend on catalyst age. The results suggest that
vanadium catalysts do not generate significant N,Q
under their normal operating conditions, but that
noble metal catalysts may.

8.5. Swmmary

In general, NO, control procedures have led to
significantly increased N,Q if they promote the reac-
tion of cyano species under reduced temperaturc
conditions, Thus, coal reburning may, under some
conditions, lead to enhanced N,O due to the release
of fuel-nitrogen under reduced temperatures. How-
ever, the N,0 vields are somewhat reduced by the
concurrent oxidation of volatiles, which leads to

N,O scavenging and competitive oxidation of the
NCO intermediate,

The downstream injection of urea and cyanuric
acid both lead to N,0 formation. Preliminary data
suggest that concurrent injection of combustible pro-
moters {¢.g., CO or H,) leads to increased N,O forma-
tion as agent injection temperatures are reduced. The
application of SCR suggests that N,O emissions are
negligible from vanadium catalysts if they are oper-
ated at their nominal low temperatures. Noble metal
catalysts, however, can convert significant qaantitites
of NO into N, during SCR.

9. THERMAL WASTE REMEDIATION

To date, a limited number of field measurements
have appeared describing emissions from thermal
waste remediation activities. Almost all of these have
dealt with municipal solid waste (MSW) or dried
sewage sludge. The limited number of resuits cur-
tently available support only a qualitative description
of the trends. Nonetheless, some significant differ-
ences between wasie incineration and coal combus-
tion are apparent.

Most of the measurements are on MSW units. The
following data have been reported:

(1) Iwasaki et al:''* 10 units (8 stoker, 1 fluidized
bed, 1 batch),

(2) Yasuda and Takahasi:?'? 5 units (2 grates, 3
fluidized beds),

(3} Hiraki er af:2'3 at least one unit, and

(4) Watanabe et af :2!'* 12 units (5 stokers, 5 fluid- .
ized beds, 2 rotary kilns).

As illustrated in Fig. 40, the most striking variation
is the decrease in emissions with combustion tempera-
ture. In spite of the low combustion temperatures,
however, the emissions of N;O rarely exceed 20 ppm.
This appears to be due at least partly to the relatively
low nitrogen content of the fuel; Iwasaki er al 114
report fuel-nitrogen contents of about 0.5% and emis-
sion factors of approximately 70 g N,G/metric ton
waste. This corresponds to a fracticnal conversion of
fuel-nitrogen to N,0 of approximately [%. Interest-
ingly, none of the data suggest a consistent influence
of combustor configuraton (fluidized bed vs stoker—
grate) on emissions.

A smaller number of sludge incinerators were also
examined, including:

(1} Iwasaki et al:''* 4 units (2 multistage and 2
fluidized beds),

(2) Yasuda and Takahasi:?'? 5 units (4 fluidized
beds and 1 rotary grate), and

(3) Hiraki er al:2!3 at least one unit.

These units showed much higher ernissions: in the
case of Yasuda and Takahasi®'? up to 600 ppm.
This appears to be primarily a response to the high
nitrogen content of the sludge. Iwasaki et af!!*
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TaBLE 16. Mobile source N,O emission rates

{mg N,O/km (mg NO/mi))*

Sigsby??5¢ Prigent and de Soete®'® Dasch?!?
Noncatalyst auto 3.1-3.7 (5-6) 2.9(4.8) 1.5-3.0(2.4-4.5)
Catalyst auto 4.3-85.1 (7137 9.3-62.1 (15-100} 1.9-41.0 (3-66) oxidation catalyst

oxidation or three-way caialyst 16.2-59.0 (26-95) dual bed catalyst

Diesel trucks/buses 19.3-91.3 (31-147)
Gasoline trucks 29.8-60.3 (48-97)

B.1-62.8 (13-101) three-way catalyst

55,3 (89) light duty, three-way catalyst

* Numbers in parentheses have units of mg N,O/mi.
T Compilation-of test data from several sources,

report 5-8% fuel-nitrogen, with emission factors cor-
responding to 400 g N,O/metric ton sludge. This still
represents only a 0.5% conversion of fuel nitrogen.
Yasuda and Takahasi®*'? evaiuated a sufficient
number of units at various temperatures o suggest
that higher temperatures in fluidized beds can reduce
the very high N,0O emissions associated with sludge
combustion.

Interestingly, the NO_, emissions were low enough
not to be infleenced in a significant way by the
change in temperature. For MSW incineration, the
NO, levels were much higher.'*+212 Mixed MSW
and shudge incineration appeared to take on the
characteristics of “diluted” sludge incineration (i.e.,
increased N,O emissions in proportion to the in-
creased amount of fuel-nitrogen).

Very little work has been reported on other waste
treatment activities, Emissions from liquid injection
incineration of high nitrogen wastes have not been
reported. The high temperatures that are typical of
these units are not expected to support high N,O
emissions. Feme incinerators, however, may operate
at much lower temperature. Frequently, the fume
represents a relatively inert stream containing dilute
fuel-nitrogen compounds. Many of these fumes have
low heating values that must be supplemented by gas
fuel to obtain a stable flame. For economic reasons,
the gas usage is minimized, which can yield a low-
temperature flame. Such an environment may favor
N, O emissions.

19, MOBILE SOURCES

While limited, the historical W,Q database for
mobile sources appeared-not to have been impacted
by the sampling artifact. Although mobile source
measurements using chassis dynamometers were
often made by sample extraction using tedlar sam-
pling bags and seldom performed on-line, SO, con-
centrations in mobile source vehicle emissions are
tnany times smaller than those from stationary coal
and heavy oil combustion. Thus, the sampling arti-
fact which dominated measurements from coal-fired
utility boilers did not seem to affect measurements

from mobile sources. Mobile source emissions levels
established in the early and mid-1980s, before the
artifact issue was brought to light, compare favour-
ably with measurements made in later years by re-
searchers who were well aware of the potential sam-
pling problems and took care te avoid the sampling
artifact. Table 16 presents a comparison of N,O
emission rates for several classes of vehicles 2t3-217
Of particular note is the good agreement among the
values reported by the three groups, and the fact
that catalytically equipped vehicles emit up to 20
times more N,0O than comparable noncatalyst
equipped vehicles.

Based on the above results, & conservative estimate
of 62.1 mg N,Oflm (100 mg N,0/mile), and the
1982 estimate for the U.S. wvehicle fleet size
(115 x 10%) and distance travéled (2.6 x 10'? km,
1.6 x 10%2 miles),!® the total U.S. production of
N, O from mobile sources is approximately 1.6 x 10°
metric tonsfyr (1.6 x 101! g N,Ofyr, 1.0 x 101 g
Nfyr, or 0.1 Tg N/fyr). Assuming that the world fieet
size and distance driven per year are three times that
of the U.S,, then worldwide mobile N,0 emissions
are approximately (.3 Tg N/yr. This value compares
favorably with the values given in Table 3 and consti-
tutes approximately 8.5% of the total anthropogenic
flux. However, in addition to the uncertainties regard-
ing fleet size and distance driven used in the above
analysis, many research issues remain, including the
applicability of different driving cycles to actual use,
engine—emission control malfunction or nonoptimal
operation, quantification of the number of vehicles
that use catalysts (including type of catalyst), and
the influence of ambient conditions.

11. EMISSIONS FROM INDLSTRIAL SOURCES

Few industrial sources have been identified as po-
tential emitters of significant N,0. One receiving
recent attention is the manufacture of adipic acid,
used primarily in the manufacture of nylon. By one
report?*® the manufacture of adipic acid accounts
for ca 109 of the anthropogenic Aux to the tropo-
sphere, based on adipic acid production. This inven-
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tory failed to take into account existing abatement
within the industry, and an improved estimate is 5—
8% of the anthropogenic flux.?!?

Adipic acid is formed by the reaction of cyclohex-
anone and cyclohexanol under nitric acid oxidation.,
The reaction produces an off-gas that contains 1 mol
of N,O by-product for each mole of adipic acid
produced, along with some NO,. This stream, which
can contain 30-30 mol.%, N,0, is usually passed
through an absorber to recover NOQ,, and then vented
to the atmosphere. Some plants incinerate the stream
in process boilers to reduce NO,, which coinciden-
tally destroys the N;O. In 1990, approximately 3274
of the off-gas streams were abated in this manner,?!?

Since the recognition of adipic acid as a significant
atmospheric source of N,0, the industry has
launched several co-operative projects to evaluate
abatement options.**® Some of these options have
the goal of simply eliminating N,O from the exhaust
stream at the lowest cost. Others focus on converting
N,;0 into NQ,, which can then be used as a nitric
acid feedstock. Approaches currently under evalua-
tion include:

{1) N,O decomposition over a catalyst to yield
N, or NO, for by-product recovery,

(2) high temperature N,O thermal decomposition
to yield NO, as a recovered by product, and

(3) thermal destruction in boilers.

These co-operative projects have as a goal a substan-
tial reduction in emissions from this source by 1996.
It is recognized that no one technology s likely to be
applicable to alf plants because of site specific techni-
cal and economic factors.

Other industrial sources that involve the oxidation
of nitrogen compounds under moderate temperature
conditions are candidates as N,O emitters. Examples
mentioned in the literature are catalytic cracker regen-
erators.®! These units are used in gasoline manufac-
ture to regenerate the catalyst used to crack feedstock
after it has become coated with nitrogen-rich coke.
The coke is burned off the catalyst in a fluidized bed.
Temperatures are moderate in the bed, fuel-nitrogen
levels are high, and the volatile content of the coke is
Iow. Thus, many of the factors that contribute to
high N,O emissions in fluidized bed coal combustion
are present. To date, however, no emissions measure-
ments have been reporied.

12, CONCLAUDING REMARKS

What we have attemnpted to do is bring together
the widely scattered literature on the relatively new
problem of N,O emissions from energy conversion
and industrial equipment, and the influence of these
emissions on the environment. This is still an evolv-
ing area, where changes in both quantitative and
qualitative interpretations are likely. Far from being

the last word, this review will likely only act as a
starting point for future work.

Within homogeneous chemistry, the principal
issues include the products of the NCO + NO reac-
tion, and the rates and products of the reactions
consuming HCN and HNCO that give rise to NCO
and other species in moderate temperature combus-
tion. A significant amount of modeling effort has
used rates for NCO + NO that are likely too high.
Thus, the adequacy of homogeneous chemistry to
explain N,O yields in processes such as combustion
fluidized beds and in selective noncatalytic reduction
needs to be revisited.

A considerable amount of effort has gone into
defining the influence of basic operating parameters
on N,O emissions from fluidized beds. While basic
operating trends are now known, a clear mechanistic
understanding is not yet complete. The relative roles
of homegeneous vs. heterogencous N;O production
are shrouded by the fact that char behavior is
strongly dependent on the degree of devolatilization.
Since Auidized beds contain chars of widely varying
ages, the overall behavior represents an ensemble
average. This has clearly complicated the task of
identifying mechanistic information from actual fluid-
ized bed data. Clean mechanistic e¢xperiments are
needed, and these have begun to appear. Particularly
useful studies include the examination of simulated
differential fluidized bed elements. Another approach
is to characterize bed response to perturbations in
the gas-phase environment (e.g_, the addition of N,O
or HCN into the feed air), or in the solid phase (e g.,
the spiking of a well-characterized char into a
combustor).
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