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The catalytic effect of recovery boiler fume compounds on decomposition of NHs,
oxidation of NH;z by NO, oxidation of NH; by O, and oxidation of NH; by both O, and
NO was studied. The effects of two fume species (Na,CO; and Na,SO;) were investigated
in this study. Fume compounds (90-125 pm in diameter) were pretreated by presintering
in a muffle furnace at 780 °C for 0.5 hour to reduce the effect of sintering during the
experiments. The experiments were conducted in a fixed bed reactor in the temperature
range 550-750 °C. The amount of fume compound used in each run was 0.38-3.0+0.1 g.
The inlet concentration of NH; was 115-500 ppm for the NH; reaction. For the reaction
NH;3+NO, the concenﬁaﬁons of NH; and NO were 150-400 ppm, and 250-1250 ppm,
respectively. For the NH;3+0, reaction, 250 ppm and 500 ppm inlet concentrations of NH;
with 1% O, were employed. For the NH3+0,+NO reaction, the concentrations of NH; and
NO were equal at 250 ppm with 1% O,. The total gas flow rate was 6.3-13.0 cm’/s at 25
°C. The inlet and outlet cor;ccntrations of NH; and NO were analyzed by a Fourier

Transform Infrared Spectrometer (FT-IR).



No significant reaction over Na;SO, occurred at the conditions studied but
Na,COs catalyzed the reactions at temperatures above 550 °C. The rate of NHj
consumption was significantly higher when O, was present than in the absence of O,. With
3.020.1 g Na,CO;, 13.0 cm’/s gas flow rate at 25 °C, and 500 ppm NHj, for the reaction
NH; ,and NH;+0; (with 1% O,), the highest NH; conversion were 26% and almost
100%, respectively, at 750 °C. With the same amount of Na,CO;, the same gas flow rate,
and 250 ppm NH;, the highest NH; conversion was 30% for the reaction NH3+NO (with
250 ppm NO), and almost 100% for both NH3+0O; (with 1% O) and NH;+0,+NO (with
250 ppm NO and 1% O,) at 750 °C. In the NH3+NO reaction, the rate of NHs
disappearance was almost independent of NO concentration but the rate of NO
disappearance depended highly on NH; concentration. The highest NO conversions for the
reaction were 15-18% at 750 °C. The NO production from the reaction of NH3;+O, ranged
from 28-38% inlet NH;. For the reaction of NH3+O,+NOQO, the highest NO conversions of
12-17% were found at 650-700 °C. For the rate of NH; consumption, reaction orders of
0.53 with respect to NH; were obtained by differential reactor analysis for the reactions
NH; and NH;+NO with activation energies of 9813 kJ/mol. By integral reactor analysis,
the reactions of NH;+0, and NH;+0,+NO were found to be first order reactions with
respect to NH; with activation energies of 170423 kJ/mol and 185142 kJ/mol,
respectively. The kinetics of NH; oxidation over Na,CO; were used to estimate the
importance of the reactions in recovery boilers. The prediction indicated that
approximately 29% of NH; produced during black liquor pyrolysis was consumed by the

reaction.
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NOMENCLATURE

A. = cross sectional area of reactor, cm’

Cnis = concentration of NH;, mol/cm’

Cnmsave = average gas concentration of NH;, mol/cm’

Chmiscya. = the standard concentration of NH; in gas cylinder, ppm
Cnms,o = bulk gas concentration of NH;, mol/cm®

Cnis,s = concentration of NH; at the external surface area of particle, mol/cm’
Cyo = bulk gas concentration of NO, mol/cm’

Cno,ave = average gas concentration of NO, mol/cm’

ACyus = absolute error of NH; concentration, ppm

C’nis o = inlet concentration of NHj, ppm

C’nxu3 = outlet concentration of NHj, ppm

C.p = Weisz-Prater criterion number

d, = diameter of particle,cm

d; = diameter of the reactor, cm

Dp = Droplet diameter (m)

Dy = Gas diffusivity (m%/s)

Dums.ne = diffusion coefficient, cm?/s

Dk = Knudsen diffusion coefficient, cm?/s

Dnmste = effective diffusion coefficient, cm?/s

E = activation energy, kJ/mol




NOMENCLATURE (continued)

Famso = NH; feed rate, mol/s

Frs = flow rate of NHs;, mol/s

h, = the length of the reactor which has the uniform temperature, cm

k. = mass transfer coefficient, cmy/s

kempty = rate constant of empty bed reaction, unit depend on reaction order

k’ =reaction rate constant based on weigth of catalyst, unit depend on reaction order
k’ .»s = observed reaction rate constant, cm’/s

k’ .t = Observed reaction rate constant, (cm3)"/mol(“'l)g.s

k” = reaction rate constant based on surface of catalyst, unit depend on reaction order
L = characteristic length of particle, cm

Mnus = molecular weight of NH3, g/mol

My, = molecular weight of He, g/mol

n = reaction order

P = Total pressure, atm

R = particle radius, cm

AR, = absolute error of gas flow rate caused by the rotameter used, cm’/min

Re =Reynolds number

Re’ = Reynolds number in packed bed

R = ideal gas constant = 82.05 cm’.atm/(mol.K)

I.= average pore radius, cm




NOMENCLATURE (continued)

-r’nys = rate of disappearance of NH; based on mass of catalyst, mol/g.s
-I’NH3.ave = average rate of reaction of NH3, mol/g

-I’NH3,0bs = Observed reaction rate of NH; , mol/gs

-r’no = rate of disappearance of NO based on mass of catalyst, mol/g.s
-I’No,ave = average rate of reaction of NO, mol/g

Sh = Sherwood number

Sh’ = Sherwood number in packed bed

Sc = Schmidt number

Snacos = total surface area of Na,COs, cm®

sp = surface area of BL droplet, cm” /droplet

T = temperature, K

tave = average residence time in the reaction zone, s

U = superficial velocity of gas flow in packed bed, cm/s

V = volume through the reactor, cm’

Vz = total volume of flue gas, cm’/s

V, =total volumetric gas flow rate, cm’/s

V.ene = volume of gas phase reaction zone, cm’

vp = volume of BL droplet cm’/droplet

W = weight of catalyst, g

Wnazcos = weight per droplet of Na,CO;, g/droplet



NOMENCLATURE (continued)

Xy = NH; conversion

Xno = NO conversion

Z = distance through reactor, cm

Greek symbols

€, = total void fraction in packed bed

€p = macro void fraction of packed bed

enms = the energy of molecular interaction for NH; or Lennard-Jones energy, J
€y, = the energy of molecular interaction for He or Lennard-Jones energy, J
€nms-He = the energy of molecular interaction for NH;-He or Lennard-Jones energy, J
Onmz = collision diameter or Lennard-Jones length, A

Owe = collision diameter or Lennard-Jones length, A

Onms-He = collision diameter or Lennard-Jones length, A

« = Boltzmann constant = 1.38*10% J/K

ps = bulk density of packed bed, g/em®

p, = density of the particle, g/cm’

Pnazcos = density of molten Na;COs, glem’®

pu. = bulk density of gas, g/cm:"

Qp = collision integral”

Tm = average for the tortuosity of pores of variety of size



Y = shape factor

NOMENCLATURE (continued)

Ly = Viscosity of gas, g/cms




Catalytic Effect of Recovery Boiler Fume Compounds on NH;
Oxidation

CHAPTER 1
INTRODUCTION

1.1 Kraft Pulping and Recovery Process

Kraft pulping is a semimechanical process which yields a higher quality pulp than
that made by mechanical or thermomechanical processes. This process is commonly
referred to as the sulfate process because sodium sulfate is used as a make-up chemical
for the cooking liquor. Most of the pulping processes consume large quantities of
chemicals and energy in production so it is necessary to have a chemical and fuel
recovery unit included in the production process. The recovery unit also reduces the
amount of pollutants generated in the system. The process diagram of kraft pulping and
recovery is shown in Figure 1.1.

First, wood chips are mixed with white liquor, which contains the major
inorganic chemicals NaOH and Na,S, which are the active pulping reagents. This is the
so called pulping process. Next in the washing process, pulp (cellulose fibers) is
excluded from the spent pulping liquor. The remaining liquor, known as weak black
liquor (with 12-15% solids content, Adams and Frederick, 1988) consists of dissolved

wood, and spent pulping chemicals. The solid content in weak black liquor is increased

by evaporation in multiple effect evaporators. The product from this process is called




Wood Chips——] -
»|  Cooking
White Liquor
NaOH l
Na,$ . Pulp .
Washing [~ Bleaching [™
lWeak Black Liguor
(12-15% solids)
Evaporation » Condensate
Sall_(hkgMakup_.l Strong Black Liquor
(Na;S0y) (65-75% solids)
——>» Energy
Furnace |—» Na, S Losses
l Solid Discharge
(Molten Na,CO;+Na,S)
Dissolving
 Green Liquor . 6, H,0 => Ca(OH), +Heat
e . Ca(OH)z .
Clarifier [*—| Causticizing [*— Slaking [<*+—H;0
Ca(OH),+Na;CO; => 2NaOH+CaCO;,
CaO
Lime Mud
» Calcining
CaCoO,
Make up

Figure 1.1 The process diagram of kraft pulping and recovery (Austin, 1984)

Table 1.1 Sample analysis of kraft black liquor solids (concentrator product)
(Adams and Frederick, 1988)

Element wt.% Black Liquor Solids
carbon C 39.0%
hydrogen H 3.8%
oxygen 0] 33.0%
sodium Na 18.6%
potassium K 1.2%
sulfur S 3.6%
chloride Cl 0.6%
inerts Si, Al, Fe, Ca, etc. 0.2%
Total solids BLS 65 %




strong black liquor (65-75% solids, Adams and Frederick, 1988). An analysis of a

typical sample liquor solids is shown in Table 1.1. The strong black liquor is then mixed
with make-up salt cake (Na,SO4) and recycle dust before being sprayed into a recovery
boiler for combustion. The main functions of recovery boiler are to recover the inorganic
cooking chemicals used in the pulping process and to generate energy as steam for the
mill. Figure 1.2 shows the schematic diagram of a recovery boiler. The details of how
black liquor is burnt in the recovery boiler will be given in the next section.

The products from recovery boiler are liquid smelt, and flue gas with solid
particles (carryover and fume). The smelt consists of about two-thirds Na,CO; and one-
third Na,S, with a small quantity of Na,SOy, other sodium/sulfur compounds, and
unburned carbon. The smelt is removed from the recovery boiler and dissolved to form
green liquor which is then treated with lime and causticized to be reused as white liquor.
Solid particles which are separated from the flue gas by the economizer hopper and
electrostatic precipitator, can be classified into two categories, fume and carryover. The
chemical and physical properties, and the mechanism of formation of the two types of
solid particles are different. Fume is in the form of sub-micron particles and consists of
condensed volatile sodium and potassium compounds. Carryover whose particle size is
distinctively larger than that of fume, consists of black liquor and char material. Since
this paper focuses on reactions catalyzed by fume compounds, the mechanisms of fume

formation in recovery boiler is covered briefly in the literature review chapter.
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Figure 1.2 A schematic diagram of kraft recovery boiler (Adams Frederick, 1988)




1.2 Black Liquor Combustion in Recovery Boilers

In the recovery boiler, black liquor droplet combustion process generally follows
four sequential stages : drying, devolatilization, char burning, and smelt coalescence. A
diagram of the stages is shown in Figure 1.3.

The drying stage begins as black liquor droplets (size range from 0.5-5 mm in
diameter) enter the furnace. Most of the water in the droplet is evaporated. The droplet
swells and its surface ruptures as a result of boiling. The second stage, devolatilization,
includes two sub-stages, pyrolysis and the combustion of volatiles. Pyrolysis begins
when the organic substance in the black liquor droplet is degraded into volatiles by rapid
particle heating. The volatiles include CO, CO,, H;O, light hydrocarbons, tars, H,S, and
reduced sulfur compounds. The combustion of the volatile gases occurs when they get
into contact with O,. During this stage, the black liquor droplet also swells significantly
to several times its initial volume.

The residual of the droplet at the end of devolatilization is recognized as black
liquor char. Char has a porous structure and consists of residual organic carbon along
with inorganics mainly in the form of sodium based salts. In the char burning stage,
heterogeneous combustion reactions between carbon in the char and O, occur yielding
CO and CO,. During this stage, char burning raises the particle temperature high enough
to melt the sodium based salts in the char particles, and the remaining sodium sulfate is
reduced to sodium sulfide. Fume particles are also formed mainly in this stage by sodium

volatilization above the char surface. Smelt coalescence occurs as the final stage in




which the inorganic smelt coalesces into a smelt bead, composed of mainly Na,COs,

NaZS, and Na2$ 04.

Drying stage Devolatilization stage
H,0
37 Do
Bursting
Heat H,0

o,

Tae & HCY

Char Burning stage

Fme Co,

Smelt Coalescence stage

Figure 1.3 Diagram of black liquor combustion stages (Adams and Frederick, 1988)

1.3 Nitrogen Oxides

1.3.1 Sources and fate of nitrogen oxides in atmosphere

The principal nitrogen oxides which are all considered air pollutants are nitric
oxide (NO), nitrogen dioxide(NO,), and nitrous oxide(N,O). Nitrogen oxides are

important in relation to photochemical reactions, the formation of acid rain precursors,



the destruction of ozone in the stratosphere, global warming, and their known effects on
health (Bowman, 1991). Figure 1.4 summarizes the nitrogen cycle for nitrogen
containing compounds in air pollution.

N,O is emitted almost totally by natural sources, by bacterial action in the soil
and by reactions of N, with O and O, in the upper atmosphere (Seinfield, 1974). NO and
NO,, called by the composition formula NOy, are emitted by both natural and human
sources. The significant part of increased emissions, however, is due to human activities.
Table 1.2 shows an estimation of the comparative importance of human and natural

sources for NOx and N,O emissions on a global basis.

Oxidation by

Particulate

atomic oxygen Oxidation by reactions
involving water
(Upper Oxidations in photochemical
troposphere smog
and Oxidation by O,
stratosphere)
Human sources
Natural 1.e. Fuel combustion Natural
sources industries, sources
Transportation. washout
/

Figure 1.4 Nitrogen cycle for the nitrogen-containing compounds in air pollution
(Seinfeld, 1974)

Although there are large uncertainties in these estimates, it is found that combustion is

the major direct source of NOx and a relatively minor source of N;O (Bowman, 1991).




Fossil fuel combustion is the primary human source of NOx, more than 50 % of this is
due to transportation, industrial processes, and solid waste disposal (Wark and Warner,
1981). The vast majority of NOx in combustion flue gases is NO with only a small
fraction appearing as NO,. Examples of stationary source emitters include power plants,

internal combustion engineers, industrial boilers, process heaters, and gas turbines.

1.3.2 Nitrogen oxides formation mechanisms in combustion process

There are three primary formation mechanisms of NOx during combustion
which are thermal NOx, fuel NOy, and prompt NOx.

Thermal NOx is formed by the oxidation of nitrogen in the combustion air at high
temperatures. The reactions involved in thermal NOx are recognized as the extended
Zeldovich mechanism and are presented by the following three reaction steps :

N:+O <=> NO+N (1)

N+O;, <=>NO+0 (2)

N+OH <=> NO+H (3)
(Bowman, 1991)
Reaction (1), the rate limiting step, has a high activation energy which causes a high
temperature sensitivity. Thermal NOx is the dominant emission source for combustion of
fuels which contain very low levels of chemically bound nitrogen such as natural gas and
gasoline. The reaction mechanism and kinetic data show that the key factor of the extent

of thermal NOx is depend on temperature, residence time, and O, concentration.




Table 1.2 Estimation of emissions of NOx and N,O from global sources (Bowman,
1991)

Source NOx N,O
(percentage) (percentage)

Human sources

Fossil fuel combustion
Stationary sources 24 3
Mobile sources 15
Biomass burning 22 <8
Agriculture 9 <8
Sub-total 70 19
Natural sources
Soils 15 41
Lightning 15 -
Oceans - 16
Others - 24
Sub-total 30 81
Total 100 100

Fuel NOx is formed by the oxidation of organic nitrogen bound in the fuel.
Presently, the complete mechanism of fuel NOyx formation is not completely known, but
the general concept that the mechanism includes many intermediate reaction steps is
accepted. During the combustion process, part of fuel nitrogen is released as volatile
nitrogen, while the rest remains in char and it is called char nitrogen. Volatile nitrogen is
rapidly converted to HCN through an initial reaction pathway (Bowman, 1991). This
ignites several continuing homogeneous reactions which convert HCN into other

nitrogen containing intermediates and radicals such as CN, NH;, and N. These
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intermediates are converted to NO by reactions with oxygen containing species or to N
by reaction with NO itself. Char nitrogen can be released as NO by heterogeneous
oxidation reaction and NO may be further reduced to N,. The overall NO formation
pathways are illustrated in Figure 1.5. Fuel NOx mechanism is not highly temperature
sensitive but fuel NOx formation depends on the nitrogen level in fuel, the fuel-air ratio,

the rate of volatilization of nitrogen, and slightly operation temperature.

Fuel-N

Char N

Figure 1.5 Overall reaction pathway of fuel NOx formation in combustion
processes (Sarofim, 1979)

Prompt NOyx formation is described by the Fenimore prompt-NO mechanism.
The mechanism starts when hydrocarbon free radicals react with molecular nitrogen to
form the intermediate HCN. HCN is rapidly oxidized to form N; or NO with the same
reaction pathways as that of fuel NOx formation. Because the rate of prompt NOx
formation is slow, compared to that of NOx formation by fuel oxidation, this type of

NOx is neglected in most combustion process (Flagan and Seinfeld, 1988).
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1.3.3 NOx formation in kraft recovery boiler

The emissions of NOx from recovery boilers are typically 40-100 ppm (Aho et
al., 1994). These values are considerably lower than the uncontrolled NOx emissions
from fossil fuel combustion, however, with more stringent regulations it has become
important to reduce NOx emission from recovery as well. It is suggested that the
majority of NOx emissions in recovery furnaces may arise from fuel NOx (Nichols et al.,
1993), (Aho et al., 1994), (Forssen et al., 1995), (Veverka et al., 1993), (Martin et al.,
1994), (NCASI, 1992). Two mechanisms of NOyx , which are considered to contribute to
NOx emission from recovery boilers, are thermal NOx and fuel NOx. Considering the
thermal NOx formation theory, the temperature resulting from black liquor combustion
is not high enough to produce significant amounts of thermal NOx and thermal NOx is
found to be a minor constituent of NOx emission from recovery boilers (Nichols et al.,
1993, Adams et al., 1993). Fuel NOx formation, on the other hand, depends on fuel
nitrogen content and concentration of oxygen in the combustion gas but it is relatively an
temperature insensitive. Pianpucktr (1995) suggested that prompt NOx may also
contribute to NOx formation.

A significant fraction of N in black liquor is released during the pyrolysis stage
(Aho et al, 1994, Forssen et al., 1995, Carangal, 1994). The major volatile N
intermediate is NHs (Aho et al, 1994, Forssen et al, 1995). The additional NO is formed

during the char combustion stage (Forssen et al, 1995, Pianpucktr, 1995).
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CHAPTER 2
OBJECTIVES OF THE STUDY

NOx emissions from recovery boilers are considered to be an important
environmental issue in the coming years. There are several ongoing research projects
regarding NOx formation and reduction in kraft recovery boilers whose aim is to predict
the NO emissions. The reactive intermediate NH3, which is found during the pyrolysis of
black liquor in recovery boilers as the volatile nitrogen compound, could be oxidized to
NO or N; by many possible reactions. Fume compounds which are produced during the
process of black liquor combustion are considered to be potential catalysts for reactions
of NOx formation and reduction, these catalytic reactions may take place while fume
particles are entrained in surrounding gases from the char bed surface to the upper part
of the furnace.

This research studies the importance of catalytic NH3 oxidation by fume
compounds in recovery boilers. Na,CO; and Na,SO,, the two main constituents in fume,
are used as catalysts in a fixed bed reactor in this study.

The objectives of this thesis are:

1. To study the rate of NH; destruction and oxidation by fume species.

2. To investigate the effect of NO on NHj; oxidation in fume catalytic reactions.

3. To compare the catalytic activity of the two fume at the experimental conditions
4. To obtain global kinetic expressions for the important reactions

5. To estimate the importance of the reactions in recovery boilers.




13

CHAPTER 3
LITERATURE REVIEW

3.1 NH; Formation during Black Liquor Combustion

Typically, nitrogen contents found in black liquors range from 0.04 to 0.26
weight percent of dry black liquor solids, with an average of 0.11 wt.% (Nichols et al.,
1993). During combustion of black liquor in recovery boilers, fuel nitrogen is released as
fixed nitrogen compounds (all nitrogen species except N3) and N,. The fixed nitrogen
compounds such as NH; and HCN are reactive intermediates which may be oxidized to
be NO. As described in section 1.2 in Chapter 1, the combustion of black liquor is
composed of four sequential stages which are drying, devolatilization, char burning, and
smelt coalescence. It is believed that part of fuel nitrogen is released as fixed nitrogen
compounds and molecular nitrogen (N;) during the degradation of black liquor into
gases and light hydrocarbons (the black liquor pyrolysis).

Aho et al.(1994) conducted experiments of black liquor droplet pyrolysis in a
tube furnace in argon in the temperature range 300- 950 °C. The black liquor samples
studied were from different laboratories and mills, with a nitrogen content range from
0.106 to 0.478% of dry solids. In each run, a single droplet of liquor was suspended on a
platinum hook, lowered into the reactor and removed after 300 seconds as argon flowed
downward past the droplet and into a gas analyzer. The fixed nitrogen compounds, NH;,
HCN and NO, released during the experiments were measured. A significant part of fuel

nitrogen was found to be released during pyrolysis at the temperatures studied, while
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only a minor part of fuel nitrogen was released during drying. The total amount of fuel
nitrogen released in pyrolysis was studied by heating black liquor for 1 hour at 400 °C.
Depending on the liquor approximately 20-60% of the original fuel nitrogen in black
liquor was volatilized in pyrolysis. NH; was found to be the main product fixed nitrogen
compounds during devolatilization of black liquor combustion in the experiments. Small
amounts of nitrogen oxide (1-2% of fuel nitrogen) were also present in pyrolysis gases.
The rest was assumed to be molecular nitrogen. About 10-30% of fuel nitrogen was
released as fixed nitrogen, NH; and NO in the pyrolysis gases. In the temperature range
600-800 °C, a maximum in the level of fixed nitrogen release during pyrolysis was
obtained. At temperatures higher than 800 °C, the total amount fixed nitrogen decreased.
The explanation was that reactions of fixed nitrogen species might occur to form
molecular nitrogen in the pyrolysis gas stream. With higher temperature, the rate of
release of fixed nitrogen increased. The conversion of fuel nitrogen to fixed nitrogen also
increased with increasing nitrogen content of liquor. Other important information
obtained from the study was that typical NOx emissions from recovery boiler are in the
same range as obtained if the total amount of NHj released during pyrolysis was
oxidized to NO. The suggested behavior of fuel nitrogen during black liquor pyrolysis in
recovery boilers is summarized in Figure 3.1.

Iisa et al. (1994) studied fuel nitrogen evolution during black liquor pyrolysis as
well. The experiments were conducted at temperatures 600-1100 °C using a laminar

entrained-flow reactor. The black liquor in the study was a southern pine liquor
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containing 0.11 wt.% nitrogen. Black liquor particles were introduced into the top of the

reactor through a water-cooled injector in a primary gas stream. A movable reactor

N,
10-30%
Fixed N 2% . NH,

20-6%’ Volatiles N —— Compounds ~__
1-2%

Fuel-N

40-8% e NO

Char N

-

NO

Figure 3.1 Suggested behavior of fuel nitrogen during black liquor pyrolysis in recovery
boilers (Aho et al., 1994)

collector was used to collect the pyrolysis products. The gaseous products NH; and NO
were monitored during black liquor pyrolysis at residence times of 0.3-1.7s. It was found
that about 35-65% of fuel nitrogen was volatilized and the fraction of fuel nitrogen
volatilized increased along with increasing temperature at the same residence time. Most
of the N was released at short residence time(< 0.2 s). About 0-20% of fuel nitrogen
was NO depending upon temperature and residence time, while up to 6% of the fuel
nitrogen was detected as NH;. However, the NH; data were not believed to be accurate

due to problems in the NH; measurement system. It was also possible that, during the
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experiments, part of NH; which was the reactive intermediate formed from volatile
nitrogen was already oxidized to NO. The fraction amount of fuel nitrogen released
during pyrolysis seemed to be in accordance with the result of Aho et al.(1994) but there
were differences regarding how much of each of the nitrogen intermediate compounds
were formed during black liquor pyrolysis. For example, the approximate fraction of NO
formed in the study of Iisa et al. (1995) (0-20% of fuel nitrogen) is considerably higher
than that of Aho et al. (1994) (1-2% of fuel nitrogen). The causes of the different
outcomes might be dissimilar experimental conditions (residence time, gas atmosphere,

for example) and types of reactor used.

3.2 Fuming in Kraft Recovery Boiler

Fume is produced during black liquor combustion process in recovery boilers. It
is composed of submicron-sized aerosol particles which are formed by condensation of
vaporized sodium, potassium and chloride species. About 10% of the sodium in the
black liquor burnt in the furnace becomes fume (Adams and Frederick, 1988). The
primary chemical components of fume are Na;SO4, Na;COs, potassium salts, and
chlorides. Fume composition depends on combustion conditions and changes due to
chemical reactions when fume is transported from the lower part of a recovery boiler
(char bed) to the upper part (convective section). An advantage of fume in recovery
boiler is that it reacts with oxidized sulfur compounds in flue gas, so the level of SO, and
SO; released to the atmosphere becomes less. The resulting fume (Na,SO,) which is

collected by electrostatic precipitator is returned to the system by mixing with feed black
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liquor, thus reducing the loss of sulfur from the recovery cycle. On the contrary, fume
causes deposition problems in the convective heat transfer sections and also pluggage of
the economizer. The presence of fume requires expensive flue gas cleaning systems. The
recycled dust from the precipitator reduces the heating value of black liquor which is
fired into the boiler (Adams and Frederick, 1988).

The fume formation process includes two steps, sodium and potassium salts
vaporization, and homogeneous reactions of fume with flue gases after vaporization. It is
widely believed that fuming is present mainly during char combustion (Adams and
Frederick, 1988).

Frederick and Hupa (1991), on the other hand, proposed that the most
significant source of fume in industrial recovery boilers was sodium release from black
liquor during devolatilization. They explained that the amount of sodium mass loss
during single-drop pyrolysis experiments was an order of magnitude higher than that
during char burning and smelt oxidation. Verrill et al.(1994) however argued that all the
sodium weight loss did not necessarily contribute to fume, since the form of sodium loss
was unidentified.

Verrill and Nichols (1994) studied inorganic aerosol formation during black
liquor droplet combustion. The amounts of fume products, during the different stages of
black liquor droplet combustion, were measured. The experiments were performed in a
drop tube furnace at the temperature of 750 °C with N, and O, flowing through the
reactor. The results showed that the sodium mass loss of liquor droplets during pyrolysis

stage ranged from 20 to 30%. The sodium mass loss was at least 7 to 9% during the
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combustion of single droplets of liquor in 92.5% N, with 7.5% O, at 750 °C. The
highest range of sodium deposition rate in the collector of system was observed during
char burning and smelt oxidation The field data of Borg et al.(1974) had shown that
approximately 9% of the sodium content in black liquor was collected as fume in the
electrostatic precipitator. The conclusion was drawn from these results that the majority
of fume formation probably occurred during the char burning and smelt oxidation stages
of combustion.

With the consideration of vapor pressure data available (shown in Figure 3.2),
elemental Na, NaOH, and NaCl are the most likely to vaporize in the temperature region
of kraft char combustion of about 1000 to 1300 °C (Adams and Frederick, 1988).

The fundamental mechanisms of fume formation including the effect of the
recovery boiler conditions on fume formation were studied in the studies of Cameron
and Cameron et al., (1985, 1988). Fuming during char burning in kraft recovery boilers
can occur either under reducing conditions in the char bed or under Na,S oxidation

condition.

3.2.1 Fuming under reducing condition

The process occurs when Na,CO; in the smelt reacts with CO, H or Cin a
reduction reaction, and elemental Na is released to an environment of inert gases such as
N, etc. The limitation of this reaction pathway is that it is inhibited by the presence of

sulfate in smelt which will react with CO, or C to form CO, and sulfide instead. In
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recovery boilers, it is found that the fuming under reducing condition is less important

than the fuming during Na,S oxidation (Cameron et al., 1985).

3.2.2 Fuming during Na,S oxidation

First, Na;S is oxidized to Na,SO4 by Na,CO; in the smelt and volatile elemental
sodium is released near the smelt surface. The concentration of sodium in the vapor
phase above the smelt depends on the equilibrium of the reaction shown in equation 3.1
(Cameron, 1988).

Na,CO; + 1/4 Na,S <=> 1/4 Na,SO4+ 2 Na + CO, (3.1
The information obtained from equation 3.1 is its stoichiometry but it is not necessarily
representative of the mechanism of fume formation.

Second, the elemental Na vapor diffuses away from the char surface and
undergoes gas-vapor reactions. Rapid reactions between the surrounding gas and Na
vapor increase the rate of vapor diffusion, resulting in a high fuming rate . The
explanation of this event is that Na vapor is used up by reactions with O, CO, and SO,
near the char surface during its diffusion through the boundary layer. So the diffusion
pathway is shortened, causing the concentration gradient of Na vapor to be steeper
which finally increases the vaporization rate. This mechanism was found to be insensitive
to smelt composition and to gas phase composition. The rate of fuming could be fitted
by an Arrhenius expression with an activation energy of about 86 kJ/mole (Cameron,

1985).
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Figure 3.2 Vapor pressure for sodium salts and potassium (Adams and Frederick, 1988)

3.2.3 Gas phase reactions

The rcacﬁoné in the gas phase between the elemental sodium vapor released
from the char bed and various surrounding gaseous compounds determine the final
composition of fume in the recovery boiler. The study of Grace, Cameron, and Clay
(1985) showed that with solely O, and N, present above the smelt, the major

component of fume is Na,CO;. On the other hand, if SO; is also available, the major
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fume compound is Na,SO;. Table 3.1 summarizes the effects of different gaseous

species and different components of smelt on the final fume composition. The

Table 3.1 Effect of gas and smelt or char compositions on fume compositions (Grace et
al., 1985)

Melt Components Gas Carbon Fume Components
Components | present?

N8.2C03, Nazs, NazSO4 02, N, No >92% N32CO3

the rest Na;SO4
N32CO3, NaZS, Nast4 Hzo, 02, Nz No 70% N82CO3,

30% Nast4
N8.2CO3, NaZS, Nast4 02, Nz Yes 70% N32CO3,

30% Na2804
N8.2CO3, NaZS, Nast4 SOz, 02, Nz No Nast4
NaZS, Na2304 02, Nz No Nast4

composition of fume varies with location in the recovery boiler. Fume which is collected
by the electrostatic precipitator is primarily composed of Na;SO;, with some potassium
and chloride salts and small amounts of Na,CO; (Adams and Frederick, 1988), while
Na,CO; is found to be the major chemical compound in fume above the molten salts
(Grace et al., 1985). This is supported by the study of Borg and coworkers (1974) which
indicated that CO., O,, and H,O which are the gaseous species with high concentration
above the smelt, cause the elemental sodium vapor rapidly to convert to Na,COs.
Na,CO; is then slowly converted to Na,SO; as it is transported from the char bed to the
upper section of recovery boiler (Borg et al., 1974). Rizhinshvili and Kaplun (1983)

reported that Na,SO4 content in fume particles was 64% at the tertiary air level while at
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the furnace outlet it was 96%. Backman et al. (1985) studied the rate of conversion of
Na;COj; to Na,SO; in an atmosphere containing SO, and O, at temperature below 650
°C. They found that the rate of reaction was proportional to SO, partial pressure but not
to O, partial pressure in the system. The intrinsic rate of reaction had an activation
energy of 65 kJ/mol. Boonsongsup et al. (1993) showed that the rate of Na,CO;
conversion to Na,SOy in the solid state is too low to be important and does not occur

fast enough to relate with the disappearance of SO, in recovery boilers.
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CHAPTER 4
EXPERIMENTAL PROCEDURE

4.1 Experimental Materials and Apparatus
4.1.1 Materials

Fume compounds: Na,COs and Na,SO, (fume species) were used as the catalysts
in this study. Both chemicals are anhydrous granulars from Mallinckrodt company with
the purity of 99.62% for Na,COs, and 99.49% for Na,SO,. Both fume compounds were
presintered and sieved to collect the preferred size range to be ready to be used in the
experiments.

Presintering method of the sodium compounds (Na;CO; and Na,SOy): when
studying the kinetics of sulfation of Na,CO; in artificial flue gases in the temperature
range 300 °C to 700 °C, Backman et al. (1985) showed that the available surface area of
Na,COs decreased due to sintering. To reduce the effect of sintering during the
experiments, it was suggested that the compounds should be presintered before use. In
this study, each sodium compound was sieved and the particle size 90 to 125 pmin
diameter was collected, and treated in a ceramic crucible in a muffle furnace at 780 °C, 1
atm for ¥ hour. After cooling down, the presintered sodium compounds were sieved
once again and the same range of particle sizes (90 to 125 pm) was collected. Both
untreated sodium compound and presintered sodium compound were analyzed for BET
surface area. The BET surface area of untreated Na,CO; was 0.26 m*/g and that of

presintered Na,COs was 0.18 m?/g, analysis gas was N,.




Gases: NH;, NO, and air were used as the reactant gases in the experiments with
the following concentrations.
NH; : 476-514 ppm in He (differences of NH; concentrations according to different gas
cylinders used)
NO : 2050 ppm in He (with other oxides of N <20 ppm)
Air :21% Oin N,
He :99.99% (grade 5 high purity)
Helium was used as inert gas to dilute the concentration of other reactant gases and also

as purge gas to clean residual gases in the experimental system.

4.1.2 Apparatus

Reactor: the fixed bed reactor used in the experiment was made of quartz glass.
It had a 1.3 cm inside diameter and a length of 95 cm. A fritted quartz glass plate was
used to support the fixed bed particles (Na,CO; and Na,SOs) and it was located in the
center of the reactor. Quartz wool was placed between the fixed bed particles and the
fritted quartz glass to avoid direct contact of these two materials. This prevented the
catalyst particles from a depositing in the fritted glass pores which might have caused
errors in the subsequent experiments in particular, for empty bed tests or for experiments
with the other catalyst. Na salts may have also reacted with the fritted quartz.

Thermocouple: two thermocouples were operated in the experimental system.

The thermocouple used to monitor the bed temperature was an OMEGA K type

stainless steel thermocouple, with a temperature range -200 to 1250 °C, located inside
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the reactor at the center of the fixed bed. The other one which was used for the
temperature controller was an OMEGA K type with a thermocouple ceramic fibre-
insulated probe. The maximum operating temperature of the probe is 1400 °C.

Temperature controller: the temperature controller for the furnace was a micro
processor based controller (OMEGA CN 76000) with solid state relay output.

Furnace: an electric single zone furnace from Hevi Duty Electric Co. was used to
heat the reactor. Its working temperature limit is 1010 °C. In the experiments, the
highest operating temperature was 750 °C.

Thermometer: a digital thermometer of OMEGA HH&1, for type K or J
thermocouples was used to monitor temperature inside the fixed bed reactor during the
experiments. The measured temperature range is valid from -160 °C to 1372 °C.

Rotameter: the rotameters (N062-01 and N112-02) in the experimental system
were standard 150 mm flow meters with standard valves from Cole-Parmer company.
The floating material in all of them was stainless steel 316. For the flows of He, NH3 in
He, and NO in He, the flow rate range of the rotameters (N112-02) is 48-1290 ml/min at
standard conditions (1 atm, 70 °F). For the flow of air (N062-01), the flow rate range of
the rotameter is 21-243 ml/min at standard conditions. The accuracy of the rotameters is
+2% of full scale. Calibration curves of the rotameters were prepared once before all the
studied experiments (shown in Appendix A).

Tubing: the type of tubing used in the experiments was Teflon PTFE semiflexible

tube. Its outside diameter is 1/4” and inside diameter is 3/16”. It can resist temperature

of -240 to 260°C.
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Gas sampling bag: a Teflon FEP gas sampling bag was used to collect the outlet
gas from the reactor and to supply it to a FT-IR for gas analysis. The 30x30cm bag has 5
mm wall-thickness with a nickel-plated brass on/off valve which accepts 1/4” 1.D.
flexible tubing. Its capacity is 4.7 liters.

Heating tape and input controller: the heating tapes used in the experiments was
Thermolyne flexible heating tape which can resist temperatures up to 250 °C. The input
controller was a Thermolyne type 45500 input controller which control power input to
the heating tape. At the gas line entering the reactor, the heating tape was used for
preheating the inlet gas flow to the reactor, and at the sampling line, it was used to
reduce NHj loss by adsorption on the gas lines because the outlet concentrations of NHj
from the reactor were already low.-Temperature set points at both locations were the

same, about 70 °C.

4.2 Experimental Set Up

The experimental equipment was set up according to the schematic diagram
shown in Figure 4.1. Reactant gases flowed through rotameters, and were mixed. The
mixed gas was led to the two-way valve which was used to select the path between by-
pass or reactor. The by-pass was selected when the initial concentrations of the reactants
in the mixed gas were to be analyzed. In the reactor path, the mixed gas flowed
downward through the heated fixed bed reactor which contained a known amount of the
catalyst. The gas lines from the reactor and from the by-pass were joined and connected

to the other two-way valve which was used to select between exhaust line or sampling
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line. The sampling line was connected with the gas sampling bag to collect the outlet gas
for analysis. The part of filled-up sampling bag was connected to the FT-IR to detect gas

species and their concentrations.

4.3 Experimental Method

A predetermined amount of the presintered Na,CO; or Na,SO4 was placed on
quartz wool which was held by a fritted quartz glass at the center of the reactor. Both
ends of the reactor were connected to the gas lines. The fixed bed reactor was set to be
at the center of the cylinder-shell furnace in both vertical and radial directions. The
furnace was heated up to the lowest experimental temperature (550 °C) at the rate of
about 10 °C/min. During the heating process, there was a He flow of 13.0 cm’/sec (25
°C, 1 atm) through the reactor to purge the system. Before the temperature reached the
set point (at approximately 500 °C), the gas was switched to by-pass. Then the selected
flows of the gas reactants were allowed to flow through the by-pass for about 5 minutes,
after which the outlet gas was switched to the sampling line, which was connected to the
gas sampling bag, toAbegin collecting the gaseous sample. When the sampling bag was
nearly filled up to its full capacity (4.7 liters), the increase of gas pressure in the sampling
bag caused the gas flow rates to decrease. To reduce the problc}n, the sampling bag was
filled with the outlet gas less than to its capacity but enough for gas analysis each time.
The sample was immediately brought to the Fourier Transform Infrared Spectrometer

(FT-IR) for analysis. Two samplings were conducted for one gas analysis. The first

sampling was used to flush the gas chamber of the FT-IR, and the second sampling was
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used for gas analysis by the FT-IR. At least two samples were made at each
experimental condition and the average value of the gas concentrations was calculated.
After each sample collection, the sampling bag was vacuumed to be ready for being used
again. Next the gas was switched back to flow through the reactor. The same reactant
gas flow rates were used as when the samples of the by-pass gas were collected. After
the reactant gases had flowed for about 10 minutes through the reactor, the outlet gas
was collected and analyzed by the FT-IR. The flows of the reactant gases were switched
off and He was used to purge the system again, while the temperature in the reactor was

increased to the next set point. The same steps of experiment were repeated.

4.4 Fourier Transform Infrared Spectrometer (FT-IR) for Gas Analysis

In this study, a FT-IR was used for the quantitative analysis of nitrogen
compounds (NH; and NO) in the reactants and the gaseous products. The FT-IR can be
used to analyze infrared active gaseous species, this excludes all homonuclear diatomic
molecules species such as N, etc. Different gaseous species have their unique IR
absorption characteristics so infrared spectrometer (IR) makes it possible to identify all
the interesting infrared active gases. The advantages of using FT-IR over using other gas
analyzers such as gas chromatography (GC), for example (Sricharoenchaikul, 1995):

- High resolution (ppb concentration can be detected in some cases).

- Each gas species can be identified from others by its unique characteristic peak

shape.
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Figure 4.1 Schematic diagram of the experimental equipment setup

- With only one gas sampling, FT-IR can detect most of the gas species
components.

- The operation condition is simpler to control than that of GC: no need to select

column type, set injection and column temperature, for example.
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The spectrometer used in these experiments was a Bomem MB100 mid IR FT-
IR with a 7 meter pathlength gas cell. A simplified optical representation of the
spectrometer is illustrated in Figure 4.2. The on-line data acquisition software used was

Lab Calc™ of Galactic Industries Corporation.
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Figure 4.2 Schematic diagram of FT-IR spectrometer (Sricharoenchaikul, 1995)

The operating specification for the analysis of the gaseous species using FT-IR

are shown in Table 4.1.
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Table 4.1 Operating specification for FT-IR

Resolution lcm”
Number of scans 32

Path length 7 meters
Type of scan absorbance

A concentration calibration curve of each interesting gaseous species (NH; and
NO) was prepared before doing all the quantitative analysis (shown in Appendix B). The
wavelengths used for the NH; analysis were 980-900 cm™, while wavelengths used for
NO were 1970-1780 cm™. The peak characteristics of NH; and NO are shown in Figure
4.3 and Figure 4.4, respectively. An average reproducibility of the measurements was
less than 3%.

Procedure: first, the FT-IR detector was filled with liquid nitrogen. The gas
sampling chamber was preheated by electrical heating to above 70 °C to prevent gas
adsorption from the sample on the gas chamber wall. Before starting the sampling, He
was used to flush the gas chamber for at least five minutes to purge all undesired gas
residual from inside the chamber. Then the sampling chamber was evacuated and the
inlet gas line was connected to the gas sampling bag. The gas chamber was flushed with
the sample gas with almost its volume capacity (about 1.2 liters) and was evacuated. For
the measurement, the inlet valve was left open to let the gas flow into the chamber until
the pressure in the chamber was at atmospheric pressure. The flushing step and the gas

measurement step used two gas sampling. After finishing the scanning, the chamber was

evacuated and was prepared by the same steps to be ready for the next analysis.
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4.5 Experimental Conditions for NH; Oxidation by Fume Species
4.5.1 Investigation of transport processes resistances

The importance of external mass transfer (film diffusion) effect was tested by
experiments at the same residence time but with different gas flow rates and different
weights of catalyst at the highest temperature studied (750 °C). The rate data obtained
were also used in calculations of film mass transfer by comparing to the Mears’ criterion
(Fogler, 1992). The importance of internal mass transfer (pore diffusion) effect, was

justified by the Weisz-Prater criterion (Fogler, 1992).

4.5.2 Investigation of the kinetics of the reactions by fume compounds

In order to obtain the rate constants and the activation energy values of the four
reactions (NH3, NH3 + NO, NH; + O,, and NH; + O, + NO) by the fume compounds,
each reaction was studied at five different temperatures, 550, 600, ..., 750. Two initial
concentrations of NH3, 250 and 500 ppm, were used in these tests. In order to obtain the
reaction order, the analysis method was determined first. For differential reactor, only
the inlet concentratioﬁ of NHj was varied in the experiments (Levenspiel, 1972). For
integral analysis reactor, the ratio between the weight of the catalyst and the volumetric
gas flow rate was varied in the experiments (Levenspiel, 1972). A summary of all the

experimental conditions is shown in Table 4.2.




Table 4.2 The experimental conditions studied
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Na,COj (particle size | 0.38-3.010.1 g

90-125 um)

Test/Reaction studied | Temp., NO inlet, NH; inlet, Flow rate,
°C ppm ppm cm’/s

NH; 550-750 - 115-500 13.0

NH;+NO 550-750 250-1250 150-400 13.0

NH;3+0, (1% O,) 550-750 - 250,500 6.3, 13.0

NH;+0,+NO (1% O,) | 550-750 250 250 13.0

Na,SO, (particlesize | 3.010.1 ¢

90-125 pm)

NH; 550-750 - 500 13.0

NH;+NO 550-750 250 250 13.0

NH;+0; (1% O,) 550-750 - 500 13.0

NH;+0,+NO (1% O,) | 550-750 250 250 13.0

4.6 Interpretation of the Experimental Data

A reactor which contains solid catalyst particles, and operates with a flow of the

fluid phase, is considered a fixed bed reactor. The assumption was employed that the
solid particles remained unchanged during the reaction. Since the inlet concentrations of
the reactants were small, any volume change during the reaction was ignored. Further
assumptions are as follows:

Plug flow: the assumption for plug-flow is that the contents of the reactor are
completely mixed in the radial direction, while no mixing occurs in the axial direction
(direction of the flow) while the reacting stream flows through a reactor (Holland and

Anthony, 1979). If the height of the fixed bed is large relative to a particle diameter,the
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plug flow assumption is valid for flow in a tubular fixed bed reactor (Kubota and Ikeda,
1963). In the experiments, the height of the reactor was nearby 28-230 times the
diameter of the packed bed particle, so this requirement was closely met in the
experiments.

Uniform temperature in the reactor bed: in the experiments the fixed bed was
located in the center of the reactor in the furnace, was shallow catalyst bed heights
varying from 0.30 to 2.5 cm depending on the amount of catalyst used. Further, the
concentrations of the reactants were low (the highest was 500 ppm). Thus the effects of
the heat of the reactions and the furnace temperature profile could be disregarded, and
the assumption of a uniform temperature profile could be employed.

Figure 4.5 shows a diagram of a fixed bed with notations used in developing the

performance equations.

Z Z+dZ Z=L

Figure 4.5 Diagram of fixed bed reactor

where: Cys o = bulk gas concentration of NH3, mol/cm’

Fnus = flow rate of NHs;, mol/s
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-r’nus = rate of disappearance of NHj; by reaction per mass of catalyst, mol/g.s

W = weight of catalyst, g

A, = cross sectional area of reactor, cm”

Z = distance through reactor, cm

V = volume through the reactor, cm’

=A..Z

Py = bulk density of catalyst bed, g/cm’

Material balance of NH; for a differential element of reactor volume (A.dZ) for a
steady state system :
Input of NH3 - Output of NH; = Disappearance of NH; by reaction
Fanis v - Fras lvaav = -I’ Nnspod V

Dividing all term with dV and taking the limit as dV goes to zero results

dF ,
st N
FNHS,odXNH3 = —I" p )

A dZ NH3 P

For an n™ order irreversible reaction, and no limitation of mass transfer effects (the
assumption is tested in Section 5.3.2), the following differential equation can be obtained
from Equation (4.1):

FNH3, 09X NH3

A Q7 = k' Chy3Pp (4.2)
Cc

(n=any number)
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4.6.1 Integral reactor

This method of analysis accounts for the variation in the reaction rate within
reactor. For all other isothermal reactions except zero order reactions, there is significant
variation in the reaction rate when there is a significant change in the reactant
concentration through the reactor. In this study, integral reactor analysis will be used for
reactions with the highest conversion of NH; higher than 45 %. The differential equation
(4.2) for the n™ order reaction, can simply be integrated to get the performance equation

as follows:

LA L - X)) 4.3)

Fyuso (1-n) (I-n)’ NH3,0

(n = any number except 1)

NH3,0 NH3,0

(4.4)

(n=1)
With the boundary condition at the entrance of the reactor used:

Xnz=0atZ=0

4.6.2 Differential reactor

When the variation of the reaction rate within the reactor is small, an average
rate of the reaction can be assumed to be constant through out the reactor with little
error. In this study, for reactions with the highest conversion of NH; lower than 45 %,

differential reactor analysis will be used.




From equation (4.1), change -1’nys to be -1’ N3 ave Which is constant at all points
within the reactor. For the n® order reaction, the following performance equation is

obtained:

FN‘H:;.O'XNH3 _ k' Cn
- NH3,ave

w (4.5)

T N3 ave = K Crasane

In(-r’Nu3,ave) = Ink’+ n In(Chnps,ave) (4.6)
(n=any number)
With the boundary condition at the entrance of the reactor:

Xnws=0atZ=0
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CHAPTER 5
RESULTS AND DISCUSSION

In this thesis, four catalytic reactions were studied in the temperature range from
550 °C to 750 °C. They were decomposition of NH3, oxidation of NH; by NO, oxidation
of NHj by O,, and oxidation of NH; by both O, and NO. Two species of fume
compounds (Na,CO;, and Na,SO,) were used in the experiments as the catalysts. All the
experiments were conducted in a fixed bed reactor. The inlet and outlet concentration of

NH; and also those of NO, were measured in each experiment.

5.1 Reactions in an Empty Bed

The purpose of the experimental runs in the empty bed was to test whether there
were gas phase reactions or catalytic effects of the reactor materials on the NH;
oxidation reactions. If the effects were significant, the empty bed reaction kinetics would
be used to correct with the kinetic data obtained for the fume catalytic reactions.

All reactor materials (quartz wool, and fritted quartz glass), except fume
compounds were the same as in the fume catalytic experiments. Reactions of NH; (with
inlet NH; = 500 ppm), NH3+NO (with inlet NH; = 250 ppm, NO = 250 ppm), NH3+O,
(with inlet NH; = 500 ppm, 1% O.), and NH3+0,+NO (with inlet NH; = 250 ppm, NO
=250 ppm, 1% O,) were tested at 550 °C, 650 °C, 700 °C and 750 °C at the same total

? gas flow rate of 13 cm’/s. Figure 5.1 shows the NH; conversions of all the reactions in

the empty bed in the range of temperature studied. At the temperature of 650 °C and
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lower, there was no NH; conversion detected for any of the reactions studied. At the
highest temperature studied (750 °C), for the reactions NHs, and NH;+O, the
conversions of NH; were 5%, and 8%, respectively, and no NO was detected. For the
reactions NH;+NO, and NH;+0,+NO at 750 °C, the conversion of NH; were 10%, and
15%, respectively. The outlet NO concentrations in both reactions were unchanged from

the inlet concentrations.

5.2 Conversion Data of Catalytic Reactions in Fixed Bed

For the convenience of the analysis later, the catalyzed reactions of NH; and
NH;+NO are grouped together when showing the data from the experiments. Also, the
other two reactions data of NH3+0O,, and NH;3+0,+NO are displayed together.

5.2.1 The reactions with Na,C(); as a catalyst in the fixed bed

5.2.1.1 NH; and NH;+NO reactions

The conversion of NH; as a function of temperature is shown in Figure 5.2 for
the reactions of NH;, and NH3+NO with Na,CO; as the catalyst in the reactor bed. The
inlet concentration of NH; was 500 ppm for the decomposition of NH; experiments. For
the oxidation of NH3 by NO, the concentration of NH; and that of NO were equal (250
ppm). In each run, the total gas flow rate was 13 cm’/s at 25 °C and the amount of

Na,CO; used was 3.0 £ 0.1 g. For both NH; reaction and NH;+NO reaction,
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Figure 5.1 NHj conversions as a function of temperature in the empty bed experiments
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Figure 5.2 NH; conversions as a function of temperature of the catalytic reactions NH3,
and NH3+NO with 3.0 0.1 g Na,CO; and a total flow rate of 13 cm®/s at 25 °C.
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there were conversions of NH; less than 5% at 600 °C or below. The conversions of

NH; at 750 °C were 25-26% (reaction of NH;) and 25-30% (reaction of NH;+NO). For

both reactions, the conversion of NHj increased with increasing temperature. At the

condition studied, NO conversion is shown in Figure 5.3. The NO conversion of the

reaction NH;+NO was less than 5% at 600 °C or below and was up to 18% at 750 °C.

20

15 4

10 +

NO conversion(%)

0 NH3+NO, 250 ppm NH3, 250
ppm NO

@ NH3+02+NO, 250 ppmNHS3,
250 ppm NO, 1% 02

550

650
T(°C)

700 750 800

Figure 5.3 NO conversions as a function of temperature of the reactions NH;+NO and
NH;+0,+NO, 3.0 £ 0.1 g Na,COs at a total flow rate of 13 cm’/s at 25 °C.

5.2.1.2 NH5+0; and NH;+0,+NO reactions

Figure 5.4 illustrates the conversion of NH; in the reactions of NH3+O, and

NH;+0,+NO with 3.0 g £0.1 g Na,CO; in the bed as a function of temperature. For the

reaction of NH;+O; (1% O,), two different inlet concentrations of NH; (250 ppm and
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500 ppm) with the same total flow rate of 13 cm’/s at 25 °C were tested. The NH;

conversions were significant at temperatures higher than 550 °C and were

120
A NH3+NO+02 (NH3inlet 250
100 ppm, NOinlet 250 ppm, 1% 02)
@ NH3+02 (NH3inlet 500 ppm,
3 1% 02)
E 80+ ;
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= 1% O2)
& 60+
c
o
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-20 j
Temperature (C)

Figure 5.4 NH; conversions as a function of temperature of the catalytic reactions
NH;+0; and NH;+0,+NO, 3.0 £ 0.1 g Na,COs at a total flow rate of 13 cm’/s at 25 °C.

almost 100% at 750 °C. For the reaction NH;+0,, the conversions of NH; with the
lower inlet NH; concentration (250 ppm) were slightly higher than those in the
experiment with the higher inlet NH; concentration (500 ppm) at 650 °C (5 percentage
points higher) and 700 °C (7 percentage points higher). At other temperatures, there
were no differences in the NH; conversions between the two sets of experiments. In the
reaction NH3+0O,, NO was found as one of the products. Figure 5.5 shows NO

production based on inlet concentration of NHj3 as a function of temperature for the




NH;+0; reaction. The maximum NO detected ranged from 28% to 37% of inlet NH; at
750 °C with 500 ppm NH; and 1% O, and 3.030.1 g Na,CO;. With 250 ppm NH3, the

maximum NO conversion found at 750 °C was 38% of the inlet NH3. From the figure,
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Figure 5.5 NO production as a function of temperature of NH3+O; reactions with two
different NH; inlets (500 ppm and 250 ppm), Na,COs 3.0 £ 0.1 g at a total flow rate of
13 cm’/s at 25 °C.

NO productions with both NHj inlet experiments yielded almost the same fraction at
each temperature. The NO concentrations produced from the 500 ppm inlet of NH;
were approximately twice those produced from the 250 ppm inlet of NH; at each
temperature. The highest concentration of NO produced was range from 140 to 184
ppm at 750 °C for the 500 ppm inlet of NHs, while it was 96 ppm for the 250 ppm inlet

of NH;. The amounts of NO produced were not equal to the amounts of NH; converted
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since NHj3 could be consumed by other reactions (NH; — H,+N; or NH;+NO —

H,;O0+N;,, for example) and NO could be reduced by NH; or the products of NH;

destruction. Figure 5.6 shows the fraction of moles NO produced per mole of NH;

reacted. The data from the plot seemed to have higher variation than the data of NO

produced based on NHj inlet. The possible explanation was that values of the variation

were magnified by the smaller values of denominators (NH; reacted < NHj inlet).

NO production(% NH3 conv.)

x NH3+02, 500 ppm NH3
= NH3+02, 250 ppm NH3

40
p &
X
35 4 x x
X
30 4+ X X
XX X " X
25 1 X - -
20 4 X
15 1 x
104 X
54
0 sape- $ + + +
500 550 600 650 700 750

Temperature (C)

800

Figure 5.6 Moles NO production per mole NH; reacted as a function of temperature of
NH;+0; reactions with two different NHj; inlets (500 ppm and 250 ppm), Na,CO; 3.0
0.1 g at a total flow rate of 13 cm’/s at 25 °C.

However the fractions of moles of NO produced per mole of NH; reacted seemed to be

constant (average 0.28) at the temperature range 600-700 °C and increase (average

0.35) at 750 °C.
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For the reaction of NH;+0,+NO, NHj inlet concentration and NO inlet
concentration were equal at 250 ppm with 1% of O, at a total flow rate(13 cm’/s at 25
°C). At temperatures higher than 550 °C, the conversion of NH; was above 10%, and,
similar to that of NH;+O, reaction, the highest NH; conversion was almost 100% at 750
°C. At other temperatures, the NH; conversions were close to those of NH;+0O, with
inlet NH; 250 ppm. The NO conversions based on NO inlet (or NH; inlet) was shown in
Figure 5.3. NO concentration was found to decrease at 550-750 °C. NO conversion,
increased at 550-650 °C, was highest (12-17%) at 650-700 °C and decreased at higher
temperatures. The possible reason is that, at temperatures higher than 650 °C, the rate of

NO reduction was balanced by the rate of NH; oxidation to produce NO.

5.2.2 The reactions with Na,SO, as a catalyst in the fixed bed

The amount of Na,SO, used in each experiment was 3.0 £ 0.1 g. All other

conditions were the same as in experiments with Na,CO;.

5.2.2.1 NH; and NH;+NO reactions

Figure 5.7 shows the NH; conversion as a function of temperature for the NH;
reaction, and that of NH3;+NO. The highest conversion of NHj; in the decomposition
reaction was less than 5%, while for the reaction of NH;+NO, the highest conversion
was 7% at 750 °C. The conversions in the empty bed experiments were 5% for NH; and

10% for NHs:+NO. For the NH:+NO reaction, the outlet concentration of NO did not
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change from the inlet concentration at any temperatures studied, which is the same result
as in the empty bed. The results indicated that the decomposition of NH; or the

oxidation of NH; by NO were not catalyzed by Na,SO; at the conditions studied.

5.2.2.2 NH,+0, and NH,+0,+NO reactions

For the reactions of NH;+0,, and NH3+0,+NOQO, the graphs between NH;
conversion and temperature are shown in Figure 5.8. Only one inlet NH; concentration,

500 ppm, was used in the experiments with Na,SOy for the reaction of NH;+0,. For
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Figure 5.7 NH; conversions as a function of temperature for the catalytic reactions of
NH; and NH;+NO, 3.0 0.1 g Na,S0,, at a total flow rate of 13 cm’/s at 25 °C.
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NH;+0; reaction, the NH; conversions were less than 10% and no NO was produced at
700 °C or below. The highest conversion of NH; was 17% and the highest NO outlet
concentration was 6 ppm (1% of NHj inlet) which were higher than the values in the
empty bed experiments (8% NH; conversion, and no NO produced) at 750 °C. For the
reaction NH;+0,+NO, 10% of NH; inlet or less was converted at 700 °C or below. At

750 °C, the NH; conversion was 22% which was higher than the conversion in

30
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@ NH3+02 (NH3inlet 500

15 + ppm, 1% 02)

—a— NH3+NO+02 (NH3inlet
250 ppm, NQOinlet 250
ppm, 1% Q2)
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NH3 conversion (% inlet NH3)
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Figure 5.8 NH; conversions as a function of temperature for the catalytic reactions
NH;+0,, and NH;+0,+NO, Na,S0, 3.0 0.1 g, at a total flow rate of 13 cm’/s at 25
°C.

the empty bed experiment (15%). The outlet NO concentration was approximately equal
to the inlet NO concentration throughout the temperature range (the maximum

difference was 3% of NO inlet at 750 °C).




49

5.2.3 Summary of initial tests

The NH; conversion data of the reactions in empty bed indicated that the gas
phase reactions or the catalytic effect of the reactor materials could be ignored at 700 °C
or below. For the NH; and NH;3+NO reactions, the NH; conversions in the empty bed
were about 25% to 30% of the conversions in the Na,CO; bed and were equal to the
conversions in the Na; SO, bed. For the reactions of NH;+0, and NH3;+0,+NO, the NH;
conversions in the empty bed were 8% to 15% of the conversions in the Na,CO; bed
and were 50% to 70% of the conversions in the Na,SO, bed at 750 °C.

For the experiments in the Na,CO; bed, the reactions of NH3+0, and
NH3+0,+NO had considerably higher NH; consumptions than those of NH; and
NH;+NO at temperatures above 550 °C. For the first two reactions, the highest
conversions were approximately 100% at 750 °C, while for the latters were 25-30%
at 750 °C at the conditions studied. The kinetic data of all the reactions in the Na,CO;
bed should be corrected with the empty bed data at 750 °C.

For the experiments in the Na,SO, bed, the reactions of NH;3+0, and
NH;+0,+NO also had higher NH; consumptions than those of NH; and NH3;+NO at
temperatures above 550 °C. For the first two reactions, the highest conversions were 17-
22% at 750 °C, while for the latter, the highest conversions were 4-7% at 750 °C. The
comparison with the empty bed data suggested that there was no catalytic effect of
Na;SO, on the NH; and NH3+NO reactions at any temperature studied, while the
catalytic effect on the reactions of NH;+0, and NH;+0,+NO initially showed at 750 °C,

they were insignificant, comparing to those occurred in the Na,CO; bed.




In conclusion, the data of the NH; conversions over fume compound beds,

indicated that Na,COj3 had higher catalytic effect than Na,SO4 did on the reactions at

the conditions. So, the kinetics of the reactions in the Na,CO; bed were to be studied.

5.3 Global Catalytic Reaction Rate of NH;

Kinetic data for each interesting catalytic reaction (all the reactions over
Na,COs) was obtained by either differential reactor or integral reactor analysis. The
maximum conversion of NH; for each reaction was considered the main factor in
selecting the interpretation method. Different experiments were used for differential
reactor and integral reactor analysis to obtain data for the determination of the reaction
orders and the rate constants.

For the reaction of NHj3 and the reaction of NH3+NO for which the highest
percent conversions of NHj at the studied experimental conditions were less than 45%,
the differential reactor analysis was accepted. The following equation was derived from
the NH; mole balance in a fixed bed reactor to interpret the experimental data, assuming
steady state of the system. The derivation of the equation was shown in Section 4.6 of
Chapter 4. |

FNH3,0° XNH3 =k' C»
W NH3,ave ( 4 5)
—T' Nus.ave = K' CRas ave

In(-1' \gg3 e ) =10k’ +nIn(Cry;, ... ) (4.6)

(n= any number)
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Equation (4.6) yields the relationship between the average rate of reaction of NHj
(-r’Nm3.ave), the average concentration of NH3 (Cyus ave), the reaction order, and the rate
constant for a differential reactor. The experiments were conducted by varying only
Cxus,in- The experimental results yielded a set of different NH; conversions which were
used to calculated -r’nu3,ave. A graph between In(-r’nus ave) @s Y-values and In(Cnus ave) as
X-values should give a straight line which the slope value equals to the reaction order
(n) and the Y-interception can be used to determine the rate constant (k’).

For the reaction of NH3+O, and the reaction of NH;+0,+NO, the highest
percent conversions of NH; were almost 100% at the experimental conditions studied.
Integral analysis of the integral reactor was used for these reactions. The following
equations derived in Section 4.6 in Chapter 4 were used for this analysis method in the

interpretation of the experimental data

, W 1 1 -n 1
k = - (1= X)) '™} =
Fauso (I1-n) (I1-n) NH3,0
1 1 1 (4.3)
Yo = - (=X yps) ™
Define Yo {(1 o o ( NH3) ) s
(n=any number except 1)
K= = (- X ) —
NH3,0 | NH3,0 (44)
Define Yist =~ In(1—Xyy3)
NH3,0

(n=1)
Equations (4.3) and (4.4) relate the conversion of NH3, the reaction order, the rate

constant, and other experimental variables such as weight of catalyst used in the reactor
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(W), feed rate of NH; (Fnis o), etc., for the integral analysis of integral reactor. The
experiments were performed by varying W, while other experimental variables were kept
constant. The experimental results yielded a set of different NH; conversions which were
used to calculated the right hand sides of Equation (4.3) with an input value of the n™
order and of Equation (4.4) defined as Y. and Y4, respectively. For the n® order
reaction, a plot of Y,y as Y-values and W/Fnp,, as X-values should give a straight line
going through the origin which the slope equals to the rate constant (k’). For the 1%
order reaction, a plot of Y, as Y-values and W/Fyus, as X-values also yields the same

line as characteristics.

5.3.1 Reaction order test

5.3.1.1 Reaction of NH;

The experiments to find the reaction order were performed by varying the inlet
concentration of NH; from 115 to 500 ppm for the same total flow rate (13.0 cm’/s at
25 °C). The reactor temperature was set at 750 °C. The amount of Na,CO; used was 3.0
g. The data of the NH; conversions from the different NH; inlet concentrations are
shown in Table 5.1. It was found that the NH; conversions depended on the inlet
concentrations of NHj;. The lower the concentration of NHj, the higher the conversion
of NH; was. This implied that the reaction order was lower than first order. The plot of

In(-r’Nm3,ave) and In(Cnmis ave) according to Equation (4.6) for the differential reactor
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analysis is shown in Figure 5.9. The reaction order value obtained is 0.53 with respect to

NH; concentration.

Table 5.1 Results of NH; conversions from the different NH; inlets with 3.030.1 g,
Na,CO; total flow of 13.0 cm®/s 25 °C, at reactor temperature 750 °C

NH,; inlet concentration (ppm) NH; conversion (%)
455 26
453 25
274 27
243 34
115 45
- -20.5 -20 -19.5 -{9

-17.90 +

y =0.5334x - 7.5627
R? = 0.9326

-18.00 +
-18.10 +

-18.20 +

-18.30 +

In(r )

-18.40 +

-18.50 +

In (cNHle.)

Figure 5.9 Differential reactor analysis of the NH; reaction with NH; = 115 to 500 ppm,
and 3.0 £0.1 g Na,COs, total flow 13.0 cm’/s 25 °C at 750 °C.
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5.3.1.2 Reaction of NH;+NO

The effect of NO on the NH; conversions was tested by varying the inlet
concentration of NO from 0 to 1253 ppm, while the inlet concentration of NH; was kept
constant at 250 ppm. The total flow rate was 13 cm’/s at 25 °C and the experimental
temperature was 750 °C. The amount of Na,CO; used was 3.040.1 g. Figure 5.10.1
shows the relationship between NH; conversion, and NO conversion and the inlet
concentration of NO used in the experiments. The NH; conversion varied from 28%
(average point at 250 ppm NO) to 34% (the conversion dropped initially from 34 to
28% when NO concentration was changed from 0 to 250 ppm). As the concentration
was further increased from 250 to 1250 ppm, the NH; conversion increased from 28-
34%. One possible explanation for this behavior is that, initially, when NO is added, the
rate of NO disappearance decrease because NO occupies catalytic sites and prevent NH;
from adsorbing on them. As NO concentration is further increased, the rate of the
reaction NH3+NO increases and the overall effect is that the rate of NH; disappearance
increases. For the purpose of this work, however, it seemed that the effect of NO on the
NH; conversion was insignificant. So the global rate of NH3;+NO obtained was based on
only NHj concentration. The NO conversion is shown in the same figure. The moles of
NO consumed per mole of NH; consumed varied from 0.58-0.93, being the highest at
high NO concentration. The explanation of the effect of NO on NO conversion is given
in the section of NO analysis in the reaction NH;+NO (Section 5.4).

Experiments in which the inlet concentration of NH; was varied, were conducted

at the same condition (750 °C). The NH; inlet concentration was varied from 150 to 400
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ppm while the inlet concentration of NO was constant at 250 ppm. Figure 5.10.2 shows
the relationship between NH; conversion and NO conversion, and the inlet concentration
of NHj; used in the experiments. It is found for this reaction as well that the conversion
of NH; depended on the inlet concentration of NH;. The NH; conversion was lower

when the inlet concentration of NH; was higher. This suggests a reaction order which is
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% 30 + g a B % NH3 conversion (% of NH3
8 = inlet)
R i o © NO conversion (% of NO inlet)
O
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Figure 5.10.1 Effect of NO inlet on NH; conversion and NO conversion of the NH;+NO
with 0-1250 ppm NO, 250 ppm NHj, and 3.0+0.1g Na,CO;, flow rate 13 cm’/s at 25 °C
at 750 °C

lower than first order. The relationship between -1’ nus ave and Cnms ave according to

Equation (4.6) is illustrated in Figure 5.11. The global reaction order from the plot in

Figure 5.11 is 0.48 with respect to NH; concentration. The reaction order found seemed
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Figure 5.10.2 Effect of NH; inlet on NH; conversion and NO conversion of the
NH;+NO with 150-400 ppm NHj3, 250 ppm NO, and 3.040.1g Na,COs, flow rate 13
cm’/s at 25 °C at 750 °C

to be insignificantly different from that of the reaction NHj, thus the reaction order of

NH;+NO was accepted to be 0.53 for the purpose of reaction rate comparison.

5.3.1.3 Reaction of NH;+0,

According to Equation (4.3) and (4.4), the kinetics of the NH3+O, were obtained
by the experiments in which the amount of Na,CO; (W) was varied. The weight ranged
from 0.38 to 1.53 g. The inlet concentration of NH; used was 500 ppm with 1% O, at a
total flow rate of 13.0 cm’/s at 25 °C for all runs. The temperature was 750 °C. The

method of trial and error was used for the n® order reaction to find the order of reaction
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Figure 5.11 Differential reactor analysis of the NH3+NO reaction with 115-400 ppm
NH;3, 250-1250 ppm NO, and 3.0+0.1g Na,CO;, flow rate 13 cm’/s at 25 °C at 750 °C

(n) which gave the highest value of R* for a straight line through origin for a plot
between Yy and W/Fnus,, (shown in Figure 5.12). The order of 1.27 with respect to
NH; was found. However for the first order reaction plot, R? is not significantly different
from that for the 1.27" reaction order(shown in Figure 5.13). Within the uncertainty of

the data, the first order reaction with respect to NH; seems to be acceptable.

5.3.1.4 Reaction of NH;+0,+NO

The experiments were similarly performed by varying the amount of Na,CO;
from 0.38 to 1.53 g, while the inlet concentration of NH; and that of NO were equal to

250 ppm with 1% O, at a total flow rate of 13.0 cm’/s at 25 °C. The temperature of the
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reactor was 750 °C. The method of trial and error for the n® order reaction was used.

Figure 5.14 shows the result for the reaction order of 1.2 with respect to NH; which

gave the best fit to the experimental data (highest value of R?). The fit of the first order

reaction expression (shown in Figure 5.15) did not give a R* value significantly different

from that of the 1.2® reaction order. Within the uncertainty of the data, the first order

reaction with respect to NHj is acceptable.

5.3.2 Examination of mass transfer effects on the global reaction rate

An intrinsic rate of reaction can be obtained when the chemical kinetic rate

controls the overall rate of reaction. Two types of mass transfer processes which may
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ppm NO =250 ppm, 1% O, 3.010.1g Na,CO;3, 13 cm’/s (25 °C), at 750 °C.

affect the reaction rate in a porous solid catalyst, are film mass transfer and pore
diffusion. In this study, the effect of film mass transfer process was investigated by both
experiments and a theoretical criterion (Mears’ criterion, Fogler, 1992). The tests were
conducted at the temperature which yielded the highest rates of reaction (750 °C). The
amount of catalyst and the total flow rate were reduced to half of the values used in the
kinetic data experiment. This condition yielded the same residence time but a
differentgas velocity. The reaction NH3+O, was chosen for the test of the film mass
transfer effect. Other reactions studied were investigated by using the rate of reactions

from the experimental data to evaluate the Mears’ criterion. The effect of pore diffusion
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was examined by the Weisz-Prater criterion (Fogler, 1992). The experimental data of all
the studied reactions were used to evaluate the satisfaction of the Weisz-Prater criterion.

The results of the test for the mass transfer effect and the calculations are shown
in Table 5.2. For the film mass transfer resistance test of the NH;+O, reaction, the

higher gas velocity gave a higher NH; conversion (2-4 percentage points higher). The

Table 5.2 The evaluation of mass transfer effects of the reactions at 750 °C

Reaction Weight, Total Flow | NH; ,ppm % NH,3 Mears’ Weisz-Prater
W.g rate, cm’/s inlet converse. | criterion criterion
NH3+0, 1.53 6.3 488 94 0.0042 0.039
1.53 6.3 488 96 0.0042 0.039
3.09 12.3 475 98 0.0028 0.037
NH;+0,+NO 3.05 13.2 241 99 0.0041 0.055
NH,3 3.07 12.7 451 25 0.0001 0.002
NH;+NO 3.09 12.5 236 30 0.0001 0.002

the Mears’ criterion < (.15, no film mass transfer limitation
the Weisz-Prater criterion << 1, no pore diffusion limitation

variation in the NH; conversions could have been caused by the effect of mass transfer
or the uncertainty in fhe data since the difference was of the same order as the
uncertainty in the measurement (Section 5.6). However, the Mears’ criterion was
satisfied for all the reactions studied at 750 °C. For the investigation of pore diffusion
control, the Weisz-Prater criterion was satisfied for all the reactions studied at 750 °C. In
conclusion the mass transfer effects could be ignored at 750 °C. For the conditions at

temperatures lower than 750 °C, the reaction rates are slower, which causes the mass




transfer effects to be less important, too. So, it can be concluded that neither film

transfer control nor pore diffusion control are important at the experimental conditions
studied.
The calculation of Mears’ criterion and the Weisz-Prater criterion are shown in

Appendix E and Appendix F, respectively.

5.3.3 Kinetic rate constants and Arrhenius plots

The experiments in the empty bed showed the possibility of gas phase reactions
occurring at 750 °C. So the rate constants obtained from the performance equations are
the total rate constant (k’.) Which should be correlated with the rate constants of the
gas phase reactions (kempy) for the data points at 750 °C. With the assumption that the
reactions in the gas phase have the same reaction order as the catalytic reactions,
Equation (5.1) shows the correlation of the rate constant as described.

K total = k™ + Vioned/ W*Kempty (5.1)
where

Kot = obsc_rved kinetic rate constant, (cm’ )“/mol(“'l).g.s

k’ = kinetic rate constant of the catalytic reaction, (cm®)*/mol®".g.s

Kempry = Kinetic rate constant of the gas phase reaction, (cm’/mol)®"/s

where

n = reaction order
Vane = volume of the gas phase reaction zone, cm’

= t%(d/2)**h, =31cm’
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d.  =diameter of reactor, cm =13 cm
h;  =the length of reactor which has uniform temperature,cm =23 cm
w = weight of catalyst used in the catalytic reaction, g

The values of kempy for each reaction are calculated from the reaction rate equation of
homogeneous reaction with differential reactor analysis. The equations are shown here:
-1’ NH3,ave = Kempty ¥ (CE3,ave)” , mol/cm’.s
Frus o * X3/ Vaone = Kempty ™ (Ctiz ave)” (5.2)
The value of kempy of the reactions at 750 °C are shown in Table 5.3. At other

temperatures, the reaction in the empty bed reaction was insignificant.

Table 5.3 Kempty Of the reactions at 750 °C

Reaction Kempty

NH; (n=0.53) 1.00%10°  , (mol/em®)®*"/s
NH;+NO (n=0.53) 1.30%10°  , (mol/em®)®*"/s
NH;3+0, (n=1) 0.12 , 1/s
NH;+0,+NO (n=1) 0.23 , 1/s

5.3.3.1 Reactions NH; and NH;+NO

Since differential analysis according to Equation (4.6) was used for both
reactions, the method of calculation of the kinetic rate constant is the same. The reaction

orders of the reactions (n = 0.53 for the NH; and the NH;+NO) which were derived at




750 °C, are assumed to be valid at other temperatures studied (550-700 °C). At each
temperature, the data from the experiments are directly inserted into the correlation
equation (4.6), and the rate constants (k’) are calculated. Except at 750 °C, the value of
rate constant obtained is the total rate constant (k’ ). Once k' is known, k’ can be
calculated from Equation (5.1). Both the rates of reaction and rates constant used in this
study are based on weight of catalyst. The units of the reaction rate and the rate constant
are the same for all reactions (mol/g.s), according to the same reaction order. The
temperature dependencies of the reaction rate coefficients according to Arrhenius’ law
can be illustrated by a plot between In(k’) and 1/T. The slope contains the term of the
activation energy of the reaction (E, kJ/mol). Figure 5.16 shows the Arrhenius plot of
both reactions.

The results shows that the activation energy of the decomposition of NHj is
9813 kJ/mol (95% confidence interval), while the activation energy of the NH; oxidation
by NO is 1036 kJ/mol (95% confidence interval) in the temperature range studied.
Since the kinetic data of the reactions indicates that neither the n™ orders nor the
activation energies are significantly different, the change of the reaction order of the
NH;+NO to be the same as that of the NH; would make no critical error. The average
reaction rate constants at each temperature studied are shown in Table 5.4. The reaction
rate constant data shows that the rate of NH; decomposition is slightly faster than the
rate of the reaction NH;+NO at the temperatures studied.

The kinetic data of the reactions can be summarized as follows: the reaction

orders with respect to NH; and the activation energy values are apparently the same
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(0.53"™ order with E = 98+3 kJ/mol for the decomposition of NH; and the NH; oxidation

by NO). NO consumption in the reaction NH;+NO was also present but the rate of NH;

disappearance was independent of the NO concentration. One explanation is that NO
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Figure 5.16 The temperature dependencies of the rate constants according to Arrhenius’
Law for the NH; reaction (n=0.53), at NH; = 500 ppm, and the NH3+NO reaction
(n=0.53), at NH; = 150-400 ppm, NO = 250 to 1250 ppm, in the studied temperature

ranges

Table 5.4 The average reaction rate constants of the NH; reaction and the NH3+NO
reaction with Na,COj; at temperatures studied

Temperature, °C

Reaction of NH;

Reaction of NH;+NO
k’, (m010.47(cm3)0.53/g.s)

k,, (m010.47 (cr:l3)0.53/g.s)

550 - -
600 - 3.90%10°
650 1.08%10™ 8.40%10°
700 2.09%10™ 1.67*10™
750 3.80%10" 3.11*10™

Note: (*) no reaction observed at the temperature
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may be reduced by the products of NH; decomposition (H;).The details of a rate of NO
reduction in the NH;+NO are illustrated and discussed in the NO analysis in the

NH;+NO in Section 5.4.

5.3.3.2 Reactions NH,+0, and NH,+0,+NO

The rate constants of the two reactions can be obtained by Equation (4.5) for
first order reaction in an integral reaction. The experimental data at each temperatures
are used to calculate the rate constants separately. At 750 °C, the total rate constant
(k’wta1) 1s used to calculate the catalytic rate constants (k’) from Equation (5.1). The
temperature dependencies of the rate constants according to Arrhenius’ law are shown
in Figure 5.17. The rate constants of both reactions at different temperatures are
exhibited in Table 5.5. In the Arrhenius plot, the two reactions seem to be almost
indistinguishable. The activation energy value of NH3+0; is 17023 kJ/mol and that of
NH;3+0,+NO is 185+42 kJ/mol. Considering from the reaction rate constant, the
reaction rates of NH3;+O,+NO at NO inlet 250 ppm are slightly higher than those of

NH;+0; at temperatures above 600 °C.

5.4 Analysis of NO in the Reaction NH3;+NO

Nitric oxide (NO) is the other interesting species in this study as one of the

reactants and/or the products of NH; oxidation.
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Figure 5.17 The reaction rate constants of the NH;+0O; reaction (n=1), at 500 ppm and
250 ppm NH; with 1% O,, and the NH3+0, +NO reaction (n=1), at NH; 250 ppm, NO
250 ppm and 1% O,, with Na,CO; at temperatures studied

Table 5.5 The reaction rate constants of the NH;+0O, reaction and the NH;+0,+NO
reaction at NO inlet 250 ppm with Na,CO; at temperatures studied

Temperature, °C Reaction of NH; +0, Reaction of NH3+0,+NO
k’, (cm’)/g.s k’, (cm’)/g.s
550 0.498 0.483
600 2.06 2.27
650 7.30 9.02
700 22.7 31.1
750 63.3 95.0

The results of NO conversion shown in Figure 5.10.1 and Figure 5.10.2 indicated

that the NO conversion was increased by an increase in NHj inlet concentration and was
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decreased by an increase in NO inlet concentration at 750 °C (with the exception of the
measurement at 322 ppm NO). With 250 ppm NH; and 250 ppm NO, the highest NO
conversion was 18% at 750 °C. This makes NO reduction in the presence of NH; over
Na,CO; interesting.

The kinetics of the rate of NO consumption was found by differential analysis
(Equation 4.5) since the highest NO conversion was less than 45%. The method was the
same as that for the rate of NH; consumption. First, the reaction order of NO reduction
with respect to NH; concentration was studied by experiments in which NO was kept

constant at 250 ppm and NH; was varied from 150 to 400 ppm with 3.04£0.1 g Na,COs

1200
OO
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Figure 5.18.1 The plot to find the reaction order with respect to NH; concentration for
the reaction NH;+NO with 150-400 ppm NHj3, 250 ppm NO, and 3.0 g Na,CO; at 750
°C.
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at 750 °C. The slope of a plot between In(-1’no,ave) and In(Cnus ave) 1s equal to the
reaction order (nth) with respect to NHj; inlet concentration (shown in Figure 5.18.1).
The order with respect to NH; was found to be 1.4. The reaction order of NO
reductionwith respect to NO was tested by experiments in which NH; was constant at
250 ppm and NO was varied from 250 to 1250 ppm with 3.030.1 g Na,CO; at 750 °C.
The plot between In(-r’noave) @and In(Cnoave) yields the slope as the value of reaction
order (n th) with respect to NO inlet concentration (shown in Figure 5.18.2). The order
with respect to NO was found to be 0.4. The reaction rate constants at different
temperatures were found from the reaction rate equation:
-I'No,ave = K (Cnms ave )1'4(CNo,avc) 04 (5.3)
where -1’noave = average rate of reduction of NO, mol/g.s
k’ = reaction rate constant of NO reduction, (cm*)**/mol®%. g.s
Chmzave = average concentration of NHj, mol/cm’
Croawe = average concentration of NO, mol/cm’
The rate constant obtained at 750 °C did not need to be corrected by Kempry because no
NO consumption occurred in the empty bed experiments. The temperature dependency
according to Arrhenius’ law is shown in Figure 5.19. The activation energy from the plot
is 100+24 kJ/mol (95% confidence interval). The activation energy found was close to
that of the rate of NHj disappearance in the reaction NH3+NO (10316 kJ/mol). The
average rate constants at different temperature are shown in Table 5.6. The result of
kinetics indicates that the NO consumption rate depends more on the NH; than the NO

concentration.
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Figure 5.18.2 The plot to find the reaction order with respect to NO concentration for
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Figure 5.19 Temperature dependency of the rate of NO reduction according to
Arrhenius’ law for the reaction NH3;+NO at the temperatures studied.
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Table 5.6 The NO reaction rate constants of the NH;+NO reaction with NH; 150 to 400
ppm, NO 250 to 1250 ppm and 3.0+ 0.1 g Na,COs; at temperatures studied

Temperature, °C Reaction of NH; +NO
k’, (cm’)**/g.s.mol*?
550 -
600 2.74*10°
650 5.79*10°
700 1.13*10’
750 2.07*10’

5.5 Prediction of the Importance of NH; Oxidation Catalyzed by Fume Species in a
Recovery Boiler

In this section, data of a typical recovery boiler were combined with laboratory
data to roughly estimate the importance of NH; oxidation by fume species in a recovery
boiler. The detailed calculations to estimate the fraction of NH; oxidized by fume
compounds in a recovery boiler are shown in Appendix G. The recovery boiler data used
are shown in Table G.1. The estimation was limited to the data set shown only.

First, a potential reaction zone of NH; oxidation by fume compounds in a
recovery boiler was defined. The experimental results indicated that the catalytic activity
of Na,CO; was substantially higher than that of Na,SO, in promoting NH; oxidation at
the temperatures studied (600 to 750 °C), while the oxidation data were insignificant
over both Na,CO; and Na,;SO;4 at 550 °C. If it is assumed that the reaction mechanisms
were the same at higher temperatures (> 750 °C), the possible reaction zone could be the

location in the boiler where fume particles are primarily composed of Na,CO; and the
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temperature is higher than 550 °C. It has been found that the fraction of Na,SQO, in
submicron fume particles increases as the furnace height increases, as referenced in
Section 3.2 in Chapter 3. Na,CO; was almost the only component in fume particles
found above the char bed surface, while Na,SO, was the major component of fume at
the outlet of the boiler. The Na,SO, content in fume particles was 64% at the tertiary air
level while at the furnace outlet it was 96% Na,SO, (Rizhinshvili and Kaplun, 1983).
The gas phase above the char bed contains mostly N;, CO,, O, and H,O with only a
small amount of SO, (1 ppm) and thus very little Na,SOy, is formed (Borg et al., 1974).
The concentration of SO, in the gas phase increases significantly near the tertiary air
level and is enough to convert Na,CO; to Na,SO; gradually. The average furnace gas
temperature is about 1100 °C in the lower furnace (for black liquor loading of 0.18
kg/s.mz) (Adams and Frederick, 1985). Thus the possible reaction zone was defined to
be from the char bed surface to the tertiary air level. The average residence time in this
reaction zone was 1.3 s for a black liquor loading of 0.18 kg/s.m’.

Second, each fume particle was assumed to be a spherical liquid droplet. The
temperature of the flue gases in the reaction zone (1100 °C) was higher than the melting
point of Na,CO; (850 °C). In fact, the fume may be molten at lower temperatures as well
because of eutectics formed with other fume species. Mikkanen et al.(1994) studied
particle size and chemical species distributions of aerosols generated during kraft black
liquor pyrolysis and combustion. In experiments conducted in a recovery boiler with two
different black liquor sources (hardwood, and softwood), the dominant fume particle

size was 0.7 pm on an average. The diameter of the fume droplets in the boiler was
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assumed to be 0.7 pm. The rate of fume generation in recovery boilers is not known.
Borg et al. (1974) reported that, on average, 9% of Na fed into the boiler becomes
fume. The average 68% of the fume was taken to be Na,CO; within the reaction zone.
This gave 391 g/s as the total amount of Na,CO; generated in a boiler with the firing
rate 14.22 kg BLS/s which also yielded the total surface area of 1.8%10” cm?s.

The amount of NH; released during black liquor combustion in a recovery boiler
was estimated based on the study of Aho et al.(1993). The study suggested that
depending on the type of liquor, 10-30% of fuel nitrogen in black liquor was released as
NHs. The average nitrogen content of kraft black liquors is about 0.11% weight of dry
solids (Nichols et al., 1993). The total amount of the flue gas generated is 664 kg/ 100
kg BLS with 15% excess air (Adams and Frederick, 1988) and the average flow rate
corresponding to the amount of flue gas is 390 m*/s. In accordance with these data, the
NH; concentration is 33-99 ppm. Pianpucktr (1995) reported that the nitrogen release
during black liquor pyrolysis in a laminar entrained flow reactor was 58% of fuel
nitrogen at the shortest residence time 0.3 s, at the temperature 1100 °C and that little N
was released after this. So it could be assumed that all NH; had already been produced
at the beginning of the residence time in reaction zone.

The NH3 consumption was calculated by the rate equation of NH3+O, catalyzed
by Na,COs. The rate of reaction based on weight of Na,CO; was changed to be based
on Na,CO; surface area by dividing it with the BET surface area. The rate obtained is
shown below:

I"win = 1.62%107 cmy/s* EXP((-20400 K)/T) *Cyps 5.4
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It was assumed that the fume droplets and the flue gas had the same velocity (i.e. that
the terminal velocity of the fume particles was zero), perfect radial mixing and no axial
mixing. It was further assumed that all fume and NH; were produced instantaneously at
the base of the reaction zone, and the structure and composition of fume were
unchanged.

Integrating the rate equation yields NH; conversion as a function of temperature,
total surface area of Na;COjs (Snazcos, cm?/s ), total flue gas flow rate (Vg, cm’/s), and
average residence time(tavg , S€C).

1.62*%107 cm/s* EXP((-20400 K)/T) Sxe2co3 tavg /VE = -1n(1-XN}Bj (5.5)
The oxidation of NH; over Na,CO; was found to consume 29% of NH; at the average
residence time from char bed to the tertiary air port (1.3 s). The conversion obtained
indicates that the rate of NH; oxidation catalyzed by fume compounds even though
leading to a measured conversion may not be fast enough to account for the conversion
of NH; in recovery boilers. In fact, most of NHj is believed to be converted to other N
compounds rapidly in the lower part of a recovery boiler. So this suggests that there
could be other dominant reactions to efficiently consume NHj in a recovery boiler.

This rough estimation may be useful for a comparison of the importance of NHj
with other possible reactions. Examples of competing reactions are char catalyzed
reactions, and gas phase reactions.

The validity of the estimation is discussed in the following paragraph. A
significant source of uncertainty in the model is the extrapolation of the kinetic data from

750 ° to 1100 °C. The mechanism of the reaction and thus the rate may be considerably
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different at 1100 °C. Fume is solid at 750 °C and molten at 1100 °C which make a
possible change in the reaction mechanism. The conditions in the boiler were assumed to
be constant with respect to temperature, gas flow, and fume amount and composition,
All of these vary with the location in the boiler. For reaction rate estimation, the use of
an average temperature often leads to serious errors, because of the exponential
temperature depending of the reaction rates. The assumptions of an average fume
amount and composition may not be as detrimental to the estimation. The location of
NH; release in the boiler may neither be as important. The validity of the assumption of
the gas flow and patterns in the boiler are also essential for the accuracy of the
estimation.

So to make this estimation more realistic a computational fluid dynamics model
preferably including fume and generation models should be used, such model are
currently developed (Grace, 1995). A study of the reaction over molten fume is also

needed to give the real kinetic data.

5.6 Sources of Error

The measurement of NH; concentration was the major source of error in these
experiments. One reason was that NH; can easily be adsorbed on the surface of gas lines
or sampling system. Even though heating tape was used to warm part of the lines, some
of NH; might have been lost in the experimental system. The other reason was a use of a
different path of gas flow when the inlet and outlet concentration of NH; were

measured (flow through by-pass or reactor). Due to the flow rotameter inaccuracies, and
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the difficulty of adjustments of the constant flow. The inlet concentrations with gas
flows through the by-pass and the reactor may not have been the same. In most cases,
the calculation and the measured inlet concentration were within 10%.

Errors in the values of NH; concentration caused variations in the conversion
data (Xnu3) which were used to obtain the reaction kinetics. The estimation of these
errors is shown in Appendix H. The relative error of Xy is related to the absolute error
of the inlet concentration of NH; (ACyus ) and that of the outlet concentration of
NH;3(ACnis). The value of ACnws, is depend on the absolute errors of the rotameters
(5% of the flow rate in the rotameter) and that of the concentration in the gas cylinder
used (1% of the concentration in cylinder). The value of ACnys depends on the absolute
error of the NH; measurement (5% of outlet NH; concentration).

The reaction in which more rotameters were used have larger errors in
conversion data. In the reaction of NHj3, only one rotameter was used, in the NH3+O,
two rotameters, in the NH;+NO three rotameters, and in the NH3+O,+NO four of them.
For the reaction of NH;, the highest relative error in Xyus was 100% found at the lowest
Xnus (6%), and the lowest relative error was 20% at the highest X (25%). For the
reaction of NH;+0,, the highest relative error of Xy was 150% at the lowest Xai
(4%), and the lowest relative error found at the highest Xnus (92%) was 1%. For the
reaction of NH;+NO, the highest relative error found was 550% at NH; conversion of
2%, and the lowest relative error found was 27% at 30% NH; conversion. For the

NH;+0.+NO, the highest relative error found was 220% at 5% conversion of NH;,




while the lowest was 1% found at the 96% NH; conversion. The calculation results

suggested that there were high relative errors at low NHj conversion.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 Conclusions

The catalytic effect of recovery boiler fume compounds on NH; decomposition,
NH; oxidation by NO, NHj; oxidation by O,, and NH; oxidation by O, and NO were
studied in the temperature range 550-750 °C. The gas inlet were NH; 115-500 ppm for
the NH; reaction, NH; 150-400 ppm and NO 250-1250 ppm for the NH3+NO reaction,
NH; 250 ppm and 500 ppm with 1% O, for the NH;+O; reaction, NH; 250 ppm and NO
250 ppm with 1% O, for the NH;+0,+NO reaction at a total flow rate 6.3-13.0 cm’/s,
25 °C. The amounts of Na,CO; ranged from 0.38-3.010.1 g and that of Na,SO4 were
3.010.1 g. The conclusions from the study are stated as follows:
1. The reactions of NH; consumption over Na,COs; occurred significantly at 600-750 °C.
In the presence of O,, the highest NH; conversions of the reactions (NH;+0; and
NH;+0,+NO) were almost 100% at 750 °C, while the conversions were 26%, and 25-
30% for those without O, (NH;3 and NH3;+NO).
2. The effect of Na,SO, on the studied reactions was insignificant at the experimental
conditions. So only the kinetics of the reactions over Na,CO; were obtained.
3. The rate of NH; disappearance in the reaction NH;+NO was the same as that of NH;

decomposition.
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4. The reaction order with respect to NH; concentration of the NH3 decomposition and
the reaction NH3;+NO was 0.53 and the activation energy was 983 kJ/mol at 95%
confidence interval in the temperature range studied.

5. NO in the reaction NH;+NO was also consumed (up to 18% at 750 °C). The NO
conversion was increased by an increase of NHs.

6. The first order reaction with respect to NH; concentration was accepted for the
reaction NH;+0, and the reaction NH3;+0O,+NO in the temperature range studied. The
activation energies were 170323 kJ/mol and 185142 kJ/mol (95% confidence interval),
respectively.

7. For the reactions in the presence of O, the rate of NH; disappearance was also
promoted by the presence of NO.

8. NO was produced in the reaction NH;+O,. The average fraction of NH; reacted that
formed NO was 0.28 at the temperature range 600-700 °C and 0.35 at 750 °C.

9. NO disappearance in the reaction NH;+0,+NO was highest at 650-700 °C. At 750
°C, the conversion decreased possibly due to an increase in NO production in the
reaction.

10. A simple model for the estimation of the importance of the reactions gave an NH;
conversion of 29%. This suggests that other reactions of NH; consumption maybe

significant.
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6.2 Recommendations for the Future Work

The recommendations for future studies are as follows:
- Study NH; oxidation over other catalysts found in recovery boilers such as black liquor
char. Estimate the importance of the reactions in the recovery boiler.
- Study NH; oxidation by molten and gas phase fume compounds in laminar entrained
flow reactor.
- Use of a computational fluid dynamics to predict the importance of the reactions in

recovery boiler.
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APPENDIX A
FLOWMETER CALIBRATIONS
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APPENDIX B
FT-IR CALIBRATIONS
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Figure B.1 NO FT-IR calibration curve
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Figure B.2 NH; FT-IR calibration curve

The concentrations were measured by Apply Correction mode from FT-IR.




For a differential reactor, the NH; consumption rate can be calculated from

where

APPENDIX C
NH; REACTION RATE CALCULATION (-r’nms)

I N3 ave = s o™ Xis/ W
-I’Nm3,ave = Tate of reaction of NHj, mol/gs
W = weight of the catalyst used in the fixed bed, g
Fruso = NH; feed rate, mol/s
= P*V**C n3,0¥10°%/(R*298 K)
V’ =total gas volumetric flow rate, cm’/s at 25 °C
P = total pressure, atm
R = ideal gas constant = 82.05 cm’.atm/(mol.K)
C’nus o = inlet concentration of NH;, ppm
C’nus = outlet concentration of NH;, ppm
Xnus = NH; conversion
= (C' s o- Cnms)/ Cnmso
Data: from the reaction of NH;
V=127 cm’/sat25°C  P=1atm
W=308¢g C’niso =453 ppm
C’nus = 340 ppm, at reaction temperature of 750 °C
So, Fuwo= I atm *12.7 cm’/s*453 ppm*10°
/(82.05 cm’.atm/(mol. K)* 298 K)

=2.35%10" mol/s
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Xz = 0.25
T’ N3 ave = 2.35%107 mol/s*0.25/3.08 g
= 1.91*10® mol/gs
For integral reactor, observed rate reaction of NH; can be calculated from
for first order reaction;
I’ N3 0bs = K obs ¥ Cnis , mol/gs
where
k’ obs = Observed reaction rate constant, cm’/s
Cnis = concentration of NH;, mol/cm’
= P*C’ iz *10%/(R*T)
T = temperature of experiment, °C
Data: for the reaction of NH3+0O,
K,ws=645cm’s P=1latm T=1023K
C’nuso =479 ppm
So, Cnmse= 1atm*479ppm*10°/(82.05 cm’.atm/(mol.K)* 1023 K)
=5.7*10" mol/cm’
a3 = 64.5 cm’/s *5.7*10”° mol/cm®

=3.68%107 mol/gs  (this is an initial observed rate of reaction)
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APPENDIX D
DIFFUSION COEFFICIENTS CALCULATION
1. Binary Gas Mixture Diffusivities
The diffusion of NH; in mixture gas is considered as the binary gas diffusion
becasue of the dilute concentrations of all reactants in the inert gas (He). For the the
diffusion of binary gas at low to moderate pressures, the Hirschfelder equation is a well

known theoretical equation to estimate the diffusion coefficient for the system (Welty et

al.,1984).
3 1 1 12
0.001858*T? *[—+M }
D ess-he = T— :H!;D = (D.1)
Where D e = diffusion coefficient, cm?/s

Mnus = molecular weight of NH; = 17
My, = molecular weight of He =4
P = absolute pressure, atm
T = temperature, K
Onms-He = Collision diameter or Lennard-Jones length, A
Qp = collision integral*
Note (*) Qpisa function of XT/€nms-He
where k = Boltzmann constant = 1.38*10% J/K
enms-He = the energy of molecular interaction for NH;-He or Lennard-

Jones energy, J
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Both values of Onis.ie and enus.ue are obtained empirically from the Lennard-Jones
parameters of the pure component which are given by:

ONms-He = (ONH3+Oke)/2 , ENt-He = (EN3*Et0) (D.2)

2. Diffusivities in Porous Solids

2.1) Knudsen diffusion

Knudsen diffusion occurs when molecules of gas collide for more frequently with
the walls of a porous solid than with other gas species. The diffusivity for Knudsen

diffusion is described by Equation (D.3).

2
Dagsx = 9700*re *( T J (D.3)
NH3
where Dausx = Knudsen diffusion coefficient, cm?/s

I.= average pore radius, cm

T = temperature, K

Mnus = molecular weight of NH; = 17
2.2) Effective diffusivities in porous materials

For diffusion of gas in a porous material, the effective diffusion coefficient is

defined by:
L Taw L 1 (D.4)
Do €, \Dmmne Dk
where D = effective diffusion coefficient, cm?/s

€, = total void fraction in packed bed




T = average for the tortuosity of pores of variety of size
=1/e,
Data: T=1023K P=1atm
on = 2.90 A One=2.56 A
enm/x = 558.3 K ene/x=10.2K
€.=0.6 1= 52.3*10° cm
So, Ompu=273 A enm/X = 75.5 K KT/enispe = 13.5
Qp=0.719 , (Welty et al.,1984).
The results of diffusion coefficients obtained are:
Diiisse = 0.001858%(1023)¥**[1/17+1/4]/(1*2.73*%0.719)
=6.32 cm?/s
Danx = 9700%(52.3*10®)*(1023/17)'
= 0.039 cm?/s

Diais-etr = (0.6)*/(1/6.32+1/0.039) = 0.0141 cm®/s
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APPENDIX E
FILM MASS TRANSFER EFFECT

The significance of the film mass transfer effect to the rate of reaction can be

tested by using the Mears’ criterion (Fogler, 1992). The effect of film mass transfer can

be neglected if
__l-' * *R * n
Nisos P <0.15 E.1)
kc * CNH3,0
where -1’ Nm3,0bs = Observed rate of NH; consumption, mol/gs

pv = bulk density of packed bed, g/em’

R = particle radius, cm

n = reaction order

k. = mass transfer coefficient, cm/s

Cxis,. = concentration of NH; in bulk flow, mol/cm®
The mass transfer coefficient (k.) is calculated from the mass transfer correlation for
packed bed (Yoshida et al., 1962):

Sh’ = 0.84*(Re’)**(Sc)'”  for 0.01<Re<50 (E.2)

Equation (E.2), when expaned is

* 0.49 1
Kc™dp *[ &y ]*1.10.84*{ U*d, *py } * Hhe }
DNH3—He l1-g, ) v Ry ¥(1—g,)*y Pre *Dnprs-pe
where Re’ = Re/[(1-&,)*Y]

Sh’ = Sh*ey/[(1-e5)*Y]

€, = macro void fraction of packed bed
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k. = mass transfer coefficient, cm/s
Dy ge = diffusion coefficient, cm?/s
¥ = shape factor
U = superficial velocity of gas flow in packed bed, cm/s
= Vol. gas flow rate at 1073K/ A,
A. = cross sectional area of fixed bed = 1.33 cm®
Pue = bulk density of gas, g/cm’
Ly = viscosity of gas, g/cms
d, = diameter of particle,cm
Data: €,=0.6 Dxis.se = 6.32 cm®/s Y=1
Pre = 4.79%107 g/em’® |, py = 4.1%10™ g/cms, at 1atm 1073 K
d, = 1.08*10% cm pp = 0.97 g/em’ U =317 crm/s
Caizo = 5.7%10° mol/em®  -I’Nis.obs = 3.68%107 mol/gs
n=1
Equation (E.2) yields:
k. =118 cm/s
So the Mears’ criterion = 3.68%107 mol/gs*0.97g/cm’*(1.08%10? cm)/2/118cm/s
/5.7%10” mol/cm’

=0.0028 <0.15
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APPENDIX F
PORE DIFFUSION EFFECT

The effect of pore diffusion can be tested by the Weisz-Prater criterion given by:

t
- % *]2
Ty TP FL

C =
Wp DNH3.eff *CNH3,S

(F.1)

(Fogler et al., 1992)
where Cyp = Weisz-Prater criterion number
Dnms-cir = effective diffusivity , cm?/s =0.0141 cm?*/s
Cxms s = concentration of NHj at the external surface area of particle,
mol/cm’
L = characteristic length of particle, cm
=R/3 for spherical particle
R =radius of particle, cm
p, = density of the particle, g/cm’
-I’ N3 0bs = Observed reaction rate of NH; , mol/gs
The pore diffusion can be ignored if Cyp, <<'1
Data: R = 54*10™ cm pp = 2.53 g/em’
Cnis = 5.7%10”° mol/cm’ -I'ns = 3.68%107 mol/gs
Diapsete = 0.0141 cm?/s
So, Cup = 3.68%107 mol/gs*2.53 g/em’*(54%10™ cm/3)*/0.0141 cm’/s
*5.7%10” mol/cm’

=0.037 << 1
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APPENDIX G
THE ESTIMATION OF THE EFFECT OF Na,CO; ON NH; OXIDATION IN A
RECOVERY BOILER

The data (shown in Table G.1) of the general layout of a recovery boiler, typical
operation conditions, and feeding materials were used in the estimation.
1. Average Residence Time of Flue Gas in the Reaction Zone

The reaction zone is defined from the char bed surface to the tertiary air port of
the recovery boiler. Typically, the char bed height is 1-3 m from the furnace floor
(average 2 m). So the average residence time(tay., S) in the reaction zone is obtained by:

tave = (N3rd air - Neharved)/VEave
= (8-2)m/4.7m/s=13s

2. Fume Compounds Characteristics and Amount of Fume Formed

At the flue gas temperature of 1373 K, the fume compounds within the reaction
zone are assumed to be molten droplets with a diameter of 0.7 pm. The surface area of
one droplet (sp) estimated from the surface of a sphere of the same size is 1.54*10% cm?
/droplet and the volume of the droplet (vp) is 1.8*10™ cm’/droplet.

If the fume droplets are composed of only Na,COs, the weight per droplet can be
calculated by:

WNa2c03 = PNa2co3*Vp

where Wnazcos = weight per droplet of Na,CO;, g/droplet




Table G.1 Data of typical recovery boiler for the estimation (Adams and Frederick,
1988).

Recovery boiler General Layout Reference
page

Furnace height (hg), m. 31 176
Furnace crossectional area (A¢), m* 79 176
Tertiary air port height above floor, 8 18
(hard air), M.

Feeding materials
1. Kraft Black Liquor (BL) 22

Dry solids (% of BL), (BLS) 65

Na (% of BLS) 18.6

N(% of BLYS) 0.11 Nichols et

al., 1993

2. Make-up Saltcake, kg/100 kg BLS 3 22

Na (%) 324
3. Air (15% excess of stoichiometric air), 524 27
kg/100 kg BLS

Operating conditions
Hearth loading, (G¢/Ay), kg BLS/s.m* 0.18 175
Black ligour firing rate, (Gy), kg BLS/s 14.22
Flue gas produced, (Mp), kg/100 kg BLS 663.5 27
Flue gas molecular weight, (Mg), g/mol 27.3 174
Fumnace gas temperature, (Tg), K 1373 175
Stoichiometric air, (kg/ kg BLS) 4.56 175
Average furnace gas velocity, (VEave), M/S 4.7 175

Pna2cos = density of molten Na,COs
= 1.864 g/cm’ at 1373 K (Janz et al.,1968)
So, Wrazcos = 1.864 g/em® * 1.8%107° cm®

=3.36%10" g/droplet
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Borg et al.(1974) suggested that approximately 9% of Na fired in the boiler contributes
to fume formation.
Total Na input = the amount of Na in 100 kg BLS + the amount of Na in 3 kg
Make-up salt cake
= 18.6 kg + 0.324*3 kg = 19.6 kg Na/100 kg BLS
Amount of Na contributed to fume =0.09*19.6 kg Na/100 kgBLS
=1.76 kg Na/100 kg BLS
Total amount Na input in a recovery boiler per second (Nagume)
= 1.76 kg Na/100 kg BLS*G¢= 1.76 kg Na/100 kg BLS*14.22 kg BLS/s
=0.251 kg Na/s
In the reaction zone, the average fraction of Na,CO; in fume was found to be
68%. So the fraction of Naam that is Na,COs, is calculated as follows:
NagmeNazcos = 0.68%0.251 kg Na/s=0.171 kg Na/s
Molecular weight of Na (Mna,) = 22.99 kg/kmol
moles of NagmeNazcos = 0.171 kg Na/s/22.99 kg/kmol Na
= 0.0074 kmol Na/s
moles of Na,COs ume = 0.0074 kmol Na/s/2 kmol Na/kmol Na,COs3
= 0.0037 kmol Na,COs/s
Molecular weight of Na,CO; = 105.8 kg/kmol
Thus, the amount of Na,CO; generated is:

Wyacos  =0.0037 kmol Na,CO;/s*105.8 kg/kmol

=0.391 kg/sor 391 g/s
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Total number of droplets generated (nona2cos3) is equal to:
NONa2cos = Wiazcos/ Wiazcos
=391 g/s/3.36*%10™" g/droplet = 1.164*10"° droplets/s
Total surface area available (Snacos) is:
Sna2cos = Sp* NONx2cos
= 1.54*10® cm?® /droplet*1.164*10" droplets/s
= 1.8%10" cm’/s
3. NH; Concentration in the Reaction Zone
For 100 kg of black liquor solid (BLS) with 15% excess of stoichimetric air
Total moles of flue gas produced = Mg/ Mg
= 663.5 kg flue gas/100kg BLS/27.3 kg flue gas/kmol
= 24.3 kmol/100 kgBLS
Total moles of flue gas produced per second = 24.3 kmol/100 kgBLS*14.22 kg BLS/s
=3.46 kmol/s
Total volume of flue gas produced per second, Vg
= 3.46 kmol/s*82.05 L.atm/(kmol.K)*1373K/1 atm
= 390,000 L/s or 390 m’/s
Typical average nitrogen content in BLS =0.11 wt.% (Nichols et al.,1993)
So,  Npa=0.0011*100 kg BLS =0.11 kg N/100 kg BLS
where Nj, = nitrogen contained in the fuel (black liquor solid)
10-30 % of nitrogen in BLS will be transformed to NH3 during pyrolysis in black ligour

combustion (Aho et al.,1994).
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With the 30% conversion; Nge — NH; =0.11 kg N/100 kg BLS*0.3
=0.033 kg N/100 kg BLS
(Molecular weight of N = 14 kg/kmol)
or NHj produced = 0.033 kg N/100 kg BLS/14 kg/kmol
= 0.0024 kmol/100 kg BLS
With the 10% conversion; NH; produced = 0.0008 kmol/100 kg BLS
So the concentration of NH; formed (C’ w3 , ppm) will be:
C’ws = 0.0024 kmol NH,/100 kg BLS/24.3 kmol flue gas/100 kg BLS *1*10°°
=99 ppm
to = 0.0008 kmol NH;/100 kg BLS/24.3 kmol flue gas/100 kg BLS *1*10°
=33 ppm
4. NH; Conversion in the Reaction Zone
4.1) The effect of mass trasfer rate in the reaction zone
First the condition within the reaction zone is tested for the effect of mass
transfer to limit the rate of NH; comsumption.
Assumption: 1.The molten droplet is small enough to have the same coefficients for
mass transfer as a solid particle.
2. The droplet is entrained in the flue gas and the terminal velocity of the
droplet is zero.
For a solid particle in stagnant gas:
Sh =k.Dy/Dy =2

where Sh = Sherwood number
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k. = External mass transfer coefficient (m/s)

Dp = Droplet diameter (m)

Dy = Gas diffusivity (m?/s)
(McCabe et al., 1993)
Data: D, = 0.7%10° m

Dy = approximate from Dy ar at 1373 K
=3.3*%10" m’/s
(the method of calculation is the same as shown in Appendix E.)
So, k. =2%3.3%¥10" m%s/0.7%10° m = 943 m/s
The rate of the NH;+0, reaction with Na,COs is used to represent NH; oxidation in the
reaction zone
Assumption 1.The reaction mechanism is the same at 1100 °C as at 600-750°C
2.Activation energy(E) and frequency factor (k,) change insignificantly
from 550 °C to 1100 °C
At temperature = 1373 K,
the rate constant based on the weight of catalyst,
k’ =2.93*10" cm*/gea.s *EXP((-20400 K)/T)
Dividing by the BET surface area of the Na,CO; used in the experiments ( 0.1808* 10*
cm’../2.a) gives the rate constant based on surface area of Na,COs.
k” = 2.93*10'° cm®/ge.s *EXP((-20400 K)/T)/0.1808*10* cm’cos/geas

= 1.62*107 cm/s* EXP((-20400 K)/T)

=572cm/s at1373 K
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Assuming the reaction occurs at the external surface area of the droplets only, we can
directly compare k. to k”
From the results of calculation:
ke >> K Na2co3
So the rate controlling step is the chemical reaction NH3+O,.
4.2) The conversion of NH; in the reaction zone
The rate of NH; comsumption by the NH;+O, reaction at 1373 K based on the

surface area of Na;COs -1’ 1S:

-T"N3 = -1/Snazcos * (ANnws/dt) = -VE/Snaacos * (dChas/dt)

=Kk”Ngcos*Cnis, mol/em? s

Where (dNnms/dt) = rate of mole NH; change, mol/s

Cnis = concentration of NH;, mol/cm’

Vg = total volume of flue gas = 390 m’/s or 390%10° cm’/s

Sazcos = total surface area of Na,CO; = 1.8*%10” cm’/s
Assumption 1.Cocurrent plug flow of solids and gas with residence time 1.3 s

2.att=0,Xns =0

Integrating the reaction rate expression from t = 0 to t,,. and Cns = Crms,o 10 Crs
results:

-AIn(1-Xni) = K7* Snazcos*tave/ Ve
With the residence time of 1.3 s

In(1-Xnm) = 5.72 cm/s*1.8%107cm?/s *1.3 s/(390%10° cm?/s)

So, Xz =029




The conversion of NH; by oxidation of NH; over Na,COs is 29% or 10 ppm to 29 ppm

NHj is consumed in the reaction zone by the reaction.




APPENDIX H
MAXIMUM RELATIVE ERROR IN NH; DATA

1. Error in the Measurement of NH; Concentration
The inlet concentration of NHj is calculated by:
Cruso = CNHB,cyd.* R2/Rr
Where Cwi,o = the inlet concentration of NH; , ppm
Chiseya. = the standard concentration of NHj in gas cylinder, ppm
R, = NH; flow rate of rotameter#2, cm®/min
Ry = Total gas flow rate, cm’/min
=Ri+..+R, (n =rotameter#1, #2, #3, #4 depending on rotameter(s) used in
each reaction): NH;, Rr=R;
NH;+0,, Rr=R,;+R;
NH3+NO, Rr=R;+Ry+Ry
NH;3+0,+NO, Rt = Rj+R,+R3+R,
rotameter#1 : used for NO , rotameter#2 : used for NH;

rotameter#3 : used for air , rotameter#4 : used for He

)
IX]
(e
1

Cnuzeya =501 ppm

AChxis eya = absolute error of NH; concentration in gas cylinder (£1%)
=5 ppm

AR, = absolute error of gas flow rate caused by the rotameter used (+5%)
=0.05*R, ,cm’/min  wheren=1,23,4

At standard conditions




NH; reaction

Cnizo = 501 ppm
Absolute error of Cnys o (ACnis o) 1s calculated by:
ACnizo = ACNH3,cyd
=5 ppm

NH;+0, reaction

R, = 746 cm’/min, AR, = 37 ¢m’/min
R; = 37 cm’/min, AR; = 2 cm®/min
Ry = Ry+R; = 783 cm’/min

Cnmso = 501 ppm*746 cm’/min/783 cm’/min = 478 ppm

%‘*ACNﬂa,cyd +|CNH3'°yd "Ry _R2)|*AR2 +
T

ACNH;;,O =

_CNm,cyd *R, * AR
R2 3

| R} |
3 3 3
7460 |501 *(783—746) 1 —501ppm *746 S0
= |—* Sppm + ppm 7¢ . ) min xg7 M P - xp cm’
783 <M ‘ (783 M2 mn (783502 min
min min min
=7 ppm
NH1+NQ reaction

R, = 91 cm’/min, AR, = 5 cm’*/min
R, = 376 cm’/min, AR, = 19 cm’/min
Ry = 285 cm’/min, AR, = 14 cm®/min
Rr = R;+R,+R4 = 752 cm’/min

Criso = 501 ppm*376 cm’/min/752 cm’/min = 251 ppm




ACNH::,_O =

| R |

%'*Acmcyd +|CN“3'°"‘ "Ry _R2)|*AR2 +
T

"CNH3,cyd *Rz * AR
R2 !
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. AR
| R} |
cm? cm? cm?

376 S0 |501ppm*(752—376)—. 5 |~501ppm *376 ST 3
= |[—— MU 5ppm + 5 mn *19:rrur}n+ i *Scrrrxri‘n
C {75290 ' (752502 (75250 y2 |

min min min
3
—501ppm *376 5™
J 501ppm 3376—min 14
I (752 5y i
min
=16 ppm

ACnis = 0.05%251 ppm = 13 ppm

NH;+0,+NOQ reaction

R; =91 cm’/min, AR; = 5 cm’/min
R, = 376 cm’/min, AR; = 19 cm®/min
R; = 37 cm’/min, AR; = 2 cm’/min
R, = 285 cm’/min, AR, = 14 cm®/min

Rr = Ri+R;+R3+R4 = 789 cm’/min

Cnis,e = 501 ppm*376 cm’/min/789 cm’/min = 238 ppm

ACN}ﬂ'o =

| R |

_,_I—CNHB’,cyd *Rzl*
| Rt |

AR, +

T

_CNH3.cyd *Rz * AR
R2 !
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3 3
501ppm * (789 —376) s |-501ppm*376 <% 3
= I "‘5ppm+l 5 min x990 — *SCIrr;.ln
| (789 92 mn (789 Sy
min min

3
- %376 S0 - %376 1L
J 501ppm 3;/6 = *2crr}3 . 501ppm 3376 o *14crr}3
l (789 )2 (7895 2 mn
min min
=15 ppm

Absolute error of the outlet concentration of NHz (ACnus) 1s 5% of Cus:

ACns = 0.05* (1-Xn3)*Cuiz 0

2. Error in the NH; Conversion

Absolute error of NH; conversion is calculated by:

AXN}B=,(1_XNH3) *ACyupn. +_—1'ACNH3
Crazo ° [Crazo

Maximum relative error of NH; conversion is given by:

Errore. = AXnw/Xnus*100%
NH; reaction |
at 650 °C, Xz = 0.06 (which is the lowest conversion obtained)
AX s = (1-0.06)/50 1 ppm*5ppm~+0.05*(1-0.06)*50 1ppm/501ppm = 0.06
Error,y. = 0.06/0.06%¥100% = 100%
at 750 °C, Xnms = 0.25 (which is the highest concentration obtained)

AXyys = (1-0.25)/501ppm*5ppm+0.05*(1-0.25)*50 1 ppm/50 1 ppm = 0.05
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Error,.. = 0.05/0.25%100% = 20%

NH;+0, reaction

at 550 °C, Xyus = 0.04

AXnms = (1-0.04)/478ppm*7ppm+0.05*(1-0.04)*478ppm/478ppm = 0.06
Errory. = 0.06/0.04*100% = 150%

at 750 °C, Xnus = 0.92

AXnws = (1-0.92)/478ppm*7ppm+0.05*(1-0.92)*478ppm/478ppm = 0.01
Error, = 0.01/0.92*100% = 1%

NH;+NO reaction

at 550 °C, X3 = 0.02

AXnas = (1-0.02)/251ppm* 1 6ppm-+0.05*(1-0.02)*25 1 ppm/25 1ppm = 0.11
Error., = 0.11/0.02%100% = 550%

at 750 °C, Xz = 0.30

AXnas = (1-0.30)/25 1 ppm* 1 6ppm+0.05*(1-0.30)*25 1 ppm/251ppm = 0.08
Error,e, = 0.08/0.30%100% = 27%

NH;+0,+NO reaction

at 550 °C, X = 0.05

AXys = (1-0.05)/238ppm* 1 5ppm+0.05*(1-0.05)*238ppm/238ppm = 0.11
Error,.. = 0.11/0.05*100% = 220%

at 750 °C, Xnus = 0.96

AX = (1-0.96)/238ppm* 1 5ppm+0.05*(1-0.96)*238ppm/238ppm = 0.01

Error,y, = 0.01/0.96*%100% = 1%
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APPENDIX I
EXPERIMENTAL DATA
Experimental Condition
Empty bed Reaction
Reaction : | NH;
Total gas flow rate: 12.7  |em’/s
Pressure: 1 atm
NH; iniet (PPM) 494
Temperature | file.name | NH; ouer
(°C) ppm
650 VT48 500
750 VT47 469
Experimental Condition
Empty bed Reaction
Reaction : | NH;
Total gas flow rate: 127  |em’ss
Pressure: 1 atm
NHa inier (PPM) 497
Temperature | file.name | NH; ot
(°C) ppm
700 GT3 475
GT4 486
750 GT5 476
Experimental Condition
Empty bed Reaction
Reaction : INH;+NO
Total gas flow rate: 12.5 cm’/s
Pressure: 1 atm
NH; iniet (PPM) 233
No,inlet (ppm) 228
Temperature file.name |NHsomet  |NOoutiet
(°C) ppm ppm




550 VT63 232 206
VT64 237 213
650 VTé1 232 224
VT62 232 226
750 VT59 210 218
VT60 207 221
Experimental Condition
Empty bed Reaction
Reaction : [NH3+02
Total gas flow rate: 12.6 cm’/s
Pressure: 1 atm
NHa,inIet (ppm) 498
0, 1%
Temperature file.name |NHzoumet  {NOoutiet
(°C) ppm ppm
550 VT55 513 -
VT56 518
650 VT53 498 -
VT54 500
750 VT51 471 -
V152 459
Experimental Condition
Empty bed Reaction
Reaction : [NH3+0,+NO
Total gas flow rate: 13.2 cm’/s
Pressure: 1 atm
NH; inier (Ppm) 233
NO jniet (Ppm) 274
0, 1%
Temperature file.name |NHzomet  |NOouer
(°C) ppm ppm
550 VT71 226 273
VT72 235 274
650 VT69 228 274
V170 229 277
750 VT67 197 262
VT68 197 255

109




Experimental Condition

Material: Na,CO,
Weight = 3.07|g
Particle size =  |90-125 um
Reaction : NH3
Total gas flow rate: 127
Pressure: 1 atm
NH3 jnier (PPM) 451
Temperature file.name  |NH;ouie
(’C) ppm
700 AK27 407
AK28 385
750 AK29 342
AK30 338
Experimental Condition
Material: Na,CO,
Weight = 3.09|g
Particle size =  |90-125 um
Reaction : NH;
Total gas flow rate: 12.7
Pressure: 1 atm
NHG,inIet (ppm) 455
Temperature file.name |NH; ouet
(°C) ppm
550 KT3 450
KT4 457
650 KT5 429
KTé6 429
750 KT7 336
KT8 336
Experimental Condition
Material: Na,CO;
Weight = 3.08(g
Particle size = |90-125 um
Reaction : NH;




Total gas flow rate: 12.6 cm’/s
Pressure: 1 atm
NH3 jnier (PPM) 243
Temperature file.name |NH3 outiet
(’C) ppm
750 KT10 161
KT11 160
Experimental Condition
Material: Na,CO;
Weight = 3.08|g
Particle size = {90-125 um
Reaction : NH;
Total gas flow rate: 12.7 cm’/s
Pressure: 1 atm
NHa,inIat (ppm) 1 15
Temperature file.name |NHjouet
(°C) ppm
750 KT13 66
KT14 60
Experimental Condition
Material: NaCQ;
Weight = 3.09(g
Particle size =  |90-125 um
Reaction : NH;.
Total gas flow rate: 12.6 cm’/s
Pressure: 1 atm
NH3 jniet (PPM) 274
Temperature file.name |NH3outiet
(°C) ppm
750 HK25 205
HK26 196
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Experimental Condition

Material: Na,CO;
Weight = 3.05|g
Particle size = |90-125 um
Reaction : NH3;+NO
Total gas flow rate: 12,5 cm’/s
Pressure: 1 atm
NH3 iniet (PPpmM) 230
No,in!et (ppm) 261
Temperature flename [NHiomet  |NOouet
(*0) ppm ppm
544 VT75 236 268
VT76 237 269
594 VT77 233 262
V7178 231 262
644 VT79 221 240
VT80 215 243
694 VT81 200 239
V182 197 241
742 VT83 192 231
VT84 192 232
Experimental Condition
Material: Na,CO,
Weight = 3.07ig
Particle size = |90-125 um
Reaction : NH;+NO
Total gas flow rate: 12,5 cm/s
Pressure: 1 atm
NH3 iniet (PPmM) 228
No,inlet (ppm) 222
Temperature fle.name |NHsomer  |NOoutet
(°C)
700 V37
V38
750 V39

V40

112




Experimental Condition

Material: Na,CO,

Weight = 3.09/g

Particle size = [90-125 um

Reaction : NH;+NO

Total gas flow rate: 125 cm’/s

Pressure: 1 atm

NH; jniet (PPM) 242

No,inlet (ppm) 227

Temperature file.name [NHsomet  [NOoue
(0 ppm ppm
750 zk3 173 187

zkd 170 189

Experimental Condition

Material: Na,CO;

Weight = 3.09|g

Particle size = [90-125 um

Reaction : NH;+NO

Total gas flow rate: 12,5 cm’/s

Pressure: 1 atm

NH3 inier (PPM) 236

NO iniet (PPM) 212

Temperature file.name |[NHzomet  |NOoutiet
(°C) ppm ppm
750 zk41 165 180

zk42 165 179

Experimental Condition

Material: Na,CO;

Weight = 3.09|g

Particle size = [90-125 um

Reaction : NH3;+NO

Total gas flow rate: 12.6 cm’/s

Pressure: 1 atm

NH3 iniet (PPM) 344

No,inlet (ppm) 243

Temperature file.name |NHzouet  [NOoutiet
(’C) ppm ppm
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750 zk7 265
zk8 264
Experimental Condition
Material: Na,CO;
Weight = 3.09|g
Particle size = |90-125 um
Reaction : NH;+NO
Total gas flow rate: 12.6
Pressure: 1 atm
NHs,inlet (ppm) 412
No.inlet (ppm) 226
Temperature fleename [NH;omet  [NOoutier
(°C) ppm ppm
750 zk11 318 142
zk12 312 141
Experimental Condition
Material: Na,CO,
Weight = 3.09/g
Particle size = [90-125 um
Reaction : NH3+NO
Total gas flow rate: 12.6 cm’/s
Pressure: 1 atm
NH3 iniet (PPM) 159
No,inlat (ppm) 222
Temperature file.name [NHiowet  |NOouiat
(°C) ppm ppm
750 zk49 100 225
zk50 106 215
Experimental Condition
Material: Na,CO,
Weight = 3.09|g
Particle size =  [90-125 um
Reaction : NH;+NO
Total gas flow rate: 12.6 cm’/s
Pressure: 1 atm
NHa iniet (PPM) 250
NO iniet (PPM) 322
Temperature file.name [NHj3omet  |NOouie
(°C) ppm ppm




750 zk15 175 260

zk16 175 262

Experimental Condition

Material: Na,CO;

Weight = 3.09|g

Particle size =  |90-125 um

Reaction : NH3+NO

Total gas flow rate: 12.6 cm’/s

Pressure: 1 atm

NH3 inier (PPM) 248

NO jriet (PPM) 451

Temperature file.name |NHsomet  {NOoutiet
(°C) ppm ppm
750 zk19 167 399

zk20 175 396

Experimental Condition

Material: Na,CO,

Weight = 3.09|g

Particle size =  [90-125 um

Reaction : NH;+NO

Total gas flow rate: 12.6 cm’/s

Pressure: 1 atm

NHa iniet (PPM) 239

NO jniet (PPM) 1253

Temperature file.name |NH; outiet NOoutiet
(°C) ppm ppm
750 zk45 160 1181

zk46 156 1186

Experimental Condition

Material: Na,CO;

Weight = 3.05|g

Particle size = [90-125 um

Reaction : NH3+0,+NO

Total gas flow rate: 13.2 cm’/s

Pressure: 1 atm

NHz intet (PPM) 243

NO iniet (Ppm) 247

0, 1%

Temperature fle.name |NHzomet  [NOouet




(°C) ppm

544 V187 237
vT8s 235
594 VT89 206
VTS0 213
644 VT91 148
VT92 144
694 VTS3 48
VT94 41
744 VT95 3

Experimental Condition

Material: Na,CO;
Weight = 3.05|g
Particle size =  [90-125 um
Reaction : NH3+0,+NO
Total gas flow rate: 13.2
Pressure: 1 atm
NH3 iniet (Ppm) 225
NO jniat (PPM) 196
0, 1%
Temperature fle.name |[NHiomet  {NOouiet
(°C) ppm ppm
700 AK31 33 172
AK32 33 173
750 AK33 0 195
AK34 0 195

Experimental Condition

Material: Na.CO,

Weight = 3.10|g

Particle size =  [90-125 um

Reaction : NH3+0,+NO

Total gas flow rate: 13.2 cm’/s

Pressure: 1 atm

NH3 iniet (PPM) 215

NO et (PpmM) 206

0, 1%

Temperature file.name |NHiomet  |NOoutet
(°C) ppm ppm

550 HK11 205 198




| [HK12 [ 205 | 198 |
Experimental Condition
Material: Na,CO;
Weight = 1.54|g
Particle size = [90-125 um
Reaction : NH3+0,+NO
Total gas flow rate: 13.2 cm'/s
Pressure: 1 atm
NH inet (PPM) 223
NO inet (Ppm) 230
02 1%
Temperature file.name {NHsomet  |NOouet
(°C) ppm ppm
751 ko19 8 233
ko20 7 230
Experimental Condition
Material: Na,CO;
Weight = 0.78|g
Particle size = |90-125 um
Reaction : NH;3+0,+NO
Total gas flow rate: 13.2 cm’/s
Pressure: 1 atm
NH3 inier (PPM) 241
NO iniet {(Ppm) 236
0, 1%
Temperature |[file.name [NH;omet  [NOoutiet
(°C) ppm ppm
751 ko39 43 241
ko40 38 241
Experimental Condition
Material: Na,CO,
Weight = 0.78(g
Particle size = [90-125 um
Reaction : NH3+02+NO
Total gas flow rate: 26.0 cm’/s
Pressure: 1 atm
NH3 iniet (PPM) 235
No,inle! (ppm) 277
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O, 1%
Temperature |[file.name |NH;ouet  [NOoutiet
(°C) ppm ppm
751 ko43 66 286
kod4 67 287
Experimental Condition
Material: Na,CO;
Weight = 0.38(g
Particle size = {90-125 um
Reaction : NH3+0,+NO
Total gas flow rate: 13.2 cm’/s
Pressure: 1 atm
NH; jnier (PPM) 239
No,inle( (ppm) 217
02 1°/o
Temperature (file.name |NHjioumet |[NOouet
(°C) ppm ppm
751 ko27 96 218
ko28 80 218
Experimental Condition
Material: Na,COs
Weight = 3.09|g
Particle size = |90-125 um
Reaction : NH3+0,
Total gas flow rate: 13.2 cm’/s
Pressure: 1 atm
NH3 iniet (PPM) 475
O, 1%
Temperature |[file.name |NHioumer  |NOoutier
(°C) ppm ppm
550 VT15 455 4
VT16 460 4
600 VT17 406 20
VT18 402 19
650 VT19 292 54
VT20 293 54
700 VT29 111 104
VT30 113 108
750 VT31 8 159
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[ a2 [ 6 | 159 |
Experimental Condition
Material: Na,CO,
Weight = 3.09|g
Particle size = |90-125 um
Reaction : NH;+0,
Total gas flow rate: 13.2 cm’/s
Pressure: 1 atm
NHa.inIet (ppm) 503
0. 1%
Temperature [file.name |NH;oumet  |NOoutiet
(C) ppm ppm
542 AK3 455 4
AK4 479 4
642 AK7 356 46
AK8 351 40
742 AK21 292 182
AK22 293 186
Experimental Condition
Material: Na,CO,
Weight = 3.09|g
Particle size = [90-125 um
Reaction : NH3+0,
Total gas flow rate: 13.2 cm’/s
Pressure: 1 atm
NH3 inier (PPM) 492
0. 1%
Temperature  [file.name [NHaomer  [NOoutier
(°C) ppm ppm
542 BK1 478 4
BK2 470 4
592 BK5 440 19
BK6 440 19
642 BK7 344 50
Experimental Condition
Material: Na,CO,
Weight = 3.07ig
Particle size = |90-125 um
Reaction : NH3+02
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Total gas flow rate: 12.6 cm’/s
Pressure: 1 atm
NH3 iniet (Ppm) 471
0, 1%
Temperature [file.name {NHzoumer  [NOouter
(°C) ppm ppm
750 AK43 6 163
AKd4 2 168
Experimental Condition
Material: Na,CO;
Weight = 3.0[g
Particle size = [90-125 um
Reaction : NH;3+0,
Total gas flow rate: 12.8 cm’/s
Pressure: 1 atm
NHg iniet (Ppm) 494
0, 1%
Temperature [file.name [NHaoumet  [NOouter
(’C) ppm ppm
542 ko1 474 5
ko2
592 ko3 417 22
ko4
642 ko5 302 60
ko6
692 ko7 132 108
ko8
742 ko9 12 140
ko10
Experimental Condition
Material: Na,COs
Weight = 3.09|g
Particle size = [90-125 um
Reaction : NH,+0;
Total gas flow rate: 13.2 cm'/s
Pressure: 1 atm
NH3 iniet (PPM) 256
0O, 1%
Temperature [file.name |NHsoumet INOoutiet
(°C) ppm ppm
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HK8 41 49
750 HK9 6 94
HK10 2 98
Experimental Condition
Material: Na,CO,
Weight = 3.09(g
Particle size = |90-125 um
Reaction : NH3+0,
Total gas flow rate: 125 cm'/s
Pressure: 1 atm
NH3 iniet (PPM) 230
0, 1%
Temperature [file.name [NHzouwet |[NOoutiet
(’C) ppm ppm
642 AK15 145 22
AK16 135 21
Experimental Condition
Material: Na,CO3
Weight = 3.09(g
Particle size = [90-125 um
Reaction : NHz+0,
Total gas flow rate: 125 cm’/s
Pressure: 1 atm
NH3 iniet (Ppm) 495
0, 1%
Temperature |file.name [NHgower [NOoutiet
(°C) ppm ppm
642 BK19 349 39
BK20 351 38
BK27 325 42

{Experimental Condition




Material: Na,CO,
Weight = 3.09
Particle size = |90-125 um
Reaction : NH3+0;
Total gas flow rate:
Pressure: 1 atm
NH; iniet (PpmM) 224
0, 1%
Temperature |file.name
(°C)
642 BK17
BK18

Experimental Condition

Material: Na,CO,
Weight = 1.53
Particle size = [90-125 um
Reaction : NH3+0,
Total gas flow rate:
Pressure: 1 atm
NH3 iniet (PpmM) 229
0, 1%
Temperature |file.name
(°C)
642 0OK9
OK10

Experimental Condition

Material: Na,CO3
Weight = 1.53
Particle size = |90-125 um
Reaction : NH3+0,
Total gas flow rate:
Pressure: 1 atm
NH3 iniet (PPM) 494
0, 1%
Temperature [file.name
(°C)
750 MK15

MK16




Experimental Condition

Material: Na,CO,

Weight = 1.54ig

Particle size = |{90-125 um

Reaction : NH3+0;

Total gas flow rate: 12.5 cm’/s

Pressure: 1 atm

NH3 it (PPM) 489

0, 1%

Temperature [file.name |NHzomer  [NOoutiet
(°C) ppm ppm
751 ko17 43 143

ko18 30 143

Experimental Condition

Material: Na,CO3

Weight = 0.78|g

Particle size = {90-125 um

Reaction : NH3+0,

Total gas flow rate: 12,5 cm’/s

Pressure: 1 atm

NH3 iniot (PPM) 479

0, 1%

Temperature |file.name [NHzoumet |NOouiat
(°C) ppm ppm
751 ko33 110 114

ko34 113 116

Experimental Condition

Material: Na,CO;

Weight = 0.38{g

Particle size = |90-125 um

Reaction : NH3+0,

Total gas flow rate: 12.5 cm’/s

Pressure: 1 atm

NH; iniet (PPM) 493

0, 1%

Temperature [file.name [NHjouet  |NOoutiet
(°C) ppm ppm
751 ko25 221 95
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| |ko26 [ 215 [ 95

Experimental Condition
Material: Na,CO,
Weight = 1.53|g
Particle size = |90-125 um
Reaction : NH3+0;
Total gas flow rate: 6.3 cm’/s
Pressure: 1 atm
NH3 iniet (PPM) 488
O, 1%
Temperature |file.name |NH;omer  |NOouet
(°C) ppm ppm
750 MK3 27 124
MK4 29 126
750 MK5 17 137
MK6 18 140

Experimental Condition

Material: Na,SO,

Weight = 3.08|g

Particle size = |90-125 um

Reaction : NH,3

Total gas flow rate: 12.7 cm’/s
Pressure: 1 atm

NHQ.jmg[ (ppm) 475

Temperature file.name |NH; outiet

(°C) ppm
550 CKi 478
CK2 478
650 CK3 458
CK4 465
750 CK5 447
CK6 445

Experimental Condition

Material: Na,SO,

Weight = 3.08|g

Particle size = |90-125 um




Reaction : [NH4+0,
Total gas flow rate: 12.6 cm'/s
Pressure: 1 atm
NH3 jniet (PPM) 484
0, 1%
Temperature fle.name |NHaomet |NOoutet
(’C) ppm ppm
550 CK9 486 -
CKi10 476 -
600 CK11 488 -
CK12 483 -
650 CK13 483 1
CK14 462 1
700 CK15 457 2
CK16 457 2
750 CK17 406 6
CK18 398 6
Experimental Condition
Material: Na,SO,
Weight = 3.08jg
Particle size = [90-125 um
Reaction : NH3+NO
Total gas flow rate: 12,5 cm’/s
Pressure: 1 atm
NH; jnier (PPM) 234
No‘imet (ppm) 210
Temperature |[file.name [NH3ower  |NOoutet
(*C) ppm ppm
550 CK21 220 210
CK22 229 209
600 CK23 239 217
CK24 236 219
650 CK25 233 216
CK26 231 222
700 CK27 225 211
CK28 224 213
750 CK29 218 215
CK30 214 214

|Experimental Condition |






