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Potassium and chloride are two important non-process elements in kraft
pulping. Their presence in the recovery boiler is often a concern because they
reduce the melting range of the predominantly sodium salt deposits and, as a
consequence, may enhance corrosion, increase the tendency to form more

deposits, and increase the rate of sintering and hardening of fume deposits. !

The release of potassium and chloride was measured during combustion of
dried black liquor solids in a laminar entrained-flow reactor at 700-1100°C.
Experiments were made with dry black liquor solids, 90-125 pm, in Nz, 4%
0., and 21% O, environments. The particle heating rate was of the order of
10*- 10° °C/second and the residence time 0.5 sec. The samples were quenched
with nitrogen to stop the reactions, the solid products of combustion were
collected as char (> 3 um) and fine particles (fume, < 3 pm), and the gases
analyzed. The black liquor solids originally contained 22.6% sodium, 0.62%

potassium, and 0.67% chloride.

For potassium, the greatest enrichment was obtained at 700°C, in N2, where
enrichment factors of more than 10 were achieved. At higher temperatures and
oxygen contents, the enrichment was less, decreasing to essentially no
enrichment at 1100°C. There was neither any enrichment in air at any

temperature.




For chloride, the trend was similar but even higher enrichment factors were
found. Enrichment was modeled as the competing processes of volatilization
of alkali metal chlorides, and sodium and potassium vaporization via reduction
of Na,COs. The decrease in enrichment with increasing temperature or oxygen
content is attributed to the greater temperature dependence of Na,CO;

reduction.

The implications to recovery boiler operations are that higher operational
temperatures in the lower furnace and increased air supplied there may reduce
enrichment but increase fume generation. Conversely, lower temperatures and
air, as sometimes is used to combat NO,, may increase K and Cl enrichment

while decreasing fume generation.
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Potassium and Chloride Release During Black Liquor Combustion

CHAPTER 1
INTRODUCTION

The main objectives of the chemical recovery process are to recover the
chemicals used for pulping the wood, and to make good use of the energy in
the organic fraction of the black liquor. A schematic of the kraft recovery

cycle is shown in Figure 1.1.

The black liquor contains almost all of the inorganic cooking chemicals along
with lignin and other organics separated from the wood during pulping. It is
concentrated by evaporation from 15% dry solids content to about 70% in
order to be able to be burnt in large units called recovery boilers. The
inorganic residue of combustion is sodium and sulfur-containing salts that are

then recycled and reprocessed to regenerate the pulping chemicals 2.

The kraft recovery boiler is a major piece of equipment in the chemical
recovery process. A general schematic diagram of a kraft furnace is shown in
Figure 1.2. The two main sections of a recovery boiler are the furnace section,
where mixing and combustion of the fuel and air occur, and the convective
heat transfer section, composed of the superheater, boiler bank, and

economizer .

Black liquor burns in four stages: drying, devolatilization, char burning and
smelt reactions 2. These stages of the burning process are shown schematically
in Figure 1.3. About 30% of the strong black liquor is water, and the water
evaporates before and during devolatilization. During the devolatilization

stage, the organic material in the black liquor solids (BLS) degrades thermally,
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producing some gases and light hydrocarbons. Some sodium, potassium, and
chloride salts are volatilized **® and the droplet swells rapidly to several times
its initial diameter . At the end of this stage, the char consists of fixed carbon
and inorganics from the pulping chemicals. During the next stage, char
burning, the fixed carbon is consumed and more fume is produced by the
vaporization of volatile salt species and decomposition of inorganic sodium
and potassium compounds. What remains after char burning is the smelt that is
the pulping chemicals which were converted to alkali carbonate and sulfide
during combustion. During the final stage, smelt reactions, oxidation of
sulfide, conversion of sulfide to H,S, and volatilization of alkali metals and

chloride can occur.

Fume is typically very small particles in the order of 1 pm in diameter. They
are composed mainly of Na,SO4 and Na,CO; with the presence of some other
salts such as NaCl, KCl and K,SO,4 >. The presence of fume particles in the
recovery boiler has both positive and negative aspects. On the positive side,
they react with sulfur and nitrogen oxides, reducing the amount of pollutants
released. Since most of the fume is collected by an electrostatic precipitator
and recycled, it also helps in reducing the loss of sulfur from the pulping
cycle. The reduction of SO, and SO; levels from the gases also reduces
corrosion problems. On the negative side, fume particles form deposits on the
heat transfer surfaces. This reduces heat transfer rates and may plug the gas

path, and require expensive dust handling systems.

Potassium and chloride are two important non-process elements in kraft
pulping. The major source of potassium is the wood. Seawater transportation
of logs, makeup chemicals and bleaching effluent (for the case of closed cycle
mills) are the major sources of chloride. These elements have been shown to

be important in deposition and hardening of deposits in recovery boilers L13.16




The fume particles collected in recovery boilers are typically enriched by a

factor of 2-3 in potassium and chloride '.
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Figure 1.3: Schematic of kraft black liquor burning process *




This thesis deals with the question of how enrichment of potassium and
chloride occur in recovery boilers. First, the literature is reviewed (Chapter 2),
then, based on this review, a mechanism of enrichment is hypothesized
(Charter 3). This hypothesis is tested experimentally by pyrolysis and
combustion experiments with black liquor solids (Chapter 5). It is further
tested by theoretical modeling the potassium and chloride enrichment factors
(Chapter 6). Finally, experimental and model results are compared and

conclusions are drawn (Chapters 7 and 8).




CHAPTER 2
LITERATURE REVIEW

The mechanism of sodium, potassium and chloride release in the recovery
boilers has been overlooked until recently. Although a number of studies have
been made regarding the release and deposition of inorganic material during

7. they cannot be applied directly to recovery boilers. The

coal combustion
main reason for that is the far lower alkali metal content and the dominance of
silicates in deposits in coal fired boilers as compared to those of recovery
boilers. Figure 2.1 shows the ash deposit elemental composition in the region

of the boiler nose of a coal utility boiler.

Mass Percent

S A203 Fe208 Ca0 MgO N0 K20 Ti
Figure 2.1: Typical elemental composition of a coal boiler and deposits 17

Deposits in recovery boilers contain mainly sodium, sulfate, and carbonate but
there is also some chloride and potassium present. The deposits are formed
basically by these different mechanisms: impaction of entrained droplet residue
particles (carry-over) in the combustion gases, thermophoretic deposition of

1,15,16

sub-micron fume particles, and condensation of vapors Chemical

analysis of fireside deposits in recovery boilers show that carry-over deposits



are predominantly sodium carbonate and sulfate with the presence of some
sodium hydroxide. The condensation deposits are depleted in sodium
carbonate, contain almost no sodium hydroxide, and are enriched in chloride
and potassium. Deposits collected from higher temperature zones of the boiler
were found to be stripped of volatile chloride and potassium. Sulfation has
been shown to happen toward the inner surface of the deposits, increasing

1,15;16

with the age of that deposit . Figure 2.2 shows a typical elemental

composition of a recovery boiler deposit.

70
60
50
40}
30
20
10

Mass Percent

Na2CO03 Na2S Na2S04 Insoluble

Figure 2.2: Typical elemental composition of a recovery boiler deposit

Deposits formed essentially by thermophoretic deposition of sub-micron fume
particles and vaporization and condensation of vapor contain relatively high
amounts of potassium and chloride. The mechanism of release of these two
elements during black liquor combustion has not been thoroughly investigated.
Two of the few relevant studies in this area were done by Cameron *'° and Li

and Van Heiningen °.




%1% has shown that a large amount of sodium carbonate fume is

Cameron
produced when sodium sulfide in a sodium sulfide/carbonate melt is oxidized
using air. The rate of fume generation under oxidizing conditions was found to
be greater than the rate under reducing conditions. This behavior was
explained by sodium oxidation in the gas phase. The oxidation of sodium
vapor just above the melt surface lowers the partial pressure of sodium in the
gas phase and increase the sodium vapor gradient near the surface of the

particle. This mechanism has been called oxidation-enhanced fuming and is

schematically shown in Figure 2.3.

Cameron’s experiments were performed using an induction heated reactor,
mass flow meters and fume filter, as shown in Figure 2.4. The fume produced
from alkali carbonate/sulfate/sulfide/chloride melts were monitored under
several experimental conditions. The results presented in that study also
indicate that sodium chloride vaporization is an equilibrium process and that
its vaporization rate during oxidation enhanced fume generation can be
determined assuming Raoult’s law is applicable. Also, no potassium
enrichment was observed during oxidation-enhanced fuming when chlorides
were absent in the melt. When chlorides were present, the fume was enriched
in potassium. Therefore, the potassium enrichment in fumes from inorganic

melts is believed to be due to the presence of chloride.

Li and van Heiningen ° studied the sodium emission during pyrolysis and
gasification of black liquor solids by thermogravimetry at temperatures up to
800°C. Their system, shown schematically in Figure 2.5, was first purged with
either helium or nitrogen to assure the elimination of oxygen. Then, the
furnace temperature was raised to the gasification temperature at a rate of
20°C/min in an inert atmosphere. Gasification was started by adding CO, when
a stable pre-set reaction temperature was reached. The composition of the

exhaust gas was determined by gas chromatography, and the concentration of
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the carbonate and sulfur species in the solid product was measured by ion
chromatography. The concentration of sodium in the solids was determined by

atomic absorption spectroscopy.

02 flux
l Gas Phase
Y %02 + CO2 + 2Na —» Na,CO03 (fume)
A
Na,CO2 flux
8 2 Gas—Melt
T interface

Liquid Phase
Nay;CO3 + %Na,S—==%Nay;S04 + CO2 + 2Na

Figure 2.3: Cameron’s model for fume generation under oxidizing

conditions ®

Mass Flow
Meters
Fume Filter Yo Hood
Y
le—— Steel Retort
in RF Field
Melt Lovel
+——Ceramic Crucible
Nitrogen  Air Ceramic Thermocouple
Cylinder Cylinder Purge Tube Q)/
B

Figure 2.4: Cameron’s experimental system ®




N, CO,
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FR = flow regulator
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Vent

Figure 2.5: Li and van Heiningen’s experimental system ’

They concluded from their studies that, during pyrolysis of black liquor char in
an inert atmosphere at temperatures above 675°C, sodium carbonate reacts
with carbon to produce sodium vapor, carbon monoxide, and carbon dioxide

according to the following reactions:
Na,CO; +2C ——» 2 Na+3CO 2.1

Na;CO3;+ C ——» 2 Na+ CO + CO, (2.2)

The metallic sodium released reacts with oxygen to form sodium oxide by the

reaction: ,
!

4 Na + 0, ——» 2Na,0 (2.3)
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Then the following reactions take place:

2 Na,O0+2 S0, +0; — 3 2 Na,SO4 (2.4)

NazO + C02 —_— N32CO3 (25)

The solid products formed by these reactions are the two major compounds
found in the upper part of the furnace and electrostatic precipitator. Li and
van Heiningen * have shown also that the decomposition of sodium carbonate
(Reactions 2.1 and 2.2) below 800°C can be suppressed by the addition of
either carbon monoxide or carbon dioxide to the inert atmosphere. This
mechanism of decomposition of sodium carbonate, as in reaction 2.1, is also

known as the sodium carbonate reduction mechanism.

From the concepts and mechanisms reviewed above, two are particularly
important for the understanding of the results presented in this thesis: the
volatilization of sodium chloride and the sodium carbonate reduction
mechanisms. The chemical characterization of deposits, the mechanisms
involved in their formation, and the oxidation-enhanced fuming will also help

in interpreting the experimental results of this work.
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CHAPTER 3
HYPOTHESIS AND OBJECTIVES

The presence and enrichment of chloride and potassium in fume are important
in recovery boiler operation. These elements reduce the melting range of the
predominantly sodium salt deposits and, as a consequence, may enhance
corrosion, increase the tendency to form more deposits, and increase the rate

of sintering and hardening of fume deposits '.

Although the impact of the presence of potassium and chloride in the recovery
boiler operation has earlier been addressed, the mechanism of release of
sodium, potassium, and chloride during black liquor combustion has yet to be

thoroughly investigated.

The work reported by others (Cameron ® and Li and van Heningen °) suggests
that the mechanism of potassium and chloride enrichment in fume during black
liquor combustion may be a result of evaporation of NaCl and KCI and of
reduction of Na,CO; and K,CO; to metallic Na and K. With the relatively
large size of black liquor particles, transport processes may also influence the
overall rates of these processes and degree of potassium and chloride
enrichment. The hypothesis on which this thesis is based is that potassium and
chloride enrichment during black liquor pyrolysis and combustion can be
predicted based on a mechanism involving evaporation of NaCl and KCI and
reduction of Na;CO; and K,CO; to metallic Na and K and the effects of mass
transfer and diffusion. The objective of this thesis is to test this hypothesis

through a combination of experimental measurements and modeling.

The experimental portion of this work is based on the collection of fume from
black liquor pyrolysis and combustion using the LEFR and on the

determination of the sodium, potassium, and chloride content in the fume
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under several experimental conditions. For the modeling portion, mass transfer

and chemical reaction concepts are used to predict the release of sodium,

potassium, and chloride as fume.
|
\
|
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CHAPTER 4
EXPERIMENTAL METHODS

4.1 - LEFR

The pyrolysis and combustion experiments with black liquor were conducted in
a laboratory scale laminar entrained-flow reactor (LEFR). A schematic of the

apparatus used in the experiments is shown in Figure 4.1.

The laminar entrained-flow reactor is a vertical 3-zone high temperature
electrical furnace with two mullite tubes inside. It operates with a downward
flowing gas stream at high temperatures and laminar conditions. The primary
flow, a low temperature gas stream, is injected at the center of the reactor.
The secondary flow, a high temperature gas stream, is injected coaxially with
the primary flow. The annular space between the tubes is used to preheat the
secondary flow. When traveling upward through this space, the gas reaches the
operation temperature and then turns and flows downward through a flow
straightened and into the smaller of the tubes. The primary and secondary

flows merge to form a single laminar flow with uniform temperature.

The particles are initially entrained in the low temperature gas stream to
prevent changes from occurring before reaching the reaction zone of the
reactor. The particles, injected near the top of the unit, travel downward along
the centerline of the reactor in a narrow, laminar column. At the moment when
the particles enter the reactor, they are simultaneously exposed to the high
temperature secondary flow and the hot walls of the reactor. The small
particle size results in a rapid heat transfer rate. It can be assumed that the
laminar gas velocity and particle velocity are the same for small particles.
When particles and gases reach the collector, they are quenched with nitrogen

to stop reactions. Most of the quench gas is fed into the first inch of the
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collector to ensure a rapid quench. The rest flows through the porous wall of
the collector to avoid thermophoretic deposition of the aerosol particles. The
residence time is set by moving the collector up or down or by changing the
gas velocities. After the quench, the products of reaction are separated. The
particles larger than 3 pm in diameter (char) are removed by a cyclone and the
fine particles (fume) are collected on a nylon membrane filter with 0.5 pm
pore size located before the exhaust duct. Filters with this pore size are
effective in collecting particles as small as 0.1 pm. The cyclone/filter setup is

shown in Figure 4.2.

The length of the heated zone is 80 cm and the inside diameter of the smaller
tube is 70 mm. The electrical heater can operate at temperatures up to
1200°C. The temperature of the reactor wall and the secondary flow are
expected to be about the same. The heating zones of the reactor are controlled
with an Omega CN 76000 Microprocessor Based Temperature/Process
Controller capable of ramping to its set point temperature at a maximum
heating rate of 300°C/hour. All gas flows are controlled by Omega FMA 5600
Electronic Mass Flowmeters (MFM).

4.2 - SEM

The scanning electron microscope (SEM) is an instrument that can provide a
high-magnification image of the surface of a material that is very similar to
what should actually be seen if the surface could be viewed by the naked eye.
In addition the topographical information, SEMs can provide details of
chemical composition of near-surface regions of the specimen, when x-ray

spectroscopy is also used.
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Figure 4.2: Schematic of cyclone/filter set-up for the OSU LEFR

the surface. The electrons emitted are collected by a detector that transform
the signals, and produce an image of the specimen surface on a monitor. The
contrast of the image is due to topographical variations and atomic number
differences in the specimen. The SEM produces better micrographs than those
originated by the light microscope and the transmission electron microscope,
when dealing with irregular surfaces of relatively large specimens. Schematics
describing the basics of SEM operations and optics are shown in Figures 4.3

and 4.4, respectively.

The EDAX or Energy-Dispersive X-ray Analyzer is a tool used with the
electron microscope to determine the elemental composition of a small, chosen
area of a specimen. The excited specimen atom produced by the collision of
the primary electron will return to its original state by emitting a characteristic
x-ray signal. The wavelength spectrum of the X-ray emitted is characteristic

for the element bombarded. This allows the determination of the composition
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of the specimen through weight and atomic percentage. The SEM can use the
signals to produce images that show the spatial distribution of particular

elements in the field of view.

The SEM was an important tool for the work presented in this thesis for either
morphological or chemical characterization of the solids used or produced

during the experiments

Electron source ?

: Deflection E E
amplifier

Electron beam ';
% CRT
i
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% Detector
3
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Figure 4.3: Schematic describing the basics of SEM operations '
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4.3 - CES

The CES (Capillary Electrophoresis System) is an instrument used to
determine ion concentration based on capillary electrophoresis. Capillary
electrophoresis is a simple, high resolution technique which separates ions
based on their relative velocity in an applied electric field. Ions with high
charge-to-mass ratios have the greatest migrational velocity in an electric
field, and these are detected first. Ions with lower charge-to-mass ratios have

a lower migrational velocity and are detected later.

.

Sodium, potassium and chloride as well as most of the inorganic cations and
¢

anions have no optical absorbance. In order to detect them, indirect

photometric detection is used. When using an indirect absorbance method with
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capillary electrophoresis, an absorbing ion is incorporated in the electrolyte to
provide a background signal. Ions present in the sample will displace an
absorbing ion in the electrolyte and the result is a negative peak. The negative
peaks are then inverted to positive signals on the screen for better

visualization.

The signals generated by the samples are then compared with the signals of
known concentrations of several ions for accurate determination of the

composition of the sample.

A detailed description of the CES operation is included in Appendix C.

4.4 - ISE

Analysis using lon-Selective Electrode (ISE) is a fairly quick, accurate and
economic way to determine ion concentrations in aqueous solutions when
systems like atomic absorption (AA) or ion chromatography (IC) are not

available.

The electrical potential of an ion-selective electrode is a function of the
logarithm of the activity of the ion to be measured. The relationship is given

by the Nernst equation:

E=E°-2303 R Tlog aion where:
F
E° = constant characteristic of the electrode (volts)
R = universal gas constant = 8.314 J/K mol
T = absolute temperature (Kelvin)
F = Faraday constant = 96.489 Coulombs/mol

aion = activity of the ion
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This equation can be simplified to:

E = Constant - S log ajon

where S is the slope of the calibration curve. The measured potential E can
only be measured against a reference electrode placed in the same solution. A
reference electrode is an ion-selective electrode whose potential is held

constant by fixing the composition of the internal filling solution.

For potassium analysis, an Orion Model 93-19 potassium electrode was used.
To determine chloride concentration, we used a Corning 476126 chloride
electrode. For potassium and chloride analysis, the Corning double junction
476067 reference electrode was used. A sodium combination electrode,

Corning 476138, was the electrode used for sodium ion analysis.
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CHAPTER 5
LEFR EXPERIMENTS

5.1 - Experimental Conditions

5.1.1 - Black Liquor Solids

A southern pine kraft black liquor was used for all of the potassium and
chloride enrichment experiments. The original liquor was dried in an oven at
110°C, ground in a jar mill, sieved, and the desired 90-125 pm diameter
fraction was collected. The composition of the liquor solids are shown in
Table 5.1. A 90-125 pm particle size was chosen to minimize temperature
gradients across the particle, to eliminate external mass transfer effects, and to

allow the particles to be fed at an uniform rate with the feeding system.

Table 5.1: Elemental composition of dried black liquor solids

Elemental Composition (Dry Basis)
Element %
Carbon 34.90

Hydrogen 3.05
Oxygen * 35.21
Sodium 22.65
Sulfur 2.90
Potassium 0.62
Chloride 0.67

* Calculated by difference
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5.1.2 - Reactor Temperature

The temperatures of the reactor for the experiments were chosen to be 700°C,
900°C and 1100°C. This is approximately the temperature range found in the

combustion zone of recovery boilers.

5.1.3 - Oxygen Content in Reaction Gas

A wide range of oxygen contents was used. Two extreme conditions that can
be found in a recovery boiler furnace are the combustion of black liquor in air

(21% O3) or the pyrolysis in nitrogen (0% O7). These two conditions and a
N»/O9 mixture (4% O7), which is about the average oxygen concentration in

the combustion zone, were chosen to be used in the experiments.

5.1.4 - Residence Time

The residence time of the particles inside the reaction zone of the furnace
depends on the reactor temperature, secondary flow, primary flow, and the
distance between the injector and the collector. The secondary flow, primary
flow and the path length of the particles inside the reactor were kept constant
throughout the experiments at 15 liters/min, 0.1 liters/min, and 15 inches,
respectively. The reactor temperature was changed, from 700°C to 1100°C,
affecting the gas velocities inside the reactor, and therefore, the residence

time.

The residence time was calculated for a primary flow velocity/secondary flow
velocity ratio of one. The relationship between the gas flow rates (primary and
secondary), path length and residence time has yet to be completely

understood. The residence time equation used was:




where:

nd?1

V = volume of reactor =

1 = path length = 15 in = 38.1 cm
d = diameter transversal to gas flow = 7 mm, based on secondary flow
V, = volumetric flow of secondary gas at reactor temperature

(reactor temperature, K) (60 seconds)
X
room temperature, K min

= (secondary flow, 1/min) x

5.1.5 - Feeding Rate

The gases and solids feeding rates were chosen based mainly on equipment
limitations. Higher particle feeding rates increase the probability of plugging
problems in the feeding system. A high gas flow rate reduces the concentration
of the gaseous pyrolysis or combustion products to the point where they

cannot be measured accurately by the analytical instruments.
5.1.6 - Heating Rate

The particle heating rate was calculated using the results from a droplet

devolatilization model '*>. The heating rate can be estimated in °C/sec as

Ti+1 - Ti . .
1—, that is the slope of the curve in an average droplet temperature (°C)

versus time (sec) graph.

For the range of conditions used in this work, it was estimated that the

particle heating rate would be of the order of 10* - 10° °C/sec. Figures 5.1
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gives an example of a particle heating rate calculation for an 1100°C furnace
and in air (21% O,).

—~ 1200 ¢

o

o 1000 ¢+

2

g 800 dT =53000 °C/sec

£ 600 dt

2

o 400

o

= 200

>

< 0 ’ ‘ .
0.005 0.01 0.015 0.02

Time (s)

Figure 5.1: Calculated particle heating rate (1100°C and 21% 0,)"?
5.2 - Experimental Results
All experimental data used in this chapter is shown in Appendix B.

5.2.1 - Particle Characteristics

Figures 5.2 and 5.3 are scanning electron micrographs of typical char and fume
respectively. Char particles are usually large (>100 pm), spherical and porous.
Fume particles, on the other hand, are very small (0.1 - 1 pm) and non-porous

particles. The solid black liquor particles, when pyrolyzed, swelled to about 4
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times their initial diameter. Studies on swelling characteristics of the original

Figure 5.3: Typical SEM micrograph of black liquor fumes
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Figure 5.4: Specific swelling volume of black liquors '®

black liquor were also performed. This liquor behaved as an average liquor,
Figure 5.4, swelling about 3 times it’s initial droplet diameter (specific swollen

volume of 35 cm’®/g black liquor solids).

5.2.2 - Fume Generation

Based on the amount of solids collected on the fume filters and the analysis of
sodium, potassium and chloride content of these solids (fume), the amount of
chlorides released as fume was calculated. It was assumed that all the alkali
metal (potassium and sodium) not in the form of chloride salt was in the form
of either carbonate or sulfate. When the fume consists only of NaCl and
Na,COs, it is referred in Table 5.2 as the minimum (min) inorganic content

that the fume could have, based on the molecular weight. When the fume
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consists only of NaCl and Na,SOy, it is referred as maximum (max). Table 5.2

shows the results obtained.

The filter catch collected from pyrolysis and 4% O, experiments is not only
sodium and potassium salts. A part of it consists of fixed carbon. The
inorganic in the fume at 700°C, 0% O, was almost entirely NaCl. The NaCl
content of the fume samples decreased with increasing furnace temperature
and O; content although the total amount of NaCl in the fume per gram of

black liquor solids increased.

Figure 5.5 shows the ratio of fume collected to the amount of black liquor
solids fed at different temperature and oxygen contents in the gas. From the
results shown, we can imply two things. First, the amount of fume at oxidizing
conditions is considerably higher than that in reducing conditions. Second, the
temperature has a great effect on fuming, especially at lower oxygen content

where fuming is an order of magnitude higher at 1100°C than at 700°C.

Table 5.2: Inorganic content in fume, weight %

700°C | 900°C | 1100°C
0% O, NaCl 48.1 12.9 12.5
min (NaCl + Na,CO3) 48.6 62.7 73.2
max (NaCl + Na,SO,) | 48.8 79.5 93.7
4% O, NaCl 64.6 16.0 7.1
min (NaCl + Na,COs3) 80.6 83.6 89.1
max (NaCl + Na;SO0y) 85.3 106.4 116.8
21% O, NaCl 6.0 3.2 54
min (NaCl + Na,CO3) | 101.4 | 100.6 87.6
max (NaCl + Na,;SO4) | 133.7 | 133.5 115.3
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Figure 5.5: Fume generation versus reactor temperature from LEFR

experiments
5.2.3 - Potassium and Chloride Enrichment
The potassium enrichment factor is defined as the ratio of the concentration of

potassium to that of sodium in fume divided by the ratio of potassium to

sodium in the black liquor (BLS), or

[ K in Fume ]
Potassium Enrichment Factor = N4 in Fume (5.2)

[ K in BLS ]
Na in BLS

An analogous definition is valid for the chloride enrichment factor,
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Clthume]

Chloride Enrichment Factor = [Na i.n Fume
[ChnBLS]

Nain BLS

(5.3)

The potassium and chloride enrichment factors have also been defined by
others as a ratio of the concentration of potassium or chloride to that of alkali
metals (Na + K) in fume divided by the ratio of potassium or chloride to alkali
metals in the black liquor. The first definition is more sensitive to potassium
and chloride enrichment, which is the reason it was chosen to be used in this

study.

Using equations 5.2 and 5.3, we calculated the potassium and chloride
enrichment factors for several experimental conditions. For potassium, the
greatest enrichment factor, over 15, was obtained at 700°C in nitrogen, as
shown in Figure 5.6. At higher temperatures the enrichment factor was
smaller. The general trend is that at a higher temperature, the enrichment
decreases to the point that no potassium enrichment was obtained at 1100°C.
Another interesting finding is that there was virtually no potassium enrichment

in air at any temperature.

For chloride, Figure 5.7, a similar trend was found but even higher enrichment
factors were obtained. An enrichment factor of about 80 in nitrogen at 700°C

was achieved. Some enrichment was obtained in air, an enrichment factor of

about 3, but it did not seem to be affected by the reactor temperature.
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Figure 5.6: Potassium enrichment factor versus reactor temperature from

LEFR experiments

Cl enrichment factor

421% 02 4% O2 « 0% O2

b

o]

<o
]

[y
(-
1

800 1000
Temperature (deg C)

600 1200

Figure 5.7: Chloride enrichment factor versus reactor temperature from

LEFR experiments




CHAPTER 6
ENRICHMENT FACTOR MODEL

6.1 - Modeling

Cameron ° suggested that fuming processes involve salt vaporization and that
sodium and potassium chloride vaporization are responsible for potassium and
chloride enrichment observed in the fume. Cameron demonstrated this by
comparing measured sodium chloride vaporization rates from molten salt pools
with calculated values. The calculated rates were based on Raoult’s Law
(Equation 6.1) after assuming that the vaporization of sodium chloride is an
equilibrium process, the smelt is an ideal system, and the gas stream is

saturated with sodium chloride.

Pract (T) = P°naci (T) * Xiaci (6.1)

where:
Pwraci (T) = equilibrium partial pressure of NaCl at temperature T
P°Nac1 (T) = vapor partial pressure of pure NaCl at temperature T

Xnac1 = mole fraction of NaCl in smelt

To explain the high enrichment factors found in our experiments we are
assuming that vaporization of sodium and potassium salts is the dominant
mechanism at lower particle temperatures and O; contents. At higher
temperatures the sodium is also released by the sodium carbonate reduction

mechanism proposed by Li and van Heiningen °. The reaction is:

Na,CO; + 2C — 3CO + Nag, (6.2)




A model was developed based on the above assumptions to predict theoretical

potassium and chloride enrichment during black liquor combustion.

A new theoretical chloride enrichment factor can be defined by the ratio of

sodium chloride and potassium chloride vaporization rate and the rate of

sodium released by the sodium carbonate reduction and NaCl volatilization.

) 15 e
j(@) dt + j(M) g [Cllns

Chloride Enrichment Factor =

dt dt
where:
J' dl\:;m)dt = chloride or sodium released by NaCl vaporization, mol

p
J —dlc(itCl)dt = chloride released by KCl vaporization, mol

[

a )dt = sodium released by carbonate reduction mechanism, mol

[NaJes = concentration of sodium in black liquor solids, mol %

[Cl]es = concentration of chloride in black liquor solids, mol %

The integrations are performed over the time at which the particles were in the

hot zone of the furnace by using the forward Simpson numerical integration

method.

The theoretical potassium enrichment factor can be defined by the ratio of

potassium released by potassium chloride volatilization and by potassium

carbonate reduction to that of sodium released by sodium carbonate reduction

and NaCl volatilization.
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I 159 e
[ | (9%) dt + j(ﬁ;ﬁ) dt] [Kes

Potassium Enrichment Factor =
where:

K
j(ddfl)dt = potassium released by KCl vaporization, mol

dK ) . .
J (E) dt = potassium released by carbonate reduction mechanism, mol

N . i i
J' (_ddta)dt = sodium released by carbonate reduction mechanism, mol

J-(dNaCl

a )dt = chloride or sodium released by NaCl vaporization, mol

[Nales = concentration of sodium in black liquor solids, % mol
[K}ps = concentration of potassium in black liquor solids, % mol

The model took into account the reaction kinetics as well as film mass transfer
and diffusion out of the particles, but it does not account for the suppression
of sodium carbonate reduction by CO and CO,. These suppression effects were
expected to be negligible in our experiments because of the dilution effect of
the reaction gas. When the particles were pyrolyzed in N, the concentrations
of CO an CO; resulting from the pyrolysis products were low, of the order of

1000 ppm or less.
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The model was written using the Microsoft Excel 5.0a for Windows software
where each set of temperature and oxygen content was treated in one
spreadsheet. The results from the equilibrium calculations and salt

volatilization were incorporated in the model and can be found in Appendix E.

As presented in Figure 6.1, the flow diagram for the enrichment factor model

has six routines of calculations, which are:

- Surface temperature calculation (TEMP)

- Equilibrium partial pressure calculations (HSC)

- Calculation of the amount of salt volatilized (Volatilization)

- Calculation of the amount of alkali metal released by Na,COs reduction
mechanism (Carbonate)

- Theoretical enrichment factor calculation

- Calculation of the initial char composition for the next time interval

Below is a list of all the variables used in this model. The terminology used in

this chapter corresponds directly to the one used in the spreadsheet model.

1 is effectiveness factor

CO3 is the alkali carbonate concentration (mol)

DeltaHr is the heat of reaction of CO = 110525 (J/mol)

Diff is the diffusivity of molecule in N2 at given temperature (m?*/sec)
Dp is the diameter of the particle (m)

Gr is the Grashf number

heff is effective heat transfer coefficient (J/sec.m?.K)

k is thermal conductivity coefficient (J/sec.m.K)

MW is the molecular weight (g)

Nu is the Nusselt number
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Figure 6.1 - Flow-diagram for the enrichment factor model
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OverallRate is the overall rate of alkali release by carbonate reduction
mechanism (mol/sec)

PO, is the O, content in the reaction gas (%)

Psalt is the partial pressure of the salt at equilibrium using HSC (bar)

Pvapor is the partial pressure of alkali metal at equilibrium using HSC (bar)

R is the constant of gases = 0.08314 (bar*liter/mol*K)

Rate is the rate of reaction of carbon with O, around the particle (mol/m’.sec)

Re is the Reynolds number

Rkinetic is the chemical kinetic rate of the carbonate reduction mechanism
(mol/sec)

Rmt is the rate of alkali metal mass transfer from the particle surface to the
gas phase (mol/sec)

Salt is the initial amount of the salt in the stage (mol)

Sh is the Sherwood number

Sigma is the Stefan-Boltzmann constant = 0.0000000567 (J/(sec.m>.K*))

Tf is the film temperature as an average between Tgas and Tparticle (°C)

Tg is reactor's temperature (°C)

Time is the time interval between iterations (sec)

Tp is the particle surface temperature (°C)

vgas is the gas velocity relative to the particle (m/sec)

Visc is the gas kinematic viscosity (m?*/sec)
6.1.1 - Surface Temperature Calculations

For the surface temperature calculations, the function TEMP was created,
which estimates iteratively the difference between the particle surface

temperature and furnace temperature during its combustion.

TEMP = Tp - Tg = ('Delta?:z (-Rate) (6.2)




where:

Tg = reactor's temperature (°C)
Tp = particle surface temperature (°C)

DeltaHr = heat of reaction of CO = 110525 (J/mol)

Rate is the rate of reaction of carbon with O, around the particle (mol/m®.sec)

and is calculated as:

PO:
ke (m)
Rate = (6.3)

(R(Tf + 27315))

where:
PO, = O, content in the reaction gas (%)
Tf = film temperature as an average between Tgas and Tparticle (°C)

R = constant of gases = 8.314*10°° (bar.m3/mol.K)

‘kg’ is the mass transfer coefficient that is estimated for given film
temperature (Tf), diameter of the particle (Dp), and the molecular weight
(MW) of the molecule diffusing in the reaction gas. First, the diffusivity of the
molecule in N; is estimated by using equation 6.4 that was obtained by fitting
a curve on diffusivity data available in the literature *° for various gas species
of different molecular weights. The data used for fitting this curve can be

found in Appendix F.

175
Tf + 273.15) (6.4)

Diff = 1.0662 * 10™ * (MW)?2#* %
' ( 27315

Thus, kg is estimated as:
_ Sh * Diff

k
5~ Tp

(6.5)




where Sh is the Sherwood number assumed to be 2.

The effective coefficient of heat transfer for the particle surface (heff) is

calculated as:

025 06 . 4 _m 4
he = k(2 +0.39Gr™ +037Re™) + Sigma (Tp® - Tg") (6.6)

Dp (Tp - Tg)

where:
Sigma = Stefan-Boltzmann constant = ¢ = 5.67*10"® (J/sec.m*.K*)
k is thermal conductivity coefficient (J/sec.m.K)
k = 0.0238 + 0.0000685 * Tf - 0.00000001614 * (Tf)?
Gr is the Grashf number
Gr = 9.8 * (Tp - Tg) * Dp® / (Tf * Visc?)
Re is the Reynolds number
Re = vgas * Dp / Visc
vgas is the gas velocity relative to the particle (m/sec)

Visc is the gas kinematic viscosity (m?*/sec)
6.1.2 - Equilibrium Partial Pressure Calculation

The salt vapor partial pressure was estimated for each set of conditions by
using the Gibbs energy routine from the HSC Chemistry for Windows
software. The HSC is a chemical reaction and equilibrium software with
extensive thermochemical database developed by Outokumpu Research -
Finland. The objective of this software is to make conventional thermodynamic
calculations faster and easier to carry out. The software requires the input of
the composition of the phases of your system, total pressure, and temperature
range. All species of interest or relevant for your system should be selected,

even if their initial concentration are zero. The amount of reaction gas in the
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input should be in the same order of magnitude of the system you are studying.
Figure 6.2 and Figure 6.3 show examples of output files from the Gibbs

calculations using HSC.

CA\THESIS\MODEL\THESIS.OGI

Temperature| Na(q) K(g) NaCl(g) | KCl{g) [NaOH(g)| KOH(g) | K2S(g) |Na2S04(g) K2504(g)|
C mol-% mol-% | mol-% | mol-% | mol-% | mol-% | mol-% mol-% mol-%
700 2.30E-02 | 3.02E-03 | 1.12E-05| 1.30E-05|8.60E-06| 1.10E-05|5.45E-14| 3.67E-29 | 2.75E-29
900 4.40E-01 [ 7.19E-03 | 1.50E-03| 1.60E-04 | 7.30E-05|8.28E-06| 2.86E-12| 7.99E-27 | 5.71E-29
1100 4.45E-01[7.16E-03 | 6.56E-03| 5.51E-04|6.35E-06| 5.58E-07(4.80E-10] 2.21E-28 | 1.09E-30 |

Figure 6.2 - Output table containing the molar fraction of some species in

the gas phase (HSC software)

6.1.3 - Calculation of the Amount of Salt Volatilized (Volatilization)

The user-defined function ‘Volatilization’ calculates the amount of salt
released by volatilization mechanisms during a given period of time from a
single particle. The release of volatiles is equal to the product of the rate of
release (mol/m”.sec), the residence time (sec), and the external surface area

(m?). The unit for the ‘Volatilization’ function is mol.

The molecules allowed to volatilize by this mechanism are NaCl, KCl, and
KOH. The maximum amount of salt volatilized during a specific period of time
is limited to the its input amount. The salt partial pressure used in the rate of
reaction calculation was determined from the HSC software. The equations to

calculate the amount of salt volatilized are shown below:

Volatilization = Rate . Time . © . Dp?




GIBBS 2.0 WINDOWS

FOR MULTIPHASE E

QUILIBRIUM CA

LCULATIONS

Copyright (C) Outo kumpu Research Oly, Pori Finla nd 1974-94
T.Talonen, J.Eskel inen, T.Syvajarv|i and A.Roine
Temperature 973.15 K
Pressure 1 blar
Volume 4.486E-08 m |3 (NPT)
Reaction enthalpy 4.231E-05 kJ
Reaction entropy 7.294E-05 JI/K
Iterations 101{( Limit = 10 |0 )

INPUT AMOUNT EQUIL AMOUNT | MOLE FRACT
PHASE 1: mol mol
CH4(g) 0.00E+00 9.68E-12 4.84E-06
CO(g) 0.00E+00 1.04E-09 5.21E-04
CO2(g) 0.00E+00 6.58E-13 3.29E-07
Cl2(g) 0.00E+00 2.93E-40 1.46E-34
HCl(g) 0.00E+00 4.90E-19 2.45E-13
H20(g) 1.00E-10 5.03E-12 2.51E-06
H2S(g) 0.00E+00 2.13E-19 1.07E-13
K(g) 0.00E+00 6.05E-11 3.02E-05
KCl(g) 0.00E+00 2.60E-18 1.30E-07
KOH(g) 0.00E+00 2.21E-13 1.10E-07
K2S(g) 0.00E+00 1.09E-21 5.45E-16
K2S04(g) 0.00E+00 5.50E-37 2.75E-31
N2(g) 2.00E-06 2.00E-06 9.99E-01
INO(g) 0.00E+00 1.90E-24 9.48E-19
NO2(g) 0.00E+00 3.85E-39 1.92E-33
NO3(g) 0.00E+00 1.15E-59 0.00E+00
Na(g) 0.00E+00 4.61E-10 2.30E-04
NaCl(g) 0.00E+00 2.23E-13 1.12E-07
NaOH(g) 0.00E+00 1.72E-13 8.60E-08
Na2S04(g) 0.00E+00 7.34E-37 3.67E-31
02(g) 0.00E+00 4.38E-34 2.19E-28
S(g) 0.00E+00 4.12E-28 2.06E-22
$02(g) 0.00E+00 1.49E-31 7.46E-26
S03(g) 0.00E+00 5.45E-45 2.72E-39
Total : 2.00E-06 2.00E-06 1.00E+00
PHASE 2 : INIT GUESS
c 2.91E-08 2.84E-08 8.52E-01
K 0.00E+00 1.90E-12 5.70E-05
K2CO3 7.77E-11 1.23E-11 3.70E-04
KCl 3.05E-12 6.49E-11 1.95E-03
KOH 0.00E+00 6§.37E-12 1.61E-04
K28 0.00E+00 2.97E-13 8.90E-06
K2804 0.00E+00 2.01E-29 6.04E-22
Na 0.00E+00 5.91E-11 1.77E-03
Na2CO3 4.50E-09 4.20E-09 1.26E-01
NaCl 1.87E-10 1.24E-10 3.72E-03
NaOH 0.00E+00 1.45E-10 4.36E-03
Na2$ 3.31E-10 3.31E-10 9.93E-03
Na2S04 0.00E+00 1.26E-28 3.74E-21
) 0.00E+00 1.22E-21 3.65E-14
Total : 3.42E-08 3.33E-08 1.00E+00
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Figure 6.3 - Example of an input and output data file from HSC software
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where:
Volatilization = amount of salt volatilized (mol)

Rate = Rate of reaction (mol/m?*.sec)

(Psalt)

kg | ———

Rate = 109 (6.7)
(R(TE +27315))

Psalt = Partial pressure of the salt at equilibrium (bar)

Time = Time interval (sec)

6.1.4 - Calculation of the Amount of Alkali Metal Released by Carbonate

Reduction mechanism (Carbonate)

This routine calculates the amount of salt released by carbonate reduction
mechanisms. The release of alkali metals (sodium or potassium) is equal to the
product of the rate of release of these elements by the carbonate reduction
mechanism (mol/sec) and the residence time (sec). The units of Carbonate are

mol.

Carbonate = OverallRate * Time (6.8)

where:

Carbonate = Amount of alkali metal released by the carbonate reduction
mechanism (mol)

OverallRate = Overall rate of alkali metal release by carbonate reduction

mechanism (mol/sec)
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OverallRate = L (6.9)

(&) ()

The effectiveness factor (1) for this size of particle at the conditions used in

the experiments is approximately equal to 1.

Rmt = rate of alkali metal mass transfer from the particle surface to the gas

phase (mol/sec)

()
Rmt = % * Dp? (6.10)

(R(TE + 27315))

Pvapor = partial pressure of alkali metal at equilibrium using HSC (bar)
kg = mass transfer coefficient (m/sec)
Rkinetic = chemical kinetic rate of the carbonate reduction mechanism'’
(mol/sec)
244000 )

Rkinetic = 2 * 10° *[COs] * e(8-3“*<TP+273~‘5> (6.11)

CO; = alkali carbonate concentration (mol)
6.2 - Results

The results for chloride and potassium theoretical enrichment factors for
reactor temperatures of 700, 900 and 1100°C are shown in Tables 6.1, 6.2
and 6.3, respectively. The spreadsheet developed to predict the theoretical

enrichment factor with formulas and results can be found in Appendix E.
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Table 6.1: Calculated chloride and potassium enrichment factors at

700°C

Temperature: 700°C

Chloride Enrichment Factor

0O, Content (%)

Residence Time (sec) 0 4 21
0.1 35.3 63.6 1.9
0.2 35.3 57.2 1.7
0.3 35.3 49.9 1.6
0.4 35.3 46.3 1.6
0.5 35.3 44.0 1.5
Potassium Enrichment Factor
0, Content (%)
Residence Time (sec) 0 4 21
0.1 40.1 34.2 1.2
0.2 40.2 26.4 1.1
0.3 40.2 17.9 1.0
0.4 40.2 13.6 1.0
0.5 40.2 11.0 1.0
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Table 6.2: Calculated chloride and potassium enrichment factors at

900°C

Temperature: 900°C

Chloride Enrichment Factor

0O, Content (%)

Residence Time (sec) 0 4 21
0.1 17.8 12.4 1.9
0.2 17.6 11.0 1.7
0.3 17.4 10.3 1.6
0.4 17.2 9.8 1.6
0.5 17.1 9.4 1.5
Potassium Enrichment Factor
0O, Content (%)
Residence Time (sec) 0 4 21
0.1 2.7 3.1 0.9
0.2 2.6 2.0 0.9
0.3 2.6 1.6 0.9
0.4 2.6 15 0.9
0.5 2.6 1.4 0.9
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Table 6.3: Calculated chloride and potassium enrichment factors at

1100°C

Temperature: 1100 °C

Chloride Enrichment Factor

O, Content (%)

Residence Time (sec) 0 4 21
0.1 3.5 1.6 0.7
0.2 3.3 1.5 0.7
0.3 3.1 1.4 0.7
0.4 2.9 1.4 0.7
0.5 2.7 1.3 0.8
Potassium Enrichment Factor
O, Content (%)
Residence Time (sec) 0 4 21
0.1 1.2 1.1 0.8
0.2 1.2 1.0 0.8
0.3 1.1 1.0 0.9
0.4 1.1 1.0 0.9
0.5 1.1 1.0 1.0
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CHAPTER 7
DISCUSSION

Table 7.1 compares the theoretical and experimental enrichment factors for
chloride. At higher temperatures, the combustion of black liquor is controlled
by fume mass transfer, so the rate of reaction increases slowly with the
increase in temperature. The heat transfer coefficient is controlled by radiation
and increases rapidly with temperature. Therefore, knowing that the difference
between the particle temperature (T, ) and the reactor temperature (T,) is a
function of the ratio between the rate of reaction and the heat transfer
coefficient, (T, - Tg) will decrease with the increase of reactor temperature.

So, the temperature of the particle will not be as high at higher reactor

temperatures. The enrichment factor model predicts this behavior during the

particle surface temperature, as shown in Figure 7.1.

BTg=700 C OTg=900 C MTg=1100C

500
400 -
300 -
200 -
100 -

0 -

Tp-Tg(C)

R

21% 4% 0%
Oxygen Content

Figure 7.1: Relationship between oxygen content in gas and particle

surface temperature

Table 7.2 shows a comparison between the theoretical and experimental

enrichment factors for potassium.
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The main reason for the high enrichment factors at lower temperatures and
reducing conditions 1is the low sodium release rate via Na,COs; reduction. In
Figure 7.2, we plot the molar ratio of sodium in fume and in BLS versus
temperature at several oxygen contents. As temperature increases, the rate of
sodium released increases, by as much as 18 times from 700°C to 1100°C in
N,. The release of chloride, Figure 7.3, is increased only by a factor of about
3.5 at the same conditions (of those of the sodium release). Again, in Figure
7.2, it can be observed that the release of sodium fume in air is high even at
lower temperatures. There are two principles that could be simultaneously
helping to increase the amount of sodium being released by carbonate
reduction: the oxygen-enhanced fuming mechanism and the particle burning

temperature.

Table 7.1: Comparison of chloride experimental and theoretical

enrichment factors

Experimental Theoretical
700°C 0% O 80.7 35.3
4% O, 56.8 44.0
21% O, 2.8 1.5
900°C 0% O, 10.0 17.1
4% 02 9.4 9.4
21% O, 1.5 0.8
1100°C 0% O, 8.4 2.7
4% O, 3.9 1.3
21% O, 3.0 0.8

Conditions: 100 um BLS particle, 0.5 sec



Table 7.2: Comparison of potassium experimental and theoretical

enrichment factors

Experimental Theoretical
700°C 0% O, 16.7 40.2
4% O, 7.9 11.0
21% O, 0.9 1.0
900°C 0% O, 2.0 2.6
4% O, 1.3 1.4
21% O, 0.8 0.9
1100°C 0% O, 0.8 1.1
4% O, 1.1 1.0
21% O, 1.2 1.0

Conditions: 100 um BLS particle, 0.5 sec

Cameron ® suggested that the high sodium release in air is due to oxidation-
enhanced fuming mechanism. In this mechanism, the sodium vapor is oxidized
just above the melt’s surface lowering the partial pressure of sodium in the gas
phase and increasing the rate of sodium vaporization. The data obtained in this
work suggests that the increase in sodium release is much more significant
with the increase of temperature than with the increase of oxygen content.
Also, there is a hidden temperature effect on the sodium release with the
increase of oxygen content. It can be said, therefore, that for this case, the
carbonate reduction mechanism is limited by reaction kinetics instead of
equilibrium in which the oxidation-enhanced fuming mechanism is based. If the
resistance to mass transfer diffusion from the particle were higher, the oxygen-
enhance mechanism could play a more important role on the release of sodium

under oxidizing conditions.
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The hidden temperature effect on the sodium release with the increase of
oxygen content can be explained by the higher surface temperature that a small
particle achieves when burning in air compared with those at 0% and 4% O..
Frederick et al.'> measured, for larger particles (3-10 mm), the surface
temperature during char burning at several O,/N, mixtures in an 800°C
furnace. They concluded that surface temperature for droplets burned in air
increases by 300-400°C above the furnace temperature during char burning,

but only by about 40°C at 4% O, content, according to equation 7.1.

AT = 883 P, + 2966 P,,’ (7.1
where:
P,x = oxygen partial pressure (bar)

AT = temperature difference (°C)

Hurt and Mitchell '* reported that coal particles with 106-125 pm initial
diameter have a surface temperature of about 200°C higher than the gas
temperature when burning in 12% O,. Black liquor solids may burn even hotter
because of the presence of sodium and sulfur compounds that act as catalysts.
For the same oxygen content, 12%, and a larger particle size, Frederick et al.
found a difference of about 150°C. The particle surface temperature estimation
from the enrichment factor model also predicted the same results, as seen in
Figure 7.1. Therefore, we can conclude that black liquor particles of about

100 um in diameter may achieve surface temperatures higher than 400°C

above the furnace temperature when burned in air.
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Figure 7.2: Molar ratio of sodium in fume and in BLS versus temperature
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Figure 7.4: Molar ratio of potassium in fume and in BLS versus

temperature

At the much higher particle temperatures achieved in air, Na,COs; reduction
proceeds rapidly and sodium release is high compared with that of particles
burned in 4% O; or pyrolyzed in N,. The enrichment factor is highly dependent
on sodium carbonate reduction which increases sharply with temperature. This
resulted in a large fraction (25-35%) of the sodium in the black liquor solids
being volatilized at the higher furnace temperature and O, content conditions,
and it explains why there was almost no enrichment in air at any temperature.
Figure 7.5 shows the effect of particle surface temperature on the potassium
and chloride enrichment factors. The data for potassium and chloride fall in a

smooth curve, independent of the oxygen content of the reaction gas.

The behavior of potassium, Figure 7.4, is a mix of the behavior of both
chloride and sodium. It is released as potassium chloride by volatilization and

also as potassium vapor by the carbonate reduction mechanism.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

8.1 - Conclusions

From the results presented in this work, it was shown that it is possible to
predict potassium and chloride enrichment during black liquor pyrolysis and
combustion based on a mechanism involving volatilization of NaCl and KCl
and reduction of Na;CO; and K,COj; to metallic Na and K and the effects of
mass transfer and diffusion. The results from this work has also led to the

following additional conclusions:

- Particles Characteristics and Fume Generation

1- The dry black liquor particles, when pyrolyzed, swelled considerably
to about 4 times their initial diameter.

2- Fumes collected from pyrolysis and 4% O, experiments consisted not
only of sodium and potassium salts but also fixed carbon.

3- At lower temperatures and oxygen content, the inorganic in the fume
was almost entirely NaCl. The NaCl content decreased with
increasing temperature and O, content although the total amount of
NaCl per gram of black liquor solids increased.

4- The amount of fume at oxidizing conditions is considerably higher
than at reducing conditions.

5- The temperature has a great effect on fuming.

- Potassium and Chloride Enrichment

1- For potassium, the greatest enrichment factor, over 15, was obtained

at 700°C in nitrogen.
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2- At higher temperatures, the potassium enrichment factor decreases to
the point that no enrichment was obtained at 1100°C.

3- Virtually there was no potassium enrichment in air at any
temperature.

4- Chloride enrichment behaved similar to that of potassium.

5- A chloride enrichment factor of around 50 in nitrogen at 700°C was
achieved.

6- In air, the chloride enrichment factor was around 3, at any
temperature.

- Mechanisms
1- Prediction of the potassium and chloride enrichment factors are

possible assuming KCl and NaCl volatilization and carbonate
reduction mechanism.

The main reason for the high enrichment factors at lower
temperatures and reducing conditions is the low sodium release
rate via Na,COj reduction.

The increase in sodium release is much more significant with the
increase of temperature than with the secondary effect of the increase
of oxygen content.

The oxygen-enhanced mechanism apparently does not play an
important role in the release of sodium by carbonate reduction.

The higher surface temperature that a small particle achieves when
burning in air compared with those at 0% and 4% O, can explain why

there was almost no enrichment in air at any temperature.
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8.2 - Recommendations

The following are recommendations for future studies to better understand the

release of potassium and chloride during black liquor combustion:

- Study black liquors with different compositions.

- Use of a wider range of residence time.

- Perform experiments under different environments with the presence of CO,
and CO.

- Incorporate more accurate data into the model such as porosity, particle

surface temperature and salts release rate.
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Appendix A
ANALYSIS OF DEPOSITS IN RECOVERY BOILERS

A.l1 Introduction

The appearance and composition of a deposit changes according to the
mechanism by which it was formed. The three mechanisms of deposit
formation are the impaction of carry-over particles, deposition of sub-micron
fume particles by thermophoresis, and the condensation of vapors. The relative
degree of deposition by carry-over and by condensation is shown schematically
in Figure A.1 '. A deposit formed by impaction of carry-over particles has
more sodium carbonate and sodium hydroxide and less sodium sulfate, sodium
chloride and potassium salts if compared to that formed by the thermophoretic
deposition or condensation mechanisms. The carry-over mechanism cause the
formation of a hard and thick outside layer, while the other two mechanisms
cause the formation of an inside white powder layer which is enriched in

chloride and potassium salts.

At Lower Elevation

Combustion Gas
Combuslion Gas

Figure A.1: Schematic of deposit formation '
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A.2 Objectives

A preliminary evaluation of the elemental distribution in recovery boiler
fireside deposits was conducted. My objective was to understand the
characteristics of fume deposits in recovery boilers. To accomplish this, I
obtained deposits from recovery boilers and examined them using microscopic

techniques.

Some of the steps taken to achieve the objectives were:

- Obtain fume deposits of recovery boilers;

- Section the deposits so that the physical and chemical characteristics can be
measured radially in the deposit;

- Analyze the deposits using scanning electron microscopy (SEM) and energy
dispersive X-ray analyzer (EDAX) to determine the morphological
characteristics (particle size, degree of sintering) and the distribution of

chemical species (Na, S, K, Cl) radially in the deposits.

A.3 Experimental

The fireside deposits of recovery boilers used for this work were collected
from different regions of boilers of several major pulp companies. By visual
means, the several layers of the deposit were identified. Samples of the layers
were removed by using a sharp knife. They were labeled and sent to a SEM lab
for sample preparation (to be attached to a sample holder and coated with

carbon) and analysis.

A.4 Findings

Scanning electron microscope (SEM) provides three-dimensional images of an

object based on its surface topography and elemental composition. EDAX or
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Energy-Dispersive X-ray Analyzer is used with SEM to determine the
elemental composition of a small, chosen area of a specimen through weight

and atomic percentage. Both are important tools for examination of surfaces.

A deposit was obtained from the back side of the tubes in front of the

generator bank of a recovery boiler (Weyerhaeuser Company, Plymouth, NC -
May 1992). This deposit contained 4 different layers that were analyzed by
SEM. Figure A.2 shows, schematically, how the different layers were

designated.

Gas
QOutside Layer
Third Layer

Second Layer

Inside Layer

Tube

Figure A.2: Schematic of the different layers of deposit

The inside layer, shown in Figure A.3 with a 16X magnification, and in Figure
A.4 with a 2000X magnification, resembles an agglomerate of particles
beginning to fuse. This layer has a very porous surface. Macroscopically, the

inside layer looks like a fine white powder.



Figure A.3: SEM micrograph showing a typical surface of the inside

layer of the deposit (16X magnification)

Figure A.4: SEM micrograph showing a typical surface of the inside

layer of the deposit (2000X magnification)
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The second layer is a hard material and very porous as in Figure A.5. From

the SEM picture of that region, shown in Figure A.6, it was obvious that not

many pores existed.

Figure A.5: SEM micrograph showing a typical surface of the second

layer of the deposit (90X magnification)

Figure A.6: SEM micrograph showing a typical surface of the second

layer of the deposit (2000X magnification)
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The third layer seemed to be the hardest to cut or break, with only some
pores, Figure A.7. From Figure A.8, a higher magnification (2000X) of the
surface, we could see that this layer was uniform and it seemed that it was

formed originally by spherical particles that fused.

2Ky

Figure A.7: SEM micrograph showing a typical surface of the third layer
of the deposit (19X magnification)

P )
18l @89 @30

Figure A.8: SEM micrograph showing a typical surface of the third layer
of the deposit (2000X magnification)
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The outside layer, Figures A.9 and A.10, a non-porous white surface, showed

similar morphological characteristics as those of the inside layer.

Figure A.9: SEM micrograph showing a typical surface of the outside
layer of the deposit (20X magnification)

Figure A.10: SEM micrograph showing a typical surface of the outside
layer of the deposit (2000X magnification)
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Table A.1 shows the summary of data collected from each layer of this
deposit. The following denominations were given to the different spectrums:
VR11A - Inside Layer of the Deposit
VR12A - Second Layer of the Deposit
VRI13A - Third Layer of the Deposit
VR14A - Outside Layer of the Deposit

The full EDAX analysis of the layers can be found in Appendix A.

The sodium salts concentration should be interpreted as alkali (sodium +
potassium) salts concentration. The carbonate concentration was calculated by
difference. Figure A.11 is a plot of the mass fraction data presented in Table

A.l.

Table A.1: Chemical composition of the layers in the deposit

——e

\ SEM ANALYSIS : SAMPLE 1 March 93
‘ File : SEMDAT(3
il SAMPLE 1 - Plymouth 592 _ #4
i Back side of tubes in front of generator bank
Ooring between tubes into sootblowing cavity

Spectrum Mass Fraction (%) Mole Ratio (%)
Na2SO4 NaCl Na2003 K/(Na+K)  Cl/(Na+K)
} Inside VR11A 69.9 6.3 239 100 7.0
| Second VRI2A 80.1 4.0 159 16.7 4.5

Third VRI3A 66.5 03 332 53 03
Outside VRMA 742 10.3 15.5 181 117 =IJ
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B Na2S0O4 ElNaCl B Na2CO3

Mass Fraction (%)

Inside Second Third Outside

Figure A.11: Chemical composition of the layers in the deposit

The results presented in Table A.1 and Figure A.11 show that:

1- Sodium sulfate is behaving uniformly from the inside layer to the outside
layer. Its concentration changes from 70 to 80% of mass fraction in the

deposit.

2- Sodium chloride changed in concentration radially along the deposit, from

less than 1% in the third layer to more than 10% in the outside layer.

3- Carbonate, calculated by difference, varies from 15 to 33% in mass

fraction.

4- Alkali metal concentration in the deposit is relatively constant (Figure

A.12).
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5- Mole ratio of potassium in the alkali is quite variable (Figure A.13).

6- Mole ratio of chloride to Na + K has the same behavior as the sodium

chloride, higher concentrations in the extremes and lower inside.

7- Different samples from same layers of deposit were analyzed and similar
results were obtained, indicating that the analysis using EDAX were

reproducible.

80r
70t
60}
50}
40+
30t
20}
10}

(%)

(Na + K) Molar Fraction

Inside Second Third Outside

Figure A.12: Alkali metals concentration in the layers of the deposit
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10

(%)

K/(Na + K) Mole Ratio

Inside Second Third Outside

Figure A.13: Mole ratio of potassium to alkali metals in the layers of the

deposit

Most of the results obtained from this work agree well with the literature

11516 Table A.2 compares some of the data from this work with the data

available in the literature.

The inside and the outside layers of the deposit used in this thesis are similar
and have an appearance of a white fine powder. This is one of the
characteristics of a deposit formed by condensation mechanism, and therefore
enriched in chloride and potassium salts. This is also in agreement with the
data presented in Figure A.11, where the sodium chloride has its highest mass

fraction with the inside and outside layer.
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Table A.2: Data comparison of fireside deposits from recovery boilers

Literature Present work
Na,SO4 composition (%) 50 - 85 70 - 80
NaCl composition (%) 0.1-15 1-10
Na,CO; composition (%) 10 - 40 15 - 33
K/K + Na 2-6 5-18

A.5 Conclusions

The conclusions of this study were:

- The SEM and EDAX are useful tools for characterization and study of
deposits.

- Sulfate concentration does not vary significantly across the deposit.

- Chloride concentration is lower in the middle and higher on the extremities
of the deposit.

- The alkali concentration does not change much within the deposit.

- The outside and inside layers of the deposit may have been formed by the
condensation mechanism and the second and third layers by carry-over
impaction.

- The results are in agreement with the published literature.




Table A-3: EDAX data from analysis of deposit

SEM ANALYSIS : SAMPLE 1

SAMPLE 1 - Plymouth 5/92 _ #4

STANDARLESS EDS ANALYSIS

ELEMENT WEIGHT
& SAMPLE PERCENT

Spectrum VR11A

il Na 55.20
Al 0.55
s 27.30
cl 6.57
" K 10.39

Spectrum VRI2A

" Na 48.33
Al 0.53
Si 0.11
S 30.50
Cl 4.05

K 16.47
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" Back side of tubes in front of generator bank

Ooring between tubes into sootblowing cavity

ATOMIC PRECISION  CTS/SEC
PERCENT

(Sample 1 - inside layer of the deposit)

64.48 1.48 19.07
0.55 0.11 1.68
22.86 0.48 50.09
4.98 0.28 11.00
7.13 0.34 15.91

(Sample 1 - second layer from inside)

58.19 1.32 18.71
0.54 0.10 2.21
0.11 0.03 2.38
26.33 0.45 69.66
3.17 0.20 9.57
11.66 0.39 30.11

March 93

ITER NORMALIZATION

FACTOR
15 0.634
10 0.629




Table A-4: EDAX results from analysis of deposit

73

SEM ANALYSIS : SAMPLE 1

SAMPLE 1 - Plymouth 5/92 _ #4

Back side of tubes in front of generator bank

Ooring between tubes into sootblowing cavity

ELEMENT
& SAMPLE

Spectrum VR13A

Na
Al
Si
N
Cl
K

Spectrum VR14A

Na
Al
Si
S
Cl
K

WEIGHT
PERCENT

64.62
0.32
0.22

28.42
0.30
6.12

45.57
0.32
0.19

26.80
10.00
17.12

ATOMIC
PERCENT

PRECISION

CTS/SEC

(Sample 1 - third layer from ingide)

72.41
0.31
0.20

22.83
0.22
4.03

1.58
0.09
0.06
0.53
0.06
0.27

(Sample 1 - outside layer)

55.74
0.34
0.19

23.50
7.93
12.31

1.48
0.08
0.05
0.48
0.35
0.45

21.78
1.38
1.73

44 .41
2.46
8.86

13.29
1.48
1.71

48.72

14.78

23.71

March 93

ITER NORMALIZATION

FACTOR
20 0.674
10 0.62
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Appendix B
EXPERIMENTAL DATA

Table B-1:Data from experiments #1 thru #5

EXPERIMENT AIR AIR 4% 02 | 4% 02 | 0% O2
LIQUOR TYPE #1 #1 #1 #1 #1
TEMPERATURE (C) 900 900 900 900 900
ROOM TEMPERATURE (C) 23.5 23.5 235 23.5 23.5
PARTICLE SIZE (um) 90-125 90-125 90-125 90-125 90-125
DATA ACQUISITION FILE 1 2 3 4 5
PRIMARY FLOW (l/min) 0.10 0.10 0.10 0.10 0.10
SECONDARY FLOW (total) 14.99 14.98 14.96 14.97 14.96

air (}fmin) 1499 1498 278 2.78

N2 (Vmin) 1218 12.19 14.96
QUENCH (l/min) 22.57 2247 22.57 2245 22.49
FILTER (l/min) 348 2.73 2.3 2.73 273
TOTAL RUNNING TIME (sec) 640 298 361 357 232

time at plug 564 284 351 167

filter flow time 640 298 361 357 232
RESIDENCE TIME

effective reactor volume (1) 0.0033 0.0033 0.0033 0.0033 0.0033

primary flow rate (1/min) 040 040 040 0.39 040
__________ injector velocity (cm/sec) 19.08 19.07 19.11 18.89 19.04

residence time (sec) 0.50 0.51 0.50 0.51 0.51
WEIGHT DATA
TOTAL INPUT WEIGHT (g) 4.6055 2.3955 2.6129 2.8036 14717
MASS PLOW RATE (g/min) 04318 04828 04348 04710 0.3799
FUME WEIGHT 0.0893 0.0314 0.0037 0.0034 0.0032
__________ % input weight in fume 2095 18.00 195 1.66 298
RESIDUAL WEIGHT 12576 0.5882 13147 0.9247 04295

% input weight in cyclone 27.31 24.55 50.32 32.98 20.18
CHEMICAL ANALYSIS

weight analyzed (g)

Na _ reading mV) -165 -192 2251 -254 -258

concentration (%) 43.19 42.42 35.27 34.11 30.96

Q1 reading mV) 166 182 1% 199 19

______ tion (%) 1.64 223 995 943 1151

ading (mV) -203 -232 =272 =275 -268
concentration (%) 1.02 0.82 1.24 1.18 1.70
CHAR
weight analyzed (g) 0.6517 0.6680 0.5371 0.5444 0.5043
Na____reading (mV) -116 -129 -138 -133 -143
concentration (%) 40.74 23.82 20.79 24.97 18.18
Q1. reading (mV) 132 132 129 121 137
concentration (%) 1.08 1.05 1.50 2.14 1.11
K___reading (mV) 170 -171 -178 -173 -186
concentration (%) 094 0.89 0385 1.01 0.67
MATERIAL BALANCE
Na  Fume/B.L. (%) 39.94 33,71 3.03 251 4.08
Char/B.L. (%) 49.12 25.83 46.18 36.37 2343
Total (%) 89.06 59.54 49.21 38.87 27.51
€l Fume/BL. (%) 5118 59.86 28.84 23.37 51.08
Char/B.L. (%) 43.76 38.39 112.33 105.00 48.00
Total (%) 94.94 98.25 141.16 128.37 99.09
K _ Fume/B.L. (%) 3441 23.97 3.90 3.18 8.20
Char/BL. (%) 41,63 35.19 69.12 53.84 3171
Total (%) 76.04 59.16 73.02 57.02 39.91
ENRICHMENT FACTOR
Qa 128 178 9.51 9.32 12.53

K 0.86 0.71 128 1.27 201




Table B-2: Data from experiments #6 thru #10

EXPERIMENT 0% 02 AIR AIR 4% 02 { 4% 02
LIQUOR TYPE #1 #1 #1 #1 #1
TEMPERATURE (C) 900 1100 1100 1100 1100
ROOM TEMPERATURE (C) 23.5 29 29 26.9 26.9
PARTICLE SIZE (um) 90-125 90-125 90-125 90-125 90-125
DATA ACQUISITION FILE [ 7 8 9 10
PRIMARY FLOW (I/min) 0.10 0.10 0.10 0.10 0.10
SECONDARY FLOW (total) 14.89 14.98 14.97 14,98 14,91
air (I/min) 14.98 14.97 281 278
N2 (I/min) 14.89 12.17 12.14
QUENCH (Vmin) 22.50 22.51 22.52 22.51 22.51
FILTER (I/min) 1.74 273 2.73 273 273
TOTAL RUNNING TIME (sec) 412 375 3713 387 388
time at plug
filter flow time 412 375 373 387 388
RESIDENCE TIME
effective reactor volume () 0.0033 0.0033 0.0033 0.0033 0.0033
primary flow rate (1/min) 040 045 044 045 0.46
injector velocity (cm/sec) 19.07 18.96 18.55 18.69 19.23
residence time (sec) 051 0.44 045 045 043
WEIGHT DATA
TOTAL INPUT WEIGHT (g) 3.9488 2.6088 3.1539 35222 2.902
MASS FLOW RATE (g/min) 05755 04175 0.5068 05458 04488
FUME WEIGHT 0.0123 0.0358 0.0351 0.0234 0.0188
|% input weight in fume 6.68 18.82 15.27 9.13 8.88
RESIDUAL WEIGHT 0.5609 0.2485 0.0969 0.1063 0.0219
|% input weight in cyclone 14.20 9.53 307 3.02 075
CHEMICAL ANALYSIS
FUME
weight analyzed (g)
Na |reading (mV) =232 -193 -192 200 211
concentration (%) 2242 35.77 37.95 41,54 33.53
Cl  [reading (mV) 189 170 172 174 179
concentration (%) 4.13 341 3.17 433 4.29
K |reading mV) 252 218 223 230 240
concentration (%) 0.89 133 1.09 121 097
CHAR
weight aalyzed (g) 03263 | 02402 | 00544
Na [reading (mV) -151 -150 -186
concentration (%) 20.51 28.98 31.01 #VALUE! | #VALUE!
Cl |reading (mV) 143 139 192
concentration (%) 1.30 2.12 081 #VALUE! | #VALUE!
K |reading (mV) -195 -191 231
concentration (%) 0.74 1.17 1.17 #VALUE! | #VALUE!
MATERIAL BALANCE
Na_ |Fume/B.L. (%) 6.61 29.73 25.59 16.74 13.15
Char/B.L. (%) 12.86 12.19 421 #VALUE! | #VALUE!
Total (%) 19.47 41.92 29.80 #VALUE! | #VALUE!
Cl _ |Fume/B.L. (%) 41.07 95.42 72.03 58.86 56.65
Char/B.L, (%) 27.39 30.00 3.72 #VALUE! | #VALUE!
Total (%) 68.46 12542 75.75 #VALUE! | #VALUE!
K__|[FumeB.L. (%) 955 40,30 26.86 17.78 13.97
Char/B.L. (%) 17.07 18.04 5.80 #VALUE! | #VALUE!
Total (%) 26.62 58.34 32.66 #VALUE! | #VALUE!
ENRICHMENT FACTOR
Cl 621 321 2.81 352 431
K 145 136 1.05 1.06 1.06
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Table B-3: Data from experiments #11 thru #15

EXPERIMENT AIR AIR AIR AIR
LIQUOR TYPE #1 #1 #1 #1
TEMPERATURE (C) 700 700 700 700
ROOM TEMPERATURE (C) 29 29 2.7 2.1
PARTICLE SIZE (um) 90-125 90-125 90-125 90-125
DATA ACQUISITION FILE 11 12 13 14
PRIMARY FLOW (1/min) 0.10 0.10 0.10 0.10
SECONDARY FLOW (total) 1501 14.99 14.94 15.01
air (1/min) 1501 14.99 14.94 15.01
N2 (Ymin)
QUENCH (I/min) 2.56 2.53 2240 2.58
FILTER (1/min) 273 3.48 2.75 2.75
TOTAL RUNNING TIME (sec) 388 416 362 309
time at plug 299
filter flow time 388 416 362 309
RESIDENCE TIME
effective reactor volume (1) 0.0033 0.0033 0.0033 0.0033
primary flow rate (I/min) 0.32 0.32 0.33 0.33
injector velocity (cm/sec) 18.66 18.74 19.22 19.14
residence time (sec) 0.63 0.63 0.60 0.61
WEIGHT DATA
TOTAL INPUT WEIGHT (g) 3.069 3.5759 3.726 3.031
MASS FLOW RATE (g/min) 0.4744 0.5164 0.6176 0.5879
FUME WEIGHT 0.019 0.0129 0.0553 0.0508
[% input weight in fume 8.91 3.89 20.15 291
RESIDUAL WEIGHT 0.0102 0.0017 0.6924 0.4702
[% input weight in cyclone 0.33 0.05 18.58 1551
CHEMICAL ANALYSIS
FUME |
weight malyzed ()
Na _|reading (mV) 205 210 -178 -182
concentration (%) 40.12 50.83 41 .80 38.87
Cl |reading (mV) 182 180 167 169
concentration (%) 3.53 5.96 253 2.51
K reading (mV) -240 -238 214 217
concentration (%) 0.92 1.55 1.02 0.98
CHAR
weight analyzed (g) 07562 | 0.4735
Na [reading (mV) -123 -130
concentration (%) #VALUE! | #VALUE! | 2665 3231
Cl_|reading (mV) 123 141
concentration (%) #VALUE! | #VALUE! 1.40 0.98
K |reading (mV) 170 -180
concentration (%) #VALUE! | #VALUE! 0.81 0.90
MATERIAL BALANCE
Na_[Fume/B L. (%) 15.78 8.72 37.19 3931
CharB.L. (%) #VALUE! | #VALUE! 21.87 2.13
Total (%) #VALUE! | #VALUE! 59.05 61.44
Cl_|Fume/B.L. (%) 2675 3450 7592 85,63
CharB L. (%) #VALUE! | #VALUE! 38.84 261
Total (%) #VALUE! | #VALUE! 114.77 108.29
K Fume/B.L. (%) 13.24 9.72 33.20 36.08
_|CharB L. (%) #VALUE! | #VALUE! 2442 2.44
Total (%) #VALUE! | #VALUE! 57.62 58.52
ENRICHMENT FACTOR
Cl 2.96 3.9 2.04 2.18
K 0.84 1.11 0.89 0.92

(The shaded column corresponds to an unsuccessfull run.)




Table B-4: Data from experiments #16 thru #20
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EXPERIMENT 4% 02 | 4% 02 | 0% 02 { 0% 02 | 0% O2
LIQUOR TYPE #1 #1 #1 #1 #1
TEMPERATURE (C) 700 700 700 700 1100
ROOM TEMPERATURE (C) 29 29 308 293 23.1
PARTICLE SIZE (um) 90-125 90-125 90-125 90-125 90-125
DATA ACQUISITION FILE 16 17 18 19 20
PRIMARY FLOW (I/min) 0.10 0.10 0.10 0.10 0.10
SECONDARY FLOW (total) 1497 15.01 1495 14.96 15.00
air (I/min) 280 2.80
N2 (I/min) 12.16 1221 14.95 14.96 15.00
QUENCH (I/min) 2257 22.53 2249 22.56 2250
FILTER (1/min) 2.25 225 198 1.99 250
TOTAL RUNNING TIME (sec) 387 387 330 327 330
time atplug 320
filter flow time 127 100 134 330
RESIDENCE TIME
effective reactor volume (1) 0.0033 0.0033 0.0033 0.0033 0.0033
primary flow rate (1/min) 0.33 032 0.32 033 046
mjector, velocity (cm/sec) 19.32 19.17 19.11 1925 19.02
residence time (sec) 0.61 0.62 0.62 0.62 043
WEIGHT DATA
TOTAL INPUT WEIGHT (g) 43683 45713 29764 3.5264 2.5865
MASS FLOW RATE (g/min; 0.6769 0.7086 0.5409 0.6474 0.4703
FUME WEIGHT 0.0008 0.0008 0.0005 0.0006 0.0132
1% input weight in fume 031 029 0.32 0.32 1.66
RESIDUAL WEIGHT 2331 20534 1.09% 0.2305 1.1232
|% input weight in cyclone 5336 4492 36.94 6.54 4343
CHEMICAL ANALYSIS
FUME |
weight analyzed (g)
Na__|reading (mV) 286 310 32 322 227
concentration (%) 41,12 1598 14.73 1328 2543
Cl  ireading (mV) 199 200 207 208 175
concentration (%) 40.10 38.29 4438 3532 734
K ireading (mV) =276 275 275 278 -258
concentration (%) 4.82 5.03 8.05 5.89 0.64
CHAR
weight analyzed (g) 04129 0.8852 0.6251 0.2490 0.5071
Na__|reading (mV) -141 -124 -127 -153 -138
concentration (%) 24.03 21.89 2755 24.84 22.02
Cl__|reading (mV) 151 125 113 141 112
concentration (%) 0.71 1.09 2.69 1.86 348
K |reading mV) -185 -168 -164 -181 -179
concentration (%) 0.85 0.75 1.23 1.64 0.87
MATERIAL BALANCE
Na |Fume/B.L. (%) 0.55 021 021 0.19 8.60
Char/B.L. (%) 5661 4341 4492 7.17 4222
Total (%) 57.17 4362 45.13 736 50.81
Cl __|Fume/B.L (%) 1824 16.65 20.95 16.89 83.60
Char/B.L. (%), 56.26 73.15 148.03 18,11 224.64
Total (%) 74.50 89.80 168.97 35.00 308.24
K |Fume/B.L (%) 238 237 4.12 3.06 1.87
Char/B.L. (%) 7350 5431 7339 17.32 60.88
Total (%) 7587 56.69 7752 2038 68.75
ENRICHMENT FACTOR
Cl
K
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EXPERIMENT

LIQUOR TYPE
TEMPERATURE (C)
ROOM TEMPERATURE (C)
PARTICLE SIZE (um)
DATA ACQUISITION FILE
PRIMARY FLOW (I/min)
SECONDARY FLOW (total)
air (1/min)

N2 (l/min) P
QUENCH (V/min) Cosas e

FILTER (\/min) e e ] 97 Pieny b oany

TOTAL RUNNING TIME (sec)

filter flow time
RESIDENCE TIME
effective reactor volume (1)
primary flow rate (I/min)
injector velocity (cm/sec)
residence time (sec)
WEIGHT DATA
TOTAL INPUT WEIGHT (g)
MASS FLOW RATE (g/min)
FUME WEIGHT

|% input weight in fame
RESIDUAL WEIGHT

CHEMICAL ANALYSIS
FUME |

weight analyzed (g)
Na__|reading (mV)

Cl__ |reading (mV)

concentration (%)

weight analyzed (g)
Na [reading (mV)
concentration (%)
Cl _|reading (mV)
concentration (%)

concentration (%)

MATERIAL BALANCE
Na (Fume/B.L. (%)
Char/B.L. (%)
Total (%)
Cl__ |Fume/B.L. (%)
Char/B.L. (%)
Total (%)
K |Fume/B.L. (%)
Char/B.L. (%)
Total (%)
ENRICHMENT FACTOR
Cl
K

(The shaded columns correspond to unsuccessfull runs.)
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Table B-6: Data from experiments #23A thru #25A

EXPERIMENT 0%02| 0%02 | 0%02 | 0%02
LIQUOR TYPE #1 #1 #1 #1
TEMPERATURE (C) 1100 1100 900 1000
ROOM TEMPERATURE (C) 227 262 29 24
PARTICLE SIZE (um) 90-125 90-125 90-125 90-125
DATA ACQUISITION FILE 23A 23B 24A 25A
PRIMARY FLOW (I/min) 0.1010 0.1011 0.1018 0.1001
SECONDARY FLOW (total) 14.8891 149371 149381 148928
air (Ifmin)

N2 (I/min) 1489 1494 14.94 14.89
QUENCH (1/min) 2246 2242 2256 2493
FILTER (1/min) 3.98 398 3.98 398
TOTAL RUNNING TIME (sec) 356 545 371 432

time atplug 339 331 425

filter flow time 350 540 34 408
RESIDENCE TIME

effective reactor volume(l) 0.0033 0.0033 0.0033 0.0033

primary flow rate (I/min) 047 046 040 043

injector velocity (cmsec) 1921 1922 1937 19.04

residence time (sec) 043 043 051 047
WEIGHT DATA
TOTAL INPUT WEIGHT (g) 25884 42025 2.4786 32828
MASS FLOW RATE (g/min) 04368 04628 0.4004 0.4560
FUME WEIGHT 0.019 0.0346 0.004 0.0271

|% input weight in fume 721 172 1.52 826
RESIDUAL WEIGHT 13358 23358 1.4860 1.5278
1% input weight in cyclone 5161 55.58 59.95 4654
CHEMICAL ANALYSIS
FUME |
weight analyzed (g)
Na__lreading (mV) -200 -189 250 202
concentration (%) 35.24 31.53 23.54 23.88
Cl _ ireading (mV) 137 143 178 147
concentration (%) 10.81 469 786 497
K reading (mV) 255 -251 277 -248
concentration (%) 0.87 0.60 1.55 0.88
CHAR
weight analyzed (g) 02722 02237 02278 02423
Na_[reading (mV) 143 -147 -147 143
concentration (%) 2542 2634 25.87 28.56
Cl  [reading (mV) 106 12 135 124
concentration (%) 338 1.94 1.04 1.63
K . |reading mV) -198 202 206 -197
concentration (%) 0.90 091 0.74 1.06
MATERIAL BALANCE
Na _|Fume/B.L. (%) 1122 10.75 1.58 8.71
CharB.L. (%), 5192 64.64 6847 58.68
Total (%) 69.14 7539 7005 6739
Cl _ |[Fume/B.L. (%) 116.03 53.92 17.80 61.09
CharBL. (%) 250.77 160.75 9255 113.14
Total (%) 375.79 21468 11036 174.23
K |Fume/B.L (%) 10.09 748 3.80 11.76
CharB.L. (%) 7481 81.40 7158 7940
Total (%) 84.90 88.88 7538 91.16
ENRICHMENT FACTOR
Cl 1034 5.02 1126 7.01
K 0.90 0.70 241 135
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Appendix C
CES OPERATION MANUAL

Section 1 - CES Major Components

The major components of the CES (Figure C-1) are:

Autosampler - The two main parts of the autosampler are the sample vial
carousel and the sampler head. The carousel holds a maximum of 40 500 puL
microcentrifuge sample vials. The carousel rotates counterclockwise to bring
the selected vial position under the sampler head. The sampler head contains

the source end of the capillary and the source electrode. Nitrogen is used for

actuation of the jaws that hold the vial during sampling operations.

Capillary - The capillary is the place where the separations occur. Generally, a

conventional coated fused-silica capillary (50 cm x 50 pm [.D.) is used.

Detector - All of our applications require UV detection, but the CES also

comes with a fluorescent detection option.

Controller - The controller has direct control of the other main components,

except the detector, which is independently controlled.

High-Voltage Power Supplies - Voltage is applied across the ends of the

capillary to move sample through the capillary. For cations detection, connect
the high-voltage cable to the positive power supply. For anions' detection,

connect the cable to the negative power supply.
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Buffer and Waste Reservoirs - At the rear of the deck there are five glass
bottles. The 1000 ml and the 500 ml are waste reservoirs and the three 250 ml

are buffer reservoirs. The buffer reservoirs are pressurized with helium.

Source Buffer Vial - The source buffer vial is usually the fixed source buffer
vial located to the right of the carousel, but any sample vial in the carousel

may be used as the source vial.

Cell - The cell is enclosed in a light-tight cover and holds the destination end
of the capillary and the detectors. Just below the cell is the destination vial but
cannot be seen without removing the cell. The destination vial is rinsed and

recharged with fresh buffer at the beginning of each run.

Screen - Operation of CES is controlled by menu-driven method programming

via the CRT (Cathode-Ray Tube) screen.

Deck Cover - A safety interlock prevents the cover over the deck from being
raised while the CES power is on. Never try to force open the safety cover.
After pressing System Halt, wait about one second for the safety interlock to

be released. You can hear a click sound as the safety interlock is released.

Section 2 - Functional Description

Operating Environment - The ambient temperature and relative humidity of the

laboratory are important parameters on the CES performance. The ideal
situation is when calibration and analysis are performed in a draft-free
location, and under the same temperature (between 10 and 40°C) and relative

humidity conditions (10-75%, non-condensing).
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Figure C.1: Major components of the CES

Pneumatic Pressure - The air-operated valves require an air supply regulated
to 100 + 20 psi. Only instrument grade air or nitrogen should be used. The
buffer reservoirs and sample injection require a helium supply regulated to 20-

30 psi.

UV lamp - The UV lamp controls the deuterium lamp used for ultraviolet
detection (190-350 nm). When the CES is turned on, the deuterium lamp is
always off and the UV lamp off indicator is lit. When the UV lamp switch is
pressed, the detector starts the lamp and the Start indicator lights. The

deuterium lamp requires 20 seconds to warm-up. As the heater reaches

operating temperature, the filament ignites and the UV lamp on indicator

lights. The deuterium lamp has a limited life of about 2000 hours. If you do

not intend to use it for an extended period, press UV lamp again to turn off

the lamp. The lamp takes 10 20 minutes to fully stabilize.

¢
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Injection Techniques - The CES can operate in three sample injection modes:
gravity, electromigration, and pressure. Selection of an injection mode
depends on factors such as the separation mode, the quantity to be injected,

and the sample being analyzed.

Gravity is generally regarded as the ideal method because of the several

advantages it offers:

e No sample discrimination; identical samples quantities for anionic, neutral,

and cationic samples can be used.

e The sample head height can be adjusted from 0 to 150 mm in 1 mm

increments for better precision.

e Simplicity; no need for calibrated sensors.

In gravity injection, the height difference between the two ends of the
capillary creates a siphoning effect, which allow introducing the sample into
the capillary. The sample volume depends on the height and time. In the
electromigration injection method, the sample 1is introduced by
electrophoresis/electrosmosis. In the pressure method, the sample is

introduced by pressurization of the sample vial.

Sequence of events - The operation of the CES is composed by a sequence of

8 events:

1- Drain destination vial (Fixed - 10 seconds) - Helium forces liquid from the
destination vial and overflow portion of the destination vial to the 1000 ml

waste container.
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2- Close waste valve (Fixed - 15 seconds) - Helium forces any remaining liquid
in the overflow portion of the destination vial to be flushed to the 1000 ml

waste container.

3- Fill destination vial with some overflow (Variable: 9 seconds at 5 psi) -
Helium pressurized to about 5 psi (set by user) delivers buffer to the

destination vial.

4- Rinse capillary (Variable - 120 seconds) - Helium pressurizes the
destination vial and forces destination vial buffer to flow backwards through

the capillary.

5- Drain source vial (Vacuum on, Fixed - 30 seconds) - The vacuum pump is
turned on, producing negative pressure in the 500 ml source waste container,

emptying the source vial.

6- Fill injection loop (Fixed - 5 seconds at 5 psi) - Helium at 5 psi will fill the

injection system with buffer.

7- Inject buffer into source vial, then sample (Variable - 6 seconds) -
Pressurized helium will transfer the buffer from the injection system to the
source vial. At this point, the sample head will search for the sample vial to
introduce the desired amount of sample into the capillary by one of the

injection methods.

8- Run high voltage (Variable 0-999 minutes) - The detection starts.
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Section 3 - Instructions

How to prepare a capillary: (Figure C-2)

1- On scale, cut a 50 cm long piece of the capillary with the small ceramic
wafer. In order to cut it, just “mark” the capillary with the ceramic tool and

bend it.

2- Lay the capillary on top of the burn fixture, a metal slide with a window.
Set the end of the capillary with one end of the metal plate. Press a piece of

tape onto the capillary on the other end of the metal plate.

3- With the capillary lying on the burn fixture and with the tape or “flag” on
the end closest to the window, hold a cigarette lighter under the window on
the fixture for about 10 seconds, or until the section of capillary lying across

the window glows orange.

4- Burn also the coating on the ends of the capillary (1 or 2 mm).

5- Using propanol and paper tissue, gently clean the exposed section of the
capillary. Be sure to remove all traces of burned coating. If necessary, repeat
steps 3 and 4 to ensure that all the coating is removed.

How to install the capillary: (Figure C-3)

1- Open the latches on the top and side of the cell compartment cover and

remove the front half of the cover.

2- Open the cell clamp by swinging the lever to the right (fully open

position). Loosen the white thumbscrew on the platform of the cell.
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Figure C-2: Capillary burn fixture

3- Carefully, insert the capillary into the seal adjustment screw until the
bottom of the flag touches the top of the cell body. Do not touch the window

on the capillary.

4- Close the cell lever observing if the capillary sits correctly in the V-

groove. Finger tighten the white thumbscrew on the platform.

5- Put the front half of the cell compartment cover in place. Note that where

the capillary enters the cell compartment, there is a double thickness foam.

6- Insert the other end of the capillary into the sampler head (Figure C-4). It
is normal to encounter some resistance. Continue inserting the capillary until
the bottom of the capillary is almost even with the end of the electrode (2 mm

4

above).
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Figure C-3: Installation of the capillary in the cell

Figure C-4: Sampler head
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How to write a program on CES:

Usually, the only parameters that one might want to change in a program are
polarity and running time. To edit a program, go to the main menu, choose 1,
and press ENTER. Now, select the program number, and press ENTER.
Always press ENTER after making changes, otherwise the changes will no be

saved. The parameters you can select are:

Polarity - The polarity of the high-voltage supply may be positive or negative
depending on the application. It must reflect the polarity used for the high-

voltage cable. Use positive if analyzing cations and negative for anions.

Air Cooling - This is an option for cooling the capillary in cases where high

currents are used. For our case this function is always off.

Rinse -

Destination - You select a destination vial fill time of 0 to 9 seconds
and which buffer reservoir should be used (A, B, or C). Usually we use
reservoir A for the anion buffer, B for water or rinsing solution, and C for

cation buffers. A rinsing time of 8 seconds is usually appropriate.

Capillary - For the purpose of backflow rinsing of the capillary, the vial

can be pressurized for 0 to 999 seconds. Use 120 seconds.

Fixed Source - The fixed source rinse fills time can be from 0 to 9

seconds. Select the same fill times and buffer used for the destination vial.

Injection Mode - Select electro, gravity or pressure. Typically gravity with the

sampler head height during injection set to 100 mm for 30 seconds is selected.
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If using electro, set the voltage from 10 V to 30.000 V. If using pressure, set

the injection period from 0 to 999 seconds.

Control Mode - This selects the parameters for operation. Usually, the settings

in this mode do not need to be changed.

On the next screen, the steps of the program are set.

Step 1- Occurs at 0.0 minutes. Select the voltage (20.000 V for cations and
30.000 V for anions). Select fixed source vial. Select relay 1 ON. Relay 1 is
used here to control the detector AUTO OFFSET.

Step 2- Occurs at 0.1 minutes. All relays are OFF. You do not need to set
voltage or fixed vial, since the CES continues to use the last condition
selected.

Step 3- The CES always displays a minimum of three steps. Keep it empty.
Step 4- End of program. Set the running time.

Step 5- Save the new program.

How to write a schedule on CES:

A schedule indicates the order in which programs run and which vials are
involved. The CES cannot run a program automatically without a schedule.
The schedule must contain at least one step and a maximum of 20 steps. In

each step, it is necessary to define the number of interactions per program (1-

9), the sample vials accessed (1-40), and programs used (1-20).
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From the main menu select option 3 and press ENTER. Choose a schedule

number on the next screen and again press ENTER.

As an example, assume that you plan to run programs 1 and 5, twice on vials

1,2,3,4,5, 6, 31 and 35.

Step 1- Enter “2” at the ITERATIONS PER PROG option of step 1 and press
ENTER.

Step 2- At the VIAL option, enter “1”, a decimal point, and then “6”. (This
command means that the CES will analyze the sequence of vials from vial 1 to
vial 6). Enter “31” and “35”. Remember to press ENTER after each element of

the sequence.

Step 3- At the PROG option, insert “1” and “5”. Press ENTER after each

entry.

Step 4- After entering the schedule, press ESCAPE.

Step 5- Save the schedule.

How to prepare the vials:

For each sample:

Step 1- Homogenize the solution to be analyzed.

Step 2- Pour around 3 ml of the solution into a polystyrene weighing dish.

Step 3- Rinse the syringe (1 ml) 5 times with distilled water.
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Step 4- Rinse the syringe twice with the solution present in the weighing dish.

Step 5- Fill the syringe once again and attach a 0.45 pm filter to the tip. (Two
kinds of filters were used, 4 mm or 13 mm, depending on the concentration of

particles present in the solution).

Step 6- Fill the vial with around 2 ml of the filtered solution.

Step 7- Eliminate all bubbles; specially if any are located at the bottom by

gently tapping the vial with your finger. Empty the vial.

Step 8- Fill the vial once again with 0.5 ml of the filtered solution and

eliminate all bubbles as described before.

Step 9- Place the filled vial in the holding board in appropriate numbered hole
as designated by the schedule. Cover samples until transferring the vials to the

carousel.

How to use the Dionex AI-450 Chromatography Software

The Dionex data acquisition software works in a window environment and
therefore is user-friendly. It is necessary for any acquisition or interpretation
of data generated by the CES. Its use has three phases: preparation for

analysis, analysis, and post-analysis data processing.

The preparation for analysis includes:

METHOD Editor program - It is used to create and edit methods for an

analysis or experiment. A method contains all of the instrument control and

data handling instructions needed to run a single analysis. Double-click on the
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method icon and choose new or open an old method to edit it. The main

window shows the current setting for the method:

e System - Once it is being used only one system and one interface with the

software, select ACI 1, SYS 1.

e Detectors used in these methods - The cations and anions analysis use only
UV detection. For Number of Detector, select 1. Click on Detector 1 and

select UV detection under Other Detector. Select the plot range (-100 to

1,000 is adequate).

e Run time - Enter the total time during which data will be collected.

Typically, it is the time necessary for all peaks in the sample to show up.

e Sampling Rate - The sampling rate determines the number of data points per

second. A rate of 5 or 10 samples/second is adequate.

e Instrument Control - Timed events needs to be created and saved before
running the method. On step time, highlight Init and mark Autosmp in ACI.
Highlight step 1, delete Autosmp and mark Begin Sampling. Save the file

before exiting (usually under the same name of the method).

e Data Processing Parameters

- Integration - These parameters specify how the data is processed by the
computer for peak detection and integration. In cases where the baseline is
noisy, the ion concentration is very low, or there are too many peaks, a change
of these parameters will be necessary to obtain results that reflect your need.

1 - Peak width - 2 or 3 seconds is adequate.
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2 - Peak threshold - It is a measure of how sharp the peak must be
before it is recognized as a peak. 50 is a good initial value. Increase it if
undesired peaks or noise are detected.

3 - Area Reject - Specifies the minimum area a peak must have before it
is included in the final report. An area of 2000 is adequate, as an initial value.

4 - Reference Reject - Specifies the minimum area a peck must have

before it is recognized as a reference peak. 1000 is a good start.

- Data Events - It is useful when you get used with the shape of the
chromatogram. The most useful event probably is the stop and start peak
detection. If used at 0.0 and 2.0 min, respectively, they can stop the detection

of the “water noise” in the beginning of the chromatogram.

- Calibration - Determines how detected peaks are identified and quantified.

1 - Levels (1 to 10) - Specifies the total number of different
concentration calibration standards are going to be used. The best is if, at
least, 3 standards are used. A good calibration standard combination for black
liquor products analysis is: standards (0.2 ppm of CI', 0.2 ppm of K*, and 2
ppm of Na*), standard 2 (1 ppm of CI', 1 ppm of K*, and 10 ppm of Na+) and
standard 3 (5 ppm of CI', 5 ppm of K* and 50 ppm of Na*). The standard
concentrations should bracket the expected sample concentration.

2 - Fit Type (Linear, Point to point, Quadratic or Cubic) - Selects the
type of fit for the calibration curve. The point to point type has been a good
option, unless one or more of the points are “off” of a linearity. In this case
you should repeat the calibration or, as a last resource, eliminate that point.
The linear fit works well at higher concentrations but may not be adequate for
the lower 10% of the concentration range.

3 - Force Zero - It should be used whenever possible.

4 - Calibration Update - Use Replace

5 - Standardization = Use External calibration
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6 - Resp. for Unknowns - An Area quantification is more reproducible.

7 - Amount Units - Specifies the unit of measure in the calibration

standards.

- Components - The component table must be created if you want sample
components to be identified and quantified automatically.
1 - Component Name
2 - Retention Time - Enter the expected retention time for the
component (in minutes).
3 - Retention Window - Determines how much the specified peak can
vary and still be identified (0.1 to 0.3 minutes is typically used).
4 - Calibrate By - Use area
5 - For each component in the component table, you should type the
component amount at the corresponding calibration level. The

concentration must increase as the level number increases.

- Report
1 - Do no select the printout text output as it prints a report after each
analysis.
2 - Select All for components and Unknown for peaks in the test
sections.

3 - The default.prf report format is adequate.

4 - In the graphics Options select only the Peak label and Fill Peaks. All

other options are not necessary.

Once a method is crated or edited and saved, the only modification that one
might need to do is a change on retention times and calibration parameters

(levels, concentrations, etc.).
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SCHEDULE Editor program - It is used to create, store, and edit a schedule
of analysis. Each line in a schedule specifies the sample name and the method
to be used for the analysis. It also incorporates automatic calibrations. A
schedule can contain instructions for up to 99 separate injections. Enter
sample name, method, and data file name in which all information will be
stored. For the injection of the calibration standards use the special sample
name AUTOCAL X, where X is the calibration level. The heights, areas and
retention times for each peak are updated. Use AUTOCAL X A to have the

method updated by averaging the new values with the previous ones.

The analysis includes:

Run program - It loads the ACI interface with a method or schedule. When
an analysis is complete, RUN directs the computer to retrieve the raw data
from the interface. It then detects and integrates peaks and calculates
component concentrations, based on data from calibration standards. The RUN
program will run a method, for a single analysis, or a schedule, for a series of
analysis.

1 - For single analysis, load method to be used. For a series of analysis,
load the schedule previously written. Before the schedule is loaded, it is
necessary to set some conditions. Always use the option for starting

successive runs upon receiving signal at interface. Also use data paths from

the schedule.

2 - Start - This signals the interface to begin executing the events of the
currently loaded method or schedule.

3 - Abort - Used if something goes wrong with the analysis.

The post-analysis data processing includes:

OPTIMIZE Program - It allows you to retrieve raw data from the disk drive

for additional processing. The data file is first shown exactly as it was
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processed at the time it was generated. By using the menu commands you can
test several treatments of the raw data and update method, report files or data
files after making modifications After selecting the option and opening a data
file, you can:

1 - Scale the plot

2 - Export report, chromatogram, or data

3 - Print report or chromatogram

4 - View report

5 - Edit the method (integration, calibration, components, or data

events)
6 - Set baselines manually

7 - Name or label peaks

Chances are that you are going to use the item 5 very often until you find the
best set of conditions for your matrix. Please refer to the AI-450
CHROMATOGRAPHY SOFTWARE USER’S GUIDE for detailed information
on how to edit a method from the OPTIMIZE PROGRAM. An example of a
situation is when you have potassium and sodium peaks in your chromatogram
but it is reported a higher than expected concentration for potassium and no
presence of sodium. What happened in this case was a shift in retention time.
This can be caused by a change of capillary, buffer matrix of your sample, or
even room temperature. To correct the problem, read the retention times of
the peaks and adjust the ones in the method. Another example of a situation
where you have to make some changes, also very common, is when the ion in
which you are interested has very low concentration and has not been detected

as a peak. In this case, it is necessary to change the integration parameters.
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Appendix D
ION SELECTIVE ELECTRODE MANUAL

Section 1 - Sodium Combination Electrode

Maintenance

Check if fill solution is not more than 2.5 cm below the fill hole. If necessary,

add saturated KCI solution.

Place the electrode in a 1:1 dilution of 0.5 M Triethanolamine (TEA) and 100

ppm Na standard until next use.

Reference electrode: Internal reservoir - KCl

External reservoir - KNO;

Calibration and measurement

Step 1- Prepare standards solutions to provide calibration points. These

solutions should bracket the concentration expected for samples.

Step 2- Dilute the standards and samples 1:1 with 0.5 M triethanolamine
(TEA). (20 ml of sample + 20 ml of TEA).

Step 3- Immerse the electrode, wait to achieve equilibrium.

Step 4- Read the potential of the standards and of the samples.




Section 2 - Chloride

Calibration and measurement
Prepare a 10.000 ppm stock standard (1.65g NaCl diluted to 100 ml). Make a
serial dilution of 1000, 100, 10 and 1 ppm. Dilute all standard and sample 1/1

by volume with 1.0M KNO;, the ionic strength adjustment buffer (ISAB).

Immerse the electrodes in the lower buffered standard (1 ppm) with gentle

stirring. Turn the standardize knob until the display reads zero.

Remove the electrode, dry it out and immerse the electrode sequentially in the
next higher buffered standards (10, 100, 1000 ppm) and record these
potentials.

Construct a standardizing curve.

Immerse the electrode in the buffered sample and read the mV.

Section 3 - Potassium

Calibration and measurement

Soak the potassium electrode for at least one (1) hour in 100 ppm potassium

standard solution.

Fill the inner chamber of the reference electrode with KCI solution. Fill the

outer chamber with diluted ISA.
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Prepared two (2) standards which bracket the expected sample concentration
and differ in concentration by a factor of ten (10). Standards and samples

should be at the same temperature.

Measure 50 ml of the more dilute standard into a 100 ml beaker. Stir

thoroughly. Pipet 1 ml ISA into the beakers.

Rinse electrodes with distilled water, blot dry and place into beaker. Read mV

value when a stable reading is displayed.

Repeat the last two steps for the most concentrated standard.

Section 4 - Sulfate

Calibration and measurement

Prepare 0.01 M Pb(ClO,); titrant by pipeting 100 ml of lead standard into a 1

liter volumetric flask and dilute to mark with distilled water.

Dilute the 0.01 M lead perchlorate titrant 1:1 with methanol-formaldehyde (3

drops of 37% formaldehyde to 1000 ml reagent grade methanol).

Pipet 25 ml of distilled water, 1 ml of ISA, and 25 ml of methanol-
formaldehyde solution into a 100 ml beaker. Stir thoroughly throughout

titration.

Using a 10 ml burette, add five 0.5 ml increments of titrant, recording mV

after each addition.
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Draw a straight line through the points. The line should intersect the
horizontal axis at 0 ml. If the line does not intersect at 0 ml, calculate the
concentration of the blank as follows and subtract if from the concentration of
the sample:

Cb=Ct Vt

Vb

Where:
Cb = Concentration of blank
Ct = Concentration titrant before dilution
Vb = Volume blank before dilution

Vt = Volume titrant at endpoint from graph

Repeat (1) for the sample

Fill the 10 ml burette with titrant

Let titrant run slowly into the sample until the mV reading on the meter is near
the value recorded for the first ml added in the blank. If the burette reading is
between 0.5 ml markings, add more titrant to bring burette reading to the next

0.5 reading.

Continue adding 0.5 ml increments of titrant, recording mV values after 0.5 ml
addition. Stop when mV readings on the meter are near the value recorded for

2.5 ml in the blank.

Draw the best straight line through the points. The line will intercept the

horizontal axis at the endpoint.




Calculate the sulfate concentration, Cs, as follows:

Cs =Ct Vt
Vx
Where:
Ct = Concentration titrant before dilution
Vt = Volume of titrant at endpoint

Vx = Volume of sample before dilution with methanol




Table E-

Appendix E
ENRICHMENT MODEL

1: Formulas in spreadsheet PROGRAM.XLS

(Column A, Rows 1-35)

A

Theoretical Enrichment Factor Model

Initid Condifions:

QR contentinreadtionges (%)

O[O (N[OOI [N | —

R eactor fermperaiure (O)

Inorganics Concentrations (mol):

NaQ

Ka

Na2G33

K208

NaX

KX

T emperalure E stimations:

Parlide s uface terrperature (C)

Cdcudtions:

T old pokes siumrelecs ed by vadiilizadion (mal)

27

NaQ relecs ed by voldtilization (mal)

T ofd chlaride relecs ed by valdiilizaiion (mol)

Sodumreless edby carbonake redudion (mal)

Pofes siumrelecs ed by ocrbonaie reduciion (mal)

E nrichment F aciors ofter 0.1s:

Qhloride

GREBLBRBR

Pokssium




Table E-2: Formulas in spreadsheet PROGRAM.XLS
(Column B, Rows 1-35)

0

O[O [N OO B [N | ==

700.069991999299

Input

0.0000000001865

0.000000000003052

0.0000000045

0.00000000007772

=B 13+2"B 15+0.0000000003312*2

=B14+2"B16

700.0699919993

=D28/(D27+D29)*((22.65/23)/0.67/35.5))

=D26+D30)/ (D27+D29)*((22.65/23)/(0.62/39)
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Table E-3: Formulas in spreadsheet PROGRAM.XLS (Column C, Rows 1-
30)

C

VNN |AIWIN|-—

13 [=B813-C27

14 (B 14-C28+27
15 [=B15-C29/2
16 [B16-C30/2
17 |B17-CQ27-C29
18 [=B 18-C26-C30

26 |=VoldilizalionE22B22E 14E8,74.5B14)

27 |=VolatilizalionE22B2E 15E8.58.5813)

28 [=C27+VoldiilizationE22B22E 16E8.74.5814)
29 |=Cabonate(E22B22E 17 E823B15)

30 [=CabonateE2B2E 18E8.39B16)




30)

Diameter of char parlide (m)

O[O N[N B[ WIN]| =

ResidenceTime ()

P artial Pressure at E quilibrium (oar):

Pofos siums pedes

Nad

KA

Na (vapor)

K (vapor)

Reackor femperature (O

Acumudated:

=C26

=C27

=28
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Table E-4: Formulas in spreadsheet PROGRAM.XLS (Column D, Rows 1-
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Table E-5: Formulas in spreadsheet PROGRAM.XLS (Column E, Rows 1-
22)

E.F.
MMoide
Pokssium

0.0003
0.5

O[O IN[ONO A WIN |-

14 10.0000002402
15 |0.0000001115
16 10.00000013
17 |0.0002303
18 |0.00003024

22 |B2-TEMPBI9B2BBES)
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Table E-6: Formulas in spreadsheet PROGRAM.XLS (Column F, Rows 1-
10)

=B34
=B35

ol|e@ (N ]win]—
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Table E-7: Formulas in spreadsheet PROGRAM.XLS (User-defined

functions)

Option Explicit

' Define variables and constants

Dim Tg ' Tg is reactor's temperature (C)

Dim Tp ' Tp is the particle surface temperature (C)

Dim Salt ' Salt is the initial amount of the salt in the stage (mol)

Dim PO2 ' PO2 is the O2 content in the reaction gas (%)

Dim Psalt ' Psalt is the partial pressure of the salt at equilibrium using HSC
(bar)

Dim Pvapor ' Pvapor is the partial pressure of alkali metal at equilibrium
using HSC (bar)

Dim CO3 ' CO3 is the alkali carbonate concentration (mol)

Dim Dp ' Dp is the diameter of the particle (m)

Dim Tf ' Tf is the film temperature as an average between Tgas and
Tparticle (C)

Dim Rate 'Rate is the rate of reaction of carbon with O2 around the
particle (mol/m2.sec)

Dim Rmt 'Rmt is the rate of alkali metal mass transfer from the particle
surface to the gas phase (mol/s)

Dim Rkinetic ' Rkinetic is the chemical kinetic rate of the carbonate
reduction mechanism (mol/s)

Dim OverallRate 'OverallRate is the overall rate of alkali release by
carbonate reduction mechanism (mol/s)

Dim heff 'heff is effective heat transfer coefficient (J/sec.m2.K)

Dim k ' k is thermal conductivity coefficient (J/sec.m.K)

Dim MW ' MW is the molecular weight (g)
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Table E-7: Formulas in spreadsheet PROGRAM.XLS (User-defined

functions) Continuation

' Diff is the diffusivity of molecule in N2 at given temperature (m2/s)
Dim vgas 'vgas is the gas velocity relative to the particle (m/s)

Dim Visc 'Visc is the gas kinematic viscosity (m2/s)

Dim Gr 'Gr is the Grashf number

Dim Re 'Re is the Reynolds number

Const DeltaHr = 110525 ' DeltaHr is the heat of reaction of CO (J/mol)

Const R =0.08314 ' R is the constant of gases (bar*liter/mol*K)

Const Sh =2 ' Sh is the assumed Sherwood number

Const Nu = 2 ' Nu is the assumed Nusselt number

Const Sigma = 0.0000000567 ' Sigma is the Stefan-Boltzmann constant
(J/(sec.m2.K4))

Const Time = 0.1 'Time is the time interval between iterations (s)

" Function TEMP - Used for PARTICLE SURFACE TEMPERATURE

calculation:

' This routine estimates the difference between the particle surface temperature

and furnace temperature during its combustion.
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Table E-7: Formulas in spreadsheet PROGRAM.XLS (User-defined

functions) Continuation

Function TEMP(Tg, Tp, PO2, Dp)
Const R = (0.08314 ' R is the constant of gases (bar*liter/mol*K)
Const DeltaHr = 110525 ' DeltaHr is the heat of reaction of CO (J/mol)
Const Sigma = 0.0000000567 ' Sigma is the Stefan-Boltzmann constant
(J/(sec.m2.K4))
Const Nu = 2 ' Nu is the assumed Nusselt number
If PO2 = 0 Then
TEMP =0
Else
Tf = (Tg + Tp) / 2
Rate = kg(Tf, Dp, 32) * (PO2/100) / (R / 1000 * (Tf + 273.15))
'Calculates the rate of reaction of C with O2 around the particle
(mol/m2.sec)
k = 0.0238 + 0.0000685 * Tf - 0.00000001614 * (Tf) ~ 2 'Calculates the
thermal conductivity coefficient (J/sec.m.K)
vgas = 0 'This is the gas velocity relative to the particle (m/s)
Visc = 0.000000211 * (Tf + 273.15) - 0.0000866 'Calculates the gas
kinematic viscosity (m2/s)
Gr=9.8 * (Tp - Tg) * Dp A 3/ (Tf * Visc A 2) 'Calculates the Grashf
number
Re = vgas * Dp / Visc 'Calculates the Reynolds number
heff =k /Dp * (2 + 0.39 * Gr 2 0.25 + 0.37 * Re ~ 0.6) + Sigma * ((Tp
+273.15) A4 - (Tg + 273.15) ~ 4) / (Tp - Tg) 'Calculates the effective
heat transfer coefficient around the particle (J/sec.m2.K)
TEMP = (-DeltaHr) * (-Rate) / heff 'Calculates the difference between
Tp and Tg (C)
End If

End Function
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Table E-7: Formulas in spreadsheet PROGRAM.XLS (User-defined

functions) Continuation

" Function Volatilization - Calculates the amount of SALT VOLATILIZED:

" This routine calculates the amount of salt released by volatilization
mechanisms. The release of volatiles is equal to the product of the rate of
release (mol/m2.sec, the residence time (s), and the external surface area (m2).

The unit of Volatilization is mol.

Function Volatilization(Tg, Tp, Psalt, Dp, MW, Salt)
Const R = 0.08314 ' R is the constant of gases (bar*liter/mol*K)
Const Time = 0.1 'Time is the time interval between iterations (s)
Tf = (Tg + Tp) / 2 'Calculates the film temperature (C)
Rate = kg(Tf, Dp, MW) * Psalt / (R / 1000 * (Tf + 273.15)) 'Calculates the
rate of reaction of C with O2 around the particle (mol/m2.sec)
Volatilization = Rate * Time * 3.1416 * Dp A 2 'Calculates the amount of
salt volatilized during that time interval (mol)
If Volatilization > Salt Then
Volatilization = Salt
End If

End Function




Table E-7: Formulas in spreadsheet PROGRAM.XLS (User-defined

functions) Continuation

Function Carbonate - Calculates the amount of alkali released by
CARBONATE REDUCTION:
" This routine calculates the amount of salt released by carbonate reduction
mechanisms. The' release of alkali metals (sodium or potassium) is equal to the
product of the rate of release' of these elements by carbonate reduction
mechanism (mol/s) and the residence time (s).

' The unit of Carbonate is mol.

Function Carbonate(Tg, Tp, Pvapor, Dp, MW, CO3)
Const R =(0.08314 ' R is the constant of gases (bar*liter/mol*K)
Const Time = 0.1 'Time is the time interval between iterations (s)

Tf = (Tg + Tp) / 2 'Calculates the film temperature (C)

Rmt = kg(Tf, Dp, MW) * Pvapor / (R / 1000 * (Tf + 273.15)) * 3.1416 *
Dp ~ 2 'Calculates the rate of alkali metal mass transfer from the

particle surface to the gas phase (mol/s)

Rkinetic = 2 * 10 A 9 * CO3 * Exp(-244000 / 8.314 / (Tp + 273.15)) '
Calculates the chemical kinetic rate of the carbonate reduction
mechanism (mol/s)

OverallRate = 1 / ((1 / Rmt) + (1 / Rkinetic)) 'Calculates the overall rate of

alkali release by carbonate reduction mechanism (mol/s)
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Table E-7: Formulas in spreadsheet PROGRAM.XLS (User-defined

functions) Continuation

Carbonate = OverallRate * Time 'Calculates the amount of alkali released
by carbonate reduction mechanism during that time interval (mol)
If Carbonate > CO3 Then
Carbonate = CO3
End If

End Function

" Function kg - Calculates MASS TRANSFER COEFFICIENT:

' This routine estimates the mass transfer coefficient given the film
temperature (Tf), diameter of the particle (Dp), and the molecular weight

(MW)of molecule diffusing in the reaction gas.

Function kg(Tf, Dp, MW)
Const Sh =2 ' Sh is the assumed Sherwood number
kg = Sh * Diff(MW, Tf) / Dp 'Calculates the mass transfer coefficient (m/s)

End Function
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Table E-7: Formulas in spreadsheet PROGRAM.XLS (User-defined

functions) Continuation

' Function Diff - Calculates the DIFFUSIVITY OF MOLECULES IN N2:
' This routine estimates the diffusivity of molecules in N2 based on their
molecular weight. This equation was obtained by fitting a curve on the

diffusivity data available in Perry (Chemical Engineer's Handbook).

Function Diff(MW, Tf)
Diff = 0.00010662 * (MW) A -0.4834 * ((Tf + 273.15) / 273.15) ~ 1.75
'Diffusivity of
'molecules in N2 (m2/s)

End Function
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Table E-8: Spreadsheet PROGRAM.XLS at 700°C, 0% O, and 0.1 sec.

Envichivent Fadiars offer O.1s:

aide

Pacssium

A B c D E_
6 |Inifid Condifions:
7
8 | anatinrecdiongs %) 0 Dicreler o dha paride (™ 3TEN
9 |Reador fermperdue @ 0 ResiceneTime(s) 04
10
11 | Inorgonics Conoeniralions ¢ol): Pailid Pressure d E guilibrium@car):
12 npu Quipd
13 |NoG 1.868E-100  1.86E-10
14 KG 306E-12|  301E-1APcssiumspedes 240607
15 N8 ASTER ASTE-OANG 1.NME{7]
16 |K2GCB 7.776-1  7.77Z2-1|KAO 1.3E0/
17 |[NoK O8GE-R  9.84E-0 Nalvapan) 2305
18 |[KX 1568E-100  1.58-10QK vepan) K102 206
19
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Table E-9: Spreadsheet PROGRAM.XLS at 700°C, 0% O,, and 0.2 sec.

Inificd Condiifions:
Ceaorkertinreadongs 6) 0 Diareler of dr paide ™ 300E-04
Recdor enperaue (O 0 ResiceneTime) 04
Inorganics Conceniralions (ol): Pariid Pressure d E guiliorium ¢ocr):
input Quput

N 1.868E-100  1.8%E-1d
KG 3015E-12]  2978E-14Pokssiumspedes 2407
N8 ATOER| ASE-OANG 11807
K238 7772-1| 7.772-1|KAQ 1.300E
NaX Q8GR 984FE-ANalvapon) 23036
KX 1.58-100 1.3B8E-10K aparn) 32E0
T emperclure E simalions:
PaidesufoeenperaueQ 0 Recdor fermparaue (O 0
Cdaudions:

Aarmdaed
T ok poics siumrelecs edby vddilizaion (rd) 68E-14 1.372&-13
No( relecs edby vadilzadion () | 35/E-14 7.15%-14
T od Haicerdecs edby vadilizaion (rd) 7.202-14) 1.4586-13)
Sadumrdecs edby aabordereddon (rd) 7.188E-14 14%E-13
Pakcssiumrdlecs edby aobondleredudon (o) | 1.246-15 2487E-15
Ervichment Fadiors offer 0.2s:
Maice 353
Pokcssium Q2
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Table E-10: Spreadsheet PROGRAM.XLS at 700°C, 0% O,, and 0.3 sec.

iniid Condifions:
QR arertinrecdiongss %) 0 Diarel o dor paride (™ 3OE-A
Recdor empaaue (O D0 ResicernaeTimes) 08
Inorgenics Concenirclions gvol): Patid Pressure d E quilibriumor):
i Quipd

NG 18¢E-10 1.85E-10
KG 2978E-12  2MIE-1APckssiuns pedes 201E-07,
NP8 AFXE(? AFXEOING 1.1ME
K28 7776-1  7.772-1M[KG 12090/
NaX 984E(R 984T Nalvopon) 2303
KX 158E-10 1.583E-10K Mcpan) 33EMN
T emperchue Eslimdlions:
Pcridesufoosterpardue(© D Recdor ermpacaue (O 0
Cdaddiions:

Aamided
T od pokssiumrdecsedby vddilizaion(rd) 6857E-14 2068E-13
NaG rdecsedby vddilzdian(rd) | 35/6E-14 1073E-13
T od dHaicerdecs edby vddilizaion(rd) 7286E-14, 2187E-13
Sodumrdecs edby aabondered.dion(rd) 7.1886-14 2158E-13
Passiumrdecsedby coboralereddon(rd) | 124£-15 375E-15
Errichment Fadars offer 0.3s:
Haick 363
Pokossium 42
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Table E-11: Spreadsheet PROGRAM.XLS at 700°C, 0% O., and 0.4 sec.

iniid Condifiors:
Qariertinrecdongs ) 0 Diarelg ofdxa poride(m) 30ENA
Recr erparaue (Q 0 ResiceroeTime(s) 0.
Inorgenics Concerralions ¢ol): Paiid Pressure o E quilibriumocr):
input Qipd

NG 18E-10  18E-10
K3 2HIE-121  2904-1Passiumspedes 2401E07
N8 AE(R  ASXEANG 111407
K238 7772-11 7776-1|K3 129907
NX 98K 984E-ANadvap) 230564
KX 1.583-10  1.582E-10K (vepar) 3305
T ermperciue Esfirdiions:
PaldesutceapaaueQ 70 Recoor emparaue O 0
Cdaddions:

Aa.miced
T ad poicssiumrelecs edby vadllizdan () 68O7E-U 274E-13
NaG rdecsedby vadlizdon(rd) | 35EE-14 1431E-13
T od diaicerdecsedby vadlizdan(rd) 72B6-14 2916E-13
Sodurrdecs edby cotonde red.don(md) 7.188E- 4 2877E-13
Pacssiunrdecsedby cabordereddon(d) | 1.24%-15 4971E-15
Envichment Fadiars offer 04s:
Qlaice B3
Paicssium 42
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Table E-12: Spreadsheet PROGRAM.XLS at 700°C, 0% O, and 0.5 sec.

Inifid Condifiors:
Qarentinrecdongss (%) 0 Diaveler ofga paide() 3E-
Recdor emparaure O 70 ResiceneTimes) 05
Inargarics Conceniralians ¢vol): Patid Pressue d E quilikriumor):
(727} Quud

Na 184E-100  1.863-10
Ka 29Q0E-12 284F-14Pacssiumspedes 24007
NcPCCB ATE(R  ATEANG 1.1ME(7
K28 7776-1  7.772-1K3 1206607
NaX O8ME(7 98480 Nadvepor) PRI
KX 158E-10 1.3BIE-10K o) 32X
T emmperchure Esfimdlions:
Patdesuforeienpaaue© 70 Recdor empardue 7
Cdaddiors:

Acmlded
T ad pokcssium el ecsedby vadllizdon () 68E-4 345E-13
No rdlecsedby vadliizaan(rd) | 35/E-14 1.78€-13
Tod daicerdesedby vadiizdon(rd) 7.83-14 313
Sodunrdlecs edby catonde redldon(rd) 7.188E-14 35FE-13
Passiumrdecsedby aaoondereddon(ra) | 124615 621315
Ervichrment Fadiors offer 0.5s:
Qlaice 353
Pakcssium A2
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Table E-13: Spreadsheet PROGRAM.XLS at 700°C, 4% O,, and 0.1 sec.

E nrichment F aclors affer 0.1s:

CHoride

63.6

Pokssium

342

A B C D E
6 liniticd Conditions:
7
8 [C2 cortertinreadionges %) 4 Diormeter of char paride (M) 3.00E-04
9 |Reackor fermperdue (© 700 Residence Time(s) 0.5
10
11 |Inorganics Concentralions (mol): Porfial Pressure ot E quilibrium (oor):
12 Input Ouiput
13 [NeQ 1.865E-10]  1.840E-10
14 |KA 3.052E-12]  1.071E-12]Pokssiumspedes 6.794E-05
15 INc2C8 4500E-09| 4499E-09NcC 7.548E-04)
16 |K2CGC8 7.772E-11]  7.771E-11][KCG 6.683E-04)
17 |NaX Q.840E-00|  9.845E-09INa fvcpor) 2.383E-03]
18 |KX 1.585E-10  1.565E-10{K (vopor) 6.713E
19
20 IT emmperature E stimations :
21
22 |Patide suface temperdue (O 799 R eador femperctue (O 700
23
24 | Calculdtlions:
25 Aaumuded
26 | T okd pokcs s iumrelecs ed by vadilizaion (mal) 2.014E-12 2.014E-12
27 |NaQ relecs ed by voldiilizaion (mob) | 2.515E-12 2.515E-12
28 | T okd cHaride relecs ed by valdilizaion (mal) 4496E-12 4.496E-12
29 |S odumrelecs ed by oarbonaie red.cion (mol) 1.173E-12 1.173E-12
30 | Poics siumrelecs edby acrbonate redudion (mol) 2.027E-14 2.027E-14
31
32
33
34
35
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Table E-14: Spreadsheet PROGRAM.XLS at 700°C, 4% O,, and 0.2 sec.

Inificd Condiitions:
C2 cortertinreacionges %) 4 Diamefer of char padide (M) 3.00E-04
R eador fermperaure (O 700 Residence Time(s) 05
Inorganics Concenirctions (mol): Partid Pressure at E quilibrium (bor):
Input Oulput

Nad 1.840E-10] 1.815E-10K
Kd 1.071E-12| 0.000E +00)Pokssiumspedes 6.631E-04
N3 4409E-09] 4499E-09INA 7.380E-04
K203 7771E-11}  7.770E-11{KA 6521E-04
NaX 9.845E-09]  9.842E-O9|Na(vapor) 2.383E-3
KX 1.565E-10]  1.554E-101K (vapor) 6.713E-05
T emperalure E stimations:
Paiide sufaos temperakure (O 799 R eadkor termperciue (O 700
Caiculdlions:

Acumudded
T oid potssiumrelecs edby vddilizaion (mol) 1.071E-12 3.085E-12
Nod relecs ed by voldilizalion (md) | 2459E-12 4974E-12
T okd dhoride relecs ed by voldilizaion (mol) 3.530E-12 8.026E-12
S odumrelecs edby cabondke redudion (o) 1.173E-12 2.347E-12
Poicssiumrelecs ed by cabonalereducion(mol) | 227E-14 4054E-14
E nrichment F aclors ofter 0.2s:
CHoride 572
Pofssium 264




122

Table E-15: Spreadsheet PROGRAM.XLS at 700°C, 4% O,, and 0.3 sec.

Initial Conditions:
Q2 contertinreadionges (%) 4 Diameder of char pardide (M) 3.00E-04
R eador temperaiue (O 700 Residonoe Time (s) 0.5
Inorganics Conceniraions (mol): Pctial Pressure at E quilibrium (ar):
input Oulput

N 1.815E-10]  1.791E-10)
KQ O.000E+00;  0.000E +00t Pofcs siums pedies 6512E-06
N2QOO8 40900  4498E-09|NcC 7 240E 06
K203 7770E-111  7.769E-11[KA 6401E-05)
NaX 9.842E-09]  9.838E-O9{Nalvaporn) 2.383E-03
KX 1.554E-100  1.553E-101K (vcpor) 6.713E-05)
T emperalure E stimations:
Paide suface temperaire (O 799 R eador fermpaeraue (O 700
Cdlculdlions:

Acumuded
T okd pokssiumrelecs edby vadilizaion (mol) 0.000E+0 3.085E-12
NaQ relecs ed by voldiilizaiion (mal) | 2413E-12 7.387E-12
T okd dHoride relecs ed by voldilizaion (mal) 2413E-12 1.044E-11
S odumrelecs edby ocabondle redudion (maol) 1.173E-12 3.6520E-12
Potcssiumrelecs edby oarbonatle redudion(mol) | 2.027E-14 6.080E-14
E nrichment F aclors dafter 0.3s:
Chaide 499
Pokssium 179
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Table E-16: Spreadsheet PROGRAM.XLS at 700°C, 4% O,, and 0.4 sec.

Inilid Conditions:
Q2 corfertinreadion gos (%) 4 Dicmeter of cha pardide (m) 3.00E-04
R eacior fermperdiue (O 700 Residence Time () 05
inorganics Concenirations (mol): Patial Pressure at E quilibrium (ber):
Input Ouiput

N 1.791E-10] 1.767E-10)
KQ 0.000E+00| 0,000E +00jPolcssiums pedes 6.446E 05
Na2QOO8 4498E-09] 4498E-0%NO 7.136E 04
K203 7.769E-111  7.768E-11|KQ 6.335E-06
NaX 9.838E-09]  9.834E-09{Nalvapon) 2.383E-®
KX 1.863E-10]  1.553E-108K (vapor) 6.713E
T emperalure E stimations:
Paide suface temperakre (O 799 R eador lermperaiure (O 700
Cdiculdlions:

Acumuded
T okd pokssiumrelecs edby vddilizaion (mol) 0.000E+0 3.085E-12
Nod relecs ed by voldilizaion (mdl) | 2.378E-12 9.765E-12
T okd cHoride relecs ed by voldilizaion (mol) 2378E-12 1.282E-11
S odumrelecs edby cabonake redudion (mal) 1.173E-12 4.693E-12
Pokssiumrelecs edby cabonderedudion(mol) | 2.026E-14 8.107E-14
E nrichment F actors affer 0.4s:
Moride 463
Pokssiun 13.6
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Table E-17: Spreadsheet PROGRAM.XLS at 700°C, 4% O,, and 0.5 sec.

Inifid Condiitions:
Q2 cortertinreadiongas (%) 4 Diameter of char padide () 3.00E-04
R eador termparaue (O 700 Residence Time (s) 05
Inorganics Conceniralions (mol): Partid Pressue dt E quilibrium (bar):
Input Oulput

Nad 1.767E-10|  1.744E-10
KQa 0.000E+00| 0.000E +00)Pokssiums pedes 6.379E 06
No2C8 4498E09]  AL7E-ON 7.087E-05
K203 7.768E-11  7.767E-11|KA 6268E-05)
NaX 9.834E-07] 9.831E-09{Nalvaporn) 2.383E-33
KX 1.563E-10] 1.563E-10{K (vapoor) 6.713E-05
T emperaiure E stimations:
Paide s uface temperaue (O 799 R eador termperaue (O 700
Cdiculdlions:

Aamudded
T old polcs siumrelecs edby vddilizaion (mol) 0.000E+0 3.085E-12
Nod relecs ed by voldilizaiion (mdl) | 2.345E-12 1211E-11
T okd Horide relecs edby voldilizalion (mal) 2.345E-12 1.516E-11
S odumreleas edby cabonake redudion (madl) 1.173E-12 5.866E-12
Potkessiumrelecs edby oabonatereducdion(mol) | 2.026E-14 1013E-13
E nrichment F aclors cffer 0.5s:
Chaide 440
Polossium 110
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Table E-18: Spreadsheet PROGRAM.XLS at 700°C, 21% O, and 0.1 sec.

A B C D E
4 _[Initial Conditions:
7
8 |2 cortertinrecctionges (%) 2] Diameter of char padde (M) 3.00E-04
9 |Recckor fermperciue (O 700 Residence Time(s) 0.5
10
11 jinorganics Concenirations (mol): Parlial Pressure at E quilibrium (bar):
12 Input Quiput
13 [Nl 1.865E-10; 1.629E-10
14 |[KA 3.052E-12| 0.000E+00)Potos siums pedes 5.430E-05
15 |Nc2QC8 4500E00|  4.141E-09INcC 6.286E-05)
16 |K20C3 7.772E-11f  7.212E-11]KA 2.815E-05)
17 JNaX 9.849E-09|  9.108E-09Natvaporn) 4453E-03)
18 |KX 1.585E-10]  1.442E-10{K (vapor) 7.166E-05)
19
20 |T emperature E stimations :
21
22 |Patide s uface temperciue (O 1149 R eacior fermperaue (O 700
23
24 |Calculdtions:
25 Aamdded
26 | T oid poics siumrelecs ed by vadilizdlion (mol) 3.052E-12 3.062E-12
27 |NcQ relecs ed by voldiilizaion (mol) | 2.358E-11 2.358E-11
28 |T old charlde relecs ed by vadllizdion (mal) 2.663E-11 2.663E-11
29 |S odumrelecs ed by oarboncie reducion (mol) 7.170E-10] 7.17CE-10
30 | Pols siumrelecs ed by carbondie redudion (md) 1.120E-11 1.120E-11
31
32 |E nrichment F aclors affer 0.1s:
33
34 [CHaide 19
35 |Pokcssium 12
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Table E-19: Spreadsheet PROGRAM.XLS at 700°C, 21% O,, and 0.2 sec.

Initidl Conditions:
Q2 cortertinreadionges %) 21 Diamster of char padde (m) 3.00E-4
R eacior errperaue (O 700 ResidenceTime (s) 05
Inorganics Concentrations (mol): Partial Pressure at E quilibrium (bar):
Input Oulput

Nod 1.629E-10] 1424E-10
Ka O.000E+00]  0.000E+001Pofcs siums pedes 4.945E 05
NRC3 4.141E09] 3.804E-09INaC 5.464E 05
K208 7212E-111  6679E-11|KA 2.380E-05
NaX 9.108E-09]  8413E-09|Nalvapon) 4.453E-03
KX 1.442E-100  1.336E- 101K (vepor) 7.166E-05
T emperalure E stimations:
Paride s uface fermperakre (O 1149 R eadior fermperare (O 700
Cdiculdlions:

Acumdded
T okd pokcs siumrelecs edby vddilizaion (mol) 0.000E+00 3.062E-12
NoQ relecs ed by voldlilizaiion (mal) | 2050€E-1 4.408E-11
T oid dHoride rdlecs ed by voldilizaion (mal) 2050E-11 4713E-11
S odumrelecs edby oabondle reducion (madl) 6.746E-10 1.392E-09
Potos siumrelecs edby aabonate reduciion (mol) 1.066E-11 2.186E-11
E nrichment Faclors after 0.2s:
CHaide 1.7

Pokssium

1.1
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Table E-20: Spreadsheet PROGRAM.XLS at 700°C, 21% O;, and 0.3 sec.

Inifid Conditions:
Q2 cortertinreadionges (%) 21 Diameter of char pafde () 3.00E-04
R eador ferrperdhre (O 700 ResiderceTime(s) 05
Inorganics Conceniralions (mol): Partial Press ure at E quilibrium (bar):
input Oulput
Nad 1.44E-10]  1.243E-10)
KG 0.000E+00! 0.000E +H0¥Pokssiumspedes 4.586E 05
N3 380409 3.488E-09INQ 4.819€ 05
K203 6679E-111  6.173E-11IKG 2.067E-05
NaX 8A413E-07|  7.762E-09Nalvapor) 4.453E-03
KX 1.336E-10]  1.235E-101K (vapor) 7.166E
T emperalure E sfimations:
Paride s uface fermperalue (O 1149 R eador terperdiure (O 700!
Cdiculdlions:
Aarmuded
T okd polcssiumrelecs edby vddilizaion (mol) 0.000E 0 3.062E-12
Nod relecs ed by voldilizaion (mdl) | 1.808E-11 6216E-11
T okd dHoride rdlecs ed by vdldiilizaion (md) 1.808E-11 6821E-11
S odumrelecs edby aabondke redudion (maol) 6.329E-10 2.0R4E09
P ok siumrelecs edby aabonate reducion (mol) 1.012E-11 3.198E-11
E nrichment Faclors offer 0.3s:
CHoride 1.6
Pokssiun 10
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Table E-21: Spreadsheet PROGRAM.XLS at 700°C, 21% O., and 0.4 sec.

Inifid Conditions:
Q2 contertinreadiongos (%) 21 Diameter of char pardide (m) 3.00E-04
R eackor lermperaue (O 700 Residence Time (s) 0.5
Inorganics Concenirations (mol): Patid Press ure at E quilibrium (bor):
Input Oulput

N 1243E-10]  1.084E-104
KQ O.000E+00|  0.000E +001Potcs siums pedes 426505
N2G8 3488E-09|  3.192E-09|NaQ 42408 05
K2G38 6.173E-11|  5694E-11]KA 1.770E-05
NaX 7.762E-09|  7.154E-0f|Nalvapor) 4.453E-03
KX 1235E-10]  1.139E-104K (vcpor) 7.166E 05
T emperalure E siimations:
Paiide s uface temperalue (O 1149 R eador fermperakre (O 700}
Cdiculdtions:

Aamdded
T okd pokssiumnrelecs edby vddilizaion (mol) 0.000E+0 3.062E-12
Nod relecs ed by voldiilizafion (o) | 1.594E-11 7.809E-11
T okd dHariderelecs ed by voldilizalion (mo) 1.594E-11 8.115E-11
S odumrelecs edby cabonde redudion (ma) 5921E-10 2617E09
Polossiumrelecs edby oabonaleredudion(mal) | 9.573E-12 4.155E-11
E nrichment Factors affer 0.4s:
CHaide 1.6
Pokssium 10
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Table E-22: Spreadsheet PROGRAM.XLS at 700°C, 21% O, and 0.5 sec.

Inifial Condiitions:
Q2 cortertinreadiongcs (%) 21 Dicmeter of cha paride (M) 3.00E-04
Reackr terrperare (O 700 Residence Time(s) 05
Inorganics Conceniralions (mol): Partid Press ue di E quilibrium (ber):
input Oulput

N 1.084E-10; 9435E-11
Kd 0.000E+00!  0.000E +00{Polcs siums pedes 3.946E 05
N3 3I92E-09;  2915E-09INc 3.746E-05
K2C3 5604E-11]  5243E-11]KA 1.515E-05
NaX 7154E-09|  6.588E-091Na (vapor) 4.453E-08
KX 1.139E-10]  1.049E-10JK (vgpor) 7.166E-05
T emperature E stimations:
Paidesuface fermperalue (O 1149 R eackor terrperakre (O 700
Cdiculdlions:

Acurdded
T oid potossiumrelecs edby vddilizaion (mol) 0.000E +0 3.052E-12
NaQ relecs ed by voldiilizaion (o) | 1.405E-11 9215E-11
T okd dhoride relecs ed by voldilizaion ) 1.405E-11 9.520E-11
S odumrelecs ed by carbondle redudion (mal) 6525E-10 3.169E-09
Polssiumrelecs ed by oabonalereducion(mol) | 9.036E-12 S069E-11
E rvichment Faclors cfter 0.5s:
CHoride 15
Polssium 10
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Table E-23: Spreadsheet PROGRAM.XLS at 900°C, 0% O, and 0.1 sec.

A B C D E
4 liniial Conditions:
7
8 |2 cortertinreadiongos %) 0 Diameter of char parlide (M) 3.00E-04]
9 |Reackor femperchue (O 900 Residence Time (s) 05
10
11 Jinorganics Concenirations (mol): P artial Pressure at E cuilibrium (bar):
12 Input Oulput
13 |[NcQ 1.865E-10[  1.810E-10
14 |KA 3.052E-12] 2.528E-12IPokssiumspedes 1.678E-04
15 INcRC8 4500E09|  4494E-09INC 1.501E-05)
16 |[K2CC8 7.772E-11|  7.761E-11][KA 1.595E-04)
17 |NaX 9.849€-09| 9.831E-09INatvcpor) 4401E-03)
18 KX 1.685E-10[  1.577E-101K (vopar) 7.193E-05
19
20 |T emperature E stimations:
21
22 |Pafide sufaos fempercue (O 900 R eacior tempercue O 900
23
24 | Calculdtions:
25 Acumuded
26 |T old poics siumrelecs ed by valdllizalion (mol) 5513E-13 5.513E-13
27 [NoQ relecs ed by voldiilizaion (mob) | 554E-12 5.544E-12
28 | T okd Haride relecs ed by vadillizdion (madl) 6.068E-12 6.068E-12
29 |S odumnrelecs edby aabondle redudion (mol) 1.226E-11 1.226E-11
30 |Pokssiumrelecs edby aaboncte redudon(mal) | 2.114E-13 2.114E-13
31
32 |E nrichment F acfors affer 0.1s:
33
34 |CHoide 17.8
35 |Pokssium 27
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Table E-24: Spreadsheet PROGRAM.XLS at 900°C, 0% O, and 0.2 sec.

Initicd Conditions:
Q2 cortertinreadiongs (%) 0 Diameder of char pardide (m) 3.00E-04
R eador lermperaiue (O 900 Residence Time (s) 05
Inorganics Concentrations (mol): Partid Press ure a E quilibrium (ber):
input Oulput

N 1.810E-10]  1.756E-10
Ka 2528E-12]  20R1E-12|Pokssiumspedes 1.626E 05
Nc2QO3 A404E-09|  4.488E-09INcC 1453E-05
K203 7.761E-11]  7.751E-11|KQ 1.543E-04
NaX 9.831E-09|  9.814E-09Nalvapon 4A01E-03
KX 1.577E-10]  1.570E-101K (vcpor) 7.193E
T emperature E stimalions:
Paide s ufaoe fermperakure (O 900 R eackr terrperdire (O 900
Cdiculdlions:

Aamdded
T oid pokssiumrelecs edby vddilizaion (mol) 5341E-13 1.085E-12
Nod relecs ed by voldilizaion (ndl) | 5.366E-12 1091E-11
T okd doride relecs ed by voldilizaiion (mol) 5.873E-12 1.194E-11
S odumrelecs edby oabondle redudion (mal) 1.222E-11 2.448E-11
Potkssiumrelecs edby carbonateredudionmol) | 2.107E-13 4.220E-13
E nrichment Faclors ofter 0.2s:
CHaide 176
Poissium 26
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Table E-25: Spreadsheet PROGRAM.XLS at 900°C, 0% O, and 0.3 sec.

initiadl Conditions:
Q2 conlertinreadion ges (%) 0 Diameter of char paride (m) 3.00E-04
Reackor ferrperaure (O Q00 Residence Time(s) 05
Inorgenics Concenirations (mol): Partid Press ure ai E quilibrium (bor):
input Ouiput

Nad 1.756E-10]  1.704E-10)
KA 2MR1E-12| 1531E-12|Pokssiumspedes 1.573E-0H
Nc2CC8 AMBSE-09|  4.482E-O09INC 1,406E-05
K203 7751E-11]  7.740E-11|[KQ 1.01E-05
NaX 9.814E- Q]  9.796E-09Na(vapon) 401E-0B
KX 1570E-10f  1.563E-10{K (vcpor) 7.193E-05
T emperature E sfimations:
Paide s uface fermperalue (O 900 R eador fermperaue (O 900
Cdiculdtions:

Aaumuded
T oid pofessiumrelecs edby vddilizaion (mol) 5.169E-13 1.602E-12
Nad relecs ed by voldilizaion () | 5.193E-12 1.610E-11
T ofd dhoride relecs ed by voldilizaion (mol) 5.683E-12 1.762E-11
S odumrelecs edby cabonate redudion (md) 1.220E-11 3.668E-11
Pokssiumrelecs edby cabonatereducion(mol) | 2.104E-13 6.324E-13
E nrichment Factors dffer 0.3s:
CHoide 174
Pofcssium 26
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Table E-26: Spreadsheet PROGRAM.XLS at 900°C, 0% O;, and 0.4 sec.

inifial Conditions:
Q2 cortertinreadionges (%) 0 Dicmeter of cha padde (m) 3.00E-04
Reackor ferrperaure (O 900 Residence Time (s) 05
Inorgamics Concentralions (mol): Particd Pressure at E quilibrium (oex):
input Oulput

N 1.704E-100  1.654E-10
Kd 1531E-12]  1,067E-12|Pokssiumspedes 1.524E -0
Nc2CO3 4482E-09|  4.476E-09INC] 1.361E-05)
K203 7.740E-11|  7.730E-11|KA 1.442E 06
NaX Q796E-09|  9.779E-09Nalvapon 401E03
KX 1.663E-10]  1.555E-104K (vapor) 7.193E-05
T emperature E siimations:
Paride s ufooe termperakre (O 900 R eachor termperaue (O 900
Cdiculdlions:

Acumdded
T old potcs siumrelecs edby vadilizaion (mol) 5007E-13 2.103E-12
NaQ relecs ed by voldilizaion (mal) | 5Q26E-12 2.113E-11
T okd dHoride relecs ed by valdilizaion (mdl) 5.500E-12 2312E-11
S odumrelecs edby cabonde redudion (mal) 1219E-11 4.887E-11
Potessiumrelecs edby cabonatereducdion(ol) | 2.101E-13 8.425E-13
E nrichment Factors cfter 0.4s:
Choride 172
Potossium 26
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Table E-27: Spreadsheet PROGRAM.XLS at 900°C, 0% O, and 0.5 sec.

Iniiial Conditions:
Q2 contertinreadionges (%) 0 Diamefer of cha pardide (m) 3.00E-04
Reador lemperaire (O 900 Residence Time(s) 05
Inorganics Conceniralions (mol): Partid Pressure ci E quilibrium (bar):
input Oulput

NG 1.654E-10]  1.605E-10
KQ 1067E-12]  5991E-13|Polssiumspedies 1.476E-04
N3 A4476E-09]  AA59E-0FINcd 1.317E-05
K208 7730€E-11|  7.719e-11[KA 1.394E-0%
NaX Q.779E-09|  9.762E-09|Natvapoon) 4.01E-03
KX 1.565E-10]  1.549E- 101K (vopor) 7.193E-05
T emperature E stimations:
Paride suface fermperalue (O 900 R eador terrperalue (O Q00!
Cdiculdlions:

Aaumdded
T okd potcssiumrelecs edby vddilizaion (mol) 4.849E-13 2.588E-12
NaQ relecs ed by voldilizaion (mol) | 4.864E-12 2.509E-11
T old dhoride relecs ed by voldilizaion (mal) 5322E-12 2.845E-11
S odumrelecs edby aabondie redudion (md) 1217E-11 6.104E-11
Potkssiumrelecs edby cabonaeredudion(mol) | 2.098E-13 1.062E-12

E nrichment F aclors after 0.5s:

Qlaide

Polssium
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Table E-28: Spreadsheet PROGRAM.XLS at 900°C, 4% O, and 0.1 sec.

A _B (o D
4 |initial Conditions:
7
8 |C2 cortartinreactiongces &%) 4 Diometer of char parlde (m) 3.00E-04
9 |Reackr fermperdue O 900 Residence Time (s) 0.5
10
11 JInorganics Concenirations ¢mol): P arfial Pressure at E quilibrium (bar):
12 Input Oulput
13 [Nl 1.865E-10]  1.698E-10
14 |KA 3.052E-12] 0.000E+00)Pokcssiums pedes 3.600E-05)
15 |Nc2CC8 A500E-09| 4467E-09INC 4411E-05
16 |K2C8 7.772E-11|  7.715E-11]KA 2.999E-05)
17 |NaX Q840E-09|  9.765E-09INa lvcpor) 4431E-03)
18 [KX 1.585E-10]  1.543E-10{K (vcpor) 7.176E-05)
19
20 |T emperature E stimalions :
21
22 |Pariide s uface temperdue (O 986 Reackor termperdus O 00
23
24 |Calculdlions:
25 Aaumudaded
26 | T old polcssiumrelecs ed by vddllizalion (mol) 3.052E-12 3.052E-12
27 | NoQl relecs ed by voldiilization (mol) | 1.674E-11 1.674E-11
28 |T okd charide relecs ed by vadliizalion (ma) 1.979E-11 1.979E-11
29 |S odumrelecs edby oarboncie reducion (mol) 6.672E-11 6.672E-11
30 | Potos s lumrelecs ed by aabonde redudion (mal) 1.142E-12 1.142E-12
31
32 |E nrichment F actors affer 0.1s:
33
34 [CHaide 124
35 {Pokssium 3.1
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Table E-29: Spreadsheet PROGRAM.XLS at 900°C, 4% O, and 0.2 sec.

Initid Conditions:
Q2 cortertinreadionges (%) 4 Dicmeter of dhar paride (m) 3.00E-04
R eador fermperaure (O 900 Residence Time () 05
inorganics Concenirations (mol): Partid Presswe at E quilibrium (ber):
Input Oulput

Nd 1.608E-10]  1.548E-10
KA 0.000E+00|  0.000E +001Polcssiums pedes 3342E-05
N2O3 4467E-09|  4.434E-09|NcC 3.931E-05
K203 7.715E-11]  7.658E-11|KA 2.721E-05
NaX Q.765E-09]  9.684E-0QINa(vaporn) 4431E-03
KX 1.543E-100  1.532E-101K (vapor) 7.176E-05
T emperciure E siimadions:
Paride s uface fermperakre (O 986 R eackr termperaure (O 900,
Cdicuidlions:

Aaumdded
T okd potcssiumrelecs edby vddilizaion (mol) 0.000E+00 3.062E-12
NaQ relecs ed by voldilizalion (mo) | 1.492E-11 3.166E-11
T old dHoride relecs ed by voldilizaion mol) 1.492E-11 3471E-1
S odumrelecs edby cabonde redudion (ma) 6.624E-11 1.330E-10
Potos siumrelecs edby cabbonate reducion (mol) 1.133E-12 2275E-12

E nrichment Faclors after 0.2s:

Charide

Pofssium
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Table E-30: Spreadsheet PROGRAM.XLS at 900°C, 4% O, and 0.3 sec.

Inifial Conditions:
Q2 cortertinreadiongcs (%) 4 Diameter of char paride (m) 3.00E-04
Reador ferrperaue (O 900 Residence Time(s) 05
Inorganics Conceniralions (mol): P articl Pressure at E quilibrium (ar):
inpul Oulput

Nd 1.548E-10] 1413E-10
Kd 0.000E+00| 0.000E +0){Potssiums pedes 3.158E-05]
Na2CC8 4434E-09!  4A01E-O9INaC 3.556E-05
K2C3 7658E-111  7.602E-11[KA 2.522E-05)
NaX Q684E-0R|  9.605E-OANa(vapon) 4.431E-08
KX 1532E-10]  1.520E-101K (vcpor) 7.176E-05
T emperalure E siimations:
Paride s uface termperakre (O 986 Reador termperaue (O 900
Cdiculdiions:

Acurdded
T okd poks siumrelecs edby vdailizaion (mol) 0.000E +0 3.052E-12
NaQ relecs ed by voldilizaiion (mal) | 1.349E-11 4515E-11
T okd chiaride relecs ed by voldiilizalon (md) 1.349E-11 4.820E-11
S odumrelecs edby cabonake redudion (mal) 6576E-11 1.987E-10
Potossiumrelecs ed by cabonate reducion (mol) 1.125E-12 3400E-12
E nrichment F aclors ofter 0.3s:
CHaide 103
Pokssium 1.6
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Table E-31: Spreadsheet PROGRAM.XLS at 900°C, 4% O, and 0.4 sec.

Initicdd Conditions:
Q2 corfertinreadion ges (%) 4 Diameter of char paride (m) 3.00E-04
R eador fermperdue (O 900 Residence Time (s) 05
Inorganics Concentrations (mol): Partid Press ure at E quilibrium (bar):
Input Oulput

Nad 1413E-10, 1.291E-10)
Ka 0.000E+00!  0.000E +00jPokssiums pecies 2987E-05
Na2Q3 4A01E-09] 4.368E-09INcC IR4E 05
K203 7602E-11]  7.546E-11|KA 2.337E05
NaX Q.605E-09| 9.528E-09Na(vapon) 4431E-(B
KX 1.6820E-10] 1.509E-10{K (vgpor) 7.176E-05
T emperature E stimations:
Paride suface femperaiure (O 986 R eador fermperdue (O 900
Calculdlions:

Aamdded
T oid pokes siumrelecs ed by vddilizaion (mol) 0.000E+0 3.062E-12
NaQ releas ed by voldilizaiion (mdl) | 1.223E-11 5.738E-11
T oid dHoride relecs ed by voldilizaion (ma) 1.223E-11 6.044E-11
S odumreleas ed by cabondle reducion (mal) 6529E-11 2.640E-10
Potcssiumrelecs ed by cabonate reducion (mol) 1.117E-12 4518E-12
E nrichment Faciors dfter 04s:
haide 98
Pokssium 15
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Table E-32: Spreadsheet PROGRAM.XLS at 900°C, 4% O, and 0.5 sec.

Inifiad Condiitions:
Q2 cortertinreadion ges (%) 4 Diameter of dhar paride (m) 3.00E
R eadkor femperckure (O 00 Residernce Time(s) 05
inorganics Concenlrations (mol): Parlid Pressure d E quilibrium (bar):
Input Oulput

N 1.291E-10;  1.180E-10}
Ka 0.000E+00; 0.000E +00§Potcssiumspedes 2.823E-05
N8 4368E09] A4.336E-09IN 2.928F 05
K208 7546E-111  741E-11|KQ 2.162E-05
NaX Q.528E-09)  9.452E-0Q{Nalvapon) 4431E-08
KX 1.509E-10]  1.498E-10{K (vcpor) 7.176E-05
T emperature E stimations:
Pariide s ufaoe fermperalue (O 986 R eador lermperakre (O Q0
Cdiculdlions:

Acumuded
T okd potkssiumrelecs edby vdaliizaion (mol) 0.000E+0 3.062E-12
Nod relecs ed by voldilizaion (mdl) | 1.111E-11 6.850E-11
T oid dHoride relecs ed by voldiilizaion mad) 1.111E-11 7.185E-11
S odumrelecs ed by carbondle reducion (ndl) 6481E-11 3288E-10
Potcssiumrelecs ed by aabonate reducion (mol) 1.109€E-12 5.627E-12
E nrichment F actors cffer 0.5s:
CHoride 04
Pokssium 14
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Table E-33: Spreadsheet PROGRAM.XLS at 900°C, 21% O;, and 0.1 sec.

A B Cc D
6 _|Inifial Conditions:
7
8 |QR2cortertinreaciongess %) 21 Diacmeter of char padde (m) 3.00E-04
9 |Reador fermperaue (O 900 Residence Time (s) 05
10
11 JInorganics Concenfralions (mol): Pariial Pressure at E quilibrium (bar):
12 Input Ouiput
13 [N 1.8656E-10f  1.553E-10
14 |KQ 3.062E-12] 0.000E +00) Pokcs slums pedes 3.888E 05
15 |[Nc2Q8 4500E-09| 3.467E-09INc 7.504E-05
16 |K208 7.772E-11]  6.379E-11]KA 1.875E-05
17 |NaX 9.849E-09|  7.752E-09]Na (vepor) 454203
18 |KX 1.685E-10[  1.276E-101K (vopoor) 7.220E 05
19
20 |T etmperahure E sfimations:
21
22 |Pariide s ufaoe temperdue (© 1297 Reador fermperdue (O 900
23
24 |Calculations:
25 Aauruded
26 | T old pokcs siumrelecs ed by valdlizalion (mol) 3.052E-12 3.052E-12
27 [N relecs ed by voldilizaion (mol) | 3.116E-11 3.116E-11
28 [T old Haride relecs ed by valdllizalion (mal) 3421E-11 3421E-11
29 |S odumrelecs edby aabonde red.dion (mob) 2.066E-09 2.066E-09
30 | Pokes siumrelecs ed by aabondke redudion (mal) 2.786E-11 2.786E-11
31
32 |E nvichment F aclors affer 0.1s:
33
34 |Chaide 09
35 [Pokssium 0.9
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Table E-34: Spreadsheet PROGRAM.XLS at 900°C, 21% O, and 0.2 sec.

Initicd Conditions:
Q2 corertinreacionges (%) 21 Diameter of char paride (m) 3.00E-04
R eador lermperaue (O 900 Residence Time (s) 05
Inorganics Concenirations (mol): Partid Pressure at E qullibrium (bex):
input Oulput

NG 1.553E-10] 1.290E-104
KQ O.000E+00|  0.000E +00{Poks siums pedes 3.145E 05
Na2OO8 3467E-0R|  2519E-09INcC 6.M41E-05
K203 6379E-11| 5.054E-11|KA 1.361E-05
NaX 7752609  5.830E-O9|Nalvapon) 4542603
KX 1.276E-10]  1.011E-10/K (vapor) 7.220E 05
T emperciure E sfimations:
Paidesuface fermperaire (O 1297 R eacior termperdiue (O 00
Cdicudiions:

Acumuded
T oid potkssiumrelecs ed by vddilizaion (mol) 0.000E +0 3.062E-12
Nad relecs ed by voldilizaion (mdl) | 2.633E-11 5.749E-11
T okd dHoride relecs ed by voldillizaion (ma) 2.633E-11 6.054E-11
S odumrelecs edby cabonde redudion (mal) 1.895E-09 3.962E 09,
Polcssiumrelecs edby aabondiereducion(mol) | 2.650E-11 5436E-11
E nrichment Faclors after 0.2s:
Haide 08
Pokssium 09
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Table E-35: Spreadsheet PROGRAM.XLS at 900°C, 21% O, and 0.3 sec.

inifial Conditions:
CR cortertinreadion gcs (%) 21 Diameter of char paride (m) 3.00E-04
R eackor eirperaue (O 900 Residence Time (s) 0.5
Inorganics Conceniralions (mol): Particl Presswe at E quilibrium (bor):
input Oulput

\e @] 1290E-10}  1.065E-10
Kd 0000E+00| 0.000E+00)Pokssiunspedes 2.522E-05
Nc2CO3 2519E-09|  1.685E-09INcC 5.434E 05|
K203 5064E-11] 3.818E-11]KA 9.779€-04)
NaX 5.830E-09] 4.138E-09|Na(vcpon) 4.542E-08
KX 1011E-10]  7.636E-11{K (vapor) 7.220E-05
T emperature E siimations:
Paride s uface termperaiure (O 1297 R eackor tenmperaure (O 00!
Cdiculdlions:

Acumuaed
T okd potssiumrelecs edby vdailizaion gmob) 0.000E+0 3.052E-12
N rlecs ed by voldiilizaion (mol) | 2256E-11 8.005E-11
T okd cHoride relecs edby voldilizaion (mal) 2.256E-11 8.310e-11
S odumrdleas edby oabondke redudion (mal) 1.669E-09 5631E-09
Pokssiumrelecs edby cabonateredudion(mo) | 2.472E-11 7.908E-11
E nrichment F aclors after 0.3s:
Mlaride 08
Pofossium 09
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Table E-36: Spreadsheet PROGRAM.XLS at 900°C, 21% O, and 0.4 sec.

Initial Conditions:
Q2 cortertinreadiongcs (%) 21 Diameier of char paride (M) 3.00E-04
R eador terrperdue (O 900 ResidenceTime (8) 05
Inorganics Concenlralions (mol): Pcriidl Presswe ot E quilibrium (ber):
Input Oulput

Nad 1.065E-10]  8.720E-11
KO 0.000E+00| 0.000E +00jPolcssiums pedes 1.945E-05
N2CC3 1.685E-09| 9.983E-10|NaC] 4.636E-05
K208 3818E-11] 2699E-11]KA 6.679E-06
NaX 4138609  2.746E-09INa(vapon) 4542E-03
KX 7.636E-11]  5.397E-11|K (vapor) 7.220E-05
T emperalure E stimclions:
Paide s uface fermperalue (O 1297 Reackr terperaue (O 00
Cdiculdlions:

Aamuided
T okd potssiumrelecs edby vddilizaion (mol) 0.000E+0 3.052E-12
NoQ relecs ed by voldilizaiion (mol) | 1.925E-11 9.930E-11
T okd dHoride relecs edby voldilizaion (md) 1.925E-11 1.024E-10
S odumrelecs edby aabondie redudion (mal) 1.373E07 7.003E-09
Potos siumrelecs ed by oarbonate reducion (mol) 2.239E-11 1.015E-10
Enrichment F aclors after 0.4s:
Moride
Pofcssium
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Table E-37: Spreadsheet PROGRAM.XLS at 900°C, 21% O, and 0.5 sec.

Initial Condlitions:
C2 cortertinreadiongas (%) 21 Diameter of char pariide (M) 300E-04
R eadior termperaiue (O 900 Residence Time(s) 05
Inorganics Concenircions (mol): Pcrticl Pressure a E qullibrium (bar):
Input Oulput

Nad 8720E-11]  7.093E-11
Kd O000E +00|  0.000E +00)Polcs siumspedes 1.437E-05
Na2Q3 9983E-10| 4.991E-10|NaC] 3.918E-05
K203 26QE-111  1.734E-11|KA 4311E-05
NaX 2746E-00|  1.732E-0Q|Na(vgpor) 4.542E-03
KX 5397E-11]  3.467E-11]K (vapor) 7220605
T emperaiure E stimations:
Paride s ufoce termperaiue (O 1297 R eackor termperaiue (O 900
Cdiculdlions:

Aaumudded
T okd pokssiumrelecs edby vddilizaion (mol) 0.000E 00 3.052E-12
Nodl relecs ed by voldilizaiion (mdl) | 1.627E-11 1.156E-10
T oid cHoride rdlecs ed by voldilizaion (mal) 1.627E-11 1.186E-10!
S odumrelecs ed by cabondke redudion (mal) 9.983E-10 8.002E-09
Poks siumrelecs ed by aabonate reducion (mol) 1.930E-11 1.208E-10
E nrichment Faclors cfter 0.5s:
Horide 08
Potossium 09
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Table E-38: Spreadsheet PROGRAM.XLS at 1100°C, 0% O,, and 0.1 sec.

A B c D E
6 |initidl Conditions:
7
8 Q2 cortertinreadionges %) 0 Diameter of char paride (M) 3.00E-04
9 |Readkor fempearchue © 1100 Residence Time (s) 05
10
11 |Inorganics Concenirations (mol/particie): Paridl Pressure ot E quilibrium (bar):
12 Input Oulput
13 INeC 1.865E-10]  1.592E-10
14 KA 3.052E-12[ 1.016E-12|Pokssiumspedes S5S511E-04
15 |Nc2CO8 4500E-09]  4.297E-O9{Nc 6.550E-05]
16 |K2C8 7.772E-11]  7.440E-11|KQ 5.505E 06
17 |NaX 9.849E-09|  9.417E-09|Natvcpor) 444503
18 |KX 1.685E-10]  1.498E-104K (vcgoor) 7.158E-05
19
20 |T emperciwe E stimations:
21
22 |Patide s uface temperdue © 1100 R eador temperciue (O 1100
23
24 |Calculdtions:
25 Aaumdded
26 T ok poks siumrelecs ed by valdllizdion (maol) 2.038E-12 2.038E-12
27 [Nl relecs ed by voldiitizalion (mol) | 2.726E-11 2.726E-11
28 | T od charide relecs ed by vadllizalion (madl) 2.930E-11 2.930E-11
29 |S odumrelecs ed by cabonde redudion (mol) 4.051E-10 4.051E-10
30 | Pokcssiumrelecs ed by acrbondie redudion (mal) 6.640E-12 6.640E-12
31
32 |E nrichment F actors affer 0.1s:
33
34 |holde 35
35 |Pokssium 1.2




146

Table E-39: Spreadsheet PROGRAM.XLS at 1100°C, 0% O., and 0.2 sec.

Inifial Conditions:
QR condertinreadionges (%) 0 Diameter of char paride (m) 3.00E-04
R eadior ferrperaue (O 1100 Residence Time(s) 05
Inorganics Concenlrations (mol/perticle): Parlid Pressure a E quilibrium (bar):
Input Oulput

N 1.592E-10]  1.363E-10%
KAa 1.016E-12]  0.000E +001Poks siums pedes 4.636E-05)
Na2O33 4297E-09.  4.103E-09{NcC 5519E-05)
K203 7A00E-11}  7.120E-11|KA 4.631E-05
NaX 9417E-091  9.005E-09{Nalvapon) 4.445E-03
KX 1.498E-100 1.424E-108K (vopor) 7.158E-05
T emperature E stimations:
Paride s uface fermperalue (O 1100 R eador terrperare (O 1100
Cdiculdlions:

Aamdded
T okd potessiumrelecs ed by vddilizaion (mol) 1016E-12 3.054E-12
Nod relecs ed by voldiilizalon (o) | 2294E-11 S5.020E-1
T oid dHoride rdlecs edby voldiilizaion (o) 2.395E-11 5.325E-11
S odumrelecs ed by oarbondle reducion (mal) 3.887E-10 7.938E-10
Pokssiumrelecs edby aabonatereducion(mol) | 6.398E-12 1.304E-11

E nrichment F aclors affer 0.2s:

Chloride

Pokssium
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Table E-40: Spreadsheet PROGRAM.XLS at 1100°C, 0% O, and 0.3 sec.

Inilid Conditions:
Q2 contertinreadiongcs (%) 0 Diameter of cha pardide (m) 3.00E-04
R eacior tenperdiue (O 1100 Residence Time(s) 05
Inorganics Concenirations (mol/particle): Partid Pressue ct E quilibrium (bar):
Input Oulput

Nad 1.363E-10]  1.169E-108
KQ 0000E+00| 0.000E +00Pofos siums pedes 3.942F 06
Na2QG8 4703E-09!  3.916E-09INcC 4.674E-05
K208 7.020E-111  6.812E-11|KC 3.937E-06
NaX Q005E-09!  8.612E-09Nalvapon) 4445603
KX 1.4824E-10]  1.362E-10{K (vcpor) 7.158E 05
T emperature E sfimations:
Paride sufaoe temperare (© 1100 R eador fermperalure (O 1100
Cdiculdlions:

Aamdded
T otd potkssiumrelecs edby vdailizaion (mol) 0.000E+0 3.054E-12
Nad relecs ed by voldiilizaion (o) | 1.943E-11 6962E-11
T old doride relecs ed by valdilizaion (o) 1.943E-11 7267E-11
S odumrelecs ed by cabonde redudion (nd) 3.734E-10 1.167E09
Polcssiumrelecs edby oabonatereducion(mol) | 6.170E-12 1.921E-11
E nrichment Faclors ofter 0.3s:
CHaoide 3.1

Polcssium

1.1
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Table E-41: Spreadsheet PROGRAM.XLS at 1100°C, 0% O, and 0.4 sec.

initial Conditions:
Q2 contertinreadiongos (%) 0 Diameder of char padide (m) 3.00E-04
R eador lerperaure (O 1100 Residence Time(s) 05
Inorganics Concenlrations (mol/particle): Partid Pressure al E quilibrium (bar):
Input Oulput

N 1.169E-10]  1.003E-10)
Ka 0.000E+00{  0.000E +00fPolcs siums pedies 3.397E-06
NO3 3916E-09]  3.737E-09INC 3.990E-05
K203 6812E-11{  6514E-11jKA 3.393E-0%
NaX 8612E09|  8.237E-09|Nalvapon 4.445E-03
KX 1.362E-10]  1.303E-10{K (vcpor) 7.158E
T emperalure E stimations:
Paride s uface femperakre (O 1100 R eador termperaue (O 1100
Cadlculdlions:

Acumualect
T okd polcs siumrelecs edby vddilizaion (mol) 0.000E+00 J.054E-12
Nad relecs ed by voldiilizaiion (mal) | 1.658E-11 8.621E-11
T old dHoride relecs edby voldilizaion (mal) 1.658E-11 8.926E-11
S odumrelecs ed by cabonake redudion (ma) J3.585E-10 1.526E-09
Potcssiumnrelecs edby cabondleredudion(mol) | 5.946E-12 2515E-1N
E nrichment F aclors after 0.4s:
Chaide 29

Polssium
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Table E-42: Spreadsheet PROGRAM.XLS at 1100°C, 0% O, and 0.5 sec.

inifid Conditions:
Q2 corfertinreadion gs (%) 0 Dicmeter of char paride (M) 3.00E-04
R eackor fermperdure (O 1100 Residenoe Time(s) 0.5

Inorganics Concenirations (mol/particle):

Partid Press ure i E quilibrium (bar):

Input Ouiput
NaQ 1.003E-10] 8613E-1
KQ 0.000E+00| 0,000 +00jPokssiums pedies 2927E06
Nc2G33 3737E-09|  3.565E-09INad 3A08E-05
K2G8 6514E-11|  6228E-11]KA 2923E-06
Nax 8237E-09|  7.879E-O9Na(vapor) 4045603
KX 1.303E-10  1.246E-10|K (vgpon) 7.158E-05)

T emperalure E stimations:

Paide s ufooe femperakre (O 1100 R ecckor fermperaiue (O 1100
Cdicuidlions:

T okd pokssiumrelecs edby vdailizaion (mob) 0.000E+00 3.054E-12

Nod relecs ed by voldilizaion (o) | 1416E-11 1.004E-10

T ofd choride relecs ed by voldilizalon (mol) 1.416E-11 1.084E-10

S odumrelecs edby cabonde redudion (md) 3.441E-10 1.870E-09
Pofossiumrelecs ed by cabonate redudion (mol) 5.728E-12 3.088E-11

E nrichment F actors after 0.5s:

Charide

Pokssium
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Table E-43: Spreadsheet PROGRAM.XLS at 1100°C, 4% O, and 0.1 sec.

E nrichment F aclors offer 0.1s:

Choride

Pokssiumn

A B c D E
6 _|Initial Condifions:
7
8 |2 cortertinreactionges %) 4 Diameter of char padde (m) 3.00E-04
9 |Reackr fermperciue (O 1100 Residence Time () 0.5
10
11 |Inorganics Conceniralions (mol/particle): Partial Pressure at E quilibrium (bar):
12 Input Oulput
13 INcQ 1.865E-10]  1.889E-10
14 |KQ 3.052E-12]  0.000E+00)Pokcssiums pedes 5.344E-05
15 INc2CC8 4.500E09]  4.021E-09|NcQ 6.505E-05;
16 [K2C8 7.772E-11]  7.037E-11{KQ 2.682E-05)
17 [NaX 9.849E-09|  8.864E-09{Na(vepor) 4.463E-03)
18 [KX 1.585E€-10]  1.407E-10{K (voor) 7.173E-05)
19
20 |T emperciure E stimctions :
21
22 |Patide s uface termperciue (O 1175 R ecxcior femperadue (O 1100
23
24 [Calculdlions:
25 Acmuded
26 [T old poicssiumrelecs ed by vddllizdlion (o) 3.052E-12 3.052E-12
27 [NcQ relecs ed by voldilizalion (mol) | 2.758E-11 2.758E-11
28 |T okd chloride relecs ed by vadllizdlion (mal) 3.064E-11 3.064E-11
29 [S odumrelecs ed by cabondie redudion (mol) 9.577E-10 9.577E-10
30 |Poics siumrelecs ed by acrbonde reducion (mal) 1471E-11 1.471E-11
31
32
33
34
35




151

Table E-44: Spreadsheet PROGRAM.XLS at 1100°C, 4% O,, and 0.2 sec.

Initial Condiitions:
Q2 cortertinreadion gcs (%) 4 Diameter of cha pariide (M) 3.00E-04
Reador ferrperakue (O 1100 ResidenceTime () 05
inorganics Conceniralions (mol/perticle): Patid Pressure a E quilibrium (bar):
Input Oulput

Nad 1.589E-10] 1.354E-10%
KAa O.000E+00| 0.000E +00jPolcssiums pedes 4,766E 05
N3 4RIE-R|  3578E-0INC 5539E-05
K203 7087E-11|  6.345E-11|KA 2.185E-05)
NaX 8.864E-09|  7.954E-OR|Na(vapor) 4.463E-03
KX 1.407E-10]  1.269E-10{K (vapor) 7.173E-05)
T emperature E sfimations:
Paidesuface temperaire (O 1175 R eador fermperdure (O 1100
Cdiculdlions:

Aamdded
T old pokssiumrelecs edby vddilizaion (mol) 0.000E+00 3.052E-12
NaQ relecs ed by voldiilizaion (mal) | 2340E-11 5.107E-11
T okd dHoride relecs ed by voldiilizaion (mol) 2349E-11 5A412E-11
S odumrelecs edby cabondke reducion (mad) 8.862E-10 1.844E 09
Poicssiunrelecs ed by aarbonate reducion (mol) 1.383E-11 2.854E-11
E nrichment Faclors ofter 0.2s:
Horide 15
Polcssium 10
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Table E-45: Spreadsheet PROGRAM.XLS at 1100°C, 4% O., and 0.3 sec.

initicd Condiitions:
Q2 confertinreacion gcs (%) 4 Diameter of dhar paride () 3.00E-04
R eadior lenperaure (O 1100 Residence Time (s) 05
Inorganics Concenlraions (mol/particle): Parlid Press ure at E quilibrium (bar):
Input Ouiput

N 1354E-10]  1.151E-10%
KA 0.000E+00|  0.000E+00j Pokessiumspedies 4.324E 05
N2Q3 3578E-00|  3.170E-09INcC 4.786E 05
K203 6345E-11]  5697E-11}KA 1.814E-05
NoX 7954E-09|  7.118E-O9iNa(vapon 4.463E-03
KX 1269E-100  1,139E- 10K (vapor) 7.173E-05
T emperalure E stimations:
Paidesuface lermperalre (O 1175 R eador terrperaure (O 1100
Cdiculdlions:

Acurdded
T okd pokssiumrelecs edby vadilizaion (mol) 0.000E+0 3.062E-12
NaQ relecs ed by voldilizaiion (mal) | 2029E-11 7136E-11
T otd dHoride rdlecs ed by voldilizalion (o) 2029E-11 7.442E-11
S odumrelecs edby aabonde redudion (md) 8.153E-10 2.659E-09
Pokssiumrelecs ed by carbonate reducion (mol) 1.295€-11 4.149E-11

E nrichment F aclors dfter 0.3s:

Chloride

Pokssium
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Table E-46: Spreadsheet PROGRAM.XLS at 1100°C, 4% O, and 0.4 sec.

inifidl Conditions:
Q2 cortertinreadion ges (%) 4 Dicmeter of char paride () 3.00E-04
R eadior fermperckue (O 1100 Residence Time(s) 05
Inorganics Concenirations (mol/particle): Partial Press ure a E quilibrium (bar):
input Oulput

N 1.151E-10] 9.761E-11
KAa O.000E+00| 0.000E +00jPokssiums pedies 3.918E-05)
NQO8 3.170E-09|  2.798E-0%) 4.132E-05)
K203 5697E-11|  5.004E-11 1.494E 05
NaX 7.118E-09|  6.355E-09 4.463E-03
KX 1.139€-100  1.019E-10 7.173E-05
T emperature E stimations:
Paride s uface fermperalure (O 1175 R eador lermperaiue (O 1100
Cdiculdlions:

Aamdded
T ofd pokssiumnrelecs edby vddilizaion (mol) 0.000E+00 3.052E-12
NaQ relecs ed by voldilizaiion () | 1.752E-11 8.889E-11
T okd dHoride relecs ed by voldilizaiion (mal) 1.752E-11 9.194E-11
S odumrelecs edby oabondke redudion (mal) 7.457E-10 3405E-09
Pots siumrelecs ed by cabonate reducion (mol) 1206E-11 5355E-11

E nrichment F aclors dfter 0.4s:

Qaide

Pokssium
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Table E-47: Spreadsheet PROGRAM.XLS at 1100°C, 4% O, and 0.5 sec.

inifial Conditions:

Q2 cortertinreadionges (%)

Diameder of char padde (m)

R eackor terrperdue (O

ResidenceTime(s)

Inorganics Concentrations (mol/particle):

Partid Presswue at E quilibrium (bar):

Input

Nad

9.761E-11

KA

0.000E +00

Polssiunspedes

3.542F 05

Nc2G3

279809

NaQ

3.564E 05

K203

5094E-11

Ka

1218E 05

NaX

6.355E-09

Na{vapon)

446308

KX

1019E-10

K (vapor)

7.173E-05

T emperature E siimalions:

Paride s uface fermperakure (O

Cdiculations:

T ofd pokssiumrelecs ed by vddilizaion (mol)

0.000E +Q0

Nod relecs ed by voldiilizaion (mdl) |

1511E-1

T okd chlaride relecs edby valdilizaion (o)

1.611E-1

S odumrelecs edby aabondie redudion (ma)

6.780E-10

Potssiumrelecs ed by oabonatke reducion (mol)

1.117E-11

E nrichment Faclors dfter 0.5s:

Chioride

Pokssium
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Table E-48: Spreadsheet PROGRAM.XLS at 1100°C, 21% O, and 0.1 sec.

A B C D E
6 _|Inificd Conditions:
7
8 |C2 contertinreadionges (%) 21 Diameter of char pardde (m) 3.00E-\4)
9 |Reackr termperdue (O 1100 Residence Time () 0.5
10
11 [Inorganics Concenirations ¢mol): Partical Pressure at E quilibrium (bar):
12 Input Ouiput
13 INaQ 1.865E-10]  1.462E-10
14 |[KO 3.052E-12] 8.686E-13|Polkssiumns pedes 1.121E05
15 |[Nc2QO8 4500E-09|  3.000E-O9| N 8.864E-05
16 |K2OC8 7.772E-111  5.886E-11}KO 5.400E-0H
17 |NaX 9.849E-00|  6.809E 09 Na fvapon) 4.594E-03
18 [KX 1.585E-10!  1.177E-10{K (vopon) 7.272E-05)
19
20 |T emperature E stimalions:
21
22 |Paiide s uface ferperdue © 1448 Reackor termperduse (O 1100}
23
24 |Calculdtions:
25 Acumuaed
26 |T oid poics s lumrelecs ed by vadilization (nol) 3.052E-12 3.052E-12
27 |NaQl refecs ed by voldillization (mol) | AC28E-11 A028E-11
28 [T old charide relecs ed by voldilizalion (o) 4247€-11 4.247E-11
29 |S odumrelecs edby aarbonaie redudiion (mol) 2.999E-09 2.999E-09
30 |Poicsslumrelecs edby cabordieredudon(mal) | 3.771E-11 3.771E-11
31
32 [E nrichment F aclors affer 0.1s:
33
34 |horide 07
35 [Pokcssium 08
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Table E-49: Spreadsheet PROGRAM.XLS at 1100°C, 21% O, and 0.2 sec.

Initial Condlitions:
Q2 cortertinreadionges (%) 21 Diameter of char paride (m) 3.00E-04
R eackor fermperdue (O 1100 Residence Time ) 05
Inorganics Concentrations (mol): Partid Press ure at E quilibrium (ar):
Input Oulput

N 1.462E-10]  1.15CE-10
KA 8.686E-13] 0.000E +00Pokssiumspedes 1.069E 05
Nc2OO3 3000E-09|  1.562E-09INcC 6.867E-05
K203 5886E-11| 4.037E-11{KA 4.485E 05
NaX 680909  3.901E-O9|Nalvapor) 4.504E-03
KX 1.177E-10]  7.988E-11|K (vapor) 7.272E
T emperalure E stimations:
Paiide suface tamperalre (O 1448 R eador fenperare (O 1100
Cdiculdlions:

Aamdded
T ofd pokssiumrelecs edby vadilizaiion (mol) 8.686E-13 3921E-12
Nad relecs ed by voldilizaiion (o) | 3.121E-N 7.149E-11
T oid dHoride relecs ed by voldilizalion (mal) 3.208E-11 7454E-11
S odumrelecs edby oabonake redudion (mal) 2.877E09 5.876E-09
Potssiumrelecs edby cabonakeredudion(mol) | 3.4698E-11 7.469E-11
E nrichment Faciors aofter 0.2s:
Maride 07
Pokssium 08
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Table E-50: Spreadsheet PROGRAM.XLS at 1100°C, 21% O., and 0.3 sec.

inifial Condttions:

Q2 cortertinreadion ges (%)

Diameter of char paride (m)

R eador lermperaure (O

ResidernoeTime (s)

inorganics Concenirations (mol):

Partidl Pressure at E quilibrium (bor):

Input

Nad

1.150E-10

KA

0.000E +0

Pokssiunspedes

1.105E-05

Na2G8

1.562E-00

NaQ

5.334E-05

K203

4037E-11

Kd

4.010E-04

Nax

3901E-09

Na{vagpon)

4594E-03

KX

7.988E-11

K (vcpor)

7.272E-05

T emperature E sfimations:

Pariide suface temperaire (O

Caiculations:

T oid pokssiumrelecs edby vddilizaion (mol)

Nad relecs ed by voldilizaiion (mdl) |

T old chloiide relecs ed by vadilizaion mal)

S odumreleas ed by cabondle reducion (mal)

Potes siumrelecs ed by cabonatke reducion (mol)

E nrichment Faclors ofter 0.3s:

aide

Pokssium
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Table E-51: Spreadsheet PROGRAM.XLS at 1100°C, 21% O,, and 0.4 sec.

Initidl Condiitions:
QR contertinreadion gcs (%) 21 Dicmeter of char paride (m) 3.00E-04
R eador lermperakre (O 1100 ResidenceTime(s) 05
Inorganics Concentrations (mol): Patid Press ure at E quilibrium (bar):
Input Ouiput

N 9077E-11]  7.147e-11
Kd 0.000E+0|  0.000E 00 Pokssiums pedes 9.045€-04)
Na2O3 7.809E-10] 3.904E-10|Ncd 4.246E 051
K203 2254E-11] 1.127E-11|KA 2.865E 041
NaX 2315E-09]  1.515E-09INalvapon) A594E (03
KX ALE-11  2.167E-11}K (vapor) 7.272E-05
T emperalure E stimations:
Paiide suface temperatue (O 1448 R eackor temperdue (O 1100
Cdiculdlions:

Aamdded
T old potssiumrelecs edby vddilizaion (mol) 0.000E+00 3921E-12
NoQ relecs ed by voldiilizaiion (mal) | 1.930E-11 1.150E-10
T otd dHoride relecs ed by voldilizalion (mol) 1.930E-11 1.181E-10
S odumrelecs edby oabonake redudion (mdl) 7.800E-10 8219E07
Polssiumrelecs edby oabonate reducion(mol) | 2254E-11 1.329E-10
E nrichment F aclors after 0.4s:
C(Haide 07
Pokossium 10
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Table E-52: Spreadsheet PROGRAM.XLS at 1100°C, 21% O, and 0.5 sec.

Initiad Conditions:
Q2 contertinreadionges (%) 21 Diameler of char padide (M) 3.00E-04
R eador ferrperdiure (O 1100 ResidenceTime (s) 0.5
Inorganics Conceniralions (mol): Patid Press ure a E quilibrium (bar):
Input Oulput

NG 7I47E-111  5599E-11
KQ 0.000E+00| 0.000E +00fPokssiums pedes 5.815E-06
Na2Q3 3904E-10] 1.952E-10|NcQ 3.406E-05
K203 1.127E-11]  5.635E-121KA 1.645E-05
NaX 1.515E09]  1.109E-09|Nalvapor) 4594E-03
KX 2.167E-111  1.040E-11JK (vapor) 7.272E 05
T emperalure E stimalions:
Paide suface fermperaire (O 1448 R eador ferrperaire (O 1100
Cdiculdlions:

Aamided
T okd poks siumrelecs edby vddilizaion (mol) 0.000E +0 3921E-12
Nod relecs ed by voldiilizaiion (md) | 1.548E-11 1.305E-10
T oid Haride relecs ed by voldilizaion (mnol) 1.548E-11 1.336E-10
S odumrelecs edby cabonake redudion (mol) 3.904E-10 8.610E-09
Potos siumrelecs edby aabonate reducion (mol) 1.127E-11 1.442E-10
E nrichment F actors after 0.5s:
Haide 08
Pofossium 1.0
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Appendix F
DIFFUSIVITY ESTIMATION

MW Temp (Q |Diff ) Diff OC)
39.94 20 0.194] 0.219551]|A
112.41 0 0.17 0.17{Cd
44,01 20 0.163] 0.184468[CO2
84.16 15 0.076{ 0.083458 |Cydohexane
142.28 Q0 0.0841] 0.138468 |n-Decane
170.33 126 0.0813] 0.157946[Dodecane
4 20 0.705( 0.797853 |Hdium
86.17 15 0.0757| 0.083128 [n-Hexane
2 0 0.697 0.697 {Hydrogen
253.84 0 0.07 0.07 [lodine
200.61 0 0.13 0.13 |Mercury
85.13 15 0.0758| 0.083238 |Methyl Cydopentane
114.22 30 0.071{ 0.085212|n-Octane
32 0 0.181 0.181]Oxigen
115.13 30 0.0705| 0.084611(2.2.4 trimetyl pentane
145.2 Q0 0.0684] 0.112618(2.2.3, trimetyl heptone

Diffusivity estimation (0 °C)

0.8
- y = 1.0662x 4%
'E 0.6 R2=0.7772
£ 04
£
£ 0.2 ] ] a
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