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ABSTRACT 

This study focuses on the effect of alkali adsorption on the agglomeration of 

particles of bauxite, kaolinite, emathlite, lime, and two types of coal ash. An 

agglomeration (adhesion) temperature is defined which characterizes the adhesion 

propensity of particles. Using a small fluidized bed, a unique experimental technique is 

developed to measure this agglomeration point in-situ. The effects of alkali adsorption 

on the agglomeration characteristics of the substrates are determined. The agglomeration 

temperature of all substrates decreases as the alkali content increases. At low alkali 

loadings, alkali adsorption enhances particle agglomeration by forming new compounds 

of lower melting points. At high alkali concentrations, adhesion and agglomeration are 

caused by a layer of molten alkali which covers the exterior of the particles. 

Alkali surface composition of particles is studied using a Scanning Auger 

Microprobe (SAM). Results indicate that the alkali surface concentration decreases as 

agglomeration temperature increases. SAM depth profiling data provides information on 

the variations of alkali loading across particles. These results show that an alkali surface 

product layer is formed where most of the alkali adsorbed is concentrated. 

The use of additives to scavenge alkali vapors is further studied in a pilot scale 

downflow combustor under more typical combustion conditions. SAM surface analyses 

of additive particles indicate three mechanisms of alkali capture. Alkali adsorption by 

reaction, alkali surface condensation, and alkali nucleation and coagulation with additive 

particles. These mechanisms may occur independently or simultaneously depending 
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primarily on the alkali vapor concentration and the temperature profile along the 

combustion furnace. 

A mathematical model is developed to represent the kinetics and mechanisms of 

the alkali adsorption and agglomeration process. Modeling results indicate that the 

adsorption-reaction process is influenced by diffusion of alkali through the surface 

product layer. The model predictions of the alkali adsorbed as a function of minimum 

agglomeration temperature agree very well with the experimental results. Alkali-additive 

interactions in a downflow combustor are also modeled to predict the mechanisms of 

alkali capture and the overall alkali removal efficiency. Model predictions of the alkali 

capture agree well with the experimental results. 



CHAPTER 1 

INTRODUCTION 
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Alkali compounds are present in raw coals to varying extents, depending largely 

on the grade of coal. During coal combustion and gasification, a portion of the sodium 

and potassium compounds is volatilized in the high temperature zone of the combustor 

and consequently condensed or adsorbed on the surface of the solid ash particles. 

Therefore, these alkali vapors contribute significantly to fly ash agglomeration, fouling 

and corrosion of refractory linings and metal alloys. This, in tum, constitute major and 

costly problems for industries dependent on coal combustion for their energy use. For 

example, fouling forces boilers to require large combustion chambers and large 

superheater tube areas in order to prevent the build up of massive deposits of sintered 

and fused ash on the upper furnace wall and superheater tubes. These deposits may be 

difficult to remove by sootblowing and contribute to boiler down time. 

At the present time, due to the rising cost and decreasing availability of clean 

burning petroleum and high rank coals, the use of lower ranking coals to generate energy 

is becoming inevitable. Raw coals are found in various locations in the United States, 

making this energy source available and less costly than other imported energy sources. 

However, the reliance on coal as a source of energy is not yet popular. This is due to 

the restrictions imposed by many states on the flue gas emissions of coal combustion. 

The clean up operations needed to reduce alkali and toxic metal concentrations in the flue 

gases are expensive and still under a great deal of research. The industry, therefore, is 



22 

reluctant to use this source of energy in most cases until many of the problems associated 

with coal combustion are resolved. 

In order to combat the problems associated with coal combustion and gasification, 

a proper understanding of the many complex chemical processes occurring during 

combustion is necessary. Of particular interest in this study is the understanding of the 

effects of alkali metal vapors interactions with the aluminosilicate mineral matter (ash 

particles) released during coal combustion; and the consequent agglomeration of these ash 

particles with each other and with heat transfer surfaces causing fouling and corrosion 

of metal alloys. The hope is that a full understanding of the mechanisms of how 

aluminosilicate particles adhere to each other due to alkali adsorption could lead to 

methods of controlling these alkali vapors in a shape or form less corrosive to minimize 

fouling. 

Unfortunately, mechanisms of fouling are complex and not well understood. 

According to Reid (1984), the fouling process is related to the chemical composition of 

the airborne ash particles. It is also known that certain compounds like Ca, Fe, and 

alkali metal compounds can lower the melting point of mineral particulates and further 

enhance fouling (Srinivasachar and Boni, 1989; Connell and Dumesic, 1985; Stinespring 

and Stewart, 1981). Alkali metals are particularly important because of their abundance 

in many coals, especially lignites. Additionally, alkalis are considered to be the most 

important cause of fouling. 

There are primarily two ways that the alkali and trace metals enhance the fouling 

process in coal combustors: 
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1. Through the formation of lower melting point compounds which increase the 

stickiness and therefore the fouling propensity of particles. 

2. Through enhancement of the formation of small aerosol particles which are rich 

in alkali compounds. These particles, although insignificant in the total mass, can 

thermophoretically migrate to the walls and tube surfaces and promote fouling 

(Wall et al., 1979). Additionally, they may coagulate with and "coat" large 

particles, thereby increasing the stickiness of these large particles. 

Occurrence of Alkali Metals in Coal 

Coals contain mineral matter, varying widely in amount and composition. The 

mineral matter percentage in dry coal can range from a few percent to 20% by weight 

(Lindahl and Finkelman, 1986). The primary constituents of these minerals are silicon 

and aluminum which are present in clay mineral forms of kaolinite, illite, chlorite, or 

quartz. Sodium and potassium are the major elements of the alkali metals in coal, and 

usually they are present in quantities above 1000 ppm. These alkali metals, however, 

are considered minor elements because th~y account for only a few tenths of a percent 

of the dry coal weight. 

Raask (1985) stated that much of the sodium in lignites and sub-bituminous coals 

is present as salts of organic acids whereas in bituminous coal, it is partly associated with 

chlorine in the coal substance and partly in silicates. For potassium, however, it is 

present almost exclusively in the form of aluminosilicates. Harvey and Ruch (1986) 

explained that, in selected United States coals, s04.iium varies from 30 ppm by weight to 
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one weight percent of the dry coal; while potassium varies from 30 ppm by weight to 

over two weight percent. Moreover, According to Lindahl and Finkelman (1986), it is 

generally observed that the amount of alkali in coal decreases as the rank of the coal 

increases. 

Raask (1985d) summarized how the distribution of sodium and potassium between 

the coal and different inorganic species changes with coal rank. This summary is 

illustrated in Table 1.1. Raask also presented information indicating that the lignites and 

sub-bituminous in Northern Plain areas have ashes rich in sodium and the Na20 content 

can be greater than 10%. In contrast, his research pointed out that the low-rank fuels 

in Montana, New Mexico, and Texas have an ash of moderate or low sodium content. 

Table 1.1 
Alkali-metal species in low- and high-rank coals 

(obtained from Raask, 1985d) 

Fuel deposits Sodium and potassium Comments 
species 

Vegetable matter and Organometal salts, The vegetable matter is 
flood and ground waters chlorides, sulfates, and rich in potassium, but 

carbonates flood and ground waters 
can be rich in sodium 

Lignites and sub- Chiefly organometal salts Frequently rich in 
bituminous coals and soluble inorganic sodium, potassium 

salts content is usually low 

Low-rank bituminous Chiefly chlorides and Sodium is present partly 
coals silicates as chloride and partly in 

silicates, potassium has a 
high affinity to silicates 

High-rank bituminous Chiefly silicates with High-rank, low porosity 
coals and anthracites some chloride coals have a limited 

capacity to hold chlorides 
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An investigation of the chemical and structural forms of potassium in coal, coke, 

and potassium-enriched coke has been made by Huffman et al. (1986). The principal 

analytical techniques used were X-ray absorption spectroscopy and scanning electron 

microscopy. Huffman et al. found that the potassium in the bituminous coals was 

contained in the clay mineral illite, which was transformed to a predominantly amorphous 

or glassy potassium alumino silicate during coking at temperatures of 1050-1100 °C. 

However, in cokes artificially enriched in potassium and annealed at 1260 °C under 

Argon, two principal forms of potassium were identified: potassium in K-enriched 

aluminosilicates, and potassium dispersed throughout the carbonized macerals and bonded 

to carbon. Their analysis further- indicated that both potassium forms were 

predominantly amorphous in structure, and these amorphous phases exhibited some 

similarities to chemically similar crystalline phases such as leu cite (KAISi20 6) and 

intercalated potassium-graphite (KCs). 

Problems Caused by Alkali Presence 

Durine Coal Combustion 

The non-combustible mineral matter in coal is released inside the combustion 

chamber as fragments of particles ranging in size from sub micron to few microns 

depending on the original size of the pulverized coal. Due to the high temperatures of 

combustion, these mineral fragments (or ash) may melt or stay in solid form depending 

on the chemical composition of these particles and the temperatures encountered. Since 

ash particles are heterogenous in nature, some of these particles form a molten phase 
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starting at the surface of the particle, while others remain in the solid form and get 

collected as ash particles at the bottom of the furnace. One of the worst ash-induced 

problems is due to the formation of a liquid phase and the eventual complete IImeltingll 

of the mineral matter, referred to as slagging. 

Reid (1984) explained that the deposition and accumulation of slag on heat

receiving surfaces decrease the heat transfer in the furnace causing the exit gas 

temperature to rise, and increase the rate of heat transfer in the convective superheater 

tubes. This, in turn, increases the exit steam temperature above 538°C, which is the 

critical temperature that must not be exceeded as demanded by the turbine. If such 

temperatures are reached, the only recourse is to lower the firing rate which decreases 

the total amount of steam generated and hence the electrical output of the turbine

generator. The electrical load is therefore limited due to slagging. 

The presence of alkali metals (primarily sodium and potassium) during coal 

combustion and gasification enhances the lowering of the melting point temperatures of 

ash particles due to reaction and adsorption. Also the condensation of alkali metals on 

mineral matter may aid the deposition and bonding of particles to tube surfaces. 

According to Reid (1984), most explanations of bonding are based on the presence of 

alkalis, mainly Na2S04, at the interface between slag and metal. Moreover, the alkalis 

coating the tubes have come mostly from condensation of alkalis volatilized in the flame 

at temperatures higher than 1800 °C and condensed on the tube surface at less than 

400°C. 
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Wibbedey and Wall (1982a) perforined thermodynamic calculations to predict the 

behavior of alkalis in the furnace gases of pulverized-coal-fired boilers. Their results 

implyed that a large proportion of the volatile sodium in the coal reacts with silica or 

silicate fly ash and forms a low viscosity surface layer of sodium silicate on the ash, and 

depending on its thickness, may enhance retention of the ash particles impinging on 

boiler tubes. These investigators also predict that the thickness of the sodium silicate 

layer depends mainly on the ratio of alkalis (non-chloride) to ash surface area in the 

furnace gases and the kinetics of the silicate-forming reaction in the temperature range 

1027-1577 °C. 

In a follow-up study, Wibbedey and Wall (1982b) experimentally investigated the 

formation of sodium silicates in reactions between silica particles and a synthetic furnace 

gas containing sodium, chlorine, sulphur, and water vapor. Their results indicated the 

formation of a thin layer of silicate on the silica, having a thickness range of 0.02 to 0.31 

micron, and an average composition from 9 to 36 weight percent Na2D. Their findings 

also indicate that the thin, low viscosity layer of sodium silicate allows particles to collect 

on a cool metal surface (597°C) free from condensed material. 

In another study, the effect of sodium on deposition in a simulated combustion 

gas turbine environment was investigated. Ross et al. (1988) studied the effects of gas

phase alkali-metal concentration 00 the adhesion properties of micronized coal using a 

laboratory-scale entrained reactor capable of accelerating the combustion products of an 

injected coal-air mixture to the velocities observed in a combustion gas turbine. Under 

these conditions, alkali-metal sulfates are known to act as liquid "glue" binders that 
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promote inorganic deposit formation. To test this "glue" hypothesis, Ross et al. varied 

the concentration of the alkali metal by utilizing a series of naturally occurring coals 

(Arkwright Pittsburgh bituminous, Spring Creek Montana sub-bituminous, and North 

Dakota lignite) and by doping Arkwright coal samples with sodium benzoate. Their 

measurements of the sticking coefficients (the mass fraction of incident ash that sticks to 

a deposition target) provide a confirmation of the gluelike behavior of alkali-metal 

sulfates in enhancing deposition rates. Specifically, these measurements indicate that 

between the melting point and dew point of alkali-metal sulfate solutions, higher alkali

metal concentrations in the coal feed result in enhanced sticking. Below the sulfate 

melting point, however, the alkali-metal concentrations have no effect. 

Conventional Ash Fusion Tests 

The previous discussion pointed out some obvious and major problems during coal 

combustion and gasification. The most serious of these problems is the melting of the 

mineral matter (mostly aluminosilicate compounds) in coal at the high combustion 

temperatures; and the consequent agglomeration of these ash particles and deposition on 

the heat surfaces of boiler tubes and furnace walls which cause massive deposits to 

accumulate with time which are difficult to remove. 

One basic factor that enhances these processes of slagging and fouling to occur 

is the presence of alkali metal vapors of primarily sodium and potassium in the gas 

phase. As mentioned earlier, these alkalis might interact with ash particles to produce 

compounds with lower melting points, and/or condense on these particles and heat 
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transfer walls, making the particles sticky and promoting their deposition on tubes and 

furnace walls. Therefore, in order to find methods to decrease the fouling and slagging 

propensity as well as ash agglomeration due to these alkali compounds, a clear 

understanding of the mechanisms of agglomeration between particles and the relation 

between agglomeration temperatures and the alkali content of particles is essential. 

Various methods and studies have been made as to the agglomeration of ash 

particles during coal combustion and the agglomeration tendency of particles to their 

alkali content. One of the basic methods of relating the temperature of particle adhesion 

(or agglomeration) to the alkali content of particles is by using the Leitz heating 

microscope. In this method, particles of a particular size are placed in a crucible which 

fit inside the heated chamber of the microscope. Then, the temperature is increased 

slowly until the particles-shape start changing and deforming at which time surfaces melt 

and fusion between particles start to occur. The relation between the agglomeration 

temperature and the ash type can then be deduced from such experiments. 

Radmacher (1949) and the German standard committee (DIN, 1976) performed 

such studies of assessing the fusion characteristics of coal ashes using the Leitz heating 

microscope. One disadvantage of such a method, however, is that the fusion temperature 

is determined by the deformation of particles. Recently, several studies (Rizeq and 

Shadman, 1989; Stallman and Neavel, 1980) have shown that particles may agglomerate 

at lower temperatures before particles actually deform. This behavior may be attributed 

to the surface of the particles becoming sticky and enhancing agglomeration prior to 

actual deformation and melt of the particles. Therefore, the use of other detection 
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methods to pinpoint the fusion of particles should be used if the temperatures for the 

earlier stages of the onset of agglomeration are desired. 

Other investigators studied the relationship between slag viscosity and coal-ash 

composition. For exa.mple, Eitel (1954) and MacKenzie (1957) stated that the addition 

of alkalis or alkaline-earth oxides should decrease the viscosity of aluminosilicate melts, 

which is usually the case. However, Endell and Zaulcck (1950) and Glover (1969) have 

shown that potassium oxide can be an exception to this rule when they discovered that 

potassium in alumino silicate slags increases the viscosity rather than decreases it. Raask 

(1985c) had measured the viscosity of two types of ashes (one with low and the other 

with high deposit-forming propensity) in air and in reducing gas, by particle sinter-bond 

method. He found that the qualitative trend of decreasing slag viscosity with increasing 

temperature is similar for both types of ashes in the two atmospheres. 

In another study, Srinivasachar et al. (1990) conducted laboratory experiments to 

determine a critical viscosity at which simulated ash particles would begin to stick. Their 

results indicated a critical particle viscosity of 108 poise for sticking at impact velocities 

of 1 m/s. They also found that at viscosities greater than 108 poise, no particles deposit; 

while at viscosities less than 108 poise, a constant fraction of particles adhere to the 

collection tube surface. 

Different techniques for the assessment of slagging and fouling propensity in 

pulverized coal fixed boiler were employed by Cumming et al. (1985). Their studies 

explain ash sinter strength and the development of a method of quantifying the build-up 

of sinter strength with increasing temperature. These studies indicate that a strong 
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evidence exists to confirm the presence of a true liquid phase with increasing temperature 

rather than increased solid state inter-particle contact near the onset of fusion. Their 

results also have shown an apparent correlation between ash fuseability and the build-up 

of sinter strength as a result of the behavior of alkalis in the ash. 

A simple method of assessing the sintering propensity of different ashes in the 

temperature range of 810-1360 K has been reported by Stallman and Neavel (1980). Ash 

for sintering tests was prepared by burning pulverized coal in air at 810 K where no 

significant degree of ash sintering existed. The ash was then passed through a 1oo-mesh 

(150 micron) sieve, placed in a small fixed bed boat, and heated for 30 minutes at 

temperatures ranging from 810 to 1365 K. After cooling, samples were sieved to 

determine the weight percentage retained on a 1oo-mesh sieve. The fraction retained 

after heating represented the ash agglomerates formed on sintering. 

Stallman and Neavel have found some sintered ash agglomerates at temperatures 

well below the initial deformation of coal ash according to the ASTM (1968) ash fusion 

tests. As a result, they suggested that a more sensitive method of assessing the sintering 

characteristics was required. They further explained that ash cannot be characterized by 

a single melting point since ash fusion occurs over a range of temperatures corresponding 

to the melting points of constituent components. They concluded that at the onset of 

fusion, localized melting of particles can effectively glue them together forming ash 

agglomerates. 

One more major method of the detection of ash and other particles agglomeration 

is through the utilization of fluidized bed behavior. Particles in a fluidized bed constantly 
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move and vibrate within a given space; however, if these particles become sticky, the 

bed behavior changes to a plug flow due to particles adhesion to each other. Therefore, 

the tendency of particles to agglomerate is a direct result of stickiness of the bed 

material. This stickiness may be an inherent property of the bed particles themselves 

coming into play at some temperature level, or the stickiness may be due to a liquid 

deposited upon the bed material (Siegill, 1976). 

Several investigators have utilized this phenomenon of fluidized beds in their 

studies to detect the onset of particles fusion. For example, Gluckman et al. (1976) work 

was directed to demonstrate that defluidization of beds of sticky particles is a well

ordered phenomenon obeying precise rules. They have conducted defluidization trials 

on a number of different particle systems, including: copper shot, polyethylene beads, 

polypropylene particles, polyethylene terephthalate (Dacron), and glass spheres. 

Gluckman et al. results for the defluidization limits of a directly heated fluidized 

bed indicated that defluidization is a sharp phenomenon. They explained that as the bed 

defluidizes, the particles become loosely stuck together; and the fluidizing gas creates a 

hole through the bulk of the particles to escape, causing a dramatic decrease in pressure 

drop. Furthermore, their experiments defined a new high temperature minimum 

fluidization velocity curves which represent the balance between drag, buoyancy, gravity, 

kinetic energy, and sintering forces. 

Basu and Sarka (1983) studied the defluidization behavior of ash derived from 

Indian coal by combustion in a fluidized bed. They found that above the sintering 

temperature, fluidization velocity and bed temperatures are the limiting values that 
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marked the onset of defluidization, when the ash particles were heated in a fluidized bed. 

In addition, their results indicated a linear correlation between bed temperature and the 

limiting defluidization velocity. 

Recently, Atakul and Ekinci (1989) examined the agglomeration behavior of three 

lignites from the Canakkale-Can region of Turkey in a laboratory-scale fluidized bed. 

This investigation covered the effects of fluidization conditions (velocity and bed height), 

particle size, lignite and type of bed material on agglomeration and defluidization 

temperature. Their results indicated that the agglomeration temperature of the system 

is raised by an increase of lignite particle size, expanded bed height and fluidization 

velocity, and by a decrease of particle size in the bed material. Moreover, the type of 

bed material and ash composition of lignites also affect the agglomeration temperature. 

Summary 

These sintering techniques have shown that various methods have been used by 

several investigators over the last 50 years to characterize ash sintering and 

agglomeration. The most common method is the initial deformation and neck-growth 

measurements between spherical particles. Only a furnace and a microscope are needed 

for this method, and it is most suitable for routine sinter testing of coal ashes. Another 

technique is the crushing strength measurements of sintered ash pellets. The equipments 

needed are a furnace and a crushing strength measuring device. This method has been 

used by several researchers but there is no agreement on a set procedure. 



34 

A simple method of detecting the initial sintering of particles by sieving test 

requires only a furnace and sieving equipment. This methoo, however, warrants further 

investigation since the sieving technique could fracture or loosen some of the 

aggll'}merated particles. The last technique discussed was the ash plug flow method, 

which utilizes the phenomenon of defluidization in fluidized beds as a detection tool to 

pinpoint the onset of particles agglomeration. This method is useful for detecting the 

initial stages of particles stickiness and fusion. 

Methods for the Control of Alkali Vapors 

Durine Coal Combustion 

The previous sections have pointed out the various problems associated with the 

presence of alkalis in the gas phase of coal combustors and gasifiers. Also, several 

methods of ash fusion testing were established to gain a better understanding of the role 

that alkali metals and ash composition play in determining fusion temperatures of 

particles. What is required at this stage are methods to combat such problems of 

stagging and fouling. Finding methods to control alkali presence during combustion 

would certainly minimize these problems since many studies have shown that alkalis 

enhance processes of slagging, fouling, and corrosion of tube surfaces. 

Several methods have been suggested for the control of alkalis during coal 

combustion and gasification. One method is to remove the alkalis from coal prior to 

combustion. Another is the control of alkali release from coal so that alkalis would not 

volatilize into the gas phase and later condense at lower temperatures. However, these 
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two methods are difficult to achieve. A more promising method, which several 

investigators have been studying, is the removal of alkali from gases after their release. 

This can be an in-situ removal, or flue gas clean up. 

The removal of alkali from gases can be achieved through the use of additives 

during combustion working as sorbents by interacting with the alkalis at high 

temperatures and adsorbing these vapors in a more chemically stable and less corrosive 

form. Alkali sorption on additives would minimize the alkali concentration in the gas 

phase of combustors and would leave less alkali to condense on other ash particles and 

heat surfaces. This, in turn, will decrease the stickiness of ash particles and tube 

surfaces which eventually reduces the amount of slag deposits on metal surfaces. For 

best performance, adsorbents for alkali removal should meet the following requirements: 

1. high-temperature compatibility 

2. fast kinetics 

3. high capacity 

4. conversion of alkali to a less corrosive form. 

Several researchers have studied various additives as potential sorbents for the 

capture of alkali vapors from the gas phase. For example, Punjak and Shadman (1988) 

and Punjak et al. (1989) found kaolinite to be a suitable sorbent for the removal of alkali 

vapors from hot flue gases. They studied the kinetics and mechanisms of adsorption of 

NaCl vapor on kaolinite at 800 °C under both nitrogen and simulated flue gas (SFG) 

atmospheres. The experiments were performed by placing the sample in a specially 

designed quartz reactor, and then using a furnace to initiate the reaction/adsorption 
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process. The alkali rate of adsorption for kaolinite was determined by connecting the 

sample to a microbalance, and recording the weight change as a function of time on a 

strip-chart recorder. 

Their results from the kaolinite study indicated that both chlorine and sodium are 

retained by the sorbent under nitrogen atmosphere; however, under simulated flue gas 

conditions, only sodium is retained. In addition, they found that alkali adsorption is 

irreversible in both cases. The high resolution scanning Auger analyses of kaolinite 

particles indicated the formation of a product layer during adsorption. This product 

layer, under SFG atmosphere, appeared to be nephelite, a stable sodium aluminosilicate 

compound. 

Uberoi et al. (1990) reported that kaolinite, bauxite and emathlite have been found 

suitable for alkali removal from hot flue gases in coal conversion systems. They studied 

the effect of temperature on the kinetics and mechanism of alkali adsorption on these 

sorbents under simulated flue gas atmosphere. Results indicated that adsorption on 

bauxite is partially reversible while kaolinite and emathlite adsorb irreversibly. Kaolinite 

is found to have the highest adsorption capacity and the largest activation energy for 

alkali removal. Moreover, Uberoi et aI. determined that the final product of alkali 

adsorption on emathlite has a melting point of approximately 1270 K, while kaolinite and 

bauxite form compounds with melting point of about 1870 K. Therefore, they concluded 

that kaolinite and bauxite are more suitable for in-situ removal of alkali, while all three 

can be used for downstream alkali removal. 
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In a study of methods for removing trace contaminants from heat products of coal 

combustion, Klinzing et al. (1986) constructed a combustor to provide a closely 

controlled environment for a small pulverized fuel flame. In their study, various 

materials were selected as candidates for contaminant collection and mixed with a 

pulverized North Dakota lignite used as the fuel. The ash and collectors removed from 

the flue gases were characterized by scanning electron microscopy and EDS/WDS 

microprobe analysis. Experiments were conducted under an atmosphere that ranged from 

-32% to +265% excess air with temperatures of 650°C to 900 °C. 

Klinzing et al. found that activated alumina and other materials, such as emathlite, 

adsorb significant amounts of sodium from the flame. A correlation between excess air 

and Na adsorption on the activated alumina showed that a .sharp increase in adsorption 

occurs with increasing excess air up to a maximum near 100% excess air. Their 

calculations from combining the measured sodium adsorption with published citations of 

sodium concentrations in flue gases and turbine requirements suggest that around 5 

weight percent of activated alumina in coal could provide the necessary reduction of 

sodium content for a gas turbine feed. 

Bachovhin et al. (1986) studied the high temperature removal of alkali in a 

pressurized gasification system. They reported that the concept of using a fixed bed of 

emathlite pellets with material changed on an annual or semi-annual basis, is a practical 

and effective technique for alkali removal from hot gases. Their study examined the 

fundamental chemistry of the reaction/adsorption and demonstrated the removal concept 

in a bench-scale reactor. As a result, the adsorption mechanism was defined and shown 
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to result in a sorbent capacity of 18 weight percent sodium. They also demonstrated that 

alkali removal of greater than 99 % is possible, and that adsorption is effective even at 

very low gas-phase concentrations. These investigators concluded that reduction of gas

phase sodium to the turbine tolerance of about 20 ppb is feasible with their technique. 

In summary, the previously described studies are a part of several other studies 

that have examined the possibility of using sorbents to capture alkali vapors from the gas 

phase of combustors. These studies identified sorbents that are effective in adsorbing 

alkali metals. The type o~ sorbent used was shown to be dependent on the conditions of 

the process, and particularly on the temperature range. In addition, some sorbents (for 

example, bauxite and kaolinite) were shown to be suitable for in-situ injection; while 

most of the additives identified can be used downstream from coal conversion units. 

Current Study 

Since the effectiveness of these sorbents can be hindered if they are used in a 

situation where sintering and fusion of particles occur, our current study evaluates some 

promising aluminosilicate additives for their agglomeration tendency. In particular, the 

relationship between the minimum agglomeration temperature and the alkali composition 

of the particles is explored. The importance of this agglomeration study stems from the 

fact that fusion of particles adversely affects the adsorption capacity of the sorbent by 

reducing the area available for reaction and increasing diffusional resistances as melt 

starts on the surface causing pores to plug gradually. This type of information is, 

therefore, critical for the use of such sorbents because it determines the ranges and limits 

---- -------.-.-.--_.-._ ...... . 
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of temperatures and concentrations of adsorbed alkali possible for given conditions. 

Experimentally, our study utilizes the ideas behind the fluidized bed and 

defluidization phenomenon as a tool to detect the onset of agglomeration of 

aluminosilicate particles. The new idea behind our technique is the ability to detect and 

measure the onset of agglomeration in-situ and without sample quenching or removal. 

In addition, this study focuses on defining minimum agglomeration temperatures for ash 

and aluminosilicate particles as a function of their alkali content, and on identifying 

mechanisms of agglomeration. 

A unique approach in this study is to characterize surfaces of particles and' relate 

their agglomeration tendency to their surface properties rather than their bulk properties. 

Agglomeration is a surface phenomenon, and the advantage of using surface 

concentrations as a measure of agglomeration is that the surface composition is uniquely 

related to the thermodynamic properties of the particles and, therefore, more fundamental 

for particles melt and fusion. Moreover, relating agglomeration to the surface properties 

of particles is size independent; while if agglomeration is related to the bulk properties, 

size of the particles has to be considered in the correlations between fusion temperatures 

and composition. 

Objectives 

The primary objectives of this study are: 

• To develop an in-situ method for characterizing and measuring the agglomeration 

tendency of particles. 
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• To study the mechanisms of alkali-induced agglomeration. 

• To relate agglomeration tendency to both bulk and surface composition of 

partjcles. 

• To test the results of the bench-scale reactor experiments in a pilot scale coal 

combustor by studying the alkali-additive interaction under more typical 

combustion conditions. 

• To model the time history of alkali adsorption by particles and detect the onset 

of agglomeration using eutectic melting point concentrations from phase diagram 

information; in addition, to model alkali additive interactions and predict 

mechanism of alkali capture in a down flow combustor. 

Scope 

This research work focuses on understanding the kinetics and mechanisms of 

alkali induced-agglomeration of aluminosilicate particles during coal combustion and 

gasification. Chapter 2 explains the method of approach toward the design of the bench

scale experimental apparatus and discusses the procedure to measure and detect the 

agglomeration point in-situ. The results of the change in the minimum agglomeration 

temperature as the alkali content of particles increases are presented in Chapter 3. 

Surface characterization of particles at the onset of agglomeration using scanning Auger 

microscopy is explained in Chapter 4. Chapter 5 concentrates on the experimental study 

of alkali-additive interactions and mechanisms of alkali capture in a pilot scale down flow 

combustor. The theoretical modeling results of alkali adsorption, prediction of the point 
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of agglomeration, and the alkali-additive interaction in a downflow combustor are 

described in Chapter 6. This theoretical study is intended to develop analytical tools for 

the use in designing optimum and efficient equipments for alkali adsorption on additives. 

The last chapter, Chapter 7, includes a summary of this study and a list of the major 

conclusions of this research work. 



42 

CHAPI'ER 2 

ALKALI-INDUCED AGGWMERATION OF SOLID PARTICLES: 

EXPERIMENTAL APPARATUS AND PROCEDURE 

The adhesion, sintering and agglomeration of solid particles during coal 

combustion and gasification processes are important in several ways: 

• The adhesion of particles to various surfaces and the build up of ash deposits are 

among the major problems in coal combustors and gasifiers (Wall et al., 1979). 

• Agglomeration affects the size distribution of ash particles generated during coal 

conversion processes (Sarofim et al., 1977; Flagan and Seinfeld, 1988). This, 

in turn, will affect the strategies to control the formation of small flash particles 

which are harmful and difficult to ftlter out. 

• Use of additives for the control of alkali nucleation/condensation has been 

suggested and tested (Raask, 1985a; Shadman et al., 1987; Wendt et al., 1987). 

In such applications, the effect of alkali on agglomeration of additive particles 

should be considered in the evaluation and application of such additives. 

• The uncontrolled agglomeration of particles in fluidized beds is of particular 

concern. The agglomeration in fluidized bed combustors is a self-promoting 

process. Usually, local agglomeration of burning coal particles will result in a 

lower heat dissipation and consequently a higher temperature in the burning coal 

particle. The local hot spots will cause further sintering and adhesion of 

neighboring particles. This self-promoting process can quickly result in the 
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formation of the clinker and total immobilization of the bed. Detailed studies by 

several investigators (Basu and Sarka, 1983; Gluckman et al., 1976; Siegill, 

1976) have shown that fluidized beds may defluidize at velocities significantly 

higher than minimum fluidization due to this sintering effect. Therefore, 

agglomeration narrows the range of the practical operating temperatures in 

fluidized bed reactors. 

The adhesion of particles coming in contact with each other is a complex process 

which can be influenced by several different forces. In general, the agglomeration 

tendency of the particles depends on their physical and chemical properties, the gas and 

the particle velocities and the properties of the carrier fluid. The focus of this study is 

on adhesion characterized by the fusion of particles at the point of contact. In this kind 

of adhesion, the most important properties are the temperature and composition of the 

solid particles. 

The dependence of sintering on the composition of particles has been the subject 

of various studies (Raask, 1985b; Cumming et al., 1985; Gibb, 1981; Dutta et al., 1960, 

1962; Huffman et al., 1981). Certain compounds of Iron, calcium and alkali are known 

to form low melting point compounds and, consequently, promote the agglomeration 

propensity of the particles (Tangsathitkulchai and Austin, 1986; Barnhart and Williams, 

1956; Dutta et al., 1960; Levin et al., 1964). Alkali compounds are particularly 

important because of their abundance in most coals, especially lignites (Borio and 

Levasseur, 1986; Huffman et al., 1986). In general, the adsorption of alkali on 

aluminosilicate substrates is a combination of physical and chemical reactions (punjak and 
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Shadman, 1988). 

To our knowledge, there has been no studies that measured the agglomeration 

tendency of particles due to alkali adsorption in-situ (that is the detection of 

agglomeration without sample quinching or removal). Thus, the purpose of this study 

was to develop and utilize an in-situ method for characterizing and determining the onset 

of agglomeration systematically and to study the effect of alkali content on the 

agglomeration characteristics of particles. The remainder of this chapter explains the 

method of approach for this agglomeration study, materials of several substrate particles 

tested, experimental set up and equipment, and the experimental procedure. 

Method of Approach 

The agglomeration point or adhesion point is defined as the minimum temperature 

at which particles of a given composition stick to each other upon contact. The sticking 

process, however, is not easy to pinpoint and characterize precisely. In particular, the 

adhesion point, as defined above, would depend on the dynamics of the particle-fluid 

motion. Therefore, to make adhesion point a useful property that can be measured and 

compared consistently, an appropriate flow configuration has to be selected. 

In this study, adhesion is defined and measured for particles of the same size in 

a fluidized bed under the minimum fluidization condition. The fluidized bed in these 

experiments is small and therefore can be considered well mixed and differential. The 

alkali content of the particles is increased slowly by exposing them to an alkali-laden gas. 

Experiments are conducted at various temperatures; however, each experiment is under 
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isothermal conditions. As the alkali content reaches a certain level, particles begin to 

stick to each other. Since the particles have the same size and the same alkali exposure, 

the sticking of the particles occurs throughout the bed at once. This causes an abrupt 

defluidization which can be detected if the pressure drop across the bed is continuously 

monitored. Therefore, the abrupt change in the pressure drop will be an indication of 

the onset of agglomeration. The characteristics of a fludized bed undergoing 

defluidization have been studied in detail by Gluckman et al., (1976) and by Basu and 

Sarka (1983). In particular, the relationship between the flew rate and the temperature 

at the onset of defluidization has been reported by these investigators. 

The primary reasons for the use of a fluidized-bed and the choice of the minimum 

fluidization condition in defining the onset of adhesion/agglomeration are as follows: 

1. A fluidized bed allows an in-situ measurement of the onset of agglomeration 

without having to quench and remove the particles. The adhesion point measured 

in-situ is more relevant to particle agglomeration during coal conversion processes 

than the fusion temperatures determined by ASTM or methods in which 

agglomeration is detected in quenched samples (Stallman and Neavel, 1980; 

Barnhart and Williams, 1956). 

2. Due to effective mixing and circulation in a small fluidized bed, all particles are 

exposed to the same alkali concentration. This differential-bed behavior 

simplifies the experimental procedure and the data analysis. 

3. To pinpoint the onset of stickiness and adhesion, the forces which cause the 

breakage of the agglomerated particles should be minimized. By keeping the 
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velocity at minimum fluidization, the flow shear forces are minimized. 

Materials 

In this study the agglomeration characteristics of six different substrates were 

studied. The properties of these substrates (given in Table 2.1) represent some of the 

most important mineral particles present during coal combustion and gasification. The 

frrst three substrates represent alumino silicate additives which have been studied (Punjak, 

1988) and found suitable for alkali control during coal gasification and combustion. 

Lime is an additive used for S02 capture and was tested for the hope that is may work 

as a dual sorbent. The last two are representative ash samples from two types of coal: 

a bituminous and a lignite. The substrates were sieved and the 60-80 mesh (177-250 I'm) 

fractions were used. The samples were heat treated under nitrogen atmosphere to drive 

off all of the volatile gases before alkali adsorption starts. The alkali source for most 

experiments was potassium chloride vapor generated from heated KCI powder. In most 

experiments, the operating temperatures were high enough to melt the KCI powder. 

Experimental Set Up and Eguipment 

A fluidized bed was designed which allowed controlled adsorption of alkali metals 

while fluidization characteristics of the particles were being monitored. The pressure 

drop across the bed was found to be a convenient fluidization parameter. Since the bed 

consisted of mono-size particles, there was a noticeable change in the pressure drop at 

the onset of defluidization. 



Table 2.1 

Composition of as-received sorbents (volatile free basis) 

Sorbent Bauxitel Kaolinite2 Emathlite3 

=> (wt%) (wt%) 

Si02 11.0 52.1 

Al20 3 84.2 44.9 

F~03 4.8 0.8 

Ti02 - 2.2 

CaO - -

MgO - -

K20 - -

Na20 - -

Others - -

lparanam bauxite from Alcoa Corporation. 
2Burgess Pigment Company. 
3Mid-Florida Mining Company. 
4ash A: from Utah bituminous coal. 
sash B: from low sodium Beulah lignite coal. 
• mostly S03' 

(wt%) 

73.4 

13.9 

3.4 

0.4 

5.0 

2.6 

1.2 

0.1 

-

Lime Ash A4 

(wt%) (wt%) 

0.5 65.8 

0.1 22.3 

0.1 3.6 

- 1.0 

97.0 4.7 

1.3 1.5 

- 0.5 

- 0.6 

1.0 -

47 

Ash BS 

(wt%) 

28.6 

8.8 

12.7 

1.2 

13.4 

5.2 

1.2 

4.0 

24.9· 
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Several reactor configurations were tried. The schematic diagram of the 

apparatus used for the fluidization experiments is shown in Figure 2.1. The main 

components of this system are a gas preparation reaction, a U-shaped quartz reactor that 

contains the fluidized bed and the alkali source, a vertically movable electric furnace to 

heat up the reactor to desired temperatures, various precision valves and a flowmeter, 

and a water manometer to detect the pressure drop across the fluidized bed at all times. 

The following paragraphs explain more details of each of these components. 

Gas Preparation Section 

Gas cylinders of UHP nitrogen and air were connected through a valving system 

that allowed independent control of the flow rate for each gas. The carrier gas flow rate 

was controlled using laminar flow elements and high precision metering valves. A 

flowmeter was connected to the carrier gas line upstream of the reactor inlet to measure 

the total flow rate of the gases entering the reactor. The flow rate was maintained at a 

level corresponding to the minimum fluidization of the original particles at the adsorption 

temperature. In some cases, where water vapor content in these gases was desired, the 

gases passed through a water saturator system prior to entering the reactor. All gas lines 

upstream of the reactor were copper except for a segment of polypropylene used as a 

flexible connector to the reactor. 

Reactor 

The heart of the apparatus is a U-shaped quartz reactor/adsorber in which 



Vent 

A 

8 

o 
r-r-- -- --T-' 
I I I 
I I I 
I I E I 

I I 
l I I 
I I I 

I I I L_ .... ______ --a.._..1 

J 
L 

6H 

T 

F 

49 

I 

H 

G 

Figure 2.1: Schematic diagram of the apparatus. A: reactor; B: fluidized bed; C: 
thermocouple; D: alkali source; E: electric furnace with PID temperature 
controller; F: nitrogen; G: air; H: flow meter; I: manometer; J: precision 
metering valve. 
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particles of a certain substrate adsorbed alkali while their fluidization characteristics were 

being monitored. The dimensions of this reactor were 9-mm ODI7-mm ID, 4 foot tube 

bent in a U configuration at the midpoint. The adsorber/reactor consisted of two zones 

maintained at desired temperatures. In one zone the carrier gas passed over an alkali bed 

located at the bottom of the reactor. This alkali source, in a quantity that would not plug 

the flow of the gas once it melts under high temperatures, supplied the alkali vapor. In 

the second zone, the alkali-laden gas passed through the fluidized adsorbent particles 

which adsorb the alkali vapor. The fluidized bed was about 5 cm3 in volume and 

remained well mixed and differential throughout the duration of an experiment. 

Furthermore, the substrate was supported by a lOO-mesh (0.149 mm) U.S. Standard 

Stainless Steel screen fitted inside the reactor at the desired location. A chromel/alumel 

type K thermocouple was placed adjacent to the fluidized bed to independently monitor 

its temperature during the course of an experiment. 

Furnace 

A Lindberg model 54459 electric furnace was used to heat the reactor to desired 

operating temperatures. It was mounted in a vertical position with a circular opening at 

the top so that it enclosed the reactor once the furnace was vertically raised. Raising and 

lowering of the furnace was accomplished with a hand operated winch. This allowed for 

rapid start up and termination of the adsorption process. The furnace temperature was 

monitored and controlled using a separate PID Eurotherm controller connected to a 

platinum/platinum-13 % rhodium thermocouple. 
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Manometer 

The pressure drop across the fluidized bed was continuously monitored using a 

calibrated manometer. This water manometer was made of a U-shaped glass tube. One 

side of the manometer was connected to the gas line upstream of the reactor inlet using 

aT-connector; while the other side was connected to the gas line (vent) downstream of 

the reactor outlet also using a T-connector. Polypropylene tubing was used as flexible 

connectors from the manometer to the carrier gas lines. This manometer was sensitive 

enough to detect any pressure changes across the fluidized bed, which was important for 

immediate detection of defluidization/agglomeration of the bed. The pressure drop across 

the bed was indicated on the manometer by the vertical distance (AH) determined from 

the scale attached to the manometer. 

Experimental Procedure 

A typical experimental run was started by placing the mono-size devolatilized 

adsorbent particles on the stainless steel screen. The flow of the carrier gas was 

stabilized at a rate corresponding to the minimum fluidization of particles at the 

adsorption temperature. During this step the reactor was maintained at room 

temperature. To start the alkali adsorption, the reactor was then rapidly heated by 

raising the furnace to contain the lower portion of the reactor which housed the alkali 

source and the fluidized bed. During an experiment, the alkali content of substrate 

particles increased gradually with time. Adsorption continued until a loading was 

reached at which the surface of particles became sticky. Since all particles were nearly 
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the same size, they all became sticky at the same time which prompted the defluidization 

of the bed due to the onset of particles agglomeration. At this point, the reactor was still 

enclosed within the furnace walls and the defluidization of the bed could not be seen. 

However, defluidization was pinpointed by monitoring the pressure drop across the 

fluidized bed indicated by the manometer. 

Under steady fluidization, the pressure drop was constant with only small 

fluctuations. The onset of agglomeration and the defluidization of particles were marked 

by the two abrupt events: a decrease in the pressure drop and an end to the small 

fluctuations in the manometer reading which is characteristics of small and/or shallow 

fluidized beds. The time lapsed before defluidization depended on the substrate, the 

carrier gas, and the temperature of the bed. Therefore, continuous monitoring of the 

pressure drop was required to pinpoint the onset of agglomeration. This technique 

provided a unique method to detect the onset of agglomeration in-situ and without sample 

quenching or removal, and defined the concept of minimum agglomeration temperature 

at a given alkali loading. 

As soon as the bed defluidized, the adsorption process was terminated by lowering 

the furnace and cooling the reactor rapidly. The quenched samples were then removed 

and prepared for optical microscopic observations and chemical analysis to determine the 

total uptake of alkali prior to the agglomeration point and to characterize the surface of 

these particles at the onset of agglomeration. The total alkali content of these particles 

was measured using atomic absorption/emission analysis. The description of this method 

and complete results on these substrates are presented in Chapter 3. Surface 
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characterization and alkali quantization on the surfaces of these· particles were performed 

using scanning Auger microscopy which is a surface analytical technique. Description 

of this method, equipment used, and complete results are presented in Chapter 4. 



CHAPfER 3 

CHEMICAL ANALYSIS OF PARTICLFS 

AT THE ONSET OF AGGLOMERATION 
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As mentioned at the end of Chapter 2, particles were collected at the onset of 

agglomeration and were prepared for various chemical and optical analysis. This chapter 

concentrates on describing the behavior of the minimum agglomeration temperature, 

defined in the previous chapter, as a function of alkali loading for several substrates 

(sorbents) and two coal ashes. The analytical instruments used in these analyses will be 

described first. 

Analytical Instruments 

An optical microscope was used for the initial physical observation of particles 

collected at the onset of agglomeration. The total content of alkali adsorbed was 

estimated using atomic absorption/emission analysis. A description of these instruments 

follows. 

Optical Microscope 

A Bausch & Lomb model ASZ45L31 optical microscope was used to visually 

observe the physical nature of the particles at the onset of agglomeration. 
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Atomic Absorption Spectrophotometer 

A Perkin-Elmer model 2380 atomic absorption spectrophotometer was used for 

the determination of the total alkali content of the substrates. It was run on the atomic 

emission mode when analyzing for potassium and also for sodium when required. The 

wavelength dispersion device was a single-pass monochromator with a holographically 

ruled grating. The wavelength used for potassium and sodium were 760 and 589 nm, 

respectively, with a slit width of 0.7 nm for potassium and 0.2 nm for sodium. In both 

cases, an air-acetylene flame was used to excite the sample. 

Sample Preparation and Analysis 

For optical microscopy of the sample, the particles were simply sprinkled on a 

paper filter and positioned under the lens of the microscope. By adjusting the 

magnification and focus, particles were observed to detect any changes in their shape or 

melt condition after alkali adsorption. 

The alkali content adsorbed by the particles was measured using the atomic 

emission spectrophotometer described earlier. The sample to be tested was prepared for 

analysis by first weighing approximately 30 mg of it using a Mettler balance. The 

sample was then digested in an acid solution. This was accomplished by placing the 

sample in a 35 ml polyethylene bottles with 20 ml of the acid solution (50% deionized 

water, 30% HF, 10% Hel, and 10% HN03) Bottles for different samples were then 

placed in an ultrasonic bath for approximately 3 hours to dissolve the alkali into the 

solution. During this sonication process, the bottles caps were loosened to prevent any 
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pressure build up. The solution in each bottle was then diluted by a factor of 5 with 

deionized water. To suppress ionization in the flame, cesium nitrate was added to the 

solution to provide approximately 1000 parts per million by weight (ppmw) of cesium 

in the final solution. In addition, a blank solution was also prepared and analyzed with 

the unknowns to correct for any alkali impurities present in the acids or deionized water. 

A calibration curve for the spectrophotometer was established by measuring the 

emission intensity of these alkali standards containing 1, 2, and 5 ppmw alkali. If the 

solutions tested had a higher alkali content than the calibrated ones, the calibration curve 

was reestablished using different standards to account for the range of alkali content in 

these samples. The standards for potassium were prepared from MCB reagent grade KCI 

and for sodium from ACS Certified Fisher Scientific NaCI by dissolving them in 

deionized water. This was accomplished by carefully weighing the crystals on the 

Mettler balance and preparing a 100 ppmw solution. This solution was further used to 

make a 20 ppmw solution which in tum was used to make the standards. Volumetric 

flasks and pipettes were used for all dilutions. The results for the alkali concentrations 

in the various samples as a function of minimum agglomeration temperature are 

illustrated and discussed in the following section. 

Results and Discussion 

The effect of KCI adsorption on several substrates was determined. The 

compositions of these substrates are listed in Table 2.1. The experiments were conducted 

at various temperatures ranging from 750°C, which is the lowest temperature of practical 
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significance, to the temperature required for the agglomeration of the as-received 

substrates. 

Optical Microscope Observations 

An optical microscope was used to observe visually the physical nature of the 

particles collected at the onset of agglomeration. The particles were observed for any 

changes in their shape, for any melt or 3intering, and for any agglomerated clusters. 

Observations indicate that the overall shape of these particles do not change as a result 

of the onset of agglomeration. Agglomerated clusters were observed after sieving the 

particles through a 60-mesh sr.reen and analyzing those particles which did not go 

through the screen. The 60-mesh is the largest original size of individual particles. The 

quantity of clusters collected at the top of the 60-mesh screen was not large relative to 

the rest of the bed quantity. In addition, these clusters could have been broken off if 

some force was applied. This observation is not surprising and corresponds well with 

the minimum agglomeration point definition. This is because although particles adhere 

to each other due to their sticky surfaces, a complete melt of particles does not occur at 

this adhesion point. This mechanism of agglomeration due to surface melt is explained 

in more detail in the Chapter 4. 

It is worth noting that, if the bed at the onset of agglomeration remains in active 

adsorption mode (that is the furnace is not lowered), the bed remains as a fixed bed 

adsorbing alkali at a slower rate. Eventually, the adhesion between particles grows 

stronger until all of the particles become one lump. This will occur due to the continued 
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adsorption of alkali vapors which increases the degree of melt gradually, starting from 

the surface of the particle and continuing radially across the entire particle. This 

behavior, however, was not allowed to occur in the onset of agglomeration experiments. 

Bulk Analysis of Alkali in Particles 

The experimental results which will be presented in this section illustrate the 

dependence of the minimum agglomeration temperature (adhesion point) on the alkali 

content of the substrates at the onset of agglomeration. 

Bauxite and Kaolinite. The results for bauxite and kaolinite are shown in 

Figures 3.1 and 3.2. The alkali source was potassium chloride (KCI) and the carrier gas 

was nitrogen (NJ. These two substrates have shown a good capacity of alkali sorption 

during initial screening experiments performed by Punjak (1988). The results in these 

two figures are qualitatively similar. In each case, the agglomeration temperature is the 

highest for the as-received material and decreases gradually as alkali content increases. 

Additional information can be obtained from these agglomeration experiments. 

For example, the total time for alkali adsorption prior to agglomeration point was 

recorded for each agglomeration experiment. This information is presented in Tables 

A.I through A.7 in Appendix A for several substrates at various temperatures. These 

results indicate that it takes a longer time for substrates to agglomerate as the minimum 

agglomeration temperature decreases. Furthermore, at a given temperature, 

agglomeration time increases for substrates that have more capacity for alkali adsorption, 

like bauxite. In general, the time involved in each agglomeration experiment varied 
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Figure 3.1: Dependence of agglomeration point on the potassium content of bauxite. 
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Figure 3.2: Dependence of agglomeration point on the potassium content of kaolinite. 
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depending on the substrate and the fluidization temperature. The adsorption capacity and 

time before agglomeration provide a good idea of how to utilize these sorbents as 

additives to scavenge alkali vapors during processes such as coal combustion and 

gasification. 

Minimum agglomeration temperature correlations for a range of alkali 

concent.rations are also useful for defining a window of temperatures for each substrate 

where it is most effective as a sorbent for alkali sorption. The main concern here is that 

a sorbent would not be as effective in adsorbing alkali or other metal vapors if used at 

temperatures and alkali concentrations higher than their minimum agglomeration 

temperatures. This is because of an abrupt decrease in the rate of adsorption, at the 

onset of agglomeration, due to reduction in the available surface area of the sorbent. 

Moreover, the onset of agglomeration marks the start of a melt phase at the surface of 

particles which progresses radially inward in time, and causes the collapse and closure 

of pores. 

The above discussion gives a good idea of how and where to utilize bauxite and 

kaolinite for alkali sorption. Since these two substrates agglomerate at reasonably high 

temperatures (slightly higher than the average temperatures encountered during coal 

combustion and gasification), they are the additives of choice for an in-situ injection 

during coal combustion and gasification to scavenge alkali vapors. 

The operation of additives can be most effictive if they are used under conditions 

where the temperature and alkali concentration limits are set by information provided 

from such figures as Figures 3.1 and 3.2. For example bauxite or kaolinite can be 
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choosen to be injected in-situ to adsorb alkali vapors at 1100 °C in a coal combustor. 

Due to the short time scales of combustion gases inside the furnace (usually less than one 

minute), these sorbents will capture alkali vapors without agglomerating. This is obvious 

from Tables A.l and A.2, for example, where they show much larger times of alkali 

adsorption for bauxite before the onset of agglomeration occurs at 1100 °C. This is one 

example of how the information in these agglomeration plots can be utilized. Another 

example is when a substrate is to be used as a fixed bed for adsorbing alkali from 

combustion flue gases. The capacity of alkali adsorption and the lifetime of the sorbent 

prior to agglomeration can be predicted from such experiments. 

Emathlite. Figures 3.3 and 3.4 represt:~lt correlations for the minimum 

agglomeration temperature dependence on alkali (potassium) loading for emathlite. The 

alkali source was KCI while the carrier gas was N2 for the results in Figure 3.3 and 

simulated flue gas, SFG, in Figure 3.4. Qualitatively, the agglomeration temperature 

decreases as the potassium loading increases for these two figures. This trend is also 

similar to the behavior of bauxite and kaolinite explained earlier. What is different, 

however, is that emathlite particles agglomerate at considerably lower temperatures. 

This is partly due to the higher content of silica in the as-received emathlite, which has 

a melting temperature of approximately 350°C lower than bauxite and 300 °C lower than 

kaolinite. The other factor is that emathlite has some potassium in the as-received 

samples, which also affects its lower melting point. This is in contrast to bauxite and 

kaolinite which do not contain any alkalis in their original samples. 

Figures 3.3 and 3.4 indicate that emathlite has a reasonable capacity for alkali 
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Figure 3.3: Dependence of agglomeration point on the potassium content of emathlite 
under N2 atmosphere. 
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Figure 3.4: Dependence of agglomeration point on the potassium content of emathlite 
under SFG atmosphere. 
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vapor adsorption. 'Though this capacity is lower than bauxite or kaolinite, emathlite has 

its own uses especially for applications that require cleaning of alkalis from down stream 

combustion flue gases, which are generally at lower temperatures than the combustion 

gases. Therefore, emathlite particles may be used in fluidized or packed bed filters to 

adsorb alkali vapors from combustion flue gases. The use of emathlite for the study of 

high temperature removal of alkali in a pressurized gasification system was investigated 

and proved emathlite effectiveness for scavenging alkalis from such applications 

(Bachovchin et al., 1986). 

Comparing Figure 3.3 for emathlite adsorption of potassium under N2 atmosphere 

with Figure 3.4 under SFG atmosphere, it is clear that for the same temperatures, results 

from Figure 3.3 show higher adsorption capacity than the results from Figure 3.4. 

However, the kinetics is different under the SFG atmosphere due to the presence of water 

vapor. The differences in kinetics and mechanisms of adsorption under these two 

atmospheres will be discussed in Chapter 4 where the surfaces of particles are 

characterized to get more fundamental information regarding the elements present on the 

surface after the adsorption process. 

Lime. Figure 3.5 shows the effect of alkali adsorption on the agglomeration of 

lime (Calcium oxide) particles. The alkali source was KCI and the carrier gas was N2• 

The results are of particular interest because lime particles are potential sorbents for 

sulfur capture during coal combustion and gasification processes. Therefore, the effect 

of alkali-induced agglomeration on the lime-S~ reaction is important. The results show 

an enhanced agglomeration which is qualitatively the same as that with other substrates; 
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however, there is a significant quantitative difference as can be seen in Figure 3.5. A 

relatively small amount of alkali can increase the agglomeration tendency of lime 

particles considerably. This enhanced agglomeration caused by adsorption of small 

amounts of alkali would adversely affect the kinetics of sulfur capture reactions by 

decreasing the accessibility of the lime reaction area and increasing the diffusional 

resistances. 

In general, it appears that good alkali adsorbents have a much larger capacity to 

adsorb alkali before the agglomeration starts. For these sorbents, the adsorbed alkali is 

transported and distributed within the particles. On the contrary, for poor adsorbents like 

lime, very little alkali is retained in- the particle intraphase. The adsorption 

predominantly leads to the formation of a surface layer of alkali on the outer surfaces of 

particles which causes agglomeration even at relatively low alkali loadings. 

The previous results for the potential alkali sorbents generally indicate that the 

agglomeration point is significantly below the melting or softening point reported in the 

literature. The reason is that the agglomeration point as defined and measured here is 

the temperature at which particles become sticky enough to defluidize the bed at its 

minimum fluidization condition. This is a measure of the onset of agglomeration or the 

minimum condition required for observed agglomeration. This condition is not severe 

enough to cause any significant bulk melting or softening. It should also be noted that 

the agglomeration point is very sensitive to both alkali addition and the presence of 

certain natural impurities in the substrates. For example, the presence of small amounts 

of silicon, aluminum and iron oxides in lime causes agglomeration in the as-received lime 
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particles at about 1450°C. This is far below the melting point of pure CaO (2572 DC). 

Ash Particles. The effect of alkali adsorption on the agglomeration of ash 

particles from two different coals is shown in Figures 3.6 and 3.7. The alkali source for 

these experiments was KCI and the carrier gas was N2• Figure 3.6 represents results for 

ash A from Utah bituminous coal, and Figure 3.7 for ash B from low sodium Beulah 

lignite coal (the composition of the as-received samples are listed in Table 2.1). The size 

distribution of these ash particles was 177-250 I'm, which is the same as the other 

substrates. The results from the ash agglomeration experiments indicate the same 

qualitative trend, that is the minimum agglomeration temperature decreases as the 

potassium loading increases. But in general, agglomeration occurs much faster for ash, 

at lower potassium concentrations, and at lower temperatures relative to the other 

sorbents tested. This is partly due to the original existence of alkali within the ash 

matrix, before they were exposed to alkali adsorption, which enhances agglomeration at 

earlier stages. 

Ash B contains approximately twice the quantity of potassium than ash A in the 

as-received sample. It appears that it also has higher capacity for adsorbing alkali before 

agglomeration occurs. This is attributed to the difference in these two ashes original 

contents. For example, ash A has a much higher silica (SiQJ content than ash B making 

its melting point lower. The relatively large scatter in the data for ash B appears to be 

due to the heterogeneity and the large particle-to-particle variations in the original ash 

sample. The microscopic observation of the particles also confirm this non-uniformity. 
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Figure 3.7: Dependence of agglomeration point on the potassium content of ash B. 



71 

In conclusion, after studying a wide range of substrates, the experimental results 

indicate a common trend for the dependency of the agglomeration temperature on the 

alkali content of particles. This is due to the increase of the alkali content in the solid,as 

a result of alkali vapor adsorption, which tends to decrease their agglomeration 

temperatures. Thus, lower melting point compounds form on the surface of these 

particles as a result of alkali adsorption which, consequently, enhances their 

agglomeration at lower temperatures. 

Chapter 4 explores in detail more fundamentals regarding the agglomeration of 

particles and explains the mechanisms of agglomeration. The chemical analyses in \ 

Chapter 4 concentrate mainly on the surface characterization of particles. Since 

agglomeration is a surface phenomena, studying the surface characteristics of particles 

is essential for understanding agglomeration. This surface study is accomplished using 

scanning electron microscopy (SEM) and scanning Auger microprobe Analysis (SAM). 

Depth profiles for the alkali concentration within the particles, using Argon ion (Ar+) 

sputtering, are also explored in the next chapter. 



CHAPTER 4 

SURFACE ANALYSIS 

USING SCANNING AUGER MICROSCOPY 
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In Chapter 3, the results of the change in minimum agglomeration temperature 

as alkali loading increases, for several additives and coal ashes, were presented to 

identify their capacity for alkali adsorption prior to the onset of agglomeration. This 

chapter represents the surface analysis work performed using scanning Auger microprobe 

(SAM) analysis on the alumino silicate sorbents of Table 2.1. 

Various workers have studied the agglomeration potential of particles during coal 

combustion and gasification, and related the agglomeration tendency of particles to their 

bulk properties (Raask, 1985b; Cumming et al., 1985; Gibb, 1981; Dutta et al., 1960; 

Dutta et al., 1962; Huffman et al.; Hein, 1977). However, the adhesion of fly ash 

particles to heat transfer surfaces (fouling) is exacerbated not only by the bulk 

concentration of alkali metals in the particle but rather by the nature of the alkali metal 

complex in the surface layer. Mechanisms that govern the composition of this particle 

surface layer can be exploited to suggest methods that allow the adhesive properties of 

particles to be modified. One possible method involves the use of additives which, by 

having a chemical affinity to the vaporizing alkali metals, can scavenge alkali species, 

leaving less to deposit on fly ash particles. The nature of the alkali complex in the 

surface layer depends on the substrate as well as on the environment surrounding the 

substrate. A proper understanding of the complicated adsorption and condensation 
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mechanisms can greatly enhance the development of techniques controlling particulate 

adhesion properties and their subsequent propensity to fouling. 

Control of the composition and the chemical form of alkali in the surface layer 

of the particles can also accomplish other important effects. For example, the electrical 

conductivity of ash deposit, a factor very important in the efficiency of the Electro-Static 

Precipitators, can also be controlled through the surface composition. Moreover, the 

corrosion properties of the alkali metals depend on their chemical form in the surface 

layer of ash particles. Studies have shown that the presence of alkali metal compounds 

in the combustion environment is one of the major sources of corrosion in the 

combustors (Wall et al., 1979). 

Since agglomeration is a surface phenomenon, and in order to better understand 

alkali-induced agglomeration of particles, this study emphasizes on relating the tendency 

of particles agglomeration to their surface properties. The advantage of using the surface 

composition of particles as the driving force for agglomeration is that the surface 

concentration is uniquely related to the thermodynamic properties of the surface layer of 

these particles. However, to be able to characterize surfaces of particles, a surface 

sensitive analytical tool is required. For this purpose scanning Auger microprobe (SAM) 

analysis is a suitable technique to gain some insight into the nature of the adsorption 

process, but several problems must be solved before useful results can be obtained. 

Since the alumino silicate compounds are very poor charge conductors, very low beam 

currents must be used to avoid sample charging during analysis. This necessitates long 

collection times in order to get data with a reasonable signal-to-noise ratio. 
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The following sections present a brief description of the applications of Auger 

electron spectroscopy (detailed description of Auger spectroscopy and the information 

that it can yield may be found in a book by Brigs and Seah, 1983). In addition, the 

analytical equipment used, mechanisms of agglomeration, alkali surface composition of 

particles, and depth profiles of the alkali concentration across particles will be presented. 

Application of Aueer Electron Spectroscopy 

The Auger electron spectroscopy technique for chemical analysis is based on the 

Auger radiationless process. When a core level of a surface atom is ionized by an 

impinging electron beam, the atom may decay to a lower energy state through an 

electronic rearrangement leaving the atom in a doubly ionized state. The energy 

difference between these two states is given to the ejected Auger electron which will have 

a kinetic energy (E) characteristic of the parent atom. When the Auger transitions occur 

with a few angstroms of the surface, the Auger electrons may be ejected from the surface 

without loss of energy and give rise to peaks in the secondary electron energy distribution 

function. The energy and shape of these Auger features can be used to unambiguously 

identify the composition of the solid surface (Davis et al., 1978). 

An Auger electron spectroscopy system consists of an ultrahigh vacuum system, 

an electron gun for specimen excitation, and an energy analyzer for the detection of 

Auger electron peaks in the total secondary electron energy distribution. Since the Auger 

peaks are superimposed on a rather large continuous background, they are more easily 

detected by differentiating the energy distribution function N(E). Thus, the conventional 
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Auger spectrum is expressed as dN(E)/dE. Since the Auger electron results from the 

internal relaxation of an atom, its energy is characteristic of the atom from which it 

came. Elemental composition can therefore be determined by analyzing Auger electrons, 

observed as small peaks on the electron energy spectrum. Auger spectroscopy is highly 

surfa,':.e sensitive, because the elp..ctrons contributing to an Auger peak come only from 

atoms within several atomic layers (up to approximately 20 Angstroms) of the surface. 

Auger electrons, however, are also generated from atoms deeper in the sample (up to 

several micrometers), but they undergo inelastic collisions on their way to the surface. 

As a consequence their energy is no longer characteristic of the atom from which they 

escaped, so they contribute to the electron energy spectrum at lower energies rather than 

to the Auger peak itself. 

Auger spectroscopy is an attractive technique to study the surfaces of particles at 

the onset of agglomeration due to its high surface sensitivity combined with the high 

spatial resolution of an electron beam. In SAM analysis, the electron beam is rastered 

over a surface in the same manner as in a scanning electron microscope (SEM). Thus, 

elemental concentration maps can be collected on a photograph, and SEM micrograph 

can be collected for the same surface region. This allows the association of certain 

elements with topographical features to be investigated. 

Equipment 

A description of the scanning Auger microprobe used in analyzing particles from 

this study is presented in this section. 
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Scanning Auger Microprobe (SAM) 

A picture of the SAM used in this study is shown in Figure 4.1. A Physical 

Electronics Model 600 (PHI-6oo) SAM was used to collect Auger spectra, maps, SEM 

micrographs, and depth profiles. The main component of this system is an electron gun 

with a lanthanum hexaboride filament and a column-lens assembly capable of resolving 

surface features on the order of 200 Angstroms in length. Concentric with the column 

is a cylindrical mirror analyzer (CMA). The CMA is used to detect electrons emitted 

from the sample as well as their kinetic energy. All or part of the electron energy 

spectrum can be constructed by scanning a kinetic energy range using the CMA. 

An II ultra-high II vacuum chamber (approximately 3xlO"lO torr) contains the 

electron gun, CMA, and optics. The ultra-high vacuum inside the chamber is achieved 

by various pumps consisting of an ion pump backed by a turbomolecular pump. This 

high vacuum is essential to prevent surface contamination of samples from residual gases. 

Also located in the high vacuum chamber is a high precision stage assembly for 

positioning the sample. This is located at the focal point of the CMA. Additional 

equipments in the high vacuum chamber include a secondary electron detector (SED) for 

producing scanning electron micrographs, an Auger ion gun for sputtering the sample 

surface, and an isolation chamber with a loading arm for introducing/removing samples. 

In addition to various power supplies, other supporting electronics are needed. 

These include a TV screen for SEM imaging, a Digital Equipment Corporation PDP-

11124 computer with CRT for data acquisition and hardware control, a digital storage 

oscilloscope for SEM images and elemental maps, an oscilloscope with camera for taking 
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Figure 4.1: PHI-600 Scanning Auger Multiprobe instrument. 
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micrographs, and a thermal printer/plotter for making copies of the data displayed on the 

CRT. 

Materials and Sample Preparation 

In the following sections, the particles that were collected from the alkali-induced 

agglomeration experiments described in Chapter 2 are analyzed for their surface 

characteristics. The surface analyses of particles from the various substrates were 

performed using the SAM described in the previous section. The materials chosen for 

SAM analysis were bauxite, kaolinite, emathlite, and Utah bituminous coal ash. The 

first three substrates were selected due to their potentiality of good sorbents for alkali 

metals during coal combustion and gasification. The bituminous ash was analyzed to 

better understand the adsorption and condensation of alkali on ash surfaces causing ash 

agglomeration, fouling and corrosion of surfaces from ash deposits. The properties of 

these substrates are listed in Table 2.1. 

Preparation for SAM analysis started by mounting portion of the particles on 

several 15 mm stainless steel disks with a liquid silver emulsion. The silver emulsion 

was first spread on a portion of the disks; then the particles were sprinkled on the liquid 

emulsion before it dried. Samples were then allowed to dry overnight in order for the 

trapped gases to escape prior to introducing the particles into the SAM vacuum chamber. 

SAM Surface Analysis 

Surface characterization and alkali surface composition of particles were 
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determined using the Physical Electronics PHI-6oo SAM described earlier. This SAM 

is capable of scanning electron microscopy (SEM), elemental surface analysis by point 

and area surveys, elemental concentration mapping of surfaces, and depth profiling using 

an Argon ion sputtering gun. A more detailed descriptions of these techniques are 

provided here. 

Area and Point Surveys 

This is the basic routine for Auger data acquisition either for a point or an area 

survey on the surface. The point survey is achieved by concentrating the electron beam 

on one point at the surface and then scanning a continuous spectrum for a range of 

kinetic energies. The area surveys were collected in a similar manner by rastering the 

beam across a specified area. During each survey, the SAM monitor displays a plot for 

the [energy distribution function, N(E), multiplied by the kinetic energy, E] versus E. 

In other words, the Y-axis of the plot displays [N(E)eE] while the X-axis displays E for 

a specified energy range. The energy range for most surveys performed were between 

60-1800 kV which covers the range for all elements of interest. A sample of such plots 

is shown in Figure 4.2. Since the Auger peaks are superimposed on a rather large 

continuous background, they are more easily detected by first normalizing the data 

through dividing the [N(E)eE] values by their corresponding kinetic energies. This can 

be done using the software commands of the SAM computer generating another plot for 

N(E) as a function of E, an example is shown in Figure 4.3 (top). Then, by 

differentiating the energy distribution function N(E), the conventional Auger spectrum 
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Figure 4.2: A sample spectrum of an Auger area survey performed on the surface of 
a bauxite particle at 950°C after KCI adsorption. 
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is expressed as dN(E)/dE versus E, Figure 4.3 (bottom). The· dN(E)/dE versus E plots 

are more useful for quantitative information regarding surface elemental composition. 

Elemental Mapping 

Concentration maps for elements on the surface can be obtained using the same 

procedures for area survey data acquisition. The mapping routine, however, is accessed 

through the computer software. The required parameters, such as the elements to be 

mapped, windows of assigned kinetic energies for each element, and the magnification 

required for the area scanned are entered into the computer for mapping to start. The 

map is a digital compilation of coordinates on a frame corresponding to the surface 

being mapped. Each coordinate is assigned an intensity for a specific element. At the 

end of each analysis, raw data is saved in the computer hard disk and the map is then 

photographed with the camera/oscilloscope. In addition, a scanning electron micrograph 

is taken for the surface area corresponding to the mapped region. 

Depth Profiling 

Depth profiles for selected elements can be performed using the Argon ion 

sputtering gun attached to the SAM vacuum chamber. The profile routine is also selected 

from the computer software. Like mapping, specific information has to be supplied to 

the computer before analysis is started. This information includes the elements being 

profiled, the energy window for each element, magnification, the area to be sputtered, 

and whether sputtering is continuous along with data acquisition or alternating between 
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sputtering and data acquisition. In all of the profiles that will be presented later, the 

alternate sputtering and analyzing method was used to reduce some of the problems, like 

charging, associated with analyzing aluminosilicate compounds which are bad charge 

conductors. The artifacts of using SAM analysis will be described in the next section. 

, .: By activating the sputtering cycle, the Argon ions bombard particles that are being 

profiled and peals away atomic layers from the surface exposing new surface inside the 

particle to be analyzed by the rastering electron beam. The rate of sputtering depends 

on the material being sputtered as well as on the electron beam current and voltage being 

used for the electron gun. The profile generated is displayed in a plot for the 

concentration of elements profiled as a function of sputtering time. To have an idea of 

the extent of surface penetration into the particle from the sputtering time information, 

sputtering rate calibrations for the elements being sputtered in a given material should 

be performed or looked up in the literature. 

Optimizing SAM Parameters to Minimize Artifacts of Auger Analysis 

Performing SAM analysis on samples requires first an optimization of the 

parameters used to perform Auger data acquisition. These parameters include electron 

beam current and voltage, magnification, range of energies desired, and the tilt angle of 

the sample stage. The main problem associated with the aluminosilicate compounds 

tested in this study is their poor conductance of electrical charge. Therefore, for most 

of the SAM analysis performed low beam currents and voltages were necessary to avoid 

specimen charging, which may occur due to the physical nature of these compounds 



84 

used. Sample charging in Auger analysis may cause an additional problem called peak 

shifts. Such problems affecting SAM surface analysis of aluminosilicates have been 

reported in various publications such as (McCaughan and Kushner, 1974; Powell and 

Spicer, 1978). Throughout this study, care was taken to minimize the effects of charging 

caused by the primary electron beam. In most cases a value of 5.0 nA for beam current 

and 5.0 kV for beam voltage seemed to be an optimum for the samples surveyed. 

To obtain quantitative results with reasonable precision, it is necessary that the 

spectra have a relatively high signal-to-noise (SIN) ratio. Therefore, data acquisition 

times were also optimized to give acceptable signal-to-noise levels in all surveys. To 

check for the presence of alkali metals and any other elements on the surface of particles, 

a 30-1800 eV kinetic energy range was chosen, since it encompasses Auger peaks for 

most of the elements of interest in this study. The electron beam was in a scan mode in 

most area surveys collected for quantitative surface analysis at a magnification of 1200X. 

This magnification insured that scanning covered the majority of the exposed surface of 

the particle to the beam. 

Area surveys were chosen for the surface compositional analysis of elements so 

that an average concentration of the elements on the surface can be obtained. This 

technique also reduces possible heterogeneity of the elemental distribution on the surface. 

Another advantage of using area surveys over point surveys for quantitative analysis is 

that an area survey reduces the current density incident on the sample; and, in turn, 

reduces or prevents sample charging. In many cases, however, point surveys were 

needed to obtain information from a specific location on the surface relative to another 
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on the same surface. In these cases point surveys are useful, as will be shown in some 

of the results obtained in the results section. 

In the remaining sections, results relating to the investigation of the physical and 

chemical nature of the agglomerated particles and particularly the adhesion point, using 

scanning electron micrographs and SAM area and point surveys, are presented. These 

results include mechanisms of agglomeration, surface composition, and depth profiling. 

Detennination of Surface Composition 

The d[N(E)-E]/dE versus E Auger spectrum plots are adequate for qualitative 

analysis of element identification. However, quantitative analyses require more elaborate 

techniques that start with the spectra as N(E) versus E or d[N(E)]/dE versus E (Briggs 

and Seah, 1983; Chuan, 1974; Burrell and Armstrong, 1983; Nebesny and Armstrong, 

1986). This section describes methods used to quantitatively analyze SAM data for the 

determination of elemental surface composition. 

For quantitative analyses, SAM area surveys were collected from particles 

randomly selected from the sample. This method insured that there was no bias in 

selecting particles as well as provided a better average representation of the surface 

composition of particles. Representative SAM parameters used to obtain these survays 

are shown in Table 4.1. Prior to performing calculations, the collected spectrum was 

first normalized and then differentiated (9 point differentiation routine) using the software 

of the SAM computer. This final spectrum represents d[N(E)]/dE versus E. As 

mentioned earlier, the peak-to-peak intensity counts for each element in such plots are 



Table 4.1 

Parameters for Auger surface analysis of particles 
collected at the onset of agglomeration. 

Beam voltage 5 kV 

Beam current 5 nA 

Sample tilt 300 

Objective lens aperture 16 mils 

Magnification 1200 X 

Data acquisition time 45 min 

Volts/step 1.0 V 

Time/step 50 msec 

Analyzer resolution 0.6 % 
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representative of the concentration of that particular element on the surface. An example 

of such a plot is shown in Figure 4.3. 

In order to relate relative atomic concentrations of the elements on the surface of 

each particle, the relative elemental sensitivity factors published by PHI (Davis et al., 

1978) were used to correct for the values of d[N(E)] IdE, which wHl be referred to as the 

intensity count. These sensitivity factors are published for the d[N(E)]/dE versus E 

plots, which is another reason the initial collected spectrum was normalized and then 

differentiated. 

The peak-to-peak intensity counts for the various elemental Auger peaks in a 

d[N(E)]/dE versus E plots were obtained using the cursor mode in the PHI-600 computer 

built-in software. In this mode, the peak maxima counts (H) and minima counts (L) 

were determined. After these limits were recorded for all major Auger peaks in a 

survey, the peak-to-peak intensity counts were calculated by subtracting the minima from 

the maxima counts (H-L) for each peak. The next step was to correct for these peak-to

peak counts through dividing (H-L) values by the corresponding elemental sensitivity 

factors. These final corrected values are representative of the elemental surface 

concentrations. Results from these calculations were summarized in tables, one for each 

particle surveyed. For example, Table 4.2 shows such results for a bauxite particle 

collected at a minimum agglomeration temperature of 950°C after KCI adsorption. 

To obtain a more representative average of the elemental S\lrface composition in 

a sample, more than one particle was analyzed from the same batch. The information 

for each substrate at a given agglomeration temperature was then grouped by constructing 



Table 4.2 

Intensity counts for the minima and maxima peaks of the major elements on the 
surface of a bauxite particle collected after KCl adsorption at the onset of 

agglomeration temperature of 950°C. 
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=========================================================== 
I ELEMENT I H L H-L SF I (H-L)/SF I 
=========================================================== 

Si(LMM) 182,472 154,032 28,440 0.138 206,087 

Cl 499,555 433,707 65,848 1.050 62,712 

K 559,084 425,993 133,091 0.900 147,879 

C 489,082 478,887 10,195 0.140 72,821 

Ca 0.400 

0 567,379 411,302 156,077 0.247 631,891 

Fe(LMM) 517,156 508,848 8,308 0.220 37,764 

Na 0.250 

Mg 0.300 

Al(KLL) 520,851 508,060 12,791 0.170 75,241 

Si(KLL) 517,851 514,108 3,743 0.101 37,059 

=========================================================== 

H: Peak maxima counts L: Peak minima counts 
(H-L): Peak to peak counts 
(H-L)/SF: Corrected peak to peak counts 
SF: SAM elemental sensitivity factor (5 KV) 

=========================================================== 



89 

other tables. These tables summarized the information obtained from individual particles 

and presented average atomic ratios and surface concentrations of particles which were 

exposed to the same experimental conditions. An illustration of such tables is shown in 

Table 4.3 for bauxite particles collected at the same experimental conditions of Table 

4.2. Tables B.l through B.22, which represent all of the tested substrates at various 

experimental temperatures, are included in Appendix B. 

The average atomic ratios, also provided in Tables B.l through B.22, regarding 

the concentration of potassium relative to other elenumts on the surface of the various 

substrates, were then grouped to represent the type of information being investigated in 

this study. This is the relationship between the minimum agglomeration temperature and 

the alkali composition on the surface of the particles which shows how the fusion 

temperatures of several substrates are affected by the alkali loading on the surface of 

these particles. Tables B.23 through B.27 (Appendix B) summarize this information for 

the various experiments conducted on the tested substrates. The values from these tables 

are also used to generate plots where the effect of alkali surface concentration on the 

minimum agglomeration temperature is shown. These results will be presented and 

discussed later in this chapter. 

Surface Alkali Loading Calculations 

Relative atomic concentrations of the elements (particularly alkali) on the surfaces 

of particles were obtained using the normalized and differentiated Auger area surveys and 

the corresponding peak-to-peak intensity counts from the previously described tables. 



Table 4.3 

A sample table showing the summary of intensity counts and atomic ratios of the 
major elements on the surface of several bauxite particles, as measured by SAM 

analysis. System: KCI-N2/bauxite. Temperature: 950°C. 

Peak to peak counts divided by 1000 1 

ELEMENT ----------------------------------------1 
1 2 3 4 5 6 7 8 1 

---------- ----------------------------------------1 
si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Mg 

Al (KLL) 

si (KLL) 

206 385 304 77 202 

63 61 186 54 107 65 118 288 

148 137 232 131 163 147 172 319 

73 123 122 142 148 155 105 164 

632 572 671 606 491 672 418 439 

38 27 59 14 27 26 28 

75 66 83 64 68 77 51 54 

37 33 22 34 40 35 26 29 

90 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/Si(KLL) 4.00 4.15 10.6 3.85 4.07 4.20 6.62 11.0 5.64 

K/Al(KLL) 1.97 2.08 2.80 2.05 2.40 1.91 3.37 5.91 2.67 

K/(Al+si) 1.32 1.38 2.21 1.34 1.51 1.31 2.23 3.84 1.79 

K/(a) 0.15 0.16 0.19 0.15 0.19 0.15 0.22 0.28 0.18 

K/ (b) 

(a)= (Al+Si+O+K+Cl) (b)= (Si+Ca+O+K+Cl) 
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Quantitative analysis were then performed using these intensity counts to obtain the 

atomic ratio of the alkali to other elements on the surface. In addition, the surface 

composition of the alkali in atomic percent could be determined. This was accomplished 

using the following equation (described by Chuan, 1974): 

C, = 

where, 

I, 

S, 

1:(1) , S, 

(4.1) 

Cj : is the relative atomic ratio of element i to other elements on the surface 

(or the concentration of the ith elemental species), 

Ij : is the corresponding Auger peak-to-peak intensity counts, and 

Sj: is the elemental sensitivity factor. 

The average composition of alkali on the surface of particles for a given sample was then 

obtained by averaging Cj for the several particles selected at random from the sample. 

The uncertainty in using Equation 4.1 is in the order of 15 %. Therefore, the numerical 

values obtained should be used more as a quantitative guide rather than absolute 

quantities. 

Depth Profiles 

Chemical depth profiles were also performed on several particles obtained at the 

onset of agglomeration. Due to the electrical charging problem of such particles, profiles 
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were obtained by alternately sputtering and analyzing the exposed surface of the particle. 

Thi& was done using the SAM Ar+ sputtering gun explained earlier. The average 

sputtering rate for the substrates tested was in the order of 100 Angstroms per minute 

(Chandler, 1989). Furthermore, due to the artifacts in depth profiling routine 

(McCaughan and Kushner, 1974; Wehner, 1975), Auger surveys on the surface of a 

particle were performed before and after the depth profile was performed. The change 

in peak-to-peak intensity of the elements before and after sputtering is a good check to 

the behavior of the profiles obtained. 

Resu Its and Discussion 

In this section, the mechanisms of agglomeration are identified, the results for the 

dependence of the minimum agglomeration temperature on the alkali surface 

concentration are discussed, and the comparison between surface and bulk alkali 

concentrations is illustrated for the emathlite particles. In addition, the results of depth 

profiles for several particles are interpreted. The following paragraphs illustrate these 

results in detail. 

Mechanisms of Agglomeration 

The interactions of alkali compounds with the tested substrates are complex and 

not well understood. In general, these interactions are both physical and chemical. To 

explore the details of adhesion and the point of contact between the particles, several 

experiments were conducted in which the particles at the onset of agglomeration were 
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quenched and then inspected using SEM micrographs and, SAM surface elemental 

analysis. The observations indicated that the alkali-induced agglomeration can occur due 

to two different phenomena depending on the concentration of alkali and the nature of 

interactions between alkali and the substrate. In some cases, the agglomeration appeared 

to be due to the formation of new mixtures and/or compounds with melting points lower 

than those of the original substrates. The alkali effect in lowering the melting point in 

aluminosilicate systems, usually referred to as the fluxing effect, is well known in glass 

and ceramics industries (Levin et al., 1964). The formation of lower melting point 

compounds is the dominant mechanism of agglomeration at low alkali concentrations 

and/or with substrates that have large adsorption capacity for alkali. 

As an example of this type of adhesion, the top illustration in Figure 4.4 shows 

the scanning electron micrograph of bauxite particles at the onset of agglomeration. The 

surfaces of the particles are smooth and there are no indications of the formation of KCI 

crystallites. The bottom illustration in Figure 4.4 is a close-up of the same particles, 

showing the details of the point of contact. There is a slight fusion; however, the high

resolution SAM spectra of various points on the surfaces of these particles show a very 

uniform distribution of alkali and no evidence of crystallite formation or alkali 

segregation at the point of contact. 

To get further information about the surface composition relative to the point of 

contact in these particles, two Auger spectra were collected. The first is an area survey 

of the surface of the particle, shown at the top of Figure 4.5, and the second is a point 

survey for the contact region, shown at the bottom of Figure 4.5. The distribution of 
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Figure 4.4: Top, scanning electron micrograph of bauxite particles at the onset of 
agglomeration. Potassium loading: 17 wt%. 
Bottom, scanning electron micrograph of the point of contact between the 
bauxite particles at the top. 
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Figure 4.5: Top, Auger spectrum for the surface of the particles in Figure 4.4 (top). 
Bottom, Auger spectrum for the contact region in Figure 4.4 (bottom). 
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elements in both spectra are indicative of the elements of bauxite in addition to the 

potassium and chlorine signals present due to KCI adsorption. The only difference 

between the surface and the point of contact is that the latter seems to be slightly more 

enriched with potassium. The physical observations from both micrographs of Figure 

4.4 as well as the SAM point and area surveys presented in Figure 4.5 indicate that the 

adhesion is not due to the formation of a condensed or molten alkali layer but is rather 

due to the formation of a new phase or new compound with lower melting point than the 

original substrate. 

As the concentration of alkali increases and approaches the saturation level for the 

substrate, a second type of adhesion process was observed. Under these conditions, a 

layer of molten KCI is formed which covers the particles and causes adhesion. The 

presence of an alkali layer was confirmed by scanning electron micrographs and the 

Auger electron microprobe spectra. Figure 4.6 is a typical micrograph for some 

agglomerated kaolinite particles. This figure shows the presence of crystallites on the 

surface and at the point of contact of the particles. The top of Figure 4.7 is a close-up 

of these crystallites against the kaolinite surface background; while the bottom of Figure 

4.7 is the corresponding potassium distribution map obtained by using the mapping 

computer routine of the SAM (Bright spots indicate the presence of potassium). The 

comparison between the top and bottom micrographs of Figure 4.7 confirms that the 

observed crystallites are KCI, originating from a molten alkali layer which covered the 

surface of the particles at the onset of agglomeration. 
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Figure 4.6: Scanning electron micrograph of kaolinite particles at the onset of 
agglomeration. Potassium loading : 25 wt%. 
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Figure 4.7: Top, scanning electron micrograph showing KCI crystals on the surface 
of the kaolinite particles of Figure 4.6. 
Bottom, scanning Auger microprobe map of potassium distribution on top 
micrograph. Bright spots show K presence. 
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To compare the surface background of such agglomerated particles relative to the 

point of contact between them, other kaolinite agglomerated particles from the same 

sample were tested. The top of Figure 4.8 shows these kaolinite agglomerates. The 

bottom of Figure 4.8 is a close-up of the contact point of these particles, which shows 

smooth bridges extending between the particles and joining them together. To verify the 

chemical composition of these bridges relative to the kaolinite surface background, two 

point surveys were collected. One is at the contact region (shown at the bottom of 

Figure 4.9) and the other is at a point on the surface which exposes the kaolinite particle 

background (shown at the top of Figure 4.9). 

It is clear from Figure 4.9 (bottom) that the contact region shows almost a pure 

KCI signal indicating that the contact region is indeed KCl crystallites formed from the 

molten alkali. This is further confirmed by comparing this signal to the pure KCI signal 

displayed in Figure 4.10 (Davis et al., 1978). In contrast, the SAM spectrum for the 

surface of the kaolinite particles of Figure 4.9 (top) displays the elements that are 

indicative of a kaolinite compound with small signals of potassium and chlorine due to 

some KCl adsorption by reaction with the kaolinite particles. 

In summary, the results presented in this section give the evidence that alkali 

metal adsorption enhances the agglomeration of particles by two mechanisms: 

1. Formation of compounds and mixtures which have melting points lower than 

those of the original particles. This effect is dominant at low alkali loadings 

and/or with potent adsorbents like kaolinite, bauxite, emathlite, and certain coal 

ashes. 
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Figure 4.8: Top, scanning electron micrograph for kaolinite particles at the onset of 
agglomeration. Potassium loading: 25 wt%. 
Bottom, scanning electron micrograph of the point of contact between the 
bauxite particles at the top. 
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Figure 4.9: Top, Auger spectrum for the surface of the particles in Figure 4.8 (top). 
Bottom, Auger spectrum for the contact region in Figure 4.8 (bottom). 
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Figure 4.10: Auger spectrum for a pure potassium chloride sample (Davis et al., 1978). 
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2. Formation of an alkali layer on the exterior of the particles. This becomes the 

dominant mechanism, as the alkali concentration on the adsorbing particles 

approaches the saturation level. 

Dependence of Agglomeration Temperature on Alkali Surface Composition 

The dependence of minimum agglomeration temperature on alkali surface 

concentration of selected additive sorbents is presented here. These sorbents are bauxite, 

kaolinite, and emathlite (which all proved effective in scavenging alkali vapors at high 

temperatures), as well as Utah bituminous coal ash. 

Bauxite. Figure 4.11 (top) is a typical differentiated spectrum of an Auger area 

survey performed on a bauxite particle preheated at 950°C. The major detectable 

elements on the surface are labeled on the plot and confirm the presence of the three 

major elements of bauxite on the surface. These are identified by the aluminum KLL 

peak, the silicon LMM and KLL peaks, and the large KLL oxygen peak since aluminum 

and silicon exist as oxides in these compounds. A carbon KLL peak is also present on 

the surface probably due to a slight surface contamination. The bulk constituents of the 

bauxite used in these experiments are alumina (84%), silica (11 %), and small percentage 

of iron (5%). Note that iron peaks are not present in Figure 4.11 (top). This is 

probably due to the presence of small quantities of iron on the surface which is not 

detectable relative to the background noise of the spectrum. 
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Figure 4.11: Top, Auger area survey of a bauxite particle preheated at 950°C. 
Bottom, Auger area survey of a bauxite particle after KCI adsorption and 
agglomeration at 950°C. 



105 
, 

Figure 4.11 (bottom) is a differentiated Auger spectrum of an area survey 

performed on the surface of a bauxite particle collected at minimum agglomeration 

temperature of 950°C and had undergone KCI vapor adsorption in N2 atmosphere. This 

figure shows the distinct chlorine and potassium peaks present on the surface which are 

not present in the preheated sample of Figure 4.11 (top). Another interesting observation 

in Figure 4.11 (bottom) is the distinct presence of the three major LMM iron peaks. 

This indicates that the iron concentration on the surface of the particles has increased 

after the adsorption and reaction with the KCI vapor. 

One possible explanation for this behavior is that reaction with KCI helps the 

fluxing of iron to the surface. Such occurrences of metal fluxing in aluminosilicate 

particles during coal combustion were also observed and reported by· Stinespring and 

Stewart (1981). This effect may also help in lowering the melting point of the surface 

of particles relative to the original melting point before adsorption. Furthermore, the 

presence of these iron peaks mainly appeared in the bauxite particles from the adsorption 

experiment performed at 950 °C, indicating that such process may be sensitive to the 

adsorption temperature. 

Using the data in Table B.23, Figure 4.12 was constructed to illustrate the 

dependence of the minimum agglomeration temperature on the potassium surface 

concentration after KCI adsorption under N2 atmosphere. It is clear from this figure that 

the potassium concentration on the surface is described in atomic ratio of potassium 

relative to the major elements on the surface. Relating the potassium intensity counts to 

the aluminum and silicon counts, was chosen because they are the major elements in the 
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Figure 4.12: Minimum agglomeration temperature as a function of potassium surface 
composition for bauxite particles. SAM analysis. 



107 

three aluminosilicate substrates of bauxite, kaolinite and emathlite. Moreover, alumina 

and silica compose more than 90% of these compounds. The steepest curve to the far 

left of Figure 4.12 represents the potassium concentration relative to all elements that can 

be detected on the surface. This is also a measure of the surface potassium composition 

in atomic percent. All four curves in Figure 4.12 indicate that the minimum 

agglomeration temperature decreases as the surface potassium loading increases. 

Kaolinite. Figure 4.13 (top) is a typical differentiated spectrum of an Auger area 

survey performed on a kaolinite particle preheated at 1050 °C. This figure shows the 

major elements on the surface (silicon, aluminum, and oxygen) before alkali adsorption. 

Note that the bulk composition of kaolinite consists of approximately 50 % alumina and 

50% silica. Figure 4.13 (bottom) is a differentiated spectrum of a survey performed on 

a kaolinite particle that had undergone KCI vapor adsorption at 1050 °C under N2 

atmosphere and was collected at the onset of agglomeration. This figure shows the 

distinct potassium and chlorine peaks present on the surface due to KCI adsorption which 

are not present in Figure 4.13 (top). 

Similar to bauxite, data for kaolinite from Table B.24 was used to construct 

Figure 4.14 to show the dependence of the minimum agglomeration temperature on the 

potassium surface loading after KCI adsorption under N2 atmosphere. The various curves 

in this figure describe the atomic ratio of potassium relative to the major elements on the 

surface for the same reason explained in the bauxite case. Moreover, the steepest curve 

to the far left of Figure 4.14 represents the surface potassium composition in atomic 

percent. The qualitative behavior of the four curves in Figure 4.14 are similar to the 



108 

200 400 600 800 1000 1200 1400 1600 1800 
KINETIC ENERGY, EV 

7 AES ~URVEY. Sf=a6~119 .900 DAT=45.46 97/14/88 KLN J2 V/f 

6 

5 

.... 
~4 

o 
200 400 600 800 10eo 1200 1400 1600 1800 

KINETIC ENERGY, EV 

Figure 4.13: Top, Auger area survey of a kaolinite particle preheated at 1050°C. 
Bottom, Auger area survey of a kaolinite particle after KCI adsorption 
and agglomeration at 1050 °C. 
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Figure 4.14: Minimum agglomeration temperature as a function of potassium surface 
composition for kaolinite particles. SAM analysis. 
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behavior of the bauxite curves in Figure 4.12, indicating that the minimum agglomeration 

temperature decreases as alkali surface concentration increases. 

Ematblite. The as-received emathlite particles are composed of approximately 

73% Si02, 14% A120 3, and 5% CaO which are the major constituents of emathlite. In 

contrast to bauxite and kaolinite, emathlite also contains small amount of potassium 

(approximately 1 %) in the original samples. Figure 4.15 (top) is a differentiated Auger 

spectrum for a preheated emathlite particle at 850°C under N2 atmosphere. In this figure 

the major elements of emathlite are present on the surface and labeled. Figure 4.15 

(bottom) is a differentiated Auger spectrums for emathlite, that had undergone KCI vapor 

adsorption under N2 atmosphere, and was collected at the minimum agglomeration 

temperature of 850°C. This figure shows the adsorbed chlorine and potassium signals; 

where the potassium signal is an accumulation of the adsorbed signal in addition to the 

potassium signal originally present in emathlite. 

Figure 4.16 also represents two differentiated spectra of emathlite before alkali 

adsorption (top) and after KCI vapor adsorption (bottom). The difference between the 

two spectra of Figure 4.16 and the two spectra of Figure 4.15 is that adsorption of the 

KCI vapor was performed under simulated flue gas atmosphere, SFG, at 950°C in 

Figure 4.16. In addition, the chlorine peak is not present in the SFG case of Figure 

4.16. This means that chlorine has not been adsorbed under the SFG atmosphere which 

probably occurs due to the presence of water vapor in the gas. The water vapor reacts 

with chlorine during the adsorption process and forms HCI gas which is released into the 

gas phase and prevents chlorine from getting adsorbed by emathlite particles. The 
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Figure 4.15: Top, Auger area survey of an emathlite particle preheated at 850°C. 
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Bottom, Auger area survey of an emathlite particle after KCI adsorption 
(N2 atmosphere) and agglomeration at 850°C. 
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Figure 4.16: Top, Auger area survey of an emathlite particle preheated at 950 DC. 
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Bottom, Auger area survey of an emathlite particle after KCI adsorption 
(SFG atmosphere) and agglomeration at 950°C. 
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mechanism for the reaction of chlorine with water vapor during KCl adsorption by 

emathlite under SFG atmosphere is described in detail by Punjak (1988). 

Figures 4.17 and 4.18 represent the dependence of minimum agglomeration 

temperature on potassium surface concentration for emathlite under N2 and SFG 

atmospheres respectively. The data used to construct both of Figures 4.17 and 4.18 is 

illustrated in Tables B.25 and B.26 respectively. As in the previous substrates, 

potassium concentration is represented as an atomic ratio of potassium to other major 

elements on the surface. Moreover, the minimum agglomeration temperature decreases 

as potassium surface composition increases, which is qualitatively similar to the previous 

substrates. Upon comparing the results of Figures 4.17 and 4.18, it is clear that the 

potassium surface concentration at the onset of agglomeration in the SFG case for 

emathlite is higher than the N2 case at the same temperatures. 

Utah bituminous coal ash. The two spectra in Figure 4.19 represent the area 

surveys of the surface of bituminous ash particles before KCI adsorption (top) and after 

KCI adsorption and consequent agglomeration (bottom), under N2 atmosphere. The 

elements identified in these two spectra represent the elements of typical coal ashes which 

mainly constitute alumino silicate compounds. Like emathlite, the original Utah 

bituminous ash samples contain small amount of potassium. However, in addition to the 

original potassium signal, the bottom spectrum shows a larger potassium signal 

representative of the total potassium content on the surface after adsorption, as well as 

the adsorbed chlorine signal. 
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Figure 4.19: Top, Auger area survey of a Utah bituminous ash particle (as received). 
Bottom, Auger area survey of a bituminous ash particle after KCI 
adsorption and agglomeration at 875°C. 
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Figure 4.20 illustrates the change in the minimum agglomeration temperature for 

the bituminous ash as a consequence of the alkali enrichment on the surfaces of the 

particles. The Auger data representative of this figure is given in Table B.27. Similar 

to the previous alumino silicate sorbents, the minimum agglomeration temperature for 

these ash particles decreases as the alkali enrichment on the surface increases. This 

alkali enrichment causes surfaces to get sticky and agglomerate even at lower 

temperatures, and correspondingly enhances fouling and corrosion of heat transfer 

surfaces and other metal tubes. 

Discussion. To summarize the major results corresponding to the concentration 

of alkali on the surface of baul{ite, kaolinite, emathlite, and ash particles (Figures 4.12, 

4.14,4.17,4.18, and 4.20), one common feature between these substrates is clear, and 

that is, qualitatively, the minimum agglomeration temperature decreases as the surface 

potassium loading increases. These figures also provide the option of relating the 

potassium surface concentration to various major elements on the surface. For example, 

to have an idea of the absolute potassium surface concentrations in atomic percent, the 

steepest curve to the far left of these figures may be chosen since it represents the 

required information. 

Agglomeration of particles, in the sense described in this work, is a surface 

phenomena; and, in principle, two particles adhere to each other when the alkali surface 

composition of all particles reaches the eutectic melting point at the experimental bed 

temperature. Therefore, The previous figures is that they provide an idea of the 

potassium (alkali) surface composition critical for the onset of agglomeration to occur. 
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In other words, if there are particles exposed to alkali vapor adsorption, the 

agglomeration point can be determined by matching the temperature to one of the plots 

(depending on the substrate) and reading of the alkali surface concentration. 

Furthermore, although few experiments were performed at selected temperatures, these 

plots cover a continuous range of temperatures from which the surface alkali content can 

be determined at the onset of agglomeration. 

At this stage, it is important to point out some of the differences between the 

results of the bauxite, kaolinite, and emathlite additives. For example, it is clear from 

Figures 4.12, 4.14, 4.17, and 4.18 that the alkali-induced agglomeration occurs at higher 

temperatures in bauxite and kaolinite relative to emathlite. This is mainly due to the 

original composition of these aluminosilicate compounds. For instance, the as-received 

emathlite contains more than 70% of silica which has a lower melting point than alumina. 

Also, emathlite originally contains small amount of potassium which may lower its 

melting point further. As a result, bauxite and kaolinite have a higher overall capacity 

for alkali adsorption at these high temperatures, as shown in the results of Chapter 3. 

It should be noted here that the original pore structure of these additives play a major 

role also. That is, bauxite and kaolinite have higher internal surface area than emathlite 

due to the distribution of their pore sizes. 

Comparing these three aluminosilicate additives for their alkali adsorption 

capabilities gives an idea of how to utilize these additives and in what situation a 

particular additive works best. For example, bauxite and kaolinite can be injected in-situ 

in coal combustors and gasifiers since they are able to adsorb alkali vapors from the gas 
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phase at higher temperatures. They can be more effective in such situations due' to their 

higher melting points and their high capacity of adsorption before agglomeration occurs. 

In contrast, emathlite can be used to scavenge alkali vapors from downstream flue gases 

of combustors where temperatures are generally lower. For example, emathlite has been 

studied and proven effective as a potential sorbent for high temperature removal of alkali 

in a pressurized gasification system (Bachovchin et al., 1986). 

Comparing Alkali Surface Composition to Bulk Content 

As mentioned earlier, the steepest curves to the far left of Figures 4.12, 4.14, 

4.17,4.18,4.20 also represent the potassium surface composition in atomic percent for 

these alumino silicate compounds at the onset of agglomeration. To have an idea of how 

the alkali concentration varies from the surface relative to the bulk of the particle, the 

Auger surface results can be compared to the bulk concentrations (obtained from Chapter 

3) for a particular additive. 

A representative plot that compares bulk to surface potassium composition for 

emathlite after KCI adsorption under SFG atmosphere is shown in Figure 4.21. In order 

to compare the Auger surface results (expressed in atomic percent) to the bulk 

composition (measured in weight percent), the Auger atomic percent values were 

converted to weight percents using the molecular weight of the various elements. It is 

clear from Figure 4.21 that the potassium surface concentration is two to three times 

larger than the potassium bulk composition. This indicates that there is a gradient in the 

concentration of the adsorbed potassium across the particle. 
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Figure 4.21: Comparison between potassium surface composition (from SAM analysis) 
and potassium bulk content (from atomic absorption analysis) for emathlite 
particles after KCI adsorption and agglomeration under SFG atmosphere. 
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Depth Profiling Results 

To further understand the alkali concentration gradient across a particle and the 

extent of alkali penetration into the particle at the onset of agglomeration, depth profiling 

analyses were performed on several samples. Figure 4.22 shows the SAM depth profile 

for potassium after sputtering an emathlite particle which had undergone KCI adsorption 

and agglomeration at 950 °C under SFG atmosphere. This profile indicates that the 

potassium intensity decreased from a maximum at the surface of the particle to a 

minimum level after approximately 10 minutes of sputtering. Further sputtering did not 

reduce the potassium signal significantly indicating that the majority of the potassium 

adsorbed has been sputtered away. The remaining potassium signal represents the 

original K intensity found in emathlite before alkali adsorption. This result indicates that 

the surface composition of alkali in a particle is different from the bulk composition 

which further emphasizes the importance of using the surface alkali concentration over 

the bulk composition as an indication for the onset of agglomeration. 

As previously mentioned, verification of the profile results of Figure 4.22 can be 

obtained from SAM surveys of the particle surface before and after sputtering. This 

information is shown in the top and bottom spectra of Figure 4.23 respectively. Figure 

4.23 (top) shows the peak-to-peak intensity of potassium, which corresponds to the 

potassium surface concentration at the onset of agglomeration. While, the peak-to-peak 

intensity of potassium in Figure 4.23 (bottom) represents the surface potassium 

composition of the particle after a long time of sputtering. The results from these two 

figures correspond closely to the signal from the original potassium present in emathlite 
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Figure 4.22: SAM Depth profile for the potassium concentration in an emathlite 
particle after sputtering. 
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before adsorption. These results indicate a reduction in the potassium concentration 

across the particle which further verify the potassium signal profile of Figure 4.22. 

Similar results for depth profiling was also obtained by sputtering Utah 

bituminous coal ash particles collected at the onset of agglomeration temperature of 

875°C under N z atmosphere. The ash depth profile is illustrated in Figure 4.24. As in 

the emathlite case, the potassium adsorbed seems to have been sputtered away after some 

time. For ash, however, this happened within two minutes which is a shorter sputtering 

time than emathlite. The shorter time of sputtering the adsorbed potassium in the ash 

particles is reasonable since ash adsorbed smaller quantities of potassium before 

agglomeration occurred. Note here that the potassium signal also leveled to a minimum 

intensity which corresponds to the original potassium content in ash before adsorption. 

The two Auger area surveys of Figure 4.25 for ash before (top) and after (bottom) 

sputtering further verify the reduction of the potassium signal across the particle. This 

is clear from the decrease in potassium peak-to-peak intensity count after sputtering. 

An obvious conclusion can be drawn from the previous analysis of emathlite and 

ash relating to the variations of potassium composition across the particles. One can 

conclude that at the onset of agglomeration an alkali enriched surface product layer exists 

where most of the potassium adsorbed is concentrated. A reasonable explanation for this 

behavior is that the alkali adsorption process is more influenced by alkali atoms diffusing 

into the surface product layer. 

Short time sputtering of bauxite and kaolinite, however, did not show a steep 

decrease in the alkali concentration inside the particles. This is due to the larger capacity 
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Figure 4.25: Top, Auger area survey of the particle in Figure 4.24 before sputtering. 
Bottom, Auger area survey of the particle in Figure 4.24 after sputtering. 
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of adsorption in these additives relative to the ash or emathlite particles. The penetration 

of the alkali adsorbed is much deeper in these particles and, therefore, the alkali 

concentration reduces more gradually toward the center of the particle. This was verified 

by fracturing some bauxite and kaolinite particles and mapping the interior of the 

particles for the potassium distribution using the SAM mapping routine. Results 

indicated that the potassium distribution in these compounds is indeed .deeper and after 

a long time of adsorption the alkali concentration was distributed radially across the 

whole particle. This again is related to the higher internal surface area of these 

compounds due to their pore structure and distribution providing larger capacity for alkali 

adsorption. 

In summary, the results in this chapter represent the surface analysis work 

performed on various alumino silicate compounds after alkali adsorption and consequent 

agglomeration. The analyses of these particles relate the agglomeration tendency of 

particles, as a result of alkali adsorption in processes such as coal combustion and 

gasification, to their surface properties. The agglomeration tendency of particles is 

related to their surface properties because agglomeration is a surface phenomenon and 

the surface concentration is more fundamental to agglomeration than bulk composition. 

This is due to the surface composition being uniquely related to the thermodynamic 

properties of the sample and is independent of the particle size of the substrate. This 

chapter also represents the results for the alkali distribution across the particles at the 

onset of agglomeration, which indicates that the surface of these agglomerated particles 

is more enriched with alkali at the point of adhesion. 



CHAPTER 5 

DOWNFLOW COMBUSTOR STUDY OF 

ALUMINOSILICATES-ALKALI INTERACTIONS 
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The bench scale experiments and results of toe alkali-additive interactions and 

subsequent agglomeration in a fluidized bed were described in details in the previous 

chapters. This chapter concentrates on the study of alkali metal vapors interactions with 

selected additives using a laboratory scale down flow combustor. This study was 

accomplished by conducting experiments in which a rapidly mixed gas flame was doped 

with sodium or potassium and allowed to interact with additive particles. 

Determination of all physical and chemical pathways controlling the fate of 

sodium and potassium in coal constitutes a very complicated problem. This encompasses 

the chemistry of the metals in the parent coal, the subsequent devolatilization process, 

nucleation and coagulation of small particles, and the condensation chemistry on existing 

particles. Therefore, the focus of this research is on a portion of the problem, that of 

reaction/adsorption and condensation of alkali metals on particulate surfaces rather than 

on the vaporization or release of alkali metals from the coal. Of specific interest is the 

understanding of the role of additives in controlling the adsorption and condensation 

process and the composition of the surface layer of particles. 

The use of additives to control alkali metal vapors during coal combustion or 

gasification can work in several ways: 

• Additives provide additional condensation or adsorption area for alkali vapor 
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interaction. 

• The relative composition of alkali in the coal ash particles can be altered due to 

the presence of an additive during combustion. With a larger sink or surface 

available for condensation, less alkali will condense on the coal ash particles. 

This can potentially decrease the fouling tendency of those ash particles, if these 

alkali species condensed on additives can be chemically immobilized. 

• An additional sink presence for rapid alkali deposition can potentially lower the 

partial pressure of alkali vapor and lower the nucleation rate of alkali-rich 

aerosols which contribute significantly to the fouling problem. 

Purpose 

The purpose of this study is to: 

a) extrapolate bench scale fluidized bed results relating to substrate affinity to actual 

combustion conditions, without the complicating factors of coal fly ash, 

b) focus on the condensation/adsorption mechanisms of alkali additive interactions 

under controlled conditions, and 

c) provide data on a "clean" but practical system to calibrate and check theoretical 

models describing reaction/adsorption, condensation, and other particle 

interactions. 

Objective 

The overall objective of the downfl~w combustor study is to understand the 
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mechanisms governing the composition of the surface layer of particulates under well 

defined but still practically pertinent combustion conditions. 

Experimental Set-up and Eguipments 

The experimental apparatus is composed of a downflow combustor, gas sampling 

probe, particle sampling probe, particle injection probe, two volumetric flow feeders, and 

analytical instruments to analyze gases from the furnace. The details of these equipments 

follow. 

Downflow Combustor 

Figure 5. 1 shows the third generation down flow combustor which was utilized in 

this study. It was originally designed and built by Bassham (1990). This insulated 25 

kW, 0.15 m (6 inches) inner diameter, 6 m long, vertical combustor supported premixed 

but self-sustaining flames of pulverized coal or natural gas. It was designed to simulate 

the time-temperature histories and complex particle interactions of practical units while 

still being sufficiently well defined to allow the extraction of experimental data. The 

furnace is constructed of three concentric zircar cylinders. The inner cylinder has an 

inside diameter of 6 inches and an outside diameter of 7 inches. The second cylinder 

measures 7 to 9 inches, and the third 9 to 11 inches. Surrounding the cylinder was 10 

inches of Kaowool insulation. The outside shell was made of carbon steel. The cone 

at the top of the furnace is made out of kaiser castable refractory, and its purpose is to 

expand the coal or gas flow from 2 inches to 6 inches. 
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~. Along the convection length of the furnace there are ports separated from 

each other by the distances shown in Table 5.1. These ports are primarily used for 

sampling the furnace gases, taking temperature profiles, or injecting particles into the 

flame at specified locations. 

Burner. The burner (2 inches in diameter) is located at the top of the cone. It 

has two sets of perpendicular tube banks. Each tube bank consists of eight 118 inch tubes 

placed 114 inch apart transversely. These tubes are water-cooled and the outlet water 

temperatures are monitored as a safety precaution. Figure 5.2 shows the top and side 

view of this burner. The purpose of this burner is to improve radial distribution of the 

fuel at the furnace entrance and act as a radiation shield to prevent radiative heating of 

the incoming fuel and eliminate preignition in the mixing chamber. 

Sampling Probes 

Three different probe types were used. A combustion gas sampling probe, an 

isokinetic particle sampling probe, and a particle injection probe. These are explained 

in the following paragraphs. 

Combustion Gas Samplina: Probe. Figure 5.3 shows the details of this probe. 

Its primary function was to collect gas samples from the furnace once it is inserted into 

one of the ports. The gas sample was collected from the furnace continuously using a 

sampling pump. This probe is made of a 1116 inch 321 stainless steel quenched water 

tube at the center line, and is jacketed with a 114 inch type 321 stainless steel tube to 

provide cooling water. This is essential since the probe is always inserted into the 



Table 5.1 

Ports and their distances along the vertical 
length of the combustion furnace. 

-
PORT DISTANCE (m) 

1 .26 

2 .56 

3 .84 

4 1.14 

4b 1.41 

4c 1.75 

5 2.26 

6 2.61 

7 2.92 

8 3.22 

9 3.53 

10 3.83 

11 4.14 

12 4.44 

13 4.75 

14 5.05 
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furnace where temperatures are high enough to melt these tubes. 

The main feature of this gas probe is that, at the entrance to the probe, the gases 

are water quenched with fine water spray to terminate any reaction that is occurring 

inside the furnace and prevent continuous reaction inside the sampling line. A minimum 

water quench flow rate is maintained to keep the probe washed free of ash and soot 

particles. The water vapor content in the gas sample, however, has to be reduced or 

eliminated prior to the entrance of the gas sample to the analyzer instruments because of 

their sensitivity to water vapor. This is accomplished by passing the gases through a 

refrigerator at low temperatures in order for the water vapor content to condense. For 

safety reasons, there is a water vapor sensor after the condensation process which sends 

an alarm if the content of water vapor is high. 

Isokinetic Particle Samplinl Probe. This probe was designed and built by 

Bassham (1990). The primary function of this particle sampling probe (shown in Figure 

5.4) was to collect particle samples from the furnace environment. This applied to any 

ash particles generated during coal combustion or other additive sorbent particles injected 

at the top of the furnace for kinetic studies. This probe is termed isokinetic because its 

design allows for dilution air to cool the collected sample at very high cooling rates (in 

the order of 106 Klsec) which causes any gas reaction to freeze prior to collecting the 

sample. This dilution air line is also illustrated in Figure 5.4. Similar to the gas probe, 

this particle probe is also water cooled to prevent melting of the stainless steel tubes. 

The flow rate required to collect a sample from the furnace was provided by a 

vacuum pump. The dilution air flow rate was approximately 28 to 1 relative to the 



So.Mple 
00 0 Is..oklnetlc SnMpling Probe 

DIlutIon 
AIr 

138 

> 

Figure 5.4: Schematic of the isokinetic particle sampl~ng probe (Bassham, 1990). 

-- - ---------



139 

gas sample in order for the pump to function properly. The particles were collected on 

a variable size staged impactor where the particles got segregated according to their size. 

In addition, these particles were collected on special filters for later chemical analysis. 

More description of the pump and impactor filters will be explained following the next 

paragraph. 

Particle Injection Probe. The particle injection probe was designed to inject 

sorbent particles uniformly into the center line of the furnace at a selected port location. 

The air fluidized particles were delivered from the volumetric flow feeder into the probe 

and injected inside the furnace radially and vertically with the aid of a special design 

probe tip. The holes in this probe tip were large enough so that particles could penetrate 

through without plugging the probe tip. In addition, the air flow rate and particle 

injection rate were adjusted and calibrated to give a reasonably uniform feed of sorbent 

particles into the furnace. This was accomplished by calibrating the volumetric flow 

feeder before injecting the particles into the furnace. This probe Is also water cooled to 

eliminate any possibility of melting the stainless steel tubes. 

Variable Size Impactor and Vacuum Pump 

As mentioned earlier, a special variable size staged impactor was used to collect 

particles and segregate them according to specific size ranges. This particular Andersen 

1 ACFM Non-Viable Ambient Particle Sizing Sampler is a multi-stage, multi-orifice 

cascade impactor normally used to measure the size distribution and total concentration 

levels of all liquid and solid particulate matter. A brief description of how this stage 
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impactor and pump system work follows. 

The diluted furnace gases enter the inlet impactor cone and cascade through the 

succeeding orifice stages with successively higher orifice velocities from Stage 0 to Stage 

7. Thus, successively smaller particles are inertially impacted onto the collection plates. 

Stage 0 is an orifice stage only. The sub micron particles are collected by Stage 8 which 

is immediately downstream from Stage 7. Stages 1 through 7 provide size segregation 

of approximately 10 to 112 micron respectively. The clean gases are then carried through 

the vacuum tube and pump to the vent. The continuous duty, carbon-vane vacuum pump 

provides a constant air sample flow of 1 ACFM. The samples are collected on special 

filters and removed from the impactor when sampling is completed for chemical analysis. 

Volumetric Flow Feeders 

Two volumetric flow feeders were designed and built for the purpose of injecting 

simultaneously two types of particles into the furnace environment. One feeder was for 

the alkali salt and the other for injecting sorbent additive particles. Due to the small 

sizes of the injected additive particles (kaolinite), three vibrators were attached to three 

sides of the feeder to minimize tunneling and bridging of particles which might have 

hindered the uniformity of the flow rate of particles exiting the feeder. In addition, the 

side walls of the feeders were designed with special angle orientations (not vertical) to 

further reduce the bridging problem. The particles were delivered out of the feeder using 

a 112 inch diameter, 12 inch long screw located at the slanted bottom of each feeder. 

After exiting the feeder, particles were fluidized by the air flow and carried into the 
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furnace by the particle injection probe. 

The screw at its end point is connected to a variable speed motor that allows for 

varying the flow rate of particles exiting the feeder. The air pressure inside the feeder 

has to be equal to the air pressure in the supplying air line to fluidiiethe particles. This 

was accomplished by connecting a pressure tap (at the top of the feeder) to the incoming 

air line using a T-connector. This is important because if the air pressure in the supply 

line is higher than the pressure inside the feeder, the particles will be pushed back into 

the feeder rather than being carried out. 

Gas Analyzers 

The gas analyzers were housed in an analytical train and used to continuously 

measure 02, CO, CO2, and NOu concentrations. Each analyzer was connected to a strip 

chart recorder so that the concentrations of gases can be averaged over time. The make 

and model for these analyzers are: 

02: Beckman Paramagnetic Model F3 

CO: Beckman I.R. Model 864 

CO2: Beckman I.R. Model 864 

NO: Thermo Electron Model 10 AR Chemiluminescence NO/NOx analyzer, 

with stainless steel converter. 

At the beginning of an experiment, each analyzer was zeroed with nitrogen and calibrated 

with an appropriate concentration of certified quality Matheson calibration gas. 
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Materials 

As mentioned earlier, two types of particles were injected into the combustion 

furnace. The alkali source, which generated alkali vapors at high temperatures, was 

chosen to be potassium chloride (KCI) salt particles. Although sodium or alkali sulfates 

might be present in greater quantities during coal combustion, a potassium alkali source 

was selected because characterizing potassium surface concentrations using Auger 

spectroscopy is an easier and more productive task than detecting the sodium surface 

signal. This is due to the low sensitivity detection limits of the sodium peak in the Auger 

spectrum relative to the potassium peak. This low sensitivity makes it difficult to 

distinguish the sodium peak from the background noise of the spectrum, especially at low 

sodium concentrations at the particle surface. However, the potassium peak is easier to 

detect even at relatively smaller surface concentrations due to its higher sensitivity factor 

of detection. In general, using potassium chloride as the alkali source gave a good idea 

about alkali/additive interactions with respect to understanding the kinetics and 

mechanisms of the processes occurring during combustion. 

The other type of particles used were the adsorbent additive particles. These 

particles were chosen to be kaolinite due to its fast reaction kinetics and high capacity 

of adsorbing alkali. Kaolinite (its properties are listed in Table 2.1) was shown to be 

effective for such applications from previous fluidized bed studies, presented in the 

earlier chapters, and the work done by Punjak (1988). Kaolinite was also selected due 

to its availability, reasonable market price, and its size range. The particle size range 

of the kaolinite used ranged from sub micron particles to approximately 10 micron 
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particles. Therefore, no grinding was necessary and no prior treatment was performed 

before injection. One minor disadvantage of such aluminosilicate, however, is its 

wetness due to water vapor adsorption from the room environment. This sometimes 

caused plugging in certain narrow fittings in the feed line after a long continuous feed. 

Since the idea in this study is to isolate primarily the alkali-additive interactions 

and study this process under combustion conditions, the fuel source for combustion was 

chosen to be natural gas due to its clean burning. This also prevented the collection of 

ash particles along with additive particles if coal was the fuel. Since ash is also an 

aluminosilicate compound, it would have been difficult to distinguish ash particles from 

kaolinite, especially that both types of particles would have been collected in the same 

sample. An average representative stoichiometric ratio for the combustion experiments 

performed was 1.2 (natural gas/air), which is slightly an oxidizing atmosphere. 

Experimental Procedures 

Preparing for an experiment started by planning the experimental conditions for 

a particular run. This included the natural gas flow rate (which controlled the 

temperature profile along the furnace), the alkali salt injection rate (which determined the 

initial concentration of alkali in the gas phase of the furnace), and the sorbent injection 

flow rate. These constitute the major variables which had to be determined prior to each 

experiment. 

In addition to choosing the experimental conditions, the variable size impactor and 

collection filters were prepared the day before the planned experiment. Special filters 
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for collecting particles for Auger surface analysis were used. These were the Hytrex 

membrane filters made of silver chloride material with whole diameters of 0.45 micron 

and a filter diameter of 25 mm. The size of these filters is appropriate for fitting them 

onto the stage of the Auger instrument. For each impactor stage used, one of these 

Auger filters was placed on a paper filter with a diameter that fitted inside the stage of 

the impactor. Another type of filter, which also fitted into an impactor stage, was used 

if the sample was collected for bulk chemical analysis to determine the total content of 

the adsorbed alkali. Once the samples were collected, special containers were used to 

hold these filters and were labeled according to the impactor stage from which they were 

taken to identify their sizes. 

Before Starting Combustion 

Before starting each combustion experiment, various steps had to be taken. First, 

the gas analyzer instruments for O2, CO, CO2, and NOx were prepared by turning on the 

power to the analytical train and the gas sampling pump. The compressor, which 

supplied the air source to the furnace and feeders, was turned on and cleaned from 

residual air moisture or oil using the special knock out valves attached to the air lines. 

The various probes were then checked and cleaned. The most important step before 

combustion, was to turn on the cooling water to the various probes as well as to the 

burner cooling tubes. This was essential to prevent melting of the probes and burner at 

high combustion temperatures. 
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Starting Combustion 

At this point, after all preparation steps were accomplished, the furnace was ready 

for combustion to start. The electrical furnace panel, which controlled the valves for air 

and fuel flow into the furnace, was turned on. The safety buttons on this panel were also 

reset and checked to be in working condition. These safety valves were important and 

responsible for shutting off the fuel flow into the furnace once the flame sensor indicated 

no flame inside the combustor. This minimized any chances of an unexpected explosion. 

Once the pilot gas and pilot air buttons were turned on, and the natural gas and air flows 

were turned up to ignition flow rates, the special ignition mechanism which generated a 

spark at the point of entrance to furnace was activated to ignite the air/fuel mixture. 

When the flame sensor indicated flame inside the furnace and the flame existence was 

seen through the special glass port in the upper region of the furnace, the natural gas and 

air flows were increased slowly to experimental predetermined conditions. 

At this time combustion was occurring inside the furnace. The flame sensor and 

safety mechanism were monitored for the duration of the experiment. The furnace was 

now in the preheating stage which normally took few hours depending on the flow rate 

of the fuel and on the stoichiometric ratio of natural gas to air. The exhaust temperature 

was also monitored at all times and gave the indication when the temperature profile 

inside the furnace approached steady state conditions. 

Furnace Prebeating Stage 

During the preheat stage, the volumetric flow feeders for the alkali salt (KCI in 
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this case) and the sorbent additive (kaolinite) were prepared. They were also calibrated 

for the flow rates required of that particular experimental run. 

While the furnace was in operation, periodical checks on the following were 

necessary to insure uniform conditions throughout the duration of the experiment: 

• natural gas flow rate, 

• burner tubes temperature, 

• furnace pressure, 

• flame view port, 

• furnace exhaust temperature, and 

• strip chart recorders for furnace gas analysis of ~, CO, and CO2, and 

One additional point to be mentioned is that the strip chart recorders were 

calibrated against the gas analyzers of O2, CO, CO2, and NOx using calibration gases to 

insure the representations of correct furnace gas analysis on the charts. 

Furnace Temperature Profile Measurement 

Once the temperature inside the furnace approached steady state conditions, a 

temperature profile measurement was taken at various ports along the length of the 

furnace. A special water cooled probe was used for this purpose with a bare type R 

thermocouple that was inserted into the center tube of the temperature probe. The tip 

of the thermocouple was the temperature sensor which was inserted into the center of the 

furnace at selected ports. The other end was connected to an electronic box which 
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displayed the temperature of that particular port. 

Sorbent Feed and Sample Collection 

Once the feeders were calibrated and the temperature profile was measured, the 

two types of solid particles were fed into the furnace. First the KCI salt feeder was set 

to the desired motor setting and the particles were injected from the top of the furnace 

through the cone, which allowed it to mix with the air/fuel gas mixture. Feeding the 

alkali source from the top insured that the salt would vaporize almost immediately at the 

high flame temperatures of combustion. The kaolinite feeder was operated a short period 

after the salt was injected by setting its motor to the desired feed rate. The particles 

were carried by air through the particle injection probe to the furnace. This injection 

probe was located at the third port (0.84 m vertically below the top of the furnace) to 

insure that the potassium chloride was in the vapor phase prior to interacting with the 

kaolinite additive particles. 

The isokinetic particle collection probe was located at port 11 (4.14 m vertically 

below the top of the furnace) and collected samples of particles that were injected in port 

3 and interacted with the potassium chloride vapors along the length of the furnace. The 

particle collection probe was activated by turning on the vacuum pump, which was 

attached to the probe, and the dilution air. 

Particles were collected inside the filters at various selected impactor stages. In 

most experiments three main filter stages were chosen. These were Stage 1, Stage 5, and 

the after filter Stage. These stages were chosen primarily to segregate kaolinite particles 
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in the size range of5-10 microns from the rest of the sub micron particles collected in the 

last after filter stage. 

The reason behind this segregation is that the submicron salt particles can nucleate 

in the sample line due to the very fast cooling and dilution of furnace gases, once they 

are withdrawn into the probe. This nucleation is possible especially when there is 

remaining alkali salt concentration in the gas phase at port 11. Since the larger particles 

were most likely to be the 5-10 micron kaolinite particles, Stages 1 and 5 captured these 

particles. Furthermore, the chemical analysis of these particles reflected the amount of 

the alkali adsorbed/condensed on the kaolinite additive particles inside the furnace, and 

not in the sampling line. This insured more accurate representation of the additive 

adsorption capacity and made it easier for later comparison of experimental results with 

theoretical modeling. 

The period for collecting samples was in the order of 112 hour for each different 

injection rate of particles. The time was adjusted to collect enough particle samples for 

chemical analysis to be possible in each case. The filters and particles were then quickly 

placed in their corresponding sample containers, and the impactor was reloaded with new 

filters for the next collection. The process was repeated for several injection flow rates 

until the planned experiment was completed. 

Combustion Furnace Shutdown 

At the end of each experiment the combustion inside the furnace was terminated 

by slowly and simultaneously reducing the flow rate of natural gas and air going into the 
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furnace. This eventually turned off the flame and the furnace was allowed to cool to 

room temperature again. The cooling water into the burner plenum was kept on until the 

burner temperature reduced to room temperature and then turned off. The various 

probes were removed from the furnace and cleaned. A sample of particles was also 

collected from the removable bottom of the furnace after it cooled down. The analytical 

train instruments were also turned off as well as the calibration gases. Finally, the 

different samples collected during the experimental run were kept for surface 

characterization of the alkali adsorbed using the scanning Auger microprobe or for bulk 

content using atomic absorption/emission analysis. 

Results and Discussion 

The role of additives use for the control of alkali vapors during combustion 

conditions have been studied using the previously described experimental down flow 

combustor. As mentioned earlier, kaolinite was the additive of choice and potassium 

chloride salt was the alkali source. Samples were collected and analyzed using the 

scanning Auger microprobe (SAM) described in Chapter 4 for surface characterization 

of adsorption mechanisms during combustion conditions. The optimum Auger 

parameters used for the analysis of additive particles are illustrated in Table 5.2. 

The SAM surface analysis and results indicated that kaolinite scavenged alkali 

vapors possibly by three different phenomenons (mechanisms). These mechanisms 

depend primarily on the temperature profile along the furnace length, on the initial 

concentration of the injected alkali salt into the furnace, and on the additive rate of 



Table 5.2 

Parameters of Auger analysis for particles 
collected from combustion experiments 

Beam voltage 3 kV 

Beam current 3 nA 

Sample tilt 0° 

Objective lens aperture 16 mils 

Magnification 30,000 X 

Data acquisition time 45 min 

Volts/step 1.0 V 

Time/step 50 msec 

Analyzer resolution 0.6 % 
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supply. Data for the major experiments performed at various experimental conditions 

are presented in Tables C.1 through C.5 (Appendix C). 

The first mechanism identified for alkali capture from the gas phase was by 

reaction/adsorption only with additive particles. This means that alkali vapors reacted 

and were adsorbed within the kaolinite particles by reaction only, and no evidence of 

surface condensation was present. This mainly occurred when the gas concentration of 

potassium along the furnace, up to lite point of collection (port 11), was below the 

equilibrium saturation concentration of alkali in the gas phase at that particular 

temperature profile. 

This mechanism for alkali capture by reaction/adsorption was confirmed from the 

Auger surface spectrums of particles collected from the experimental runs R. 7C, R. 8B, 

and R.8C of Tables C.1 through C.3. Representative results of the surveyed kaolinite 

particles from runs R.7C and R.8B are shown in the Auger surface spectra of Figures 

5.5 and 5.6 respectively. The elemental peaks in these figures identify the surface 

elements of the kaolinite compound, used as the additive in these experiments. These 

spectra also show a potassium peak indicative of the amount of potassium adsorbed by 

reaction inside the furnace. Furthermore, the presence of the kaolinite major elemental 

peaks of silicon, aluminum, and oxygen along with the potassium signal in the surface 

spectra is an indication that the potassium is adsorbed by reaction. This is because If the 

KCI is simply condensed on the surface of the particle, the peaks of Si and Al would not 

be detected due to the condensed KCI layer on the surface, and the spectrum would 

mainly show a K and Cl major peaks. The carbon peaks present in Figures 5.5 and 5.6 
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are probably due to slight surface contamination. 

In addition to reaction, the second identified mechanism of the alkali capture in 

the combustion furnace was by condensation of the KCI vapor on the surfaces of kaolinite 

particles. A condensed layer was formed on these additive particles only when the alkali 

flux from the surrounding gas to the surface of the particle was higher than the rate of 

adsorption/reaction of alkali within the additive particle. Surface condensation may start 

at any point along the furnace where the alkali gas concentration is above the equilibrium 

saturation value for that alkali at that temperature. Sometimes the temperature profile 

along the furnace was such that at some region adsorption by reaction only existed; while 

in the remaining region (at lower temperatures) condensation started due to a change in 

the alkali concentration in the gas phase. Consequently, if a collected kaolinite particle 

showed a condensed alkali layer, it meant that condensation may have occurred along the 

whole furnace or only in some region. 

Since collection of particles was only from port 11, experimental determination 

of the location for the start of condensation was not possible. However, the modeling 

results of the adsorption process (which will be presented in Chapter 6, Part II) describe 

the adsorption and condensation processes along the furnace length (or residence time) 

and predict the location or time of the start of condensation leading to the formation of 

an alkali layer on the surfaces of particles. 

Auger surface analysis of particles from several experiments at various conditions 

indicated the presence of a condensed alkali layer on the surface of particles. Sample 

results of the alkali capture by condensation on additive particles are shown in the Auger 
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spectra of Figures 5.7 and 5.8. These spectra of particles collected from runs R.4A and 

R.5B correspond to the experimental conditions of Tables C.4 and C.5 respectively. 

These surface Auger surveys show two major peaks, potassium and chlorine with a small 

peak for oxygen. Moreover, these spectra represent an almost pure potassium chloride 

signal (compare to the pure potassium chloride spectrum of Figure 4.10) and confirm the 

presence of KCI condensed layer on the kaolinite particles. Note also that the Al and Si 

peaks of kaolinite are not present in Figures 5.7 and 5.8 due to the alkali layer. 

Although Figures 5.7 and 5.8 indicate that kaolinite had captured KCI by condensation, 

kaolinite also adsorbed alkali by reaction at the same time. The results of the modeling 

in the next chapter will give an idea of the relative alkali capture due to condensation 

versus reaction for the same particles. Modeling results will also show the radial 

distribution of the alkali adsorbed within the particles at various stages along the 

combustion furnace. 

Sputtering the condensed alkali layer of Figures 5.7 and 5.8 (using the SAM 

Argon ion sputtering gun) indicates a possible removal of this condensed layer. These 

depth profiles are shown in Figures 5.9 and 5.10 which correspond to the particles of 

Figures 5.7 and 5.8 respectively. These figures illustrate how the potassium and chlorine 

signals have decreased with sputtering time as the alkali layer was being removed. 

The third possible mechanism for the alkali capture using additive particles during 

combustion is by homogeneous nucleation of alkali salt particles and then coagulation 

with other salt nucleates as well as with the additive kaolinite particles. This nucleation 

of the alkali compound could also occur heterogeneously by nucleating around additive 
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Figure 5.7: SAM surface spectrum of a kaolinite particle which captured KCI 
primarily by surface condensation in the combustion furnace. 
Experimental conditions of run R.4A, Table C.4. 
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Figure 5.8: SAM surface spectrum for a kaolinite particle which captured KCI 
primarily by surface condensation in the combustion furnace. 
Experimental conditions of run R.5B, Table C.5. 
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Figure 5.9: SAM depth profiles for K and Cl after Ar+ sputtering of the KCl 
condensed layer on the kaolinite particle of Figure 5.7. 
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particles in the furnace. The condition for the occurrence of both homogeneous and 

heterogeneous nucleation and consequent coagulation is the supersaturation of the alkali 

concentration in the gas phase. This super saturation condition is likely to occur if the 

ratio of the supersaturated alkali concentration to the saturated equilibrium value in the 

gas phase were to exceed the critical ratio for nucleation to start. This critical ratio for 

nucleation is likely to exist at very fast cooling rates approximately greater than 600 

Klsec (McNallan et al., 1981). 

Temperature profiles from the experiments performed in this study, and the range 

of flow rates of combustion gases inside the furnace, did not indicate very fast cooling 

rates. Thus nucleation and coagulation inside the furnace was not likely; and was not 

observed in the Auger surface spectrums of the kaolinite particles collected from stages 

1 and 5 (5 to 10 micron particles). However, nucleation and coagulation of salt particles 

in the sub micron range did occur in the sampling line because of very high dilution air 

which caused very fast cooling rates of the furnace gases entering the isokinetic particle 

collection probe. These sub micron coagulates of salt were captured in the last after filter 

stage of the impactor. Auger analysis of such particles confirmed the submicron particles 

to be potassium chloride nucleated particles. 

Correlation Between Combustion and Agglomeration Experiments 

An important point that needs to be discussed at the end of this chapter is the link 

between the results of the more fundamental agglomeration fluidized bed experiments and 

the use of these additives in combustion furnaces to scavenge alkali vapors. For best 
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results it is first desired that the additive, once it is injected in-situ, reacts fast and 

adsorbs alkali vapors within the small time scales encountered in such combustion 

furnaces; and secondly, to have a high capacity for alkali adsorption which was the 

reason for choosing kaolinite in this study. The importance of the agglomeration study 

is in the correlations obtained for the dependence of minimum agglomeration temperature 

on the alkali content of an additive. These correlations define windows of operational . 
temperatures for various aluminosilicate additives and predict how much each additive 

can adsorb alkali at a particular temperature and for a range of temperatures before its 

surface starts to melt. 

This is important because when additives are injected in-situ, most of the time the 

location of the particles fed is at the peak temperature of the furnace. Therefore, at a 

given temperature profile in the furnace, it is essential for the appropriate additive to be 

chosen such that the additive does not melt at those high temperatures. This is especially 

true since the melting point of an alumino silicate additive will be lower once the particles 

adsorb some alkali, as illustrated in the agglomeration results. Melting of an additive 

(the start of deformation) is not desirable since it adversely affects its adsorption 

capacity due to the reduction in the total surface area available for reaction and 

adsorption with in the additive particles. Therefore, for best results the additive should 

be chosen after comparing agglomeration results with those experimental or combustion 

conditions that would exist inside the furnace, especially when these additives are injected 

in-situ. 
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In fact, in one of the experiments performed in this study, the furnace combustion 

conditions were at very high temperatures. The point of kaolinite injection was at port 

3, the peak combustion temperature. The temperature of kaolinite deformation and the 

furnace temperature at that location were very close. Scanning electron microscopic 

analysis of the kaolinite particles collected at port 11 indicated some deformation in these 

particles relative to their original shape, which had rounded surface indicating the start 

of a melt phase at the surface of this particle. In addition the Auger spectra of these 

deformed kaolinite particles did not show considerable signal for the adsorbed potassium 

rel~tive to the potassium signal observed in other particles collected at lower temperatures 

where melting had not occurred. 

Concluding this chapter, three mechanisms were identified for scavenging alkali 

vapors from combustion gases using aluminosilicate additive particles. These are alkali 

capture by reaction/adsorption, by alkali condensation on additive particles, and by alkali 

nucleation and coagulation with additive particles. It is important to point out, however, 

that these mechanisms of alkali capture can occur independently or simultaneously 

depending on the temperature profile existed along the furnace, on the initial alkali 

concentration which depends on the salt injection rate, and on the additive rate of supply 

to the furnace. 
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The mathematical modeling in this chapter is divided into two parts. The first 

part describes the theoretical modeling of alkali metal adsorption on a spherical particle. 

This model is also used to detect the onset of agglomeration of a given substrate without 

performing many experiments. The second part involves the modeling of the interactions 

between additive particles and alkali vapors in a pilot scale downflow combustor. This 

model includes alkali metal adsorption and condensation of alkali vapors on the exterior 

of additive particles due to a combination of temperature changes along the furnace and 

initial gas concentration variations. Details of these analytical models and results follow 

in this chapter. 

Part I 

Detection of the Onset of A&&lomeration 

Usin& a Reaction/Adsorption Model 

As explained in Chapter 4, agglomeration (adhesion) of particles to each other is a 

surface phenomenon, which depends primarily on the degree of surface deformation or 

the possibility of a melt occurring in the surface layer of these particles. This melt 

occurs due to the formation of lower melting point compounds in the surface product 

layer as a result of alkali adsorption. This mechanism of agglomeration is also explained 

in Chapter 4. The modeling in this part is for the detection of agglomeration which 
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occurs due to the formation of lower melting point compounds 'at the surface of particles 

and not due to alkali vapor condensation. 

The study of the surface composition of particles is very important for such 

modeling, because the surface composition of the melted layer is uniquely related to the 

thermodynamic properties of the particles through equilibrium phase diagrams. 

Therefore, in order to detect the onset of the agglomeration, an analytical tool is required 

to describe the time history of alkali adsorption and alkali concentration profiles across 

the particle. 

In order to predict this agglomeration point, we make use of the idea that the 

adhesion of two particles occurs when the alkali surface concentration reaches that of the 

eutectic melting point at the chosen temperature. Thus, using information from phase 

diagrams for a particular compound can provide an idea of the alkali surface composition 

required for agglomeration to occur. This type of thermodynamic information, however, 

does not provide the time needed for agglomeration to occur, or the total alkali content 

of the particle. The model formulation is therefore utilized to describe the time history 

of alkali adsorption across the whole particle, and to detect the onset of agglomeration 

. using the surface alkali composition obtained from phase diagrams. 

Later, in the results section, it will be shown that the experimental results of the 

agglomeration point (in terms of time of agglomeration and total alkali content) 

correspond very well with the modeling predictions. This further confrrms that using the 

eutectic surface concentrations in this model as a criteria for detecting the onset of 

agglomeration, is physically reasonable. 



165 

Development of Equations . 
The fundamental equations used in this agglomeration model to describe the alkali 

reaction/adsorption process with a given substrate (gas-solid reaction) are described here. 

The adsorption model for a spherical particle is initially formulated by Uberoi (1990). 

In this study, however, the model was updated to account for the detection of the 

agglomeration point. The alkali-sorbent interaction process is assumed to be a 

combination of physical adsorption (Physisorption) and chemical adsorption/reaction 

(chemisorption). Moreover, this process is assumed to occur by diffusion of the alkali 

compound (A) into the porous particle when it gets adsorbed upon contact. The gas-solid • 
reaction equation can be represented as follows: 

a A (gas) + B (solid) -- products (6.1) 

The schematic of the process showing typical profiles of the alkali concentrations, within 

the gas and solid phases of a spherical particle, is illustrated in Figure 6.1. 

Assuming a pseudo-steady state condition for the alkali diffusion and reaction with 

a spherical porous particle, the conservation of species equation for the alkali 

concentration in the gas phase, CA, can be written in general form as: 

DCA -- = V D VC. + R. Dt II 111 111 

(6.2) 

where the effective diffusivity, Dc, is dependent on space (radius, r) and time (t), and RA 

is the rate of reaction for one particle which depends on the alkali concentration (CJ and 

temperature (T). Since a quasi-steady state condition is assumed and no convection terms 
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are present, the substantial derivative completely drops out from the left hand side of 

Equation 6.2. Using spherical geometry, Equation 6.2 then becomes: 

(6.3) 

where r is the radial distance in the particle. 

Note also that the sign for the rate term is switched because it is the rate of 

disappearance of alkali from the gas phase. The boundary conditions for this equation 

are: 

r = 0 - (6.4) 

r = To - (6.5) 

where Equation 6.4 is due to the plane of symmetry at the center of the particle, and 

Equation 6.5 is due to the continuity of alkali flux across the outer surface of the 

particle, roo Note that ~ is the mass transfer coefficient, CAb is the alkali concentration 

in the bulk gas, and ro is the radius at the outer surface of the spherical particle. 

The local alkali concentration in the solid, Cu which is also a function of time and 

space, describes the local concentration of the alkali adsorbed within the solid particle. 

The conservation equation for C. is: 
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(6.6) 

with the initial condition: 

t = 0 ... C = 0 • (6.7) 

where t is the time and 80 is the initial porosity of the substrate. 

The rate equation for RA is: 

(6.8) 

where k in (cm3 gas/cm3 solid sorbentesec) is the overall rate coefficient, and x is the 

non-dimensional local solid concentration given by the following equation: 

(6.9) 

CI changes from zero at time zero to 1 at which time CI equals Clf• Clf is an important 

parameter, here it is defined as the alkali concentration in the solid which corresponds 

to the eutectic melting point at the chosen temperature. This value of Csf can be obtained 

from phase diagrams depending on the compound used. Phase diagrams for alkali-

alumino silicate compounds are readily available and published for many compounds in 

Levin (1964). 

The effective diffusivity, De, is dependent on the changing porosity, 8, from the 

following equation: 
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D = (.!..)2 D 0 
• £ • 

o 
(6.10) 

and e changes according to: 

(6.11) 

where z is the volume of expansion coefficient which is equal to the volume of the 

particle at complete conversion divided by the volume of the original particle before 

adsorption. Note from Equation 6.11 that the porosity is considered to vary with the 

local concentration, x. 

In the previous formulation, Equations 6.3 ~md 6.6 are coupled, and thus a 

numerical solution was necessary to solve for the alkali concentration profiles in the gas 

as well as the alkali concentration profiles in the solid as a function of time within the 

particle. A variable-step, central difference numerical method was used to solve for the 

alkali concentration profile in the gas at any time using the initial conditions of the solid 

conversion. The solid conversion equation of Cs was then solved to obtain the sets of 

x's which were used in the next step to predict the local CA values at the new increment 

of time. This method of solution is possible and valid due to the quasi-steady state 

assumption for this type of physical problems. 

The overall alkali loading of the particle, xT, at any time was obtained by 

integrating Cs over the sorbent volume: 



Xr = _1_ rv·C dv 
v C Jo !I 

, " 
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(6.12) 

where v. is the volume of the spherical particle. The non-dimensional mass gain due to 

reaction, [(m-mo)/mo], in (g alkali/g solid) is given by: 

(m-m) mo 0 = xr ·« (6.13) 

where Ol (g alkali at saturation/g solid) is the maximum fractional mass gain at saturation 

(complete conversion). 

The Fortran computer code for the numerical solution of these equations is 

provided in Appendix E. The details of this numerical procedure for a spherical particle 

are given below. 

Equation 6.3 can be written in non-dimensional form, after expansion and 

substitution for RA from Equation 6.8, as: 

(
oDe 2De) of fPf 2 
-+- - +D - = 'of(1-£ )k(l-x) 
a~ ~ a~ e a~2 0 

(6.14) 

where: 

~ = r (6.15) 
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f = (6.16) 

and x is defined in Equation 6.9. 

The derivatives from Equation 6.14 are then expressed in finite difference form 

(Ferziger, 1981): 

(6.17) 

(6.18) 

where: 

A1 = ~( 1 ) ','-1 h h +h 
I I 1+1 

(6 .. 19) 

. (6.20) 

(6.21) 

A2'J 1 = -2 ( 1 ) 
- hi h,+h

'
+1 

(6.22) 
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(6.23) 

(6.24) 

and hi is the non-dimensional distance between grid points on the ith interval (Le. any 

hi can vary from 0 to 1, but the sum of all hi'S, from ~= 0 to ~= 1, must equal to 1). 

Substituting equations 6.17 and 6.18 for the derivatives, equation 6.14 after some 

rearrangement becomes: 

(6.25) 

where: 

(
2D, aD,) 

T,,'-1 = D,A2,,'_1 - -~-+~ A 1,,'_1 
(6.26) 

(
2De aD,) 

T,,1 = - D,A2", + -~-+~ A 1,,1 (6.27) 

( 
2D, aD,) 

T,,'+l = D.,A2'.i+l + -~-+~ A 1'.1+1 
(6.28) 

(6.29) 

and L is ro for this case. 

Equation 6.25 is valid from i= 0 to N, where N is the number of grid points. 

To avoid having i = 0 and any negative values, the subscript is changed to j, where j = 

i +2. Equation 6.25 is then used from j = 2 to j = N +2. 
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Next, the equations were formulated to satisfy the boundary conditions. From the 

first boundary condition listed in Equation 6.4, at j = 2, dfld~ = O. This results in the 

following equation: 

(6.30) 

Similarly, the second boundary condition of Equation 6.5 at j = N +2 becomes: 

(6.31) 

where Bj is the Biot number defined as: 

(6.32) 

Now, Equations 6.25,6.30, and 6.31 total N+1, and there are N+1 unknown 

fj's. This system of equations, therefore, can be solved in a simple manner if put in the 

form of a tridiagonal matrix. This is accomplished by eliminating f., and fN+3 from the 

boundary conditions (Equations 6.30 and 6.31) and the diffusion equation (Equation 6.25) 

at j = 2 and j = N +2. This results in the following set of equations: 

(TTO).t; + (TTI).t; = 0 (6.33) 

(TTY)j, + (TTZ)j, = _ B, (TN+2.N+3) 
N+l N+2 Al 

N+2,N+3 

(6.34) 

where: 



174 

(6.35) 

(6.36) 

(6.37) 

(7', )(B +Al ) TTZ = 7', - U _ N+2,N+3 I N+2,N+~ 
N+2,N+2 N+2 A 1 

N+2,N+3 

(6.38) 

Equations 6.33,6.34 and the set of equations 6.25 (now fromj= 3 toj= N+l) 

are solved to give the set of ~'s (the non-dimensional alkali concentration profile in the 

gas phase within the particle). After solving the set of equations, an increment of time 

is chosen and equation. 6.6 is solved to yield a set of x's (the non-dimensional alkali 

concentration profile adsorbed in the solid sorbent). As mentioned earlier, the overall 

alkali loading, xT, at any time is obtained from Equation 6.12. 

Fstimation of Parameters 

Several parameters had to be estimated either by using mathematical formulas, 

simple kinetic experiments, or obtained from the literature. The following paragraphs 

explain how these parameters, which are essential for the model simulations, were 

obtained. Note that the parameter values obtained in this section are illustrated for the 

interaction of emathlite sorbent with potassium chloride vapor under SFG (simulated flue 

gas) atmosphere. However, the method of obtaining these parameters is the same for 
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other sorbents. 

QIgraU Rate Coefficient. k. The overall rate coefficient, k, for each 

temperature was obtained by performing short time, simple kinetic experiments, to obtain 

first the initial rate of alkali adsorption for a given sorbent. Then by trial and error, 

several values for k were imputed into the model (with other needed parameters) to 

predict an initial rate for each k. The k, which corresponded to the matched initial rates 

of the model prediction and the initial rate experiment, was chosen at each temperature. 

These k values for the emathlite sorbent under SFG atmosphere and experimental 

temperatures are shown in Table 6.1. 

These initial rate kinetic experiments were performed by placing small amount of 

sorbent particles, similar to the ones used in the agglomeration experiments, in the 

fluidized bed reactor described in Chapter 2. The bed was then fluidized with the carrier 

gas and the alkali source was placed at the reactor bottom. The temperature was then 

raised to activate adsorption of alkali vapor by the sorbent in the fluidized bed. This 

process was kept only for a few minutes just enough for the particles to adsorb detectable 

amount of alkali. The time of the total experiment was recorded and the particles were 

prepared for atomic absorption analysis to determine the total amount of the adsorbed 

alkali. The initial rate was found from the amount of measured alkali adsorption and 

total time. The results from these experiments for KCI adsorption by emathlite under 

SFG atmosphere at various temperatures are presented in Table D.1, Appendix D. 

Interphase Mass Transfer Coefficient. km• The mass transfer coefficient, ~, 

in (cm/sec) was obtained for particles in shallow fluidized beds. The following 



Table 6.1 

Temperature dependent parameters for KC1 adsorption by 
emathlite under simulated flue gas atmosphere. 

Temperature 850 900 950 
eC) 

k 284 235 480 
(em3 gas/ 

em3 solid*sec) 

km 0.773 0.820 0.877 
(em/sec) 

Ol 0.202 0.197 0.191 

Car 0.891 0.867 0.842 
(g alkali/ 

em3 solid) 

CAb 9. 65E-7 2.05E-6 4.08E-6 
(g alkali/ 
em3 gas) 

Dca 2.61E-5 2.73E-5 2. 85E-5 
(em2/sec) 

DAB 1.71 1.84 1.97 
(em2/sec) 
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1000 

400 

0.918 

0.186 

0.818 

7. 69E-6 

2.96E-5 

2.11 
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correlation (Daizo and Levenspiel, 1969) was used: 

Sh = 0.374 (Rep )1.18 (6.39) 

where Rep is the Reynolds number for the particle given by the following equation: 

Re = p 
(6.40) 

and v is the superficial velocity of the particle, ~ is the diameter of the particle, p is the 

gas (air) density, and p. is the air viscosity. From Equation 6.39, Sh is the Sherwood 

number and is expressed in this equation: 

kIlt dp Sh = -
DAB 

(6.41) 

where DAB is the molecular diffusivity calculated using the Chapman-Enskog relation 

(Bird et al., 1960). DAB values at experimental temperatures are listed in Table 6.1. 

From Equations 6.38 and 6.39, km can be expressed in terms of: 

D 
km = 0.374 ~ (Rep )1.18 

dp 

(6.42) 

Since Rep and DAB are both functions of temperature, km is also a function of 

temperature. The values calculated for km at selected experimental temperatures are 

included in Table 6.1. 

Alkali Eutectic Concentration in the Solid. C.r• As mentioned earlier in this 

chapter, C.f is considered to be the alkali concentration, adsorbed by the solid particle, 

which corresponds to the eutectic melting point concentration at a given temperature. 
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Car values can be obtained from phase diagrams, such as from Levin et al. (1964), 

corresponding to the substrate and alkali used. In the case of emathlite-potassium 

system, Clr values were obtained from a silica-potassium system phase diagram published 

in The Physical Chemistry of the Silicates book by Wilhelm (1954). Using this source 

this is justified since the composition of emathlite is mainly silica. These Car values are 

presented in Table 6.1. 

Effective Diffusivity, Dc. The effective diffusivity, Dc, is assumed to be 

dependent on space (r) and time (t) in this model. Dc is expressed in Equation 6.10 as 

a function of the porosity, e. The porosity is also dependent on r and t, and is described 

in Equation 6.11 in terms of x and z. From the two Equations 6.10 and 6.11, DcO is the 

parameter that neededs to be estimated. DeO in this type of problem is both dependent 

on molecular (DAD) and Knudsen (Did diffusions within the porous particle. Therefore, 

DeO can be calculated from DAD, DK, and the pore size distribution in the sorbent. 

However, in order to obtain a more accurate value, in this model DcO was taken as an 

adjustable parameter which can be determined by fitting DcO to one agglomeration 

experimental data at one temperature for a particular sorbent. Since DcO is temperature 

dependent, the fitted value is used to determine the constant in the DcO equation which 

is temperature dependent, and is expressed as: 

D to = constant· TI/2 (6.43) 

One DcO value was fitted so that the model prediction of the agglomeration point 

coincided with the experimental value at 900 °C. Therefore, by using this temperature 
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and the fitted Ddl value, the constant in equation 6.41 was determined. Values for Dca 

at the various experimental temperatures were then calculated, and they are listed in 

Table 6.1. 

Alkali Concentration in the Bulk-Gas. CAb' Values for CAb at the selected 

experimental temperatures were found experimentally. This was accomplished using the 

same agglomeration U-tube reactor described in Chapter 2 with the alkali source at the 

bottom. For a given amount of time (10 to 15 minutes) an experimental temperature was 

chosen, the gas flow rate was measured, and the total alkali vapor amount released in the 

gas phase within the specified time was measured by atomic absorption analysis. This 

alkali content was washed in deionized water from the condensated amount on a quarts 

insert, which was designed to fit inside the reactor to capture all the alkali released. By 

knowing the gas flow rate, total time, and total amount of alkali-released, the alkali bulk

gas concentration was calculated. These values are shown in Table 6.1 for different 

temperatures. 

Other constant parameters were also estimated. The volume of' expansion 

coefficient z was obtained from experimental data on emathlite performed by Punjak 

(1988). The average diameter of particles used in the agglomeration experiments was 

approximately 200 microns, therefore, the outer radius (ro) of a particle was taken to be 

100 microns or 0.01 cm. The bulk density of emathlite (Po) and the initial porosity (eo) 

were estimated from mercury porosometry data. The instrument used was a 

Micrometrics Model 9310 Pore Sizer. The values used for z, ro, PD, and eo, which are 

temperature independent, are shown in Table 6.2. 



Table 6.2 

Constant parameters for the KCI-emathlite system under 
simulated flue gas atmosphere. 

PB (g/cm3
) 1.94 

eo 0.468 

z 1.309 

ro (micron) 100 
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Results and Discussion 

Figure 6.2 represents the minimum agglomeration temperature, defined in Chapter 

2, as a function of the potassium content for emathlite which had undergone KCI 

adsorption under SFG atmosphere. This figure compares the model predictions presented 

by the solid line versus the experimental data, shown as circles. Note that these model 

predictions at each temperature were performed for identical times with the 

agglomeration experiments. That was done to allow comparison of the model predicted 

concentrations with the experimental values. In general, it can be seen that the model 

predictions correspond very well with the experimental data, indicating that the theory 

behind the alkali-particle adsorption model represents the physical behavior of the 

process. 

Since this analytical model represents the time history of adsorption and predicts 

the onset of agglomeration, it is general enough to be used to detect the agglomeration 

point for any sorbent subjected to any metal vapor adsorption. All what is required is 

the estimation of the parameters, as shown in the previous section, which correspond to 

the metal-sorbent system used. The model simulation is then performed for alkali 

adsorption until the alkali surface concentration at the outer surface of the particle, C. 

(at r= ro), reaches C.r at the selected temperature. At this point the simulation would 

stop indicating that the onset of agglomeration had occurred. In addition, the simulation 

results provide the total alkali content adsorbed up to the agglomeration point as well as 

the alkali radial distribution in the solid particle. 

This analytical method helps the evaluation of many potential metal vapor sorbents 
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Figure 6.2: Potassium content at agglomeration point for the sorbent emathlite. Model 
predictions versus experimental data. 
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for their alkali or other metal adsorption capacity, and their life time of adsorption prior 

to the onset of agglomeration. This information can be obtained using this model and 

without having to perform lengthy agglomeration experiments. Therefore, the application 

of this model can also be extended to evaluate sorbents for the removal of toxic waste 

metals from flue gas environments. In such applications, the agglomeration and melting 

of the sorbent particles are not desired. This is because the agglomeration of particles 

adversely affects their adsorption capacity due to the reduction in the total surface area 

available for reaction and adsorption within the particles. Hence, using this model for 

predicting the life time of a sorbent and its capacity for alkali adsorption becomes 

necessary as a design factor for the fluidized or fixed bed reactor/adsorber system. 

Figure 6.3 is a plot for the radial alkali conversion in the solid particle, x(r) or 

[C.(r)/C.rl, as a function of the radial distance, r, across the spherical particle. This 

figure is for KCI adsorption by emathlite under SFG atmosphere at a minimum 

agglomeration temperature of 900 °C. The results from this figure indicate that, at the 

onset of agglomeration, the surface alkali concentration at ro is Caf• This shows that the 

model simulation also predicts that the onset of agglomeration occurs when the surface 

concentration of the particles reached that of the eutectic melting point concentration. 

Remember that, for comparison reasons mentioned earlier, the model simulation for this 

figure was terminated at the experimental agglomeration time of 900 °C, and not when 

Ca (at ro) reached Caf• Therefore, this simulation result further confirms the 

correspondence between physical thermodynamic data and the model predictions. In 

addition, it corresponds well with our criteria for agglomeration occurring when the 
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Figure 6.3: Potassium distribution (Clear) within a spherical emathlite particle at the 
onset of agglomeration. Model predictions. 
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alkali concentration in the solid particle, at ro, reaches the alkali eutectic concentration 

at the given temperature. 

The alkali radial distribution in the solid particle at the onset of agglomeration in 

Figure 6.3 indicates that the concentration changes from Clr at the surface, ro, to zero at 

r equals approximately (0.7.ro)' Hence, most of the adsorbed alkali is concentrated 

within a product layer toward the surface, and therefore, the penetration or adsorption 

of alkali within the particle is more likely to be influenced by intraphase diffusion due 

to the formation of the product layer. 

Another noteworthy remark, corresponding to Figure 6.3, is that the prediction 

of the alkali radial distribution from the model simulation corresponds very well with the 

depth profile plot for emathlite. This depth profile was obtained by sputtering the alkali 

layer using the Ar+ sputtering gun of the SAM described in Chapter 4. This profile is 

also presented in Chapter 4, Figure 4.22. Moreover, the depth of the sputtered alkali 

layer is within an order of magnitude of the layer depth in Figure 6.3. This reasonable 

correspondence between the experimental and model profiles confirms the validity of the 

model in predicting the radial alkali concentration in the solid particle. 

Figure 6.4 is constructed to give an idea about the alkali content adsorbed within 

the particle as a function of time. This figure represents profiles for the amount of alkali 

adsorbed divided by the total amount adsorbed at the onset of agglomeration for several 

temperatures. These simulation results are for the sorbent emathlite under the same 

conditions of Figure 6.2. Each of these four curves in Figure 6.4 terminates at the time 

which corresponds to the agglomeration point marking unity (1) on the Y-axis. Figure 
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Figure 6.4: Distribution profiles for the adsorbed potassium divided by total amount 
adsorbed at agglomeration as a function of time. Model predictions. 
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6.4 also shows that the onset of agglomeration time increases as the bed temperature 

decreases for all temperatures. This is reasonable because it would take more time to 

adsorb a specific amount of alkali for adhesion to occur at lower temperatures due to 

lower reaction/adsorption rates. 

Another advantage of Figure 6.4 is that it gives an idea or a way to find a 

reasonable optimum time for the use of a specific sorbent. This is important, especially 

if the sorbent is being evaluated for the use in a fixed or fluidized bed to scavenge alkali 

or toxic metal vapors. Usually, sorbents have a maximum life time and capacity of 

adsorption which decreases tremendously after the onset of agglomeration. These plots 

give an estimate of the time needed for agglomeration to occur, but more importantly, 

they show the rate of decrease in adsorption with time. For example, it might be decided 

for a given case that the sorbent should be replaced after it had adsorbed 80% of the total 

amount adsorbed at agglomeration. The reason in such a case is that leaving the sorbent 

to adsorb beyond 80% would take a very long time and the extra amount that would be 

adsorbed is small relative to already adsorbed quantity. Therefore, constructing graphs 

like the ones in Figure 6.4, for a given sorbent and metal vapor system, would give a 

good idea about the time when the sorbent should be replaced in order to provide an 

optimum between the amount adsorbed and the time elapsed. 

The alkali concentration of the outer surface of the particle at ro is of particuiar 

importance since it determines the adhesion point for particles. Figure 6.5 is constructed 

to show the changes of surface alkali concentration with time for an emathlite particle 

undergoing the same simulation conditions of Figure 6.2. Figure 6.5 displays the alkali 



188 

0.8 

c 
0 --2! 

0.8 CD 
> 
C 
0 u a 1000 0e 
CD u 0.4 b a600e 
-! c soooe 
:J d 860 0e (/) 

0.2 

o ~--------------------~--------~ 
0.0 200.0 400.0 800.0 

Time (minutes) 

Figure 6.5: Alkali concentration at the surface of an emathlite particle, [C. (at ro)]/C.f]' 
as a function of time. Model predictions. 
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conversion at the outer surface layer, CJClf or x (at ro), as a function of time up to the 

agglomeration point. Note again that the model predictions also indicate that at the onset 

of agglomeration, CI (at ro> reaches Clf when the simulation approaches the experimental 

time at the agglomeration point for all temperatures. 

At this point, it is good to summarize this part of the modeling related to 

agglomeration of particles due to alkali adsorption. An analytical tool is developed to 

describe the time history of alkali metals (or any other metals) adsorption by sorbent 

additives. The detection of the point of agglomeration for a given alkali-sorbent system 

is also possible in this model using thermodynamic phase diagram information of a 

particular system to provide the parameter Clf• The advantage of using this model is that 

the alkali concentration can be predicted without having to perform lengthy 

agglomeration experiments. All what is required is the evaluation of the needed 

parameters for the given alkali-sorbent system. The simulation would then be performed 

until the alkali concentration at the surface of the particles reaches Clf• The predicted 

results would then provide useful information including the total alkali content at 

agglomeration, the radial distribution of alkali across the particle, and the total time of 

adsorption before the adhesion point occurs, which would be important for predicting the 

life time of a sorbent prior to agglomeration. 
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Modelin.: of Alkali Sorption on Additives 

Injected In-Situ in a Downflow Combustor 
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Scavenging alkali vapors from a downflow coal combustor by injecting additives 

in the combustion environment was described in Chapter 5. The experiments performed 

for this study were also described and the results were shown for the kaolinite sorbent 

particles subjected to KCI vapor sorption. In this chapter, the process of alkali 

adsorption by particles travelling down the combustor with the combustion gases is 

modeled to predict: the alkali concentration in the solid of the additive particles as a 

function of residence time, the change of alkali concentration in the gas phase of the 

combustor, and also the mechanisms of alkali capture along the furnace (adsorption by 

reaction, condensation, or both) where the temperature varies continuously. 

The variation in temperature along the furnace complicates the modeling of such 

process due to the dependence of most parameters on the temperature, which then have 

to be calculated at each step. The variation of the alkali bulk concentration in the gas 

phase with residence time, due to alkali sorption by the additive particles and temperature 

variations along the furnace, also complicates the analysis. In addition, the variation in 

the gas velocity with residence time due to temperature changes has to be considered as 

well. 

The following sections describe the development of equations and the theory 

behind them, estimation of parameters that are temperature dependent and other constant 

parameters, results of the alkali-additive interaction simulations along the furnace 
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including adsorption by reaction and condensation, and a parametric study section to 

determine the importance of major parameters and how they may be controlled to 

accomplish optimum results. In this case, these optimum results would allow the capture 

of the maximum amount of alkali vapors during the time of the additive particles residing 

in the furnace. 

Development of Equations 

In this model, the downflow combustor furnace is considered to be tubular 

resembling actual furnaces and specifically the one used for the experiments in Chapter 

5. Moreover, the simulated dimensions are taken to be the same as the experimental 

furnace. The additive particles are considered to be injected at the top of the furnace and 

travel down with the furnace combustion gases at the same flow rate. The alkali is 

assumed to be in the vapor phase at the point of contact with the additive particles (i.e. 

at Z = 0, where Z is the furnace length) and has an initial alkali bulk gas concentration 

COAb at this point. COAb corresponds to and can be calculated from the experimental rate 

of alkali salt injection during combustion at Z = O. In this model, the particles travel 

down the furnace and are assumed to scavenge alkali mainly by two mechanisms, 

adsorption by reaction and/or condensation. These mechanisms of capture depend 

primarily on COAb, the temperature variations along the furnace, and the rate of additive 

injection into the furnace. 

To model the change of the alkali bulk gas concentration in the furnace, where 

CAb is in g alkali/cm3 gas, as a function of the furnace length or residence time of the 
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particles, the gas flow is considered to have a plug flow behavior. This is reasonable 

assumption since the Reynolds number of the gas flow in the combustion furnace is low 

and corresponds closely to a plug flow. 

As mentioned earlier, the combustion furnace is tubular, and hence, a mass shell 

balance on a cylindrical differential volume along the Z-axis of the furnace (Le. a cross-

section area, Ar, multiplied by the differential length AZ) gives: 

(6.44) 

where R in (g alkali/cm3 gas-sec) is the global furnace rate of reaction for the alkali 

sorption by the additive particles. Now, dividing Equation 6.44 by AZ and considering 

A-Vz to be equal to Qz in (cm3 gas/sec), this equation becomes: 

_ [(CAb QZ}Z+AZ - (CAb Qz)z] = A R 
AZ I 

(6.45) 

Taking the limit of both sides of Equation 6.45 as AZ approaches 0, the equation 

becomes: 

(6.46) 

Since a plug flow behavior is assumed, the following equations can be written: 

(6.47) 

(6.48) 



193 

Substituting Equation 6.48 for dZ in Equation 6.46, the equation for the CAb variation :-

with time becomes: 

(6.49) 

After canceling Ar from both sides of Equation 6.49 and rearranging, we get: 

(6.50) 

The global rate, R, can be represented in terms of the one particle adsorption rate, 

RA, from the following equation: 

(6.51) 

where Pr is the additive particle density in the furnace (Le. number of additive particles 

per cm3 gas). Pr is assumed constant, and can be calculated easily from the additive 

injection flow rate and the solid bulk density. v 8 is the volume of one spherical particle. 

Also, note that the units for RA are in g alka1i/cm3 solid-sec-particle. 

Now, the change in CAb with time, t, can be presented in terms of RA by 

substituting Equation 6.51 into Equation 6.50 to get: 

d(C Q} 
Ab Z = _ p v Q R 

dt 'I s Z :A 
(6.52) 

Since the interest in this furnace model is to monitor the depletion of CAb along the 

furnace by the reaction/adsorption process with the additive particles and/or condensation 

on the exterior of the particles, Equation 6.52 can be used for this purpose. However, 
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Equation 6.52 cannot be solved analytically since RA is not an explicit function of time 

or concentration. Thus, a numerical solution was adopted to solve for CAb at each time 

step using the Eulers method. The accuracy of this method was improved by optimizing 

the time step size. 

The primary variable needed for the solution of Equation 6.52 is RA at each time 

step. RA is defined as the rate of alkali adsorption by reaction for one spherical particle; 

and is dependent on the alkali concentration and temperature along the furnace. 

Calculating RA at each time step is not a problem, however, since we can obtain RA due 

to reaction/adsorption only from the previously described model, in Part I, which 

accounts for alkali adsorption by reaction only for a spherical particle. It also can provide 

information on the amount of alkali adsorbed by reaction only for one particle at each 

time step. However, when condensation is present in addition to reaction, the previous 

one particle adsorption model does not account for alkali depletion by condensation on 

the additive particle. Therefore, RA has to be replaced by another rate term to be 

calculated from another equation which accounts for condensation by considering the total 

alkali flux to the particle, Ra. The development of a rate equation to account for 

condensation in addition to reaction follows. 

As mentioned above, since the additive particles may also scavenge alkali vapors 

by condensation at certain conditions, this furnace model has a criteria to account for the 

alkali condensed on these particles. This is accomplished by considering that 

condensation in the furnace occurs at the point when CAb is greater than CAb/sat (the 

saturated alkali vapor concentration), where CAb/sat is temperature dependent. However, 
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an accumulation of a condensed alkali layer on the surface of the particle would only 

occur if the rate of total alkali influx, Ra, from the gas phase to one particle is higher 

than the rate of adsorption by reaction only, RA• The equation for R. is: 

(6.53) 

where A. is the outer surface area of a spherical particle and CA. is the alkali 

concentration in the gas phase at the outer surface of the particle. Note also that if 

condensation occurs, RA in Equation 6.52 is switched to R.; where R. is the total alkali 

flux to the particle. 

In this furnace model, it is further assumed that when condensation starts at 

R.> RA , the boundary condition which matches the flux at the surface of the particle, 

described in Equation 6.5, changes to: 

at ,= '0 (6.54) 

for all times when the surface condensation is occurring. The numerical solution is 

modified accordingly at this point to account for the changing boundary condition. Note 

that adsorption by reaction is still occuning even when condensation is in progress. In 

this case, the rate of surface condensation Rc per particle is: 

(6.55) 

where the units are (g alkali/cm3 solid-sec-particle) for all three rates. Note that from 

Re, the alkali mass captured due to condensation, 1l\:, can be determined for an increment 

of time, and consequently, the thickness of the condensed alkali layer, 5c, can be 



196 

calculated. The evaluation of these terms are incorporated in the numerical solution and 

the results of such cases are shown in the results section. 

The equation for the total mass condensed on the surface of a particle as a 

function of time is: 

(6.56) 

and since Rc is not an explicit function of time, it is approximated as ·the summation: 

(6.57) 

The value for me, obtained from Equation 6.57, refers to the mass of alkali (sodium for 

example) and not the alkali compound (sodium chloride); therefore, to calculate the 

thickness of the condensed alkali compound (NaCI) layer, the Me value is corrected to 

give the mass of the NaCI condensed using the molecular weight of the compound NaCl. 

Let us call this value mcomp, which corresponds to the weight in grams of the alkali 

compound condensed on the surface of one spherical particle. The equation for the layer 

thickness, 0c, is: 

(6.58) 

where Pcomp is the density of the condensed alkali compound (NaCI for example). 

These equations coupled with key equations from Part I are solved numerically. 

The computer program for this furnace model is included in Appendix E. 
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Evaluation of Parameters 

Three types of parameters are used in this furnace model. One type of parameters 

. is temperature dependent, and since the temperature along the combustion furnace 

changes, these parameters had to be expressed in equation forms as functions of 

temperature. The temperature profile had to be known along the furnace and was 

measured experimentally. To use the experimental temperature measurement performed 

at specific ports along the furnace, an equation was fitted to the data to represent the 

temperature, T, as a continuous function of the furnace length, Z; and then expressing 

temperature as a function of time, t, by using the plug flow behavior assumption 

(Equation 6.48) to relate Z in terms of t. The second type of parameters is dependent 

on both the experimental conditions of a particular run and also on temperature. The 

third type of parameters is constant parameters independent of temperature but dependent 

on the alkali-additive system and the geometry of the combustion furnace used. Details 

of these three types of parameters follow: 

Temperature Dependent Parameters. As mentioned in the previous paragraph, 

an equation for the Temperature (T) as a function of particle residence time in the 

furnace (t) is known which represents experimental combustion conditions. These 

temperature profiles can be different depending on the feed rate of fuel to the furnace and 

on the stoichiometric ratio of fuel to air. 

The parameter values that will be listed in this section and the following ones 

were calculated or obtained from literature for the additive model compound Kaolinite, 

and the alkali compound source NaCl. This alkali-additive system was chosen for 
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simulations in this furnace model because sodium is a maJor alkali source in coal 

combustion, and kaolinite proved to be, from the previous agglomeration studies, an 

effective sorbent for alkali capture. This system was also chosen because of the 

availability of data for the NaCI-Kaolinite reactions reported in the literature. Using this 

NaCI-kaolinite system, however, does not limit the explanation of how to obtain 

parameters or the use of the furnace model since this model and the explanation for its 

use are general for any alkali compound-additive system and any metal compound-

additive system. 

The first parameter that will be described here is the overall rate constant, k, for 

reaction of alkali with a solid particle. It is considered to depend on temperature from 

the Arrhenius equation: 

k = Ao e-E/RT (6.59) 

where Ao is a constant, E is the activation energy, R in this equation only is the gas 

constant, and T is in Kelvin. The activation energy and k for the NaCI-kaolinite system 

at 800 °C are 30 (kcal/mole) and 2.1 x 107 (cm3 gas/cm3 solid-hr) respectively (Punjak, 

1988). Thus, from knowing T, R, E, and k the constant Ao was calculated. The final 

equation for k in (cm3 gas/cm3 solidesec) as a function of T in Kelvin is: 

( 
-1.5lxl04) 

k = 7.53xl09 e T 
(6.60) 

The interphase mass transfer coefficient, km, for a particle flowing down the 

combustion furnace was calculated from the Sherwood number, Sh. Since the additive 
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particles considered are very small in size (order of 10 microns) and, under the 

combustion conditions considered here, the Reynolds number of the flow is not very 

high, Sh was taken to be (Sh= 2.0) for a spherical particle. Since Sh= [(~.<1p)/DAs1, 

km in (cm/sec) can be written as: 

2.0 DAB 
k", = d 

p 

(6.61) 

where DAB (cm2/sec) is the molecular diffusivity and is a function of temperature, and 

dp in (cm) is the particle diameter (or 2ro)' An expression for DAB can be found from the 

dependence of DAB on temperature in the gas phase which considers DAD proportional to 

T312 . DAD can be written as: 

DAB = constant· T3/2 (6.62) 

To find this constant, a value for DAB = 1.244 in (cm2/sec) at T= 800 °C for the NaCI-

kaolinite system (Punjak, 1988) was used to calculate the constant and give DAD as a 

function of T in the following equation: 

(6.63) 

The initial effective diffusivity, DcO, was found in a similar manner as DAD' The 

final DcO (cm2/sec) equation for the NaCl-kaolinite system is: 

(6.64) 

The saturated alkali vapor concentration, CAb/uti in (g alkali/cm3 gas), for NaCl 

as a function of temperature was obtained from the CRC Handbook of Chemistry and 
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Physics (Weast, 1980). CAb/sat as a function of T was calculated starting from the 

following equation for the dependence of the saturated vapor pressure on temperature: 

1 P 0.05223 a + b 
oglo I/I1II = - T (6.65) 

where Pmm is the saturated vapor pressure in mm-Hg, T is in Kelvin, and a and b are 

constant values which depend on the compound (NaCI in this case) and on the range of 

combustion temperatures. These a and b values are: a= 180,300 and b= 8.3297. Pmm 

as a function of T was further converted to CAB/lit (g NaClIcm3 gas) assuming the ideal 

gas law at the high combustion temperatures, and was adjusted to give CAB/sat as a 

function of temperature in (g Na/cm3 gas), rather than NaCl using the molecular weight 

of Na. The final equation is: 

-4 (Prram ) CAb/sat = 3.69 x 10 T (6.66) 

From Equations 6.66 and 6.65, CAb/sat for Na was then determined. 

Temperature and Experimental Conditions Dependant Parameters. The first 

of these parameters is the combustion gas flow rate, Q, in (cm3 gas/sec). This Q 

depends on the feed rates of oxygen and fuel and their stoichiometric ratio, and since the 

flow rate measurements were given under standard conditions, Q was corrected to 

account for the temperature variations inside the furnace,. Thus, Q as a function of T 

was calculated for a particular experiment by using the fuel (natural gas) and the air 

standard measured flow rate, Qco, and correcting that for temperature using the ideal gas 

law .. The equation for Q is: 



201 

Q = Q. (:.) (6.67) 

where Too is the standard or ambient temperature in Kelvin. 

The initial alkali bulk gas concentration at Z= 0, COAb (g alkali/cm3 gas), is 

dependent on the experimental injection flow rate of the alkali salt into the furnace (for 

example g NaClIsec) and on the gas flow rate Q which is temperature dependent. The 

equation for CO Ab is: 

C1b
( 8N;) = NaClflowrate ( MWNa ) 

em Q MWNaCI gas 

(6.68) 

where MWNa and MWNaCI are the molecular weights of sodium and sodium chloride 

respectively. 

The sorbent particle density, Pc (number of additive particles/cm3 gas), inside the 

combustion furnace is dependent on the sorbent injection flow rate (g solid/sec), on Q 

which is a temperature dependent parameter, on the additive bulk density PB in (g/cm3), 

and on the spherical particle volume, Va' The equation for Pc is: 

additive injeetionjlow rate 
PI = 

Q PB v" 
(6.69) 

Constant Parameters. Several parameters were taken to be temperature 

independent in this model. In the furnace model, The parameter CaC is defined as the 

maximum value for C. (the over all alkali concentration in the solid particle) at sorbent 

saturation and was considered constant. The other parameters such as a [defined as the 
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fractional mass gain at sorbent saturation, (mr - mo)/mo, where mr is the mass of the 

particle at complete conversion and ffio is the sorbent initial mass], z (the volume of 

expansion coefficient), 80 (the initial sorbent porosity), and Pn (the sorbent bulk density) 

were obtained for the system NaCI-kaolinite from Punjak (1988). These parameters in 

addition to Ps (the density of the alkali compound, NaCI in this case), Ar (the cross

sectional area of the furnace), and ro (the outer radius of a spherical particle) are listed 

in Table 6.3. 

Table 6.3 

Constant parameters for the furnace model. 

Csr (g alkali/cm3 solid) 0.529 

a 0.266 

ro (micron) 5 

z 1.27 

80 0.58 

Pn (g/cm3
) 1.11 

Pa (g/cm3
) 1.4 

Ar (cm2) 178 
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Results and Discussion 

The modeling results in this section describe the change of alkali concentration 

in the gas phase along a vertical combustion furnace due to alkali vapor interactions with 

additive particles travelling with the gas. In addition, the modeling results predict the 

alkali concentration in the solid particles due to reaction andlor surface condensation, and 

pinpoint the start of condensation when it occurs along the furnace. 

The model simulations presented here are for the interaction of the alkali 

compound sodium chloride (NaCI) with the additive particles of kaolinite. As explained 

earlier, this alkali-additive system was chosen for the simulations because NaCI 

represents one of the major alkalis in coal combustion and kaolinite has a good 

adsorption capacity; and due to the availability of kinetic parameters in the literature for 

the interaction of NaCI with kaolinite. 

In order to compare, at least qualitatively, the model simulation results with real 

combustion situations, the experimental conditions from the combustion experiments, 

described in Chapter 5, were chosen. First of all, this helps to verify the correspondence 

of the modeling results with physical situations. Secondly, if the first condition is met, 

the model can then be used for parametric studies to optimize the selection of design 

parameters for additive particles. This includes optimization of the size and quantity of 

the sorbent required to scavenge alkali vapors from combustion gases containing a certain 

level of alkali concentration. Simulation results from the parametric study follow after 

this section on Results. 

The model simulation for the combustion conditions representative of the 
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experimental run R.4A (described in Chapter 5) is presented in Figures 6.6 and 6.7. The 

additive particle size, flow rate into the furnace, and other simulation information are 

shown in Table D.2, Appendix D. As can be seen in Figure 6.6, the upper graph is for 

the temperature profile along the furnace, the middle graph shows the decrease of the 

alkali concentration in the gas phase, and the bottom graph represents the change of 

alkali concentration in the solid particles due to adsorption by reaction, surface 

condensation, or both. The results of these three graphs are a function of residence time 

in seconds, and the final time corresponds to a 5 m long furnace. 

The bottom graph of Figure 6.6 indicates the time at which condensation started 

in this simulation and shows that the rate of alkali capture by condensation is higher than 

the rate of adsorption by reaction only. This figure also illustrates the sharp decrease of 

alkali concentration in the gas phase at the point when condensation starts and the 

continued depletion of alkali in the gas phase to almost zero before the gas flow reaches 

the bottom of the furnace. This indicates that the rate of additive injection, in addition 

to the rest of the combustion condition, was able to scavenge approximately 100% of the 

alkali in the gas by reaction and condensation. Under these conditions, however, the 

condensation mechanism of the alkali capture is the dominant one. 

The Auger spectrum for the kaolinite particle (Figure 5.7), analyzed after 

experiencing the combustion conditions being simulated in Figure 6.6, confirm the 

presence of a condensed alkali layer on the collected particles. Therefore, the model 

simulation, at least qualitatively, corresponds well with the physical situation. However, 

the modeling results give additional information regarding the prediction of the point at 
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Figure 6.6: Removal of alkali metal vapors using kaolinite additive particles in a 
downflow combustor. Model predictions. 
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which condensation starts along the furnace, which was not obtained from the 

experiment. 

Figure 6.7 is the continuation of the modeling results for the same conditions 

illustrated in Figure 6.6. The two graphs shown in Figure 6.7 illustrate the distribution 

of alkali concentration within the solid additive particle. The bottom graph represents 

the distribution of alkali concentration within the solid particle as a function of radial . 
distance at time equals to 3.5 seconds, which corresponds to the 5 m long furnace, and 

an intermediate time of 1.0 second. The upper graph represents the thickness of the 

condensed alkali compound (NaCI) layer on the exterior of the particle as time 

progresses. This upper graph also shows that the layer thickness increased sharply at the 

beginning of condensation and then leveled out due to the depletion of alkali from the gas 

phase. 

The results shown in Figures 6.8 and 6.9 are for the combustion conditions 

representative of the experimental run R. 7B. The details of the input parameters to this 

simulation are presented in Table D.3. The results in these two figures are qualitatively 

similar to the simulation of Figures 6.6 and 6.7. That is, the capture of alkali vapors 

from the gas phase along the furnace length by the kaolinite additive was by both 

reaction and surface condensation. In addition, condensation dominated the depletion of 

alkali from the furnace environment; and the alkali concentration in the gas phase of 

Figure 6.8 showed a sharp decrease in the alkali concentration with time as soon as 

condensation started. 
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Figure 6.7: Alkali distribution in a kaolinite particle due to reaction and condensation. 
Conditions correspond to Figure 6.6. 
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Similar to the previous case, Figure 6.9 represents the alkali distribution in the 

solid due to reaction, condensation, or both. The bottom graph gives the alkali 

distribution within the kaolinite particle as a function of radius at an intermediate 

residence time of 1.0 second and at the final time of 4.8 seconds (which corresponds to 

the 5 m long furnace). Moreover, the upper graph gives the growth of the alkali 

condensed layer in microns as a function of residence time. Note again that the 

condensed alkali layer leveled out when the alkali concentration in the gas phase was 

close to depletion. 

One point that needs to be mentioned here again is that condensation starts when 

the alkali gas phase concentration is higher than the saturated equilibrium value at a 

particular temperature. The equilibrium concentration is temperature dependent and 

depends only on the temperature profile existing along the furnace length. The alkali gas 

phase concentration, however, is dependent not only on the temperature profile, but also 

on the rate of additive injection, the physical characteristics of the additive, and the initial 

alkali concentration in the gas phase before additive injection. Therefore, if the same 

temperature profiles were to exist in two different combustion conditions, condensation 

mayor may not occur at the same location depending whether the other parameters 

mentioned are similar or not. 

The previous model simulations which correspond to the experimental conditions 

of runs R.4A and R. 7B indicate that the dominant mechanism of alkali capture under 

these conditions is by surface condensation and not reaction. However, it will be more 

useful if we can influence the conditions in the furnace such that most of the alkali can 
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be captured by reaction rather than condensation. The reason is that when alkali is 

adsorbed within the kaolinite particles by reaction it is in a more stable chemical form 

and, hence, less corrosive to the environment of the furnace. Adsorption of the alkali 

vapors by reaction with the additive particles leaves less alkali to condense on the furnace 

tube surfaces and ash particles; and also decreases the alkali vapor pressure in the gas 

phase which further limits the rate of condensation. 

One method that can be used to achieve the dominance of the alkali capture by 

the reaction/adsorption process is to increase the sorbent flow rate of injection into the 

furnace. An example of this is illustrated in Fjgure 6.10 which represents the model 

simulation for the same conditions of Figure 6.8 except that the sorbent flow rate is 

higher and corresponds to 50 g/min. The simulation conditions and input parameters for 

Figure 6.10 are illustrated in Table D.4. Figure 6.10 clearly indicates that by increasing 

the sorbent flow rate as high as 50 g/min, the conditions in the furnace have changed 

considerably in favor of the alkali adsorption by reaction being the dominant mechanism. 

In fact, the middle graph of Figure 6.10 indicates that more than 90% of the alkali in the 

gas phase is depleted through reaction with the additive particles, and only less than 10% 

is captured by surface condensation. The bottom graph of Figure 6.10 also indicates that 

the amount of alkali adsorbed within the additive particles by reaction is much higher 

than the amount of captured by condensation on the surface of the additive particles. 

Using the model simulations for testing how to influence the conditions of the 

alkali capture within the combustion furnace, through controlling the amount of additive 

flow rate injected into the furnace, is a useful tool for design purposes so that the 
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Figure 6.10: Removal of alkali metal vapors using kaolinite additive particles in a 
downflow combustor. Model predictions. 
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optimum conditions can be achieved. However, the amount of additive to be injected 

during coal combustion, for example, should be moderate so that it would not add too._ 

much bulk to the already existing alumino silicate particles generated from the coal 

combustion process. Since different coals may have different alkali contents in the 

original samples, model simulations should correspond to the alkali content which 

represents the type of coal being used, so that the optimum amount of additive particles 

can be injected. Using such analytical tools to optimize the quantity of the additive 

particles can save a lot of time on experimentation and can reduce the cost of alkali 

clean-up. 

As discussed earlier in this chapter, the capture of alkali vapors by condensation 

may not occur at all if the combustion conditions are favorable to adsorb alkali by 

reaction only. An example of this type of situation is illustrated in the results of the 

Auger spectrum of Figure 5.6, which was obtained through analyzing kaolinite additive 

particles collected from the combustion conditions of the experimental run R.8B 

(described in Chapter 5). The Auger experimental result of Figure 5.6 indicates no 

evidence of alkali condensation on the surface of the particles, and confirms that alkali 

adsorption occurred mainly by reaction under the given experimental conditions. 

To test whether the model simulation, using combustion conditions similar to 

those in run R.8B, can predict similar results to run R.8B, the experimental combustion 

conditions of run R. 8B was simulated in the fumace model. The conditions and 

parameters of this simulation are summarized in Table 0.5, and the modeling results are 

presented in Figures 6.11 and 6.12. Figure 6.11 represents three graphs for the 
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temperature profile, the alkali concentration in the gas phase, and the alkali concentration 

in the solid particles as a function of particles residence time in the furnace. Note that 

the temperature profile in this figure indicates higher temperatures than the previous 

situations. Also note that the results indicate that the alkali adsorbed within the particles 

is by reaction only and no condensation is present within the 5 m long furnace (2.7 

seconds total). Therefore, this model predictions correspond well with the experimental 

results of run R. 8B mentioned earlier. 

Figure 6.11 also shows the leveling out of the amount of alkali adsorbed within 

the solid by reaction, and consequently the leveling out of the alkali concentration in the 

gas phase at the same stage. This is due to the reduction of the rate of reaction as a 

result of the decrease in temperature along the combustion furnace. Since the conditions 

for condensation did not exist along the whole length of the furnace, the decrease in 

temperature, in this case, has negatively affected the alkali capture by reaction. 

However, the decrease in temperature in the previous cases lowered the equilibrium 

concentration prompting alkali capture by condensation to occur and deplete the rest of 

the alkali from the gas phase. As seen from the middle graph of Figure 6.11, the alkali 

capture by reaction did not deplete the alkali from the gas phase completely. In the 

limited residence time of the particles in the furnace, the overall alkali removal efficiency 

from the gas phase was a modest amount of approximately 35 %. 

Figure 6.12 shows the radial distribution of the alkali adsorbed by reaction within 

the kaolinite particles. The curve for the 2.7 seconds corresponds to the total furnace 

length (5 meters), and the curves for the 1.0 and 0.1 seconds correspond to two 

---- ----- -- ------ ----------------
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intermediate times for the particles travelling down the combustion furnace. Note here 

that there is no graph for the growth of the alkali condensed layer as in the previous 

cases due to the non-existence of condensation under these simulation conditions for 

combustion. 

To be able to influence the conditions of Figure 6.11 such that more alkali can 

be depleted for the gas phase, the rate of additive injection can be increased in a 

moderate way in order for the alkali removal efficiency by reaction to be improved. 

Figure 6.13 illustrates how the alkali concentration in the gas phase of the furnace 

changes as the sorbent flow rate increases. Note that the conditions for the model 

simulation of Figure 6.13 is the same as for Figure 6.11 except for the changing sorbent 

flow rate. The model parameters and conditions corresponding to Figure 6.13 are 

illustrated in Table D.6. 

Figure 6.13 illustrates how the alkali removal efficiency from the gas phase 

increases from 35% (corresponding to the sorbent flow rate of 5 g/min in Figure 6.11) 

to approximately over 80% when the sorbent flow rate is raised to 20 g/min. The alkali 

removal efficiency jumps to over 90% when the sorbent flow rate is increased to 30 

g/min. Therefore, we conclude again that controlling the additive flow rate into the 

furnace, for some given combustion conditions, can improve the degree of alkali capture. 

Moreover, the model simulations can provide the amount of additive needed for optimum ,.. 
results. 
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Figure 6.13: Removal of alkali metal vapors using kaolinite additive particles in a 
downflow combustor. Model predictions for several particle flow rates. 
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In summary, the previous modeling results depicted cases similar to real 

experimental conditions in order to check the modeling results as well as show the 

limiting cases of alkali adsorption by injecting additives in-situ during combustion. The 

modeling simulations predicted the capture of alkali vapors by reaction, condensation, 

or both depending on the combustion conditions as explained earlier. It was also shown 

how to influence the dominant mechanism of alkali capture within the furnace, so that 

adsorption by reaction can dominate, through the control of the rate of additive injection 

into the furnace. The model simulations correspond qualitatively well with the 

experimental results of similar combustion conditions. In addition, the furnace model 

predicts the point of onset of condensation in the combustor which can be an important 

information regarding the understanding of the mechanisms of alkali capture. 

Parametric Study 

As discussed previously, using the furnace model simulations, parametric studies 

can be very important in making the decision on what are the desired characteristics of 

an additive for a given combustion condition. This includes the quantity of the additive 

required for the depletion of an initial alkali concentration in the gas phase and the size 

of particles which gives the best overall alkali removal efficiency under given combustion 

conditions. There are several parameters that will be discussed shortly for their effect 

on the overall alkali capture efficiency along the combustion furnace. The decrease of 

alkali concentration in the gas phase during combustion is the main aim of this study 

since it is the cause of various problems associated with fouling and surface corrosion. 

-------------------------
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Therefore, determining how the change in parameters affects this alkali removal 

efficiency is important especially in cases where the design of combustion furnaces with 

additive injection is desired. 

The parameters that will be discussed here are: 

• size of the additive particles, 

• the rate of additive injection into the furnace, 

• the initial alkali concentration in the gas phase, and 

• the initial porosity of the additive particles encompassing two cases: 

• fixed mass of the rate of sorbent injected into the furnace, and 

• fixed volume of the sorbent injected, that is the particle density (number 

of particles/cm3 gas) of the sorbent injected is fixed. 

The overall alkali removal efficiency is defined here as the difference between the 

initial alkali concentration in the gas phase and the final concentration (at 5 meter long 

furnace) divided by the initial concentration. 

First, the overall alkali removal efficiency change as a function of additive 

particle diameter is illustrated in Figure 6.14. The simulation conditions of Table D.3 

were chosen here to be fixed and the particle diameter was changed in each case. 

Remember that for these combustion conditions both reaction and condensation played 

a role in capturing alkali. It is obvious that, from Figure 6.14, under these combustion 

conditions, there is a certain particle diameter (approximately 20 microns) where the 

removal efficiency approaches 100% and continues to be as high for particles of smaller 

diameters. On the other hand, kaolinite particles with larger diameters have lower alkali 
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removal efficiency and gradually decreases to approximately 30% at 200 micron diameter 

particles. Such graphs can help choose the most effective size of a given additive and 

for particular combustion conditions. Thus, using the furnace model to optimize the size 

of additive particles saves a lot of experimental time to obtain such information and 

optimizes the design for better removal efficiencies. All what is needed is basically the 

knowledge of the experimental conditions available for a given application and the type 

of sorbent additive required as well as its kinetic parameters. 

The second important parameter that needs to be investigated is the flow rate of 

the sorbent particles injected into the furnace. It is desirable to know how much quantity 

of sorbent is needed per unit of time to provide the best results of alkali removal 

efficiency under certain combustion conditions. This information is illustrated in Figure 

6.15 which corresponds to the same combustion conditions of Table D.3, except with 

varying the sorbent flow rate. The alkali removal under these conditions was also by 

both reaction and condensation. 

It appears from Figure 6.15 that as the sorbent flow rate increases, the alkali 

removal efficiency also increases for the three different particle diameters chosen. 

However, to achieve the same removal efficiency for various particle sizes, the sorbent 

flow rate has to increase as the particle size of the sorbent increases. For example, to 

achieve 100% alkali removal efficiency for a 10 micron diameter kaolinite particle, 

approximately 1 g/min of sorbent has to be injected. However, to achieve the same 

efficiency with 50 micron particles, approximately 6 g/min of the sorbent is required. 

Both Figures 6.14 and 6.15 indicate that smaller sorbent particle sizes are desired for two 
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Figure 6.15: The effect of kaolinite flow rate on the overall alkali removal efficiency 
in a downflow combustor. 
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reasons. First, the alkali removal efficiency is higher for smaller particles; and second, 

the amount of additive required to be iqjected is also lower. 

The initial alkali concentration in the gas phase is another important parameter. 

The reason is that if the additive particles were to be injected in the gas phase during 

coal combustion, the alkali released from coal varies with the coal type, and therefore, 

the effect of the initial alkali concentration on the alkali removal efficiency is of a 

practical significance. Figure 6.16 represents the change of the overall alkali removal 

efficiency as a function of initial concentration of alkali in the gas phase for two different 

kaolinite particle diameters. The simulation conditions for this plot are shown in Table 

D.3, except for the initial alkali concentration which varies according to Figure 6.16. 

It can be seen that the alkali removal efficiency increases with increasing initial alkali 

concentration especially toward the low alkali concentrations and then levels out after a 

concentration of approximately 30 ppbv. 

The reason behind the behavior of the concentrcltion curves of Figure 6.16 is that 

at the lower alkali concentrations adsorption of alkali is due to reaction only, and the rate 

of reaction is dependent on the alkali concentration which increases as the initial alkali 

concentration increases. At higher alkali concentrations, however, condensation and 

reaction together capture alkali from the gas phase. In this case, surface condensation 

is the dominant effect and the rate of condensation has a first power dependence on the 

alkali concentration in the gas phase. For this reason, the initial alkali concentration 

remains proportional to the final alkali concentration (at the end of the furnace), making 

the overall alkali removal efficiency profile remains constant a short period after 
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Figure 6.16: The effect of initial alkali concentration on the overall alkali removal 
efficiency by kaolinite in a downflow combustor. 
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condensation starts. It is clear from Figure 6.16 that the particle diameter dramatically 

affects the removal efficiency, making it higher for smaller particles. However, the 

general shape of the curves did not change in this figure as the alkali concentration 

increased for the two particle diameters. 

The last case in this parametric study is to determine how the change in the 

physical characteristics of a particular additive affects the overall alkali removal 

efficiency in the combustion furnace at a particular combustion conditions. The most 

important parameter in this case is the initial porosity of the sorbent (Bo), since it 

determines the surface area within the solid particle available for reaction. There are two 

cases, however, associated with changing Bo. One is that Bo can be changed while 

keeping the mass input rate of the additive particles constant (in this case the particle 

density, Pr or the number of particles per unit volume, would be increasing with 

increasing Bo). The other case is keeping the particle density input to the furnace 

constant (which means as Bo goes up the mass of the particles decreases). Remember that 

these changes are happening in each case because when Bo changes the bulk density of 

additive particles, PD, must change also, causing the mass or the particle density, Pr, to 

change depending on which one is fixed. 

Figure 6.17 illustrates how the overall alkali removal efficiency changes with 

changing initial porosity for the first case of keeping the mass rate of additives into the 

furnace constant. This simulation is performed for the combustion conditions of run 

R.8B for two cases: initial alkali concentrations 535 and 5355 ppmv. The fixed 

parameters and conditions of this simulation are illustrated in Table 0.5, and the variable 
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Figure 6.17: The effect of kaolinite initial porosity on the overall alkali removal 
efficiency in a down flow combustor. Fixed mass case. 
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parameters were eo and PO' The bottom graph in Figure 6.17 for CA = 535 ppmv 

represents a situation where the capture of alkali is due to reaction only (no 

condensation). In this case, it can be seen that initially the removal efficiency increases 

sharply as the porosity increases from zero to approximately 0.1, and then 80 levels out 

to approximately 35%. Thus, an optimum value for eo= 0.1 gives the best removal 

efficiency in this case. Note that choosing much higher values than 0.1 for eo does not 

help much since the volume of the particles going inside the furnace also increases and, 

therefore, the plot for eo does not go to 1 since physically it is not a reasonable situation. 

The upper curve in Figure 6.17 is for C A = 5355 ppmv (the initial alkali 

concentration in the gas phase). This situation corresponds to alkali capture by reaction 

and condensation where condensation is the dominant mechanism. Note here that the 

change in eo does not effect th.e removal efficiency considerably, along the entire range 

of eo. 

Figure 6.18 illustrates the change of the overall alkali removal efficiency as eo 

changes for the second case of keeping the particle density of the additive particles 

injected into the furnace constant. The combustion simulation conditions of Figure 6.18 

are the same as the ones in Figure 6.17. It is obvious from the bottom curve of Figure 

6.18, which corresponds to alkali adsorption by reaction only, that the efficiency 

increases sharply as the porosity increases from zero and reaches an optimum of 80= 

0.1, giving the best efficiency, and then decreases gradually to zero as eo approaches 1. 

This is physically realistic since as eo increases, the mass of the particles going inside the 

furnace decreases to the limit of zero at £0= 1. This makes the mass of the additive 
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Figure 6.18: The effect of kaolinite initial porosity on the overall alkali removal 
efficiency in a down flow combustor. Fixed volume case. 
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particles available for reaction smaller and less efficient as eo increases towards unity. 

As in Figure 6.17, the upper plot of Figure 6.18 is for a case when condensation 

dominates the capture of alkali, making the removal efficiency almost independent of the 

initial porosity. 

From the last two figures (Figures 6.17 and 6.18) it can be concluded that if 

kaolinite has an initial porosity of 0.1 to 0.2, it can give a slightly higher adsorption 

capacity for alkali, especially if the dominant mechanism of alkali adsorption is by 

reaction. Kaolinite has an initial porosity of 0.58 which still gives a reasonable removal 

efficiency of approximately 40% in the reaction dominated case representative of the 

combustion conditions of Figure 6.11, versus the maximum of 55 % at 0.1 to 0.2 initial 

porosity. 

In conclusion, using this furnace model to simulate combustion conditions is very 

important especially for design purposes. The parametric study information which can 

be obtained as described in this section is vital for optimizing parameters for the most 

effective alkali removal efficiency. Using this type of model saves considerable amount 

of experimental time when used to determine design parameters. 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 

Summary 
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The agglomeration of particles in coal combustors was studied by both 

experiments and theoretical modeling. The experimental part started with the bench scale 

fluidized bed experiments to evaluate various aluminosilicate sorbents and coal ashes for 

their alkali adsorption capacity. The emphasis was on adsorption before the onset of 

adhesion of particles. The objective of the fluidized bed experiments was to provide 

guidelines, in terms of capacity and life time, for the use of aluminosilicate sorbents in 

scavenging alkali vapors from coal combustors and gasifiers. The agglomeration 

tendency of particles was related to the surface properties of these particles through 

surface characterization using scanning Auger microscopy. This approach is unique and 

has fundamental significance because agglomeration occurs due to the joining of the 

surfaces of particles. 

A scale up of the more fundamental fluidized bed experiments was performed in 

a pilot scale down flow combustor to study the interactions of additive particles with alkali 

vapors under typical combustion conditions. This study concentrated on characterizing 

the surface of the additive particles for their alkali adsorption using scanning Auger 

microprobe analysis; as well as identifying the mechanisms of alkali capture by these 

additives, under various combustion conditions. 

The first part of the theoretical study explored the time history of alkali adsorption 
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by additive particles, and developed a criteria for predicting the onset of agglomeration 

for a given sorbent using phase diagram information to provide the eutectic 

concentrations responsible for the onset of adhesion. This helps evaluate the life time 

and capacity of alkali adsorption before the onset of agglomeration without performing 

lengthy experiments. The reaction/adsorption model also provides the profile of the 

alkali distribution inside the particle at any time during the adsorption process. 

The theoretical modeling also simulated the interactions of additive particles with 

alkali vapors in a down flow combustor where the temperature varies along the 

combustor. This model has the capability of detecting alkali capture due to reaction, 

condensation, or both. In addition, the model identifies at what point condensation starts 

along the furnace and predicts the thickness of the condensed alkali layer as a function 

of residence time. The overall alkali removal efficiency was also predicted, and a 

parametric study was performed to identify the optimum conditions for the additive 

particles injection which gives the best overall alkali removal efficiency. These 

parameters included the sorbent injection flow rate into the furnace, the particle size, the 

initial concentration of alkali in the gas phase, and the initial porosity of the sorbent. 

Conclusions 

Following is a list of conclusions that can be drawn from the results of this study: 

• The method proposed here for studying the agglomeration point of particles is 

suitable for: 

1. Characterization of agglomeration propensity. 
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2. Definition of the onset of adhesion. 

3. Measurement of agglomeration temperature for particles. 

4. Providing an estimate of the life time and the capacity of alkali adsorption 

for sorbents prior to particles adhesion. 

• Alkali adsorption during coal combustion and gasification processes enhances the 

agglomeration of particles by two mechanisms: 

1. Formation of compounds and mixtures which have melting points lower 

than those of the original particles. This effect is dominant at low alkali 

loadings and/or with potent adsorbents like kaolinite, bauxite, emathlite, 

and certain coal ashes. 

2. Formation of an alkali layer on the exterior of the particles. This 

becomes the dominant mechanism, as the alkali concentration in the 

adsorbing particles approaches the saturation level. 

• Atomic absorption/emission analyses for the total alkali content adsorbed by the 

particles indicate that the minimum agglomeration temperature decreases as the 

alkali content increases for all sorbents. 

• The scanning Auger microprobe (SAM) analyses for the alkali concentration on 

the surface of particles show that the minimum agglomeration temperature 

decreases as the alkali surface concentration increases for all sorbents. 

• SAM depth profiling results indicate that most of the alkali adsorbed is 

concentrated in a product layer on the surface of the particle. After some 

sputtering time, the alkali adsorbed is removed from ash and emathlite particles 
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indicating that, at the onset of agglomeration, the alkali product layer. was not 

very deep inside the particles. However, for bauxite and kaolinite, the alkali 

adsorbed cannot be sputtered away in short periods due to the product layer 

deeper penetration into the particle at the onset of agglomeration. In general, the 

depth of this product layer depends primarily on the type of adsorbent particles 

as well as on the time of exposure to alkali vapors prior to the agglomeration 

point. 

• Pilot scale combustion experiments indicate three mechanisms for the alkali 

capture by additives injected in-situ during coal combustion and gasification. 

These are alkali adsorption by reaction, alkali condensation on additive particles, 

and alkali nucleation and coagulation with additive particles. These mechanisms 

may occur independ~ntly or simultaneously depending on the initial alkali 

concentration in the gas phase of the combustion environment, on the temperature 

profile along the combustor, and on the injection flow rate of sorbet panicles into 

the combustor. 

• Modeling the time history of alkali adsorption on aluminosilicate particles and the 

resulting agglomeration indicates that the adsorption process is influenced by 

alkali diffusion into the surface product layer of particles. Moreover, the model 

predictions for the alkali adsorbed as a function of exposure time agree very well 

with the experimental results providing an assurance that the model represents 

closely the physical behavior of this process. The distribution of the alkali 

adsorbed inside the sorbent particles, predicted by the model, also agrees with the 
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SAM depth profiling analysis. 

• The model predictions for the mechanisms of the alkali capture by additive 

particles in the down flow combustor agree well with the mechanisms identified 

experimentally. In addition, the furnace model predicts the point at which alkali 

condensation starts in the furnace for a given combustion conditions. Most 

importantly, the model simulations show that the additive particles, like kaolinite, 

can be very effictive in adsorbing most of the alkali compounds (metals in 

general) by reacting with the alkali vapors and converting them into more stable 

chemical forms, leaving less alkali vapors to condence on the furnace walls. This 

can be achieved if the appropriate additive particle size and rate of injection into 

the furnace are used. The parametric study performed using this model suggests 

that the overall alkali removal efficiency increases with: 

1. A decrease in the sorbent particle size. 

2. An increase in the sorbent injection flow rate into the combustion furnace. 

3. An increase in the initial alkali concentration in the gas for a range of 

concentrations. The efficiency levels off as condensation starts due to the 

change in the rate expression for the alkali capture. 

4. An increase in the initial porosity of the sorbet particles for the case 

where the mass of the particles injected is constant. However, when the 

volume of the injected particles is kept constant, the overall alkali removal 

efficiency increases initially until an optimum efficiency is reached, and 

then decreases gradually to zero as the porosity approaches one. 
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Table A.l 
Potassium content as measured by atomic absorption/emission analysis for particles 

collected at the onset of agglomeration experiments. System: KCI-N2/bauxite. 

Agglomeration 950 950 1000 1000 1000 1050 1100 1450 
temperature eC) 

Potassium 20.7 18.3 19.1 16.9 16.6 12.6 8.1 0.0 
content (wt. %) 

Experimental 6:45 4:00 2:35 1:15 1:10 1:35 0:32 0.00 
time (hr:min) 

Table A.2 
Potassium content as measured by atomic absorption/emission analysis for particles 
collected at the onset of agglomeration experiments. System: KCI-N2/kaolinite. 

Agglomeration 950 1000 1000 1050 1400 
temperature eC) 

Potassium 24.0 20.6 16.4 12.8 0.0 
content (wt. %) 

Experimental 4:35 1:45 0:35 2:15 0:00 
time (hr:min) 
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Table A.3 
Potassium content as measured by atomic absorption/emission analysis for particles 
collected at the onset of agglomeration experiments. System: KCI-Nz/emathlite. 

Agglomeration 850 900 940 950 1000 1000 1100 
temperature eC) 

Potassium 17.0 12.5 9.5 9.7 8.5 6.8 1.0 
content (wt. %) 

Experimental 13:40 4:10 1:45 2:00 0:45 0:33 0:00 
time (hr:min) 

Table A.4 
Potassium content as measured by atomic absorption/emission analysis for particles 
collected at the onset of agglomeration experiments. System: KCI-SFG/emathlite. 

Agglomeration 850 850 900 950 1000 1100 
temperature eC) 

Potassium 8.2 7.9 6.6 5.3 5.6 0.8 
content (wt. %) 

Experimental 9:15 8:40 2:40 0:50 0:25 0:00 
time (hr:min) 

Table A.5 
Potassium content as measured by atomic absorption/emission analysis for particles 

collected at the onset of agglomeration experiments. System: KCI-Nz/lime. 

Agglomeration 850 875 875 900 950 1450 
temperature eC) 

Potassium 3.6 2.3 1.9 1.2 0.5 0.0 
content (wt. %) 

Experimental 3:00 1:30 1:00 0:40 0:30 0:00 
time (hr:min) 
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Table A.6 
Potassium content as measured by atomic absorption/emission analysis for particles 

collected at the onset of agglomeration experiments. 
System: KCI-N2/Utah bituminus coal-ash. 

Agglomeration 750 765 800 800 875 950 
temperature eC) 

Potassium 1.0 0.9 0.8 0.7 0.5 0.4 
content (wt. %) 

Experimental 1:00 1:30 0:10 0:12 0:05 0:00 
time (hr:min) 

Table A.7 
Potassium content as measured by atomic absorption/emission analysis for particles 

collected at the onset of agglomeration experiments. 
System: KCI-N2/Beulah lignite coal-ash. 

Agglomeration 770 800 850 900 900 950 1100 
temperature eC) 

Potassium 8.4 7.8 7.5 6.5 5.0 3.1 1.0 
content (wt. %) 

Experimental 4:00 2:00 0:50 0:25 0:05 0:00 
time (hr:min) 
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Table B.1 
Surface concentration of particles measured by SAM analysis. 

System: KCl-N2/bauxi te. Temperature: 950°C. 

-------------------------------------------------------------
Peak to peak counts divided by 1000 I 

ELEMENT ----------------------------------------1 
1 2 3 4 5 6 7 8 I ---------- ----------------------------------------1 

Si(LMM) 206 385 304 77 202 

Cl 63 61 186 54 107 65 118 288 

K 148 137 232 131 163 147 172 319 

C 73 123 122 142 148 155 105 164 

Ca 

0 632 572 671 606 491 672 418 439 

Fe(LMM) 38 27 59 14 27 26 28 

Mg 

Al (KLL) 75 66 83 64 68 77 51 54 

si (KLL) 37 33 22 34 40 35 26 29 

-------------------------------------------------------------
RATIOS ATOMIC RATIOS I AVERAGE 
-------------------------------------------------------------
K/Si(KLL) 4.00 4.15 10.6 3.85 4.07 4.20 6.62 11.0 5.64 

K/Al(KLL) 1.97 2.08 2.80 2.05 2.40 1.91 3.37 5.91 2.67 

K/ (Al+Si) 1.32 1. 38 2.21 1. 34 1.51 1.31 2.23 3.84 1. 79 

K/ (a) 0.15 0.16 0.19 0.15 0.19 0.15 0.22 0.28 0.18 

K/ (b) 

(a)= (Al+Si+O+K+Cl) (b)= (Si+Ca+O+K+Cl) 
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Table B.2 
Surface concentration of particles measured by SAM analysis., 

System: KCl-N2/bauxite. Temperature: 1000 °C. 

-------------------------------------------------------------
Peak to peak counts divided by 1000 1 

ELEMENT ----------------------------------------1 
1 2 3 4 5 6 7 8 1 

---------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Mg 

Al(KLL) 

si(KLL) 

560 854 200 346 689 717 781 619 

194 71 270 146 106 38 103 58 

310 263 384 79 275 188 193 154 

186 177 205 169 156 147 203 169 

85 17 30 37 37 

598 895 515 800 687 870 686 743 

27 68 

55 96 47 76 56 89 52 59 

53 73 35 40 38 51 50 49 

-------------------------------------------------------------
RATIOS ATOMIC RATIOS 1 AVERAGE 
-------------------------------------------------------------
K/si(KLL) 5.85 3.60 11. 0 1.97 7.24 3.69 3.86 3.14 5.04 

K/Al (KLL) 5.64 2.74 8.17 1.04 4.91 2.11 3.71 2.61 3.87 

K/ (Al+Si) 2.87 1.56 4.68 0.68 2.93 1.34 1.89 1.43 2.17 

K/(a) 0.26 0.19 0.31 0.07 0.24 0.15 0.19 0.15 0.19 

K/(b) 

(a)= (Al+si+o+K+Cl) (b)= (Si+Ca+O+K+Cl) 
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Table B.3 
Surface concentration of particles measured by SAM analysis. 

System: KCl-N2/bauxite. Temperature: 1050 DC. 

-------------------------------------------------------------
Peak to peak counts divided by 1000 1 

ELEMENT ----------------------------------------1 
1 2 3 4 5 6 7 8 1 

---------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Mg 

Al (KLL) 

si (KLL) 

RATIOS 

597 589 967 596 735 141 917 

32 31 19 147 39 20 42 

126 186 189 288 191 127 203 

245 207 121 218 182 277 97 

252 631 871 772 796 461 777 

47 53 55 87 79 42 52 

39 43 57 68 71 19 57 

ATOMIC RATIOS 1 AVERAGE 
-------------------------------------------------------------
K/Si(KLL) 3.23 4.33 3.32 4.24 2.69 6.68 3.56 4.00 

K/Al(KLL) 2.68 3.51 3.44 3.31 2.42 3.02 3.90 3.18 

K/(Al+si) 1.47 1.94 1. 69 1.86 1.27 2.08 1.86 1. 74 

K/(a) 0.14 0.20 0.16 0.21 0.16 0.19 0.19 0.18 

K/ (b) 

(a)= (Al+Si+O+K+Cl) (b)= (Si+Ca+O+K+Cl) 

-- ----_. --_ ... 
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Table B.4 
Surface concentration of particles measured by SAM analysis. 

system: KCl-N2/bauxite. Temperature: 1100 °C. 

Peak to peak counts divided by 1000 1 
ELEMENT ----------------------------------------1 

1 2 345 6 7 8 1 
---------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Mg 

Al(KLL) 

si (KLL) 

RATIOS 

179 622 694 777 827 458 55 

17 56 125 107 21 28 6 

37 131 203 168 91 77 51 

174 415 367 157 252 466 133 

281 824 767 727 727 801 71 

21 50 65 59 54 78 38 

27 70 69 66 64 58 34 

ATOMIC RATIOS 1 AVERAGE 
-------------------------------------------------------------
K/Si(KLL) 1. 37 1.87 2.94 2.54 1.42 1.32 1.50 1.85 

K/Al(KLL) 1.80 2.60 3.10 2.80 1. 70 1. 00 1.40 2.10 

K/(Al+Si) 0.77 1.09 1.51 1.34 0.77 0.57 0.70 0.96 

K/(a) 0.10 0.12 0.17 0.15 0.10 0.07 0.25 0.14 

K/ (b) 

(a)= (Al+Si+o+K+Cl) (b)= (Si+Ca+O+K+Cl) 
-------------------------------------------------------------
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Table B.5 
Surface concentration of particles measured by SAM analysis. 

System: KCl-N2/kaolinite. Temperature: 950°C. 

Peak to peak counts divided by 1000 I 
ELEMENT ----------------------------------------1 

1 2 3 4 5 6 7 8 I 
--------- ----------------------------------------1 
Si(LMM) 4.51 3.43 3.20 2.59 1316 648 476 709 

Cl 0.21 1.33 0.64 0.21 80 204 182 58 

K 1.32 2.03 1.65 1.36 450 484 305 293 

C 1.14 0.86 1.32 0.81 274 177 173 261 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al(KLL) 

Si(KLL) 

0.61 0.23 137 130 71 

4.03 3.32 3.69 2.69 611 723 730 927 

0.34 0.38 0.40 0.31 93 60 53 74 

0.23 0.24 0.35 0.38 102 47 48 86 

------------------------------------------------------------
RATIOS ATOMIC RATIOS I AVERAGE 
------------------------------------------------------------
K/si(KLL) 5.81 8.53 4.77 3.62 4.40 10.4 6.30 3.40 5.90 

K/Al(KLL) 3.88 5.30 4.14 4.45 4.84 8.07 5.74 3.94 5.04 

K/ (Al+si) 2.32 3.27 2.22 2.00 2.31 4.54 3.00 1.82 2.68 

K/ (a) 0.22 0.29 0.26 0.29 0.36 0.33 0.24 0.21 0.28 

K/ (b) 

(a)= (Al+Si+O+K+Cl) (b)= (Si+Ca+O+K+Cl) 
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Table B.6 
Surface concentration of particles measured by SAM analysis. 

System: KCl-N2/kaolinite. Temperature: 1000 °C. 

Peak to peak counts divided by 1000 1 

ELEMENT ----------------------------------------1 
1 2 345 6 7 8 1 

--------- ----------------------------------------1 
Si(LMM) 4.18 4.25 3.94 321 1178 888 1182 399 

Cl 0.20 0.17 0.12 47 20 32 85 45 

K 1.58 0.98 1.12 182 379 306 316 285 

C 0.49 0.72 0.47 238 171 179 305 128 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al (KLL) 

Si(KLL) 

21 30 53 42 

3.64 3.13 3.47 688 1057 778 996 756 

0.26 0.36 0.29 51 84 63 106 56 

0.46 0.46 0.42 68 102 70 77 56 

------------------------------------------------------------
RATIOS ATOMIC RATIOS 1 AVERAGE 
------------------------------------------------------------
K/Si (KLL) 3.47 2.15 2.69 2.69 3.71 4.39 4.09 5.06 3.53 

K/Al(KLL) 5.97 2.73 3.87 3.60 4.50 4.82 3.00 5.10 4.20 

K/ (Al+Si) 2.20 1.20 1.59 1.54 2.04 2.30 1.73 2.54 1.89 

K/(a) 0.26 0.21 0.22 0.18 0.24 0.26 0.21 0.25 0.23 

K/ (b) 

------------------------------------------------------------
(a)= (Al+si+O+K+Cl) (b)= (Si+Ca+O+K+Cl) 
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Table B.7 
Surface concentration of particles measured by SAM analysis. 

System: KCl-N2/kaolinite. Temperature: 1050 °C. 

Peak to peak counts divided by 1000 1 

ELEMENT ----------------------------------------1 
1 2 3 4 5 6 7 8 1 

--------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al(KLL) 

si(KLL) 

RATIOS 

3.06 5.33 5.70 5.09 404 467 485 905 

0.50 0.30 0.27 0.19 74 42 56 39 

0.99 1.35 1.22 1.05 196 196 205 215 

1.25 0.86 0.59 0.69 278 216 219 98 

3.22 4.02 4.37 3.11 632 687 662 806 

0.41 0.30 0.37 0.28 56 51 71 52 

0.34 0.43 0.42 0.39 67 75 58 65 

ATOMIC RATIOS 1 AVERAGE 
------------------------------------------------------------
K/Si(KLL) 2.95 3.18 2.93 2.72 2.92 2.60 3.52 3.32 3.02 

K/Al(KLL) 2.45 4.51 3.29 3.73 3.50 3.85 2.88 4.14 3.54 

K/ (Al+si) 1. 34 1.86 1.55 1.57 1.59 1.55 1.59 1. 84 1.61 

K/ (a) 0.18 0.22 0.19 0.22 0.20 0.20 0.21 0.19 0.20 

K/ (b) -
(a)= (Al+si+o+K+Cl) (b)= (Si+Ca+O+K+Cl) 
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Table B.8 
Surface concentration of particles measured by SAM analysis. 

System: KC1-N2/emathlite. Temperature: 850°C. 

------------------------------------------------------------
Peak to peak counts divided by 1000 1 

ELEMENT ----------------------------------------1 
1 2 3 4 5 6 7 8 1 

--------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al(KLL) 

Si(KLL) 

640 541 376 619 478 863 561 429 

112 86 145 64 83 66 73 139 

115 93 124 79 114 93 84 81 

258 278 263 145 219 202 260 265 

257 202 319 207 227 290 227 291 

726 735 740 701 764 717 804 749 

25 25 24 24 24 26 25 

72 81 85 76 85 96 94 51 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/si(KLL) 1.61 1.14 1.45 1.03 1.35 0.97 0.90 1.58 1.25 

K/Al(KLL) 

K/(Al+si) 

K/(a) 

K/ (b) 0.09 0.08 0.09 0.07 0.09 0.07 0.07 0.06 0.08 

(a)= (Al+si+o+K+Cl) (b)= (Si+Ca+O+K+Cl) 
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Table B.9 
Surface concentration of particles measured by SAM analysis. 

system: KCl-N2/emathlite. Temperature: 900°C. 

Peak to peak counts divided by 1000 1 

ELEMENT ----------------------------------------1 
1 2 3 4 567 8 1 

--------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al (KLL) 

Si(KLL) 

1304 1373 469 893 938 729 812 446 

96 146 151 53 78 184 126 53 

178 133 109 88 102 180 152 77 

103 254 185 175 177 182 170 448 

145 262 226 179 177 185 129 110 

791 1105 638 737 759 705 539 600 

33 25 

16 26 19 13 15 20 

18 

106 125 69 68 85 77 55 68 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/Si(KLL) 1.68 1.06 1.59 1.30 1.20 2.34 2.75 1.13 1.63 

K/Al(KLL) 

K/(Al+si) 

K/(a) 

4.31 

0.89 

K/ (b) 0.14 0.08 0.09 0.08 0.08 0.14 0.15 0.08 

(a)= (Al+Si+O+K+Cl) (b)= (Si+Ca+O+K+Cl) 

4.31 

0.89 

0.10 
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Table B.10 
Surface concentration of particles measured by SAM analysis. 

System: KCI-N2/emathlite. Temperature: 940°C. 

Peak to peak counts divided by 1000 1 

ELEMENT ----------------------------------------1 
1 2 345 6 7 8 1 

--------- ----------------------------------------1 
si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al (KLL) 

Si(KLL) 

125 235 270 376 1147 838 991 148 

166 107 96 114 90 147 172 160 

92 88 94 102 111 122 101 103 

316 465 28 502 319 164 158 560 

65 79 44 92 153 169 202 52 

359 440 298 495 901 769 754 385 

20 17 16 17 

17 31 18 

42 71 48 71 105 100 83 54 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/Si(KLL) 2.17 1.23 1.94 1.44 1.06 1.21 1.21 1.90 1.52 

K/Al(KLL) 5.39 2.82 

K/(Al+si) 1.55 0.86 

K/(a) 

6.71 

1.03 

K/(b) 0.13 0.11 0.16 0.12 0.08 0.09 0.08 0.14 

(a)= (Al+Si+O+K+Cl) (b)= (Si+Ca+O+K+Cl) 

4.97 

1.14 

0.11 
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Table B.ll 
Surface concentration of particles measured by SAM analysis. 

System: KCl-N2/emathlite. Temperature: 950°C. 

------------------------------------------------------------
Peak to peak counts divided by 1000 1 

ELEMENT ----------------------------------------1 
1 2 3 4 567 8 1 

--------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al (KLL) 

Si(KLL) 

492 109 165 143 391 1159 

78 198 165 151 156 179 

91 122 122 71 137 196 

475 596 621 500 881 337 

119 229 132 232 136 249 

710 602 517 590 721 1109 

26 21 

104 86 71 56 109 130 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/si(KLL) 0.88 1.41 1.71 1.26 1.26 1.51 

K/Al(KLL) 

K/ (Al+si) 

K/ (a) . 

K/ (b) 0.08 0.10 0.12 0.06 0.11 0.11 

(a)= (Al+Si+O+K+Cl) (b)= (Si+Ca+O+K+Cl) 

1.34 

0.10 



252 

Table B.12 
Surface concentration of particles measured by SAM analysis. 

System: KCl-N2/emathlite. Temperature: 1000 ac. 

------------------------------------------------------------
Peak to peak counts divided by 1000 1 

ELEMENT ----------------------------------------1 
12345 6 7 8 1 

--------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al(KLL) 

Si(KLL) 

348 419 533 334 349 528 202 62 

411 205 257 165 289 64 139 74 

133 94 93 74 100 137 62 63 

838 576 500 626 321 143 927 210 

260 143 168 98 327 143 52 42 

944 665 351 591 720 580 588 454 

35 

29 

121 123 90 89 72 66 89 66 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/Si(KLL) 1.10 0.76 1.04 0.83 1.39 2.08 0.69 0.95 1.10 

3.22 

0.62 

K/Al(KLL) 

K/(Al+si) 

K/(a) 

K/(b) 0.07 0.08 0.10 0.07 0.07 0.14 0.07 0.09 

(a)= (Al+Si+O+K+Cl) (b)= (Si+ca+O+K+Cl) 

3.22 

0.62 

0.08 
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Table B.13 
Surface concentration of particles measured by SAM analysis. 

System: KCl-SFG/emathlite. Temperature: 850 °C. 

------------------------------------------------------------
PARTICLES (*) 1 

ELEMENT ----------------------------------------1 
1 2 3 4 5 6 7 8 1 

--------- ----------------------------------------1 
Si(LMM) 0 0 0 0 0 0 0 0 

Cl 0 0 0 0 0 0 0 0 

K 50 58 69 37 87 100 160 90 

C 159 43 116 129 125 207 219 51 

Ca 0 11 0 0 0 0 30 0 

0 208 250 311 209 410 439 720 372 

Fe(LMM) 0 0 0 0 0 0 0 0 

Na 0 0 0 0 0 0 0 0 

Mg 0 0 0 0 0 0 0 11 

Al(KLL) 0 0 0 0 10 0 23 19 

Si(KLL) 29 47 46 40 59 48 72 66 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/si{KLL) 1.75 1.23 1.49 0.93 1.48 2.08 2.23 1.37 1.57 

K/Al(KLL) 

K/ (Al+Si) 

K/(a) 

K/ (b) 

9.11 6.81 4.70 

1.27 1.68 1.06 

0.17 0.16 0.16 0.13 0.15 0.17 0.16 0.16 

(a)= (Al+Si+O+K+Cl) (b)= (Si+Al+Ca+O+K+Cl) 
(*)= Entries are peak to peak counts divided by 1000 • 

6.87 

1.34 

0.16 
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Table B.14 
Surface concentration of particles measured by SAM analysis. 

System: KCl-SFG/emathlite. Temperature: 900 aC. 

------------------------------------------------------------
ELEMENT 

PARTICLES (*) 1 
----------------------------------------1 

1 2 3 4 5 6 7 8 1 
--------- ----------------------------------------1 
Si(LMM) 0 0 0 0 0 0 0 0 

Cl 0 0 0 0 0 0 0 0 

K 118 154 204 209 193 167 352 266 

C 74 105 177 157 114 215 863 198 

Ca 0 42 95 36 20 55 0 0 

0 462 693 797 812 815 705 3945 2418 

Fe(LMM) 0 0 0 0 0 0 0 0 

Na 0 0 0 0 0 0 0 0 

Mg 0 0 0 0 0 0 0 0 

Al(KLL) 11 0 17 17 18 24 0 0 

si (KLL) 45 82 85 93 90 54 1608 1083 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/Si (KLL) 2.61 1.88 2.39 2.25 2.15 3.07 2.39 

K/Al(KLL) 11. 2 11. 9 12.4 10.9 7.08 10.72 

K/ (Al+si) 2.12 1.99 1.91 1.80 2.14 1.99 

K/ (a) 

K/ (b) 0.19 0.16 0.17 0.18 0.17 0.17 0.17 

(a)= (Al+Si+O+K+Cl) (b)= (Si+Al+ca+O+K+Cl) 
(*)= Entries are peak to peak counts divided by 1000 • 
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Table B.15 
Surface concentration of particles measured by SAM analysis. 

System: KCl-SFG/emathlite. Temperature: 950°C. 

------------------------------------------------------------
PARTICLES (*) 1 

ELEMENT ----------------------------------------1 
12 3 4 5 6 7 81 

--------- ----------------------------------------1 
si (LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al(KLL) 

si (KLL) 

o 0 000 0 0 0 

o 0 13 0 0 0 0 0 

182 214 214 135 137 221 192 165 

176 212 241 218 121 156 124 132 

23 37 0 226 24 28 0 31 

788 910 861 763 698 855 862 684 

00000 0 0 0 

o 0 000 0 0 0 

o 0 000 0 0 0 

18 27 19 22 19 14 19 0 

96 117 109 62 80 96 99 67 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/Si(KLL) 1.89 1.82 1.96 2.19 1.72 2.31 1.93 2.47 2.04 

K/Al(KLL) 10.3 8.05 11.2 6.25 7.38 15.6 10.3 9.86 

K/(Al+Si) 1.59 1.49 1.67 1.62 1.39 2.01 1.63 1.63 

K/ (a) 

K/ (b) 0.16 0.16 0.18 0.11 0.14 0.18 0.16 0.17 

(a)= (Al+Si+O+K+Cl) (b)= (Si+Al+Ca+O+K+Cl) 
(*)= Entries are peak to peak counts divided by 1000 . 

0.16 

-------------------
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Table B.16 
Surface concentration of particles measured by SAM analysis. 

system: KCl-SFG/emathlite. Temperature: 1000 °C. 

PARTICLES (*) 1 

ELEMENT ----------------------------------------1 
1 2 3 4 5 6 7 8 1 

--------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al(KLL) 

Si(KLL) 

00000 0 0 0 

10 0 0 0 5 15 0 0 

110 105 51 33 103 108 61 121 

306 199 165 89 280 359 300 333 

76 72 25 13 143 69 43 71 

678 588 351 200 698 646 428 823 

00000 0 0 0 

00000 0 0 0 

o 0 0 0 10 0 0 0 

27 16 11 0 11 12 22 18 

84 79 43 54 64 81 41 88 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/Si(KLL) 1.32 1.32 1.19 0.61 1.59 1.33 1.47 1.38 1.28 

K/Al{KLL) 4.11 6.56 4.76 

K/{Al+Si) 1.00 1.10 0.95 

9.26 9.09 2.78 6.89 

1.36 1.16 0.96 1.15 

K/{a) 

K/{b) 0.11 0.12 0.11 0.11 0.10 0.12 0.10 0.11 

(a)= (Al+Si+O+K+Cl) (b)= (Si+Al+Ca+O+K+Cl) 
(*)= Entries are peak to peak counts divided by 1000 . 

6.20 

1.10 

0.11 
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Table B.17 
Surface concentration of particles measured by SAM analysis. 

System: KCl-SFGlemathlite. Temperature: 1100 °C. 

------------------------------------------------------------
PARTICLES (*) 1 

ELEMENT ----------------------------------------1 
1 2 345 6 7 8 1 

--------- ----------------------------------------1 
Si (LMM) 0 0 0 0 0 0 

Cl 0 0 0 0 0 0 

K 29.4 30.6 0.5 33.0 0.5 42.1 

C 610 448 4.4 210 4.1 312 

Ca 23.7 53.2 0.5 43.8 0.4 54.4 

0 717 822 10.0 1022 10.8 1111 

Fe(LMM) 0 0 0 0 0 0 

Na 0 0 0 0 0 0 

Mg 0 0 0 0 0 0 

Al(KLL) 21.9 20.8 0.2 27.7 0.2 29.4 

Si(KLL) 105 72.0 1.3 128 1.3 128 

RATIOS ATOMIC RATIOS I AVERAGE 

K/Si(KLL) 0.28 0.43 0.36 0.26 0.40 0.33 0.34 

K/Al (KLL) 1. 35 1.47 2.83 1.19 2.55 1.43 1.80 

K/(Al+si) 0.23 0.33 0.32 0.21 0.34 0.27 0.28 

K/(a) 

KI (b) 0.03 0.03 0.04 0.03 0.04 0.03 0.03 

(a)= (Al+Si+o+K+Cl) (b)= (Si+Al+Ca+O+K+Cl) 
(*)= Entries are peak to peak counts divided by 1000 • 
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Table B.18 
Surface concentration of particles measured by SAM analysis. 

System: KCl-Ndutah bituminous ash. Temperature: 750°C. 

PARTICLES (*) I 
ELEMENT ----------------------------------------1 

1 2 3 4 5 6 7 8 1 

--------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al(KLL) 

si (KLL) 

RATIOS 

o 0 0 0 0 0 0 0 

18 37 16 26 16 87 20 15 

84 78 40 73 21 163 45 42 

227 300 529 332 403 336 181 129 

46 269 197 515 164 436 311 270 

518 817 539 1034 435 892 691 622 

o o o o 0 o o 0 

19 o o o 0 o o 0 

o o o o 0 o o 0 

24 27 o 16 15 26 18 12 

40 58 36 67 29 60 58 50 

ATOMIC RATIOS 1 AVERAGE 
------------------------------------------------------------
K/Si(KLL) 2.11 1.35 1.12 1.08 0.75 2.71 0.77 0.84 1.34 

K/Al(KLL) 3.49 2.90 

K/(Al+Si) 1.31 0.92 

4.59 1.44 6.36 2.48 3.48 

0.87 0.49 1.90 0.59 0.68 

K/ (a) 

K/ (b) 

0.12 0.06 0.05 0.04 0.03 0.10 0.04 0.04 

3.53 

0.97 

0.06 

------------------------------------------------------------
(a)= (Al+Si+Ca+O+K+Cl) (b)= (Si+ca+O+K+Cl) 

(*)= Entries are peak to peak counts divided by 1000 • 
------------------------------------------------------------
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Table B.19 
Surface concentration of particles measured by SAM analysis. 

System: KCl-Nz/utah bituminous ash. Temperature: 765°C. 

------------------------------------------------------------
PARTICLES (*) 1 

ELEMENT ----------------------------------------1 
1 2 3 4 567 8 1 

--------- ----------------------------------------1 
Si(LMM) 0 0 0 0 0 0 0 0 

Cl 54 68 38 75 31 43 45 45 

K 35 55 48 165 31 77 50 52 

C 461 369 265 397 310 480 286 310 

Ca 444 418 263 208 270 185 406 403 

0 769 776 676 768 534 630 743 727 

Fe(LMM) 0 0 0 0 0 0 0 0 

Na 0 0 0 0 0 0 0 0 

Mg 0 0 0 0 0 0 0 0 

Al (KLL) 0 0 15 0 0 40 0 0 

si (KLL) 64 52 51 83 50 66 49 57 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/Si(KLL) 0.55 1.05 0.93 1.98 0.62 1.16 1.03 0.92 1.03 

K/Al(KLL) 3.29 1.95 2.62 

K/(Al+Si) 0.72 0.73 0.73 

K/(a) 0.03 0.04 0.04 0.13 0.03 0.07 0.04 0.04 0.05 

K/ (b) 

(a)= (Al+Si+ca+O+K+Cl) (b)= (Si+Ca+O+K+Cl) 
(*)= Entries are peak to peak counts divided by 1000 . 
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Table B.20 
Surface concentration of particles measured by SAM analysis. 

System: KCl-N2/Utah bituminous ash. Temperature: 800°C. 

------------------------------------------------------------
PARTICLES (*) 1 

ELEMENT ----------------------------------------1 
1 2 345 6 781 

--------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al(KLL) 

Si(KLL) 

o 0 0 000 0 

63 89 124 109 140 164 58 

18 18 20 34 30 42 19 

767 429 360 457 325 213 149 

130 101 118 201 264 255 142 

464 485 440 682 611 609 428 

o 0 000 0 0 

o 0 000 0 0 

o 0 000 0 0 

34 26 18 13 22 17 15 

47 43 35 48 77 63 67 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/Si(KLL) 0.39 0.41 0.57 0.71 0.39 0.67 0.28 

K/Al(KLL) 0.54 0.67 1.09 2.64 1.37 2.42 1.26 

K/(Al+Si) 0.22 0.26 0.38 0.56 0.30 0.53 0.23 

K/(a) 

K/(b) 

0.02 0.02 0.03 0.03 0.03 0.04 0.03 

(a)= (Al+Si+Ca+O+K+Cl) (b)= (Si+Ca+O+K+Cl) 
(*)= Entries are peak to peak counts divided by 1000 • 

0.49 

1.43 

0.35 

0.03 
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Table B.21 
Surface concentration of particles measured by SAM analysis. 

System: KCl-N2/Utah bituminous ash. Temperature: 875 °C. 

PARTICLES (*) 1 

ELEMENT ----------------------------------------1 
1 2 3 4 5 6 7 8 1 

--------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al(KLL) 

si (KLL) 

00000 0 0 0 

14 31 35 66 29 43 58 21 

42 83 64 33 65 33 62 18 

219 199 191 304 219 159 166 489 

133 166 150 71 161 153 177 139 

680 495 560 570 542 498 573 640 

o 0 000 0 0 0 

o 0 0 0 0 24 0 0 

o 0 000 0 0 0 

20 20 35 38 0 28 27 0 

60 52 53 48 26 43 45 72 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/Si(KLL) 0.70 1.58 1.21 0.68 2.55 0.76 1.39 0.25 1.14 

K/Al(KLL) 2.10 4.21 1.81 0.88 

K/(Al+si) 0.52 1.15 0.73 0.38 

1.18 2.29 

0.46 0.87 

K/ (a) 

K/ (b) 

0.04 0.10 0.07 0.04 0.08 0.04 0.07 0.02 

(a)= (Al+Si+Ca+O+K+Cl) (b)= (Si+Ca+O+K+Cl) 
(*)= Entries are peak to peak counts divided by 1000 • 

2.08 

0.68 

0.06 
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Table B.22 
Surface concentration of particles measured by SAM analysis. 

system: KCl-N2/Utah bituminous ash. Temperature: 950 DC. 

------------------------------------------------------------
PARTICLES (*) 1 

ELEMENT ----------------------------------------1 
123 4 5 6 7 8 1 

--------- ----------------------------------------1 
Si(LMM) 

Cl 

K 

C 

Ca 

o 

Fe(LMM) 

Na 

Mg 

Al(KLL) 

si (KLL) 

0000000 

0000000 

5 17 2 38 23 10 5 

298 365 601 210 150 275 157 

28 20 35 43 169 27 15 

476 502 532 562 551 450 667 

o 0 0 0 33 0 0 

0000000 

000 000 0 

o 21 16 32 0 20 17 

56 48 62 47 50 56 97 

RATIOS ATOMIC RATIOS 1 AVERAGE 

K/si(KLL) 0.08 0.36 0.04 0.80 0.45 0.17 0.05 

K/Al(KLL) 

K/ (Al+Si) 

K/(a) 

K/ (b) 

0.82 0.14 1.19 0.49 0.28 

0.25 0.03 0.48 0.13 0.04 

0.01 0.03 0.00 0.05 0.03 0.02 0.01 

(a)= (Al+Si+Ca+O+K+Cl) (b)= (Si+Ca+O+K+Cl) 
(*)= Entries are peak to peak counts divided by 1000 • 

0.28 

0.58 

0.19 

0.02 
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Table B.23 
Surface concentration of particles at various agglomeration 
temperatures measured by SAM analysis. Entries are atomic 

ratios. System: KCl-N2/bauxite. 

========================================================= 

Temperature ( C) 950 1000 1050 1100 1450 

========================================================= 

K/Al(KLL) 

K/Si(KLL) 

K/(Al+Si) 

Kia 

K/b 

Al/Si 

2.67 3.87 3.18 2.10 

5.64 5.05 4.00 1.85 

1.79 2.17 1.74 0.96 

0.18 0.19 0.18 0.14 

2.10 1.38 1.27 0.95 2.10 

========================================================= 

a = (Al+Si+O+K+Cl) 

b = (Si+Ca+O+K+Cl) 

========================================================= 
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Table B.24 
Surface concentration of particles at various agglomeration 
temperatures measured by SAM analysis. Entries are atomic 

ratios. system: KCl-N2/kaolinite. 

========================================================= 

Temperature ( C) 950 1000 1050 1400 

========================================================= 

K/Si(KLL) 

K/Al(KLL) 

K/(Al+si) 

KIa 

K/b 

Al/si 

5.90 3.53 3.02 

5.04 4.20 3.54 

2.68 1.89 1.61 

0.28 0.23 0.20 

1.17 0.84 0.85 0.70 

========================================================= 

a = (Al+Si+O+K+Cl) 

b = (Si+Ca+O+K+Cl) 

========================================================= 
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Table B.25 
Surface concentration of particles at various agglomeration 
temperatures measured by SAM analysis. Entries are atomic 

ratios. System: KCl-N2/emathlite. 

========================================================= 

Temperature ( C) 850 900 940 950 1000 1100 

========================================================= 

K/Si(KLL) 1.25 1.63 1.52 1.34 1.10 

K/Al(KLL) 4.31 4.97 3.22 

K/ (Al+Si) 0.89 1.14 0.62 

K/a 

K/b 0.08 0.10 0.11 0.10 0.08 

Al/Si 0.38 0.31 0.34 

========================================================= 

a = (Al+si+o+K+Cl) 

b = (Si+Al+Ca+O+K+Cl) 

========================================================= 
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Table B.26 
Surface concentration of particles at various agglomeration 
temperatures measured by SAM analysis. Entries are atomic 

ratios. system: KCl-SFG/emathlite. 

========================================================= 

Temperature ( C) 850 900 950 1000 1100 

========================================================= 

K/Si(KLL) 

K/Al(KLL) 

KI (Al+Si) 

KIa 

K/b 

Al/Si 

1.57 2.39 2.04 1.28 0.34 

6.87 10.72 9.86 6.20 1.80 

1.34 1.99 1.63 1.10 0.28 

0.16 0.17 0.16 0.11 0.03 

========================================================= 

a = (Al+Si+o+K+Cl) 

b = (Si+Al+Ca+O+K+Cl) 

========================================================= 
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Table B.27 
Surface concentration of particles at various agglomeration 
temperatures measured by SAM analysis. Entries are atomic 

ratios. system: KCl-N2/Utah bituminous ash. 

========================================================= 

Temperature ( C) 750 765 800 875 950 

========================================================= 

K/Si(KLL) 1.34 1.03 0.49 1.14 0.28 

K/Al(KLL) 3.53 2.62 1.43 2.08 0.58 

K/(Al+Si) 0.97 0.73 0.35 0.68 0.19 

KIa 0.06 0.05 0.03 0.06 0.02 

K/b 

Al/Si 

========================================================= 

a = (Al+si+o+K+Cl) 

b = (Si+Al+Ca+O+K+Cl) 

========================================================= 

\ 
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Table C.1 
Combustion experimental conditions of run R.7C 

I Temperature profile J 
Distance (m) 0.84 1.14 1.75 2.92 3.53 4.14 5.05 

Temperature eC) 1190 1100 975 860 770 690 410 

Additive/sorbent Kaolinite 

Sorbent particle size (diameter) 0-10 microns 

Sorbent flow rate 7.0 (g/min) 

Alkali source Potassium chloride 

Alkali compound flow rate 0.5 (g/min) 

Gas flow rate in combustor 11.4 (SCFM) 

Table C.2 
Combustion experimental conditions of Run R.8B 

I Temperature profile I 
Distance (m) 0.84 4.14 5.05 

Temperature eC) 1400 1000 700 

Additivel sorbent Kaolinite 

Sorbent particle size (diameter) 0-10 microns 

Sorbent flow rate 5.0 (g/min) 

Alkali source Potassium chloride 

Alkali compound flow rate 0.5 (g/min) 

Gas flow rate in combustor 15.4 (SCFM) 
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Table C.3 
Combustion experimental conditions of Run R.SC 

I Temperature profile I 
Distance (m) 0.84 4.14 5.05 

Temperature eC) 1400 1000 700 

Additive/sorbent Kaolinite 

Sorbent particle size (diameter) 0-10 microns 

Sorbent flow rate 7.0 (g/min) 

Alkali source Potassium chloride 

Alkali compound flow rate 0.5 (g/min) 

Gas flow rate in combustor 15.4 (SCFM) 

Table C.4 
Combustion experimental conditions of Run R.4A 

I Temperature profile I 
Distance (m) 0.84 1.75 3.22 4.14 5.05 

Temperature eC) 1290 1120 900 780 540 

Additivel sorbent Kaolinite 

Sorbent particle size (diameter) 0-10 microns 

Sorbent flow rate 3.2 (g/min) 

Alkali source Potassium chloride 

Alkali compound flow rate 1.2 (g/min) 

Gas flow rate in combustor 14.5 (SCFM) 
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Table C.S 
Combustion experimental conditions of Run R.SB 

Temperature profile 

Distance (m) 0.84 1.75 3.22 4.14 5.05 

Temperature eC) 1290 1120 900 780 540 

Additivel sorbent Kaolinite 

Sorbent particle size (diameter) 0-10 microns 

Sorbent flow rate 5.0 (g/min) 

Alkali source Potassium chloride 

Alkali compound flow rate 6.9 (g/min) 

Gas flow rate in combustor 11.1 (SCFM) 
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Table D.1 
Potassium content as measured by atomic absorption/emission analysis for particles 

collected from initial rate experiments. System: KCI-SFG/emathlite. 

Temperature 
eC) 

Potassium 
content (wt. % ) 

Experimental 
time (hr:min) 

Additive/sorbent 

Sorbent particle size (diameter) 

Sorbent flow rate 

Alkali source 

Alkali compound flow rate 

Gas flow rate in combustor 

Additivel sorbent 

Sorbent particle size (diameter) 

Sorbent flow rate 

Alkali source 

Alkali compound flow rate 

Gas flow rate in combustor 

800 850 

1.94 3.38 

0:15 0:15 

Table D.2 
Data for Figure 6.6 

Table D.3 
Data for Figure 6.8 

900 950 

4.46 6.89 

0:15 0:10 

Kaolinite 

10 microns 

3.2 (g/min) 

Sodium chloride 

1.2 (g/min) 

14.5 (SCFM) 

Kaolinite 

10 microns 

5.0 (g/min) 

Sodium chloride 

0.5 (g/min) 

11.4 (SCFM) 
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Table D.4 
Data for Figure 6.10 

Additive/sorbent Kaolinite 

Sorbent particle size (diameter) 10 microns 

Sorbent flow rates 50.0 (g/min) 

Alkali source Sodium chloride 

Alkali compound flow rate 1.2 (g/min) 

Gas flow rate in combustor 14.5 (SCFM) 

Table D.5 
Data for Figure 6.11 

Additive/ sorbent Kaolinite 

Sorbent particle size (diameter) 10 microns 

Sorbent flow rate 5.0 (g/min) 

Alkali source Sodium chloride 

Alkali compound flow rate 0.5 (g/min) 

Gas flow rate in combustor 15.4 (SCFM) 

Table D.6 
Data for Figure 6.13 

Additive/ sorbent Kaolinite 

Sorbent particle size (diameter) 10 microns 

Sorbent flow rate 5, 20, and 30 (g/min) 

Alkali source Sodium chloride 

Alkali compound flow rate 0.5 (g/min) 

Gas flow rate in combustor 15.4 (SCFM) 
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APPENDIX E 

COMPUTER PROGRAMS FOR CHAPTER 6 

---------



Fortran Code for the Numerical Reaction/Adsorption 
Model of a Spherical Particle 

* THIS PROGRAM MODELS THE REACTION OF ALKALI VAPORS 
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* WITH SPHERICAL POROUS PARTICLE. A VARIABLE FINITE DIFFERENCE 
* SCHEME IS USED TO SOLVE THE ALKALI VAPOR CONCENTRATION 
* EQUATION. EACH TIME WE SOLVE FOR THE ALKALI CONCENTRATION 
* THE EQUATION FOR SOLID CONVERSION IS SOLVED TO OBTAIN 
* THE FRACTION OF SOLID CONVERTED AT ANY TIME. PARAMETER 
* VALUES IN THIS PROGRAM ARE FOR KClIEMATHLITE-SFG SYSTEM. 

* DEFINE STORAGE SPACES 
DIMENSION X(2OO) ,H(2oo) ,A 1(200,200) , 

1 A2(2oo,2oo) , 
1 DE(2oo) ,DERR(2oo), U (200) ,B(200), C(2oo) , A(2oo), 
1 G(2oo) ,fl (200) ,F(2oo) ,ET A (200) ,T(2oo, 200), 
1 fpx(2oo),fppx(2oo) ,P(2oo) ,XP(2oo) 

* N=NUMBER OF PARTS THE PARTICLE IS DIVIDED INTO 
N=175 

WRITE(6,*)'THIS PROGRAM SOLVES FOR THE GAS CONCENTRATION 
1 AND SOLID CONVERSION FOR REACTION OF METAL VAPORS WITH 
1 POROUS SPHERICAL PARTICLE. THE FINAL RESULTS ARE GIVEN IN 
1 FOR040.DAT' 

WRITE(40, *)' , 
READ(50,*)TEMP,RAD,CAB,ALPHA,CKM,TT,RRK,Z,TTG 
write(40, *)'EXPERIMENT TEMPERATURE = ',TEMP 
WRITE(40, *)' , 

* INPUT FACTOR BY WHICH EACH SIZE IS REDUCED. 
* R=FACTOR BY WHICH EACH STEP SIZE IS REDUCED 

R=1.oo 

* FIRST STEP= 
H(3) =0.00571428 
H(2)=H(3)/R 

* CAB=BULK GAS CONCENTRATION 



RAD=RADIUS OF PARTICLE(cm.) 
WRITE(40, *)'CAB = GRAM KlCM3 GAS', CAB 
WRITE(40, *)' , 
WRITE(40, *)'RADIUS OF PARTICLE = CM', RAD 
WRITE(40, *)' , 

ALPHA=FRAC MASS GAIN AT SATURATION 
WRITE(40, *)' ALPHA = ' ,ALPHA 
WRITE(40, *)' , 

PORIN = POROSITY 
PORIN =0.468 
WRITE(40, *)'INITIAL POROSITY =' ,PORIN 
WRITE(40, *)' , 

* CKM=GAS PHASE MASS TRANSFER COEFF. 
WRITE(40,*)'KM= CM/SEC',CKM 
WRITE( 40, *)' , 

* FINAL TIME=TF (SEC) 
TF=3600*TT 

* CSF=ULTIMATE CAPACITY 
CSF=ALPHA *4.406 
WRITE(40, *)'CSF= GM/CC' ,CSF 
WRITE( 40, *)' , 

* RRK= RATE CONSTANT 
RK=RRKlCSF 
WRITE(40,*)'RATE CONSTAT. K = lISEC',RRK 
WRITE(40, *)' , 

* Z=VOLUME EXPANSION FACTOR 
S=Z-l 
WRITE(40, *)'Z=' ,Z 
WRITE( 40, *)' , 

* DEO = INITIAL EFFECTIVE DIFFUSIVITY 
WRITE (6, *),DEO CM2/SEC?' 
READ (5,*)D 
WRITE (40 , *)'DEO CM2/SEC = ',D 
WRITE(40, *)' , 
time=O.O 
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* WRITE(6, *)'INTERV AL BETWEEN PRINTING OF SUCCESSIVE 
* SOLUTION, MIN l' 

WRITE(6, *)'SIMULATION IN PROGRESS, PLEASE WAIT' 

* DELTAT=INCREMENT IN TIME 
DELTAT=1.0 

WRITE(40,*) 'TIME (MIN) (GM METAL/GM SAMPLE) RATE SURF 

* 

10 

11 

* 

12 

* 

1 K 
1 SURF K 2' 

WRITE(40, *)' , 

X=FRACTION OF SOLID CONVERTED, INITIALIZE 
DO 10 J=1,N+3 

X(J) =0.0 
CONTINUE 

SMK= ckm*rad 
izz=l 
EVALUATING ALL STEP INCREMENTS 
DO 11 J=4,N+3 

H(J)=R*H(J-l) 
CONTINUE 
EVALUATING Ai's AND A2's FOR FINITE DIFF. REPRESENTATION 

DO 12 J=2,N+2 
HO= 1I(H(J) + H(J + 1» 

Al(J,J-l)=H(J + l)*HO/H(J) 
Al(J ,J) = (1./H(J)-(1./H(J + 1» 
Al(J,J + l)=H(J)*HO/H(J + 1) 
A2(J,J-l) =2. *HO/H(J) 
A2(J,J)=2./(H(J)*H(J + 1» 
A2(J,J + 1) =2. *HO/H(J + 1) 

CONTINUE 

EVALUATE ALL POSITIONS AT WHICH SOLUTION DESIRED 

ETA(2) =0.0 
ETA(3)=H(3) 
ETA(1)=-H(2) 

DO 13 J=4,N+3 



ETA(J)=ETA(J-1)+R*(ETA(J-1)-ETA(J-2» 
13 CONTINUE 

lTR=l 
NCC=N+3 

* DIFF EVALUATES THE EFFECTIVE DIFFUSIVITY 
100 CALL DIFF(NCC,X,ETA,DE,S,D,PORIN) 

* DERDIF EVALUATES THE DERIVATIVE OF DIFFUSIVITY(dD/dr) 
CALL DERDIF(NCC,X,DE,ETA,DERR) 

*********************FINITE DIFF. REPRESENT A TION********** 
DO 14 J =2,N +2 

T(J,J-1)=DE(J)*A2(J,J-1)-DERR(J)*A1(J,J-1) 
T(J ,J) = DERR(J) * Al (J ,J)-DE(J) * A2(J ,J) 
T(J,J + l)=DERR(J)*Al(J,J + 1)+DE(J)*A2(J,J + 1) 

14 CONTINUE 

CALL UMP(NCC,X,ETA,rad, U ,RK, CSF ,PORIN) 

TTO=(T(2,1)*Al(2,2)/Al(2,1»+T(2,2)-U(2) 
TTl = (T(2, 1)* A1(2,3)1 Al(2, 1»+T(2,3) 
sh =smklDE(N + 2) 
TT2=T(N +2,N +3)1 Al(N +2,N +3) 
TT3=TT2*(SH+A1(N+2,N+2» 
TT4=T(N+2,N+1)+TT2*Al(N+2,N+l) 
TT5=T(N+2,N+2)-U(N+2)-TT3 
TT6=-SH*TT2 

B(l)=TTO 
C(I)=TTl 

DO 15 J=3,N+l 
B(J-l) =T(J,J)-U(J) 
C(J-l)=T(J,J+1) 
A(J-l)=T(J,J-l) 

15 CONTINUE 
A(N+l)=TT4 
b(n+l)=TT5 
g(n+l)=TT6 

NMB=N+l 
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************trdiag is a tridiagnol matrix solver************* 
CALL TRDIAG(NMB,A,B,C,F,G) 

DO 16I=N+2,2,-1 
F(I)=F(I-1) 

* write(6, *) eta(i),f(i) 
16 CONTINUE 

do 64 j=3,n+1 
********fpx= 1st deriv of concn fppx=2nd dereiv******* 

fpxG)=-a1(j,j-l)*f(j-1)+al(j,j)*f(j)+a1(j,j + 1)*f(j + 1) 
fppx(j) =a2(j,j-1)*f(j-1)-a2(j,j)*f(j) +a2(j,j + 1)*f(j + 1) 

64 CONTINUE 

*************average concn. over whole particle******** 
XCOUNT=O.O 
count=O.O 
DO 63 J=177,3,-1 

P(J) =F(J) *(eta(j» **2 + F(J-1)*(eta(j-1»**2 
XP(J) =X(J)*(eta(j»**2 + X(J-1) *(eta(j-1» **2 
COUNT = COUNT + P(J)/2 
XCOUNT=XCOUNT+ XP(J)/2 

63 CONTINUE 
AREA = COUNT*H(3) *3 
XAREA =XCOUNT*H(3)*3 

*****************ca1c rate of rxn****************** 
rate = ALPHA *(xarea-psr)/deltat 

psr=xarea 

****************convert to frac. weight change********* 

* 

* 

Sx=ALPHA *xarea 
K CONCENTRATION ON SURFACE 
SURFAC=ALPHA *X(N +2) 
K CONCENTRATION AT AN INNER POINT, 10 POINTS INSIDE 
SURFAC1 = ALPHA *X(N-8) 

***********write soln. ********* 

* 

IF(ABS(TIME/(TTG*60)-ITR).LT.0.OOOOl) THEN 
WRITE(40, *)TIME/60,SX,RATE,(SURFAC/ALPHA),SURFAC1 
WRITE(6, *)TIME,Sx,RA TE 

ITR=ITR+l 
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else 
endif 

**********incrementin time***************************** 
TIME = TIME + DELTAT 
IF(TIME.GE.(TF»THEN 
GO TO 150 
ELSE 
ENDIF 

**************conv calculates the solid conversion************** 
CALL CONV(TIME,CAB,F,U,X,NCC,RK,DELTAT) 

GO TO 100 

150 WRITE (40,*) TIME/60,SX,RATE,(SURFAC/ALPHA),SURFAC1 
write (40, *)' , 
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write (40, *)' ','CONVERSION ACROSS THE PARTICLE AT AGGL.(t)' 
WRITE (40, *)' , 
WRITE (40,*) 'r(non dim) ',' X(r) ',' Conc.(r)' 
DO 163 J=177,3,-10 
WRITE (40,*) ETA(J), X(J), (X(J)*alpha) 

163 CONTINUE 

WRITE (40,*)' , 
WRITE(6, *)'ITS ALL DONE! RESULTS IN FOR040.DAT' 
STOP 
END 

***************************** SUBROUTINES ********************** 

SUBROUTINE DIFF(NCC,X,ETA,DE,S,D,PORIN) 
**********diff evaluates effective diffusivity*************** 

DIMENSION X(200),ETA(200),DE(200),por(200) 

DO 50 J =2,NCC 
IF(ETA(J).LT.0.01) THEN 
DE(J)=D*3 
ELSE 
POR(J) = PORIN-S*(1-PORIN)*(X(J» 
DE(J) =d*«POR(J)/PORIN)**2) 



50 

WRITE(6, *) ETA(J),DE(J) 
END IF 
CONTINUE 

RETURN 
END 

SUBROUTINE DERDIF(NCC,X,DE,ETA,DERR) 
DIMENSION X(200) ,DE(200),ETA(200),DERR(200) 

DO 51 J=2,NCC-1 
IF(ETA(J).LT.O.01) THEN 
DERR(J) =0.0 
ELSE 

DERR(J) =2*DE(J)/ETA(J) 
1 + (DE(J + 1)-DE(J»/(ETA(J + 1)-ETA(J» 

ENDIF 
51 CONTINUE 

19 

20 

* 
195 

* 

RETURN 
END 
SUBROUTINE TRDIAG(NUM,A,B,C,F,G) 

DIMENSION A(200),B(200),C(200),F(200),G(200) 

DO 19 I=2,NUM 
TD=A(I)/B(I-1) 
B(I) = B(I)-C(I-1)*TD 
0(1) = G(I)-G(I-1) *TD 

CONTINUE 
F(NUM) =G(NUM)/B(NUM) 
DO 20 I=1,NUM-1 

J=NUM-i 
F(J) = (G(J)-C(J)*F(J + 1»/B(J) 

CONTINUE 
do 195 i=1,num 
write(70, *)'trdi' ,f(i) 
continue 

write(6, *)f(num) 
RETURN 
END 
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SUBROUTINE UMP(NCC,X,ETA,rad, U ,RK, CSF ,PORIN) 
DIMENSION X(200) , U(200),ETA(200) 

DO 39 J =2,NCC 
U(J)=RK*CSF*(1-X(J»*(RAD**2)*(1-PORIN) 

39 CONTINUE 

RETURN 
END 

SUBROUTINE CONV(TIME,CAB,F,U,X, NCC,RK,DELTAT) 
DIMENSION X(200),F(200) 
DO 40 J =2,NCC 
X(J) =X(J) + f(J) *CAB*(l-X(J»*DELTAT*RK 

40 CONTINUE 
RETURN 
END 
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Fortran Code for the Numerical Modelina= of 
Alkali Sorption by Additiyes in a Downflow Combustor 
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. C*** THIS PROGRAM MODELS THE REACTION OF ALKALI VAPORS WITH 
C*** SPHERICAL POROUS PARTICLES. IT ALSO ACCOUNTS FOR SURFACE 
C*** CONDENSATION IF THE ALKALI VAPOR CONCENTRATION IS OVER 
C**'" SATURATED. THIS PROGRAM CONSIDERS REACTION/CONDENSATION 
C**'" ALONG A TUBULAR COMBUSTION FURNACE, AND IT TAKES IN 
C**'" ACCOUNT THE NONISOTHERMAL CONDmONS ALONG THE FURNACE 
C"'** LENGTH. A VARIABLE FINITE DIFFERENCE SCHEME IS USED TO 
C"'** SOLVE THE ALKALI VAPOR CONCENTRATION EQUATION. EACH TIME 
C"'** THE ALKALI CONCENTRATION IS SOLVED FOR, THE EQUATION FOR 
C"''''* SOLID CONVERSION IS EVALUATED TO OBTAIN THE FRACTION OF 
C"'** SOLID CONVERTED AT ANYTIME. IN ADDITION, THE EQUATION FOR 
C"'** THE CHANGE OF ALKALI GAS CONCENTRATION ALONG THE 
C"'** FURNACE LENGTH, CAB, IS SOLVED TO OBTAIN CAB FOR THE NEXT 
C"''''* STEP. THE TEMPERATURE PROFILE ALONG THE FURNACE LENGTH 
C*"'* IS PROVIDED FROM EXPERIMENTAL CONDITIONS AND EVALUATED 
C"''''* IN A FINITE DIFFERENCE SCHEME. NOTE THAT VALUES FOR 
C*"'* PARAMETERS USED IN THIS PROGRAM BY READING FROM 
C"''''* FOR071.DAT, FOR072.DAT, AND SOME CONSTANTS IN PROGRAM 
C"''''* ITSELF ARE DEPENDENT ON THE ALKALI COMPOUND-SORBENT-GAS 
C"''''* SYSTEM, AND ON THE EXPERIMENTAL CONDITIONS FOR A 
C"'** PARTICULAR RUN. PARAMETER VALUES IN THIS PROGRAM ARE FOR 
c"''''* NaClIKAOLINITE-SFG SYSTEM. 

C*** DEFINE STORAGE SPACES 

DIMENSION X(300),H(300),Al(300,300), 
1 A2(300,300),ZMEAS(20), TMEAS(20) , 
1 DE(300) ,DERR(300), U (300) ,B(300), C(300), A(300) , 
1 G(300),F 1 (300) ,F(300) ,ETA(300) ,T(300,300) , 
1 FPX(300),FPPX(300) ,P(300) ,XP(300) 

NPRINT = 0 

732 NPRINT = NPRINT + 1 

PSR = 0.0 
ZDIST = 0.0 



XMC = 0.0 
DLT = 0.0 

C*** N = NUMBER OF PARTS THE PARTICLE IS DIVIDED INTO 
N = 205 

WRITE(6,*)'THIS PROGRAM SOLVES FOR THE GAS 
1CONCENTRATION AND SOLID 
1CONVERSION FOR REACTION OF METAL VAPORS WITH POROUS 
1SPHERICAL PARTICLE. THE FINAL RESULTS ARE GIVEN IN 
1FOR061.DAT' 
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C*** READ IN VALUES THAT ARE NOT TEMPERATURE DEPENDENT FROM 
C*** FOR071.DAT THESE PARAMETERS ARE DEPENDENT ON THE 
C*** ALKALI/SORBENT SYSTEM. 

IF (NPRINT .EQ.1) 
1 READ (71,*) RAD, ALPHA, CSF, Z, PORIN, ROWB, ROWS, TTG, 
1 TF, DELTAT 

C*** READ IN VALUES THAT ARE DEPENDENT ON EXPERIMENTAL 
C*** CONDITIONS. 

READ (72,*) XQ, TEMP, YSORBFLW, AF, TINIT, SLOPE, FLWMTLC, 
1 XMWMTL, XMWMTLC, ZDISTMAX 

SORBFLW = YSORBFLW/60.0 
FLOWMTLC = FLWMTLC/60.0 

C*** SPECIFY THE ALKALI/SORBENT SYSTEM BEING SIMULATED 
IF (NPRINT.EQ.1) THEN 

WRITE (61, *)' I 

WRITE (61, *) 'SYSTEM SOLVED FOR IN FURN.KLN PROGRAM IS FOR: 
1 NACL/SFG-KAOLINITE.' 

WRITE (61, *)' , 
WRITE (61, *)' , 

ENDIF 

AS=(4.0)*3.1416*(RAD**2.0) 
VS =(4.0/3.0)*3. 1416*(RAD**3.0) 

C*** INPUT FACTOR BY WHICH EACH S!ZE IS REDUCED. 
C*** R=FACTOR BY WHICH EACH STEP SIZE IS REDUCED 

R=1.oo 



C*** FIRST STEP = H(3) = liN 
H(3) = 1.01205.0 

H(2) = H(3)/R 

C*** PRINT OUT VARIOUS CONSTANTS 
IF (NPRINT.EQ.l) THEN 

WRITE (61, *) 'RADIUS OF PARTICLE (uM), RAD = " RAD*1.0E4 
WRITE (61, *)' , 
WRITE (61, *) 'INITIAL POROSITY, PORIN = ' ,PORIN 
WRITE (61, *)' , 
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WRITE (61,*) 'FRACTIONAL MASS GAIN AT SATURATION, ALPHA =', 
1 ALPHA 

WRITE (61,*)' , 
WRITE (61, *) 'SORBENT ULTIMATE CAPACITY (GM/CM3), CSF = ',CSF 
WRITE (61,*)' , 

WRITE (61, *) 'VOLUME OF EXPANSION FACTOR, Z = ',Z 
WRITE (61, *)' , 
WRITE (61, *) 'BULK DENSITY OF SORBENT (OM/CM3), ROWB =' ,ROWB 
WRITE (61, *)' , 
WRITE (61,*) 'DENSITY OF CONDENSING ALKALI COMPOUND 

1 (GM/CM3), ROWS = ',ROWS 
WRITE (61, *)' , 
WRITE (61, *) 'MASS FLOWRATE OF SORBENT INTO FURN. 

1 (GM SLD/MIN), SORBFLW = ',SORBFLW*60.0 
WRITE (61, *)' , 
WRITE (61,595) FLOWMTLC*60.0 

595 FORMAT (lX, 'MASS FLOW RATE OF METAL COMPOUND INTO FURN. 
1 (OM SLD/MIN), FLOWMTLCOMP = " 1PE12.4) 

WRITE (61, *)' , 
WRITE (61,*) 'CROSS-SECTIONAL AREA OF COMBUSTION FURN. (CM2), 

1 AF = ',AF 
WRITE (61, *)' , 

ENDIF 

S = Z-1.0 

C*** INITIALIZE TIME (SET TIME = 0.0) 
TIME = 0.0 

WRITE (6, *) 'SIMULATION IN PROGRESS, PLEASE WAIT' 

WRITE (61, *)' , 
WRITE (61, *)' , 



WRITE (61, *)' , 

IF (NPRINT.EQ.l) THEN 
WRITE (61,446) 
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446 FORMAT (IX,'UNITS FOR: ADS, COND, TOTL, SURF K, SURF K2 ARE 
1 (GM METAL/GM SAMPLE)') 

WRITE (61, *)' , 
WRITE (61,445) 

445 FORMAT (lx,' TIME(SEC) Z(M) ADS COND 
1 TOTL DLTCOND(uM) SURF K SURF K2 ') 

WRITE (61, *)' , 
ELSE 

WRITE (61,317) 
317 FORMAT (IX,'UNITS FOR: CAB, CABSAT, & CAS (PPMV); 

1 RS & RATE (GM MTL/GM SMPL*SEC); K (CM3 GAS/CM3 SLD*SEC),) 
WRITE (61, *)' , 
WRITE (61,318) 

318 FORMAT (IX,' TIME(SEC) TEMP(C) CAB CABSAT 
lCASURF 
1 RS RATE K Q(M3/MIN)') 

WRITE (61, *)' , 
ENDIF 

C*** X = FRACTION OF SOLID CONVERTED, INITIALIZEe
DO 10 J=I,N+3 

X(J)=O.O 
10 CONTINUE 

C*** EVALUATING ALL STEP INCREMENTS 
DO 11 J=4,N+3 

H(J)=R*H(J-l) 
11 CONTINUE 

C*** EVALUATING AI's AND A2's FOR FINITE DIFF. REPRESENTATION 
DO 12 J=2,N+2 
HO=1/(H(J)+H(J + 1» 
Al(J ,J-l) =H(J + 1)*HO/H(J) 
Al(J ,J) =(l./H(J»-(I.1H(J + 1» 
Al(J ,J + 1) =H(J)*HO/H(J + 1) 
A2(J,J-l) =2. *HO/H(J) 
A2(J ,J) =2.1(H(J)*H(J + 1» 
A2(J,J + 1) =2. *HO/H(J + 1) 



12 CONTINUE 

C*** EVALUATE ALL POSITIONS AT WHICH SOLN DESIRED 
ETA(2) =0.0 
ETA(3) = H(3) 
ETA(1)=-H(2) 

DO 13 J=4,N+3 
ETA(J)=ETA(J-1)+R*(ETA(J-1)-ETA(J-2» 

13 CONTINUE 

ITR=l 
NCC=N+3 

C*** XQ IS THE GAS FLOW RATE IN THE FURNACE, Q (CM3/SEC) 
XQ = (XQ*TEMP)/TINIT 

100 LOOP = 555 
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C*** CALCULATE PARAMETERS THAT ARE TEMPERATURE DEPENDENT. 
C*** CONSTANT #'S IN THESE EQUATIONS ARE DEPENDENT ON THE 
C*** ALKALI COMP ./SORBENT SYST. 

C*** D IS THE INITIAL EFFECTIVE DIFFUSIVITY, DEO (CM2/SEC) 
CONST = 1.024E-6 
D = CONST*(TEMP**1.5) 

C*** CALCULATE CABSAT, THE SATURATION CONCENTRATION 
XA = 180300 
XB = 8.3297 
YPMM = XB-«0.05223*XA)/TEMP) 
XPMM = 10.0**YPMM 
XPATM = XPMM1760.0 
CMOLE = XPATM/(82.05*TEMP) 
CABSAT = CMOLE*XMWMTL 

C*** CKM IS THE GAS MASS TRANSFER COEFFICIENT, KM (CM/SEC) 
CKM = (2.0*(3.54E-5*(TEMP**1.5»)/(2.0*RAD) 
SMK = CKM * RAD 
IZZ = 1 

C*** RRK IS THE RATE COEFFICIENT, K (CM3 METAL/CM3 GAS*SEC) 
RRK = 7.53E9*EXP(-1.51E4/TEMP) 
RK = RRK/CSF 



C*** ROWF IS THE PARTICLE DENSITY INJECTED INTO FURN. 
C*** (UPARTICLES/CM3 GAS) 

ROWF = SORBFLW/(XQ*ROWB*VS) 

C*** CALCULATE INITIAL CAB ONCE ONLY AT INJECTION POINT 
IF (fIME.LT.DELTAT) THEN 

CAB = (FLOWMTLC I XQ) * (XMWMTL I XMWMTLC) 
ENDIF 

C*** DIFF EVALUATES THE EFFECTIVE DIFFUSIVITY 
CALL DIFF(NCC,X,ETA,DE,S,D,PORIN) 

C*** DERDIF EVALUATES THE DERIVATIVE OF DIFFUSIVITY(dD/dr) 
CALL DERDIF(NCC,X,DE,ETA,DERR) 

C*** FINITE DIFFERENCE REPRESENTATION 

403 DO 14 J =2,N +2 
T(J ,J-1) =DE(J)*A2(J,J-1)-DERR(J) *A1 (J ,J-1) 
T(J,J)=DERR(J)*A1(J,J)-DE(J)*A2(J,J) 
T(J ,J + 1) = DERR(J) * A1(J ,J + 1)+ DE(J) * A2(J ,J + 1) 

14 CONTINUE 

CALL UMP(NCC,X,ETA,RAD,U,RK,CSF,PORIN) 

TTO=(f(2, 1)*A1(2,2)1 A1(2,1» +T(2,2)-U(2) 
TTl =(T(2,1)*A1(2,3)/A1(2,1»+T(2,3) 
SH =SMKlDE(N+2) 
TT2=T(N+2,N+3)/A1(N+2,N+3) 
TT3=TT2*(SH+A1(N+2,N+2» 
TT4=T(N+2,N+ 1)+TT2*A1(N+2,N+ 1) 
TI5 =T(N +2,N +2)-U(N +2)-TT3 
TT6=-SH*TT2 

B(l)=TTO 
C(1)=TT1 

DO 15 J=3,N+1 
B(J-1) =T(J ,J)-U(J) 
C(J-1)=T(J,J + 1) 
A(J-1)=T(J,J-1) 

15 CONTIl'i1JE 

289 



290 

C*** DETERMINE A, B, & G AT (N+l) DEPENDING ON BOUNDARY 
C*** CONDITIONS SET BY WETHER THERE IS CONDENSATION OR NOT! 

IF (CAB.LE.CABSAT) THEN 
A(N+ 1) =TT4 
.B(N+l)=TT5 
G(N+l)=TT6 

ELSE 
TRYRS = CKM*AS*(CAB-CABSAT) 
TRYRRSS = TRYRS/(ROWB*VS) 

IF (TRYRRSS.LT.RATE) THEN 
A(N+l)=TT4 
B(N+l)=TT5 
G(N+1) =TT6 

ELSE 
A(N+l)=O.O 
B(N+l)=1.0 
G(N+l)=CABSAT/CAB 

ENDIF 
ENDIF 

NMB=N+l 

C*** TRDIAG IS A TRIDIAGONAL MATRIX SOLVER 

* 
16 

CALL TRDIAG(NMB,A,B,C,F ,G) 

DO 16I=N+2,2,-1 
F(I)=F(I-l) 
WRITE (6, *) ETA(I), F(I) 

CONTINUE 

C*** fpx = 1st derivative of concentration, fppx =2nd dereiv 

do 64 j =3,n+ 1 
fpx(j) =-al(j,j-l)*f(j-l) +al(j,j)*f(j) +al(j,j + 1)*f(j + 1) 
fppx(j) =a2(j ,j-l)*f(j-l)-a2(j ,j)*f(j) +a2(j,j + 1)*f(j + 1) 

64 continue 

C*** CALCULATE AVERAGE CONCENTRATION OVER WHOLE PARTICLE 

XCOUNT=O.O 
COUNT=O.O 



DO 63 1=177,3,-1 
P(J) =F(1)*(eta(j»**2+ F(J-1)*(eta(j-1»**2 
XP(J) =X(J)*(eta(j»**2+ X(J-1)*(eta(j-1»**2 
COUNT = COUNT + P(J)/2 
XCOUNT=XCOUNT+ XP(J)/2 
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63 CONTINUE 
AREA = COUNT*H(3) *3 
XAREA= XCOUNT*H(3)*3 

C*** CALCULATE TOTAL RATE OF METAL INFLUX INTO THE PARTICLE,RS 

CASURF = CAB * F(N+2) 

RS = CKM * AS * (CAB - CASURF) 
RRSS = RS I (ROWB * VS) 

C*** CALCULATE RATE OF RXN. FOR ONE SPHERICAL PARTICLE, RATE 

* 
* 

IF (TIME.LT.DELTAT) THEN 
RATE = RRSS 

ELSE 
RATE = ALPHA*(XAREA-PSR)/DELTAT 
PSR = XAREA 

ENDIF 

RATE = «AS*DE(N +2)*CAB)/(ROWB*VS*RAD» * 
1 «F(N+2)-F(N»/(ETA(N+2)-ETA(N») 

C*** THIS IF STATEM. ACCOUNTS FOR MASS CONDENSED IF (RS> RATE) 

IF (CAB.GT.CABSAT) THEN 

IF (RRSS.GT.RATE) THEN 
XMCO = (RRSS-RATE)*DELTAT 
XMC = XMC+XMCO 
XMCOGR = (XMCO*ROWB*VS)*«39.102+35.453)/39.102) 
DLTO = «RAD**3. +«3,/(4. *3. 1416»*(XMCOGRIROWS»)**(1./3.»-RAD 
DLT = DLT+ DLTO 

ENDIF 

ENDIF 



C*** CONVERT TO FRACTION OF WEIGHT CHANGE 

C*** SX IS THE (GR OF METAL ADSORBED/GR OF SOLID SORBENT) 
SX = ALPHA *XAREA 

C*** SURFAC: METAL CONC. AT THE PARTICLE'S SURFACE 
c*** (GM MTL/GM SLD) 

SURFAC=ALPHA *X(N +2) 
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C*** SURFAC1: MTL. CONC.(GM/GM SLD) AT AN INNER POINT, lO PTS. IN 
SURFAC1 = ALPHA *X(N-8) 

C*** TOTAL MASS OF METAL GAINED BY ADSORPTION & CONDENSATION 
XMT = SX+XMC 

C*** CHECK IF SORBENT FLAKE IS FULLY CONVERTED 
IF (ALPHA*XAREA.GE.1.0) GO TO 150 

C*** WRITE SOLUTION 

IF (TIME.LT.DELTAT) GO TO 150 

IF (TIME.GE.TF) GO TO 150 

IF (ZDIST.GE.ZDISTMAX) GO TO 150 

IF (ABS(TIME/TIG-ITR).LT.0.OO1) THEN 

IF (NPRINT.EQ.1) THEN 
WRITE (61,444) TIME, ZDIST/100.0, SX, XMC, XMT, DLT*1.0E4, 

1 SURFAC, SURFAC1 
444 FORMAT (1X,F8.2,2X,F8.2,6(2X,1PE13.4» 

ELSE 
XPPMV = (TEMP*89.083*1.0E6) / XMWMTL 

XCAB = CAB * XPPMV 
XCABSAT = CABSAT * XPPMV 
XCASURF = CASli'RF * XPPMV 

WRITE (61,321) TIME, (TEMP-273.), XCAB, XCABSAT, XCASURF, RRSS, 
1 RATE, RRK, XQ*6.0E-5 

321 FORMAT (1X,F8.2,3X,F8.2,2(2X,FlO.2),6X,F10.2,4(2X,1PE12.4» 
ENDIF 



ITR = ITR + 1 
ENDIF 
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C*** CALCULATE THE PERCENT REDUCTION IN CAB WITHIN 5-M LONG 
c*** FURNACE 

IF (TIME.LT.2*DELTAT) REDUCTNl = XCAB 
IF (ZDIST.GT.495.0) REDUCTN2 = XCAB 
IF (REDUCTN1.GT.0.0) THEN 

REDPERCT = «REDUCTN1-REDUCTN2)/REDUCTN1)*100.0 
ENDIF 

C*** INCREMENT IN TIME 
915 TIME = TIME + DELTAT 

C*** INCREMENT THE FURNACE LENGTH DISTANCE, ZDIST (CM) 
DELTAZ = (XQ*DELTAT) I AF 
ZDIST = ZDIST + DELTAZ 

C*** CONV CALCULATES THE SOLID CONVERSION IN THE PARTICLE 
CALL CONV(TIME,CAB,F,U,X,NCC,RK,DELTAT) 

C*** SAVE CURRENT TEMP. AS TINIT & INCREMENT TEMP. FROM TEMP. 
C*** PROFILE 

TINIT = TEMP 
TEMP = TEMP + «SLOPE * XQ * DELTAT) I AF) 

C*** CALCULATE THE NEW XQ AND SAVE THE PREVIOUS ONE IN XQOLD 
XQOLD = XQ 
XQ = (XQ*TEMP)/TINIT 

C*** CALCULATE THE NEW CAB (GM MTL/CM3 GAS) USING FURNACE 
C*** DESIGN EQT. 

RATETOT = RRSS * ROWB 
CAB = «2.-(XQ/XQOLD»*CAB) - (DELTAT*ROWF*VS*RATETOT) 

GO TO 100 

150 IF (NPRINT.EQ.l) THEN 
WRITE (61,447) TIME, ZDIST/100.O, SX, XMC, XMT, DLT*1.0E4, 

1 SURFAC, SURFACl 
447 FORMAT (lX,F8.2,2X,F8.2,6(2X,lPE13.4» 

ELSE 



XPPMV = (TEMP*89.083*1.0E6) I XMWMTL 
XCAB = CAB * XPPMV 
XCABSAT = CABSAT * XPPMV 
XCASURF = CASURF * XPPMV 

WRITE (61,839) TIME, (TEMP-273.), XCAB, XCABSAT, XCASURF, 
1 RRSS, RATE, RRK, XQ*6.0E-5 

839 FORMAT (1X,F8.2,3X,F8.2,2(2X,F1O.2),6X,F1O.2,4(2X,1PE12.4» 
ENDIF 

IF (TIME.LT.DELTAT) GO TO 915 

IF (NPRINT.EQ.2) THEN 
GO TO 731 

ELSE . 
IF (NPRINT.EQ.1) GO TO 732 

ENDIF 

731 WRITE (6, *) 'ITS ALL DONE! RESULTS IN FOR061.DAT' 

WRITE (61, *)' , 
WRITE (61, *)' , 
WRITE (61,191) REDPERCT 

191 FORMAT (1OX, 'PERCENT REDUCTION IN CAB ALONG 5-M LONG 
1 FURNACE = ' ,F8.2,' % ') 

WRITE (61, *)' , 
WRITE (61,*) REDUCTN1,REDUCTN2 
WRITE (61, *)' , 
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C*** CALCULATE RADIAL CONVERSION WITHIN PARTICLE AFTER 5-M 
C*** FURN. TRAVEL 

WRITE (61, *)' , 
WRITE (61, *)' , 
WRITE (61,*) , RADIAL CONVERSION WITHIN PARTICLE 

1 AFTER 5-M FURNACE TRAVEL' 
WRITE (61, *)' , 
WRITE (61, *) 'r/rO [Cs/Cst](r) 

1 SOLID CONCENT.(r)-GM MTL/GM SLD' 
WRITE (61, *)' , 
DO 589 J=N+2,3,-1O 

WRITE (61,590) ETA(J), X(J), (X(J)*ALPHA) 
590 FORMAT (2X,F1O.4,1OX,F1O.4,20X,F1O.4) 
589 CONTINUE 

WRITE (61, *)' , 



STOP 
END 

C*** SUBROUTINES DESCRIPTION 

C*** DIFF EVALUATES EFFECTIV~ DIFFUSIVITY, DE 

SUBROUTINE DIFF(NCC,X,ETA,DE,S,D,PORIN) 
DIMENSION X(300),ETA(300),DE(300),por(300) 

DO 50 J =2,NCC 
IF(ETA(J).LT.0.01) THEN 

DE(J)=D*3 
ELSE 

POR(J)=PORIN-S*(1-PORIN)*(X(J» 
DE(J) =d*«pOR(J)/PORIN) **2) 

* WRITE(6, *) ETA(J),DE(J) 
END IF 

50 CONTINUE 
RETURN 

END 

C*** DERDIF EVALUATES THE DERIVATIVE OF THE EFFECTIVE 
C*** DIFFUSIVITY, DERR 

SUBROUTINE DERDIF(NCC,X,DE,ETA,DERR) 
DIMENSION X(300),DE(300),ETA(300),DERR(300) 

DO 51 J=2,NCC-1 
IF(ETA(J).LT.O.Ol) THEN 

DERR(J) =0.0 
ELSE 

DERR(J) =2 *DE(J)/ETA(J) 
1 +(DE(J + 1)-DE(J»/(ETA(J + 1)-ETA(J» 

ENDIF 
51 CONTINUE 

RETURN 
END 

C*** TRDIAG IS A TRIDIAGNOL MATRIX SOLVER 

~--.----. 
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SUBROUTINE TRDIAG(NUM,A,B,C,F,G) 
DIMENSION A(300) ,B(300), C(300) ,F(300), G(300) 

DO 19 I=2,NUM 
TD=A(I)/B(I-l) 
B(I)=B(I)-C(I-l)*TD 
G(I) =G(I)-G(I-l)*TD 

19 CONTINUE 
F(NUM) =G(NUM)/B(NUM) 

DO 20 I=I,NUM-l 
J=NUM-I 
F(J)=(G(J)-C(J)*F(J + 1»/B(J) 

20 CONTINUE 
DO 195 I=I,NUM 

* WRITE (37, *) 'TRDI' ,F(I) 
195 CONTINUE 
* WRITE (6, *) F(NUM) 

RETURN 
END 
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C*** UMP AIDS IN EVALUATING CONSTANTS FOR THE FINITE DIFFERENCE 
C*** SCHEME 

SUBROUTINE UMP(NCC,X,ETA,rad, U ,RK, CSF ,PORIN) 
DIMENSION X(300),U(300),ETA(300) 

DO 39 J =2,NCC 
U(J)=RK*CSF*(I-X(J»*(RAD**2)*(I-PORIN) 

39 CONTINUE 
RETURN 
END 

C*** CONY CALCULATES THE SOLID CONVERSION 

SUBROUTINE CONV(TIME,CAB,F,U,X) NCC,RK,DELTAT) 
DIMENSION X(300),F(300) 

DO 40 J =2,NCC 
X(J) =X(J) +f(J)*CAB*(I-X(J»*DELTAT*RK 

40 CONTINUE 
RETURN 
END 



A. 

C. 

DcO 

E 

NOMENCLATURE 

cross-sectional area of the combustion furnace (cm2). 

outer surface area of a spherical particle (cm2
). 

mass Biot number (k.nerolDj. 

local alkali concentration in the sorbent (g/cm3 gas). 

initial alkali concentration in the bulk gas (g/cm3 gas). 

alkali concentration in the bulk gas (g/cm3 gas). 

saturated alkali vapor concentration in the bulk gas (g/cm3 gas). 

alkali concentration in the gas phase at the outer surface of the 
particle (g/cm3 gas). 

297 

relative atomic ratio of element i to other elements on the surface of a 
sorbent particle. 

local concentration of the adsorbed alkali within the sorbent 
particle (g/cm3 bulk sorbent). 

alkali concentration in the solid sorbent which corresponds to the 
eutectic melting point at a given temperature (g/cm3 bulk sorbent) 
for Part I of Chapter 6, or th~ maximum value of Cr at saturation 
for Part II of Chapter 6. 

molecular diffusivity of alkali in the sorbent (cm2/sec). 

effective diffusivity of alkali in the sorbent (cm2/sec). 

initial effective diffusivity of alkali in the sorbent (cm2/sec). 

Knudsen diffusion (cm2/sec). 

diameter of the particle (cm). 

electron kinetic energy (e V). 



k 

m 

mcomp 

MW 

N(E) 

Pmm 

ppmv 

ppmw 

Q 

• Qo> 

R 

Auger peak-to-peak intensity count. 

overall rate coefficient (cm3 gas/cm3 bulk sorbentosec). 

interphase mass transfer coefficient (cm/sec). 

sorbent mass (g). 

sorbent initial mass (g). 

mass of the alkali captured due to surface condensation (g). 

mass of the alkali compound condensed on the surface of one 
spherical particle (g). 

mass of the particle at complete conversion (g). 

molecular weight (g/g mole). 

number of electrons with kinetic energy E (intensity count). 

saturated vapor pressure of the alkali metal (mm-Hg). 

parts per million by volume. 

parts per million by weight. 

combustion gas flow rate (cm3 gas/sec). 

standard measured flow rate of combustion gases (cm3 gas/sec). 

global furnace rate of reaction for the alkali sorption by the 
additive particles (g alkali/cm3 gas.sec). 

rate of alkali reaction/adsorption for one particle (g/cm3 bulk 
sorbent·sec·particle). 

rate of alkali surface condensation per particle (g/cm3 bulk 
sorbent· sec· particle ). 

Rep Reynolds number for the particle (pvd/p.). 

R. total alkali flux to the particle (g/cm3 bulk sorbent-sec-particle). 
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r radial distance in the spherical particle (cm). 

ro radius at the outer surface of the spherical particle (cm). 

Sh Sherwood number (k.nd/DAB)' 

Sj elemental sensitivity factor. 

T temperature (K). 

T GIl standard or ambient temperature (K). 

t time (sec). 

v superficial velocity of the particle (cm/sec). 

v. volume of the sorbent particle (cm3). 

x non-dimensional local concentration of the alkali adsorbed within 
the sorbent (C.tCI £). 

XT non-dimensional overall alkali loading in the particle. 

Z furnace length (m). 

z volume of expansion coefficient (volume of the particle at complete 
conversion divided by the volume of the original particle before 
adsorption) . 

Greek Letters 

fractional mass gain at sorbent saturation, (mrmo)/mo (g alkali at 
saturation/g solid). 

II- air viscosity (g/cmesec). 

IlZ differential length along the Z-axis of the combustion furnace 
(cm). 
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s(r) 

So 

P 

PB 

Pcomp 

Pr 

P. 

thickness of the condensed alkali compound layer on the surface 
of a spherical particle (cm). 

local porosity of the sorbent particle (em3 void/cm3 bulk). 

initial porosity of the sorbent (cm3 void/cm3 bulk). 

gas density (g/ cm3). 

bulk density of the sorbent (g/cm3). 

density of the condensed alkali compound, NaCI for example 
(g/cm3). 

sorbent particle density inside the combustion furnace (number of 
additive particles/cm3 gas). 

density of the alkali compound (g/cm3), 
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