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ABSTRACT 

The high temperature interactions of alkali metal compounds with 

solids present in coal conversion processes are investigated. A 

temperature and concentration programmed reaction method is used to 

investigate the mechanism by which organically bound alkali is released 

from carbonaceous substrates. Vaporization of the a~kali is preceded by 

reduction of oxygen-bearing groups during which CO is generated. A 

residual amount of alkali remains after complete reduction. This 

residual level is greater for potassium, indic~ting that pctassium has 

stronger interactions with graphitic substrates than sodium. 

Other mineral substrates were exposed to high temperature alkali 

chloride vapors under both nitrogen and simulated flue gas atmospheres 

to i~'.?estiga.te t~i.eir pc!:c::tial application as sorbents for the removal 

of alkali from coal conversion flue gases. The compounds containing 

alumina and silica were found to readily adsorb alkali vapors and the 

minerals kaolinite, bauxite and emathlite are identified as promising 

alkali sorbeIlts. 

The fundamentals of alk:3.li adsorption on kaolinite, bauxite and 

emathlite are compared and analyzed both experimentally and through 

theoretical modeling. The experiments were performed in a 

microgravimetric reactor system; the sorbents were characterized before 

and after alkali adsorption using scanning Auger microscopy, X-ray 

diffraction analysis, mercury porosimety and atomic emission 

spectrophotometry. The results show that the process is not a simple 

-- --.- - -------~-----~-
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physical condensation, but a complex combination of several diffusion 

steps and reactions. There are some common features among these 

sorbents in their interactions with alkali vapors: In all cases the 

process is diffusion influenced, the rate of adsorption decreases with 

time and there is a final saturation limit. However, there are 

differences in reaction mechanisms leading to potentially different 

applications for each sorbent. 

Bauxite and kaolinite react with NaCl and wC}ter vapor to form 

nephelite and carnegieite and release HCl to the gas phase. However, 

emathlite reacts to form albite and HCl vapor. Albite has a melting 

point significantly lower than nephelite and .carnegieite; therefore, 

emathlite is more suitable for lower temperature sorption systems 

downstream of the combustors/gasifiers, while kaolinite and bauxite are 

suitable as in-situ additives. 

------------------- .-- - _ ... -.-----
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CHAPTER 1 

INTRODUCTION 

Metal vd.i'uL"::i iu the form of pure elements or compounds are p:resent 

in many high temperature processes. Although they can be the desired 

reactants or products in a process, usually these vapors are the by-
j 

products of processing, having originated in the chemical feedstocks. 

More often than not their presence is undesirable. An example is the 

manufacture of ceramics and semiconductors, where metal impurities can 

seriously degrade product performance. In hazardous waste incineration, 

toxic metals such as mercury, lead and cadmium are vaporized and enter 

the environment through the flue gas creating a health problem. Alkali 

vapors generated during the combustion and gasification of coal result 

in extensive fouling and corrosion of refractory and heat exchange 

surfaces making these processes less economical. This is particularly 

important since much of the energy produ~tion in the United States comes 

from coal conversion processes. This study focuses on this 1 
__ .. 
Q.~ ... 

example. 

There are two principal ways that the alkali minerals accentuate 

the fouling and corrosion process. They contribute to the formation of 

low melting point compounds which increase the stickiness and fouling 

propensity of particles already formed in the combustion environment. 

In addition, they vaporize and recondense on other particles or on the 

walls of the combustors,' gasifiers and auxiliary equipment where the 
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alkali-rich deposit is known to be highly corrosive, especially at high 

temperatures. The presence of steam enhances this corrosion even more. 

The fouling and slagging is a problem in dry ash processes while 

corrosion is a problem in all coal conversion processes, particularly 

those operating at high temperatures. One of the most stringent 

requirements of reduced alkali levels is for the combined cycle 

processes and pressurized fluidized bed combustion (PFBC) where 

downstream turbines are employed. The turbines are made of ceramics or 

alloys that are easily a~tacked by corrosive alkali vapor compounds. In 

general, these turbines require alkali levels lower than 50 parts per 

billion (Peterson and Lucke, 1979). The flue .gases from various coal 

conversion processes generally contain alkali levels that are several 

orders of magnitude higher. 

Because of the recent world wide energy shortage, the United States 

and other countries have been moving toward the use of domestic fuels 

such as coal for energy production and chemical feedstocks. The 

development and use of combined cycle processes and PFBC is encouraged 

so that our coal supplies will be used more efficiently. In addition, 

as the higher rank, low alkali coals are consumed, it is necessary to 

use the lower rank, high alkali coals in these processes. Therefore, it 

is important to characterize the occurence of alkali in coal and its 

vaporization during conversion processes and devise schemes to lower the 

alkali vapor to acceptable concentrations. The present study addresses 

this vaporization process as well as the removal of alkali vapors by 

adsorption and reaction with solids. 
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Occurrence of Alkali in Coal 

The inorganic mineral matter in commercial coals is w~dely variable 

in composition and amount. The percentage of mineral matter in dry coal 

can range from a few percent up to 20% or more by weight (Lindahl and 

Finkelman, 1986). Silicon and aluminum, usually the elements of 
~-. . 

greatest abundance, occur primarily in the form of clay minerals such as 

kaolinite, illite and chlorite, and also as quartz. The alkali metals, 

represented almost exclusively by soaium and potass~um, are considered 

miner elements because they typically account for a few tenths of a 

percent of the dry coal weight. Like the total mineral matter, the 

amount of sodium and potassium in coal can cover a wide range. 

According to Harvey and Ruch (1986), the sodium in selected United 

States coals varies from 30 parts per million by weight to nearly one 

weight percent of the dry coal, while potassium varies from 30 parts per 

million to over two weight percent. Although exceptions exist, it is 

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

rank of the coal increases (Lindahl and Finkelman, 1986). 

In general, sodium occurs predominantly in association with organic 

matter in low-rank lignite and subbituminous coals (Neville and Sarofim, 

1985). In high-rank bituminous coals, sodium is found primarily in the 

mineral grains as halite (NaCl) and to some extent as a lattice 

substituent in the a1uminosi1icate mineral illite, a layered clay 

related to muscovite (Gluskoter and Ruch, 1971). It is also found in 

the mixed layer clay mineral illite-montmorillonite. Smaller amounts of 

sodium are commonly found in the feldspars, an example of which is 

plagioclase (Renton, 1986). 

------.-------------------------
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In contrast, potassium is rarely observed as the halide in coals of 

all ranks. Spiro et al. (1986) collected high resolution X-ray 

absorption near-edge structure (XANES) measurements on various coal 

samples to probe the bonding and structure of potassium. They found 

that potassium occurs almost exclusively in the mineral illite in coals 

ranking from subbituminous to anthracite, but it is also present in a 

noncrystalline environment in lower rank subbituminous and lignite 

coals. A comparison of the XANES spectra, however, ~ailed to reveal any 

similarities between the noncrystalline potassium in low rank coals and 

organically bonded potassium model compounds that included carboxylic, 

benzoic, phenolic, phthalimide or intercalated groups. Minor amounts of 

other potassium bearing minerals have been identified, including 

Jarosite, where it is associated with sulfur and iron, and the feldspar 

orthoclase, a potassium aluminosilicate (Renton, 1986). 

AlkalitMineral Interactions 

Because of the large number of minerals present in coal, the 

physical and chemical interactions of these species during combustion 

and gasification are quite complex. Many im·estigations have addressed 

the fate of mineral matter as a whole (O'Gorman and Walker, 1973; 

Sarofim et a1., 1977; Quann et al., 1982; Raask, 1985; Vorres, 1986), 

but much less attention has been given to the transformations of alkali 

species in pe.rticular. As with the non-alkali mineral matter, the form 

of alkali during and after combustion is the result of several processes 

that take place sequentially or simultaneously. These processes include 

condensed state phase changes and chemical reactions, vaporization, 

- - -. ----------------------
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chemical reactions in the vapor phase, nucleation and condensation of 

vapors and ~he reaction of vapors with condensed phase materials such as 

the mineral matter in ash and equipment surfaces. 

The chemical form of sodium and potassium in coal directly 

influences the fraction of these alkalies that are vapor:i_zed during 

combustion. Because of its low melting point and high volatility, NaCl 

is readily vaporized above 800oC. The organically bound sodium and 

potassium, significant in low-rank coals, is also j'easily volatilized 

during combustion. In contrast, it is expected that alkali associated 

with aluminosilicate minerals is not as readily volatilized due to its 

stability and low vapor pressure at combustion t~mperatures. This trend 

was observed by Neville and Sarofim (1985). Using a laboratory-scale 

combustion system to examine the fate of sodium during combustion, they 

found that most of the organically bound sodium and NaCl was volatilized 

in the flame, while the sodium associated with silica-rich grains was 

retained in the residual ash. Their results also show that the amount 

of sodium appearing in the fume (therefore present as vapor during 

combustion) decreased with increasing silica content in the original 

coal. This they attribute to the low activity of sodium in silica-rich 

melts. 

Since most of the potassium in high-rank coals occurs in the non

volatile aluminosilicate mineral illite, it is expected that little of 

this potassium will be vaporized during combustion. Spiro et al. (1986) 

examined several ash samples from combustors, gasifiers and auxiliary 

equipment to determine the form of potassium after conversion of a high-

rank coal. They found the potassium to be present primarily as a 

-_ .. -------------_ .. _-_. __ ._._----
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no~crystalline a1uminosi1icate glass melt. The XANES features of this 

material were found to be identical to those obtained by pyrolysis of 

pure illite at 1000oC, suggesting that most of the potassium is not 

vaporized. It can, however, be released to the vapor phase by exchange 

reactions with sodium. Jackson and Duffin (1963) injected NaC1 into a 

propane flame and passed the vapor through a potassium a1uminosi1icate 

ceramic. They observed soai~ enrichment in a glazed surface layer of 

the ceramic at 1675 K and collected a significant (p.22 mole fraction) 

amount of KC1 on a cooled target. Raask (1968) studied the release of 

sil.icate potassium from various coals and synthetic mixtures using a 

bomb calorimeter. He found that, on average,. 0.3 mole equivalent of 

potassium to sodium was released from the coal silicates. Where the 

initial sodium was present mostly as chloride, KC1 was generated. 

The presence of sulfur in coal also affects the alkali chemistry. 

The majority of sulfur in coal is usually associated with iron and other 

metals in minerals such as pyrite, marcasite and pyrrhotite (Raask, 

1985). When the coal is combusted, much of this sulfur is oxidized to 

gaseous S02 and S03 which then can react with other species, including 

alkali compounds. According to a review by Reid (1981), alkali 

chlorides and oxides react rapidly with S02 and S03 below 11000 C to form 

alkali sulfates. The thermodynamic calculations of Halstead and Raask 

(1969) suggest the su1fation proceeds through a series of gas phase 

reactions, the overall form of which is: 

(1.1) 

The formation of sulfates can also occur at lower temperatures without a 
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Daybell and Pringle (1958) heated a coal 

impregnated with NaCl to 475 K in air and observed the formation of 

solid Na2S04' 

The more volatile forms of alkali, i.e. NaCl and organically bound 

sodium and potassium, can also undergo condensed state reactions with 

other mineral matter resulting in reduced volatility of the new alkali 

species. An example is the reaction of alkali with alkali-free 

aluminosilicate minerals. Falcone and Schobert (1986) investigated 

condensed state alkali mineral transformations by ashing various coals 

in an oxidizing atmosphere at 125°C, 750°C and lOOOoC. They also ashed 

model mixtures simulating raw coal mineralogie~ and organically bound 

sodium at 750°C and lOOOoC and compared these results to those obtained 

for the coals. Using X-ray diffraction, they were able to identify 

minerals in the parent coal (1250 C) and the ash resulting from high 

temperature -.::reatment (750oC and lOOOoC). The only alkali compound 

detected in the samples ashed at l250 C was plagioclase, a sodium 

aluminosilicate feldspar. At higher temperatures, however, many sodium 

species were observed, including pyroxenes, melitites, hauyne, nosean 

and nephelite. 

In one of the model mixtures, sodium acetate and kaolinite (an 

alumincsilicate clay commonly found in coal) were mixed in a 1:1 molar 

ratio and ashed at 750oC. The reSUlting product consisted of an 

amorphous material and carnegieite, a sodium aluminosilicate mineral 

with the formula Na20.A1203.2Si02. When ashed at lOOOoC, nephelite (a 

polymorph of carnegieite) was formed. Since nepheli te has a high 

melting point, l526oC, the kaolinite effectively reduces the amount of 

--- ----
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sodium that would otherwise be vaporized. 

In the same study, Falcone and Schobert (1986) ashed a 1:1 molar 

ratio mixture of sodium sulfate and kaolinite. At 7500 C an amorphous 

material and unreacted sodium sulfate were present, but ashing at 10000 C 

resulted in the formation of nephe1ite. Raask (1986) performed 

thermogravimetric experiments on a 50 weight percent sodium 

su1fate(kao1inite mixture in which the solids were heated in air at the 

rate of 6 K per minute. The initiation of weight loss was observed at 

1085 K and was attributed to the release of S02 and S03 and the 

formation of nephelite according to the following reaction: 

(1.2) 

Similar experiments performed with a typical bituminous coal ash 

required a higher temperature (1175 K) to initiate the release of sulfur 

oxides. 

Depending on the coal and conversion process involved, other alkali 

species may be formed. P10gmann and Kuhn (1981) examined the ash 

residue from a noncatalytic fluidized bed gasifier that was operated at 

9000 C and 4MPa. X-ray analysis revealed the presence of the feldspars 

sanidine (K20.Al203.6Si02) and albite (Na20.A1203·6Si02), compounds with 

a higher silica content than nephelite. These compounds have lower 

melting points, approximately 1200 and llOOoC, respectively, and 

therefore can cause fouling problems at higher temperatures. 

Based on an overview of the chemistry involved, some 

generalizations about the forms of alkali vapor in coal conversion flue 

gases can be made. For most medium and high rank, low sulfur coals, 

-----.---.- .. - -----
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NaCl and KCi. (the latter formed through exchange reactions) are the 

likely alkali carriers over a wide temperature range. This is suggested 

by the thermodynamic calculations of the Combustion Power Company (1977) 

in a Department of Energy Report. According to Huffman and Huggins 

(1986), it is likely that the nonchloride alkali species are rapidly 

converted to oxides (Na20, K20) on leaving the flame front, and would 

therefore be important alkali carriers in systems where low rank coals 

are used. Depending on the gaseous environment and;temperature, alkali 

hyciro~ides may also be present in the flue gas. 'Where sufficient 

amounts of sulfur compounds are present, alkali sulfates will also be 

present in the flue gas, especially below 1200 ~ (Raask, 1985). 

Since alY41i compounds are used as catalysts in the gasification of 

coal, an understanding of the interactions of these catalysts with 

mineral matter is important and has received considerable attention. 

Potassium carbonate has been identified as one of the best catalysts and 

therefore most studies focus on this alkali salt. Kuhn and Plogmann 

(1983) examined the alkali mineral products formed when German coals 

were gasified with K2C03 catalyst. X-ray analysis of the ash indicated 

the formation of kaliophilite (K20.A1203.2Si02), the potassium analog to 

nephelite, under a wide variety of mineral compositions. To examine 

this in more detail, they mixed excess K2C03 with pure kaolinite and 

heated the mixture to 700oC. Kaolinite was selected because it has ~he 

same silica to alumina ratio as kaliophilite and is present in the raw 

coal. After one hour, all the kaolinite was converted to kaliophilite. 

A similar experiment with illite, which has a higher Si02/A1203 ratio, 

also yielded kaliophilite in an amount such that all of the limiting 

---_._----- .. --.-'- - - .. -.----- .. 
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reactant, in this case alumina, was consumed. Corresponding experiments 

with Na2C03 as the catalyst resulted in the formation of nephelite. 

Bruno et ale (1986) examined the reactivity of K2C03 with quartz, 

illite and kaolinite at 973 K and found that illite and kaolinite 

reacted to form kaliophilite and its polymorph, kalsilite. Quartz was 

n.::t observed to react with K2C03. Experiments on several different 

carbonaceous materials indicated a correlation between the aluminum 

content and the potassium that reacted to form insol~ble phases. 

F~rmella et ale (1986) investigated the reactivity of kaolinite and 

potassium carbonate catalyst and showed that the amount of kaolinite 

present in coal char was directly related to. the degrp.e of catalyst 

deactivation. The reaction sequence suggested is outlined as follows. 

In the presence of steam above 673 K, K2C03 is hydrolyzed to KOH: 

(1.3) 

Tne dehydration of kaolinite, which occurs above 623 K, results in the 

formation of metakaolinite: 

(1.4) 

The KOH and metakaolinite then react to form Kaliophilite: 

(1.5) 

Their calculations suggest that the reaction between kaolinite and K2C03 

is almost complete when gasification temperatures are reached. 

--- ---- ---' .-.-. --._--.-_ .. 
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Alkali/Carbon Interactions 

Since the organically bound alkalies in lower rank coals are 

associated with carbon, it is expected that alkali/carbon interactions 

are an important first step in determining the fate of this alkali. In 

addition, the alkali-catalyzed gasification of carbonaceous materials 

depends on the interactions of carbon and alkali for catalytic activity. 

Therefore it is important to consider the role of these interactions 

during coal conversion processes. 

Hastie et al. (1982) selected benzoate salts of sodium and 

potassium (NaCOOC6HS and KCOOC6HS) to model the release of alkali from 

organically bound forms. Using transpiration. mass spectrometry, the 

compounds were heated and the gaseous products were analyzed. They 

observed the decomposition of the benzoates at approximately 800 K to 

yield the alkali carbonates and a char residue. Further heating of this 

mixture to 1000 K resulted in the release of sodium vapor and carbon 

monoxide according to the reactions: 

Na2C03(c) + 2C(c) - 2Na(g) + 3CO(g) 

K2C03(c) + 2C(c) - 2K(g) + 3CO(g) 

(1.6) 

(1.7) 

Their results suggest these reactions are at or near equilibrium under 

the experimental conditions used. 

Other investigators have studied Reactions 1.6 and 1.7 extensively 

because alkali carbonates are commonly used as catalysts for coal 

gasification. The purpose of these studies has been to determine the 

relationship of carbon/catalyst interactions to the overall mechanism 

and kinetics of gasification and catalyst deactivation. 

----.-------------------------------------
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technique in which the sample was heated at 10oC/minute, the desorption 

of water and C02 was observed up to 500 K. At higher temperatures, the 

evolution of C02 was observed in two regions, one near 600 K and another 

between 900 and 1000 K. The evolution of CO began near 800 K and 

increased rapidly up to 1000 K. They concluded from this that the 

reduction was a two step process that can be described by the following 

reactions: 

Na2C03 - Na20 + C02 

Na20 + C - 2 Na + CO 

(1. 9) 

(1.10) 

Reaction 1.9 accounts for the C02 generation a~ound 600 K and Reaction 

1.10 is responsible for the evolution of CO above 900~. Th~y also 

observed the condensation of sodium metal on the cooler portion of the 

reactor on heating above 1000 K, further supporting Reaction 1.10. 

Cerfontain and Moulijn (1983) used ITIR spectroscopy to study the 

decomposition of K2C03 on activated carbon and noted the disappearance 

of IR bands associated with the carbonate group of K2C03 above 773 K. 

This lends further support to the observations that carbon enhances the 

decomposition of alkali metal carbonates. 

In a more recent study, Yuh and Yolf (1984) examined the 

decomposition of Na2C03 in pure form as well as impregnated on coal char 

and graphite. The samples were heated to 900°C i.n a helium stream at 

10oC/min. The pure carbonate decomposed near its melting point (89IoC) 

liberating only C02' The carbonate/graphite sample released a 

significant amount of CO near 700°C. The carbonate/char sample, 

however, released C02 and CO between 500 and 70QoC, with only CO being 

__ -_0_. ---- .:..--------------.-:.---------------------
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evolved at higher temperatures. 

Yood et al. (1981, 1984) used Knudsen cell mass spectrometry to 

characterize the gaseous species in equilibrium with a 10 wt. % K2C03 

char sample and found that H20 and C02 were present in nearly equal 

amounts near 360 K. The H20 signal was observed to drop off rapidly 

during heating and disappeared near 673 K while the C02 signal dropped 

off more slowly. Elemental potassium and CO were observed in the gas 

from about 723 to 973 K. A similar analysis of pur~ K2C03 resulted in , 

the generation of C02, 02, K and K2C03 vapors. From this they concluded 

that there is significant chemical interaction between the carbonate 

catalyst and coal char. 

To gain more insight into the mechanism of carbonate decomposition, 

Saber et al. (1983, 1984) examined the decomposition 6f K2l3C03 

impregnated on carbon black. Decomposition began near 500 K with nearly 

equal amounts of l2C02 and l3C02 being generated. Almost all of the 

12C02 had to originate in the carbon black since the carbon in the 

carbonate was 90% 13C. Near 1000 K gasification of the carbon began, 

resulting in the evolution of a 3:1 ratio of 12CO to l3CO . 

Huhn et al. (1983) observed nearly equimolar CO and C02 evolution 

from a coke/K2C03 mixture near 720oC. They attribute this to the 

catalytic effect of carbon since the pure carbonate was observed to 

decompose at a significantly higher temperature (89loC) in which only 

C02 was liberated. The following reactions were used to explain their 

observations: 

-----------'----_._-----
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c 
(1.11) 

(1.12) 

(1.13) 

They also used isotope labeling in which the decomposition of K213C03 

was monitored. Both 13C02 and 12C02 were observed below BOOoe; the 

l2C02 was attributed to an exchange reaction with the carbon substrate 

while the 13COZ was !:.ttributed to carbonate decomp.osition. 12CO was 

observed at higher temperatures indicating its source was the carbon 

substrate (Reaction 1.12). Condensation of elemental potassium in the 

cooler portion of the reactor indicated t~at the carbonate was 

completely reduced and the potassium was vaporized. This was observed 

at temperatures as low as 700oC. 

Sams et a1. (1985) investigated the loss of potassium catalyst from 

K2C03 and KOH-impregnated graphitic carbon using temperature programmed 

TGA. Their results show that under an inert (nitrogen) atmosphere, both 

KOH and K2C03 are reduced by carbon to yield a potassium-carbon complex. 

This complex was found to be the precursor to potass~'.llll loss by 

vaporization, the rate of which was found to have a first order 

dependence at 800oe. In addition, significant potassium vaporization 

was found to occur earlier (Le. at a lower temperature) for the KOH-

impregnated carbon compared with the K2C03-impregnated sample. In both 

cases, greater than 90% of the potassium was vaporized during reduction. 

Their results also indicate that under oxidizing conditions only a small 

fraction of the catalytically active sites are fully reduced and 

therefore catalyst loss occurs at a lower rate than that in an inert 

-----_._----
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atmosphere. 

In a later study (Sams and Shadman, 1986), oxygen and potassium 

balances were employed to determine the stoichiometry of catalytically 

active surface groups in inert and reactive environments for K2C03-

carbon mixtures. It was found that the K2C03 impregnation of carbon 

using an aqueous solution of the carbonate resulted in the formation of 

potassium bicarbonate (KRC03). The low temperature production of C02 

and H20 was found to be due to ~he decomposition 0~·KHC03 according to 

the reaction: 

(1.14) 

On further heating to 8000C, the evolution of CO and K in a 3:2 molar 

ratio was observed. They proposed the following mechanism to explain 

the reduction of catalyst and subsequent loss of potassium: 

K2C03 - (-C02K) + (-COK) (1.15) 

(- C02K) + C - (-CK) + CO2 (1.16) 

(- C02K) + C - (-COK) + CO (1.17) 

(-COK) + C - (-CK) + CO (1.18) 

(-CK)(s) - Keg) (1.19) 

where -C02K, -COK and -CK represent the fully oxidized, the partially 

reduced, and the completely reduced surface groups, repectively. After 

complete catalyst reduction, the introduction of C02 to initiate 

gasification resulted in the production of a CO novershootn, excess CO 

production that was attributed to the oxidation of catalyst sites by the 

following reactions: 

. - ------.. -.-.-------~-,----
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(-COK) + C02 - (-C02K) + CO 
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(1.20) 

(1.21) 

This was confirmed by an VA;,g~ .. 'balance in which the 0IK molar ratio was 

found to be 2: 1. Based on these results, they concluded that in the 

presence of C02 nearly all of the catalytic sites are in the fully 

oxidized form. The reaction sequence for gasification was explained as 

a redox mechanism in which the catalyst cycles ·between the fully 
j 

oxidized and partially reduced forms 

(-C02K) + C - (-COK) + CO 

(-COK) + C02 - (-C02K) + CO 

and Reaction 1.22 is rate-limiting. 

(1.22) 

(1.23) 

Alkali Vapor Removal by AdsorptionlReaction 

One of the promising techniques for removal of alkali from hot flue 

gases is by the use of solid sorbents. nSorbentn is the term coined by 

investigators in this area for a material that will remove a vapor 

species by adsorption and/or reaction. Various studies have considered 

the feasibility of passing the coal conversion flue gases through a 

fixed-bed filter of appropriate sorbents (Lee and Johnson, 1980; Jain 

and Young, 1985; Lee et a1., 1986; Bachovchin et a1., 1986). This 

process seems to be quite feasible for application in combined cycle 

systems before the turbine section. The use of additives for in-situ 

capturing of alkali during pulverized coal combustion has also received 

some attention (Klinzing et al., 1986) . 

. - .... ---_.. - ------------ -.--.-- .. _._._--_ .... 
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The earlier work of Lee and Johnson (1980) centered around the 

screening of potential sorbents and the investigation of the effects ~f 

temperature, superficial gas velocity and residence time on the 

performance of the mora promising sorbents. The overall goal of their 

work was to develop a suitable sorbent for an alkali sorption unit to be 

placed downstream in a pilot scale pressurized fluidized bed combustion 

system. Commercially available minerals as well as two idealized 

substrates were tested. The commercial materials,· were diatomaceous 

earth (92% Si02, 5% Al203), an aluminum silicate clay from Burgess 

Pigment Co. (45% Si02, 39% A1203), attapulgus clay (68% Si02, 12% A1203, 

10% MgO) and activated bauxite (10% Si02, 81%. A1203). The idealized 

substrates were alundum (99.5% alpha A1203) and silica gel. 

The tests consisted of generating NaCl vapor by heating the solid 

in a gas stream, passing it through a fixed bed of the sorbent and 

measuring the perce"t~ga of alkali captured. Tests were performed in 

both air and a simulated dry flue gas at 870oC. The two most promising 

sorbents, diatomaceous earth and bauxite, were then tested with KCl and 

Of these, activated bauxite was selected for further testing. 

They concluded that diatomaceous earth captures alkali by chemical 

reaction and activated bauxite captures the alkali chlorides by an 

adsorption mechanism. 

In a later study, Lee et a1. (1986) concluded that in the absence 

of water, NaCl vapor is ca~~ured by activated bauxite through chemical 

fixation by clay minerals present in the bauxite and physical 

adsorption. For fresh bauxite, both mechanisms appeared to contribute 

equally to alkali removal, but continued regeneration of the bauxite by 

.. -..... ~ ... -.•. ----~~------
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water leaching resulted in physical adsorption being the dominant 

mechanism. With water vapor present, NaCl vapor was found to be 

captured by the chemical fixation mentioned above, but also by reaction 

with the alumina in bauxite to form water soluble sodium aluminum 

compounds, with the proposed overall reaction: 

(1.24) 

In the presence of sulfur dioxide and water, th~y found that NaCl 

underwent reaction with the sulfur dioxide to form sodium sulfate. 

Jain and Young (1985) screened several adsorbents in a fixed bed 

reactor system similar to that of Lee and Johnso~ (1980), but instead of 

generating the NaCl vapor by heating the alkali compound, they produced 

a fine mist from a NaCl solution and evaporated the water in a 

preheater. As with Lee and Johnson (1980), they tested diatomaceous 

earth, activated bauxite, attapulgus clay, silica gel and alumina. They 

also tested a high alumina bauxite (88% A1203, 7% Si02), Fuller's earth 

(66% Si02, 12% A1203, 4% Fe203), dolomite (56% CaC03, 42% MgC03) and 

several catalysts from the Norton Company (80-90% A1203, 5-10% Si02). 

Of these, activated bauxite and dolomite were found to have the highest 

alkali adsorption capacities. Subsequent tests in a fluidized bed 

system at 9000 C resulted in the removal of 99% of the alkali passing 

through the same ~wo sorbents. 

A more fundamental study was that undertaken by Luthra and LeBlanc 

(1984) . They investigated the adsorption of NaCl and KCl on pure 

alumina and activated bauxite at 800-900oC. Using an Argon carrier gas, 

the alkali vapor was generated by heating solid alkali in the lower zone 

- ---- -----
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of a multiple zone furnace. The sorbent was placed in a platinum pan in 

the upper zone of the furnace and was suspended from a microbalance that 

was used to measure the sorbent's weight during an experiment. Because 

the alkali source and the sorbent were in different furnace zones, 

independent temperature control was possible, ~~us enabling adsorption 

profiles to be collected for different alkali concentrations while the 

sorbent was kept at one temperature. The alkali concentrations tested 

were 0.4 to 330 ppm NaCI and 0.2 to 722 ppm KCI by w~ight. The gas flow 

was varied between 300 and 1200 SCCID. The bauxite was in the form of 

particles 0.25 to 0.7 mm diameter and the alumina was a single rod 3 mm 

diameter and 20 mm long. 

Their results indicated reversible adsorption of both alkali 

chlorides. The alumina and bauxite samples were found to behave 

similarly, and adsorption of the alkali chlorides was found to conform 

to a modified BET isotherm. In addition, there was no observed 

preferential adsorption of one chloride over the other. Fer a given 

alkali concentration, as the adsorbent temperature was increased, the 

equilibrium amount of alkali adsorbed decreased. Based on these 

observations, they concluded that the mechanism for alkali capture was 

physical adsorption. 

Bachovchin et al. (1986) investigated the adsorption mechanism of 

NaCl on emathlite, a clay mineral consisting largely of silica (70% 

Si02, 10% A1203, 3.6% Fe203 and smaller amounts of Mg, Ca, Ti, K and 

Na) . They were interested in finding an alkali sorbent for use in a 

fixed bed sorption unit to placed downstream in a pressurized 

gasification system. In previous studies (Mulik et al., 1980 and 1983) 

----------- --- ----- ---
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they screened several potential sorbents and found emathlite to be 

superior for alk~li removal in the presence of water vapor. 

The fundamental st"~dies in their latest work (Bachovchin et a1., 

1986) consisted of thermodynamic projections of emathlite stability and 

activity, double-balance TGA e:A-peri!::ents and kinetic modeling. The 

thermodynamic projections suggested the following for NaCl adsorption on 

emathlita: 

j * Silica is the principal phase present during thermal processing and 

sodium adsorption. 

* Ex~ended exposure to NaCl vapor leads to transitions in the 

projected solid phases and volitilization of K, Fe and Mg as di-

and trimeric chlorides. 

* Higher silica content results in a greater capacity for sodium 

although the presence of aluminum is important for alkali capture. 

* Sodium adsorption is more favored in a reducing rather than an 

oxidizing environment. 

* Initially, albite (Na20.A1203.6Si02) is the thermodynamically 

favored reaction product, with sodium silicate (Na20.2Si02) being 

favored after extended exposure to NaCl vapor. 

The TGA experiments were able to confirm most of these findings, except 

~he release of K, Fe and Mg di- and trimeric chlorides and the formation 

of albite. The latter was attributed to insufficient product material 

for adequate X-ray diffraction analysis. 

The double-balance TGA system consisted of a multiple zone furnace 

similar to that of Luthra and leBlanc (1984) except that the alkali 
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source as well as the emathlite sorbent were suspended from 

microbalances. In this way, the alkali generation rate and adsorption 

rate were known at any given time. From these experiments it was 

concluded that the initial stages of adsorption are characterized by 

solubilization of Si and Ca together with volatilization of K, Mg, CI, 

Al and Si. The formation of a glass on the emathli te surface was 

observed that was rich in Na. The retention of chlorine was not 

observed. At any stage of adsorption, the presence of water vapor acted 
I 

to increase the sodium adsorption rate and capacity. They attribute 

this to opening of the emathlite lattice and solubilization of the 

silica. They also noticed no significant change. in adsorption rate with 

temperature. 

Klinzing et ale (1986) tested various sorbents for their ability to 

capture sociium by adding them to the coal feedstock of a laboratory 

scale combustion system. Various clay minerals, aluminas and a porous 

glass were tested under different combustion conditions. It was found 

that an oxidizing environment enhances sodium adsorption. In addition, 

heat treatment and washing of activated alumina (to reduce initial 

sodium levels) was found to improve sodium adsorption. 

Wendt et ale (1987) are currently testing kaolinite and bauxite as 

in-situ additives for alkali removal in a laboratory scale pulverized 

coal combustion system. Some runs have been made and the results are 

presently being analyzed. 
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Scope 

This research project is a study of the high temperature inter

actions of alkali compounds with carbon and minerals present during coal 

combustion and gasification. In Chapter 2 the interactions of alkali 

carbonates with carbon and the subsequent vaporization of the alkali are 

investigated. The reactivity of alkali chloride vapors with various 

high temperature solids is examined in Chapter 3 with an emphasis placed 

on identifying potential sorbents for alkali vapor r~moval. Chapters 4 

and 6 investigate the kinetics and mechanisms of high temperature alkali 

adsorption on solids, respectively. In Chapter 5 high resolution 

scanning Auger spectroscopy is used to further cparacterize the sorption 

mechanism. Theoretical modeling of the sorption process is undertaken 

in Chapter 7. The results of this modeling are used to extract kinetic 

parameters and perform parametric studies. 
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CHAPTER 2 

INTERACTION OF .AI.XALI CARBONATES lITIH CAR:sON 

Although much of the inorganically bound alkali such as NaCl 

undergoes direct vaporization during combustion, a significant fraction 

goes through chemical transforma~ions prior to being released. This is 

particularly true of the organically bound alkali. Hastie et al. (1982) 

modeled the release of organically bound alkali by heating benzoate 

salts of sodium and potassium. These salts were observed to decompose 

to alkali carbonates and a char residue at 800 K, and further heating to 

1000 K resulted in the decomposition of the carbonates and the release 

of CO and alkali metal vapor. These results suggest the importance of 

alkali/carbon interactions in the vaporization of organically bound 

alkali. More specifically, the presence of alkali carbonate indicates 

its importance as a reaction intermediate and suggests the importance of 

carbonate/carbon interactions in the release of alkali. 

Alkali carbonates are also important in the vaporization of alkali 

during catalytic coal gasification. In this case, sodium or potassium 

carbonate catalysts are intentionally added to the coal. As the coal is 

heated up to reaction temperatures, the alkali is converted to a 

catalytically active form. During this transient start-up period, which 

can be accomplished several different ways, a significant fraction of 

the alkali becomes catalytically inactive. This takes place because of 

vaporization of the alkali, deactivation reactions with ash and 
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intercalation into the carbon matrix. 

The vaporization of alkali catalyst has been observed in this 

laboratory (Ta1verdian, 1984) as well as others (McKee and Chatterji, 

1978; Huhn et al., 1983; Yigmans et a1., 1984). In general, it has been 

found that this vaporization is not directly related to the vapor 

pressure of the pure alkali metal compounds, but rather it is dependent 

on alkali/carbon interactions. In addition, most of the data available 

at the present time focus on the thermodynamics of vaporization. Very 
i 

little information is available on the kinetics of the process. 

In this study, a pure carbon substrate impregnated with sodium or 

potassium carbonate is used to investigate the kinetics and mechanism of 

alkali vaporization. These idealized materials are used to represent 

the release of organically bound alkali in coal as well as the 

vaporization of alkali catalysts used in coal gasification. The use of 

a pure carbon substrate eliminates the complications of alkali loss by 

reaction with ash constituents. This investigation has an additional 

benefit in that: it also lends insight into the mechanism of alkali 

catalyzed gasification of carbon. 

The first portion of this chapter consists of a detailed 

description of the materials and equipment used in the vaporization 

experiments. This is followed by the experimental procedures used 

including sample preparation, the method of data collection and the 

analysis of this data. Next the results of these experiments are 

presented and analyzed, and finally a mechanism for the release of 

alkali is presented. 
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Materials 

The ~arbcn substrate used in this study is a pure graphitic carbon 

marke~ed by Supelco under the trade name Carbopack B, 60/S0. Its form 

is highly porous particles lSO-250 microns in diameter with a surface 

area of approximately 100 m2/g. It is normally marketed as a packing 

for gas chromatography columns. It was chosen for this study because of 

its large microporous surface area and structural resemblance to coal 

char. 

The alkali carbonates used in this study were Baker Analyzee 

reagent grade crystalline sodium carbonate (Na2C03) and potassium 

carbonate (K2C03). To analyze for alkali conten~, samples were digested 

in a mixture of hydrofluoric acid (HF), hydrochloric acid (HCl) and 

nitric acid (HN03). The HF (4S% by volume aqueous solution) and Hel was 

manufactured by EM Seimes. The HN03 was manufactured by MCB. The gases 

used were Liquid Air, Incorporated ultra-high purity (UHP) nitrogen and 

Matheson research quality C02 (15%) in nitrogen. 

Equipment 

Two reactor systems were used during this portion of the study: A 

mini-fluidized bed reactor for quick response times and a 

thermogravimetric reactor system with an electronic microbalance for 

monitoring sample weight. In this section, both of these systems are 

described as well as the analytical equipment used in support of the 

experiments. 

-_._---
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Kini-fluidized Bed Reactor System 

A schematic diagram of this system is given in Figure 2.1. The 

main cOQponents of this system are a gas preparation section, a quartz 

tube bent in a U configuration that contains the fluidized bed and a 

movable electric furnace to heat che reactor to a desired temperature. 

A description of each of these components is given below. The 

analytical equipment used to determine gas composition is described 

later. 

Gas Preparation Section. 220 ft3 cylinders of the UHP nitrogen and 

15% C02/N2 were connected through a valving system that allowed 

independent control of the flowrate for each gas. Flowrates were 

controlled with Nupro fine metering valves. A four way valve was 

connected to each gas cylinder, the reactor inlet and a separate outlet 

for flowrate measurement. This allowed flowrate calibration of each gas 

prior to an experiment and rapid switching from one gas source to the 

other. All gas lines upstream of the reactor were copper with one short 

segment of polypropylene used as a flexible connector to the reactor. 

Reactor. The reactor was a 9mm OD/7mm ID, four foot quartz tube 

bent in a U configuration (U-tube) at the mid point. A small plug of 

pure quartz wool was placed in one leg of the reactor near the bottom 

and the carbon sample was placed on top of the plug. A bracket was used 

to hold the reactor in a vertical position with the U at the bottom. 

Gases were introduced in the other leg of the reactor, thereby passing 

through the quartz plug and fluidizing the carbon sample. Gas lines 

were connected to the reactor using stainless steel Swagelok fittings 

with nylon ferrules. All gas lines downstream of the reactor were 

----------------.-------_ .. _.-.-
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stainless steel with a short connecting segment of polypropylene. A 

chromel/alumel type K theL~ocouple was placed adjacent to the fluidized 

bed to independently monitor its temperature during the course of an 

experiment. 

Furnace. A Lindberg model 54459 single zone electric furnace was 

used to heat the reactor. It was mounted in a vertical position with 

one opening at the top that allowed it to be raised so that it enclosed 

the lower portion of the reactor. To allow vertical motion of the 

furnace, four wheels were mounted on it and aligned to ride in vertical 

steel channel tracks. Raising and lowering of the furnace was 

accomplished with a hand operated winch. This configuration allowed the 

furnace to be preheated and then raised so that the reactor could be 

heated to the operating temperature in one rapid step. Likewise, 

lowering the furnace allowed rapid termination of the experiment at any 

time. The furnace temperature, with a range up to 12000 C, was 

controlled with a separate PID Eurotherm controller connected to a 

platinum/platinum-13% rhodium thermocouple. A temperature difference of 

approximately 300 C between the platinum/rhodium and chromel/alumel 

thermocouples was consistently observed, but calibration tests of the 

latter indicated that its reading was more representative of the 

fluidized bed temperature. 

Microgravimetric Reactor System 

A schematic diagram of this system is given in Figure 2.2 and a 

photograph is given in Figure 2.3. Talverdian (1984) previously 

described this system and the reader is referred to this publication for 

---------- --_ .. ---~ 
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Figure 2.3 Photograph of the Microgravimetric Reactor System. 

-----------------------------------
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more detailed information. The main components of this system are a gas 

preparation section, a quartz reactor, an electronic microbalance to 

mo~itor sample weight aud a Iilovable electric furnace to heat the 

reactor. A description of these components is given below. 

Gas Preparation Section. The gasas used in these experiments were 

the same UHF N2 and 15% C02/N2 used in the mini-fluidized bed 

experiments. A four way valve was also used to allow rapid switching 

between the two gas sources. All lines and valves upstream of the , 

reactor were copper with a short section of polypropylene. 

Electronic Microbalance. A Cahn 2000 Electrobalance with a maximum 

full-scale sensitivity of 0.1 micrograms was .used, although the one 

milligram range was used for most of these experiments. The sample 

weight was output as a 0-10 mV signal to a Houston Instruments strip 

chart recorder from the electrobalance controller. A preset chart speed 

allowed the weight to be monitored as a function of time. The sample 

itself was placed in a platinum foil pan that was suspended from the 

balance by a nichrome wire. Mechanical and electronic taring of the 

balance allowed it to be calibrated prior to each experiment. 

Reactor. A qU2rtz U-shaped reactor was also used in this study for 

easy enclosure by the furnace, although it was somewhat more 

sophisticated than the mini-fluidized bed reactor. Details of the 

reactor design are given in Figure 2.4. The construction of the reactor 

was such that the sample pan was located near the bottom of the reactor 

when the system was assembled. A ground glass joint at the top of the 

reactor allowed it to by sealed to the balance enclosure with a gas-

tight seal using vacuum grease. Stainless steel Swagelok fittings with 

-_._---
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nylon ferrules were used to make the other two connections. In normal 

operation, gas from the preparation section entered the reactor at the 

side inlet where the gas flow split, half of it going to the balance for 

purging and the other half going downward over the pan. A 

chromel/a~umel thermocouple mounted on the side of the reactor next to 

the pan monitored the temperature of the sample during the course of an 

experiment. 

Furnace. The furnace used in this system was," identical to that 

used in the mini-fluidized bed system. It was mounted vertically in the 

same manner so that it could be raised to enclose the reactor. 

Analytical Equipment 

A gas chromatograph and a dual CO/C02 infrared analyzer were used 

during the course of each experiment to monitor the gas composition. A 

bubble meter at the end of the analytical train was used to measure and 

calibrate the gas flowrate. In addition, an atomic absorption 

spectrophotometer was used periodically to measure the alkali 

concentration of a sample after an experiment. 

equipment are given belo~. 

The details of this 

Ga~ Chromatograph. A Varian model 3720 gas chromatograph (GC) was 

used to measure the gas composition as necessary prior to and during an 

experiment. A Valco ten port valve with two sample loops and 

connections to two columns was used so that or.-line monitoring of the 

gas was possible. One column was a six foot, 1/8 inch OD stainless tube 

packed with Molecular Sieve SA used for the separation of 02, N2 and CO. 

The second column was a nine foot, 1/8 inch OD stainless tube packed 
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with Porapack Q used for the separation of more polar compounds such as 

C02' The GC was calibrated using Matheson certified standard 

calibration gases with ~~vwn CO, C02, N2 and 02 concentrations. 

Helium at 30 cm3/min was used as a carrier gas for both columns. 

The column wis "maintained' at -iOoc with a resulting pressure drop of 19 

and 25 psi across the Molecular Sieve and Porapack Q columns, 

respectively. A thermal conductivity detector was used to detect the 

eluting gases. The detector temperature was set: at 2000 C and the , 

filament at 240oC, resulting in a filament current of approximately 200 

mA at steady state. The columns were regenerated occasionally by 

heating them to 2000 C for 30 minutes to elute any gases that were 

irreversibly adsorbed at 700 C. 

Infrared Analyzers. An Infrared Industries model 702 nondispersive 

infrared analyzer was used for continuous monitoring of CO and C02 

concentrations during an experiment. The instrument had a meter for 

each gas and was also connected to a strip chart recorder to get a 

permanent copy of the output. It had a switchable range of 0-10% and 0-

30~ for each gas. The C02 levels were typically 15% and the CO levels 

approximately a few teaths of a percent, so the 0-30% range was used for 

C02 and the 0-10% range was used for CO. The analyzer was calibrated 

with one of the Matheson certified calibration gases before the start of 

each ex:periment. 

Atomic Absorption Spectrophotometer. A Perkin-Elmer model 2380 

atomic absorption spectrophotometer was used for the determination of 

the alkali content of samples. It was run in the atomic emission mode 

for the analysis of both sodium and potassium. The wavelength 

-,-- --, - .. _-, -_ .. -------~--~----
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dispersion device was a single-pass monochromator with a holographically 

ruled grating. The wavelengths used for sodium and potassium were 589 

and 760 nm, respectively, with a slit width of 0.2 nm for sodium and 0.7 

nm for potassium. 

excite the sample. 

In both cases, an air-acetylene flame .as used to 

Sample Preparation and Analysis 

An incipient wetting technique was used to impregnate the graphitic 

carbon substrate with alkali carbonate. Addition~l details of this 

method can be found in another publication (Sams, 1982). In this 

method, one grRm samples of the Carbopack B were weighed and placed in 

separate polyethylene evaporating containers. Next, 2.5 ml aliquots of 

alkali carbonate-deionized water solution were prepared, each with a 

different alkali concentration. Each ~liquot was then carefully mixed 

with a carbon sample ~sing a glass stirring rod. The 2.5 ml aliq~ot was 

sufficient to thoroughly wet the carbon and fill the pore volume. Each 

concentration of the original carbonate solution resulted in a different 

alkali loading. The samples were then covered with tissue to prevent 

contamination from airborne particles and allowed to dry for several 

days. Once dry, the samples were sieved to retain the 60 to 80 mesh 

fraction. This was necessary since some of the original particles 

fragmented during impregnation while others agglomerated into bigger 

pieces. 

The alkali content of these samples was measured independently 

using the atomic emission spectrophotometer described in the previous 

section. The samples were prepared for analysis by first digesting them 

~ •• _ •• _ •• ~ ___ --:.... ••• " .~.~ •• ," _,'" " .;', ........ H •••• _ •• ...:.~ : •• !' ........ ~ .• _'_~~ ....... _. _~. _ .... _ ') ••.• • •• - ......... <P •••• __ .-=-::...:..==-_. __ ~~~=.;:.:--~.--:.._. _ .. ':.' 
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in an acid solution. Approximately 25 mg of the sample to be analyzed 

was weighed on a Mettler balance. The sample was then placed in a 35 ml 

polyethylene bottle with 20 ml of the acid solution (30% HF, 10% HCl, 

10% HN03 and 50% deionized H20). The bottles were then placed in an 

ultrasonic bath for approximately 3 hours to dissolve the carbon as much 

as possible and leach the alkali into solution. The caps were loosened 

to prevent pressure build-up during the sonication. After this 

digestion step, the samples were diluted with deionized water so that 
j 

the resulting solution had an alkali concentration between one and five 

parts per million by weight (ppmw). 

A calibration curve for the spectrop~otometer was established by 

measuring the emission intensitY of alkali standards containing 1, 2 and 

5 ppmw alkali. The standards were prepared from MCB reagent grade KCl 

and ACS certified Fisher Scientific NaCl with deionized water. The 

crystals were carefully weighed on a Mettler balance and a 100 ppmw 

solution was prepared. This solution was then used to make a 20 ppmw 

solution which in turn was used to make the standards. Volumetric 

flasks and pipettes were used for all dilutions. The alkali 

concentrations of the impregnated Carbopack samples are given in Table 

2.1. 
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Table 2.1 Alkali Levels of Carbopack Samples 

Sample 

A 
B 
C 
D 
E 
F 
G 
H 
H 
I 
J 
K 
L 
M 

Alkali 

K2C03 
K2C03 
K2C03 
K2C03 
!{2C03 
K2C03 
K2C03 
Na2C03 
Na2C03 
Na2C03 
Na2C03 
Na2C03 
Na2C03 
Na2C03 

* M - K or Na 

Yt% M* 

0.29 
0.S7 
1.7 
4.0 
6.1 
7.1 
7.5 
0.50 
2.0 
5.0 
7.8 
10.1 
12.9 
16.5 

0.00089 
0.0027 
0.0054 
0.013 
0.021 
0.025 
0.027 
0.0027 
0.011 
0.029 
0.049 
0.067 
0.091 
0.131 

(M/C)o - initial alkali loading (gmol M/gmol C). 

Experimental Procedures 

58 

A temperature-programmed reaction (TPR) technique was used in this 

study to examine the alkali carbonate-carbon interactions. The details 

of the experimental procedures depend on the reactor system being used 

and the particular information desired in an experimental run. For 

example, in some experiments, all gases were allowed to desorb from a 

sample prior to terminating the run, while in other runs only a portion 

of the gas was allowed to desorb. In addition, certain procedural steps 

were particular to the system being used to collect the data. In this 

section, a description of these system-related procedure~ will be 

discussed first, followed by the procedures related to the collection of 

specific data. 

- ." ," ,. . -. , "'''~-' - . - -~.------
--_._. __ . - -- ------
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Mini-fluidized Bed Procedure 

All runs made in this system were at 8000 e and atmospheric 

pressure. As described in the equipment section, the reactor was 

assembled by first placing a plug of quartz wool (approximately one cm3 

volume) in the quartz U-tube reactor about 5 cm from the bottom in one 

"leg". This dis::ance was such that the plug was not in the curved, 

lower po=tion of the U, but rather in a straight section of the leg. 

Then 50 mg of the carbon sample was placed on top of. the plug resulting 

in a bed approximately 1.5 cm high when fluidized. Gas lines were then 

connected to the reactor and it was put in a bracket over the furnace. 

The gas flow was always maintained at 30 cm3jmin; this resulted in 

a uni.fomly fluidized bed at BOOoC. First the UHP nitrogen was started 

and allowed to flow for several minutes to purge out most of the oxygen. 

A bubble meter was used for flow measurement. During this time, the 

CO/C02 infrared analyzer (IR) was calibrated with one of the Matheson 

certified gas mixtures. Next a gas sample was sent to the GC to 

determine the oxygen content. If the 02 level was below 10 ppm by 

volume, the run was initiated by raising the furnace to enclose the 

sample. The sample temperature reached a steady-state value of BOOoC in 

a few minutes. At this point, the evolution of H20, C02 and CO was 

observed. In some of the runs, the 15% C02/N2 was introduced after this 

step to determine an initial gasification rate. The run was terminated 

by lowering the furnace. This effectively "quenched" the process by 

rapidly loweri~g the reactor to room temperature. The sample was then 

removed for alkali analysis. 

When C02 was introduced for gasification, its concentration 
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typically dropped less than 5% from one side of the fluidized bed to the 

other, resulting in CO proauction that was less than 1% by volume. The 

reactor was therefore considered to be differential in nature. 

Microgravimetric Reactor Procedure 

The runs made in this system were similar to those made in the 

fluidized bed system with minor variations. All runs were made at 8000 C 

and atmospheric pressure. The first step was to z.ero the balance by 

assembling the reactor with the empty pan in place. Next the reactor 

was disassembled, the pan loaded with 25 to 50 mg of carbon and then 

reassembled and the weight recorded. These initial weight measurements 

were done without any gas flow to prevent drag effects from changing the 

weight reading. The sample size was varied depending on the information 

desired. As with the fluidized bed experiments, all microbalance runs 

were performed such that the reactor behaved in a differential fashion. 

As with the fluidized bed experiments, the oxygen level was checked 

prior to initiating a run. These experiments were started in UHP 

nitrogen, and for some of them C02 gasification was initiated by 

introducing the 15% C02/N2 gas mixture. The concentrations of CO and 

C02 were monitored throughout the course of an experiment with the IR 

analyzers. To bring the reactor up to reaction conditions the furnace 

was raised, and to quench the reaction the furnace was lowered. Samples 

from these experiments were also analyzed for alkali content. 

Experimental Schedules 

Two different TPR schedules were used in this study. Examples of 

these schedules are illustrated in Figures 2.5 and 2.6. The CO/C02 and 

--------_ .. - ---_._---_. 
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weight profiles shown are typical of a carbon sample with a high alkali 

loading. In Schedule 1 (Figure 2.5), the reactor was purged with UHP 

nitrogen and the furnace was preheated to 8000 C prior to being raised. 

After the CO and C02 concentrations d.ropped t~ zora, the fun-.c::.ce was 

lowered to keep the alkali catalyst in a fully reduced state. Schedule 

2 (Figure 2.6) was the same as Schedule 1 except that the r..m was 

terminated before all of the CO was released. This was done to 

determine the relationship between the amount of CO evolved and the 

alkali vaporized. A third schedule was used to investigate the effect 

of partial aU-ali carbonate reduction on the rate of carbon/C02 

gasification. A diagram of this schedule and the results are given in 

Appendix A. 

Data Reduction 

In this section, equations are presented that are used to calculate 

important quantities from raw strip chart and atomic emission data. 

These quantities include alkali loading in weight percent, the atomic 

alkali to carbon ratio, the amount of CO and C02 p~oduced and the 

gasification rate. 

The initial weight percent of alkali in the carbon samples was 

calculated from the atomic emission data. As described in the section 

on sample preparation and analysis, a portion of the sample is dissolved 

in an acid solution which is then analyzed with the atomic emission 

spectrophotometer. The resulting datum is the ppmw of alkali in the 

solution. The ppmw, total volume of the solution (V) and sample mass 

(m) are used to calculate weight percent of alkali: 

---------------------------



ug g V, ml 
wt% M - (ppm M, --)(------)(-----)(100%) 

ml 106 ug m, g 

where "M" in Equation 2.1 is either Na or K. 
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(2.1) 

The initial catalyst concentration expressed as the atomic ratio of 

alkali to carbon can th~n be calculated from the weight percent alkali. 

For sodium this formula is: 

wt% Na g Na mol Na 
(------, ----)(---------) 

100 g 23.0 g Na 
(Na/C)o - -----------------------------------

and for potassium: 

wt% Na g Na mol.C 
[1 - 2.044(------, ----)](--------) 

100 g 12.0 g C 

wt% K g K mol K 
(-----, ---)(--------) 

100 g 39.1 g K 

wt% K g K mol C 
[1 - 2.254(-----, ---)](--------) 

100 g 12.0 g C 

(2.2) 

(2.3) 

The raw data for CO and C02 produced during the course of an 

experiment is on strip charts as the volume percent in the reactor 

outlet gas as measured by the infrared analyzers. 7he moles of gas can 

be calculated from these data knowing the strip chart speed (S), the gas 

flowrate (F), the area under the curve (A), and the height (h) on the 
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stri? chart corresponding to one percent CO or C02 in the gas. This 

equation is given as: 

N (mmol) -

ml 
(A, in2)(F, - - - ) 

min 

26.6 cm3 in cm 1.0 in 
(--------)(h, --)(S, ---)(-------)(100 %) 

mmol % min 2.54 cm 

where 26.6 (ml/mmol) is the molar volume of gas. 

(2.4) 

The initial gasification rate, also taken from the strip chart 

data, is calculated from the gas flowrate (F), ·the initial carbon mass 

(Co) and the percentage of CO in the outlet gas: 

1 CO% ml 12 mg C mmol 1 
(-)(---)(F, ---)(-------)(-------)(-----) (2.5) 
2 100 min mmol 26.6 ml Co, g 

This form for Equation 2.5 results in the rate having units of 

milligrams carbon gasified per initial gram of carbon per minute. 

Characteristics of Alkali Carbonate/Carbon Int~ractions 

Several investigators have examined the decomposition and reduction 

of alkali carbonates on carbon substrates in an inert atmosphere in the 

past few years. Most of these studies have focused on the nature of the 

alkali-carbon interactions as it relates to catalytic gasification. The 

techniques most commonly used are temperature programmed desorption 

(TPD) in which the sample temperature i~ changed in some predetermined, 
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programmed manner, and thermogravimetric analysis (TGA) in which a 

microbalance is used to monitor the sample weight as the sample is 

heated. 

Earlier TPD studies have shown that CO and C02 are the primary 

gaseous species released when alkali carbonate-impregnated carbon 

substrates are heated in an inert atmosphere. Although most 

investigators observed the release of CO above 700oC, there is little 

agreement on the amount of and temperature at which C02 is released. 

Carbon dioxide evolution has been obse=ved at temperatures ranging from 

below 2000 C up to 8000 C (Wigmans et al., 1983; Saber et al., 1983, 1984; 

Wood et al., 1984; Kapteijn et al., 1984) and was also found to be 

dependent on the substrate (Yuh and Wolf, 1984). Most of these 

investigations were qualitative in nature. In addition, none of them 

provided a complete oxygen balance. 

The typical weight and CO/C02 profiles for a Schedule 1 experiment 

in the present study are shown in Figure 2.5. These results are typical 

for a high loading sample, in this case Sample F. Soon after raising 

the furnace, some water vapor and C02 were released, accompanied by a 

sharp drop in the sample weight. The C02 level rose sharply and then 

decayed rapidly to a negligible level within a few minutes. The release 

of CO was observed shortly after the C02 evolution began, but its 

production continued for an extended period of time and was accompanied 

by a gradual reduction in sample weight. Unlike the C02 profile, the CO 

profile exhibited three distinct regions: An initial rise that 

typically took several minutes, a relatively flat "plateau" ::cegion in 

which the CO level increased very gradually, and a final region in which 

-_.----
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the CO level decayed to zero. The shape of these profiles was 

essentially the same for both Na2C03 and K2C03-impregnated samples. 

Low Temneraoure Decomposition 

The mechanism of potassium carbonate reduction on a graphitic 

substrate was previously investigated in this laboratory (Sams et a1., 

1985 and Sams and Shadman, 1986). Temperature-programmed reaction (TPR) 

experiments similar to those in the present study ° were performed to 
i 

determine the relationships between temperature, alkali vaporization and 

As in the present study, Sams and Shadman (1986) observed the 

evolution of C02 and H20 at the onset of the TPR experiments. Some of 

their TPR experiments were performed by ramping the reactor temperature 

at SOC/min; from these data it was determined that this initial C02 and 

H20 release takes place below 2000 C. It was also found that the molar 

quantities of C02 and H20 released during this stage were proportional 

to the initial alkali loading. This relationship is shown in Figure 

2.7. The amount of C02 released was determined by integrating the C02 

peak on the IR output. The amount of H20 released was calculated from 

the difference between the initial weight loss measurements 

(microbalance data) and the weight loss due to C02 evolution; this 

assumes that C02 and H20 are the only gaseous products during this 

stage. 

Their results indicate that one mole of C02 and one mole of H20 are 

released for every mole of K2C03 initially present. This unique 

stoichiometric relationship suggests that the C02 and H20 are not merely 

- _0 _____________ 0 __ 0 
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physically adsorbed gases, but rather the products of a decomposition 

reaction. They attribute this to the decomposition of potassium 

bicarbonate according to the reaction: 

(2.5) 

They analyzed unheated K2C03-impregnated samples using powder X-ray 

diffraction and confirmed the existence of KHC03. 

In the present study, the formation of sodium i bicarbonate during 

sample preparation was also investigated. The same technique used by 

Sams and Shadman (1986) was used in this study to calculate the amount 

of C02 and H20 evolved (integration of the C02 peak, analysis of sample 

weight loss). A comparison of the molar quantities of C02 and H20 

released to the initial sodium loading is shown in Figure 2.8. In 

contrast to the potassium-impregnated samples (Figure 2.7), it can be 

seen that there is little or no correlation between the amount of C02 

released and the sodium loading for the sodium-impregnated samples. In 

addition, very little C02 is evolved, averaging about 20% of that 

predicted by the decomposition of NaHC03. On a molar basis, more H20 is 

released and the amount does increase with the sodium loading; however, 

it is still considerably less than that predicted by bicarbonate 

decomposition. From these results, it is concluded that little or no 

sodium bicarbonate is formed. 

To investigate the nature of this C02 and H20, a run was made in 

which the sample was left under a flow of UHP nitrogen for 72 hours at 

room temperature prior to a Schedule 1 experiment. The amount of C02 

and H20 evolved in this run is shown in Figure 2.8. A comparison of 

--------------
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Figure 2.8 Dependence of C02 and H20 Desorption on the Initial 
Alkali Concentration for Samples I, J, K, L, Hand N; 
Solid Line Represents C02~!~ - HZO/Na - 1/2. Square 
Symbols Represent 72 Hour Room Temperature UHF N2 
Pre-treatment. 
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these values with those for a run. in which no N2 pretreatment was 

performed (same initial sodium loading) shows that nearly all of the H20 

was desorbed during the N2 pretreatment. This indicates that nearly all 

of the H20 released during sample heat-up comes .from physically adsorbed 

water. Although the N2 pretreatment resulted in the desorption of 

nearly half the C02, very little was desorbed in either case. Frc.m 

these results, it is evident that most of sodium remains in the form of 

Na2C03 after sample preparation. 

High Temperature Reduction and Alkali·Vaporization 

The next stage after the low temperature release of C02 and H20 is 

carbonate reduction. In the present study, CO was the only measurable 

gaseous product during this stage. The earlier TPR studies of Sams and 

Shadman (1986) showed that this is a high temperature process, occurring 

above 700oC. 

As noted in the previous section, some investigators observed the 

evolution of C02 at moderate to high temperatures (200 - 8000 C). Among 

these investigators were Yokoyama et al. (1983), Mims and Pabst (1983), 

Huhn et al. (1983), Yuh and Wolf (1984), Wood et al. (1984) and Kapteijn 

et al. (1984). In all of these studies, a non-graphitic substrate was 

used. Those using a graphitic substrate (Yuh and Wolf, 1984 and Sams 

and Shadman, 1986) did not observe this higher temperature C02 

production. As pointed out by Sams (1985). this difference in the 

distribution of gaseous products could be due to several factors. The 

impurities present in some substrates could catalyze C02 production. 

Another possibility is that chemisorbed or indigenous oxygen present in 
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the raw material may be the source of C02. 

In this study, the total amount of CO released during reduction was 

found to depend only on the initial alkali content. As shown in Figures 

2.9 and 2.10, the results indicate that three moles of CO are released 

for every mole of K2C03 or Na2C03. This is consistent with the 

following stOichiometry: 

2C + M2C03 - 3CO + 2M (2.7) 

and shows that the carbonate is fully reduced during the experiments. 

To confirm the total reduction of carbonate, the temperature was 

increased to approximately 10000C after full reduction in several 

experiments; the extra CO released was negligible. 

Kinetics of Alkali Carbonate Reduction 

Since CO is a product of reduction per Reaction 2.7, its time 

profile gives -::he kinetics of carbonate reduction. Figure 2.5 is a 

typical CO profIle for samples with high initial alkali loadings. The 

CO concentration exhibits a plateau with only a small increase over a 

long period of time. This slight increase in the CO production rate is 

the result of a small increase in the surface area of the carbon during 

carbonate reduction (Hamilton et al., 1984 and Hamilton, 1983). As the 

initial loading is decreased, the width of the CO plateau decreases 

while the rate of CO production does not change significantly. For very 

low concentrations, the profile does not exhibit a plateau. 

The rise and and fall of the CO peak are primarily due to the 

effect of reaction kinetics and not simply an artifact of the reactor 

-_._---
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residence time response. Yithout the xinet1c effects, the rise and fall 

would be much sharper since dispersion in the reactor is relatively 

negligible. 

The characteristics of carbonate reduction kinetics are more 

clearly illustrated in Figure 2.11, where the overall reduction time is 

plotted as a function of the initial alkali loading. The solid line for 

sodium represents a best fit to the data at the time this information 

was first published (Shadman et al., 1987). Additional data for sodium 

were collected since that time; the dashed line represents a best fit 

to all of these data. 

Figure 2.11 shows the existence of two regions with two different 

rate characteristics. The first region is where the alkali loading is 

low and the average reduction rate (defined as moles of carbonate 

reduced per unit mass of sample per unit time) varies with the loading 

as indicated by the initial cuzvature in Figure 2.11. In this region, 

the rate is limited by ~he alkali loading and not by the availability of 

carbon surface area. The second region is where the alkali loading is 

large, the slope is nearly constant and the average reduction rate is 

independent of loading. In this region, alkali is in excess and the 

reduction kinetics are limited by the carbon surface area, which changes 

only slightly (Hamilton, 1983 and Hamilton et al., 1984). 

The presence of these two regions indicates some saturation-like 

phenomenon. Therefore, the concentration level corresponding to the 

onset of the second region will be called "apparent saturation". The 

apparent saturation occurs at approximately K/C - 0.01 and Na/C - 0.04. 

The physical significance of the apparent saturation and its difference 

- - -.- -~-.. --.- --~---~-



Initial Na/C atomic ratio 
o 0.02 0.04 0.06 0.08 0.10 

3.0 r----~---__r_---_r_---r__--___r 

2.0 

-~ ..c -
(l) 

E 
f-

1.0 

o 
o 

o~----------~------------~----------~ 

76 

o 0.01 0.02 0.03 

. Initial K/C atomic ratio 

Hgure 2.11 Dependence of the Total Reduction Time on the Initial 
Alkali Concentration for Carbopack Samples A, B, C, D, E, 
F, I, J, K, Land H. Dashed Line Represents Best Fit to 
All Sodium Data. Solid Line Appeared in an Earlier 
Publication (Shadman et al., 1987). 

-_._--



77 

from the the true surface saturation will be discussed in the next 

section. 

Relation Be~een Carbonate Reduction and Alkali Vaporization 

Several experiments were conducted in which the samples were 

removed after various levels of carbonate reduction and analyzed for 

alkali content. This was done to determine the relationship between 

carbonate reduction and alkali vaporization and gai~ some insight into 

the mechanism of alkali vaporization. The experimental procedure used 

was Schedule 2, shown in Fi~~re 2.6. The reduction level was determined 

from the cumulative amount of CO released Using the stoichiometry of 

Reaction 2.7. The alkali concentrations in partially reduced samples 

were measured by atomic emission spectroscopy. For those experiments 

performed in the microbalance reactor system, the sum of the total 

amounts of CO released and alkali lost agreed well with the weight loss 

measurements. 

The extent of loss of catalyst by vaporization was also confirmed 

by a total mass balance for the alkali metal. This involved recovery 

and measurement of the total alkali condensed on the reactor wall as 

well as the amount left in the sample. This is shown in Table 2.2 for 

several experiments performed with Na2C03-impregnated samples. Similar 

results were obtained for K2C03-impregnated samples. 

_. ---_. ----
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Table 2.2. Sodium Balance 
----------------------------------------------------------

Run Sample Initial Wall Sample Final Ratio 
mg Na mg Na mg Na mg Na mg Na 

----------------------------------------------------------
2.19 L 9.59 3.21 6.56 9.77 1.02 
2.20 L 9.44 6.29 3.31 9.60 1.02 
2.9 K 3.89 0.12 3.58 3.70 0.95 
2.12 K 3.85 2.61 1.01 3.62 0.94 
2.13 K 3.84 0.82 2.73 3.55 0.92 
2.14 K 3.88 1.64 2.11 3.75 0.97 

Ratio - Final/Initial 

The dependence of alkali loss on the extent of carbonate reduction 

is shown in Figure 2.12. This shows that alkali vaporizes rapidly upon 

reduction of the carbonate. An important observation shown by the line 

fit to the data in Figure 2.12 is that the amount of alkali lost is 

always less than the amount of carbonate reduced. The difference is 

noticeable on a relative basis only when the alkali loading is low, at 

the end of the reduction stage or when samples have small initial 

loadings. To determine the size and significance of this alkali 

residue, a series of experiments were conducted where samples with 

different initial loadings were fully reduced and then analyzed for 

residual alkali content. The results, shown in Figure 2.13, show that 

in each case there is a residual alkali concentration left after full 

reduction. The residual concentration depends on the initial alkali 

loading but has a maximum limit, for which the term "retention limit" 

has been chosen. The value of this limit is expected to depend on the 

properties of the carbon substrate and specifically on the surface area 

and the nature and concentration of sites. For the carbon substrate 

-. - - .-- - -.. ---.----~~----
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used in this study, the retention limit expressed in atomic ratios is 

roughly 0.002 for potassium and 0.0008 for sodium. 

The existence of a residucll alkali level has been reported by 

others, including Huhn et al. (1983). However, the exact mechanism 

responsible for the formation of this relatively stable residual level 

is not clearly known. Based on the results shown in Figures 2.12 and 

2.13, alkali is readily vaporized from the fully reduced form only in 

the presence of additional carbonate. This can be explained by the 

active surface site having a stronger attraction for an oxidized complex 

[( -02M) or (-OM)] than the fully reduced alkali (-M). Once all 

carbonate is reduced, (-eM) sites do not decompose readily. This leads 

to the observed residual catalyst level which is relatively stable. 

Although the (-CM) sites are relatively stable in the absence of 

additional carbonate, continued heat treatment after complete carbonate 

reduction results in a gradual decomposition of these sites. This 

decomposition results in the continued vaporization of alkali according 

to the reaction: 

(-CM) - M(g) + (-C) (2.8) 

Reaction 2.8 was previously investigated in this laboratory (Sams et 

al., 1985). It was found that this vaporization follows a first order 

rate expression for potassium, whether the potassium was originally 

impregnated in the carbon as KOH or K2C03. 

The chemical form and the concentration of alkali retained on the 

carbon surface also depend on the reaction atmosphere during reduction. 

Under an oxidizing atmosphere (in the presence of oxygen, C02 or H20), 

---- -- ----
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the surface group (-CM) is not stable and is ~apidly oxidized (Sams and 

Shadman, 1986). In such cases, the residual alkali will be in the oxide 

forms, (-COM) and (-C02M). This implies that the formation of (-eM), 

the precursor for alkali vaporization, is not favored on these 

substrates. This is consistent with the observation that non-graphitic 

carbon substrates which chemisorb oxygen more strongly have a lower 

catalyst loss (Saber et al., 1986) and higher retention limit (Huhn et 

al., 1983). 

In interpreting the results of this portion of the study, two 

properties have been defined: Apparent saturation and retention limit. 

At present, the fundamental physical significance of these parameters is 

not known and the relation to a true surface saturation is not clear. 

The retention limit can be thought of as one possible measure of the 

substrate saturation, because it shows the maximum number of alkali 

sites after all the excess alkali is removed. However, other 

definitions of saturation are also possible. For the present substrate, 

the retention limit of K/C - 0.002 corresponds approximately to one atom 

of metal for every three surface carbon atoms. Likewise, Na/C - 0.0008 

corresponds approximately to one atom of metal for every seven surface 

carbon atoms. 

It is important to note that the retention limit is significantly 

smaller than the apparent saturation. This can be explained as follows: 

After impregnation, the alkali is not evenly distributed over the carbon 

surface, but is more in the form cf islands (Hamilton, 1983). Upon 

heating, the catalyst becomes mobile and spreads over the carbon 

surface. But since catalyst vaporization and spreading take place 

-- _.---- --------_._--- --------
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simultaneously, a. ,7elatively large amount of catalyst (K/C - 0.01 and 

Na/C - 0.04) is initially needed to spread and yield a complete coverage 

before vaporization depletes the supply. In fact, this explains the 

initial rise of the curves in Figure 2.13. In this region, the initial 

catalyst concentration is not high enough to allow complete surface 

coverage before the excess catalyst is lost. 

Comparison of apparent saturation and retention limit values for 

sodium and potassium indicates that it takes more moles of sodium than 

potassium to achieve saturation. This is consistent with the results of 

Berger et al. (1975) in which it was shown that potassium has a stronger 

interaction with graphitic substrates and is· lost more slowly than 

sodium. 

Mechanism of Alkali Vaporization 

A mechanism for the reduction of potassium carbonate and subsequent 

vaporization of the alkali metal was proposed in this laboratory and 

presented in an earlier publication (Sams and Shadman, 1986). One 

purpose of the present study was to further test this mechanism and show 

its validity for sodium as well as potassium. The reaction sequence is 

as follows: 

C 
M2C03 (-C02M) + (-COM) (2.9) 

(- C02M) + C - (-CM) + CO2 (2.10) 

(- C02M) +C- (-COM) + CO (2.11) 

(-COM) + C - (-CM) + CO (2.12) 

(-CM) - ~(g) + (-C) (2.8) 



04 

in which M is either K or Na. The (-C02M), (-COM) and (-CM) are the 

fully oxidized, the partially reduced and the completely reduced surface 

groups, resp..::ctively. In Reaction 2.9 the carbonate decomposes on the 

carbon surface to form active surface groups. As mentioned in Chapter 

1, the IR studies of other investigators suggest these groups are 

carboxylic (-COOM) and phenolic (-COM). In the previous section it was 

mentioned that the initial rise of the CO profile during carbonate 

reduction (see Schedule 1, Figure 2.5) was due toj'reaction kinetics, 

since dispersion in the reactor was relatively negligible. Based on the 

results of this study, the initial rise of the CO profile is due to the 

increase in the concentrations of (-C02M) and (-COM) supplied by 

Reaction 2.9. 

Reaction 2.10 allows for the high temperature production of C02 

observed by investigators that did not use a graphitic substrate. In 

Reactions 2.11 and 2.12 the surface groups are reduced to yield CO as a 

product, and in Reaction 2.8 the alkali is vaporized from the fully 

reduced surface group (-CM). 

The results of this chapter show that the reduction of alkali 

carbonates is a prerequisite for the formation of carboxylic, phenolic 

and fully reduced surface complexes on carbon. It is from the fully 

reduced complex that alkali is lost through vaporization. This 

mechanism is the same for potassium anc sodium. It ~:?E f(\und that sn!1le 

residual alkali remains after complete reduction. More potassium than 

sodium is retained, confirming that potassium has stronger interactions 

with graphitic substrates than sodium. 
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85 

As mentioned in Chapter 1, the alkali metal compounds present in 

coal that are vaporized during combustion or gasification present 

several processing problems. Among the major problems are fouling and 

corrosion of heat transfer surfaces and refractory linings that result 

in less efficient operation. In combined cycle processes, ceramic 

turbines are especially susceptable to attack by alkali vapors. 

In general, three approaches can be taken to reduce the problems 

caused by alkali compounds in coal. The first is to remove the alkali 

from coal by some form of chemical and/or mechanical treatment prior to 

its use. This treatment, called beneficiation, has been done in the 

past in an effort to reduce the mineral content of coal. Although some 

of the alkali is also removed in this way, no beneficiation process 

exists at present that will reduce the alkali content to an acceptable 

level in an economically feasible manner. Another approach is to 

control the release of alkali vapors from coal as it is heated. 

Ho~]ever, this method is very difficult because of the complex chemistry 

and physical changes that result in the evolution of alkali vapors 

during combustion. The third, and most promising method at present, is 

the removal of alkali after it has been vaporized. 

A promising technique for the removal of alkali from hot flue gases 

is by using materials that will remove alkali vapor by adsorption and/or 
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reaction. These materials, or sorbents, can be used in two ways. One 

method is by passing the alkali-laden flue gas through a fixed bed of an 

appropriate sorbent. This process has been considered for alkali 

removal from flue gases in the combined-cycle power generation from coal 

(Bachovchin et al., 1986; Jain and Young, 1985; Lee and Johnson, 1980). 

The second method is the injection of sorbents with coal for the in-si~ 

capturing of alkali during pulverized coal combustion. This method has 

received much less attention (Shadman et al., 1987). i 

The choice of a suitable sorbent depends on the coal properties and 

the process operating conditions. In general, however, the important 

characteristics desired in a potential sorbent are as follows: 

* High temperature compatibility 

* Rapid rate of adsorption 

* High loading capacity 

* Conversion of alkali into a less corrosive form 

* Irreversible adsorption to prevent the release of adsorbed alkali 

during process fluctuations 

High temperature compatibility, rapid rate of adsorption, conversion to 

a less corrosive form and irreversibility are particularly important for 

the in-situ removal of alkali. To avoid any additional contribution to 

fouling, it is important that the sorbent and its reaction product 

remain in anon-sticky, solid form. The alkali must also be rendered 

less corrosive in case reacted sorbent t;:<l.-::'ticles are trapped in ash 

deposits. A rapid rate of adsorption is important because the 

combustion zone residence time is typically only a few seconds. 
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A high loading capacity is important for do~tream fixed-bed 

alkali removal since the sorbent would not have to be replaced as often. 

In this case, reversibility may be an advantage if it is desired to 

regenerate and reuse the sorbent. This latter approach was taken by Lee 

and Johnson (1980). 

Although the use f)f solid sorbents for alkali and trace metal 

removal from flue gases has generated a lot of interest, the mechanisms 

and the fundamental kinetics of the processes are not well understood. 

Lee and Johnson (1980) studied the adsorption of NaGl, KGl and K2S04 on 

a number of substrates including bauxite, silica and diatomaceous earth. 

They proposed chemical fixation on silica and· physical adsorption on 

bauxite. They also found activated bauxite to be a very efficient 

sorbent. In another study, Lee et al. (1985) reported that the 

adsorption of alkali on activated bauxite was by physical adsorption and 

chemical fixation, the latter being dominant in the presence of 

sufficient water vapor. Luthra and LeBlanc (1984) measure a the extent 

of adsorption of KG1 and NaGl on bauxite under different temperatures 

and oxygen concentrations. Their results indicated non-preferential and 

reversible physical adsorption of both compounds on alumina and 

activated bauxite. Bachovchin et al. (1986) compared a number of 

additives and found that emathlite was a suitable so~bent at 

temperatures below 900oG. 

In this portion of the study, several model compounds and 

commercially available minerals were tested for potential use as alkali 

sorbents. The model compounds are used to help identify those species 

that will adsorb and/or react with alkali vapors, whereas the 

-_.------
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commercially available minerals are evaluated to determine their 

performance in the capture of alkali. The tests are accomplished by 

passing a known quantity of alkali vapor through a fixed bed of the 

material being tested, then analyzing the sorbent to determine what 

fraction of that alkali it was able to retain. 

The first part of this chapter consists of a description of the 

materials, equipment and experimental procedure used in these evaluation 

tests. This is followed by a presentation of the results including the 

effect of oxygen on the sorbent performance. From these results, 

several promising materials are selected for more detailed study. This 

is the subject of subsequent chapters. 

Materials 

The sorbents evaluated in this portion of the study include various 

model compounds and commercially available materials. The model 

compounds tested were silica (MCB grade 12 silica gel), alpha-alumina 

(DuPont Baymal colloidal alumina) and a graphitic carbon (Supelco). The 

carbon is the same material described in Chapter 2 (Carbopack B, 60/80). 

The commercially available substrates tested were an activated bauxite 

marketed by Englehard Corporation, kaolinite from Burgess Pigment 

Company (Burgess #80) and crushed limestone from Pfizer, Incorporated. 

A Utah bituminous coal ash collected from the bottom of a pilot scale 

pulverized coal combustor in our department was also examined, mainly to 

gain some insight into the reactivity of alkali chlorides with a typical 

ash. 

The alkali chlorides used in this study were MCB reagent grade 

_____ • ____________ 0 __________ __ 
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crystalline potassium chloride (KCl) and ACS Certified Fisher Scientific 

sodium chloride (NaCl). To analyze for alkali content, samples were 

digested in a mixture of hydrofluoric acid (HF), hydrochloric acid (HCl) 

and nitric acid (HN03) in the same manner as the carbon substrates 

described in Chapter 2. The HF (48% by volume aqueous solution) and HCl 

were manufactured by EM Seimes. The HN03 was manufactured by MCB. The 

gases used were Liquid Air, Incorporated ult~a-high purity (UHF) 

nitrogen and compressed air. 

Equipment 

A thermogravimetric reactor system similar to the one described in 

Chapter 2 was used in this portion of the study. The major differences 

are in the details of the quartz reactor. In this section the main 

features of this system are described, and where it is different from 

the system described in Chapter 2, a detailed discription is provided. 

The analytical equipment used in support of these experiments is also 

described. 

Hicrogravimetric Reactor System 

A schematic diagram of this system is given in Figure 3.1. The 

main components of this system are a gas preparation section, a quartz 

reactor, an electronic microbalance to monitor alkali delivery and a 

movable electric furnace to heat the reactor. A descriptio:l of these 

components fS given below. 

Gas Preparation Section. 220 ft3 cylinders of the UHP nitrogen and 

compressed air were connected through a valving system that allowed 

independent control of the flowrate of each gas. The flowrates were 

- .. - .'.-.- ---------- ,-'-----_. 
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Comparison Tests. 
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controlled by varying the delivery gas pressure on the upstream side of 

a restricted orifice "flow element". The flow element was made by 

placing a thin nichrome wire in a section of 0.25-inch diameter 

stainless steel tubing, then flattening the middle of the tube such that 

a very small orifice remained. All lines and valves upstream of the 

reactor were copper and stainless steel with a short section of 

polypropylene at the reactor connection. 

reactor were stainless steel. 

Lines downstream of the 

Electronic Microbalance. The same Cahn 2000 Electrobalance 

described in Chapter 2 was used in this system and was connected to a 

strip chart recorder in the same manner. In these experiments the 

alkali chloride was placed in a platinum foil pan suspended from the 

microbalance; this allowed a direct reading of the amount of alkali 

vaporized and the vaporization rate at any given time. 

Reactor. A quartz U-shaped reactor similar to the one shown in 

Figure 2.5 was used. The only difference between this reactor and the 

one shown in Figure 2.5 is the design of the lower portion, as shown in 

Figure 3.2. In this system a quartz insert was used to contain the 

fixed bed of sorbent particles. A 100 mesh stainless steel screen was 

used to support the bed. The construction of this system was such that 

the platinum pan containing the alkali salt fit just below the top level 

of the quartz insert when the system was assembled. This served two 

purposes: 1) Most of the vaporized alkali was transported directly to 

the sorbent bed with as little loss as possible due to reaction with the 

insert wall, and 2) The outer reactor was protected from devitrification 

due to reaction between the quartz and alkali vapor. As in the system 

-_ .. _------- .. _---_.--- ------ - --------
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described in Chapter 2, gas from the preparation section entered the 

reactor at the side inlet where the gas flow split, half of it going to 

the balance for purging and the other half going downward over the pan 

and through the sorbent bed. A chrcmel/alumel thermocouple mo'mted on 

the side of the reactor next to the bed monitored the temperature of the 

sorbent during an experiment. 

Furnace. The furnace used in this system was identical to that 

used in the mini-fluidized bed system described in ;'Chapter 2. It was 

mounted vertically in the same manner so that it could be raised to 

enclose the reactor. 

Analytical Equipment 

A gas chromatograph (GC) was used during the nitrogen carrier gas 

experiments to monitor the oxygen content of the effluent gas and 

thereby determine if any leaks were present in the system. This was the 

same Varian model 3720 GC described in Chapter 2. The GC was not used 

in those experiments in which air was used as a carrier gas for the 

alkali vapor. A bubble meter at the outlet of the GC was used to 

measure and calibrate the gas flowrate. A Perkin-Elmer mc.del 2380 

atomic absorption spectrophotometer, also described in Chapter 2, was 

used to measure the alkali content of a sorbent before and after an 

experiment. 

Sample Preparation and Analysis 

With the exception of kaolinite, all sorbent materials were sieved 

to retain the 60 to 80 mesh fraction, devolatilized under nitrogen at 

9000 C for several hours and resieved to retain the same size fraction. 

- ------.----.- -_.- - - .- .. --.---
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They were then stored under vacuum until used. The kaolinite, initially 

present as particles several micrometers in diameter, was made into a 

slurry with deionized water, allowed to dry in decanting dishes at room 

temperature, and then crushed and sieved to retain the 60 to 80 mesh 

fraction. It was then calcined and resieved in the same manner as the 

other materials. 

The compositions of the as-received materials on a volatile-free 

basis are given in Table 3.1. The composition of the· bauxite, kaolinite 

and limestone are that reported by the supplier on a volatile-free 

basis. The composition of the Utah bituminous ash was determined at the 

Analytical Center: at the University of Arizona and was previously 

reported by Linak (1985). The alkali content of these samples was 

measured independently using the Perkin-Elmer spectrophotometer 

described in Chapter 2. Acid digestion was used to prepare the samples 

for analysis; this procedure is the same as that described in Chapter 

2. The alkali content for each sorbent i~ siven in Table 3.2. 

Experimental Procedure 

An experiment was set up by placing approximately 0.27 g of either 

NaCl or KCl in the platinum foil basket (see Figure 3.2). A fixed bed 

of the sorbent particles was made by placing approximately 0.63 cm3 of 

the sorbent on the stainless steel screen in the quartz insert. The 

reactor was then attached to the balance and a flow of either UHP 

nitrogen or air was started, depending on the experiment. For those 

experiments in which nitrogen was used as the carrier gas, the effluent 

gas was then sampled with the GC to ensure no oxygen was leaking into 



Table 3.1 Composition of As-received Sorbents 
(volatile-free basis) 

Component 

Si02 

A1203 

Fe203 

Ti02 

CaO 

MgO 

K20 

Na20 

Others 

Bauxitel 
(wt%) 

7.0 

88.3 

1.2 

3.5 

Kaolinite2 
(wt%) 

52.1 

44.9 

0.8 

2.2 

1. Engelhard Corporation 
2. Burgess Pigment Company 
3. Pfizer, Incorporated 

Limestone3 
(wt%) 

UB Ash 
(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 

Table 3.2 Alkali Content of As-received Sorbents 
(volatile-free basis) 

Sorbent Sample wt% K wt% Na 

Alumina (DuPont) A 0.00 0.06 
Carbon (Sup~lco) C 0.01 0.00 
Utah bituminous ash F 0.55 0.32 
Silica gel (MCB) Q 0.00 0.08 
Limestone (Pfizer) L 0.00 0.01 
Bauxite (Engelhard) B 0.00 0.01 
Kaolinite (Burgess) K 0.13 0.02 
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the system. An oxygen level below 25 ppm was considered acceptable. 

All experiments in ~~is portion of the study were made at 850°C and 

atmospheric pressure (approximately 0.92 atm) with a carrier gas 

flowrate of 25 sccm. The preheated furnace was then raised to begin the 

adsorption, and it usually took less than five minutes for the reactor 

temperature to stabilize. The adsorption was allowed to continue until 

the microbalance readout indicated that approximately 22 mg of alkali 

had been vaporized, at which time the experiment j"was terminated by 

s~ply lowering the furnace. At 8500 C it took approximately 2 and 3.5 

hours to vaporize that amount of KCI and NaCI, respectively. The sample 

was then removed for analysis. The percentage of alkali passing through 

the sorbent that was retained was determined from the amount of alkali 

delivered (microbalance measurements) and the alkali content of the 

sorbent after the run (determined by atomic emission analysis). 

Evaluation of Sorbents 

Most of the sorbents in this portion of the study were tested under 

the UHP nitrogen atmosphere. This was done with the intention of 

starting with a simple system with as few variables as possible, thel' 

adding other complications to isolate their effect. The sorbents that 

performed well under the nitrogen atmosphere were then tested in the 

presence of oxygen. 

Nitrogen Atmosphere 

The results of experiments performed using the UHP nitrogen carrier 

gas are given in Figure 3.3. The most obvious feature of these results 

is the difference in the ability of the sorbents tested to capture the 
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alkali chloride passing through them. Alumina, kaolinite and activated 

bauxite captured the largest percentage, whereas silica, graphite and 

limestone captured only a small percentage of the alkali. It is 

interesting to ~O~E: ·that those substrates containing a significant 

amount of alumina were able to capture most of the alkali vapor. 

Although kaolinite contains less alumina than activated bauxite, like 

the latter, it captured nearly all of the alkali vapcr passing through 

it. It is also interesting to note that, with the exception of 

kaolinite, every substrate retained a larger percentage of potassium 

than sodium under the nitrogen atmosphere. 

It was rather surprising that the Utah bituminous ash was able to 

capture such a large percentage of the potassium. A possible 

explanation can be found in the fact that Utah bituminous coal contains 

relatively little potassium to begin with and these tests were performed 

at a temperature considerably lower than that at which the ash was 

formed. Therefore, the ash is likely to be highly undersaturated with 

respect to potassium. However, the sample analysis given in Table 3.2 

shows that the ash has a lower percentage of sodium than potassium, yet 

the ash captured only about 40% of the sodium passing through it. 

One of the reasons for testing limestone is that it is already used 

as an additive in coal feedstocks for the reduction of sulfur emissions. 

It is therefore unfortunate that it was only able to capture a small 

T~action of the alkali. Based on the results of Chapter 2, it is not 

surprising that carbon does not retain any significant amount of alkali 

under the experimental conditions used. Silica, in contrast, is known 

to react with alkali to form sodium silicates (Eitel, 1954), but 

----.-----------------------------------
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apparently the absence of water vapor in this system does not allow the 

reaction to proceed to any appreciable extent. 

Oxidizing Atmosphere 

The percentage of alkali captured by kaolinite, activated bauxite 

and limestone using air as the carrier gas is shown in Figure 3.4. 

Included for comparison is the UHF nitrogen data for these sor~e~ts from 

Figure 3.3. The results show that the presence of oxygen appears to 

make little difference on the amount of alkali captured. Unlike the 

results for the UHP nitrogen carrier gas, there appears to be little or 

no systematic difference between sodium and potassium in these 

adsorption experiments. 

Although limestone did not adsorb any significant amount of alkali 

in the nitrogen carrier gas experiments, it was included with this set 

of tests because of the great benefit that would be realized if it could 

remove both sulfur and alkali vapors. It can be seen that the presence 

of oxygen did not improve its alkali sorption performance. 

Based on these results, it was decided to investigate the alkali 

adsorption on kaolinite and activated bauxite in more detail. Later in 

this study, the report by Bachovchin et ale (1986) was released, and in 

it, emathlite was identified as a promising sorbent. Therefore, it was 

also included in the more detailed studies. 

Otner Reactor Systems 

The experimental reacto:;:' system and procedure described in this 

section was the result of considerable development in which other 

reactor geometries were investigated. Each of the previous geometries 

- _._---------------------
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had problems and were not able to provide the desired data. This 

section provides a brief description of these systems. 

The first generation system employed for the alkali sorption 

studies was very similar to the mini-fluidized bed reactor system 

described in Chapter 2. The maj or difference batween the two systems 

was the reactor. A quartz tube bent in a U configuration identical to 

that described for the mini-fluidized system was used in the sorption 

experiments. Approximately 50 mg of an alkali carbonate-impregnated 

carbon sample was used as the alkali source and placed on top of a 

quartz wool plug in one leg of the reactor. This source was chosen 

since the release of alkali from it has already. been well characterized 

(Chapter 2). The sorbent to be studied was placed on top of another 

quartz wool plug approximately 3 cm above the alkali source. A 25 sccm 

flow of nitrogen was passed first through the source and then the 

sorbent, fluidizing both. After several experiments, it was concluded 

that although alkali was being vaporized, it reacted with the upper 

quartz wool plug and the reactor wall before it could reach the sorbent. 

In the next generation system, two inch lengths of 7mm ID X 9mm aD 

mulli te tube were used to contain both the alkali source and the 

sorbent. The alkali source used was also the carbonate-impregnated 

carbon. Mullite was used instead of quartz to contain the alkali source 

and sorbent, because it was thought at that time that the ~U:ali would 

be less reactive with mullite. The tube was placed in a horizontal 

position with the alkali source inside at one end and the sorbent 

particles inside at the other end. Several "mini-reactors" configured 

in this manner were placed in a larger quartz tube which was in tum 

- _., ---_._----- --_ .. - .. -. ----_._. 
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placed in a large, 3-zone horizontal furnace. Details of this furnace 

can be found elsewhere (Morris, 1985). Nitrogen was introduced to the 

larger quartz tube such that it flowed through each mini-reactor over 

th~ alkali source first and then the sorbent. Although some alkali was 

observed to condense on the sorbents tested, the reproducibility was 

poor. In addition, a significant amount of alkali reacted with the 

mullite before reaching the sorbent. 

The microbalance system was used in the;· third generation 

configuration. The microbalance, gas delivery system and furnace were 

identical to that shown in Figure 3.1. The quartz reactor and insert 

were also the same as those shown in Figure 3.2, except that the source 

and sorbent configuration was different. The sorbent to be studied was 

placed in the platinum pan attached to the microbalance and the alkali 

source was placed on the 100 mesh stainless steel screen in the insert. 

A 2S sccm flow of nitrogen was directed upward through the alkali source 

and upward past the pan. ThL flow met with purging nitrogen coming 

down from the microbalance and went out the exhaust port. It was hoped 

that this configuration would yield a temporal profile of the sorbent 

weight gain. This configuration failed, because the alkali vapor 

generated from the reduction of carbonate reacted with the walls of the 

insert before it could reach the sorbent. This was due to the high 

reactivity of elemental alkali, the product of alkali carbonate 

reduction in a nitrogen atmosphere. 

In the next modification it was decided to use pure alkali chloride 

as the alkali source with the same reactor configuration. This was done 

because the chlorides are less reactive than elemental alkali, higher 

--- ----
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alkali vapor concentrations could be achieved, and the chlorides had 

been previously identified as likely alkali carriers in coal combustion 

flue gases (Combustion Power Company, 1977). This did not work, 

however, because at the temperatures of interest (greater than 8000 C),· 

the alkali melted and plugged off the flow of nitrogen. 

One additional modification to the alkali source was made prior to 

using the latest configuration. The alkali chloride source was placed 

in a stainless steel pan that was placed on the screen in the i~~ert. 

This contained the alkali when it melted, but the experiments were still 

unsuccessful. Alkali vapor was adsorbed by the sorbent, but due to mass 

transfer limitations above the platinum pan, the experiments suffered 

from irreproducibility. The present system was then tried and found ~o 

be successful. 

The results of this chapter point out several important aspects 

about the high temperature interaction of alkali vapors with potential 

sorbents and other solids present in coal conversion processes. All of 

the materials tested ads~rbed alkali to some extent, but the amount of 

alkali retained was different for each solid. The substrates containing 

alumina were found to retain the largest amount of alkali. The test 

results indicated, however, that there was little or no difference 

between NaCl and KCl in these experiments. Whether the sorption took 

place in a nitrogen or a dry air atmosphere also had little effect on 

the amour.~ of alkali retained. 
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CHAPTER. 4 

KINETICS OF ALKALI SORPTION ON SOLIDS 

Kaolinite and activated bauxite, identified in Chapter 3 as 

promising sorbents for the removal of high temperature alkali vapors, 

were examined in more detail with additional experiments to determine 

the kinetics of the sorption process as well as the mechanism by which 

alkali is fixed. After this set of experiments was initiated, a 

Department of Energy report prepared by Yestinghouse (Bachovchin et al., 

1986) was reviewed in which Emathlite was identified as an excellent 

sorbent for the capture of alkali vapors. It was therefore included 

with kaolinite and activated bauxite in this set of experiments. This 

chapter focuses on the kinetics of the sorption process for these 

sorbents and the effect of gaseous environment. The mechanism of alkali 

sorption is investigated in Chapters 5 and 6. 

The microbalance reactor system described in Chapter 3 was further 

modified so that the sorbent to be studied could be suspended from the 

balance and its weight monitored during an adsorption experiment. The 

temporal weight gain profiles generated in this manner provided a 

convenient method of collecting this kinetic data and interpreting the 

results. Sodium chloride was used as the alkali source in all of these 

experiments. 

The materials, equipment and experimental procedures used in this 

portion of the study are described in the first part of this chapter. 
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This is followed by the experimental results, which have been grouped in 

two sections. In the first section temporal weight gain profiles for 

the adsorption of NaCl on kaolinite in both VHF nitrogen and simulated 

flue gas (SFG) atiDuspheres are presented and compared.. In the second 

section, temporal profiles for the adsorption of NaCl on all three 

sorbents in the SFG atmosphere are presented and compared. Finally, a 

description is presented of other reactor geometries that were tried but 

with which problems were encountered. 

Materials 

The three sorbents investigated in this portion of the study were 

kaolinite marketed by Burgess Pigment Company, Paranam bauxite marketed 

by Alcoa and emathlite marketed by Mid-Florida Mining Company. The 

kaolinite is the same material that was previously described in Chapter 

3. The Paranam bauxite was selected for use in these experiments 

because it represents a material more average in composition than the 

Engelhard bauxite used previously. The emathlite is a calcium-rich 

aluminosilicate mineral with an excess of silica. The as-received 

emathlite and kaolinite were in the form of powders, with particle sizes 

on the order of 5 to 20 micrometers in diameter. The bauxite was in the 

form of a medium gravel and was crushed to less than 100 micrometers in 

diameter before being used. 

ACS Certified Fisher Scientific sodium chloride was used as the 

alkali source in this set of experiments. The same hydrofluoric acid, 

hydrochloric acid and nitric acid described in Chapters 2 and 3 were 

used for sorbent digestion prior to alkali content analysis. The gases 

---._------------
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used were UHF nitrogen and compressed air from Liquid Air, Incorpora~ed 

and carbon dioxide from ~ayne Oxygen Company. 

Equipment 

A thermogravimetric reactor system similar to the one described in 

Chapters 2 and 3 was used in this portion of the study. The major 

differences are in the gas preparation section and in the details of the 

quartz reactor. Twe versions of this system were used: In the first, 

UHF nitrogen was used as the alkali carrier gas, and in the second, a 

simulated flue gas (SFG) was used to transport t:he alkali. The main 

features of these systems are described in this section. A detailed 

description is provided where the details of these systems are different 

from those described in Chapters 2 and 3. The analytical equipment used 

in support of these experiments is also described. 

Microgravimetric Reactor System - Nitrogen Carrier Gas 

A schematic diagram of this system is given in Figure 4.1. As with 

the previous systems, the main components of this system are a gas 

preparation section, a quartz reactor, an electronic microbalance to 

monitor the sorbent weight and a movable electric furnace to heat the 

reactor. A description of these components is given below. 

Gas Preparation Section. Three 220 ft3 cylinders of the UHF 

nitrogen were connected through a valving system that allowed 

independent contrel of the flowrate from each cylinder. Two of the 

cylinders were used as the carrier gas and the third was used to purge 

the microbalance so that corrosive gases would not reach the balance 

mechanism. The flowrate from each cylinder was controlled by varying 
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the delivery gas pressure on the upstream side of a flow element. A 

description of a flow element is given in Chapter 3. Rotameters and 

Matheson mass flow meters were used to monitor the flowrates. All lines 

and valves upstream of the reactor were copper and stainless steel with 

a short section of polypropylene at the reactor connections. All lines 

downstream of the reactor were either polypropylene or stainless steel. 

Electronic Microbalance. The same Cahn 2000 Electrobalance 

described in Chapter 2 was used in this system and iwas connected to a 

strip chart recorder in the same manner. In these experiments the 

sorbent was placed on a platinum wire and suspended directly from the 

microbalance. This allowed a direct reading of the sorbent mass and the 

adsorption rate at any given time during an experiment. 

Reactor. The reactor used in this portion of the study, a detailed 

schematic of which is given in Figure 4.2, is similar to the reactor 

shown in Figure 2.5. There are several important differences, however. 

The overall length was increased to 79 cm and the main tube diameter was 

increased to 25mm ID, 28mm 00. In addition, quartz was used for the 

entire reactor, thereby eliminating the need for the graded seal. 

As shown ir. Figure 4.2, the carrier gas entered the reactor just 

above the alkali source to vaporize and transport it toward the sorbent. 

A second carrier gas line entered the reactor a few centimeters above 

the first, the purpose of which was to dilute the alkali vapor to a 

desired concentration. The gas then passed over the sorbent. A few 

centimeters above the sorbent the gases mixed with purging nitrogen 

coming down from the microbalance and went out the exhaust tube. The 

reason for having the exhaust at this point rather than near the top of 
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the reactor was to prevent conc.:msation of NaCl on the b.s.lance hangdow~ 

wire in the cooler portion of the furnace. The sum of the flowrates of 

both carrier gas inlet tubes was kept the same and only their ratio was 

varied. This allowed the alkali vapor concentration to be changed by 

adjusting the flowrate ratio. 

Both carrier gas inlet tubes were 4mm ID, 6mm OD. The first inlet 

tube was pointed in a downward direction and slightly extended into the 

main reactor tube to improve contacting between the ~arrier gas and the 

alkali source. The first inlet tube and the exhaust tube branched into 

dual 7mm ID, 9mm OD tubes several centimeters above their entry points 

and joined back to a single 7mm ID, 9mm OD tube near the top of the 

reactor. This modification was included to prevent plugging as the 

gaseous alkali condensed in the tubes in the cooler portion of the 

reactor during an experiment. Chromel/alumel thermocouples were placed 

on the outside of the reactor near the alkali source and the sorbent to 

monitor the temperature of each. 

Furnace. The furnace used in this system was the same Lindberg 

furnace previously described and was mounted in the same verticle 

orientation. 

Microgravimetric Reactor System - SFG Carrier Gas 

A schematic diagram of this system is given in Figure 4.3. This 

system was identical to that described above for the nitrogen carrier 

gas syst~m, except that the gas preparation section was modified to 

synthesize a simulated flue gas (SFG). Therefore only the gas 

preparation section will be described. 

--~"-- ._---
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As shown in Figure 4.3, N2, air and C02 from 220 ft3 gas cylinders 

were mixed prior to entering a water saturator. A flow element on each 

cylinder was used to control the flowrate and composition of the gas 

entering the saturator. The flow elements are the same as those 

described in Chapter 3. The saturator was used to add water vapor to 

the gas. Just after the saturator a small amount of N2 was bled in from 

another cylinder to make the carrier gas slightly undersaturated with 

water vapor. This was done to prevent condensation;in the gas lines at 

any point downstream of the saturator. To check the gas composition, 

part of the flow was diverted at this point to the gas chromatograph 

(GC) and the infrared analyzer (IR). The composition in all SFG 

experiments was maintained at 15% C02, 80% N2, 3% 02 and 2% H20. 

As with the experiments in which the nitrogen carrier gas was used, 

a second injection of SFG carrier gas into the reactor above the first 

was used to dilute the alkali vapor to a desired concentration. Instead 

of using another set of cylinders and a water saturator, the gas flow 

from the first SFG synthesis section was split to provide the two inlet 

streams. This ensured that both inlet streams had the same gas 

composition. The flowrate for the main inlet was monitored with a 

matheson flowmeter and the flowrate for the dilution inlet was monitored 

with a rotaoeter. As in the nitrogen carrier gas system, the sum of the 

main and dilution flowrates was kept the same and only their ratio was 

varied. 

Ni trogen from a separate cylinder was used to purge the 

microbalance as it was in the N2 carrier gas system. All lines and 

valves with which the SFG came in contact were either stainless steel or 

- --._----------
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polypropylene. Copper was used for some of the lines that were not 

exposed to water vapor, such as the microbalance purge line. 

Analytical Equipment 

The same Varian model 3720 GC and Infrared Industries nondispersive 

IR described in Chapter 2 were used in this portion of the study. For 

the N2 carrier gas experiments, the GC was connected to the exhaust 

outlet and was used primarily to check for oxygen leaks. In the SFG 

carrier gas experiments the GC and IR were both used. They were 

connected to a sampling line that tapped the SFG delivery system before 

the carrier gas enter~d the reactor as described above (see Figure 4.3). 

The IR was used to determine the C02 concentration, and the GC was used 

to determine the concentration of N2 and 02. The H20 concentration was 

determined by difference. 

A bubble meter connected to the end of the exhaust line was used to 

measure the gas flowrate and calibrate the flowmeters and rotameters. A 

Perkin-Elmer 2380 atomic absorption spectrophotometer, also described in 

Chapter 2, was used to measure the alkali content from alkali 

concentration calibration experiments. The details of these experiments 

are described in the section on experimental procedure. 

Sample Preparation and Analysis 

In this part of the study, the sorbents were used in the form of 

thin flakes approximately Smm X Smm and O.Smm thick. This slab geometry 

was chosen over a spherical or cylindrical geometry because mathematical 

modeling and the extraction of kinetic data was significantly 

simplified. In addition, sample preparation was considerably easier for 

- --._----------



I: 

114 

the slab geometry. The method of preparing these flakes from the 

powders is described below. 

The as-received kaolinite powder was first mixed with deionized 

water to form a thick slurry, then spread in a thin film on the bottom 

of plastic decanting dishes. The dishes were covered with tissue to 

prevent airborne dust from contami~ting them and they were allowed to 

dry at room temperature for several days. The bauxite and emathlite 

powders did not form a uniform slurry and were therefore made into 

flakes in a different manner than was the kaolinite. These powders were 

pressed into thin disks approximately 0.5mm thick and l3mm in diameter 

in a die at 6000 psi for one minute. 

For the initial set of experiments in which only kaolinite was 

used, flakes of the desired dimensions were cut from the dried slurry 

and used in that form. At the beginning of an experiment, the reactor 

temperature was raised to 8000 C without any alkali vapor coming in 

contact with the sorbent. During this initial period which lasted about 

one hour, the kaolinite dehydrated to metakaolinite. After complete 

dehydration, the experiment was started by allowing the alkali to 

contact the sorbent. When this technique was attempted with bauxite and 

emathlite in later experiments, dehydration took an exceptionally long 

period of time at 800oC. Since this was unacceptable, it was decided to 

dehydrate the freshly pressed disks in a crucible furnace (air 

atmosphere) at 9000 e for two hours, allow them to cool and cut flakes of 

the desired dimensions before using them in an experiment. In this way 

the sorbent mass stabilized quickly at the beginning of a run. 

The compositions of the as-received sorbents on a V'-olatile-free 

: ..... - --.. ,- . -- -- - .. :.-.- - ...... ~ .. -----.--.~. :.:......-.----
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basis are given in Table 4.1. The co::position of the kaolinite and 

emathlite are that reported by the supplier. The composition of the 

Paranam bauxite was determined in this department in a separate study 

(Bassham, 1989). The alkali content of these samples was measured 

independently using the atomic absorption spectrophotometer described in 

Chapter 2. The acid digestion procedure, also described in Chapter 2, 

was used to prepare the samples for analysis. The alkali content for 

the three sorbents is given in Table 4.2. 

Table 4.1 Composition of As-received Sorbents 
(volatile-free basis) 

Component 

Si02 

A1203 

Fe203 

Ti02 

CaO 

MgO 

K20 

Na20 

Bauxitel 
(wt%) 

11.0 

84.2 

4.8 

1. Alcoa (Paranam) 

Kaolinite2 
(wt%) 

52 .. 1 

44.9 

0.8 

2.2 

2. Burgess Pigment Company 
3. Mid-Florida Mining Company 

Emath1ite3 
(wt%) 

73.4 

13.9 

3.4 

0.4 

5.0 

2.6 

1.2 

0.1 

- - 0 _________ _ 



Table 4.2 Alkali Content of As-received Sorbents 
(volatile-free basis) 

Sorbent 

Bauxite (Alcoa, Paranam) 
Kaolinite (Burgess) 
Emathlite (MFM) 

Sample 

P 
K 
E 

Experimental Procedure 

wt% K 

0.06 
0.13 
0.89 

Yt% Na 

0.02 
0.02 
0.14 
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Before starting an experiment, the length, width and thickness of 

the sorbent flake to be tested was measured using a micrometer and the 

mass of the flake was measured using a Mettler balance. The flake was 

then attached to a short length of platinum wire by wrapping one end of 

the wire around the flake. A hook was formed on the other end of the 

wire for attachment to the balance hangdown wire, which was also 

platinum. 

Several grams of NaCl crystals were then put in the bottom of the 

reactor and the system was assembled. The orientation of the flake in 

the reactor was such that the flake edge was perpendicular to the 

direction of the gas flow. Before starting the gas flow, the mass of 

the sorbent indicated by the microbalance was recorded. 

For the N2 carrier gas experiments, the gas flow was started and 

the flowrates of each ~y1inder adjusted to the desired value. After 

several minutes the exhaust gas was sampled with the GC to determine its 

oxygen concentration. If the 02 content was greater than 20 ppm, the 

system was examined for leaks and repaired prior to starting the run. 

For the SFG carrier gas experiments, deionized water was placed in 
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the saturator and the N2, C02 and air cylinders were turned on. The gas 

flow was allowed to continue at least one hour before starting the 

experiment to ensure the water was saturated with the gases and the 

outlet gas composition no longer cnanged with time. A portion of the 

SFG was then diverted to the GC and IR to measure its composition. If 

necessary, the outlet pressure of the cylinder regulators was adjus~ed 

to give the desired composition and flowrate. At this time the main and 

dilution carrier gas flowrate ratio was adjusted to;' yield the desired 

alkali vapor concentration during a run. 

An experiment~~as started by first closing off the normal exhaust 

line and allowing the microbalance purge nitrogen to flow downward over 

the sorbent and alkali source, and then out the auxiliary vent (see 

Figure 4.3). The preheated furnace was then raised and time allowed for 

the temperature and sorbent weight to stabilize. This generally took 

one hour for the kaolinite experiments. During this time, the kaolinite 

dehydrated to metakaolinite. The time required for the weight of the 

other two sorbents to stabilize was generally about half that long. To 

initiate adsorption, the normal exhaust was opened and the auxiliary 

exhaust was closed. At the end of the run, the flow was again reversed 

to "turn off" the alkali vapor and the furnace was lowered. In several 

runs, the sorbent was tested to see if the alkali could be des orbed at 

the end of an adsorption cycle. To initiate desorption, the flow was 

reversed allowing alkali-free gas to pass over the sorbent. Desorption 

experiments were terminated by lowering the furnace. 

All experiments in this portion of the study were performed at a 

sorbent temperature of 800°C and an alkali source temperature of 790°C. 
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The source temperature was kept 100e cooler than the sorbent to ensure 

the carrier gas was not saturated with alkali. The carrier gas flowrate 

was maintained at 150 sccm for all of the kaolinite experiments. After 

the first set of runs it was discovered that the interphase mass 

transport resistance was significant. To reduce the influence of this 

resistance, the carrier gas flowrate was increased to 200 sccm in all 

subsequent experiments. As mentioned previously, sodium chloride was 

used as the alkali source in all experiments. j" The alkali vapor 

concentration was varied between 50 and 230 parts per million by volume 

(ppmv) . 

The alkali vapor concentration in the gas was determined from a 

separate set of calibration experiments. In these experiments, the 

normal exhaust port was closed and the alkali-containing gas was 

diverted entirely into a quartz tube where all of the alkali was 

condensed on the inner surface of the tube. After a measured pericd of 

time, the experiment was terminated and the condensed alkali was 

dissolved in hydrofluoric acid and measured by atomic emission 

spectroscopy. The concentration of alkali in the gas was determined 

from the total alkali condensed, the flow rate and the condensation 

time. This calibration procedure was repeated for va=ious flow rates 

and experimental conditions of interest. 

Kinetics of the Sodium Chloride-Kaolinite System 

One purpose of this first set of experiments was to investigate the 

effect of gaseous environment on the interaction of alkali vapor with 

potential sorbent materials. Kaolinite was chosen as the sorbent in 
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these initial tests for several reasons. In addition to being one of 

the mineral species present in raw coal, kaolinite also has a well

defined molecular structure and chemical composition. The chemistry of 

the alkali-kaolinite system is therefore more easily characteriz~d than 

it would be for a sorbent with a more complex chemical composition. 

From this viewpoint, kaolinite is treated in this set of experiments as 

a representative, but idealized aluminosilicate mineral and the emphasis 

is placed on how the gaseous environment affects i·the alkali-sorbent 

interactions. The results also have practical significance since 

kaolinite has the potential to be used commercially as an alkali 

sorbent. 

Yeight gain profiles of kaolinite during alkali adsorption in the 

N2 atmosphere are shown in Figures 4.4 and 4.5, whe:=e the fractional 

mass gain is plotted as a function of time. The general trend of the 

results indicates an increase in the adsorption rate with an increase in 

the alkali concentration. This trend is also observed for the 

experiments performed in the SFG atmosphere as shown in Figures 4.6 and 

4.7. An exception is observed for the results of the runs performed at 

alkali vapor concentrations of 120 and 160 ppmv. In this case the 120 

ppmv run has a higher adsorption rate than the 160 ppmv run. This is 

due to a difference in the thickness of the sorbent flakes used in these 

runs, a parameter that is significant in determining the adsorption 

rate. The reason for and a discussion of this observation will be 

presented in the chapter on theoretical modeling (Chapter 7). 

For each experiment a calculation was made to determine how much 

the alkali vapor concentration dropped from one end of the flake to the 

--~----
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other. This was done by comparing the alkali delivery rate (i.e. the 

product of carrier gas flowrate and alkali vapor concentration) with the 

initial sorbent adsorption rate. The results showed that the alkali 

vapor concentration dropped an average of 20% for all of the adsorption 

tests. Because the adsorption rate decreases with loading, so too does 

the difference in alkali vapor concentration across the flake. Taking 

into consideration the precision of the sodium vapor concentration 

measurements and other uncertainties in the experimental method, it was 

decided take the alkali concentration as the mean value at the onset of 

adsorption. 

Another important property of a potential .sorbent is its sorption 

capacity. To measure the capacity of kaolinite, two experiments, one in 

each carrier gas, were c~nd~c=ed in which the adsorption was continued 

until the sample mass no longer changed. The time profiles for these 

two tests are shown in Figure 4.8. The results indicate a decrease in 

the adsorption rate with loading and the presence of a saturation limit. 

The maximum weight gain observed was 5.2% and 26.6% under the N2 and SFG 

atmospheres, respectively. The dependence of capacity on the 

composition of the carrier gas implies a difference between the 

mechanisms of adsorption under these two atmospheres. 

After saturation, the sorbent was tested to determine if the 

observed alkali uptake was reversible. This was accomplished by 

reversing the gas flow so that only alkali-free gas contacted the 

sorbent according to the procedure described in the previous section. 

The sorbent experienced no loss of mass, regardless of whether the 

initial adsorption took place in the N2 or SFG atmospheres. 

---- -----
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Kinetics of Alkali Sorption in the Flue Gas Environment 

In this part of the study, the kinetics of alkali sorption by 

kaolinite in the SFG atmosphere was compared with the other two 

sorbents, bauxite and emathlite. Typical experimental weight gain 

profiles for all three sorbents are shown in Figure 4.9. As noted for 

l:aolinite in the previous section, the results for bauxite and emathlite 

indicate a decrease in the adsorption rate ~ith loading and the presence 

of a final alkali saturation limit. Of the thre'e sorbents tested, 

kaolinite was observed to have the largest capacity. 

The reversibility of the sorption process was tested for bauxite 

and emathlite in the same manner as it was done· for kaolinite. As with 

kaolinite, no desorption was observed for emathlite. This is consistent 

with the results of Bachovchin et al. (1986) in which sodium capture by 

emathlite was found to be irreversible. In contrast, bauxite lost 

approximately 10% of its total weight gain. Lee et a1. (1985) also 

observed that sodium capture by bauxite was partially reversible. These 

results suggest that the mechanism of adsorption is dependent on the 

sorbent as well as the gaseous atmosphere. 

Weight gain profiles for bauxite at various alkali vapor 

concentrations are shown in Figure 4.10. Profiles for emath1ite are 

showu in Figures 4.11 and 4.12. As with kaolinite, a general trend is 

observed in which the alkali adsorption rate increases with the alkali 

vapor concentration. Bachovchin et a1. (1986) also observed the same 

trend for emathlite. Exceptions are evident in present study, and as 

with the kaolinite results, are due to differences in the sorbent flake 

thickness. 
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Other Reactor Geometries 

The configuration of the reactor system used in this portion of the 

study was the result of several design improvements. Earlier designs, 

though not much different from latest design, did not perform in the 

desired manner or the data collected were unacceptable. It was through 

trial and error that the final system was developed. However, these 

earlier designs should be described as well as the logic that resulted 

in the latest version. 

During the period when the reactivity experiments described in 

Chapter 3 were being performed, other reactor designs were being 

considered that would allow the sorbent being studied to be suspended 

from the microbalance. In the first modification, sodium chloride 

crystals were placed in the bottom of an insert which in turn was placed 

in the bottom of the quartz reactor. The reactor configuration in this 

case was similar to the design used in the Chapter 3 experiments (see 

Figure 3.2). The insert was modified such that the carrier gas entered 

the insert from the bottom and transported the alkali vapor upward. A 

second gas inlet was added to dilute the vapor to a desired 

concentration. A new platinum pan made of 80 mesh screen was used to 

hold the sorbent particles instead of the earlier platinum foil pan. 

This modification was made in an effort to improve contact between the 

alkali vapor and the sorbent. This version failed, however, because in 

several runs the alkali melted in the insert and plugged the carrier gas 

inlet. In other runs the data was irreproducible. This was attributed 

to movement of the insert which caused the alkali vapor concentration to 

change in an unpredictable manner from run to run. 



132 

The next design, although it did not provide all of the desired 

data, did yield some significant results. 

that significant diffusional limitations 

For example, it was found 

affect the alkali-sorbent 

interactions under the experimental conditions used. It was therefore 

concluded that alkali vapor is highly reactive with the sorbents being 

tested. It was from these observations that the latest reactor design 

evolved. 

This new design had a reactor configuration almo·st identical to the 

that of the latest design. A quartz insert was still used to contain 

the alkali, although it was slightly modified. As in the previous 

version, the platinum mesh pan was used to hold 45 to 50 mesh sorbent 

particles. A detailed schematic of the reactor is shown in Figure 4.13. 

The rest of the system was identical to the latest N2 carrier gas 

version (Figure 4.1) and the experimental procedure described earlier in 

this chapter was also used in this set of tests. 

Experiments using the new design were performed at 8000 C with NaCl 

as the alkali source and N2 as the carrier gas. The net flow to the 

sorbent was 150 sccm. In the first experiment alumina was used as the 

sorbent. This was the same DuPont alumina described in Chapter 3. The 

temporal profile for this run is given in Figure 4.14. This data shows 

that the initial weight gain is rapid, but after 10 hours it slows 

considerably. Desorption of the alkali was tested after 50 hours of 

adsorption by reversing the gas flow. It can be seen that nearly half 

of the original weight gain was lost. This is consistent with the 

results of Luthra and LeBlanc (1984) in which a similar system was used. 

After this run, a series of experiments were performed under the 
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same conditions exce~t that bauxite was used as the sorbent instead of 

alumina. This bauxite was the same material used in the Chapter 3 

experiments (Engelhard). The alkali vapor concentration was changed 

with each run to determine its effect on the initial adsorption rate. 

One of the temporal profiles from this set of tests is shown in Figure 

4.14. 

After these experiments, several runs were made with the kaolinite. 

Since both the kaolinite and bauxite were reactive Jith the NaCl vapor, 

it was decided to check for any mass transport limitations that may have 

an effect on the adsorption rate. It was discovered that changing the 

mass of kaolinite in these experiments had virtually no effect on the 

initial adsorption rate, even when a monolayer of particles was placed 

on the bottom of the pan. Based on these results it was concluded that 

alkali mass transpo~t from the top of the pan to the sorbent particles 

was totally controlling the initial adsorption rate. 

When this was discovered, it was decided to use a different pan 

geometry. This new pan was very shallow and made of platinum foil. A 

platinum foil "shield" was placed over the. pan to improve contact 

between the sorbent and alkali vapor. Unfortunately, this configuration 

also ~es~lted in significant mass transport limitations. 

Examination of some kaolinite particles after one of these runs 

showed that some, but not all of them, had turned brown. Other 

particles were lighter in color and still otners were completely white, 

as though they had not been exposed t~ alkali at all. Some of the dark 

particles were broken apart and it was discovered that the brown 

discoloration was confined to the outer portion of the particles. It 

... --_._---_.-... _- ._-------------
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was concluded that if in fact the brown discoloration was the product of 

alkali adsorption, the kaolinite was so reactive that intraphase 

diffusional limitations were significantly influencing the rate of 

adsorption. 

Based on these results it was decided that the best way to collect 

the adsorption data was to eliminate the pan and suspend the sorbent 

directly from the microbalance hangdown wire. Although the intraphase 

diffusional limitations would still be present, a well-defined sorbent 

geometry could be modeled and this would allow kinetic parameters to be 

easily extracted from the temporal profile data. The next design effort 

resulted in the latest system. To eliminate as much variance in the 

data as possible, the insert was no longer used and the alkali was 

placed directly in the bottom of the reactor. 

The resul ts of this chapter indicate several important 

characteristics about the kinetics of alkali sorption on solid sorbents. 

It was found that the initial alkali sorption rates for kaolinite, 

bauxite and emathlite increase with alkali vapor concentration. The 

rate of adsorption for each sorbent decreased with alkali loading and 

dropped to zero when a final saturation limit was reached. This 

saturation limit was different for each sorbent; kaolinite had the 

highest. Alkali adsorption on kaolinite and emathlite was found to be 

irreversible, but a portion of the alkali adsorbed on bauxite could be 

desorbed. The presence of water vapor was found to increase the alkali 

loading capacity of bauxite and kaolinite, suggesting that water vapor 

has a significant effect on the mechanism of alkali sorption. 
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CHAPTER 5 

SCANNING AUGER. ANALYSIS OF SORBENTS 

Unused, devo1ati1ized sorbents as well as their products of 

adsorption were characterized in this study using several techniques, 

the purpose of which was to gain a better understanding of how alkali 
i 

vapors are adsorbed by a1uminosi1icate solids. One such technique used 

in this study, which is the subject of this chapter, was scanning Auger 

microscopy (SAM). The information obtained from the spectra include 

elemental composition and alkali distribution. A detailed description 

of Auger spectroscopy and the information that it can yield may be found 

in a book on surface analysis (Briggs and Seah, 1983). A brief 

description of the process and its usefulness will be provided here. 

Condensed phases are analyzed using Auger spectroscopy by impinging 

a highly focused e1ecton beam on the sample surface in very or ultra 

high vacuum. The electrons undergo many interactions with the sample, 

including elastic and inelastic collisions with electrons of the 

sample's atoms. In general, some of the current generated by the 

electron beam is conducted through the sample to ground, but a 

significant fraction is re-emitted from the sample surface. Because of 

inelastic collisions, those electrons that escape the surface vary in 

energy from the minimum required to leave the surface up to the energy 

of the original beam. The distribution of energy for these electrons is 

continuous owing to the large number of scattering events that most of 

-_._---
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them undergo. A plot of the number of ~lectrons leaving the surface 

versus their kinetic energy (electron energy distribution) has one 

maximum at the beam energy and another maximum at low energies. The 

high energy maximum is due to the re-emission of beam electrons that 

have suffered little or no energy loss (backscattered electrons). The 

low energy maximum is due to "secondary" electrons; that is, those 

·~lectrons ejected from the sample atoms as a result of inelastic 

collisions. 

One possible result of an inelastic collision is the ejection of an 

inner shell electron from a surface atom. The ionized atom relaxes to a 

lower energy state following such a collision by. filling the inner shell 

vacancy with an electron from an outer shell. The excess energy 

resulting from such a transition may leave the atom as an X-ray or can 

result in the ejection of an additional outer shell electron. This 

latter process is called an Auger transition and the ejected electon is 

called an Auger electron. 

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 surface sensitive. because the electrons 

contributing to an Auger peak come only from atoms within several atomic 

layers (up to approximately 50 angstroms: one angstrom - 10-8 cm) of 

the surface. Auger electrons are generated f::om atoms deeper in the 

sample (up to several micrometers), but they undergo in~lastic 

collisions on their way to the surface. Because of this their energy is 
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no longer characteristic of the atom from which they came, so they 

contribute to the electron energy spectrum at lower energies rather than 

to the Auger peak itself. 

The high surface sensitivity combined with the high spatial 

resolution of an electron beam make Auger spectroscopy attractive for 

studying the products of adsorption. In a SAM analysis, the electron 

beam is rastered over a surface in the same manner as it is in a 

scanning electron microscope (SEM). In this way the distribution of 

various elements on a surface can be collected on a photograph (Le. 

mapped) . In addition, an SEM micrograph can be collected for the same 

surface region. The association of certain elements with topographical 

features can therefore be investigated. 

Equipment 

In this section a description is given of the SAM used in this 

study. It was necessary to generate some additional sorbent samples fer 

Auger analysis, so a small scale reactor system was assembled specifi

cally for this purpose. A description of this system is also provided. 

Scanning Auger Microprobe 

A Physical Electronics Model 600 (PHI-600) SAM (Figure 5.1) was 

used to collect Auger spectra and maps. This system features an 

electron gun with a lanthanum hexaboride filament and a column-lens 

assembly that is capable of resolving surface features on the order of 

200 angstroms in length. A cylindrical mirror analyzer (CMA) concentric 

with the column is used to detect electrons emitted from the sample as 

well as their kinetic energy. By using the CMA to scan a kinetic energy 
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Figure 5.1 The PHI-600 Scanning Auger Microprobe. 
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range, all or part of the electron energy spectrum can be constructed. 

The CMA, electron gun and optics are contained in a high vacuum 

chamber. The "ultra-highn vacuum (approximately 10-9 torr) is achieved 

by a p~ping system consisting of an ion pump backed by a turbomolecular 

pump. This high vacuum is necessary to prevent surface contamination 

from residual gases that can mask the surface to be analyzed. 

A high precision stage assembly for positioning the sample is 

located at the focal point: of the CMio. in the high vacuum chamber. 

Additional equipment in the high vacuum chamber include a secondary 

electron detector (SED) for producing scanning electron micrographs, an 

Argon ion gun for sputtering the sample surface, and an isolation 

chamber with a loading arm for introoucing and removing samples. 

The supporting electonics include, in addition to various power 

supplies, a Digital Equipment Corporation PDP-ll/24 computer with CRT 

for data aquisition and hardware control, a TV screen for SEM imaging, a 

digital storage oscilloscope for SEM images and elemental maps, an 

oscilloscope with camera for taking micrographs, and a thermal 

printer/plotter for making hard copies of data. 

Mini-Furnace Reactor System 

The main components of this system, a schematic of which is shown 

in Figure 5.2, consists of a Lindberg Model 55035 horizontal compact 

tube furnace, a quartz reactor and a gas preparation section. The gas 

preparation section consists of a 220 ft3 cylinder of compressed air 

(Liquid Air, Incorporated), a flow element, and a water saturator. The 

flow element, previously described in Chapter 3, was placed after the 
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cylinder pressure regulator to control the gas flowrate. The saturator, 

located between the cylinder and the reactor, was used to add water 

vapor to the air. All gas lines were made of polypropylene tubing. 

The quartz reactor was a two foot section of lSmm CD, l3mm ID 

quartz tube. A quartz boat placed inside the reactor was used to hold 

the alkali source. MCB reagent grade crystalline KCI was used as the 

alkali source in all of the fixed-bed runs. The sorbent to be tested 

was placed in a platinum boat downstream of the i'alkali source. A 

chromel/alumel thermocouple was placed along side the reactor to monitor 

the temperature during an experiment. The end of the thermocouple was 

simply moved in its quartz sheath either next to the sorbent or alkali 

source to read the temperature of each. 

The gas lines were connected to the ends of the reactor with rubber 

stoppers wrapped in teflon tape. The polypropylene gas lines were 

cOC1l1ected to short pieces of quartz tube that were in turn placed in 

each stopper. The teflon tape served to prevent any contaminants in the 

stoppers from entering the reactor. The ends of the reactor extended 

far enough outside of the furnace such that the stoppers did not 

experience excessive temperatures. A bubble meter was connected to the 

reactor outlet gas line to monitor the gas flowrate. 

Experimental Procedures 

In this section, descriptions of the procedures used to prepare the 

sorbeuts for Auger an~lysis and collect Auger data are presented. First 

a description is given of how the samples were prepared for Auger 

analysis. This is followed by a description of the methods used to 

_._ .. _-_._-------------
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collect Auger spectra and elemental maps. 

Sample Preparation 

Samples for these analyses were either generated in the experiments 

described in Chapters 3 and 4 or the mini-furnace reactor system 

described in the previous section of this chapter. In ti-tis section a 

description of the mini-furnace reactor procedure for generating sorbent 

samples will be given. The reader is referred to Ch~pters 3 and 4 for a 

description of the other experimental procedures. The method of 

preparing the sorbents for Auger analysis is also presented. It was 

necessary to use different methods for mounting the flakes and particles 

and a description of each is also giveI •. 

Mini-Furnace Reactor System. Sorbent flakes of the same materials 

and dimensions as those described in Chap1;er 4 were used in these 

experiments. The goal of these tests was to generate sorbent samples 

that had adsorbed scme alkali but were not completely saturated. This 

was somewhat of a trial and error p=ocess, and in general, several 

experiments were performed with each sorbent until a sample with the 

desired alkali loading was generated. 

Emathlite and bauxite.were prepared from the as-received materials 

just as they were prior to the Chapter 4 experiments. Kaolinite was 

made into a slurry, dried and cut into flakes as described in Chapter 4, 

but in this set of experiments the flakes were devolatilized at BOOoC 

for two hours in a crucible furnace after being cut. All sorbents were 

stored under vacuum until used. 

To set up a run, the sorbent flake was placed in a small, 2mm-high 

----.-----------------_._-----------------
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platinum foil pan that was formed in the shape of a trough. The flake 

was held in a vertical position with a piece of platinum wire attached 

to the pan. The pan with sorbent was ther. placed in the center of the 

reactor and was oriented such that the flake edge was perpendicular to 

the direction of the gas flow. The quartz boat with the KC1 source was 

placed in the reector approximately three inches upstream of the 

sorbent. By varying the distance between the sorbent and alkali source, 

it was possible to achieve the desired temperature;· difference between 

the two. The temperatures of the source and sorbent were kept at 76soC 

and 8000 C, respectively, during a run. This temperature difference was 

chosen to ensure that the gas did not become sup~rsaturated with alkali 

vapor. 

An experiment was started by connecting the gas lines to the 

reactor and starting the gas flow. The furnace was then closed and 

turned on. It generally took about one hour for the sorbent temperature 

to reach 8000 C. During this heat-up period, the gas flowrate was tested 

and if necessary adjusted to 25 sccm. After the sorbent and alkali 

source reached the proper temperature, the run was allowed to continue 

for a period of time, 0.5 to 1.5 hours, dependin~ on the substrate. The 

run was terminated by turning off.the furr~ce and allowing it to cool 

with dry air flowing through the reactor (with the saturator removed). 

The sorbent flake was taken from the reactor and stored under vacuum 

until it was mounted for Auger analysis. 

Flake Preparation and Mounting. Flakes from the Chapter 4 

experiments and mini-furnace runs described in this chapter were mounted 

one of two ways depending on the information desired. In some instances 
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it was desired to know only what elements were present in the sorbent 

before and after alkali adsorption. In this case the flake was put flat 

on the sample specimen holder and held in place with a copper mounting 

clip. 

To examine the distribution of alkali in a sorbent flake it was 

necessary to fracture the flake so that its center was exposed. This 

was done just prior to analyzing the sorbent to reduce the level of 

surface contamination due to the adsorption of atmospheric gases. The 

flake was fractured in half simply by placing it across a small piece of 

nichrome wire and applying a downward force on the flake ends with a 

glass slide. Although in some cases the flake' broke into many pieces 

and was unusable, most of the time this technique resulted in a cleanly 

exposed cross section. The flake then had to be mounted on the specimen 

holder such that the broken edge could be analyzed. This was done by 

placing the flake vertically between two pieces of L-shaped molybdenum 

foil such that the broken edge was oriented upward. Each piece of foil 

was in turn held to the sample holder with copper mounting clips as 

sho~1n in Figure 5.3. The edge of the flake was raised to the height of 

the foil pieces so that the boundary'could be more easily identified in 

a micrograph. 

Particle Preparation and Mounting. Bauxite particles from the 

Chapter 3 experiments were mounted on several 15mm stainless steel disks 

with a colloidal graphite. The graphite, suspended in isopropanol, was 

first painted on a portion of the disk and then the particles were 

sprinkled on the graphite before it dried. It was necessary to allow 

the graphite to get tacky before mounting bauxite particles because they 

- - .-. - - .. -- ---.-------~ ._----'--
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Samples of pure NaC1 were 

prepared by putting a few drops of a dilute NaCl solution in a different 

area on the same disk as the particles. The specimens were then allowed 

to dry overnight. 

General Remarks on Auger Data Acquisition 

It was necessary to use area surveys (i.e. raster the electron beam 

over an area of the surface) in the collection of A~ger spectra rather 

than point surveys to reduce the current der~ity incident on the sample. 

This was done to avoid sample charging. The sorbents in this study were 

especially susceptible to charging since they are poor conductors 0:': 

electricity. Mild charging of the sample can sometimes be tolerated if 

qualitative information is desired since this has the minor effect of 

shifting the spectrum to slightly higher apparent kinetic energies. 

However, in more severe cases, as is g~n~rally observed with insulating 

minerals, the entire spectrum becomes distorted and unusable. Sample 

charging can also seriously compromise the quality of electron 

micrographs. 

In addition, alkali, especially in the form of alkali chloride, is 

generally loosely bound to a surface and easily vaporized by an electron 

beam. This alters the ratio of elements on a surface and sometimes 

results in the complete disappearance of an Auger peak. This effect, 

known as surface damage, was observed for NaCl on bauxite. The damage 

is ger.erally reduced if the current density to the surface or the 

analysis time are decreased. This will be discussed in more detail in 

the next section of this chapter. Although area surveys were used, it 

-.-- -- -----
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was still necessary to use a low beam current (18 nA and less) to avoid 

the problems mentioned above. 

The CMA geometry is such that the raw data collected during an 

analysis is not in the form of a normal electron energy spectrum, that 

is, number of electrons versus their kinetic energy (N(E) vs. E), but 

rather approximately as the product of number of electrons and kinetic 

energy versus kinetic energy (E*N(E) vs. E). A more detailed discussion 

of this can be found in Briggs and Seah (1983). The computer software 

that comes with the PHI-600 allows data to be displayed in the raw form 

(E*N(E) vs. E) or it may be massaged with various routines and displayed 

ir. another form. 

Most of the spectra in this chapter are presented as the CMA raw 

data (E*N(E) vs. E) or its first derivative (d[E*N(E)]/dE vs. E). In 

the past, it has been customary to l~ok at the first derivative of the 

Auger spectrum, since the peaks are greatly enhanced and exist on a 

fairly level background (Holloway, 1978; Seah, 1983 and Powell, 1986). 

Such data, however, was usually presented as d[N(E)l/dE vs. E rather 

than d[E*N(E)]/dE vs. E. The latter form has an advantage in that peaks 

at higher kinetic energies are larger and more visible, but 

unfortunately, the background noise also increases at the higher 

energies. 

The d[E*N(E) l/dE vs. E form of the spectrum is adequate for 

qualitative analysis (Le. element identification), but quantitative 

analysis requires more sophisticated techniques that start with the 

spectra as N(E) vs. E, or the first derivative, d[N(E)]/dE vs. E (Briggs 

and Seah, 1983; Burrell and Armstrong, 1983 and Nebesny and Armstrong, 
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1986). To obtain quantitative results with reasonable precision, it is 

necessary that the spectra have a relatively high signal to noise (SjN) 

ratio. The SjN was quite low in the present study, because it was 

necessary to use low beam currents in the collection of Auger specta. 

Since quantitative analysis of the spectra would therefore result in 

data with poor precision, it was decided to use the Auger data for 

qualitative purposes only. However, this qualitative information, when 

combined with the results of other analyses, provide~'useful information 

about the adsorption process. 

Area Surveys 

Prior to an analysis, the sample to be analyzed was loaded in the 

high vacuum chamber and left until the chamber pressure fell below 10.8 

torr. Using a low beam current and magnification, the desired surface 

was located with the secondarj' electron imaging system. The beam 

parameters were then selected for the particular sample being analyzed 

and the column lens::.:; were adjusted to give a clear image and the 

desired beam current. Then the magnification was selected and the image 

resolution further optimized. The computer was used to select the 

desired kinetic energy range to be scanned by the analyzer, the voltage 

increment per channel (step), the time each channel was to be sampled in 

one cycle and the total data collection time. After entering all values 

the analysis was started. At the end of an analysis the raw data was 

saved on a floppy disk and, il~ some instances. a scanning electron 

micrograph of the surface was taken. The spectrum was then massaged to 

present the data in the desired form and a hard copy was made on the 

----.------------------------------
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the subject of later sections in ~his chapter. 

Data Collection 

All particle analyses and a NaCl standard analysis were performed 

with a 5.0 ~\, 15.0 kV beam and an analyzer resolution of 0.6%. This 

low current was necessary to avoid sample chargi~g. Other system 

parameters used in the collection of Auger spectra anc maps are given in 

Appendix I. To check for the presence of sodium and,chlorine, a 0-1450 

eV kinetic energy survey was collected on several different particles 

with the electron beam rastered over a fairly large region (1400X, 0.012 

mm2). When a particle with relatively high Na and Cl peak intensities 

was found, more detailed analyses were performed. 

With the beam in scan mode (2000X, 0.0058 mm2), a 0-1450 eV survey, 

shown in Figure 5.4, was collected on a portion of one particle. 

Scanning electron micrographs of the region surveyed and the entire 

particle are shown in Figure 5.5. Prior to and just after this survey, 

as with all following analyses, two-minute surqeys were collected. This 

was done to check for evidence of surface damage. Next a more detailed 

survey was collected with only those kinetic energy "windows" containing 

the LVV Cl and KL23L23 Na peaks. The normalized N(E) vs. E peaks for Na 

and Cl are shown in Figures 5.6 and 5.7, respectively. Elemental Auger 

maps of chlorine, sodium, oxygen and aluminum for the same area of 

Figure 5.5 are shown in Figures 5.8 and 5.9. 

One of the regions of intense Cl and Na indicated by the maps (see 

Figures 5.5, 5.8 and 5.9) was then scanned at 45,OOOX (11.6 um2). The 

normalized N(E) vs. E peaks for the LVV Cl and KL23L23 Na transitions 

--.--.-----------------------------------
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Figure 5.4 Auger Spectra of Bauxite Sample and NaCl Standard. 
a. NaCl on bauxite of region corresponding to the SEM 

image of Figure S.S(b). 
b. NaCl standard. 
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Figure 5.5 SEM Image of Bauxite Particle with Adsorbed N=Cl. 
a. Particle analyzed. Inset is the area of the S~~ 

image in (b). Beam voltage: 3.0 kV. Bea: c~rrent: 
5.0 nA. Tile: 45°. Aper~e: 4 m~lS. 

b. SEM image of inset in (a). Boxed reg"ion #1 is the 
area depth profiled (Fig. 5.13). Boxed region ~2 is 
is the area surveyed in detail at 45,OOOX (Fig. 5.10 
and 5.11). Beam voltage: 15.0 kV. Beam current: 
5.0 nA. Tilt: 45°. Aperture: 4 mils. 
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Figure 5.7 Detailed Survey of the KL23L23 Sodium Peak. 
a. Bauxite (area of Fig. 5.Sb). 
b. NaCl standard. 
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( a) 

(b) 

Figure 5.8 Na and Cl Auger Ma?~ of SEM Image in Figure 5.5(b). 
a. LVV chlorine Auger map. 
b. KL23L23 sodium Auger map. 

- --._-----------------
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(a) 

(b) 

Figure 5.9 Al and 0 Auger M~ps of SEM Image in Figure 5.5(b). 
a. KL23l23 oxygen Auger map. 
b. KL23l23 aluminum Auger map. 
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from t:his survey are shown in Figures 5.10 and 5.11, respectively. 

Following the collection of this data, a comparison of the short surveys 

before and after t:he analysis revealed a change in the relative peak 

intensities as shown in Figure 5.12. A new region, region #1 of Figure 

5.5(b), was then e:camined. With the magnification still at 45,000X, 

this region was depth profiled by alternating survey collection with 

surface sputtering. The surface was sputtered with a 2.0 KV argon ion 

beam that had an approximate sputter rate of 10 angstroms per second. 

The resulting data are shown in Figure 5.13. 

The NaCl standard was analyzed using the same beam conditions (15.0 

KV, 5.0 nA) with the beam rastered over a 0.0058 mm2 area (2000X). The 

region of the standard chosen was where the NaCl had dried to a thin 

crystalline crust. The surface was lightly sputtered until a brief 

survey indicated that most of the carbon was removed. Then a 0-1100 eV 

survey was collected and is shown in Figure 5.4. More detailed surveys 

of the LVV Cl and KL23L23 Na peaks were then collected and displayed in 

the N(E) vs. E form. The Cl surveys are shown in Figures 5.6 and 5.10 

and the Na surveys are shown in Figures 5.7 and 5.11. 

Analysis of Results 

A comparison of the pre- and post-analysis of the two-minute 

surveys in all cases, except the analyses at 45,OOOX, showed virtually 

no change in peak shape or height. This suggests that little or no 

surface damage took place during data collection for the 2000X analyses. 

In contrast, the analyses at 45,OOOX resulted in a reduction of the Na 

and Cl peak intensities with a corresponding increase in the oxygen and 
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Figure 5.10 Detailed Survey of the LVV Chlorine Peak. 
a. Bauxite (Region #2, Fig. S.Sb). 
b. NaCl standard. 
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Figure 5.11 Detailed Survey of the KL23L23 Sodium Peak. 
a. Bauxite (Region #2, Fig. 5.5b). 
b. NaCl standard. 
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aluminum peak intensities (Figure 5.12), indicating damage to the 

surface. Since the Na and Cl peak intensities declined, both were 

probably vaporized or driven into the solid by the el~ctron beam. 

It can be seen in Figure 5.6 that the LVV Cl peak for the NaCl 

adsorbed on bauxite ~2000X survey) is shifted to a slightly higher 

energy and is broader than the corresponding peak for the NaCl standard. 

In contrast, the LVV Cl peak from the 45, OOOX su..TVey shown in Figure 

5.10 is at nearly the same energy as the LVV Cl peak of the standard, 

although that for the sample is still broader. These differences could 

be due to a chemical interaction between chlorine and the alumina 

surface; however, it is more likely the result· of mild charging. The 

corresponding KL23L23 Na peaks (Figures 5.7 and 5.11) show no 

appreciable difference in peak energy and shape. 

The distribution of Na and Cl was found to be very non-uniform from 

particle to particle and on the surface of an individual particle, as 

evidenced by the elemental mappings (Figures 5.8 and 5.9). The maps do 

reveal, however, that a strong correlation exists between the presence 

of sodium and chlorine and a corresponding absence of aluminum and 

oxygen. This non-uniform distribution could be due to the presence of 

isolated active centers on the bauxite. The particle-to-particle non

uniformity could also be explained by mass transfer limitations in the 

reactor used for alkali adsorption. This is likely since the subsequent 

tests of Chapter 4 revealed that mass transport limitations do affect 

the rate of adsorption. Despite its non-uniformicy, the occurance of Na 

with Cl suggests the alkali is still predominantly in the form of NaCl 

or, if it chemically interacts with the surface, the adsorbed Na and Cl 

- _ .. _--------------------
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are not very mobile. The. low alumi41um and oxygen intensities in the 

areas of high Na and Cl suggest th~t the peak intensicies are genuine 

and not strictly associated with surface topography. 

The depth profile, given in Figure 5.13 as differentiated peak-to

peak heights versus sputter time, shows a sharp decline in Na and Cl 

during the first few seconds of sputtering (roughly 50 angstroms) 

followed by a more gradual decline. A corresponding increase in the 

aluminum and oxygen intensities was also observed. These results 

suggest that the Na and Cl are confined to the near surface region. The 

reason for the gradual decline in Na and Cl peak intensities after the 

initial rapid decline is not clear. Since the bauxite surface has a 

very non-uniform surface topography and microporous structure, it is 

po~sible that primary beam electrcns are emerging from the surface 

(e.g., in a pcre) and excite atoms as they enter the solid a second 

time. Another explanation is that some of the Na and Cl is being driven 

deeper into the surface during analysis and/or sputtering and 

consequently gets detected at long sp~tter times. 

Auger Spectra of Sorbent Flakes and Their Sorption Products 

In this section, Auger spectra of the freshly calcined sorbents and 

their products of alkali sorption for the flake geometry are presented. 

The elemental composition of each sorbent before and after adsorption is 

discussed and the sorbents are compared with each other. Most of the 

spectra in this section were collected with a 5.0 kV, 5 nA electron beam 

and an analyzer resolution of 0.6%. These and other system parameters 

for each survey are given in Appendix I. 

- --------------- -- --_._----
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Kaolinite-Sodium Chloride System 

Auger spectra for the freshly calcined kaolinite (metakaolinite) 

and its saturated product of adsorption were collected with the electron 

beam rastered over a large area (225X magnification, 0.46 mm2). The 

size of the flakes permitted the use of this low magnification. A low 

beam current still had to be used, even though the magnification was 

significantly less than that used for the bauxite particles, since the 

flakes were especially sensitive to charging. 

Differentiated Auger spectra (d[E*N(E)J/dE vs. E) of freshly 

calcined kaolinite and the s2.turated product after NaCl sorption under 

the N2 atmosphere are shown in Figure 5.14. The spectrum for the fresh 

kaolinite indicates the presence of silicon, oxygen and aluminum, the 

elements that comprise kaolinite. A small carbon peak due to surface 

contamination was also observed. In addition to silicon, oxygen, 

aluminum and carbon, the spectrum of the saturated product indicates the 

presence of chlorine, sodium and iron. The presence of Na and CI 

indicates that both elements are re~ained during adsorption in the N2 

atmosphere. 

The detection of iron in the saturated product is an intriguing 

observation. Iron is a natural impurity in kaolinite; however, due to 

its low concentration (Table 4.1), the iron LMM Auger triplet peaks were 

not detected in the freshly calcined material. One possible explanation 

for its detection in the product is that under the reducing atmosphere 

of N2, some of the iron is converted to a mobile form that migrates 

toward the flake surface. All flakes tested in the N2 atmosphere had a 

dark brown discoloration on the surface. This discoloration could be 
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Figure 5.14 Auger Spectra of Kaolinite. 
a. Before alkali adsorption. 
b. After alkali adsorption in N2 atmosphere. 
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due to the surface enrichment of iron. 

The Auger spectrum of kaolinite saturated wit.i} alkali under the SFG 

atmosphere is shown in Figure 5.15. The spectrum for metakaolinite from 

Figure 5.14 is also included for comparison. Unlike the adsorption 

product under the N2 atmosphere, no chlorine is observed in the pr~duct 

of adsorption under the SFG atmosphere. This suggests that NaC1 reacts 

with kaolinite in the SFG environment in some way such that chlorine is 

not retained. 

Bauxite-Sodium Chloride-Simulated Flue Gas System 

As with the kaolinite flakes, Auger spectra for the bauxite flakes 

were collected with the electron beam rastered over an area 0.46 mm2 

(225X magnification). The spectra for the freshly calcined bauxite and 

bauxite saturated with NaCl in the SFG atmosphere are shown in Figure 

5.16. Peaks for the silicon, aluminum and oxygen in bauxite are 

observed in both spectra. Both chlorine and sodium are observed in the 

saturated product, although the chlorine peak is very small. A 

comparison with the spectrum of a pure NaCl standard (Figure 5.17) shows 

that the ratio of Cl to Na peak heights is much higher in the standard 

than in the satu~ated bauxite. This suggests that the Cl to Na atomic 

ratio on the saturated bauxite is much less than 1:1. Such a direct 

comparison of differentiated peak heights for quantitative purposes is 

not correct since peak shapes, hence differentiated peak-to-peak 

heights, can be altered due to chemical effects. However, qualitatively 

it can be concluded that the Cl to Na atomic ratio on the saturated 

bauxite is much less than that of the NaCl standard. 

------ ----
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Figure 5.15 Auger Spectra of Kaolinite. 
a. Before alkali adsorption. 
b. After alkali adsorption in SFG atmosphere. 
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a. Before alkali adsorption. 
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As indicated by the results of Chapter 4, Figure 4.9, it was 

possible to desorb about 10% of the total weight gaifl of bauxite that 

had been saturated with alkali in the SFG atmosphere. An Auger 

spectrum, shown in Figure 5.18, was collected of a bauxite flake that 

had been saturated With NaCl and then desorbed in this manner. It can 

be seen that the chlorine peak is no longer present. In addition, a 

comparison of Figures 5.l6(b) and 5.18 indicates that the sodium peak

to-peak height is lower in the desorbed bauxite spectrum. These results 

show that chlorine is lost from bauxite during desorption and it is 

likely that some of the sodium is also desorbed. 

Emathlite-Sodium Chloride-Simulated Flue Gas System 

Auger spectra for the emathlite flakes were also collected at 225X 

magnification (0.46 mm2). The spectra for the freshly calcined 

emathlite and emathlite saturated with NaCl in the SFG atmosphere are 

shown in Figure 5.19. As with kaolinite and bauxite, the survey of 

freshly calcined emathlite indicates the presence of silicon and oxygen. 

Aluminum, although present in emathlite, has a concentration too low to 

be detected above the noise of the spectrum. Although the calcium 

concentration is also low, the LMM transitic~ fer calcium has a larger 

peak and was therefore detected. Like kaolinite, the Auger spectrum of 

the saturated product indicates the presence of sodium, but chlorine was 

not observed. 

Alkali Distribution on Sorbents 

After alkali adsorption in the Chapter 4 experiments, a number of 

the sorbent flakes were split and the broken cross sections were 

- --._-----------------
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Figure 5.19 Auger Spectra of Emathlite. 
a. Before alkali adsorption. 
b. After alkali adsorption. 
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examined using scanning Auger microscopy. This was done to determine 

the distribution of alkali within flakes that had not been completely 

saturated. Although it was possible to detect sodium in the area 

surveys described in the previous section of this chapter, attempts to 

map the alkali were unsuccessful because the signal-to-noise (SIN) ret~o 

was so low for sodium. Since potassium has a much stronger Auger 

signal, it was decided to prepare sorbent samples exposed to KCl rather 

than NaCl for the purpose of elemental mapping. Iti ' was felt that both 

alkali chlorides would behave similarly based on the results of the 

Chapter 3 experiments. This was confirmed for kaolinite, in which area 

surveys of the interior and exterior of a partially converted flake 

exposed to NaCl was compared with the potassium Auger map of a flake 

exposed to KCl. The mini-furnace reactor system described earlier in 

this chapter was used to prepare these sorbent samples. 

Kaolinite-Sodium ChloridefPotassium Chloride Systems 

After alkali adsorption in the Chapter 4 experiments, a number of 

the kaolinite flakes were split and the broken cross sections were 

examined with a light microscope. Examination of flakes from the SFG 

experiments that had not reached saturation revealed the presence of two 

zones: a beige discoloration near the surface with a rather sharp 

transition to the characteristic white color of kaolinite in the center. 

The beige outer layer was observed to advance toward the center as the 

adsorption progressed. For the fully saturated sample, the beige color 

was uniform throughout the flake thickness. 

Area surveys were collected for the beige outer zone and the 

--,,----
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interior of kaolinite flakes from both the N2 and SFG experiments. The 

spectra for the N2 and SFG carrier gas experiments are shown in Figures 

5.20 and 5.21, respectively. It can be seen that the interior of the 

flake from ~he N2 experiment contains very little chlorine and sodium, 

the signals for both elements being nearly lost in the background noise. 

The SFG spectra sho~ similar results. In the latter case, the sodium 

peak is not visible. These results show that the beige discoloration is 

associated with the presence of sodium. They also suggest the influence 

of an intraphase diffusional limitation during alkali adsorption. 

A partially converted kaolinite flake from a mini-furnace reactor 

experiment was next analyzed for potassium. The results are shown in 

Figure 5.22 . The brightest regions of the map in Figure 5.22(b) are 

areas of highest potassium concentration. The alkali content was 

observed to be largest near the outer edge, decreasing rapidly toward 

the flake center. As with the flake exposed to NaCl in the SFG 

atmosphere, the region of high potassium content had a beige 

discoloration. This also suggests the influence of intraphase 

diffusional limitations and indicates that NaCl and KCl behave similarly 

under the experimental conditions used. 

Bauxite-Alkali-Simulated Flue Gas System 

A bauxite flake exposed to KCl in the mini-furnace reactor system 

was also analyzed by scanning Auger microscopy to determine the 

distribution of alkali. The results, shown in Figure 5.23, are similar 

to those observed for kaolinite; the alkali concentration was greatest 

near the flake edges and it decreased toward the flake interior. Unlike 

- _ .. _-_._---- _._ .. _ .. _-----
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Figure 5.21 Auger Spectra of Kaolinite After NaCl Adsorption Under SFG 
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a. Active core. 
b. Saturated product layer. 
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Figure 5.22 a. Su~ image of thc cross section of a partially converted 
kaolinite flake. 

b. Potassium concentration map of the cross section shown in 
Figure S.22(a). 
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Figure 5.23 a. SEM image of ehe cross seceion of a partially converted 
bauxiee flake. 

b. Potassium concentration map of the cross section shown in 
Figure S.23(a). 
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kaolinite, however, no discoloration associated with the alkali was 

noted for bauxite. This was true for flakes exposed to either NaCl or 

KCl. Nevertheless, the results indicate that the alkali sorption on 

bauxite is highly influenced by diffusion through the solid matrix. 

Emathlite-Alkali-Simulated fiue Gas System 

An emathlite flake exposed to KCl vapor was also prepared in the 

mini-furnace reactor unde= the same experimental conditions as were the 

kaolinite and bauxite sorbents. Again, an alkali concentration gradient 

was observed in which the potassium concentration was greatest near the 

flake edges (Figure 5.24). Like bauxite, no visible discoloration 

associated with the alkali was observed. The potassium map shown in 

Figure 5.24 suggests the presence of regions near rhe flake edge that 

are devoid of potassium. This was investigated with area surveys over a 

dark region and a bright region, and the potas~ium peak intensities were 

found to be nearly the same. In contrast, a similar area survey of the 

interior region resulted in a potassium peak intensity significantly 

lower than that at the edges, indicating that the observed decrease in 

alkali toward the flake center is genuine. 

Several important characteristics of alkali sorption on bauxite, 

kaolinite and emathlite are observed in the scanning Auger microscopy 

results presented in this chapter. In the N2 atmosphere, both chlorine 

and sodium are retained by kaolinite, while in the presence of water 

vapor (simulated flue gas atmosphere), only sodium is retained. 

Chlorine and sodium are adsorbed by bauxite in both atmospheres, and in 

the N2 atmosphere, chlorine and sodium remain associated after 

-----.------------------------------------
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Figure 5.24 a. SEM image of the cross section of a partially converted 
emathlite flake. 

b. Potassium concentration map of the cross section shown in 
Figure 5.24(a). 
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adsorption. Subsequent desorption of the alkali from from bauxite 

results in the loss of the chlorine it originally retained. As with 

kaolinite, emathlite did not retain chlorine during alkali adsorption in 

the SFG atmosphere. Under the experimental conditions used, alkali 

adsorption is highly influenced by intraphase diffusional limitations 

for all three sorbents. 
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CHAPTER 6 

MECHANISM OF .AlXAI.I SORPTION ON SOLIDS 

To gain insight into the mechanism of alkali/sorbent interactions, 

fresh and fully saturated sorbents from the Chapter 4 experiments were 

analyzed using various chemical analytical techniq~es. The scanning 

Auger analyses of Chapter 5 provided useful information on the elemental 

composition and distribution of alkali on the sorbents. Although 

emathlite was not tested in the N2 atmosphere, the results for kaolinite 

and bauxite given in Chapters 4 and 5 suggest that the characteristics 

of alkali sorption are dependent on the gaseous environment. For 

example, the sorption capacity of both kaolinite and bauxite was found 

to be considerably higher in the SFG atmosphere. It was also ob~erved 

that chlorine retention by both sorbents is favored in the N2 

atmosphere. Also evident are the differences between sorbents anc their 

sorption behavior. In this chapter, the results of atomic emission and 

powder X-ray diffraction (XRD) analyses are presented. This 

information, together with the results of previous chapters, is used to 

determine how the alkali sorption process takes place. 

In the first part of this chapter the materials, equipment and 

procedures used in the atomic emission and XRD analyses are presented. 

This is followed by the results for alkali sorption in the nitrogen 

atmosphere. The results for sorbents tested in the simulated flue gas 

atmosphere (SFG) are presented in the last part of this chapter. More 

- -~---"------- -_. -. "- ----_ .. _" 
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emphasis is placed on the SFG results since the SFG atmosphere more 

closely approximates that of a real coal conversion system. 

Materials and Equipment 

The fresh sorbents tested in this part of the study were the same 

bauxite, kaolinite and emathlite used in the Chapter 4 experiments. 

Prior to analysis the sorbents were devolatilized in the same manner as 

that described in the sample preparation section of Chapter 4. This was 
i 

done to ensure the analyses in this part of the study accurately 

represent the sorbents as they were used in previous tests. The 

saturated sorbents came from the Chapter 4 experiments. The acids used 

for sample digestion were the same HF, HND3 and HCl described in Chapter 

two. 

The Perkin-Elmer model 2380 atomic absorption spectrophotometer 

described in Chapter 2 was used to determine the alkali content of the 

samples. The powder XRD analyses was performed with a Siemens D500 

diffractometer using a Cu Kex radiation source (wavelength - 1.57 

angstroms) . 

Experimental Procedures 

Sorbent samples were prepared for atomic emission analysis using 

the same procedure described in Chapter 2. This involved digesting each 

sample in a 5:3:1:1 solution of H20:HF:HC1:HN03 in a sonicator for three 

hours, then diluting the solution to 100 mI. To suppress ionization in 

the flame, cesium nitrate was added so that all samples and standards 

contained 1000 ppm Cs+. Additional details of the procedure may be 

found in the sample preparation and analysis section of Chapter 2. 

---- ------~-----
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The samples were prepared for XRD analysis by crushing them to a 

powder between two pieces of weighing paper. The powder was then 

sprinkled over double-sided transparent adhesive tape that was in turn 

placed on a glass slide. After being loaded in the diffractometer the 

samples were scanned at a rate of 40 per minute. A catalog of 

diffraction spectra was used to help identify the phases present in each 

sample. 

Mechanism in the Nitrogen Atmosphere 

Bauxite sorbent particles from the series of experiments described 

at the end of Chapter 4 were used for analysis in this portion of the 

study. As shown in Chapter 5, the Auger analyses of bauxite particles 

that had adsorbed alkali indicated that both sodium and chlorine were 

adsorbed and remained as::;ociated with each other. In addition, the 

Chapter 4 experiments for the alumina-NaC1-N2 system showea that nearly 

half of the total weight gain during adsorption was lost during 

subsequent desorption (see Figure 4.14). Based on these results , it 

seemed likely that NaC1 was physically adsorbed on bauxite in the N2 

atmosphere. Luthra and Leblanc (1984) also came to this conclusion in 

an earlier study. 

To investigate the nature of the adsorbed alkali in more detail, 

bauxite particles from several runs in which varying amounts of NaCl had 

been adsorbed were analyzed for their sodium content. Since nitrogen 

was the only gaseous species present in addition to NaCl vapor, it was 

assumed that all weight gain experienced during adsorption was due to Na 

and Cl. The total chlorine uptake in an experiment was therefore taken 

.. - ----.---------
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as the difference between the total weight gain (determined from 

microbalance measurements) and the weight gain due to sodium (determined 

from atomic emission analysis). The results of this analysis are shown 

in Table 6.1. 

Table 6.1 NaC1 Adsorption on Bauxite (N2 atm) 

Run Na Cl 

6.1 67 36 
6.2 129 94 
6.3 61 35 
6.4 90 57 
6.5 98 80 

Na: Gram moles of sodium (x 106). 
Cl: Gram moles of chlorine (x 106). 
x: Value for NaC1x . 

x 

0.54 
0.73 
0.57 
0.63 
0.82 

It can be seen that sodium and chlorine are not retained in a 1:1 ratio. 

Some of the chlorine is lost during adsorption, and the amount is 

observed to vary considerably from run to run. Based on these results 

it appears that two processes are taking place during adsorption. One 

is the reversible adsorption of molecular NaCl. The other is adsorption 

followed by irreversible chemical reaction in which sodium is retained 

and chlorine is lost. Since the fraction of chlorine retained varies 

from run to run, the amount of alkali that undergoes irreversible 

~. 
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reaction probably depends on some uncharacterized system variation such 

as inhomogeneities in the bauxite sample or minute traces of undetected 

gaseous impurities (e.g., water vapor). 

Kaolinite-Sodium Chloride System 

The chemical structure of kaolinite and the transformations it 

undergoes during heating have been studied extensively in the past 

(Brindley and Nakahira, 1959). As kaolinite is heated, it dehydrates 

above 5000 C to form metakaolinite according to the endothermic reaction: 

(6.1) 

The starting material in Chapter 4 experiments was metakaolinite since 

the sorbent was dehydrated prior to exposing it to alkali. Distinct 

phases could not be identified in an XRD spectrum of metakaolinite 

because of its poorly defined crystal structure. The study by Brindley 

and Nakahira (1959) suggests, however, that metakaolinite is a single 

phase. 

As with bauxite, the Auger results of Chapter 5 indicate that 

kaolinite retains chlorine as well as sodium during adsorption in the N2 

atmosphere. Unlike bauxite, alkali adsorption on kaolinite was found to 

be irreversible in the Chapter 4 experiments, regardless of whether the 

adsorption took place in the N2 or SFG atmospheres. 

A kaolinite flake saturated with alkali in the N2 atmosphere was 

analyzed for sodium in the same manner as the bauxite particles 

described in the previous section. Considering only Na and Cl to be 
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adsorbed, it was found that 0.28 gmol Cl was retained for every gmol Na. 

Although additional analyses were not performed on undersaturated 

samples, this analysis showed that the amount of chlorine retained by 

kaolinite was substantially less than that retained by bauxite. Based 

on these results it is concluded that most of the alkali retained by 

kaolinite in the N2 atmosphere is the result of adsorption followed by 

irreversible reaction in which chlorine is released. It is likely that 

the chlorine retained by kaolinite is the result of ~hemical adsorption 

since it could not be desorbed at 800oC. 

Mechanism in the Simulated Flue Gas Atmosphere 

In this section the :::echanism of alkali sorption by the three 

sorbents in the SFG atmosphere is discussed. First the kaolinite-NaCl

SFG system is covered, followed by the bauxite-NaCl-SFG system and the 

emathlite-NaCl-SFG system. 

Kaolinite-Sodium Chloride System 

An XRD spectrum of metakaolinite saturated with alkali in the SFG 

atmosphere, shown in Figure 6.1, indicates the formation of two reaction 

products, n~phelite and carnegieite. These products are sodium 

aluminosilicate polymorphs with the chemical formula Na20 .A1203' 2Si02. 

In nepheli te , which is thermodynamically favored at high temperatures, 

the sociium cation is octahedrally coordinated. In carnegieite, the 

sodium cation is tetrahedrally coordinated (Falcone and Schobert, 1986). 

Based on this information and the absence of chlorine in the sorption 

product as indicated by Auger analysis, the following reaction describes 

the sorption mechanism: 
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Figure 6.1 Powder X-ray Diffraction Spectrum of Fully Saturated 
Kaolinite. t: carnegieite; 0: nephe1ite 
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Bauxite-Sodium Chloride System 

The XRD and atomic emission results for bauxite indicate a more 

complicated process. An XRD spectrum of fresh, devolatilized bauxite 

indicated the presence of silica (alpha-Si02), corundum (alpha-A1203) 

and hematite (alpha-Fe203). The XRD spectrum of fully saturated 

bauxi te , shown in Figure 6 .2, indicates the presence of nepheli te, 

carnegieite, corundum and hematite. Although the adsorption products 

are the same as that for the metakaolinite-NaCl ,system, silica and 

alumina, not metakaolinite, are the reactants in the bauxite-NaCl 

system. In this case the reaction is: 

2Si02(s) + AI203(s) + 2NaCI(v} + H20(v) 

Na20.AI203.2Si02(s) + 2HCI(v) (6.4) 

Atomic emission analysis of a bauxite flake saturated with sodium in the 

SFG atmosphere indicated that 73.1% of the weight gain was due to 

sodium. Since the total fractional weight gain experienced by bauxite 

was 0.136 mg/mg, the bauxite would have to be 26.2% by weight silica for 

Reaction 6.4 to account for all of the adsorbed alkali. However, the 

amount of silica in bauxite is much less (11% by weight). Apparently, 

the rest of the alkali is present as a glassy material such as sodium 

aluminate or physisorbed chloride no~ detectable by XRD analysis. 

Hematite, present both before and after adsorption, did not undergo any 

noticeable transformation. Corundum appears in the saturated product 

since it is an excess reactan~ in Reaction 6.4. 

Atomic emission analysis was also performed on a bauxite sample 
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that had been saturated with sodium and Olen removed from the alkali 

vapor to desorb as much of the alkali as possible. For this sample 

67.9% of the total initial weight gain was due to sodium, compared to 

the 73.1% for a saturated sample that did not undergo desorption. This 

shows that sodium as well as chlorine is lost from bauxite during 

desorption and suggests that physisorbed NaCl might be the portion which 

is removed during a desorption experiment. 

Emathlite-Sodium Chloride System 

The XRD spectrum for fresh, devolatilized emathlite shows the 

presence of aluminosilicate (A12SiOs) and silica (alpha-Si02 and 

cristobalite). Although emathlite contains a significant amount of 

calcium, no other phases could be positively identified. The XRD 

spectrum for emathlite saturated with alkali, shown in Figure 6.3, 

indicates the presence of albite (Na20.Al203.6Si02) as the major 

reaction product. Smaller peaks associated with sodium calcium 

aluminate (NaCa4A1309) were also identified. Sodium aluminosilicate 

(NaAlSi30S) and sodium aluminate (NasAl04) may also be present, but 

overlap with other peaks prevented a positive identification of those 

compounds. Therefore, most of the sodium capture by emathlite can be 

described by the following overall reaction: 

sSi02(s) + A12SiOs(s) + 2NaCl(v) + H20(v) -

Na20.A1203.6Si02(s) + 2HCl(v) (6.5) 

This is consistent with the Auger results for saturated emathlite which 
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showed that chlorine was not retained during adsorption. The formation 

of albite was also predicted by the thermodynamic calculations of 

Bachovchin et al. (1986). 

Atomic emission analysis of an e:nathlite flake saturated with 

sodium in the SFG atmosphere indicated that 81.6% of the weight gain was 

due to sodium. Unlike bauxite, emathlite has silica as the excess 

reactant in Reaction 6.5. If Reaction 6.5 was the only reaction 

responsible for the sorption of sodium, the fraction~l weight gain would 

be 0.084 mg/mg. This is considerably short of the observed 0.149 mg/mg. 

Apparently, the rest of the alkali is present as a glassy product such 

as sodium silicate. Although crystalline sodi~ silicate could also be 

formed, it was not observed in the XRD spectrum of saturated emathlite. 

The results of this chapter show that several reaction products are 

formed during alkali sorption in the SFG atmosphere. Kaolinite reacts 

with NaCl and water vapor to form the sodium aluminosilicate compounds 

nephelite and carnegieite. Chlorine is released back to the gas phase 

as HCl vapor. Bauxite also reacts with NaCl and water vapor to form 

nephelite and carn~gieite, but additional sodium, possibly in the form 

of glassy sodium aluminate and physically adsorbed NaCl, is retained. 

In contrast to kaolinite and bauxite, NaCl and water vapor react with 

the aluminosilicate and silica in emathlite to form albite and HCI 

vapor. Emathlite also retains additional sodium in the form of sodium 

calcium aluminate and possibly glassy sodium silicate that is 

undetectable by XRD analysis. Bauxite retains most of the chlorine in 

the N2 atmosphere, but retains relatively little chlorine in the SFG. 
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CHAPTER 7 

THEORETICAL MODELING OF AI..KALI SORPTION 

Several mathematical models were formulated to describe the 

simultaneous physical and chemical processes that occur during alkali 

vapor removal by solid sorbents. One purpose of the modeling is to 
j 

extract important kinetic parameters that characterize the sorption 

process. It was also desired to use the model in parametric studies to 

determine the effect different variables have on the sorption of alkali. 

The model can also be used to help design an alkali sorption system, 

whether it is the in-situ addition of sorbent or a downstream flue gas 

clean-up system. 

Several models were developed to describe the observed sorption 

behavior. The first model was formulated to explain the intrinsic 

kinetics of alkali sorption on a reactive solid surface. It is 

characterized by equations that allow for both the chemical and physical 

adsorption of alkali. The formulation of this model is presented in a 

separate section (Appendix D) since it is substantially different from 

later versions presented in this chapter. 

The next model, presented in this chapter, was developed to 

describe alkali sorption with the slab geometry used in the experiments 

described in Chapter 4. This "first generation" model was formulated 

with several critical simplifying assumptions so that an analytical 

solution would be possible. An analytical solution was desired so that 

---_. -------
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the influence of different variables on the sorption process could be 

viewed by the inspection of an equation (or set of equations in this 

case). 

This model was later modified so that it more closely represented 

the actual sorption process and was more comprehensive in nature. This 

"second generation" model required a numerical solution but resulted in 

a better fit to the experimental adsorption profiles. 

version was formulated by Uberoi (1988). 

This later 

In the first part of this chapter the estimation of parameters used 

in both versions of the theoretical model is presented. This is 

followed by the formulation of the first gep.eration model and its 

comparison to the experimental data. This is followed by the 

formulation of the second generation model and its comparison to the 

experimental data. Finally an example of the models' usefulness in 

parametric studies is presented. 

Parameter Estimation 

The important kinetic parameters used in the models are given in 

Table 7.1. A description of the calculational methods used in the 

estimation of these parameters are given in this section. 

The molecular diffusivity. DAM. for sodium chloride at: 8000 C was 

estimated using Blanc's Law for a dilute species (in this case NaCl) in 

a homogeneous mixture (Reid et al., 1987). This relationship is given 

as 

. -.' - ---.-~-~----. ----_._-- - _._._--_ .. _ . 



Table 7.1 Values of Model Parameters 

Parameter (unit) 

E:o 

De (cm2/hr) 

km (cm/hr) 

Csf (gmol/cm3 of solid) 

Kaolinite Kaolinite 
(N2) (SFG) 

0.58 0.58 

130 130 

5.1 x 104 5.1 x 104 

0.0042 0.023 

Emathlite 
(SFG) 

0.47 

190 

5.1 x 104 

0.019 

Bauxite 
(SFG) 

0.62 

260 

199 

5.1 x 104 

0.017 
--------------------------------------------.~-------- -----------------

(7.1) 

where Xj is the mole fraction of component j and the ~Aj are molecular 

diffusivities of the NaCl-j gas pair. The DAj were calculated using the 

Chapman-Enskog relation (Reid et al., 1987). The resulting molecular 

diffusivities were 1.31 and 1.25 cm2/sec for dilute NaCl in nitrogen and 

simulated flue gas, respectively. 

The initial sorbent porosity. E:o, was estimated from mercury 

porosimetry data. Each freshly devolatilized sorbent was tested in a 

Micrometrics Model 9310 Pore Sizer that has the ability to measure pores 

down to 60 angstroms in diameter. Data obtained for each sorbent from 

this analysis included bulk density, skeletal (solid) density, pore size 

distribution and the porosity as a function of pore diameter. These 

data are presented in Appendix B. The initial porosity for each sorbent 

is given in Table 7.1. 

Since ~etakaolinite has been previously characterized (Brindley and 

-_._---
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Nakahira, 1959), it was possible to independently measure its porosity. 

This was done by measuring the volume and mass of a flake and comparing 

it to the skeletal density reported by Brindley and Nakahira (1959). 

The reSUlting porosity was the same as that determined with the 

Micrometries system. 

The effective diffusivity, De, was calculated in the following 

manner. First the combined diffusivity, D(r), was take~ as the sum of 

molecular and Knudsen diffusivity resistances: 

1 1 1 
+ (7.2) 

D(r) 

For DK given as 

OJ< - (9700)r (~·r/2 (7.3) 

where r is the pore diameter in micrometers, WJ is the molecular weight 

of NaCl and T is the temperature in degrees Kelvin, the expression for 

D(r) at 8000 C becomes 

D(r) 
[ 

0.24061 -1 
DAM + --~--- j (7.4) 

The De can then be calculated from the volume integral of D(r): 

D(r) dV(r) 
l_ ... _l~ax 
• e: (r) D(r) dr 

Rutin 

(7.5) 
1 

- _ .. _-_._---------------
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where VT is the bulk sorbent volume, 't' is the tortuosity and e: (r) is the 

differential porosity. Rmin and Rmax are the minimum and maximum pore 

radii, respectively. In this formulation tortuosity is assumed to be 

independent of the pore radius. The differential porosity, e:(r), is the 

derivative of porosity (e:) with respect to radius. This is described 

mathematically as e: (r) - de: jdr. Substitution of this expressicu :l.n 

Equation 7.5 and approximating the tortuosity as the reciprocal of 

porOSity, De can be expressed as 

De - e Jmru< D(r) de 

Rmin 

(7.6) 

Since the pore size data is given in discrete numbers, the integral must 

be approximated as a summation: 

Rmax 

L !::.e: D(r) 

Rmin 

(7.7) 

The calculation of De from the pore size data for each sorbent is also 

shown in Appendix B and the value of De for each sorbent is given in 

Table 7.1. These calculations indicated that Knudsen diffusivity was by 

far the dominating term in the calculation of D(r). Because of this, De 

was the same value for kaolinite in the N2 and SFG atmospheres although 

the molecular diffusivity of NaCl in each carrier gas was slightly 

different. 

The interphase mass transfer coefficient was calculated by assuming 

-_.----
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flow through a channel in which both convection and diffusion of alkali 

are important. Order of magnitude calculations showed that both modes 

of transport must be considered. The derivation of the expression for 

km is given in Appendix C and values of km are given in Table 7.1. 

The solid alkali concentration at saturation, Csf, was calculated 

fro!!! the .:::.t:c::lic eiilission data on t:he saturated sorbents presented in 

Chapter 6. It is based on the initial solid sorbent volume determined 

from the initial skeletal density data. Values of CSf for each sorbent 

are also given in Table 7.1. 

First Generation Kode1 

In this section the development of the first generation model is 

presented. This is followed by a comparison between the actual 

experimental data and the mod~l predictions for kaolinite. 

Development of Equations 

It is assumed that the alkali compound, A, diffuses through the 

porous solid sorbent and is then adsorbed upon contact with the sorbent 

surface. The adsorption is 

(physisorption) and reaction, 

known. It is assumed that 

described by the following: 

aA(g) + B(s) - products 

a combination of physical condensation 

the details of which are not completely 

the overall sorption reaction can be 

(7.8) 

Assuming a quasi-steady state for diffusion and reaction in a porous 

slab, the conservation equation for alkali vapor can be written as 

. - .... -- - --~--- ,---_._--"- .--.. _---_._ . 
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follows: 

(7.9) 

where RA is the molar rate of adsorption of alkali per ~~it vo1~e of 

bulk sorbent. It is assumed that De is constant during the adsorption 

process. This assumption is valid as long as the alkali loading is low 

enough to nEglect the effect of pore filling. 

The boundary conditions used are given by the following: 

dCA 
0 at y - 0 (7.10) 

dy 

dCA 
De km(CAb - CAs) at y-L (7.11) 

dy-

where y - 0 is the slab center and y - L is the slab edge. CAb is the 

bulk gas phase alkali concentration, CAs is the alkali vapor 

concentration at the surface of the flake and km is the interphase mass 

transfer coefficient. 

It is assumed that the local rate of adsorption is proportional to 

the local alkali concentration as follows: 

(7.12) 

where k is the overall rate coefficient and Eo is the porosity. 

Solving Equation 7.9 with the boundary conditions (Equations 7.10 

and 7.11), the alkali vapor concentration profile is given as 

.. _- ----_ .. -_ .. _----------
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(7.13) 

where Bi is the mass Biot number given by 

1. .. 
"'Ill .... 

Bi (7.14) 

. 
and 9 is the T~eile modulus given by 

(7.15) 

The Biot number represents a ratio of the influence of intraphase 

diffusion to interphase diffusion on the sorption kinetics. That is, a 

large Bi (greater than approximately one) means that intraphase 

diffusion influences the sorption kinetics more than interphase 

diffusion. In a similar manner, the Theile modulus represents a ratio 

of the influence of intraphase diffusion to intrinsic reaction kinetics 

in determining the sorption kinetics. In this case, a large Theile 

modulus (greater than approximately 0.3) means that intraphase diffusion 

is important in determining the overall rate of reaction. 

A dimensionless local loading, X, is defined as the ratio of alkali 

loading to the maximum loading capacity at any point. The change in X 

with time is given by 

(7.16) 
at Csf 
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where Csf is the moles of adsorbed alkali per volume of original solid 

at sorbent saturation. 

Elimir~ting CA from Equations 7.13 and 7.16 and integrating results 

in an expression for X: 

(7.17) 

Integrating X over the slab thickness gives t1;le overall loading, 

XI, as follows: 

XI - ---------------------- t (7.18) 
Csf ~[~ + (Bi)coth(~)] 

The Auger results of Chapter 5 suggest the adsorption process is 

significantly influenced by intraphase diffusional resistance. Because 

of this and the form of the rate given in Equation 7.12, it is cvi~ent 

that there is a critical time Cit. w:lich a fully saturated layer will 

begin to form on the outside of the flake. This marks the beginning of 

the second stage of adsorption in which alkali vapor has to diffuse 

through a fully saturated outer layer before being captured in the inner 

core. This time, t*, is found by letting y - L and X-I in Equation 

7.17. The resulting equation is 

t* -
Csf [Bi + ~tanh( ~)] 
---. -------------
kCAb Bi 

(7.19) 

A schematic of the slab during the second stage is shown in Figure 

7.1. During this stage, Equation 7.9 is still valid for the inner core 

- .-. -.-.---.-.. ---'--- ... - --_._---
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of the slab; however, in the outer layer, where there is no adsorption, 

the following equation would be applicable: 

D : e o (7.20) 

where CA' is the alkali vapor concentration in the outer layer and De' 

is the effective diffusivity in the outer layer. The alkali vapor 

profile is determined by solving Equations 7.9 and 71~20. Four boundary 

conditions are needed. These include a zero concentration gradient at 

the slab center (Equation 7.10), a matching of fluxes at the slab 

surface and the matching of concentrations and· fluxes at the boundary 

between the inner and the outer zones (y - Ym)' The last three boundary 

conditions are given in the following equations: 

D ' e 

D' e 

dy 

dy dy 

at y-L 

at y - Ym 

at Y - Ym 

(7.21) 

(7.22) 

(7.23) 

The resulting alkali vapor concentration profile for the inner zone 

is given as 

(7.24) 

valid for 0 < y < Ym and that for the outer zone is given as 

---.----
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(7.25) 

valid for Ym ~ Y < L. The function f(ym/L) is defined as 

f(Ym/L) 

[(1 - Ym/L + l/Bi)(De/De')~ sinh(~YmfL) + cosh(~YmfL)]-l (7.26) 

The local loading, X, is equal to unity in the outer zone 

(saturated product layer). For the inner zone the change in X with time 

is given by Equation 7.16 as before. This time, however, the 

elimination of CA from Equations 7.16 and 7.24 and integration with 

respect to time results in the following expression for X: 

cosh(~y/L) 

X - (7.27) 
cosh(cjl) 

The integral can not be evaluated directly since Ym as a function of t 

is not known. This problem can be overcome, however, in the following 

way: At Y - Ym, X-I, ~nd Equation 7.27 becomes 

cosh( ~ym/L) 
1 - ----------- + 

cosh(cjl) 

t 

I f(YmfL) dt 

t* 

Differentiation of Equation 7.28 with respect to time results in 

- - ._---------

(7.28) 



o -
kCAb cosh(CP) 

t 
r 

+ j f(ym/L) dt 

t* 

+ (L/CP)Coth(CPYmfL)(~~-) f(Y:n/L) 
aYm 
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(7.29) 

The integral can then be eliminated f~om Equations 7.28 and 7.29 to give 

the following: 

at Gsf cp sinh(CPym/L) 
(7.30) 

Equation 7.30 can then be integrated from t* to a later time t (Ym goes 

from L to Ym) to give t as a function of Ym: 

t - t* [-----~~------]{l + !~~~~!: 
CPtanh(CP) + Bi Bi 

tanh(cp) 
------- + (1 - Ym/L» 

+ In [~~~~~!:~~:]]} 
cosh(cp) 

(7.31) 

The local loading, X, can be solved for by eliminating a tjaYm from 

... -- -- --._------- ---.-----
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Equations 7.27 and 7.30. After some simplification the result is 

cosh (cj>y/L) 
x - (7.32) 

cosh (cj>ym/L) 

~ntegrating X over the slab thickness gives the overall loading as 

follows: 

tanh (q,ym/L) 
Xr - (1 - ym/L) + ----------

cj> 
(7.33) 

Therefore, to generate the complete temporal profile of loading, 

Equation 7.18 is used for t ~ t* and Equations. 7.31 and 7.33 are used 

for t > t*. 

Comparison of Model and Data 

The first generation model was compared with the experimental data 

in several steps. In the first step the overall rate coefficient is 

estimated from the initial sorption rate data (t - 0). Differentiating 

Equation 7.18, the initial rate of ::lass increase may be expressed as 

follows: 

Cl k CAb Bi 
(7.34) 

Csfcjl [cj> + (Bi)coth(q,)] 

where mo is the initial sorbent mass, dm/dt (t - 0) is the initial rate 

of mass gain and Cl is the fractional mass gain at saturation, 

(m - mo)/mo . If cP > 5, coth cjl ~ 1 and Equation 7.34 can be expressed as 
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1 

(~)t-O 
k Bi a. CAb 

----------- ----------.----
mo Csf(q, + Bi) r-~\:~r/2 L 

(7.35) 

Eqi.4Ci.t:iun 7.35 suggests that a plot of the initial adsorption rate vs. 

CAb/L should be linear. This plot for the sorption experiment data is 

shown in Figure 7.1. Although there is some scatter in the data, each 

sorbent-carrier gas pair is observed to follow a straight line. Each 
j 

line was fit with a least-squares linear regression routine forci~g the 

line through the origin. From the slope of these lines and the kinetic 

parameters determined in the tests described in the previous section 

(Table 7.1), a value of the overall rate coefficient for each sorbent 

was determined. These values are given in Table 7.2. 

Table 7.2 Overall Rate Coefficients 

Sorbent: Carrier Gas k ks 
-.-.-----------------------------------------.-
Kaolinite N2 2.1 x 107 9.4 

Kaolinite SFG 2.1 x 107 9.4 

Bauxite SFG 6.1 x 107 28 

Emathlite SFG 5.9 x 107 37 

k - Overall Rate Coefficient with units of 
[cm3 of gas/(cm3 of solid - h)] 

ks - Overall Rate Coefficient with units of 
[cm3 of gas/(cm2 surface area - h)] 
(surface area from Appendix B data) 

The effective diffusivity in the product layer, De! was then 

determined by fitting the model profile to the experimental data. This 

comparison is shown for kaolinite in Figures 7.2 and 7.3. The resulting 

-_. - ... - -_._---_.-- .. __ .. _---------_._-_.- ._- -----
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values of De' were 0.70 cm2/sec for saturated kaolinite in the N2 

atmosphere and 0.32 cm2/sec for saturated kaolinite in the SFG 

atmosphere. Finally, these values and the other kinetic parameters were 

used to predict the adsorption profiles for other experiments. The data 

and model prediction for several experiments performed with the SFG 

carrier gas are shown in Figure 7.4. It can be seen that the fit is 

reasonably good. 

In general, the first generation model predictions agree well with 

the data up to about 75% sorbent saturation; beyond this point, the 

predictions are too high. Tnis is expected, because the local 

adsorption rate given by the first generation mcdel (Equction 7.12) does 

not include the dependence on the available surface area of the 

kaolinite. This is particularly important as kaolinite gets depleted. 

Mass Biot numbers and Theile moduli were evaluated for each run 

using Equations 7.14 and 7.15, respectively. The values, given in 

Appendix J, range from Bi - 4.2 to 25 and ~ - 6.4 to 17. This indicates 

that for all runs both interphase and intraphase diffusion influence the 

adsorption rate. The large influence of intraphase diffusion is 

consistent with the alkali Auger map results presented in Chapter 5. 

Since the Theile moduli were all greater than 5, the assumption of tanh 

and coth ~ - 1 is valid. 

Second Generation Model 

In this section, the development of the second generation model is 

presented. This is followed by a comparison betw~en the actual 

experimental data for the SFG atmosphere and the model predictions for 



-CD 

~ 
CD 
E -

0 

~ -0 
E 
I 

E -

215 

0.12 

Data 

---- Model 

" " 8",. " 
0.08 ",. 

0.04 

0.00 
0.0 2.0 4.0 6.0 

Time (hr) 

Figure 7.4 Comparison of Experimental Data with Analytical Model 
Predictions for the Kaolinite-NaCl-SFG System. 
C~; is 230 ppmv for A, 190 ppmv fo~ ~ ~~~ llO ppmv for C. 

--- ---



216 

kaolinite. Finally some parametric predictions based on the model are 

presented. 

Development of Equations 

As with the first generation model, it is assumed that the alkali 

compound, A, diffuses through the porous solid sorbent and is then 

adsorbed upon contact with the sorbent surface. The adsorption is a 

combination of physical condensation (physisorption) and reaction, the 

details of which are not completely known. It is assumed that the 

overall sorption reaction can be described by Reaction 7.8. 

Assuming a quasi-steady state for diffusion and reaction in a 

porous slab as before, the conservation equation for alkali vapor is 

given as 

~- [De ~:~] 
dy dy 

(7.36) 

In this version, De will be allowed to vary with conversion and 

therefore can not be pulled outside of the differential. The boundary 

conditions are the same as those used preViously, a zero concentration 

gradient at the slab center (Equation 7.10) and an equation of alkali 

vapor fluxes at the surface (Equation 7.11). 

The local alkali loading (alkali concentration in the solid phase), 

Cs ' is given by the following conservation equation: 

(1 - e:o) (7.37) 
at 

---- .-.~ -- "- --.--.-.----
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with the initial condition that Cs - 0 at t - O. 

It is assumed that the local rate of adsorption is given by the 

following rate e~ression in which the dependence on the amount of 

unreacted sorbent is considered: 

(7.38) 

The variations in the effective diffusivity are given by: 

(7.39) 

in which Deo is the effective diffusivity given by Equation 7.7. 

Porosity varies with alkali loading (conversion). as follows: 

(7.40) 

where Z is the ratio of v~l'~~ of solid saturated product to the volume 

of sol~.d reactant. 

Becaus~ RA is now a function of es ' and De is allowed to vary, a 

numerical formulation must be used to solve for the concentration 

profile. Equations 7.36, 7.10 and 7.11 were solved numerically using a 

variable-step central-difference technique. Equation 7.37 was solved 

simultaneously to obtain the solid conversion. The details of this 

numerical procedure are given in the following paragraphs. 

The diffusion equation (Equation 7.36) is first expanded and 

distance and alkali vapor concentration are expressed in dimensionless 

form: 

dDe df 

dz dz 
+ (7.41) 

-_._---
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where z - y/L, f - CAiCAb and X is the local loading, Cs/Csf, defined 

earlier. 

The derivatives in Equation 7.41 are then expressed in finite 

difference form (Ferziger, 1981): 

dz 

where 

AI.;; -"', ... 

A2· . -~,~ 

1 

h· ~ 

2 

(7.42) 

(7.43) 

(7.44) 

1 
(7.45) 

(7.46) 

(7.47) 

(7.48) 

. -- - - ------------------- ---------_. 
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2 I 1 \ 

A2i,i+1 - ~~~~ ~~~-~-~~~~) (7.49) 

and hi is the dimensionless distance between grid points on the i th 

interval (i.e., any hi can vary from 0 to 1, but the sum of all hi from 

z - 0 to z - 1 must be 1). 

Substituting Equations 7.42 and 7.43 for the derivatives, Equation 

7.41 becomes, after some rearrangement 

where 

T· . -~,~ 

dz 
A1· . 

~,~ 

dDe 
A1· ·+1 ~,~ 

dz 

(7.50) 

(7.51) 

(7.52) 

(7.53) 

(7.54) 

Equation 7.50 is valid for i - 0 to N, where N is the number of 

grid points. To avoid having i - 0 and any negative value, the 

subscript is changed to j, where j - i + 2. Equation 7.50 is then used 

from j - 2 to j - N + 2. 

----------- ---- ---------
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Next, equations are formulated that satisfy the boundary 

conditions. From the first boundary condition, given in Equation 7.10, 

at j - 2, df/dz - o. This results in the following equation: 

o (7.55) 

Similarly, th~ second boundary condition (Equation 7.11) , 

applicable at j - N + 2, becomes 

(7.56) 

Equations 7.50, 7.55 and 7.56 total N + 1, and there are N + 1 unknown 

fj's. This system of equations can be solved in a simple manner if put 

in the form of a tridiagonal matrix. Tnis is accomplished by 

eliminating fl and fN+3 from the boundary conditions (Equations 7.55 and 

7.56) and the diffusion equation (Equation 7.50) at j - 2 and j - N + 2. 

This results in the following equations: 

o (7.57) 

and 

(TTY)fN+l + (TTZ)fN+2 - (7.58) 
AlN+2,N+3 

where 

--- ----



221 

ITO - T2,2 (7.59) 

TTl - T2,3 + (7.60) 

TTY - TN+2,N+l + 
A1N+2,N+3 

(7.61) 

TTZ - TN+2,N+2 (7.62) 
A1N+2·,N+3 

Equations 7.57, 7.58 and the set of Equations 7.50 (now from j - 3 

to j - N + 1) are solved to give the set of fj' s (the concentration 

profile). After solving the set of Equations, an increment of time is 

chosen and Equation 7.37 is solved to yield a set of X (Cs/Csf). The 

overall alkali loading, XI, at any time is obtained by integrating Cs 

over the sorbent volume: 

(7.63) 

As in the previous version of the model, the mass gain is given by the 

product of XT anda, the maximum fractional mass gain at saturation. 

-------------- -
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Comparison of Hodel and Data 

In addition to the kinetic parameters given in Table 7.1, values of 

the overall rate coefficient given in Table 7.2 were used to generate 

weight gain profiles. The k's determined from the first generation 

model were used, because the rate coefficients were determined from 

initial rate data and both versions of the model become identical at 

t-O. The parameter Z was then varied for each sorbent until a 

reasonable fit to the complete adsorption profile f9r that sorbent was 

achieved. 

A comparison of the experimental data and best fit of the model for 

kaolinite, bauxite and emathlite in the SFG qtmosphe~e are given in 

Figures 7.5, 7.6 and 7.7, respectively. The values of Z for each 

sorbent are given in Table 7.3. It can be seen that the model fits the 

. dat:a <'for kaolinite and bauxite quite well up to 100% alkali loading. 

The results for emathlite are not as gOOd. There can be several reasons 

for this discrepancy. One possibility is that the mechanism of 

adsorption changes after a certain alkali loading is achieved. The 

thermodynamic calculations of Bachovchin et al. (1986) suggest that this 

may happen. Another possibility is drift in the microbalance reading. 

This has happened on occassion, and in many cases it is hard to 

distinguish if a very slow weight gain (as was the case for emathlite) 

is genuine or not. 

The values of Z determined from fitting the complete temporal 

profiles were then used to predict weight gain profiles for the three 

sorbents at different alkali vapor concentrations as shown in Figures 

7.8, 7.9 and 7.10. It can be seen that the model closely approximates 

-_._---
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the experimental data. 

Table 7.3 Value of the Parameter Z 

Sorbent Carrier Gas Z 

Kaolinite SFG 1.27 

Bauxite SFG 1.10 

Emathlite SFG 1.30 

Parametric Predictions 

The theoretical models presented are an effective tool for data 

extrapolation and pa~~etric study. As an example, Figure 7.11 

illustrates the effect of particle size on the rate of adsorption. To 

generate this information, the second generation model was solved for a 

spherical geometry. The results indicate that the rate of adsorption is 

very sensitive to particle size. 

In general, particle size is selected to maximize the rate of 

alkali removal and the additive utilization efficiency (fraction of the 

additive reacted). In applications where alkali removal is downstream 

from the combustor, a fixed bed of relatively large particles can be 

used since they are easier to handle and cause less attrition and 

particulate emission than smaller particles. 

For applications in which alkali is removed inside the combustor, 

the residence time of the sorbent particles is usually a few seconds. 

In such applications the particles should be small to provide rapid 

kinetics and high sorbent utilization. It would be desirable to use 

particles small enough that kinetics totally dominate the adsorption 

----.-------------------------.-----------
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rate (i.e. intraphase and interphase diffusional resistances are 

negligible). The particle size below which this happens can be 

evaluated from the Theile modulus and the Damkohler number. 

As mentioned earlier in this chapter, a Theile modulus below 

approximately 0.3 means that intraphase diffusion has a negligible 

effect on the rate of adsorption (i.e., the alkali vapor concentration 

will be constant throughout the solid volume). For a spherical 

geometry, the Theile modulus is given as 

(7.64) 

where dp is the particle diameter. Since k and De are known quantities, 

a value of dp can be chosen such that the Theile modulus is below 0.3. 

For kaolinite, bauxite and emathlite the corresponding diameters are 77, 

66 and 50 micrometers, respectively. If particles of that size or 

smaller are used at the experimental conditions (800oC, 1 atm), 

intraphase diffusion will have a negligible effect on the sorption 

kinetics. 

The Damkohler number, given in Equation 7.65 for a spherical 

geometry, is a dimensionless group that represents the ratio of the 

influence of intrinsic reaction kinetics to interphase diffusion on the 

overall sorption kinetics. The Damkohler number is related to the 

Theile modulus through the Biot number [Da - (~2/Bi)] and is given by 

Da - (7.65) 
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A large value of Da (approximately greater than 0.1) means that 

interphase diffusion is influencing the reaction rate. The interphase 

mass transfer coefficient is also dependent on the particle radius. The 

interphase mass transfer coefficient and the particle diameter are 

related through the Sherwood number: 

(7.66) 

where dp is the particle diameter and DAM is the mo~ecu1ar diffusivity. 

For a particle in a stagnant medium, Sh - 2. As a first approximation 

for calculational purposes, the stagnant medium condition was assumed 

for sorbent particles in a typical coal convers~on system. Eliminating 

km from Equations 7.65 and 7.66 results in the following equation: 

Da - (7.67) 

This can be solved for dp when Da is chosen. The resulting particle 

di~c~Z4S oelow which interphase diffusion will have a negligible effect 

on the sorption kinetics for kaolinite, bauxite and emathlite are 250, 

150 and 130 micrometers, respectively (BOOOe, 1 atm). For a situation 

in which th~ stagnant medium approximation is not valid. the effect is 

to increase km . Inspection of the previous equations will show that 

this has the result of increasing the maximum particle diameter below 

which interphase diffusion has a negligible effect. It should be noted 

that the two models presented do not allow for reversible adsorption. 

This is important for bauxite, but since only 10% of its total weight 

gain is reversible in the SFG, the error is expected to be small. 
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CHAPTER. 8 

CONCWSIONS AND RECOMMENDATIONS 

This study has provided useful insights into the mechanisms by 

which alkali compounds a:ce released from carbonaceous substrates and 

captured by solid sorbent materials at high temperatures. In addition, 

useful data on these processes have been generated that can be used in 

future modeling and design. 

In Chapter 2 the interactions of alkali with carbon and its 

subsequent loss through vaporization are discussed. This study shows 

that the reduction of potassium and sodium carbonates is a prerequisite 

for the formation of surface complexes on carbon. These complexes are 

of three types: carboxylic, phenolic and fully reduced. It is from the 

fully reduced complex that alkali is lost through vaporization. It was 

found that some residual alkali remains after complete reduction, the 

amount of which depends on the nature of the carbon and the alkali metal 

involved. More potassium than sodium is retained, confirming that 

potassium has stronger interactions with graphitic substrates than 

sodium. 

The results of Chapter 3 point out several important aspects about 

the high temperature interaction of alkali vapors with other solids and 

potential sorbents. All of the materials tested adsorbed alkali to sc~e 

extent, but the amount of alkali retained was different for each solid. 

The substrates containing alumina were found to retain the largest 

-------- -- ------_. 
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amount of alkali. The test results indicated, however, that there was 

little or no difference between NaCl and KCl in these experiments. 

Yhether the sorption took place in a nitrogen or a dry air atmosphere 

also had little effect on the amount of alkali ratained. 

Results of the microbalance experiments in Chapter 4 indicated that 

the initial alkali sorption rates for kaolinite, bauxite and emathlite 

increased with alkali vapor concentration. The rate of adsorption for 

each sorbent decreased with alkali loading and dropped to zero when a 

final saturation limit was reached. This saturation limit was different 

for each sorbent; kaolinite had the highest. Alkali adsorption on 

kaolinite and emathlite was found to be irreversible, but a portion of 

the alkali adsorbed on bauxite could be desorbed. 

It was found that the presence of water vapor has a significant 

effect on the mechanism of alkali sorption on kaolinite and bauxite. 

Both sorbents were observed to have a higher alkali-loading capacity in 

the presence of water vapor. Moreover, the results in Chapter 5 showed 

that in the N2 atmosphere both chlorine and sodium were retained by 

kaolinite, while in the presence of water vapor (simulated flue gas 

atmosphere) only sodium was retained. Chlorine and sodium were adsorbed 

by bauxite in both atmospheres, but the ratio of chlorine to sodium 

retained was much less in the simulated flue gas (SFG) atmosphere. 

Subsequent desorption of the alkali from bauxite results in the loss of 

the chlorine it originally retained. As with kaolinite, emathlite did 

not retain chlorine during alkali adsorption in the SFG atmosphere. 

The X-ray diffraction spectra of the saturated sorbents show that 

several reaction products are formed during alkali sorption in the SFG 

----------- --~----.------.---- ---------
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atmosphere. Kaolinite reacts with NaCl and water vapor to form the 

sodium aluminosilicate compounds nephelite and carnegieite. Chlorine is 

released back to the gas phase as HCl vapor. Bauxite also reacts with 

NaCl and water vapor to form nephelite and carnegieite, but additional 

sodium, possibly in the form of glassy products and physically adsorbed 

NaCl, is retained. In contrast to kaolinite and bauxite, NaCl and water 

vapor react with the aluminosilicate and silica in emathlite to form 

albite and HCl vapor. Emathlite also retains addit.ional sodium in the 

form of sodium calcium aluminate and possibly some glassy products that 

are undetectable by X-ray diffraction analysis. 

The formation of various reaction products ~uring alkali adsorption 

has implications in the way the sorbents may be used. For example, 

~ince some alkali is reversibly adsorbed on bauxite, process 

fluctuations can result in the release of this alkali back into the flue 

gas. This is something that has to be considered when selecting a 

potential alkali sorbent. In addition, for all three sorbents most of 

the alkali is adsorbed by reactions in which HCl vapor is gener::tted. 

Even the chlorine retained by bauxite can be desorbed. 

disadvantage where chlorine in the gas phase is a concern. 

This is a 

The presence of alkali in the fresh, unused sorbent must also be 

consid.ared. A possible problem with emathlite is the presence of a 

relatively large amount of potassium in the as-received material. 

Analysis of emathlite before and after exposure to NaCl showed that most 

of the potassium was lost. This indicates the release of a significant 

amount of potassium which adds to the overall alkali problem. Another 

important consideration in the selection of a sorbent is temperature 

.. -. ---. ----- ~----~ 
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compatability. Since the melting point of albite (llOOOC) is much lower 

than that of nephelite (15260 C), emathlite is more suitable for lower 

temperature applications, such as in the downstream clean-up of flue 

gas. 

The comprehensive theoretical model presented in Chapter 7 agrees 

with the experimental data and can be used for design and parametriC 

studies. The model shows that under the experimental conditions of this 

study, both interphase and intraphase diffusional resistances influence 

the kinetics of alkali sorptic~. Tha iu~~aphase limitation was 

confirmed by the scanning Auger alkali concentration maps given in 

Chapter 5. The model also shows how the diffus.ional resistances can be 

minimized; the results suggest that with particles smaller than 50 um 

the diffusional limitations are negligible under the experimental 

conditions used. This is of practical interest if the sorbent is to be 

used for in-situ alkali removal where rapid kinetics and efficient use 

of the sorbent are important. The model can also be used to design a 

downstream flue gas clean-up unit where larger sorbent particles would 

be used. 

Recommendations 

The present stUdy has answered many impor~ant fundamental questions 

relating to high temperature interactions of alkali with solids present 

in coal conversion systems. However, because of the chemical and 

physical complexity of these systems, many aspects remain to be 

investigated. 

Future studies should be directed toward the interactions of other 

-_._---
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alkali species with solid sorbents. In particular, thermodynamic 

calculations have shown that alkali sulfates are import~nt in coal 

conversion systems in which sulfur is present. In addition, the 

simultaneous interaction of several condensing alkali compounci= may 

result in sorption characteristics different from that of each compound 

alone. This effect should be investigated, since alkali vapors in flue 

gases rarely exist in only one form. Likewise, water vapor may not be 

the only gaseous species that influences the sorption process. The 

effects of other reactive gases such as CO, C02 and 502 should also be 

investigated. 

Most coal conversion systems are highly non-isothermal, and where 

temperature gradients exist, alkali (and other species) can become 

supersaturated in the flue gas. This points to a need to investigate 

the alkali sorption process at different temperatures so that the 

dependence of rate on temperature (apparent activation energies) can be 

determined. Future studies should also include the investigation of 

adsorption in environments where the alkali vapor concentration is close 

to or above the saturation level. Under these conditions, the 

interactions between physical condensation and adsorption/reaction can 

be studied. 

- _ .. _------------ ------
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The catalytic gasification of coal using alkali catalysts is 

generally initiated by a reduction step in which the catalyst is 

co~verted to an active form. The details of alkali;carbonate reduction 

on p:tre graphitic carbon substrates are presented in Chapter 2. The 

importance of this initial reduction manifests itself in the 

gasification data reported by various investigators. Typical 

gasification experiments are usually conducted in two different ways. 

One method is to heat the reactor and sample up to the operating 

temperature under a reactive atmosphere before collecting data. The 

second method is to heat the reactor and sample up to the operating 

temperature under an inert atmosphere, and then to introduce the 

reactive gases. The latter approach has the advantage of a better 

defined start-up, but a significant fraction of the catalyst can be lost 

during this initial catalyst reduction. In general, different methods 

of catalyst reduction result in different gasification rates; this 

seems to be a primary source of scatter and disagreement in the 

available rate data. 

In this portion of the study, the effect of catalyst reduction on 

gasification kinetics is investigated. The same high-purity graphitic 

carbon substrate is used as that described in Chapter 2. The samples 

were prepared by the incipient wetting technique, and both the mini-

-----.-------------------
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fluidized bed and microgravimetric reactor systems (Figures 2.1 and 2.2, 

respectively) were used in data collection.. The temperature- and 

concentration-programmed reaction (TCPR) schedule used is given in 

Figure A.l. This schedule is identical to Schedule 2 shown in Figure 

2.5, except that at various stages of carbonate reduction the 15% C02/N2 

gas was turned on to initiate gasification. 

The CO and C02 profiles shown in Figure A.1 are typical for one of 

these experiments. At the onset of gasification, a: sharp CO overshoot 

peak was observed. This is due to the oxidation of catalytic sites and 

has been previously investigated in detail (Sams and Shadman, 1986). In 

general, the catalyst oxidation leading to the overshoot is much faster 

than the net gasification; therefore, the initial rates can be 

calculated from the CO profile after this short overshoot period. The 

effect of partial reduction on rate is shown in Figure A.2. The results 

show that initially the rate increases with the extent of reduction and 

then levels off. 

The increase in rate in spite of the fact that catalyst is lost 

during reduction is an interesting and important phenomenon. This 

observation can be explained as follows. The change in rate with the 

extent of catalyst reduction is primarily due to three factors: 

catalyst vaporization, catalyst migration on the surface and increase in 

the carbon surface area due to conversion. For a low loading sample 

(less than K/C - 0.01 or Na/C - 0.04), the fraction of carbon converted 

into CO during reduction is small; hence, the increase in surface area 

due to conversion is small even after complete reduction. Therefore, 

any significant change in the gasification rate with the extent of 

-_._---
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reduction is due to the combined effects of catalyst migration and loss. 

The effect of migration seems to dominate that of loss; therefore, the 

net effect is an increase in the number of sites and an increase in the 

gasification rate as the extent of reduction increases. For samples 

with a high initial loading, such as those in Figure A.2, excess 

catalyst is present on the surface and loss will not affect the initial 

rate. The increase in the gasification rate for these samples, as shown 

in Figure A. 2, is primarily due to the increase in i·the carbon surface 

area and catalyst migration during reduction. The above discussion also 

suggests that the rate may not always increase with the extent of 

reduction. In fact, under more severe heat t;r-eatment conditions the 

loss may become the dominant factor resulting in a decrease in rate with 

reduction (Wigmans et al., 1983). 

.. . ... -.- .. ------.-.~~. ------



Table A.1 Data for Figure A.2 

Sample K, (Na/C)o - 0.049 

Run COIC FCR m F CO Ro 
-.--------------------------------------------------------------

2.67 0.00075 0.011 0.0516 28.4 0.19 0.25 
2.68 0.016 0.23 0.0502 28.2 0.33 0.46 
2.69 0.037 0.53 0.0508 28.0 0.41 0.56 
2.70 0.059 0.86 0.0519 28.0 0.46 0.63 
2.8 0.069 1.00 0.0531 27.9 0.;45 0.59 

Sample G, (K/C)o - 0.027 
----------------------------------------------------------------

2.71 0.0015 0.04 0.0189 27.8 0.10 0.43 
2.72 0.0065 0.14 0.0430 30.8 0.31 0.61 
2.73 0.012 0.30 0.0242 28.6 0.20 0.66 
2.74 0.019 0.45 0.0316 30.0 0.39 0.79 
2.75 0.026 0.63 0.0425 30.9 0.38 0.78 
2.76 0.041 1.00 0.0365 28.3 0.35 0.78 
2.77 0.041 1.00 0.0335 26.7 0.37 0.84 

COIC - Amount of CO desorbed (moles CO per initial moles C). 
FCR - Fractional catalyst (carbonate) reduction. 
m - Initial sample mass (g). 
F - Volumetric flowrate (ml/min at 230 C, 0.915 atm). 
CO - Initial CO concentration (volume %). 
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Ro - Initial gasification rate (mg C gasified per initial g C * min). 
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---------------------------------------------------------
Table B.1 Metakao1inite Data 

-------------------------------------------------------.-
Cum. 

Cum. Pore Diff. 
Pore Intr. Surface Intr. 

Pressure Diameter Volume Area Volume 
(psia) (um) (cc/g) (m2/g) (cc/g-um) 

-------------------------------------------------------.-
1.7 105. 0.00 0.00 0.00 
3.5 51.0 0.00 0.00 0.00 
5.7 31. 7 0.00 0.00 0.00 
9.5 19.0 0.00 0.00 0.00 

12.9 14.0 0.00 0.00 0.00 
19.7 9.19 0.00 0.00 0.00 
24.7 7.33 0.00 0.00 0.00 
29.7 6.10 0.00 0.00 0.00 
35.7 5.07 0.00 0.00 0.00 
45.7 3.96 0.00 0.00 0.00 
59.7 3.03 0.00 0.00 0.00 
74.7 2.42 0.00 0.00. 0.00 
87.7 2.06 0.00 0.00 0.00 

114 1.59 0.00 0.00 0.00 
140 1.30 0.00 0.00 0.00 
178 1.02 0.00 0.00 0.00 
225 0.805 0.00 0.00 0.00 
292 0.620 0.00 0.00 0.00 
369 0.491 0.00 0.00 0.00 
483 0.375 0.00 0.00 0.00 
602 0.301 0.00 0.00 0.00 
761 0.238 0.00 0.00 0.00 
971 0.186 0.00 0.00 0.00 

1230 0.147 0.00 0.00 0.00 
1590 0.114 0.00 0.00 0.00 
2020 0.0895 0.167 6.56 6.84 
2590 0.0699 0.229 9.70 3.19 
3290 0.0549 0.271 12.4 2.78 
4200 0.0430 0.334 17.5 5.25 
5370 0.0337 0.334 17.5 0.00 
6880 0.0263 0.354 20.3 2.82 
8810 0.0205 0.375 23.8 3.59 

11300 0.0160 0.396 28.4 4.64 
14400 0.0125 0.438 40.1 11.91 
18400 0.0098 0.438 40.1 0.00 
23500 0.0077 0.459 49.6 9.90 
25900 0.0070 0.500 72.3 59.6 
27400 0.0066 0.521 84.6 52.0 

---------------------------------------------------------

- - -----------
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---------------------------------------------------------
Table B.2 Bauxite Data 

---------------------------------------------------------
Cum. 

Cum. Pore Diff. 
Pore Intr. Surface Intr. 

Pressure Diameter Volume Area Volume 
(psia) (um) (cc/g) (m2/g) (cc/g-um) 

---------------------------------------------------------
20.7 8.75 0.00 0.00 0.00 
24.7 7.33 0.0125 0.0062 0.0087 
29.7 6.09 0.0125 0.0062 0.00 
37.7 4.80 0.0125 0.0062 0.00 
48.7 3.72 0.0249 0.0178 0.0115 
57.7 3.14 0.0249 0.0178 0.00 
70.7 2.56 0.0249 0.0178 0.00 
108 1.68 0.0249 0.0178 0.00 
112 1.62 0.0249 0.0178 0.00 
143 1.27 0.0249 0.0178 0.00 
177 1.02 0.0249 0.0178 0.00 
226 0.801 0.0249 0.0178 0.00 
289 0.626 0.0249 0.0178 0.00 
364 0.497 0.0373 v.l06 0.0961 
469 0.386 0.0373 0.106 0.00 
607 0.298 0.0373 0.106 0.00 
764 0.237 0.0497 0.292 0.202 
967 0.187 0.0621 0.526 0.249 

1250 0.145 0.0746 0.825 0.294 
1590 0.114 0.0746 0.825 0.00 
2010 0.0899 0.112 2.29 1.55 
2590 0.0699 0.137 3.53 1.24 
3290 0.0549 0.186 6.71 3.32 
4210 0.0429 0.224 9.76 3.10 
5380 0.0336 0.647 14.9 5.33 
6880 0.0263 0.323 21.6 6.76 
S:~O 0.0205 0.323 21.6 0.00 

11300 0.0161 0.360 29.7 8.38 
14400 0.0125 0.360 29.7 0.00 
18400 0.0098 0.385 38.6 9.29 
23500 0.0077 0.410 49.9 11.5 
25900 0.0070 0.422 56.7 17.6 
27400 0.0066 0.422 56.7 0.00 

---------------------~-------------------------------- ---
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---------------------------------------------------------
Table B.3 Emath1ite Data 

-----------------------------------.---------------------
Cum. 

Cum. Pore Diff. 
Pore Intr. Surface Intr. 

Pressure Diameter Volume Area Volume 
(psia) (um) (ee/g) (m2/g) (ee/g-um) 

------------------------------------------------------.-. 
20.7 8.75 0.00 0.00 0.00 
23.7 7.64 0.0075 0.0037 0.0068 
29.7 6.09 0.0075 0.0037 0.00 
36.7 4.93 0.0075 0.0037 0.00 
45.7 3.96 0.0075 0.0037 0.00 
56.7 3.19 0.0075 0.0037 0.00 
70.7 2.56 0.0075 0.0037 0.00 
91. 7 1.97 0.0075 0.0037 0.00 

116 1.56 0.0151 0.0207 0.0184 
140 1.29 0.0151 0.0207 0.00 
179 1.01 0.0151 0.0207 0.00 
228 0.794 0.0226 0.0540 0.0346 
295 0.614 0.0301 0.0968 0.0417 
370 0.489 0.0301 0.0968 0.00 
473 0.383 0.0301 0.0968 0.00 
597 0.303 0.0301 0.0968 0.00 
760 0.238 0.0376 0.208 0.116 
971 0.186 0.0452 0.350 0.145 

1240 0.145 0.0452 0.350 0.00 
1590 0.114 0.0452 0.350 O.CO 
2020 0.0895 0.0452 0.350 0.00 
2580 0.0701 0.0602 1.105 0.775 
3300 0.0548 0.0602 1.105 0.00 
4210 0.0429 0.0678 1.721 0.635 
5370 0.0337 0.0979 4.87 3.25 
6880 0.0263 0.120 7.88 3.05 
8820 0.0205 0.151 13.03 5.'2? 

11300 0.0160 0.181 19.6 6.73 
14400 0.0125 0.196 23.8 4.29 
18400 0.0098 0.218 3l.9 8.42 
23500 0.0077 0.226 35.4 3.51 
25900 0.0070 0.241 43.6 21.2 
27400 0.0066 0.241 43.6 0.00 

-------------------------------------------------------.-
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Table B.4 Porosity and Density Data 

Parameter Metakaolinite Bauxite Emathlite 
------------------------------------------------------------

Sample mass (g) 0.0316 0.0824 0.0875 

Sample volume (cm3) 0.0285 0.0561 0.0450 

Bulk density (g/cm3) 1.11 1.47 1.94 

Skeletal density 2.64 3.88 3.66 
(g/cm3) 

Porosity 0.58 0.62 0.47 

Surface Area (m2/g) 85 57 44 

Table B.5 Effective Diffusivity Calculation for Metakaolinite 
.-------------------------------.--_.------.---------------------

Pore Ave. Pore 
Diameter Radius D(r) 
d, (um) € tJ.€ r, (um) (cm2/sec) (tJ.c:)D(r) 
-----------------------------------------------------------------
>0.114 0.00 0.00 

0.114 0.00 0.00 
0.0895 0.185 0.185 0.0509 0.1808 0.0334 
0.0699 0.254 0.069 0.0399 0.1462 0.0101 
0.0549 0.301 0.047 0.0312 0.1175 0.0054 
0.0430 0.370 0.069 0.0245 0.0942 0.0065 
0.0337 0.370 0.000 0.0192 0.0750 0.0000 
0.0263 0.393 0.023 0.0150 0.0594 0.0014 
0.0205 0.416 0.023 0.0117 0.0468 0.0011 
0.0160 0.439 0.023 0.0092 0.0369 0.0009 
0.0125 0.485 0.046 0.0072 0.0290 0.0013 
0.0098 0.435 0.000 0.0056 0.0228 0.0000 
0.0077 0.508 0.023 0.0044 0.0180 0.0004 
0.0070 0.554 0.046 0.0037 0.0152 0.0007 
0.0066 0.578 0.024 0.0034 0.0140 0.0003 

---.----
1;- 0.0615 

Rmax 

De - € E tJ.€ D(r) - (0.578)(0.0615) - 0.036 cm2/sec 

Rmin 

------



Table B.6 Effective Diffusivity Calculation for Bauxite 

Pore 
Diameter 
d, (um) 

>8.76 
8.76 
7.33 
6.09 
4.80 
3.72 
3.14 
2.56 
1.68 
1.62 
1.27 
1.02 
0.802 
0.627 
0.497 
0.386 
0.298 
0.237 
0.187 
0.145 
0.114 
0.0899 
0.0699 
0.0549 
0.0429 
0.0336 
0.0263 
0.0205 
0.0161 
0.0125 
0.0098 
0.0077 
0.0070 

e: 

0.00 
0.00 
0.019 
0.019 
0.019 
0.037 
0.037 
0.037 
0.037 
0.037 
0.037 
0.037 
0.037 
0.037 
0.056 
0.056 
0.056 
0.075 
0.100 
0.113 
0.113 
0.168 
0.206 
0.281 
0.338 
0.413 
0.487 
0.487 
0.544 
0.544 
0.581 
0.618 
0.620 

Rmax 

0.00 
0.00 
0.019 
0.000 
0.000 
0.018 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.019 
0.000 
0.000 
0.019 
0.025 
0.013 
0.000 
0.055 
0.038 
0.075 
0.057 
0.075 
0.074 
0.000 
0.057 
0.000 
0.037 
0.037 
0.002 

Ave. Pore 
Radius 
r, (um) 

4.02 
3.36 
2.72 
2.13 
1.72 
1.43 
1.06 
0.825 
0.723 
0.573 
0.456 
0.357 
0.281 
0.221 
0.171 
0.134 
0.106 
0.0830 
0.0648 
0.0510 
0.0400 
0.0312 
0.0245 
0.0191 
0.0150 
0.0117 
0.0092 
0.0072 
0.0056 
0.0044 
0.0037 

D(r) 
(cm2/sec) 

1.163 
1.147 
1.126 
1.095 
1.064 
1.03~· 

0.974 
0.916 
0.003 
0.819 
0.753 
0.679 
0.604 
0.529 
0.453 
0.385 
0.326 
0.270 
0.221 
0.181 
0.147 
0.118 
0.0940 
0.0747 
0.0593 
0.0468 
0.0369 
0.0290 
0.0228 
0.0179 
0.0151 

(~e:)D(r) 

0.0216 
0.0000 
0.0000 
0.0204 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0112 
0.0000 
0.0000 
0.0070 
0.0081 
0.0035 
0.0000 
0.0101 
0.0055 
0.0088 
0.0053 
0.0056 
0.0044 
0.0000 
0.0021 
0.0000 
0.0008 
0.0007 
0.0000 

~ - 0.1148 

De - e: L ~e: D(r) - (0.620)(0.1148) - 0.071 cm2/sec 

Rmin 
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Table B.7 Effective Diffusivity Calculation for Emath1ite 

Pore 
Diameter 
d, (um) 

>8.75 
8.75 
7.64 
6.09 
4.93 
3.96 
3.19 
2.56 
1.97 
1.56 
1.30 
-L012 
0.794 
0.614 
0.489 
0.383 
0.303 
0.238 
0.186 
0.146 
0.1137 
0.0895 
0.0701 
0.0548 
0.0429 
0.0337 
0.0263 
0.0205 
0.0160 
0.0125 
0.0098 
0.0077 
0.0070 
0.0066 

e: 

0.00 
0.00 
0.014 
0.014 
0.014 
0.014 
0.014 
0.014 
0.014 
0.028 
0.028 
0.028 
0.044 
0.059 
0.059 
0.059 
0.059 
0.073 
0.088 
0.088 
0.088 
0.088 
0.117 
0.117 
0.132 
0.190 
0.234 
0.293 
0.351 
0.380 
0.424 
0.439 
0.468 
0.468 

Rmax 

~e: 

0.00 
0.00 
0.014 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.014 
0.000 
0.000 

0.015 
0.000 
0.000 
0.000 
0.014 
0.015 
0.000 
0.000 
0.000 
0.029 
0.000 
0.015 
0.058 
0.044 
0.059 
0.058 
0.029 
0.044 
0.015 
0.029 
0.000 

Ave. Pore 
Radius 
r, (um) 

4.10 
3.43 
2.76 
2.22 
1. 79 
1.44 
1.13 
0.884 
0.715 
0.577 
0.452 
0.352 
0.276 
0.218 
0.171 
0.135 
0.106 
0.0830 
0.0648 
0.0508 
0.0399 
0.0312 
0.0244 
0.0192 
0.0150 
0.0117 
0.00913 
0.00712 
0.00560 
0.00438 
0.00368 
0.00340 

D(r) 
(cm2/sec) 

1.164 
1.149 
1.127 
1.101 
1.070 
1.034· 
0.988 
0.933 
0.880 
0.822 
0.750 
9·674 
0.598 
0.525 
0.454 
0.388 
0.326 
0.270 
0.222 
0.181 
0.146 
0.118 
0.0939 
0.0748 
0.0594 
0.0468 
0.0369 
0.0289 
0.0227 
0.0179 
0.0151 
0.0140 

(~e: )D(r) 

0.0163 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0261 
0.0000 
C.OOOO 
0.0329 
0.1)098 
0.0000 
C.OOOO 
0.0000 
0.0057 
0.0048 
0.0000 
0.0000 
0.0000 
0.0042 
0.0000 
0.0014 
0.0044 
0.0026 
0.0027 
0.0022 
0.0008 
0.0010 
0.0003 
0.0004 
0.0000 

1; - 0.1150 

De - e: 'E ~e: D(r) - (0.468)(0.115) - 0.054 cm2/sec 

Rmin 

250 



APPENDIX C 

ESTD!ATION OF THE INTERPHASE 

MASS TRANSFER COEFFICIENT 
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The estimation of the interphase mass transfer coefficient used in 

the theoretical II!odeling of Chapter 7 is presented in this appendix. 

Most correlations for flow past a flat plate have been developed for 

flows in which a boundary layer is formed; that is, the dominant mode of 

alkali transport in the axial direction is convection and that 

perpendicular to the flake surface is diffusion. Order of magnitude 

calculations for the reactor geometry used in this study suggested that 

diffusion in both directions was important. No cQ"rrelation based on 

these assumptions could be found, so the equations describing this 

system were formulated in order to estimate a mass transfer coefficient. 

The model geometry, shown in Figure C.l,. is that of flow in a 

rectangular channel. One wall of the channel is the reactor wall and 

the other is the sorbent flake. The direction of gas flow is parallel 

to both walls. The origin of the coordinate system is chosen to be at 

the inlet side in the center of the cha.nnel. This location helps to 

make the mathematics simpler. The sorbent length is given as Ln and the 

channel thickness is 2 . 

Although flow in the real system is laminar, the velocity profile 

across the channel was modeled as flat (i.e. plug flow). This 

approximation was made to avoid dealing with the entrance effect (where 

the velocity profile develops) and to allow the formulation of an 

analytical solution. The error introduced by meking this assumption is 

not expected to be significant considering the precision of other 

kinetic parameters used in the theoretical model. 

The alkali vapor conservation equation is given by the following: 

--"----



Reactor Wall 
r ,I! I I r , , , , , r 1 1 1' __ ,..;.'-'-............ 

Gas Flow 
) 

Figure C.l Model Configuration for Interphase Mass Transfer Coefficient 
Estimation. 

--.---

253 



254 

(C.l) 
ax 

where Vx is the gas velocity in the x-direction, CA is the alkali vapor 

concentration and DAM is the molecular diffusivity of alkali. This form 

of Equation C.l assumes that convection of alkali occurs only in the x-

direction, but diffusion of the alkali occurs in both the x- and y-

directions. To make the mathematics somewhat easier the variables in 

Equation C.l are expressed in dimensionless form: 

C (C.2) 

; - y/5 (C.3) 

Z; - x/Ln (C.4) 

In Equation C. 2 CAs is the alkali vapor concentration at the sorbent 

surface and CAb is the alkali vapor concentration at x < O. Plugging 

these values into Equation C.l results in the equation 

ac 
Pe + (C.S) 

aZ; 

where Pe is the Peclet number given by Pe - Lnvx!DAM. This number 

represents a ratio of the magnitude of alkali transport by convection to 

the magnitude of alkali transport by diffusion in the axial direction. 

A value of Pe » 1 means that the convection of alkali is the dominant 

mode by which it is transported. Likewise, Pe « 1 means that diffusion 

is the dominant mode of alkali transport. All of the sorbent flake 
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experiments performed in Chapter 4 had a Peclet number equal to 0.70. 

This shows that diffusion and convection are both important in the axial 

transport of alkali in these experiments and neither term can be 

neglected in Equation C.5. 

The boundary conditions needed to solve Equation C.S are as 

fol1ows~ 

ac - 0 at .~ - -1 for all 1; (C.G) 
a~ 

C - 0 at ~ - 1 for all 1; (C.7) 

C - 1 at 1; - 0 for all ~ (C.B) 

ac 
- 0 at 7,; - 1 for all ~ (C.9) 

a7; 

Equation C.S can be solved with the above boundary conditions by 

the method of separation of variables. The solution is 

C( 1;, ~) 
~ 4[(-1)n cos(~~) - sin(~~)](-l)n sin(~) $n(7,;) -~ -----------------------------------------------

n-D (2n + l)v [1 -G~-~-~) eXP(Rn)] 

1/Jn (1;) - exp [(Pe + Rn) 1;/2] - (:~ -~ -~) exp [Rn + (Pe - Rn)?;/2] 
Pe - Rn 

(C.IO) 

(C.l1) 

Expressing the alkali vapor flux to the surface in terms of a mass 

transfer coefficient al10ws the latter to be related to the concen-

-_._--
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tration gradient: 

-DAM (:~:\ - knot(CAb - CAs) 
ay /y-c 

(C.12) 

where kmx is the local mass trar.sfC4 coefficient at any point on the 

sorbent surface (Le. knot is a funct.ion of x). Non-dimensionalizing 

Equation C.12 and solving for kmx results in 

(C.13) 

Differentiating Equation C.lO, evaluating it at ; - 1 and plugging into 

Equation C.13 gives 

kmx-
DAM 

o 
n-O 

(C.14) 
1 - [(Pe + Rn)/(Pe - Rn)] exp(Rn) 

The average mass transfer coefficient is obtained by integrating 

the local value over the length of the flake: 

h1 

km - =- j( knot dx 
Ln 

o 

This gives the following: 

(C.1S) 

- -.---~-------------



DAM 
km-
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! [pe+Rnl [pe+
Rn12 

[ l pe-Rri)] } = 2 l exp --2--j + ;~:~ exp(Rn) - eXP\Rn + --2-- - 1 

~ -------------------------------------------------------
L...J [ (pe+Rn \ ] 
n-O (Pe+Rn) 1 - ;~:~) exp(Rn) 

(C.16) 

Because of the boundary conditions given in Equations C.7 and C.8, 

an infinite concentration gradient exists at the leading edge of the , 

sorbent. This results in an infinite kmx at that point, hence Equation 

C .16 will not converge. This problem was avoided by increasing the 

lower integration limit in Equation C.lS to ~ 0.01. Therefor~ kmx was 

averaged over 0.01 < ~ < 1.00 instead of from zero to 1.00. The mass 

transfer coefficient over the interval 0 < ~ < 0.01 was taken as the 

local mass transfer coefficient at ~ - 0.01. This is expressed 

mathematically as 

(C.17) 

where 0 is the value of at the lower limit of integration. The 

resulting expression for km is given by the following: 

DAM [2/(Pe + Rn) ]Gn(~o) + ~o1/ln(~o) 
(C.18) 

1 - [(Pe + Rn)/(Pe - Rn)] exp(Rn) 
n-O 

where 

-- - ---- --.--~-.. -- ._---------------
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[pe+~12[ {, Pe-Rn \ {, pe-Rn)l 
+ ;~=~ eXP\Rn + --;--~OJ - eXP\Rn + --;-- (C.19) 

Since the Peclet number was the same in all Chapter 4 experiments, so 

too was km calculated from Equation C .18. This ~alue is 5 . 1 x 104 

cm/hr. 

--- ------ --------- ----------------
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APPENDIX D 

INTRINSIC ADSORPTION HODEL 
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The results of the bauxite-NaCl adsorption experiments given in 

Chapter 4 sugges~ that alkali adsorbs both chemically and physically on 

bauxite and alumina. In particular, the results indicate that some, but 

not all, of the NaCl is reversibly adsorbed on bauxite and alumina. The 

initial adsorption experiments in which alu:::ina and bauxite particles 

were used revealed that as much as one-half of the adsorbed alkali could 

be desorbed when the adsorption took place in a N2 atmosphere. In the 

N2 atmosphere, adsorption of the physically adsorbed:NaCl appears to be 

highly reversible, while adsorption of the chemically adsorbed NaCl is 

highly irreversible. 

A model is develored in thi~ section for ~he intrinsic adsorption 

and reaction process based on chemical adsorption for the first layer of 

NaCl followed by physical adsorption for all succeeding layers. The 

surface can then be pictured as shown in Figure D.l after some 

adsorption has taken place. Some sites will be unoccupied, some will 

have chemisorbed alkali (one layer) and other sites will have 

physisorbed alkali on top of the chemisorbed alkali (two or more 

layers). The relevant reactions are giYen as: 

kl k2 
M+X --+ MX ~ MI f-- (D.l) 

k_l 

k3 
MI + M ~ M2 ~ (D.2) 

k-3 

k3 
M2 + M ~ M3 ~ (D.3) 

k-3 

----.------------------------------
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0 
0 0 
0 0 0 

~ ~ l::!. l::!. l::!. 
X X X X X X X 

X surface site 

chemisorbed M CI 

o physisorbed M CI 

Figure D.l Surface Model for Adsorption of Alkali Chlorid~. 

------ - --'---
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(D.4) 

where M represents the vapor phase alkali, X represents an empty surface 

site, MX is an activated complex and Mi is the number of sites occupied 

by i alkali molecules stacked on one another. This means that MI is the 

chemisorbed alkali and all succeeding M's are physisorbed. 

Other assumptions of this model are that the heat of adsorption for 
j 

all physisorbed alkali molecules is the same, regardless of how many 

alkali molecules are below it. The chemisorption of M is assumed to be 

rate-controlling, with all other reactions at equilibrium. By making a 

pseudo steady-state approximation for the concentration of activated 

complex (concentration of MX is very low and does not change with time) 

the concentration of empty sites as a fuction of time is found to follow 

a first order expression: 

X - Xo exp 1- b(M)t] (0.5) 

where Xo is the number of sites at t - 0, (M) is the concentration of 

alkali in the gas phase and b is a combination of rate constants given 

by 

b (0.6) 

From the equilibrium assumption of reaction 4, Mi is related to Mi+l by 

the following: 

(0.7) 

- - ._----------
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where K3 is the equilibrium constant for reaction D.4 and a - K3(M). 

Then, by the definition of Mi given above, the total amount of 

adsorbed alkali at any time is given by 

co 

i-l 

1M. l. (D.S) 

The rate of adsorption is given by the time derivati~e of Equation D.S: 
j 

dMl dM2 dM3 dM4 
+ 2--- + 3--- + 4--- + (D.9) 

dt dt dt dt 

Differentiating Equation D.7 with respect to time and substituting for 

the higher alkali "layer" derivatives (Le. dM2/dt, dM3/dt, etc.) in 

Equation D.9 results in 

dMl 
RA - [1 + 2a + 3a2 + 4a3 + ... ] (D.10) 

dt 

which is equivalent to 

dt 

co • dMl [ 1 
~ (i + l)al. - --- ----- + 
L..J dt 1 - a 

(D.ll) 

i-O 

Since dMl/dt is an u."1kno~,i':i., it is eliminated by from Equation D.ll 

through a site balance. That is, at any time after the onset of 

adsorption, the following must be true: 

(D.12) 

'-'-' -'- .'-' ""-.....;.""'".-=-.. ~- --.-.. -., _ ..... 
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As was done with Equation D.9, substitution for the higher M's (M2, M3, 

etc.) using Equation D.7 results in 

Xo - X + (Ml) ~ a i - X + 

i ... O 

(D.l3) 
1 - a 

Solving for Ml and taking the derivative with respect to time gives the 

following: 

dMl dX 
- (1 - a) (D.l4) 

dt dt 
.. " .... 

.:-
Taking the time derivative of Equation D.S and eliminating dX/dt from 

Equation D.14 results in 

(1 - a)b(M)Xo exp [- b(M)t] (D.1S) 
dt 

Finally, eliminating dMl/dt from Equations D.ll and D.1S gives for the 

rate of adsorption 

b(M)Xo 
RA - ------ exp [- b(M)t] 

1 - a 
(D.1S) 

The initial adsorption rate is obtained by setting t - 0 in 

Equation D.l6: 

(D.17) 

. . . ~ . '--' -_. ~-. -.---.-~-
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A model for the desorption of alkali from a surface predicted by 

the previous model for adsorption after some time t can be derived. In 

this case, desorption will proceed according to the mechanism: 

(0.18) 

(0.19) 

(0.20) 

Since the total amount of adsorbed alkali available for desorption 

is all Mi except Ml, the rate of desorption is merely the time 

derivative of this loading: 

co co 

(0.21) 

i-2 i-2 

From Equation 0.20, it can be seen that if there are N layers of 

alkali, loss from the Nth layer must satisfy the following equation: 

dMN 
- -kMN (0.22) 

dt 

the solution for which is 

MN - MNo exp [-kt] (D.23) 

where MNo is the initial number of MN sites and k is the same as k-3. 

----.-----------------------------------
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Equation D.23 may also be written as 

(D.24) 

where Mlo is the initial number of Ml sites and a - K3(M) as previously 

defined. For layers below the top one, the following Equation holds: 

+ kMi - kMi+l (D.25) 
dt 

Solving Equation D. 25 for each layer and combining the solutions, the 

result is that for the ith layer of N layers, 

N-i 
. [(aj+i-l) (kt)j] 

Mi - Mio L -----j;------ exp [-ktJ (D.26) 

j-O 

Differentiating Equation D.26 with respect to time results in 

[ -ktJ (D.27) 

Substituting this expression into Equation D.2l gives the 

desorption rate: 

-----.------.--------------.---------------



(:, fN
-
i

-
l 

Rn - Mlo~L (i)l L 
t i-2 j-O 

(aN-I)(~-i+l) ~ ) 
-------------- t

N
-
i 

Jexp [-kt] 
(N - i)! 
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(D.28) 

Since Mlo is a function of both a and the total time of adsorption, Rn 

is dependent on both parameters. 

The initial desorption rate is then obtained by setting t - 0: 

RDI . - -kaMlo [(2-a)/(l-a)] 
t=O 

(D.29) 

At the present time direct comparison of experimental data with 

this model is not possible because the experiments in the present study 

yield a global rate affected by mass transfer limitations. Futher 

detailed ex?eriments are required to evaluate the intrinsic rate 

expression presented in this section. 

------.--~.----
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THIS PROG~AM MODELS THE ADSORPTION OF ALKALI ON A SOLID POROUS SORBENT. 
A VARIABLE STEP SIZE FINITE DIFFERENCE FORMULATION IS USED TO SOLVE 
THE ALKALI VAPOR CONSERVATION EQUATION. EACH TIME THIS EQUATION IS 
SOLVED FOR THE CONCENTRATION PROFILE. THE SOLID SORBENT 
CONVERSION IS CALCULATED AND THE TIME IS STEPPED TO THE NEXT INCREMENT. 

DEFINE STORAGE SPACE 

DIMENSION X(200),H(200),Al(200,200), 
A2(200,200),ED(200). 
DE(200).DERR(200),U(200).B(200).C(200).A(200). 
G(200),Fl(200)~F(200),ETA(200),T(200.200). . 
FPX(200),CB(20).FPPX(200),P(200),XP(200).AREA(20),CON(200), 
GH(200) 

INPUT NUMBER OF SECTIONS INTO WH.CH THE SLAB IS TO BE DIVIDED 
WRITE(6,*)'INPUT N' 
READ(S.*)N 
ZZN = N 

INPUT FACTOR BY WHICH EACH STEP SIZE IS REDUC~D. FOR R=1.00 • 
ALL STEP SIZES WILL BE THE SAME. 
WRITE(6,*)'INPUT STEP SIZE REDUCTION FACTOR' 
READ(S,*)R 

INITIALIZE TIME 
TIME=O.O 

INITIALIZE FIRST STEP 
H(3)=1.0/ZZN 
H(2):::H(3)/R 

INPUT BULK ~AS CONCENTRATION, CAB 
AND FLAKE HALF-THICKNESS. L 
WRITE(6,*)'INPUT CB (GMOL/CC GAS), L (CM)' 
READ(S,*)CBO,RAD 

.NPUT FRACTIONAL MASS GAIN AT SATURATION, ALPHA 
WRITE(6,·)'INPUT ALPHA' 
READ(S,·)ALPHA 

, 
INPUT:INITIAL SORBENT POROSITY 
WRITE(6,·)'INPUT INITIAL POROSITY' 
READ(5,·)PORIN 

INPUT RATE CONSTANT, K 
WRITE(6,*)'INPUT K (CC OF GAS/CC OF SOLID-SEC)' 
READ(S,*)RRK 

INPUT SOLID ALKALI CONCENTRATION AT SATURATION, CSF 
WRITE(6,·)'INPUT CSF (GMOL ALKALI/CC SOLID)' 
READ(S,*)CSF 
RK ::: RRK I CSF 

INPUT VOLUME EXPANSION FACTOR, Z 
WRITE(6,·)'INPUT Z (ec SATURATED SORBENT/CC FRESH SORBENT), 
READ(S,*)Z 
S ::: Z - 1 

-----.--------------------.--------------------



C··. INPUT INITIAL EFFECTIVE OIFFUSIVITV. OEO 
WRITE(6 •• )'INPUT OEO (CM··2/SEC)' 
REAO(S.*)O 

C··· INPUT TOTAL TIME OF AOSORPTr~N. TF 
WRITE(6 •• )'INPUT TF (HOURS)' 
REAO(S.*)TF 
TF = 3600 * TF 

C··· INPUT TIME INCREMENT. OELTAT 
WRITE(6.*)'INPUT DELTAT (SEC)' 
REAO(S.*)OELTAT 

C··· INITIALIZE SET OF LOCAL X (FRACTION OF SOLIO CONVERTED) 

00 10 J=1.N+3 
X(J)=O.O 

10 CONTINUE 

C •• * INPUT INTERPHASE MASS TRANSFER COEFFICIENT. KM 
WRliE(6.*)'INPUT KM (CM/SEC)' 
READ(S.*)ZK 

C··· CALCULATE SMK. A PARAMETER USED FOR INTERPHASE MASS TRANSFER 
C CALCULATION 

SMK = ZK • RAD 

C··· EVALUATE ALL STEP INCREMENTS 
DO 11 J=4.N.3 

H(J)=R·H(J-1) 
11 CONTINUE 

C *.. EVALUATE A1's AND A2's FOR FINITE DIFFERENCE REPRESENTATION 

00 12 J=2.N.2 
HO=1/(H(J)+H{J+1» 
A1(J.J-1)=H(J+1)·HO/H(J) 
A1(J.J)={1./H(J»-(1./H(J+1» 

, A 1 (J .J+1)=H(J).HO/H{J+1) 
. A2(J.J-1)=2.·HO/H{J) 

A2(J.J)=2./(H(J)·H(J+1» 
A2(J.J+1)=2.·HO/H(J+l) 

12 CONTINUE 

C··· EVALUATE ALL POSITIONS AT WHICH SOLUTION IS DESIRED 

ETA(2)=0.0 
ETA(3)=H(3) 
ETA{ 1 )=-H(2) 

00 13 J=4.N+3 
ETA(J)=ETA(J-1)+R·(ETA(J-1)-ETA{J-2» 

13 CONTINUE 

-- _._- --- - -- _ .. --------------
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NCC=N+3 
ITR=l 

100 CONTINUE 

C··· USE SUBROUTINE DIFF TO EVALUATE DIFFUSIVITV 
CALL DIFF(NCC,X,ETA,ID,DE,S,D,PORIN) 

C··· USE SUBROUTINE DERDIF TO EVALUATE THE DERIVITIVE OF DIFFUSIVITY 
CALL DERDIF(NCC,X,DE,ETA,IO,DERR) 

C··· CALCULATE T's TO MAKE FINITE DIFFERENCE FORMUL~TION 
C •• a MORE CONCISE 

00 14 J=2,N+2 
T(J,J-l)=DE(J)·A2(J,J-l)-DERR(J)*Al(J,J-l) 
T(J,J)=DERR(J)·Al(J,J)-DE(J)*A2(J,J) 
T(J.J+l)=DERR(J)*Al(J,J+l)+DE(~)·A2(J,J+l) 

14 CONTINUE 

C a** 
C 

C a.* 
C 

CALCULATE U IN RATE EXPRESSION WHERE RATE = U • CA. AND 
U = (Lo~2j~(i-INIT!AL POROSITY)*K*(l-X) 
CALL UMP(NCC.RAO.X.ETA.ID.U.RK.CSF.PORIN) 

APPLY EOUNDARV CONDITION TO CALCULATE TTO AND TTl \'IHICH ARE USED 
TO ELIMINATE ONE POINT BEFORE ETA=O.O 

TTO=(T(2.~)aAl(2.2)/A1(2.1»+T(2.2)-U(2) 
TT1=(T(2.1)·Al(2,3)/A1(2.1»~T(2,3) 
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C .** 
C 
C 

APPLY OTHER BOUNDARY CONDITION TO CALCULATE TT2-TT6 WHICH ARE USED 
TO ELI~INATE ONE POINT AFTER ETA=1.0 

C *-* 

15 

C *a* 

SH=MODIFIED SHERWOOD NUMBER (MASS BlOT NUMBER) 
SH=SMK/OE(N+2) 
TT2=T(N+2.N+3)/A1(N+2.N+3) 
TT3=TT2*(SH+Al(N+2,N+2» 
TT4=T(N+2,N+l)+TT2 a Al(N+2.N+l) 
TT5=T(N+2.N+2)-U(N+2)-TT3 
TT6=-SH·TT2 

CALCULATE ELEMENTS A,B,C FOR TRIDIAGONAL MATRIX 
B (1 )=TTO 
C( 1 )=TTl 

00 15 J=3.N+l 
B(J-l)=T(J,J)-U(J) 
C(J-l)=T(J.J+l) 
A(J-l )=T(J ,J-l) 

CONT!NUE 
A(N+l)=TT4 
B(N+l)=TT5 
G(N+l)=TT6 

NMB=N+l 

SOLVE TRIDIAGONAL MATRIX 
CALL TRDIAG(NMB,A.B.C.F.G) 

---------------



C··· 

16 

C··· 
64 

c··· 

63 

C··· 

C··· 

C··· 
C •• * 

C **. 
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C * •• 
150 

ASSIGN SO~UTIONS TO RESPECTIVE GRID POINTS 
00 16 I=N+2.2.-1 

F(I)=F(I-l) 
CON(I)=F(I) 

CONTINUE 

EVA~UATE FIRST AND SECOND DERIVATIVES 
00 64 J=3.N"'3 

FPX(Jj=-A1(J.J-l)*F(J-i)+A1(J.J)CF(J)+A1(J.J+1)*F(J+1) 
FPPX(J)=A2(J.J-1)*F(J-l)-A2(J.J}*F(J)+A2(J.J+l).F(J+1) 

CONTINUE j 

CA~CU~ATE TOTA~ SO~ID CONVERSION OF SOR8ENT FLAKE 
XCOUNT=O.O 
COUNT=O.O 

00 63 J=177.2.-1 
P(J)=F(J)+F(J-1) 
XP(J)=X(J)+X(J-l) 
COUNT=COUNT-P(J)/2 
XCOUNT=XCOUNT",XP(J) 12 

CONTINUE 
GASCON=COUNT*H(3) 
SOLCON=XCOUNT*H(3) 

CHECK TO SEE IF SORBENT FLAKE IS FU~~V CONVERTED 
IF(O.27*SOLCON.GE.1.0)THEN 
GO TO 150 
E~SE 
ENOIF 

PRINT SO~UTION 
TH=TIME/3600 
IF(ABS(TH/1.0-ITR).LT.0.000001)THEN 
SZX=ALPHA*SOLCON 
WRITE(6.*)TH.SZX 
ITR=ITR+l 
E~SE 
ENDIF 
, 

I"NCREMENT TIME 
TIME = TIME + DE~TAT 

CHECK TO SEE IF FINAL TIME IS REACHED 
IF(TIME.GE.(TF»THEN 

GO TO 150 
E~SE 

ENDIF 

CALCULATE CONVERSION 
CALL CONV(TIME.CBO.CON.U.X.II.NCC.RK.DELTAT) 

GO TO 100 

WRITE TIME ANO SOLID CONVERSION 
WRITE(6.*)TH.SOLCON 

---_._---
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STOP 
END 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

C··· 
C 

C··· 
C 
C 

50 

SUBROUTINE DIFF(NCC.X.ETA.ID.DE.S,~.PORIN) 
THIS SUBROUTINE CALCULATES THE DIFFUSIVITY 
AS A FUNCTION OF CONVERSION 

DIMENSION X(200).ETA(200).DEC200).POR(200) 

PORIN=INITIAL POROSITY 
S = Z - 1. WHERE Z IS THE RATIO OF SKELETAL VOLUME OF PRODUCT 
TO REACTANT 
00 50 J=2.NCC 

POR(J)=PORIN-S*C1-PORIN)·(X(J» 
DE(j)=D*«POR(J)/PORIN)··2) 

CONTINUE 

RETURN 
:NO 

•••••••••••• * •••••••••••••••• * ••• * •••••••• ~ •••••• * •••• ••••••••••••• 

SUBROUTINE DERDIF(NCC.X.DE.ETA.ID.DERR) 
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C··· 
C 

THIS SUSROUNTINE CALCULATES THE COEFFICIENT OF THE FIRST DERIVATIVE 
OF CONCENTRATION IN THE DIFFUSION EQN, 

OIMENSION X(200).DE(200).ETA(200).DERR(200) 

00 51 J=3.NCC-1 
DERR(J)=(DE(J)-DE(J-1»/(ETA(J)-ETA(J-1}) 

51 CONTINUE 

RETURN 
END , 

..........•......•.•...•.•....••••.. -..... _-.-_ .......... -....... . 
SUBROUTINE TRDIAG(NUM.A.B,C.F.G) C··· THIS SUBROUTINE IS A TRIDIAGONAL MATRIX SOLvER 

DIMENSION A(200),B(200).C(200).FC200).G(200) 

! DO 19 I=2.NUM 
. TD=ACI)/B(I-1) 

B(I)=B(I)-C(I-1)*TD 
G(I)=G(I)-G(I-1)*TD 

19 CONTINUE 
F(NUM)=G(NUM)/B(NUM) 

00 2(; I=1.NUM-1 
J=NUM-; 
F(J)=(G(J)-C(J)·F(J+1»/B(J) 

20 CONTINUE 

RETURN 
END 

...... __ ........................................................ -... . 

. .... ,_.-._ .. -_._--_. ----- --_ .. _- . 



C .*. 
C 

SUBROUTINE UMPCNCC.RAD.X.ETA.ID.U.RK.CSF.PORIN) 
THE RATE EXPRESSION IS DIVIDED INTO TWO PARTS: 
RATE=U.CGAS CONCN). U IS CA~CU~ATED IN THIS SUBROUTINE. 

DIMENSION XCZOO).UC200).ETA(200) 

DO 39 J=2.NCC 
UCJ)=(CSF)*RK·Cl-PORIN)*Cl-XCJ»*CRAD·*Z) 

39 CONTINUE 

RETURN 
END 

•........•.•...•..•..••...•..•...•....••...•••..••. ~ ............... . 
C .*. SUBROUTINE CONV(TIME.CBO.CON.U.X.ID.NCC.RK.DE~TAT) 

THIS SUBROUTINE CALCULATES THE SOLID CONVERSION 

DIMENSION X(200).CON(200).gh(200).ED(200) 

DO 40 J=2.NCC 
GH(J)=(RK)*Cl)*CON(J)*Cl-X(J»*CCBO) 
X(J)=XCJ)+GHCJ)*DE~TAT 

40 CONTINUE 

RETURN 
END 
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---------------------------------------------
Table F.l Data for Figure 2.8 

---------------------------------------------
Sample (Na/C)0 Run H2O CO2 

---------------------------------------------
I 0.011 2.1 0.0035 0.0017 
J 0.029 2.3 0.0085 0.0027 

2.4 0.0067 0.0034 
K 0.049 2.6 0.0130 0.0051 

2.7 0.0137 0.0059 
L 0.067 2.15 0.0165 0.0061 

2.16 0.0158 0.00~9 
M 0.09l 2.21 0.0343 0.0071 

2.22 0.0283 0.0072 
2.23 0.0371 0.0118 

N 0.131 2.25 0.0579 0.0045 
2.26* 0.0015 0.0028 

---------------------------------------------

(Na/C)o - Initial sodium/carbon ratio (moles Na per mole C). 
C02 - Amount of C02 desorbed (moles C02 per initial moles C). 
H20 - Amount of H20 desorbed (moles H20 per initial moles C). 

*Subjected to 72 hour room temperature UHP nitrogen pretreatment prior 
to Schedule 1 (Figure 2.3) experiment. 
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-------------------------------------
Table F.2 Data for Figure 2.9 

-----------------_._-----------------
Sample (K/C) 0 Run CO 

-------------------------------------
A 0.00089 2.27 0.00018 

2.28 0.00012 
B 0.0027 2.29 0.0022 

2.30 0.0027 
2.31 0.0032 

C 0.0054 2.32 0.0086 
2.33 0.0094 
2.34 0.0077 
2.35 0.0090 

D 0.013 2.36 0.019 
2.37 0.018 
2.38 0.017 
2.39 O.Ol~ 
2.40 0.018 
2.41 0.025 

E 0.021 2.42 0.035 
2.43 
2.44 0.033 
2.45 0.032 
2.46 0.031 
2.47 0.036 
2.48 0.039 
2.49 0.063 

F 0.025 2.50 0.039 
2.51 0.041 
2.52 0.038 
2.53 0.040 
2.54 0.058 
2.55 0.048 

-------------------------------------

(K/C)o - Initial potassium/carbon ratio (moles K per mole C). 
CO - Amount of CO desorbed (moles CO per initial moles C). 



Table F.3 Data for Figure 2.10 

Sample (Na/C)o Run CO 

I 

J 

K 

L 

M 

N 

0.011 

0.029 

0.049 

0.067 

0.091 

0.131 

2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 
2.10 
2.11 
2.12 
2.13 
2.14 
2.15 
2.16 
2.17 
2.18 
2.19 
2.20 
2.21 
2.22 
2.23 
2.24 
2.25 
2.26 

0.015 
0.014 
0.046 
0.046 
0.040 
0.071 
0.069 
0.067 
0.063 
0.058 

0.096 
0.102 
0.093 
0.090 

0.124 
0.123 
0.131 
0.120 
0.180 
0.194 

(Na/C)o - Initial sodium/carbo~ ratio (moles Na per mole C). 
CO - Amount of CO desorbed (moles CO per initial moles C). 
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-----------------------------------------------------------
Table F.4 Data for Figure 2.11 

-----------------------------------------------------------
Sample M (M/C) 0 Run t F m 

-----------------------------------------------------------
I Na 0.011 2.1 40 28.7 0.0256 

2.2 34 30.1 0.0503 
J Na 0.029 2.3 80 28.2 0.0262 

2.4 84 30.0 0.0265 
2.5 68 29.7 0.0508 

K Na 0.049 2.6 118 26.7 0.0257 
2.7 112 29.0 0.0267 
2.8 97 31.1 0·.0531 
2.9 84 30.5 d.0506 
2.10 77 30.0 0.0502 
2.11 30.5 0.0506 
2.12 3C.9 0.0501 
2.13 30.5 0.0500 
2.14 30.6 0.0505 

L Na 0.067 2.15 140 30.0 0.0249 
2.16 144 ".., ,. 

LI.':J 0.0250 
2.17 179 30.3 0.0940 
2.18 121 29.7 0.0512 
2.19 30.5 0.0975 
2.20 30.8 0.0959 

M Na 0.091 2.21 162 30.1 0.0256 
2.22 176 30.8 0.0250 
2.23 162 30.9 0.0256 
2.24 154 29.3 0.0518 

N Na 0.131 2.25 28.7 0.0256 
2.26 29.7 0.0262 

Continued on next page 
-----------------------------------------------------------

(M/C)o - Initial alkali/carbon ratio (moles alkali per mole C). 
M - Na or K 

t - Time for complete desorption (min). 
F - Volumetric flowrate (m1/min at 230 C and 0.915 atm). 
m - Initial sample mass (g). 

-_._--
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-------------------.---------------------------------------
Table F.4, Continued Data fer Figure 2.11 

--------------------------------------------_.-------------
Sample M (M/C) 0 Run t F m 

-------------------.---------------------------------------
A K 0.00089 2.27 4 26.3 0.0391 

2.28 5 28.3 0.0631 
B K 0.0027 2.29 11 28.6 0.0472 

2.30 10 28.4 0.0446 
2.31 13 27.8 0.0532 

C K 0.0054 2.32 25 22.7 0.0594 
2.33 25 22.6 0.0483 
2.34 20 28.6 0;'.0324 
2.35 24 31.1 0.0424 

D K 0.013 2.36 36 24.1 0.0479 
2.37 34 21.6 0.0523 
2.38 25 26.5 0.0171 
2.3S 24 27.4 0.0318 
2.40 27 29.3. 0.0270 
2.41 39 31.1 0.0424 

E K 0.021 2.42 43 22.6 0.0363 
2.43 50 30.9 0.0419 
2.44 43 25.2 0.0402 
2.45 44 26.8 0.0275 
2.46 46 27.0 0.0335 
2.47 51 27.0 0.0478 
2.48 49 31.7 0.0455 

F K 0.025 2.49 30.9 0.0503 
2.50 62 28.7 0.0704 
2.51 64 26.2 0.0468 
2.52 48 26.8 0.0284 
2.53 45 26.5 0.0313 
2.54 52 31. 7 0.0360 
2.55 60 29.0 0.0433 

-----------------------------------------------------------

(M/C)o - Initial alkali/carbon ratio (moles alkali per mole C). 
M - Na or K 

t - Time for complete desorption (min). 
F - Volumetric flowrate (ml/min at 230 C and 0.915 atm). 
m - Initial sample mass (g). 

-- .. --- -----
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--------------------------------------
Table F.5 Data for Figure 2.12 

------------------------------------.-
Sample M Run FAL FCR 

--.-----.---------------.-----------.-
F K 2.56 0.20 0.23 

2.57 0.32 0.29 
2.58 0.48 0.46 
2.59 0.83 0.85 

G K 2.60 0.26 0.30 
2.61 0.37 0.45 
2.62 0.52 0.63 j 

K Na 2.11 0.60 0.65 
2.12 0.28 0.27 
2.13 0.77 0.82 
2.14 0.55 0.58 

L Na 2.19 0.60 0.71 
2.20 0.29 0.28 

--------------------------------------

FAL - Fractional alkali loss (moles M vaporized per initial moles M). 
FeR - Fractional carbonate reduction (moles 0 desorbed per initial moles 

o in carbonate). 

-- - -----------------------
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-.---.----------.-.----------.---.-----. 
Table F.6 Data for Figure 2.13 

---.-.--------------.-.-.----.-.-.-----. 
Sample M (M/C)o . Run (M/C)f 

---.-.----------.-------------.--------. 
A K 0.00089 2.27 0.00043 

2.23 0.00056 
B K 0.0027 2.29 0.0012 

2.30 0.0013 
2.31 0.0012 

C K 0.0054 2.32 0.0014 
2.33 -----. 
2.34 0.001~· 

2.35 0.0017 
D K 0.013 2.36 0.0017 

2.37 0.0017 
2.38 0.0023 
2.39 0.0025 
2.40 0 .. 0022 
2.41 0.0019 

E K 0.021 2.42 0.0016 
2.43 0.0015 
2.44 0.0018 
2.45 0.0017 
2.46 0.0020 
2.47 0.0022 
2.48 0.0022 

F K 0.025 2.49 -----. 
2.50 0.0022 
2.51 0.0021 
2.52 0.0018 
2.53 0.0018 
2.54 0.0022 
2.55 0.0020 

H Na 0.0027 2.63 0.0003l 
I Na 0.011 2.64 0.00079 
J Na 0.029 2.65 0.00083 
K Na 0.049 2.66 0.00077 

--------.-.------.---.---.------.-----.-

(M/C)o - Initial alkali/carbon ratio (moles M per mole C). 
(M/C)f - Final alkali/carbon ratio (moles M per mole C). 

-_._--
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Table G.1 Data for Figure 3.3 

Sorbent Run MC1 F m MC1V MV MC CjV 

Q 3.1 KC1 27.3 500 23.0 12.1 3.2 26 
3.2 NaCl 30.0 501 21.4 8.4 0.77 9 

C 3.3 KC1 29.1 224 23.9 12.5 2.5 20 
3.4 NaC1 30.0 225 21.7 8.5 0.95 11 

A 3.5 KC1 29.3 217 24.3 - 12.7 12.6 99 
3.6 NaC1 29.8 218 22.1 8.7; 6.2 71 

F 3.7 KC1 29.3 644 24.1 12.6 11.3 90 
3.8 NaC1 29.0 645 21.1 8.3 3.2 38 

B 3.9 KC1 29.4 515 20.9 11.0 11.4 100 
3.10 NaCl 29.8 514 19.1 7.5 6.4 85 

L 3.11 KCl 28.8 546 20.5 10.7 2.0 19 
3.12 NaCl 29.8 547 18.5 7.3 0.71 10 

K 3.13 KCl 328 20.5 10.7 10.0 93 
3.14 NaCl 29.1 329 20.1 7.9 7.5 95 

MCI - Alkali source (NaCl or KCl). 
F - Volumetric flowrate (ml/min at 230 C, 0.915 atm). 
m - Initial sorbent mass (mg). 
MC1V - Mel vaporized and transported to sorbent (mg). 
MV - Na or K vaporized (mg). 
MC - Na or K captured by sorbent (mg). 
CjV - Percentage of alkali captured (MC / MV x 100%). 
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--------------------------------------------------------
Table G.2 Data for Figure 3.4 

--------------------------------------------------------
Sorbent Run MCl F m MC1V MV MC CjV 
--------------------------------------------------------

UHF N2 carrier gas 
_____ 4 ____________ • ____________________ • ________________ 

B 3.9 KCl 29.4 515 20.9 11.0 11.4 100 
3.10 NaCl 29.8 514 19.1 7.5 6.4 85 

L 3.11 KCl 28.8 546 20.5 10.7 2.0 19 
3.12 NaC1 29.8 547 18.5 7.3 j' 0.71 10 

K 3.13 KC1 328 20.5 10.7 10.0 93 
3.14 NaC1 29.1 329 20.1 7.9 7.5 95 

----------------------------------.---------------------
Air carrier gas 

----------------------------------.---------------------
B 3.15 KCl 30.3 516 20.4 10.7 8.8 82 

3.16 NaC1 30.1 516 20.6 8.1 7.2 89 

L 3.17 KC1 30.3 548 21.1 11.1 1.7 15 
3.18 NaC1 28.8 546 20.8 8.2 1.0 12 

K 3.19 KCl 30.0 330 20.3 10.6 10.0 94 
3.20 NaC1 30.9 330 20.9 8.2 8.0 97 

--------------------------------------------------------

MCl - Alkali source (NaCl or KC1). 
F - Volumetric flowrate (ml/min at 230 C, 0.915 atm). 
m - Initial sorbent mass (mg). 
MC1V - MCl vaporized and transported to sorbent (mg). 
MV - Na or K vaporized (mg). 
MC - Na or K captured by sorbent (mg). 
CjV - Percentage of alkali captured (MC / MV x 100%). 

--.---

285 



286 

APPENDIX H 

CHAPTER 4 DATA 
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Table H.l Data for Figure 4.4 

Run 

4.1 
4.2 
4.3 

m F 

0.0238 148 
0.0389 150 
0.0310 150 

M 

230 
160 

87 

T 

0.7 
1.2 
0.9 

m - Initial sorbent mass (g). j 

F - Volumetric flowrate (m1/min at STP). 
M - Average sodium concentration in carrier gas 

(parts per million by volume, ppmv). 
T - Sorbent flake thickness (mm). 

Table H.2 Data for Figure 4.5 

Run m F M T 

4.4 
4.5 

0.0391 150 
0.0293 146 

130 
190 

1.3 
1.0 

m - Initial sorbent mass (g). 
F - Volumetric flowrate (m1/min at STP). 
M - Average sodium concentration in carrier gas 

(parts per million by volume, ppmv). 
T - Sorbent flake thickness (mm) . 

... -.- -.. --.--~---
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Table H.3 Data for Figure 4.6 

Run 

4.8 
4.9 
4.10 
4.l1 

m 

0.0221 
0.0141 
0.0174 
0.0217 

F 

151 
149 
150 
153 

M 

190 
l10 

96 
230 

m - Initial sorbent mass (g). 

T 

0.7 
0.7 
0.9 
0.8 

F - Volumetric flowrate (ml/mi~ at STP). 
M - Average sodium concentration in carrier gas 

(parts per million by volume, ppmv). 
T - Sorbent flake thickness (mm). 

Table H.4 Data for Figure 4.7 

Run m F M T 

4.6 
4.7 

0.0285 153 
0.0286 150 

160 
130 

0.6 
0.8 

m - Initial sorbent mass (g). 
F - Volumetric f10wrate (m1/min at STP). 
M - Average sodium concentration in carrier gas 

(parts per million by volume, ppmv). 
T - Sorbent flake thickness (mm). 

--'---
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Table H.s Data for Figure 4.8 

Run m F 

4.1 0.0238 148 
4.11 0.0217 153 

M 

230 
230 

m - Initial sorbent mass (g). 

T 

0.7 
0.8 

F - Volumetric flowrate (ml/min at STP). 
M - Average sodium concentration in carrier gas 

(parts per million by volume, ppmv). 
T - Sorbent flake thickness (mm). 

Table H.6 Data for Figure 4.9 

Run 

4.11 
4.15 
4.21 

m 

0.0217 
0.0088 
0.0089 

F 

153 
188 
202 

M 

230 
180 
150 

m - Initial sorbent mass (g). 

T 

0.8 
0.4 
0.4 

F - Volumetric flowrate (ml/min at STP). 
M - Average sodium concentration in carrier gas 

(parts per million by volume, ppmv). 
T - Sorbent flake thickness (mm). 

-_._--
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Iable H.7 Data for Figure 4.10 

Run m F M I 
-----.--_.-------- ... -----------------

4.12 0.0108 198 120 0.4 
4.13 0.0103 189 86 0.5 
4.14 0.0110 193 63 0.4 
4.15 0.0088 188 180 0.4 

m - Initial sorbent mass (g). 
F - Volumetric flowrate (ml/min at SIP). 
M - Average sodium concentration in carrier gas 

(parts per million by volume, pprov). 
T - Sorbent flake thickness (mm). 

Iable H.8 Data for Figure 4.11 

Run 

4.17 
4.18 
4.19 

m 

0.0103 
0.0099 
0.0082 

F 

196 
198 
201 

M 

54 
130 

80 

m - Initial sorbent mass (g). 

I 

0.4 
0.4 
0.4 

F - Volumetric f10wrate (ml/min at SIP). 
M - Average sodium concentration in carrier gas 

(parts per million by volume, pprov). 
I - Sorbent flake thickness (mm). 

--'---
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Table H.9 Data for Figure 4.12 

Run 

4.16 
4.20 
4.21 

m 

0.011.3 
0.0079 
0.0089 

F 

196 
193 
202 

66 
110 
150 

T 

0.4 
0.4 
0.4 

m - Initial sorbent mass (g). j 

F - Volumetric flowrate (ml/min at STP). 
M - Average sodium concentration in carrier gas 

(parts per million by volume, ppmv). 
T - So~bent flake thickness (mm). 

Table H.10 Data for Figure 4.14 

Run 

4.22 
4.23 

m F 

0.2280 150 
0.2510 150 

M 

180 
85 

m - Initial sorbent mass (g). 
F - Volumetric flowrate (ml/min at STP). 
M - Average sodium concentration in carrier gas 

(parts per million by volume, ppmv). 

- --._---------
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Table 1.1 Data for Figure 5.4 

Beam voltage 
Beam current 
Sample tilt 
Objective lens aperture 
Magnification 
Scan area 
Data acquisition time 
Volts/seep 
Time/step 
Analyzer resolution 

15.0 kV 
5.0 nA 

450 

4 mils 
2000X 

0.0058 mm2 
60 min 
1.00 V 

50 I. 'ec 
j' 0.6% 

Table 1.2 Data for Figures 5.6.and 5.7 

Beam voltage 
Beam current 
Sample tilt 
Objective lens aperture 
Magnification 
Scan area 
Data acquisition time 
Volts/step 
Time/step 
Analyzer resolution 

15.0 kV 
5.0 nA 

450 

4 mils 
2000X 

0.0058 mm2 
14 min 
0.50 V 

50 msec 
0.6% 

Table 1.3 Data for Figures 5.8 and 5.9 

Beam voltage 
Beam current 
Sample tilt 
Objective lens aperture 
Magnification 
Scan area 
Data acquisition time 
Number of lines 
Points/line 
Time/point 
Analyzer resolution 

15.0 kV 
5.0 nA 

450 

4 mils 
2000X 

0.0058 mm2 
17 min 

100 
100 

50 msec 
0.6% 
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Table 1.4 Data for Figures 5.10 and 5.11 

Beam voltage 
Beam current 
Sample tilt 
Objective lens 
Magnification 
Scan area 

aperture 

a: 
Data acquisition time 
Volts/step 
Time/step 
Analyzer resolution 

15.0 kV 
5.0 nA 

450 

4 mils 
a: 45,OCOX, b: 2000X 

11.6 um2, b: 0.0058 mm2 
14 min 
0.50 V 

50 msec 
. 0.6% . 

Table 1.5 Data for Figure ~.12 

Beam voltage 
Beam current 
Sample tilt 
Objective lens aperture 
Magnification 
Scan area 
Data acquisition time 
Volts/step 
Time/step 
Analyzer resolution 

15.0 kV 
5.0 nA 

450 

4 mils 
2000X 

0.0058 mm2 
60 min 
1.00 V 

50 msec 
0.6% 

Table I.6 Data for Figure 5.13 

Beam voltage 
Beam current 
Sa:::ple tilt 
Objective lens aperture 
Magnification 
Scan area 
Total sputter time 
Analyzer resolutior. 
Ion beam voltage 
Sputter rate (Si02) 

15.0 kV 
5.0 nA 

450 

4 mils 
4S,000X 

11.6 um2 
1.0 min 

0.6% 
2.0 kV 

10 angstroms/sec 
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Table 1.7 Data for Figure 5.14 

Beam voltage 
Beam current 
Sample tilt 
Objective lens aperture 
Magnification 
Scan area 
Data acquisition time 
Volts/step 
Time/step 
Analyzer resolution 
Spectrum differentiation 

5.0 kV 
a: 6 nA, b: 18 nA 

300 

4 mils 
225X 

0.46 mm2 
a: 45 min, b: .10 min 

'1.00 V 
50 ms~c 

0.6% 
9 point 

Table 1.8 Data for Figures 5.15 and 5.17 

Beam vol~age 
Beam current 
Sample tilt 
Objective lens aperture 
Magnification 
Scan area 
Data acquisition time 
Volts/step 
Time/step 
Analyzer resolution 
Spectrum differentiation 

-_._---

5.0 kV 
6nA 

300 

4 mils 
225X 

0.46 mm2 

45 min 
1.00 V 

50 msec 
0.6% 

9 point 
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Table 1.9 Data for Figures 5.16, 5.18 and 5.19 

Beam voltage 
Beam current 
Sample tilt 
Objective lens aperture 
Magnification 
Scan area 
Data acquisition time 
Volts/step 
Time/step 
Analyzer resolution 
Spectrum differentiation 

5.0 kV 
6nA 

300 

4 mils 
225X 

0.46 mm2 
40 min , 
1.00 V 

SO msec 
0.6% 

9 point 

Table 1.10 Data for Figure 5.20 

Beam voltage 
Beam current 
Sample tilt 
Objective lens aperture 
Magnification 
Scan area 
Data acquisition time 
Volts/step 
Time/step 
Analyzer resolution 
Spectrum differentiation 

5.0 kV 
18 nA 

300 

4 mils 
225X 

0.46 mm2 

10 min 
1.00 V 

SO msec 
0.6% 

9 point 
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Table I.ll Data for Figure 5.21 

Beam voltage 
Beam current 
Sample tilt 
Objective lens aperture 
Magnification 
Scan area 
Data acquisition time 
Volts/step 
Time/step 
Analyzer resolution 
Spectrum differentiation 

5.0 kV 
6nA 
300 

4 mils 
225X 

0.46 mm2 
.30 min 
'1.00 V 

50 msec 
0.6% 

9 point 

Table I.12 Data for Figures 5.22, 5.23 and 5.24 

Beam voltage 
Beam current 
Sample tilt 
Objective lens aperture 
Magnification 

Scan area 

Data acquisition time 
Number of lines 
Points/line 
Time/point 
Analyzer resolution 

3.0 kV 
3.0 nA 

300 

4 mils 
5.21: l40X 
5.22: l60X 
5.23: l70X 

5 .21: 1.18 mm2 
5 . 22 : O. 91 mm2 
5.23: 0.80 mm2 

18 min 
160 
160 

10 msec 
0.6% 
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Table J.l 
Biot Numbers and Theile Moduli 
for Kaolinite-N2 Experiments 

Run Bi 

4.1 14 9.4 
4.2 23 16 
4.3 17 11 
4.4 25 17 
4.5 20 14 

Bi - lcmL/De 

~ - L[kC1 - €o)/De ]1/2 

Table J.2 
Biot Numbers and Theile Moduli 
for Kaolinite-SFG Experiments 

Run 

4.6 
4.7 
4.8 
4.9 
4.10 
4.11 

Bi - lcmL/De 

Bi 

12 
16 
13 
14 
17 
15 

~ - L[k(l - €o)/De]1/2 

8.3 
11 

8.9 
9.3 

11 
9.9 
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Table J.3 
Biot Numbers and Theile Moduli 

for Bauxite-SFG Experiments 

Run 

4.12 
4.13 
4.14 
4.15 

Bi - kmL/De 

Bi 

4.4 
4.6 
4.2 
4.3 

~ - L[k(l - €o)/De]1/2 

Table J.4 

6.8 
7.0 
6.lr. 
6.5 

Biot Numbers and Theile Moduli 
for Emathlite-SFG Experiments 

Run 

4.16 
4.17 
4.18 
4.19 
4.20 
4.21 

Bi - kmL/De 

Bi 

5.2 
5.5 
5.S 
5.0 
5.8 
5.7 

7.9 
8.4 
8.4 
7.6 
8.9 
8.6 

~ - L[k(l - €o)/De]1/2 

--'---
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A 

a 

b 

Bi 

C 

co 

CO/C 

(-CM) 

301 

area under the curve in strip chart output for CO or C02, in2 . 

K3(M) in intrinsic adsorption model. 

group of rate constants in the intrinsic adsorption model, 
klk2/(k_l + k2),cm3-h/gmol. 

mass Biot number, kmL/De. 

dimensionless alkali concentration itl gas, 
(CAs - CA)/(CAs - CAb)· 

concentration of alkali in unsaturated sorbent, gmol/cm3 of gas. 

concentration of alkali in saturated pro~uct layer of sorbent, 
gmol/cm3 of gas. 

concentration of alkali in bulk gas, gmol/cm3 of gas. 

concentration of alkali in gas at sorbent surface, gmol/cm3 of 
gas. 

initial CO concentration in gas, volume %. 

initial carbon mass in a carbopack sample. 

amount of CO desorbed, gmol CO/initial gmol C. 

alkali loading, gmol of adsorbed alkali/cm3 of solid sorbent. 

the may~imum value of Cs at saturation. 

completely reduced surface complex on carbopack sample. 

(-COM) partially oxidi=~d surface complex on carbopack sample. 

(-C02M) completely oxidized surface complex on carbopack sample. 

CjV percentage of alkali captured by sorbent, MCjMV x 100%. 

Da Damkohler number, [k(l - €o)dp/6kml for sphere. 

DAM molecular diffusivity of alkali in the gas, cm2Jh. 

De effective diffusivity of alkali in sorbent, cm2Jh. 

. --'. - --.~---~'----'---.--.---' 
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NOMENClATURE - - continued 

De' effective diffusivity of alkali in saturated sorbent, cm2Jh. 

Deo initial effective diffusivity of alkali in sorbent, cm2Jh. 

DK Knudsen diffusivity, cm2/h. 

d pore diameter, um. 

dp particle diameter, um. 

D(r) combined alkali diffusivity, [(l/DAM) + (l/DK)]-l, cm2Jh. 

E electron kinetic energy, eV. 

F volumetric gas flowrate, cm3/min. 

FAt fractional alkali loss, gmol M vaporized/initial gmol M. 

FCR fractional carbonate reduction, gmol 0 desorbed/initial gmol 0 
in carbonate. 

f dimensionless alkali vapor concentration, CA/CAb' 

h height of curve on strip chart output for CO or C02, in/%. 

hi dimensionless distance between grid points in numerical 
formulation of theoretical model. 

i summation index. 

j summation index. 

K3 equilibrium constant in intrinsic adsorption model. 

K/C atomic ratio of potassium to carbon in carbopack samples, 
gmol K/gmol C. 

(K/C) 0 initial atomic ratio of potassium to carbon in carbopack 
samples, gmol K/gmol C. 

k overall rate coefficient, cm3 of gas/(cm3 of solid sorbent-h). 

ki reaction rate constants in intrinsic adsorption model. 

km interphase mass transfer coefficient, cm/h. 

kmx local interphase mass transfer coefficient, cmjh. 



NOMENCLATURE -- continued 

overall rate coefficient based on surface area, 
cm3 of gas/(cm2 surface area - h). 

L half-thickness of the sorbent flake (2L - T), cm. 

length of sorbent flake parallel to gas flow, cm. 

303 

M symbol representing potassium or sodium (M - K O~ Na), or the 
average sodium concentration in the carrier gas, ppmv. 

(M) vapor phase concentration of alkali in intrinsic adsorption 
model, gmol/cm3 of gas. 

surface site in intrinsic adsorption model with alkali stacked 
to the ith layer. 

initial number of Mi sites in intrinsic adsorption model prior 
to desorption. 

MC Na or K captured by sorbent, mg. 

MCI alkali chloride source, NaCI or KCI. 

MCIV MCI vaporized and transported to sorbent, mg. 

M/C atomic ratio of alkali (M - K or Na) to carbon in carbopack 
samples, gmol M/gmol C. 

(M/C)o initial atomic ratio of alkali (M - K or Na) to carbon in 
carbopack samples, gmol M/gmol C. 

(M/C)f final atomic ratio of alkali (M - K or Na) to carbon in 
carbopack samples, gmol M/gmol C. 

MV Na or K vaporized, mg. 

MY molecular weight, gmol/g. 

MT total gmol of adsorbed alkali in intrinsic adsorption model. 

m sample mass, g. 

mo initial sample mass, g. 

mf final mass of sorbent at when saturated with alkali, g. 

N total CO or C02 evolved, mmol. 



N(E) 

Na/C 

NOMENCLATURE -- continued 

number of electrons with kinetic energy E. 

atomic ratio of sodium to carbon in carbopack samples, 
gmol Na/gmol C. 
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(Na/C)o initial atomic ratio of sodium to carbon in carbopack samples, 
gmol Na/gmol C. 

n 

Pe 

ppmv 

ppmw 

RMAX 

r 

S 

Sh 

T 

t 

v 

V(r) 

summation index. 

Peclet number, LnvxfDAM' 

parts per million by volume. 

parts per million by weight. 

initial carbon gasification rate, mg/g-min. 

local rate of adsorption, gmol/(cm3 of bulk sorbent-h). 

local rate of desorption, gmol/(cm3 of bulk sorbent-h). 

minimum pore radius. 

maximum pore radius. 

pore diameter, um. 

strip chart recorder paper speed, cm/min. 

Sherwood number, kmdp/DAM' 

temperature, K or °c, or flake thickness (2L), mm. 

time, h. 

duration of the first stage or onset of the saturated layer 
formation in the first generation model, h. 

volume, cm3 or mI. 

differer.-::ial pO:7e volume, dV/dr, cm3/cm. 

volume of sorbent, cm3 . 

linear gas velocity, cm/sec. 

-- . "- - ._---------_. __ . ---
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NOMENCLATURE -- continued 

X local fractional loading of sorbent, Cs/Csf, C~ ~mpty surface 
site in the intrinsic adsorption model. 

Xo initial number of surface sites in the intrinsic adsorption 
model. 

L 
XT overall fractional loading of sorbent, (lfL) f X dy. 

o 

y distance from the center of the flake, cm. 

i 
Ym distance from the flake center to the saturated layer interface, 

cm. 

Z ratio of skeletal volume of saturated sorbent to skeletal volume 
of sorbent prior to alkali adsorption. 

z dimensionless distance, yjL. 

Greek Letters 

a fractional mass gain at sorbent saturation, (mf - mo)/mo . 

E; dimensionless distance .. from center point between sorbent flake 
and reactor wall. 

o half the distance between the sorbent flake and reactor wall, 
cm. 

€ porosity of the sorbent, cm3 void/cm3 bulk. 

eo initial porosity of the sorbent before alkali adsorption. 

€(r) differential porosity, de/dr, cm- l . 

~ Theile modulus, L[k(l - EO)/De]1/2 for slab,· 

(dp/6)[k(1 - eo)/De]1/2 for sphere. 

T tortuosity. 

~ dimensionless distance along length of sorbent flake . 

. __ .. ____ ._~_._-__ -. ___________ . __ ... _ 0_ .. _._0 ____ _ 
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