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ABSTRACT 

The catalytic effect of potassium on the rate of CO2 gasification 

of a bituminous coal char and a pure carbon substrate is investigated. 

The gasification rate depends on both the catalyst concentration (K/C 

atomic ratio) and the internal porous structure of the solid. For low 

values of the K/C atomic ratio, the initial gasification rate (mg carbon 

gasified per initial gram carbon per min) increases sharply with the 

addition of catalyst; at higher values, the rate profile levels off. 

The sharp increase in rate is due to the acti vat ion of reaction si tes 

while the plateau is attributed to the saturation of the surface wi th 

active sites. 

The variation of the instantaneous gasification rate (based on 

remaining carbon) with carbon conversion at various initial K/C ratios 

is studied. The important reasons for the change in rate are the change 

in the solid surface area, the loss of active sites, the loss of 

catalyst by vaporization and the change in the K/C ratio due to carbon 

depletion. 

The loss of catalyst from the pure carbon substrate by 

vaporization is also determined. The extent of this loss depends 

primarily on the reaction start-up procedure. Temperature programmed 

experiments show that under inert atmospheres, both KOH and K2C0 3 react 

wi th carbon to give a reduced form of the catalyst which appears to be a 

prerequisite for the rapid vaporization of potassium. The effect of 

catalyst loss on both the initial gasifioation rate and the variation in 

xiv 



r'ate wi th conversion is determined. 

The r'eaction meohanism is studied by a temper'ature and 

concentr'ation programmed reaction technique. The proposed, redox 

mechanism contains thr'ee surfac~ complexes: -C02K, -COK and -CK. The 

oxide groups are the intermediates dUr'ing C/C0 2 gasification. The 

completely reduced fOr'm, -CK, is the end product of catalyst reduction 

and is the precursor' for' K loss. The stoichiometries of these surface 

gr'cups are confir'med by oxygen and potassium balance. 



CHAPTER 1 

INTRODUCTION 

Due to recent world wide energy shortages, there exists an 

increasing need for the economical conversion of abundant natural 

carbonaceous materials such as coal to gaseous or liquid fuels or 

chemical feedstocks. Two important examples are Exxon's catalytic coal 

gasification process for the production of substi tute natural gas and 

Shell's process for the generation of medium-BTU synthesis gas. 

Although the time frame for implementing these processes on an 

industrial scale is dependent on world wide economics, the necessary 

fundamental research has been underway for many years and is continuing, 

although currently at a reduced pace. Each of the above-sited examples 

rely on the reaction of the solid substrate with a gaseous reactant such 

as steam, carbon dioxide or oxygen. It has long been known that the 

presence of natural inorganic constituents can catalyze these reactions 

and dramatically increase the rate of reaction; for example, ligni te 

coals enjoy increased gasification rates as a result of a relatively 

high mineral content. The mati vation for this work is the understanding 

of the catalytic effect of alkali metals on the gasification rate of 

coals which can lead to economical and more efficient gasifiers. This 

study addresses this problem and focusses on the catalytic effect of 

potassium on the rate of gasification of carbon by CO2 , 



Catalyst Activities 

The catalyzed gasification of carbonaceous materials has been 

studied extensively in recent years and a number of reviews are 

available (Walker et a1., 1968; Prasher, 1979; Wen, 1980; Gangwal and 

Truesdale, 1980; McKee, 1981; Wood and Sancier, 1984; and Pullen, 1984). 

The relevant reactions for steam gasification are: 

C + H20", CO + H2 

C + 2 H2 .. CHlj 

CO + 3 H2 = CHlj + H20 

CO ~ H20 .. CO 2 + H2 

C + CO 2 ,, 2 CO 

1.1 

1.2 

1.3 

1.4 

1.5 

Reaction 1.1 is the most important reaction for steam gaSification and 

represents the consumption of carbon to produce CO and H2 • The primary 

objecti ve of current research in steam gasification is to understand the 

mechanism of this reaction and to increase its rate. Reactions 1.2 and 

1.3 show two important pathways for the production of methane from 

hydrogen. Reaction 1.2 is known as the hydrogasification reaction while 

.1.3 is called the methanation reaction. Reaction 1.4 is the water-gas 

shift reaction which 1s responsible for the conversion of H20 to H2 . 

consequence of CO2 production is reaction 1.5 which gasifies the carbon 

to produce CO. This reaction is very similar to reaction 1.1, is 

thought to occur by a similar reaction mechanism and is typically about 

three times slower. 



In 1921, 'ray10r and Neville studied the gasification of a coconut 

shell oharooa1 by steam and oompared the aoti vi ty enhanoement assooiated 

with barium hydroxide, water glass, borax, soda-lime, sodium and 

potassiU'!l oarbonate and oono1uded that only the last two substanoes 

generated a oonsi'derab1e oatalytio effeot. This early example of the 

effeotiveness of alkali metal oarbonates for gasifioation reaotions led 

to more reoent and in-depth studies. One example is the oomparison 

study oonduoted by Haynes et a1. (1974) who examined the inorease in the 

rate of steam gasifioation of ooa1 by the individual addition of 24 

metal oxides as well as se1eoted sulfates, halides, oarbonates and pure 

metals. It was oonoluded that the alkali metals, alkaline earth metals, 

nioke1 and iron ox~dea were the most effective. Veraa and Bell (1978) 

oompared the activity of potassium hydroxide and oarbonate as well as 

the alkali metal halides for steam gasifioation of a ooa1 ohar and 

oonc1uded that KOH and K2C03 had identical activities but that the 

halides failed to inoreaae the rate; in fact, they aoted as inhibitors. 

Another oomparison study was oonduoted by Kosky et a1. (1982) at General 

E1eotrio who oompared activities associated with alkali metal 

carbonates, hydroxides, sulfates and Lnixtures of the various salts. For 

the oarbonates, they oonoluded that the relative aoti vi ties decrease 

with atomio weight: Cs > Rb > K > Na > Li. This relative order is 

supported by the work of McCoy et al., (1982), Huhn et al. (1983), 

Kapteijn et a!. (1984) and Spiro et al. (1983a). 



The dependenoe of the rate on the catalyst concentration has been 

the subject of numerous studies. In general, the rate inoreases with 

catalyst concentration up to the saturation level which typically occurs 

around an initial' catalyst/carbon atomic ratio of 0.1 (Spiro et al., 

1983a). Mims and Pabst (1980a, 1983)'observed this saturation effect 

for K2C0 3 impregnated on Illinois coal char for a reactant gas 

containing an equimolar mixture of H20 and H2 . Taylor and Neville 

(1921) also observed saturation for both K2C0 3 and Na 2C0 3 for steam 

gasification of a charcoal. For these catalysts, the saturation effect 

occ~rred at around 20 wt% and a decrease in rate was observed at higher 

loadings. Veraa and Bell (1978) measured the rate of steam gasification 

of a coal char impregnated with 2.5,5.0,7.5 and 10 wt% K from K2C0 3 

and reported an increase in the initial rate for low loadings whioh 

became less sensitive at the higher concentrations indicating surface 

saturation. The rate profiles wi th carbon conversl0."l were similar 

although the rates were higher for the samples wi th higher catalyst 

ooncentrations at all carbon conversion levels. Of particular interest 

was the sample with 10 wt% K which exhibited a pair of maxima. Sams 

(1982) and Sams and Shadman (1983) reported a linear dependence on the 

catalyst concentration for CO 2 gasifioation at 800°C followed by a 

decrease at an initial potassium/carbon ratio, (K/C)o' of 0.12 which was 

attributed to pore plugging. Their rate profiles were complex with 'some 

increasing and some decreasing with conversion indicating the influence 

of various competing factors. Guzman and Wolf (1982) observed similar 



reQults for an aotivated oarbon and reported a decrease in rate for 

steam gasifioation when the loading was increased from 33 to 50 wt% 

K2C03• In a separate study, Yuh and Wolt (1984) observed satura~ion at 

an atomio ratio neal" 0.12 for various sodium salts. 

Wigmans et a1. (1981) reported that the rate of gasification at 

low steam partial pressures for unoata1yzed oarbon was bUrnoff 

independent. In a separate study, Wigmana et a1. (19B3a) studied the 

variation in rate with initial oatalyst loading and % burnoff for steam 

gasifioation of a highly pure actiVated carbon at 1025 K. They reported 

an Inorease in the initial rate and an inorease in rate based on 

remaining mass for all levels of burnoff as the potassi um loading was 

inoreased up to PI wt%. However, in a different study, Wigmans et a1. 

(19B3b) observed a flat rate profile (based on initial carbon mass) up 

to 60% burnoff at 1015 K for low partial pressure steam gasifioation of 

a purified aotivated oarbon containing 3 wt% Na2co3 • Kapteijn and 

Moul1jn (1983b) compared steam and CO 2 gasification and reported the 

rate (based on the initial carbon mass) of potassium catalyzed low 

pressure CO2 gasifioation is oonstant over the whole burnoff range in 

oontrast with low pressure steam gasification which exhibits a maximum 

rate at high burn off 1eve10. Wigmans et al, (19B3b) observed a Unear 

increase in the initial aotivity with increasing oatalyst loading for a 

purified aotivated carbon containing up to 10.7 wt% Na2C0 3 for low 

pressure steam gasification at 1025 K. For a series of sodium loadings. 

the rates reached a maximum neal" 40 % burn off where the ratio of the 

maximum rate to the initial rate neal" 1.5. 



Effect of Solid Structure 

The relation between the structure of the carbonaceous substrate 

and the rate has received less attention than it deserves. H?-milton 

(1983) and Hamilton et a1. (198~) measured the variation in surface area 

wi th carbon conversion by room temperature CO 2 adsorption and reported a 

maximum near 20 % oarbon conversion for a coal char impregnated to an 

initial K/C level of 0.00l.J5. It was concluded that the effect of 

structure was minimal as long as the surface was not saturated with 

catalytically active sites; however, under saturation conditions, the 

rate was limited by the available area. Wigmans et a1. (1983d) reported 

for the uncatalyzed gasification of an activated peat char by CO 2 that 

the rate per uni t surface area was constant up to 60 % burnoff. They 

also reported that the reactivity per unit area was proportional to the 

number of potassium atoms per unit surfaoe area. 

Product Gas lnhi bi tion 

The phenomenon of product gas inhibition can have a pronounced 

effect on the observed rate of gasification. Kapteijn and Moulij n 

(1983a) observed significant inhibition when adding CO to the CO 2 

reactant gas stream for potassium catalyzed gasification of steam 

activated peat char. They explained their results by suggesting the 

ratio of the fully oxidized to the partially oxidized catalyst group on 

the carbon surface was decreased. This is based on the assumption that 

the gasification rate is prop·ortional to the amount of catalyst in the 

fully oxidized state. In a separate study on potassium catalyzed steam 

gasification, Wigmans et al. (1983a) reported that. the kinetics cannot 



be described by a first order dependence on the steam partial pressure 

and a first order H2 inhibition term. However, they reported a better 

expression was achieved using a Langmuir type equation w,ith an 

adsorption constant for water with inCl'eases ~lith catalyst 

concentration. McKee et al. (1983) also addressed this issue and 

reported significant inhibition effects due to CQ for steam gasification 

of a 10 wt% K2C03 Illinois No.6 coal char. By introducing 10 vol% CO, 

tne rate decreased by an order of magnitude and the aotivation energy 

increased from 181.3 to 223.6 kJ/mo1, he also repor~ed even greater CO 

inhibition effects for CO 2 gasification. The decrease in rate was 

attributed to reducing the rate of carbotherma1 reduction of the alkali 

metal carbonate on the carbon surface. In contrast, Pulsifer et a1. 

(1982) reported that CO2 did not inhibit the rate of steam gasification 

of a coal cha.r containing 10 wt% K2C03 i H2 inhibited both the catalyzed 

and the uncata1yzed coal char gasification rates. 

Alkali/Carbon Interactions 

A number of temperature programmed desorption (TPO) and/or 

thermal gravimetrio analysis (TGA) studies have probed the interactions 

of alkali metal catalysts with carbon substrates, The objeotive of 

these studies has been to determine the nature and signifioance of 

alkali metal/carbon interactions and their relation to the reaction 

mechanism and reacti vi ties. 

Early work in this area was conducted by Fox and White (1931) who 

examined thA reaction of sodi um carbonate and carbon, Their results 

indicated complete reduction of the 9arbonate to form CO and Na in a 3/2 



ratio at 1 OOOoC. They explained their results through the reaction 

1.6 

They noted that Roscoe and Schorlemmer in 1883 described the commercial 

production of potassium and sodium by the reduction of alkali metal 

carbonates on oarbon. For potassium carbonate it was suggested that the 

responsi ble reaction was 

1.7 

McKee and Chatterji (1975) examined the interaction of alkali metal 

carbonates and graphite by simultaneous thermogravimetry and 

differential thermal analysis over a range of temperatures from 25 to 

10000C in a helium atmosphere. Mixtures of an equal weight of alkali 

metal carbonate and graphite were heated at a rate of 10°c/min and the 

weight changes as functions of temperature were reported. In each case, 

significant reaction was detected by weight loss at temperatures 

the melting point of the carbonate. In a separate study (1978), they 

compared the weight loss characteristics of samples of pure Na2C03 and a 

1:1 mixture of graphite and Na2C0 3 on heating in dry helium. Weight 

loss of pure salt was slight above 1000 0C as a result of the 

dissociation reaction 

1.8 

However, in the presence of graphite a rapid weight loss was observed 

above 900°C. In addition, this reaction was accompanied by the 

evolution of sodium vapor which sublimed on the cooler parts of the 



apparatus. They attributed the vaporization to reaction 1.6. They 

observed similar results for K2C03 and to a lesser extent for Li 2C0 3 • 

McKee further examined the reduction of Li 2C03 in a later paper. (1981) 

and concluded that the weight loss on heating to 1000 0 C in helium was 

due to salt dissociation, vaporization and the occurrenoe of the 

following reaotions 

Li 2CD3 + 2 C = 2 Li + 3 CO 

Li 2C03 + C .. Li20 + 2 CO 

1.9 

1.10 

McKee (1979) also examined the reduction alkaline earth carbonates wHh 

and wi thout the presence of graphi te in an inert atmosphere and reported 

the following reactions for calcium 

caco3 + C = CaD + 2 CO 

CaC03 = CaD + CO 2 

1. 11 

1.12 

Reactions similar to 1.11 were also reported for strontium and barium 

carbonates. 

Wigmans et al. (1983e) conducted a TPO study of an activated 

carbon containing Na2C03 and observed carbonate decomposi tion enhanced 

by carbon and reduction. to the metallic phase. On heating to 500 K at 

10 °C/min, they reported desorption of H20 and CO 2 wi thout chemical 

change independent of the pretreatment condi tions for both pure and 

impregnated carbon which they attributed to physisorption phenomenon. 

For pure carbon at higher temperatures, they observed CO 2 and H20 whicb 

decayed near 900 K and CO which began around 700 K and rose rapidly. 

For a carbon sample containing 6.1 wt% Na2C03 , they observed H20 which 
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peaked near 600 K and decayed to zero at 1000 K. The CO 2 profile 

contained two local maxima near 600 K and a large peak near 900 K which 

decayed to zero at 1000 K. CO, on the other hand, began near 800 and 

rose rapidly up to the temperature limi t of 1000 K. From these results, 

they concluded that the carbonate decomposition and subsequent CO 2 

generation between 550 and 650 K and the CO generation above 900 K can 

be described stoichiometrically by: 

Na2C03 .. Na20 + CO 2 

Na20 "+ C .. 2 Na + CO 

1.8 

1.1 J 

Reaotion 1.13 is further supported by the condensation of scdium metal 

on the colder parts of the reactor on heating above 1000 K. These 

decomposition temperatures are well below those that occur in the 

absence of carbon. 

Cerfontain and Moul1jn (1983a) conducted a study where they 

coupled in-si tu FTIR spectroscopy with TPD to examine the decomposi tion 

of a 30 wU K2C03 on activated carbon. At room temperature and at 573 

K, bands associated with the carbonate group of K2Co 3 are visible. 

After heating to 773 K, however, the bands disappeared so that the K2C03 

on the carbon surface and the COOK groups have decomposed which supports 

reactions 1.8 and 1.13. In a separate study, Kapteijn et al. (1984) 

compared the desorption of an activated carbon impregnated with the 

carbonates of Li, Na, K, Rb and Cs. They reported an increasing amount 

of CO and CO2 desorbed per alkali metal atom with increasing atomic 

number except for Na and K being about equal. Upon gasification 

followed by desorption, the CalM rat.ios were about equal to one, 
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suggesting a simple stoichiometry auch as the presence of -OM surface 

groups. They also observed a decrease in the total amount of oxygen 

desorbed wi th an increase 1n the number of gasification/desorption 

treatments which they attribute to the evaporation of the metallic 

species. In addition, three samples were impregnated with K2C0 3 to 

different levels then subjected to desorption; the normalized amount of 

oxygen desorbed remained fairly constant for each catalyst ccn0entration 

indicating complete reduction of the catalyst. 

Mirna and Pabst (1980a) impregnated an Illinois coal wi th K2C03 in 

which the carbonate carbon was labeled with 14c • The evolution of CO 2 

proceeded rapidly to completion .B.t temperatures above 500 0C; no CO 

other hydrocarbo~s were detected. The reaction temperature of 500 0C is 

far below the normal decomposition or melting temperature of potassium 

carbonate. They reported that the amount of K2C03 whioh can react wi th 

Il11nois coal at 7000C reached a maximum for an initial potassium/carbon 

ratio of 0.1. This limitation has not been previously reported; 

however, the profile is silailar to that reported for the initial 

gasification rate and is attributed to surface saturation. 

A comparison study was conducted by Yuh and Wolf (1984) who 

monitored the weight loss profiles for Na2c03 , Illinois No.6 coal char, 

graphite and Na2Co3 supported on Illinois No.6 char and on graphite 

were reported when the samples were heated to 900°C in a flowing helium 

stream at 10 °C/min. The pure carbonate started to decompose near its 

melting point (891 0C) liberating only CO 2 , The coal char exhibited 

slight weight loss while the graphite had virtually no weight loss. 

However, the mixture of graphite and carbonate exhibited significant 
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weight loss at around 700°c wi th CO bEJing the only product. The 

carbonate/char mixture, on the other hand, resulted in weight loss 

around 500°C with CO 2 and CO evolving up to 700°C; at ,higher 

temperatures, CO was the dominant product. 

Wood et a1. (1981 a) observed the appearance of CO 2 peaks in the 

vicinity of 400 and 1000 K during the temperature programmed desorption 

of K2C0 3 impregnated char. To more fully charaoterize their 

observations, Wood and co-workers (1981b, 1984) utilized Knudsen cell 

mass spectrometry to determine the gas phase species in equilibrium wi th 

the solid at various temperatures. For the char impregnated wi th 10 wt% 

K2C0 3 , H20 and CO 2 were deteoted at near 360 K in about equal 

proportions. The H2? signal fell rapidly during heating and disappeared 

by 673 K while the CO 2 decayed more slowly. At about 723 K, CO was 

observed which persisted up to 973 K. 

Labeling experiments were conducted by Saber et a1. (1983. 1985) 

who impregnated carbon black with K213c03 • For their experimental 

conditions, pure oarbonate did not decompose (Saber et al., 1984) but 

the addi tion of carbon produced decomposi tion beginning near 500 K. 

Almost as much 12C02 was generated as 13C02 for the carbonate whi ch was 

90% 13C• Since the carbonate was 90% 13C, the 12C02 had to originate 

from the carbon black. Carbon gasification to produce CO began near 

1000 K yielding a 3:1 ratio of 12CO to 13 CO . Freriks et a1. (1981) 

utilized TPD to examine the decomposi tion of K2C0 3 on carbon. They 

reported a CO2 maxima around 7000C with a shoulder near 500oC. Yokoyama 

et a1. (1980) reported catalyst/carbon interactions for K2C0 3 

impregnated samples and observed CO 2 liberation at around 750 0C 
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indicating decomposition of the carbonate analogous to reaction 1.8. 

Huhn at a1. (1983) studied the reactions of K2C03 with coke and 

reported, for the oase of dry mixed sample, a weight 105S aroun~ 891 DC 

(the melting point of the pure salt). They explained their results by 

postulating carbo thermal reduction of the oarbonate (reaction 1.6) plus 

vaporization of the potassium. For an impregnated sample, the weight 

loss reached a maximum at 720°C I con~lderablY lowel" than the 891 DC 

previously reported which suggests that the carbon catalyses the 

reaction. The produc,t gases were nearly equimolar CO and CO 2 which they 

explained by: 

K2C0 3 = K20 + CO2 

~g~-~-~-:-:-~-~-:~--------
K2C0 3 + C = 2 K + CO 2 + CO 

1.14 

1.15 

1.16 

By impregnating the carbon 'iii th 13e labeled K2eo3 , the decomposi tion was 

monitored; below Boooe, both 13eo2 and 12eo2 were observed. The 13 C02 

was the result of direot deoomposition while the 12C02 was due exohange 

reaction with the oar bon substrate. CO was formed at higher 

temperatures and was pr'edominantly 12C indioating the catalyst attacked 

the substrate. They summarize their results by stating that the 

carbonate was reduced to elemental K at temperatures as low as 700 0 C. 

Alkali Metal Vaporization 

The reduotion of alkali metal catalyst on carbon and the ensuing 

vaporization has been reported by a number of workers. MoKee and 

Chatterji (1975) reported the sublimation of alkali metal on their 



reactor during the catalyzed graPhite/C02 reaotion, Wigmans et al, 

(1983e) reported similar results for Na2Co 3 on carbon above 1000 K. 

Wood et al. (t98tb, 19811), Huhn et al. (1983) and Saber et al. (1985) 

also observed condensation of alkali metals. One important oonsequenoe 

is the rapid dev1trifioation of the quartz reaotor. 

The vaporization of alkali metals from carbon substrates has been 

studied in detail by Wood et al. (1981b, 19811). Using Knudsen cell lDass 

spectrometry, they heated a 10 wt% K2C0 3 coal char and deteoted 

elemental potassium vapor present in the gas phase from 723 to 973 K; no 

other K oontaining vapor speoies were observed at any temperature. For 

oomparieon, pure K2C03 was v~por1zed and the mass speotrum analyzed, 

they oonoluded that the molar species were K2C03 , K, CO 2 and 02' The 

vaporization prooess was explained by: 

K2C03 .. 2 K + CO2 + 1/2 O2 

K2C03 • K2C03 (g) 

1.17 

1.18 

A comparison of the measured vapor pressures and those predioted from 

the JANAF tables for reaction 1 .17 and the following: 

K2C03 + C, .. 2 K + CO2 + CO 

K2C03 + 2 C .. 2 K + 3 CO 

1.16 

1.6 

indioates that the experimental values for K are greater than the 

decomposi tion reaotion 1.17 but smaller than 1.16 and 1.6. They 

ooncluded oonsiderable ohemioal interaotion between the char and the 

catalyst was responsible. 
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The vaporization of catalyst has also been examined by Huhn et 

a1. (1983), They heated three samples of various K levels and monitored 

the weight change. For pure K2C03 , the sample was completely vaporized 

by 660°C due to the high vapor pressure even below the melting point. 

For a sample containing 87 wt% K, partial vaporization oocurred near 

500°C then stopped until the temperature approached BOOce where 

vaporization began again. For a sample with J.j5 wt% K, potassium loss 

was only observed near BOCoe. These results indicate that the surface 

is capable of holding a finite amount of catalyst up to 700°C and any 

add! tional catalyst will be lost by vaporization before this temperature 

1s reached, 

Heat Treatment Effects 

Several investigators have examined the effect of exposing 

impregnated samples to an inert atmosphere at high temperatures prior to 

gasification to determine its effect on the rate. Veraa and Bel (1978) 

reported that the longer a sample is maintained at a high temperature, 

the more difficult it is to gasify. They attributed the reduced rate it 

to a conversion of the remaining carbon to a less reactive form and note 

that Dent et a1. (1938) observed a similar effect. Wigmans et al. 

(1983b) examined the effect of isothermal pretreatment on the activity 

and stability of potassium and sodium catalysts during steam 

gasification. For a 3.0 wt% Na2c03 sample, exposure at 1025 K to He did 

not influence the rate at 1025 K; however, heat treating at 1125 K 

resulted in a significant reduction in the rate at 1025 K. Exposure to 

He at 1125 for various lengths of time resulted in decrease in initial 



16 

activity up to 30 minutes. The authors also compared the effects of 

heat treatment 1n He and H2 for a sample oontaining 6.1 wt% Na2Co 3 at 

1025 K and found hydrogen pretreatment to significantly reduce t~e rate. 

In separate experiments, no significant difference between H2 and He 

pretreatment of- potassium containing samples was observed. Heat 

treatment of samples with different sodium levels. reduced the initial 

gasification rates although the relative order was not altered. 

Yuh and Wolf (1984) measured the effect of' heat treatment of a 

ahar oontaining 10 wt% Na at 900De. They found a 63% decrease in the 

rate when the charring period was extended from 10 to 60 minutes. They 

attribute this phenomenon to catalyst agglomeration, evaporation or 

reaction with mineral matter to form inert species such as 

alumino-silicates. Mirns and Pabst (1983) gasified a 15 wt% K2C03 carbon 

to around 15% carbon conversion then held in flowing He for various 

lengths of time. Up to 60 ks of heat treatment, no signii'icant catalyst 

loss or de or ease in the rate was observed. Spiro et a1. (198iJ) compared 

the effeots of adding alkali metal oarbonates before and after ooal 

charring and concluded that the order was inSignificant. They attribute 

this to the high mobility of the catalysts under gasification 

conditions. 

Reaction Mechanisms 

The mechanism of alkali metal catalyzed carbon gasification has 

been the subject of numerous studies and is the focus of the review by 

Wood and Sancier (1985). In addi tion, McKee (1983) and Moulijn et a1. 

(1984) presented review papers which focused on the reaction mechanism 
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at separate symposia. A general consensus has emerged which sUggests 

that the mechanism involves oxygen transfer and that a sequence of 

elementary reactions together form a redox cycle wi th the reduction step 

being rate limiting. 

Taylor ar:ld Neville (1921) explained the catalytic effect of 

Na2co3 on the rate of CO 2 gasification by suggesting that the catalyst 

was responsible for an increase in the adsorption of CO 2 , Fox and White 

(1931) suggested that the oatalyst increased the rate of external mass 

transfer which resulted in a corresponding increase in the gasification 

rate. Long and Sykes (1950) proposed a. mechanism based on the 

electronic properties of the catalyst/carbon interaction which has sense 

become known as the electron transfer mechanism. The existence of an 

oxygen transfer mechanism was suggested in general form by Kroger et al. 

(1931) who proposed that the catalyst acts as an oxygen carrier and 

increases the rate of transfer of the oxygen from the gas phase to the 

carbon surface. More recent work has focused on this type of a 

mechanism. 

McKee (1979, 1982) and McKee and Chatterji (1975, 1978) examined 

the gasification of graphite by 02' H20 and CO 2 in the presence of 

alkali metal carbonates, alkaline earth carbonates and alkali metal 

oxides by simultaneous thermogravimetry, differential thermal analysis 

and hot stage microscopy. For each system, they proposed a system of 

reactions based on thermodynamics to explain the catalytic effect. For 

the" alkali metal carbonate, carbon/C0 2 system, they suggest the 

following oxidation/reduction cycle: 



M2C0 3 + 2 C .. 2 M + 3 co 

2 M + CO2 .. M20 + CO 

M20 + CO2 .. M2C0 3 

18 

1.19 

1.20 

".21 

They note that the formation of free alkali metal by reaction 1.19 may 

lead to loss by vaporization and cata~ytic activity may be lost with 

time for elevated gasification temperatures. Similar redox cycles 

given for gasification by steam and for catalyzed g.asification. The 

active int.ermediates are the free alkali metal, the metal hydroxides and 

metal oxides for each of the aforementioned systems, McKee notes that 

the rate of CO 2 gasification for the alkali metal carbonate system 

increased rapidly near the melting poln't of the c~rbonate and not near 

the melting point of the peroxide (which was the case for the oxidation 

system). They further suggest that the oxidation reactions are rapid 

and that the carbothermal reduction reaction was rate limiting; this is 

consistent with the observation that the rate increases rapidly above 

the melting point of the carbonate. Yokoyama et al. (1980) proposed a 

similar system; however, they assumed the catalytic cycle only involves 

the free metal and K20. 

Veraa and Bell (1978) proposed a redox mechanism for alkali metal 

carbonate gasification by steam which was very similar to McKee and 

Chatterji's: 



K2C03 + 2 C " 2 K + 3 co 

2 K + 2 H20 .. 2 KOH + H2 

CO + H20 .. CO 2 + H2 

2 KOH + CO2 ,, K2C0 3 + H20 

1.7 

1.22 

1.23 

1.2~ 
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This mechanism allows for the formation of the carbonate during the 

gasification process whioh is consistent with the mechanisms of McKee 

and Chatterji. The authors note that the free energy of reaction 1.7 is 

strongly pas! ti va .throughout the temperature range in question but state 

that one nonetheless expects a small fraction of the carbonate to be 

reduoed. The possibili ty that the interaction with the carbon substrate 

influences the thermodynamics cannot be ruled out. 

Wood at al. (1984) has conducted extensive experiments and 

proposed a detailed mechanism where the alkali metal carbonate undergoes 

a chemical and physical transformation to form a molten potassium oxide 

film on the char surface which contains an excess of the alkali metal. 

The excess alkali metal atoms results in an affini ty for the oxygen in 

the reactant gas. As a result t this film serves as an oxygen transfer 

medium between the gaseous reactant and the char. The rate of transfer' 

is considered to be proportional to the concentration of oxygen 

vacancies and occurs by diffusion through the molten f11m. At the 

carbon/catalyst interface, an oxidation/reduction reaction 

probably at the edges of the pl<,!-nar aromatic arrays to generate CO. The 

reduced anion then interacts wi th the reactant spi! tting out CO as it is 

again oxidized. 
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Several studies have been aimed at determining the nature of the 

active intermediate. Most notable of these 113 the work of Mirna and 

Pabst (1980a, 1980b, 1981, 1983) who utilized a teohnique involving 

surface methylation in which the anionic groups formed by reaction of 

the alkali salt with the carbon surface are reacted with 13 C enriched 

CH31 and the methylated solid is then charaoterized by solid state 13C 

n.m.l". The n.m.l". spectra indicated that methyl groups were attached to 

both oxygen and cal"bon which demonstrated the presence of oxygen 

containing anionic groups on the carbon surfaoe. For samples wi th a 

catalyst concentration below saturation, they observed a direct 

correlation between the concentration of these surface groups and the 

gasification rate. The data also suggested that below surface 

saturation there was a high degree of surface salt fOl"mation wi th one 

group for every ~-5 potassium atoms; the most likely candidates for the 

surface groups at gasification temperatures are phenolate groups. The 

FTIR study of Yuh and Wolf (1984) supports these findings. Freriks et 

a1. (1981) conducted an in-situ FTIR study which also suggests phenolate 

groups are present on the surface. Ishizaki and Marti (1981) conducted 

a direct transmission IR study and concluded that the main surface group 

is the carboxyl group. 

The mechanism has also been examined by Cel"fontain and Moulijn 

(1983b), Kapteijn and Moulijn (1983a) and Kapteijn et al. (198lJ) who 

have studied the oxidation of the catalyst by CO2 , Their observations 

are 8ummerized by Moulijn et al. (1984) and al"e characterized by two 

featul"es which oocur simultaneously, at the onset of gasification: an 

initial weight gain and a CD profile consisting of an transient pOl"tion 
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In excess of that due to steady gasifioation of the carbon. The size of 

the weight gain and the area of the overshoot are proportional to the 

amount of oatalyst present (Kapteijn and Moulljn, 198~a). The ,weight 

gain is thought to be a result of rapid oxidation of the oatalyst, 

presumably in the'metallic form following oomplete reduction of the 

oarbonate. As a oonsequence of the oxidation, an amount of CO equal to 

the amount of 0 adsorbed Is generated due to the spl1 tt1ng of the CO 2 

reactant. By quantifying the area of CO overshoot, Cerfontaln and 

Moul1jn (1983b) have conoluded that at 6000e the oatalyst Is oxidized to 

a degree auah that 0.5 < CO/K < 1.0. They further state (Kapteljn and 

Moulijn, 1983a) that the weight inorease was always greater than the 

amount of CO 2 needed .to oxidize an equivalent amount of metallic 

potassium to a 1: 1 ratio, but less than the amount needed to form 

oarbonate. They also reported (Moulijn et al., 198ql that the area of 

CO overshoot inoreases with temperature and the oatalyst is oxidized to 

KC,.7 at 800 0 C in apparent oonflict with their previous results 

indicating a value between 0.5 and 1.0. This discrepanoy may be the 

result of inaccurate potassium values since catalyst losses are not 

aooounted for and vaporization oan be significant (Talverdian, 198.lJj 

Sams et al •• '985a. b). 

Kapteijn and Moulijn (1983a) have written the redox equations in a 

more general form than those given by MoKee and Chatterji (1975, 1918) 

or Veraa and Bell (1978) in Which they propose a unidentified metal 

oxide a8 the active form: 



KxOy + CO2 '' KXOY+1 + CO 

KxOy+1 + C .. KXOy + CO 

1.25 

1.26 
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No statement regarding the nature of the active lnte)'rnediate is given. 

While this reaction scheme can adequately describe the observed kinetics 

1n a general sense, the actual stoichiometry of the reacting species 18 

not g1 ven. For an overshoot to occur. the rate of reaction 1.25 must be 

much larger than the rate of reaction 1.26; that 18, a fast oxidation 

but slow reduction. The idea of a fast oxidation but slow reduction has 

been previously suggested (Cerfontain and Moul1jn, 1983b, Kapteijn and 

Moulijn, 1983b, Moulijn et a1., 1984, Veraa and Bell, 1978 and McKee and 

Chatterji, 1975). 

The fOCllS of this research project is the determination of the 

kinetics of the potassium catalyzed carbon/C0 2 gasification reaction. 

The important factors which influence the ini tial global rate and its 

variation with carbon conversion are examined in Chapter 3. The 

characteristics of potassium/carbon interaotions in a reducing 

atmosphere and its relation to potassium vaporization are studied in 

·Chapter lj. These results lead to a proposal for the mechanism of 

catalyst reduction. Closely related is the effeot of oatalyst loss on 

the rate which is measured and discussed in Chapter 5. The topiC of 

Chapter 6 is the oxidation of the catalyst at the onset of gasification; 

these results, combined with the results of CHapter 4, lead to a 

formulation for the reaction mechanism. Finally, Chapter 7 addresses 

the importance of active reaction si tea and its relation to the rate. 



CHAPTER 2 

EXPERIMENTAL MATERIALS, EQUIPMENT AND PROCEDURES 

This chapter gives a detailed description of the experimental 

method which was used to obtain the data during the course of this work. 

The first section identifies the materials such as the ooal char and 

chemicals which were required to conduct the experiments. The second 

section outlines the experimental apparatus in our laboratories such as 

the reactors and furnaces. Finally, a detailed description of the 

experimental techniques and procedures is given. Additional information 

on each of these subjects may be obtained through several closely 

related publications (Sams, 1982; Hamilton, 1983; and Talverdian, 1984). 

Materials 

Two carbon substrates were used during the course of this work: a 

char prepared from Utah bi tuminous coal and an uncoated graphi tized 

carbon supplied by Supelco. The other important materials were the 

reactant gases, potassium catalysts and the acids which were used in the 

potassium analysis work. 

Coal Char 

The Utah bi tuminous coal char had been devolatllized by slow 

heating to 10000C in an inert atmosphere and pulverized before delivery 

resulting in a dry char with a maximum particle size of around 125 ]lm. 

To minimize the effects of particle size on the reaction rate, the char 
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was size separated using an Alpine air-jet sieve and the size fraction 

between 53 and 63 ]lm was retained and stored under vacuum for future 

use. The coal char was analyzed by the University of Arizona Analytical 

Center and the ultimate analysis of the sieved char 1s g1 ven in Table 

2.1. 

Table 2.1. Ultimate Analysis of the 
Utah Bituminous Coal Char 

Dry Basis 

Carbon 79.9 
N1 trag en 1 .5 
Sulfur 1.2 
Oxygen 0.8 
Hydrogen 0.7 
Ash 15.5 

100,0 

Pure Carbon Substrate 

The uncoated graphitized carbon supplied by Supeleo, 60/80 

Carbopack B (180-250 l.lm) was originally intended as a packing in a gas 

chromatograph column. With a sUl"face area of approximately 100 m2/g 

contained primarily in micropores, it was chosen as a suitable substl"ate 

for its struotura1 resemblance to the ooal ohar. It was used for 

experiments which required pure carbon to eliminate the influences of 

the inorganic impurities in the coal char whioh can catalyze the 

gasification reactions and reduoe the effeotive oatalyst conoentration 

through the formation of inert inorganic compounds. 
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Alkali Catalysts 

Two different forms of potassium catalyst were used: Baker 

Analyzed reagent quality potassium carbonate, K2C03 (1.5 hydrate, 

crystal form) and Mea reagent quality potassium hydroxide, KOH 

(pellets). For potassium analysis, the carbon samples were digested 1n 

a mixture of hydrofluoric acid (HF), hydrochloric acid (Hel) and nitric 

acid (HN03). The HF acid (48% by volume) was manufaotured by EM Selmes 

while the Hel and HN03 were manufactured by MeS. 

The equipment section has been dl vided into four general parts. 

The first two parts desoribe the mini-fluidized bed and microgravimetric 

reactor systems. The third describes the dynamic surfaoe area analyzer 

while the fourth describes the analytical equipment such as the gas 

chromatograph and the CO/C02 infrared analyzers. 

Mini-fluidized Bed Reactor System 

The heart of the mini-fluidized bed reactor system was aU-tube 

quartz reactor mounted vertically and run in both a fluidized bed and a 

fixed bed configuration. A schematic diagram is given in Figure 2.1 

which shows the three basic parts of the system: the reactant gas 

preparation section, the reactor and furnace section and the product gas 

analysis section. A description of the gas preparation section and the 

reactor is given below. 

Gas preparation Section. The reactant gas was a Matheson 

research quality mixture of 15% CO2 and 85% N2, Liquid Air, Inc. ultra 

high purity (UHP) quality nitrogen was used as the purge gas and UHP 



U-tube 
reactor 

Figure 2.1 Mini-fluidized Bed Reaotor System. 
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carbon monoxide (CO) was used for product gas inhibition studies. These 

gaa cylinders were interconnected in such a way so as to allow the CO 2 

gas to be diluted with UHP nitrogen andlor mixed with CO to any d~slred 

composition while keeping the total ,flow rate constant. Nupro fine 

metering valves were utilized to accurately control the flowrat9s and 

each line contained a separate outlet to allow independent measurement 

of the flow rates. A pair of three-way and a pair of four-way valves 

were required to allow independent mixing of the reactant gases. 

~. The reactors were 9mm ODl7mm 10 quartz tubes bent into 

a U shape. The reactant gas lines were connected using stainless steel 

Swagelok fittings with nylon ferrules. The reactor was mounted in a 

vertical configuration so that a fluidized bed could be generated. 

A Lindberg (Model 54459) single zone electric furnace wi th a 

temperature range up to 1200 0C containing a platinum/platinum-13% 

rhodium thermocouple was used. A separate PID Eurotherm controller was 

utilized for temperature control. In addition, a separate Omega 

chromel/alumel type K thermocouple connected to a 10-port digital 

thermometer box was mounted adjacent to the fluidized bed to 

independently monitor the temperature. A temperature difference of 

around 300C between the Eu.rotherm reading and the Omega reading was 

consistently observed. As a result of independent tests (Sams, 1982), 

it was concluded that the Omega thermocouple was accurate and its 

temperature was taken as the temperature ·of the fluidized bed. 

Furnace. The furnace was mounted in a vertical configuration on 

steel channel tracks which allowed movement in the vertical direction so 

that the furnace could be pre-heated and rapidly raised to enclose the 
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reactor. In addition, the furnace could be rapidly lowered to quench 

the reaction at any time. These step changes in the temperature profile 

were highly desirable for transient reaction studies. The vertical 

movement was controlled by a hand operated winch connected to the 

furnace by a cable and proved to highly reliable and very effect! ve, 

Mlcrogravimetric Reactor System 

The mlcrogravimetl"ic reactor system has been previously described 

in detail by Talverdian (1982) and only a brief descl"iption is given 

here which includes a schematic diagram as shown in Figure 2.2. 

Gas Preparation Section. This reactor system also utilized 

Matheson research quali ty reactant gas wi th a CO 2 partial pressure of 

15% and balance N2, The nitrogen purge gas from Liquid Ail', Inc. was 

UHP quality. Nupro micro-metering valves were used in this system to 

accurately control the flowrates. These two gases were"connected with a 

four-way valve to allow swi tching between the gases in a step-Wise 

fashion. 

Electrobalance and Reactor. The electronic microbalance (Cahn 

2000 Electrobalance) has a maximum sensi ti vi ty of 0.7 micrograms full 

scale on the recorder but was generally used on the 7 mg range. The 

balance had two outlets for purging and a third for t:.he reactor 

connection. A nichrome line was utilized to hold the platinum sample 

tray which was enclosed by the reactor. The reactor was constructed of 

fused quartz and fitted to the balance bot:.tle with a ground glass joint 

and sealed with vacuum grease. The reactor was constructed in aU-tube 

configurat:.ion to allow easy enclosure wi th the furnace. 
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~igure 2.2 Miorogravimetric Reactor System. 
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Furnace, The furnace was identical to that pl'eviously described 

for t.he fluidized bed system and was also mounted in a similar fashion. 

Vertical movement was also controlled by a hand operated winch id~ntical 

to the U-tube system. 

Dynamic Surface Area Analyzer 

The total surface area of the coal char was determined using a 

Quantasorb dynamic adsorption/desorption surface area analyzer 

manufactured by Quantochrome Corp. The important components 

illustrated schematically in Figure 2.3. The adsorbing gas -was CO 2 and 

the carrier gas was He. Four tanks of premixed C0 2/He as well as pure 

CO2 , Further details are given by Hamilton (1983). 

Analytical Equipment 

The prImary analytical equipment for day to day operatIon 

consisted of a gas chromatograph and a dual CO/C0 2 infrared analyzer. 

Also utilized on a regular basis was a Perkin-Elmer atomic absorption 

spectrophotometer. 

Gas Chromatograph. An on-11ne, Varian model 3720 gas 

chromatograph (GC) was utilized for discreet sampling of the product 

gases. On-line sampling was possible using a Valco 10 port valve with 

two sample loops and two columns. One column was six feet long wi th a 

1/8 inch OD and was packed with molecular sieve 5A to separate 021 N2 

and CO. CO2 is a polar molecule characterized by vary long elution 

times in this column which prevented its useful separation. The second 

column, 9 feet long with a 1/8 inch 00 contained Porapack Q which is 

designed to separate polar compounds such as CO 2; nonpolar components. 
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F1gure 2.3 Surfaoe Area Analyzer System. 
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however, where not separated and eluted in a single peak. 

The GC columns were operated at 110°C Whi~h resulted 1n pressure 

drops of 16 and 28 psi for the Molecular Sieve and Porapaok Q co~umns. 

respectively. The DC detector temperature was set at 200°C and the 

filament temperature was set at 2/JOoC which resulted in a filament 

current of 202 rnA at steady state. The carrier gas was pure He at a 

flow rate of 30 ml/min. Occasionally, the GC columns were regenerated 

by heating to 200°C for thirty minutes. The purpose was to remove all 

gases which remain 1n the columns due to their 11m! ted mobil! ty and 

corresponding long elution times. 

Calibration of the GC was achieved using three Matheson certified 

standard calibration tanks containing various concentrations of O2 , CO 

and CO2 , The procedure was to run each gas through the GC and construct 

calibration curves from which future peaks of unknown concentration 

could be compared. 

Infrared Analyzers. For continuous on-line moni taring of the CO 

and CO2 ooncentrations, Infrared Industries Model 702 nondispersive 

infrared analyzers were used. The analyzer allowed two ranges of gas 

concentration to be set independently: 0-10% or 0-30%. Sinoe the CO 2 

concentration was typically around 14%, the high range was used while CO 

was generally less than 1% so its low range was used. For calibration, 

tanks of known CO and CO2 concentrations were run through the IR and the 

output compared to the known ooncentration. 

Additional Analytical Equipment. For analysis of the catalyst 

impregnated carbon samples for potassium content, a Perkin-Elmer model 

2380 atomic absorption spectrophotometer was used. The powder x-ray 
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diffraction analysis was oonducted with a S1 emena 0500 diffractometer 

wi th a Cu Ka radiation source (). .. 1.57 A). 

Catalyst ImpregnatIon and AnalysIs 

The carbon samples were impregnated by an inoipient wetting 

process which was developed in a previous study (Sams, 1982). In this 

method, the carbon samples were preweighed, then mixed wi th enough of 

the possium solution to wet the surface and fill the pore volume. This 

prooess typically required 2.5 ml of solution per gram of carbon for 

complete wetting. The potassium/carbon ratio was controlled by varying 

the potassium concentration In the solution. The samples were covered 

to prevent dust and other airborn particles from contaminating the 

mixture and dried at room temperature. 

The technique of atomic emission spectroscopy was used to analyze 

the samples for potassium content. The samples were prepared for 

analysis by digesting 25 mg of dried sample in a 35 ml plastic bottle 

containing 10 ml of a 3HC': 1 Hel : 1 HN03 aoid mixture and an equal amount of 

de-ionized water. The bottle was covered and placed in the sonic bath 

for a minimum of two hours. The cap of the bottle was punotured to 

allow a release of pressure during the soication. Following digestion, 

the mixture was filtered and the solution was diluted to a sufficient 

degree so that the final potassium conoentration was between one and ten 

ppm (llg K per g solution). 

The Perkin-Elmer atomic absorption spectrophotometer was calibrated 

with potassium standards containing 2, 6 and 10 ppm potassium whioh were 

generated from granular potaSSium sulfate (K2S04) instead of potassium 
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potassium carbonate or hydroxide since these compounds are highly 

hydroscopic. No interference from the sulfur in the acid mixture was 

detected. The catalyst concentrations of the impregnated coal char and 

carbopack samples are given in Tables 2.2 and 2.3. 

Table 2.2. Catalyst Levels of Coal Char S~mples 

A KOH 0.00 0.0000 
B KOH 0.64 O. 0025 
C KOH 0.90 0.0035 
0 KOH 0.98 0.0038 
E KOH 1.21 0.0047 
F KOH 1.55 0.0060 

KOH 1.93 0.0071 
KOH 2.35 0.0091 

Table 2.3. Catalyst Levels of Carbopack Samples 

p 
Q 
R 
S 
T 
U 
V 
W 

0.00 
0;29 
0.83 
0.87 
1. 70 
2.01 
2.36 
lj .00 
5.69 
6.11 
6.49 
7.09 
7.53 

10.70 
13.10 

0.00000 
0.00089 
0.0026 
0.0027 
0.005lj 
0.0064 
0.0075 
0.013 
0.019 
0.021 
0.022 
0.025 
0.027 
0.040 
0.049 
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Surface Area Analysis Procedure 

The intraphase areas of the char samples were measured by a 

dynamic adsorption/desorption technique using CO2 as the adsorbing gas 

and He as the ~arrier gas. The samples were degassed overnight in a 

pure He atmosphere then exposed to the CO 2 adsorbate at 425 K prior to 

adsorption. To minimize the diffusional lim! tations caused by char 

mioropores, adsorption was perfol"med at 298 K for 3 h. The amount of 

CO 2 adsorbed was deter'mined by heating the sample to 425 K and 

integrating the desorption peaks. Since the samples were exposed to the 

CO 2 at 425 K before and after adsorption, the possible effect of an 

interaction between the CO 2 adsorbate and the potassium catalyst was 

eliminated. 

The surface areas of the chars was determined by applying the 

Dubinin - Polanyi equation to the adsorption/desorption data. This 

method of analysis was preferred over the more common BET method of 

analysis due to the microporous nature of the substrate. The BET 

equation assumes adsorption on a flat surface neglecting wall to wall 

interactions; however, even at low relative adsorption pressures, 

adsorption on a microporous solid occurs by pore filling. This 

phenomenon was taken into account by Dubinln (191.j9, 1965, 1967) who 

deri ved the following equation from the Polanyi potential theory (191lJ): 

-a(RT)2 ? P 
V = V exp [------- In- (--)] 

o b2 Po 



where V = volume of gas adsorbed 

v 0 " total rnioropore volume 

PIP 0 " relat! va pressure 

a,b .. constants. 

36 

The surface area values were obtained by plotting In V va, 102 (PIP 0) 

and setting the intercept equal to In Vo' Further details are g1 ven by 

Hamilton (1983) and Hamilton at a1. (1984). 

Gasification Procedures 

This study used a different gasification procedure for each 

reactor system and aLso a different procedure for each set of data that 

was generated depending on the desired results. Some experiments 

required quenching the run after partIal reduction of the catalyst, some 

shortly after gasifIcat10n was commenced and others after a high degree 

of carbon conversion was achieved. The procedures outlined below are 

for the case of high carbon conversion since these runs are the base 

cases; other runs contained slight modifications which will be given in 

conjunction with the presentation of results. 

Mini-fluidized Bed Procedure 

The char samples were gasified in this system at Baaoe with 15 

kPa CO2 (balance He) and a total pressure of 100 kPa. The samples were 

placed in a U-tube shaped, mini-fluidized bed quartz reactor. The 

sample size was held constant for each study and the flowrate of 30 

ml/min was chosen so that uniform fluidization was achieved at the 

reaction temperature. Under these conditions, the reactor was 
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considered differential and experiments showed that further reducing the 

sample size did not result in a measurable increase in the rate. The 

change in CO 2 concentraUon was less than 5% of the total resulti~g in a 

CO concentration of less than 1 %. 

Before gasification, the reactor was purged with UHP N2 to 

reduce the oxygen concentration to below 10 ppm. To initiate the run, 

the furnace was t"'alsed to enclose and heat the sample. Following 

desorption of CO and CO 2 from the sample, the N2 was awl tched 1n favor 

of CO2 to initiate gasification. The gaseous reaction products were 

analyzed by an on-line gas chromatograph and dual CO/C02 infrared 

analyzer. The reaction rates and carbon conversions were calculated 

from the flowrates and CO concentrations. After various levels of 

conversion were attained, the reaction was quenched by lowering the 

furnace to reduce the reactor temperature to 250C. Final~y, the sample 

was removed for potassium and surface area analysis. 

Microgravimetric Reactor Procedure 

The gasification condi tiona and procedures were similar to those 

outlined above; however, the sample size was varied from 20 to 50 mg 

depending on the desired results. For example, to obtain accurate 

weight gain data at the onset of gasification (Chapter 6), larger sample 

sizes were required since this value was very small (less than 0.25 mg) 

and was influenced by the drag of the gases in the reactor. On the 

other hand, the size was reduced for samples with a high initial 

catalyst concentration (and a correspcnding high rate of gasification) 

to keep the reactor differential. 
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To initiate a run, the sample was loaded onto the platinum tray 

and the reactor was placed in PQsl tion. Next, the system was purged 

with UHP N2 to remove the excess oxygen as outlined above. For ae,curate 

measurements of the sample weight at any time, the flowrate was 

temporarily stopped to prevent oscillations due to drag on the tray. 

Reactor Start-up Procedures 

During the course of this work. nine different start-up schedules 

were used as illustrated in Figures 2.4-2.12; the profiles are 

representative of carbopack samples which were in~tially saturated with 

catalyst. Schedules 1 and 2 describe the procedure where the unheated 

furnace was raised to enclose the reactor then heated to BOODe at a 

constant rate of SOc/mip in an inert atmosphere. For Schedule 1, the 

furnace was lowered at the completion of CO evolution to maintain to 

catalyst in a reduced state; however, for Schedule 2, CO2 was introduced 

to initiate gasification. After the desired level of carbon conversion 

was achieved, the furnace was lowered to quench the reaction and the CO2 

reactant was switched in favor of UHP N2 • Schedules 3 and tj were 

analogous to 1 and 2 wi th the exception that the furnace was preheated 

to 800~C then raised to ~nclose the furnace in one rapid step. 

Schedules 5 and 6 were used to measure the rate of catalyst vaporization 

in an inert atmosphere and utilized the rapid, one step heating 

procedure where the preheated furnace was raised to enclose the furnace. 

For schedule 5, the furnace was lowered before the CO evolution was 

completed to determine the relationship between CO evol ution and 

catalyst vaporization. For Schedule 6,· the sample was exposed to UHP N2 
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for a length of time in addition to that required for complete CO 

evolution to measure the rate of catalyst 1088 by vapol"lzatlon. 

Schedules 7 and 8 were analogous to 5 and 6: however, CO 2 gasifiqation 

was added as the final step to measure th,e effects of partial oatalyst 

reduction and isothermal heat treatment time on the gasification l"ate. 

Finally. Schedule 9 was used to measure the density of reaction sites. 

Its procedure was similar to Schedule l.J; however, after quenching the 

gasification by reducing the temperatul"e, the CO 2 reactant was purged 

from the system wi th UHP N2 and the sample was reheated to aooCe and the 

subsequent amount of CO and CO2 deserbed was measured. This Schedule is 

illustrated 1n Figure 2.12. 

Data Reduction 

This final section gives the pertinent equations for reducing the 

data to a usable form such as the calculations for the 

potassium/carbon ratios, reaction rates and carbon conversions. 

The ini tial weight percent of catalyst in the carbon samples 

calculated from the ppm concentration of potassium from the atomic 

emission analysis knowing the total volume of solution, V, and the 

initial mass of sample, m: 

2.1 

Frcm the wt% K, the initial catalyst concentration, (K/C)o' can 

be calculated knowing the initial form of the catalyst (molecular 

weight) : 



15 
C02 
(O~L-______ -L ______ L-______________ ~ 

Time 

Figure 2.10 Sohedule 1 Heat-up Procedure. 

46 



j 
II> 
CO· 
~ 

co 
Isothermal 

heat 
treatment 

time 

800 
Temp 
("C) 

o ~----------------------~ 
15 

C02 
("~L-______________________ ~ ______ ~ 

TIme 

Fi8ure 2.11 Sohedule 8 Heat-up ProoedW"u. 

47 



48 

en en 

" e 

i 
" en 

.., 
CO 

., 
-e 
0 
:3 .., 
en 

" Cl) 

800 
Temp 

(OCl 
0 
15 

CO2 
(%) 

0 
Time 

Figure 2.12 Sohedule 9 Heat-up Prooedure. 



49 

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

100 g 39.1 g K 

(K/C) 0 co ------~;%-;--;-~--~6~~-;-~~~---~~~-;-- ,2.2 

[1 - (-----) (---) (----------)](------) 
100 39.1gK 12gC 

If potassium carbonate (K 2C0 3 ) was used as the catalyst instead of 

potassium hydl"'oxlde (KOH), a molecular weight of 138.2 g K2C03 per 2 mol 

K. was substituted for 56.1 g KOH. Also, this formula assumes a pure 

carbon substrate. To calculate the ratio for our coal char which was 

79% carbon, simply divide the result by 0.79. 

The calculation for the gasification rate based on the initial 

carbon mass is given by: 

1 CO'; ml 12 rog C m·mol 1 
(-) (---) (v ---) (-------) (-------) (---) 
2 100 min m·mol 26.6 ml m g 

2.3 

where the flow rate is given by v (ml/mi n). the mol ar vol urne 1 s 26.6 

(ml/m.mol) and the rate has units of rog carbon gasified per initial g 

carbon per min. 

The carbon conversion, X, for a given time interval can be 

directly calculated from the rates during that interval: 

2.4 

where llt represents the time interval and llX has uni ts of grams of 

carbon gasified per initial gram of carbon. 
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The instantaneous rate is baaed on the remaining ungaslfied 

carbon and is g1 ven by: 

mg C 1 
R = (r -------) (-----) 2.5 

g Corntn 1 - X 

where R has units of mg carbon gasified per remaining g carbon per min. 

Defining rates based on remaining carbon mass is important when studying 

the variations in rate with carbon conversion since it 1s an intensive 

property of the substrate. In the past, some publications have appeared 

in the literature with gasification rates based on the initial maas 

which can mask the salient features of the rate profiles. 



CHAPTER 3 

KINETICS OF CATAL~ZED CARBON/C02 GASIFICATION 

An important aspect of the gasification process is the variation 

in the reaction rate during conversion. The primary factors which 

contribute to the change in rate are the reaction area, the amount and 

distribution of the catalyst and the depletion of carbon. Because the 

gasification reactions occur at the gas-solid interface, the available 

catalyzed surface area is of major importance. Most researchers have 

avoided the measurement and the analysis of reaction area by evaluating 

rates on a sample mass basis. Only recently have some investigators 

considered the effect of surface area in the analysis of catalytic 

gasification reactions (Wigmans et al., 1983di Wood et al., 1981d). In 

contrast, the effect of initial catalyst loading on the rate has been 

the subject of several studies (Prasher, 1979; Sams and Shadman, 1983i 

Mims and Pabst, 1980a)i however, the change in the effective catalyst 

concentration during gasification and its contribution to the variation 

in the rate have received very little attention. 

Effect of Catalyst Concentration on the Initial Rate 

The effect of the initial catalyst concentration, (K/C)o' on the 

rate of CO2 gasification of a coal char impregnated wi th KOH was the 

focus of a previous study from this laboratory (Sams, 1982; Sams and 

Shadman, 1983). The results indicate the existence of three regions of 

catalyst activity as shown in Figure 3.1. For low loadings, a sharp 
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increase in rate wi th an increase in catalyst concentration is observed. 

At moderate levels, the rate became insensitive to an increase in 

catalyst loading which results 1n a plateau. At high concentrat19ns, a 

decrease in rate with an increase in loading is observed. Initially, an 

increase in the concentration of catalytically active sites occurs 

potassium is added to the surface and a corresponding increase in the 

rate is observed. At same level, the surface becomes saturated wi th 

catalytically active sites and few, if any, new catalytic sites are 

generated. This phenomenon bas previously been reported by Mirna and 

Pabst (19808, b). As the catalyst concentration 1s further increased, 

the deposits begin to block the micropores reducing the available 

surface area for reaction. The result of this pore blockage is a drop 

in rate. 

The present work focuses on the gasification characteristics of 

the two carbon substrates described in Chapter 2. The coal char was 

impregnated to low catalyst concentrations to determine the kinetios 

free of surface area limitations while the pure carbon substrate 

(carbopack) was impregnated to a wide range of catalyst concentrations. 

The gasification procedures followed those outlined in Chapter 2 under 

Schedule 4 (Figure 2.7). 

The variation in the initial gasification rate, Ro ' (defined as 

the mg carbon gasified per ini tial g carbon per min at the start of 

gasification) with initial loading for the coal char samples is given in 

Figure 3.2. The results for the seven impregnated samples plus the 

unimpregnated char confirm the linear relationship between the i ni ti al 

gasification rate and the initial K/C ratio for low catalyst 
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concentrations, a phenomenon previously reported by Mirna and Pabst 

(1980a) and Sams and Shadman (1983), however, no study has reported this 

linear! ty for such low catalyst concentrations. 

The results for the carbopack samples are given in Figure,3.3 and 

the shape of the curve is similar to that previously reported (3ams and 

Shadman, 1983; Mirna and Pabst, 1960 a, b) for the case of oDal char and 

includes a sharp increase in the rate for low initial catalyst loadings 

followed by a plateau for higher loadingsi the transition was observed 

to Docur at a (K/C)o of about 0.025. This low value of K/C at 

saturation together with the high value of surface area confirm a highly 

dispersed state of potassium. The linear first order response for low 

concentrations is in apparent conflict with the results of Wigmans et 

a1. (1983) who reported very limited activity below 5 wt% K for an 

activated carbon. They explained their results by suggesting the 

formation of inactive intercalate-like compounds which function as 

temporary sinks. Appendix A addresses the issue of mass transfer 

limitations and its effect on the measured rates for our gaSification 

system. 

Variation of Rate with Carbon Conversion 

Figure 3.lJ gives the variation in rate with conversion for three 

representative samples of the coal char, samples A, E and H. For low 

conversions, the rates for each fell wi th conversion. This c~n be 

explained by a net loss in the number of active sites. This was 

concluded since the catalyzed and uncatalyzed samples each experienced 

similar decreases in rate. It is also well known that coal chars 
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contain highly reactive surface groups which contribute significantly to 

the initial reaction rate. The subsequent inor>ease in rate for the 

catalyzed samples at moderate conversions is a result of an incre~se in 

the K/C ratio due to the consumption of carbon. As was already shown, 

the rate is sens! ti va to an increase in oatalyst ooncentration below the 

level of saturation and a corresponding increase in the rate is 

observed. For the un catalyzed sample A, the rate remained constant in 

the 20-80% oonversion range, This is a result of the number of active 

sites per gram carbon remaining constant. For high conversions, the 

rate decreased sharply for the catalyzed samples. The maximum in rate 

corresponds to the surface being saturated with active sites; a 

conclusion based on previous work. Under these sa~uration conditions, 

the rate will be proportional to the total number of sites and a 

decrease in the total available surface area will result in a decrease 

in rate. This is apparently the case for each catalyzed sample at 

conversions above 0.75. 

As complementary data, the carbon conversions are given for each 

of the three representative samples as a function of reaction time in 

Figure 3.5. For complete conversion, gaSification times of 24 and 60 

hours were required for the catalyzed samples; for the as-received 

sample. 17 days of gasification time was required. These long reaction 

times were necessary to measure the kinetics at high carbon conversions. 

The variation in rate for the pure carbon substrates are 

illustrated in Figure 3.6. The rates for the representative samples (T 

and W) increased up to around 20% conversion where a maximum was 

observed; for higher conversions, the rates fell. Although these 
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samples were saturated with catalyst, the rate ini tially increased for 

all the carbopack samples regardless of how little catalyst was present; 

this is markedly different from the ooa1 char samples where the. rates 

initially fell for those samples with low initial catalyst 

concentration. A 'initial increase'in rate has been reported by others 

(Sams and Shadman, 1983, Wlgmans at a1., 1983b, Guzman and Wolf, 1982) 

and can be attributed to an increase in the K/C atomic ratio as a result 

of carbon depletion. The rapid drop 1n rate near 50% conversion is 

similar to that reported by Sams and Shadman (1983) for a coal char 

impregnated to high In1 tial catalyst concentrations and' was explained by 

the development of significant pore plugging. However, another possible 

explanation may be the loss of catalyst from the surface which reduces 

the rate to the range of the uncatalyzed substrate. The temporal 

profiles of carbon conversion are given in Figure 3.7 and illustrate the 

rapid drop in rate near 50% conversion. 

Variation of Surface Area wi th Carbon Conversion 

Surface area measurements were completed sample A wi th a (K/C) 0 

of 0.00115. The change in the area with conversion is shown in Figure 

3.8. The results show that the surface area per unit sample mass, Sm' 

increases from an initial value of 220 m2/g to a maximum of about 300 

m2/g at 40% converslon; a decrease is observed at higher conversions. 

The surface area of the ash was also measured; its area of less than 1 

m2/g is shown by the data point for full conversion. The variation in 

area wi th conversion is a resul t of two competing factors. The area 

increases as the pore radii increase due to consumption of carbon but 
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decreases as the pore walls collapse. Whether the area increases or 

decreases is largely determined by the initial structural properties 

such as the pore size distribution. 

The initial area of an as-received ungasified char samp~e was 

also measured for 'comparison. Both samples were heated to 8aa oe in an 

inert atmosphere prior to surface area analysis. The as-received char's 

surface area of 280 m2 /g is substantially higher than the 220 m2 /g value 

for the catalyst containing sample. This indicates that impregnation 

reduces the accessible surface area, possibly due to oatalyst induoed 

pore plugging. In this study the measured adsorption area and the 

reaction area are both the area of unplugged accessible pores (Hamilton, 

1983). Additional surface area data is given in Appendix B for the 

uncatalyzed and for a range of catalyzed coal char samples at various 

levels of carbon oonversion. 

Theoret! cal Analys!s 

This section describes the modeling of the variation in rate wi th 

surface area and conversion. The influence of catalyst concentration, 

surface area and carbon conversion on the rate as well as the 

determination of the controlling factors is also discussed. 

Surface area 

In recent years, several structural models have been developed to 

represent porous solids and the change in structure with conversi'on. 

Based on previous experience (Hahn and Shadman, 1983), the random pore 

models developed by Gavalas (1980) and Bhatia and Purlmutter (1980) have 

been successful for char samples undergoing noncatalytic reactions. 
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Therefore, these models were tested for the catalyzed samples. Under 

the present gasification conditions, both models give the following 

relationship between the surface area per unit volume, Bv and the ,carbon 

conversion, x, (Hamilton, 1983): 

3.2 

where IjJ is a constant equal to 1.12. The best fit of Equation 3.2 to 

the data for char with a (K/C)o of 0.0045 is shown in Figure 3.9. It 1s 

clear tha~ this equation does not give an adequate representation of the 

data qualitatively or quantitatively. The fit is especially poor at low 

conversions. This is not surprising because the structural models 

giving Equation 3.2 do not consider the unplugging of pores at the 

initial stage. of conversion and do not simulate the complex 

catalyst/ char interactions. 

Gasification Rate 

In this section a model is presented for the analysis of the 

variation in rate during CO2 gasification. First, a rate expression is 

derived for cases when K/C is low and the carbon surface is not 

saturated with the active sites. Under these conditions, the rate of 

carbon gasification in a char is assumed to be proportional to· the total 

nwnber of surface active sites, $: 

3.3 

The linearity in Figure 3.2 supports the above equation because at low 
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catalyst loading che number of active sites is expected to be 

proportional to the amount of catalyst. 

During gasification, the rate changes due to various f~ctor8 

including net consumption of sites and the catalyst lOBS. It 1s assumed 

that the 1088 of sites can be represented by an overall first order 

process: 

where band ifJ a are kinetic parameters. The initial conditions are: 

me" meo 3.5 

.-.0 3.6 

at t .. o. 

After integration and substitutions, the following expressions 

are obtained for conversion and rate Rm (based on remaining sample mass, 

ash included): 
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3.7 

3.8 

!.§ + (1 - ~§ ) exp(-bt) 

R EO ________ !£> ________ !2 __________________ _ 
m 3.10 

-~- - [~§ t + ~ (1 - ~§)(1 - exp(-bt»] 

Rme 4>0 b ¢o 

Equations 3.8 and 3.10 involve' parameters Rmo ' band 4'8/4'0' In 

this ana~ysis Rmo was determined from initial rate data (Figure 3.2) 

while band 4l/$s were determined by fitting Equations 3.8 and 3.10 to 

data for conversions less than 40%. This fit is shown in Figure 3.10 

for conversion and Figure 3.11 for the rate. Equations 3.8 and 3.10 

seem to represent the data fairly well for low and moderate conversions. 

The value of b, which is a measure of the rate of loss of active sites, 

was calculated independently for the eight different samples and 

remained constant (0.012 ± ~O% min- 1 ); this supports the model and 

indicates that the model parameters have some fundamental basis. 

The proposed mechanism and the resulting rate expression predict 

that the change in the rate at low conversions can have an increasing or 

a decreasing trend depending on the model parameters (initial sample 

properties). This is consistent with the available data; although the 

rate decreased for our char samples, they increased for our carbopack 



69 

1.0....----.-----,----,---,------, 

c 
o 

- Data 
o. 8 ~- T~eory 

'0; 0.6 ... 
'" > c 
.0 
<> 
g 0.4 
.Q ... 
o 
U 

0.2 

400 
Time 

600 
(min) 

800 

Figure 3.10 Comparison ot Model with CSl"bon Conversion Profiles 
tor flepresentative Coal Char Samples. 

1000 



~ .. 
c 
.~ 

70 

2.0 r----,-~-_r--__r---._~-_; 

- Data 
-- Theory 

~Cl 1.0 
Cl 

..§ 

0.5 

°0~--~0~.~2---~OL.4~--0~.~6-----0~.8-----~IO 
Carbon conversion . 

Figure 3.11 Compal"ison ot Model with Rate Profiles 1'01" Representative 
Coal Char Samples. 



71 

samiss and the experimental data for other' chars have shown an ini tial 

increase in rate (Veraa and Bell, 1978; Kapteijn and Moul1jn, 1983), 

According to the proposed model, the criterion for an initial increase 

in rate is: 

3.11 

and the crt terian for an ini tial decrease in rate is: 

3.12 

In physical terms, Equations 3.11 and 3.12 suggest that at the onset of 

gasification, the rate increases with conversion if the loss of active 

sites is slow or insignificant compared to the loss of sample mass due 

to gasification; the rate decreases if the los$ of active sites is fast 

and significant. 

At high conversions, Equations 3.8 and 3.10 deviate from the 

data. This is expected because Equation 3.4 is based on the assumption 

that the surface is unsaturated with active sites; therefore, the nwnber 

of active sites and not the total reaction area determines the rate. 

However, as conversions proceeds the surface becomes saturated wi th 

active sites. Under the saturation condition, the rate per unit area 

remains constant but the rate per unit mass, Hm, will be proportional to 

the reaction area, Sm' 

This speculation was tested for the sample wi th K/C = 0.0045 for 

which surface area data was measured. Based on Figure 11, it is assum~d 
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that the deviation from Equation 3.10 and the phenomenon of surface 

saturation started at a conversion of 0.75. Therefore, for greater 

ponverslona. the rate was set proportional to 8m: 

for x > 0.75 3.13 

Surface areas 8m and Sv at high conversions were obtained by data 

interpolation. The change in area for caovel"sions above o,l! is very 

smooth; therefore, data interpolation is reliable. The rates given by 

Equation 3.13 are also shown 1n F'igure 3.11 and represent the data 

fairly well. The correction to the rate at high conversions for the 

other two samples was not determined because surface area data was not 

available. 



CHAPTER ~ 

CHARACTERISTICS OF CATALYST REDUCTION AND LOSS 

The work described in the previous chapter has indicated that the 

change in the solid structure of the substrate as well as a ohange 1n 

the effective catalyst concentration during gasification have major 

influences on the ·observed l"ate. The variation in the catalyst 

concentration (K/C) is the result of two important factors: the 

depletion of carbon due to conversion and the loss of act! ve catalyst 

from the sample. The effects of carbon depletion can be easily taken 

into account throuhg the dependence of rate on carbon conversion; 

however, the contributions of catalyst loss on the variation in rate is 

much more complex. Catalyst may be lost through several mechanisms such 

as escape to the gas phase through vaporization, deacti vation reactions 

with ash and possibly diffusion from the reaction surfaoe into the 

carbon matrix. 

Experimental observations from this laboratory (Talverdian, 1981J) 

clearly indicate that during gasification some of the catalyst escapes 

to the gas phase. MoKee and ehatterji (1978) observed the vaporization 

and subsequent oondensation of sodium at gOOOe for an equal mixture of 

graphite and sodium carbonate while Huhn et al. (1983) reported the 

vaporization of potassium at BOOoe from a carbon sample containing lJ5 

wt% potassium. Wigmans et al. (1983) observed a decrease in the steam 

~: 

gasification rate with an increase in helium pretreatment time at 750 0e 's 
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for an aotivated carbon containing 6.1 wt% sodium carbonate. They 

attributed the decrease in the gasification rate to catalyst loss by 

either vaporization or intercalation. In a more recent publi.catlon 

Wlgmans et a1. (1984) repor-ted potassium vaporization between 725 ,'ind 

925°C during the pyrolysis of a medium volatile coal containing 10 wt% 

potassium oarbonate. Although vapor pressure data of pure alkali metal 

compounds at various temperatures (McKee and Chatterji, 1978; JANAF 

Tables, 1971) are available, they are not directly applicable due to 

catalyst/carbon interaotions. In addition, the data on the vaporization 

of alkali metals from carbonaceous materials are usually lim! ted to the 

thermodynamic rathel" than the kinetic pl"opel"ties. 

In the case of coal, alkali metal catalysts al"e also lost by 

il"l"evel"sible l"eactions with ash. The mechanism and kinetics of these 

l"eactions dul"ing coal gasification al"e not well known. Howevel", it is 

l"easonable to assume that the alkali metal cal"bonates, hydl"oxides and 

oxides l"eact with silica and aluminum oxide which al"e the majol" 

components cf ash. These l"eactions pl"oduce alkali metal Silicates, 

aluminates and aluminosilicates which are catalytically inacti ve. The 

a1](ali oxides and cal"bonates may also fOl"m inactive eutecti c compounds 

with fel"l"ic oxide and othel" metal oxides in the ash. 

Studies of alkali l"eactions with ash have been pl"imarily 

qualitative (Sulimma et aI., 1961 i Kuhn and Plogmann, 1983) and dil"ected 

towal"ds catalyst l"ecovery trom l"esidue in coal gasification pl"ocesses. 

An exception is the wOl"k of Wood et al. (1981) who succeeded in closing 

the potassium balance fol" the gasification of a chal" sample impl"egnated 

with potassium cal"bonate. They found that the specifiC gasification 
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rate varied linearly with soluble potassium concentration irrespect.tve 

of whether char or mineral free Spheron-6 was used, This indicates that 

the water insoluble potassium was catalytically inaot! ve. 

rt has also been suggested that a certain amount of oatalyst 

be lost from the reacting surface by penetration or intercalation in the 

carbon matrix (Wigmans at a1., 1983; Kapteijn et a1., 1983a; Kapteijn et 

a1., 1983b). However. Yokoyama et a1. (1983) showed that the catalyst 

which penetl"ates into the carbon matrix under reducing atmosphere 

returns to the surfaoe under gasification conditions. Therefore, 

penetration is not considered to be a maj or mechanism for the loss of 

acti vi ty. 

The present study uses a pure carbon substrate to eliminate 

catalyst loss by reaction with indigenous impurities. Consequently, the 

primary mechanism of catalyst loss is by v:aporization. The graphi tized 

pure carbon substrate described in Chapter 2 was used for this study. 

The samples were impregnated wi th potassium carbonate and hydroxide by 

an incip.ient wetting technique described in Chapter 2; the catalyst 

levels were determined by atomic emission spectroscopy and are given in 

Table 2.3. The experiments were conduoted in the thermogravimetric 

reactor system heated by a movable electric furnaoe; further details are 

given in Chapter 2. The procedure followed that desoribed in Chapter 2 

(Schedules 1 and 3); however, the exceptions were the runs which were 

quenched after partial catalyst reduction (Sohedule 5) and others which 

were heat treated in an inert atmosphere beyond that length of time 

required for oomplete catalyst reduction (Schedule 6). No CO 2 

gasification was neoessary for the results in this chapter. 
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Characteristics of Reactor Start-up 

In all gasification experiments reported here or elsewhere I 

there is a transient start-up period during which the sample is brought 

up to reacting conditions. The observed gasifioation rate depends on 

the interaction of the catalyst and the carbon substrate during the 

transient heat-up period and the start-up procedure may have significant 

effects. To examine the interaction of potassium and carbon in a 

reducing environment, a series of Temperature Programmed Desorption 

(TPD) experiments were conducted. 

The typical profiles obtained in a series of TPD experiments 

under Sohedule 1 heating are shown In F'igure 2,4, The purpose of the 

slow. steady heating rate was to determine the temperature dependence of 

the desorption reactions. This figure gives typical weight loss and CO 

and CO 2 profiles when sample T was heated to BOaoe. At low temperatures 

(below 20aoC), a large CO2 peak, some water vapor and a weight loss were 

observed. Between 200 and 700oC, very little CO, CO2 or weight loss was 

detected. At higher temperatures, however, signifioant amounts of CO 

were observed as the catalyst was reduced through interaction with the 

carbon substrate. 

Typioal results for Schedule 3 are given in Figure 2.6 where the 

weight loss and the CO cmd CO2 profiles for sample T are given. The 

purpose of these runs was to monitor the reduction process isothermally. 

During the initial transient heat-up period, a rapid weight loss was 

observed which resulted from the desorption of CO2 and some water vapor. 

At higher temperatures, CO was the primary product. The CO peak rapidly 
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reached a plateau where the CO generation rate was constant and then 

dropped sharply when the reaction was completed. 

The total amounts of CO and CO 2 pbtained during catalyst 

reduction were independent of the heating schedule. This indicates that 

the heating method only influences the rate of desorption and that the 

amounts of CO and CO2 deaorbed ultimately depend on the initial catalyst 

concentration. 

Catalyst Decomposl tiCD and Reduction 

A number of temperature programmed desorption (TPO) and/or 

thermogravimetric analysis (TGA) studies have been conduoted 1n recent 

years to investigate the reduction of alkali metal catalysts on carbon 

substrates and determine its possible relationship to the react! vi ty of 

the carbon substrate. In each study, the catalyzed samples were heated 

in an inert atmosphere and the des orbed gases and/or the weight changes 

were continuously monitored as a function of temperature. 

The TPD results indicate that various amounts of CO and CO 2 

formed due to the catalyst/carbon interaction. However, no agreement on 

the location, separation or relative amounts of CO 2 has been reached. 

For example, the CO2 peak has been observed at temperatures below 200 0C 

(Wood et a!., 1984), in the 225-800 oC range (Kapteijn et al., 1984i 

Wigmans et al., 1983) and at temperatures above 625 0C (Saber et a!., 

1984); yet others didn't see any significant CO 2 evolution (McKee and 

Chatterji, 1975, 1978). In one study (Yuh and Wolf, 1984), CO 2 was 

observed for one substrate but not for another. The common observation 

from these studies is, CO evolution at temperatures above 7000C. Most of 
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these studies were qualitative and none pl"ovlded a complete oxygen 

balance. 

Low Temperature Decomposl tion 

The present study shows that the first event in the reduotion 

process is the evolution of CO 2 and H20 below 200°C. Molar quanti ties 

of CO2 and H20 deserbed during this stage were proportional to the 

initial catalyst concentration as shown in Figure 4.1. The amount of 

CO2 was calculated by integrating the CO2 peak. The amount of water was 

determined by the weight loss results assuming that the weight loss at 

this temperature was only due to CO 2 and H20. The results indicate that 

for every mole of in1 tial carbonate, one mole of CO 2 and one mole of H20 

were generated. 

The unique and stoichiometric dependence of CO 2 and H20 on the 

catalyst concentration indicates that the CO2 and H20 desorbed were not 

physisorbed gases. One explanation is the conversion of potassium 

carbonate to bicarbonate during the impregnation process and the 

observed CO 2 and H20 are the result of the following bicarbonate 

decomposi tion reaction: 

Analysis of the unheated impregnated samples by powder X-ray diffraction 

confirmed the existence of potassium bicarbonate. Figure 4.2 shows the 

d1ffractogram of an unheated sample impregnated with potassium 

carbonate. The formation of bicarbonate may also explain the results of 

Wood et a1. (1984) who observed CO 2 and H20 desorption below 2000C. 



79 

.015 

e 
0- CO2 
.- H2O 

U e 8 .!! .010 
0 

~ • • Q) 

"0 
E 

." • Q) 

.c 
5 
lG·005 
." 
III • " <!) 

o 
o .01 .02 .03 

Initial K/C atomic ratio 

Figure Il.l 



28 (oJ 
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Impregnated Sample V. Potassium Bioarbonate XRD Pattern 
Shown· for Reference. 

80 



81 

High Temperature Catalyst Reduction 

The low temperature decomposition of bicarbonate was followed by 

a stage (20a-700oC) wher'e only small amounts of CO 2 were desorbed', The 

next significant event was the high temperature desorption of CO. The 

total amount of CO generated in this stage is shown in Figure 4.3 where 

the COIC ratio 1s given as a function of 'the initial K/C ratio, For all 

catalyst loadings, three moles of CO were detected for each mole of 

potassium carbonate originally present suggesting complete reduction of 

carbonate. The overall stoichiometric ratio of three moles of CO for 

each mole of K2CD3 suggests carbotherrnal reduction of the carbonate: 

4.2 

KoKee and Chatterji (1975) have observed similar results for the 

reduction of a 1: 1 ratio of alkali metal carbonates (Li, Na, K, Rb, and 

Cs) on graphite in a He stream by simultaneous thermogravimetrio and 

differential thermal analysis (TG/DTA). For each case, a significant 

interaction and weight loss was detected neal" the melting point of the 

carbonate. Based on thermodynamic considerations, they suggest that the 

reduction is via reaction 4.3. In a later study (1978), they observed 

Na and K vaporization and subsequent condensation on cooler parts of the 

reactor upon heating to 90ooe. This is a clear indication of reduction 

to the metallic phase. Yuh and Wolf (198l.J) utilized TGA and FTIR to 

study the decomposition of Na2C03 on graphite and observed carbonate 

reduction far below the normal decomposition temperature. The final 

weight loss and gas products obtained are consistent wi th the reduction 
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to the metallic phase via reaction 4.2. 

In' contrast. other studies have reported separate CO and CO 2 

peaks during catalyst reduction which can be explained by considering a 

two step reduction process, At moderate temperatures (40a-550 oC) I the 

carbonate decomposes on the surface to yield a metal oxide and CO2: 

where M represents the alkali metal. At high temperatures (> 600 De). 

the metal oxide further reduces to yield CO: 

4.4 

Among the workers who have observed two stage reduction are Wlgmans et 

a1. (1983d) who detected distinct H20, CO 2 and CO peaks for an activated 

carbon sample containing 6.1 wt% Na2co3 , They attributed quantitative 

CO2 generation in the 42S-S2S DC region to partial reduction of the 

carbonate via reaction 4.3 and the CO generation beginning around 625 0C 

a result of reaction 11.11. The melting paint of N2C0 3 is 851 oC. In a 

separate study, Kapteijn and Moulijn (1983a) observed similar results 

for K2C03 impregnated peat char during an outgassing experiment, which 

they attributed to the potassium carbonate analogues of reactions 4.3 

and 11.11. However, their weight loss measurements were greater than that 

due to carbonate decomposition. Cerfontain and Moulijn (1983a) 

moni tored decomposi tion of an acti vated carbon sample containing 30 wt% 

Na2C0 3 by in-situ FTIR. At 300°C, bands at 880 and 1390 cm- 1 

attributed to K2C03 are visible. On heating to 500°C, however, these 

bands disappeared and CO2 was detected indicating decomposi tion of the 
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carbonate. 

Other studies have given similar results. Kapteijn et al. 

(198~). Wood et a!. (198~), Yokoyama et al. (1983a), Mims and Pabst 

(1983), Yuh and Wolf (198-4) and Huhn et a1. (1983) all observed CO 2 

generation at mod~rate temperatures and CO at high temperatures. The 

alkali metal carbonates were impregnated on aotivated peat ohar, 

Illinois No.6 ooal char. pyrolytio oarbon, Spherocarb (an amorphous 

oarbon), Illinois No.6 coal char and a coke of bi tuminous ooal, 

respeotively. In each oase, the substrate was nongraphi tic. Yuh and 

Wood's results are in direot conflict with their results for a graphitio 

substrate. 

It is interestin~ to note that in the above-oi ted stUdies the 

ones reporting primarily CO used graphitic substrates. This is in 

agreement with our data whioh i8 also for a graphitio sample. The 

dependenoe of the product distribution on the substrate oan be through 

various faotors. For example, oertain substrates may catalyze CO 2 

generation. Another important faotor i8 the amount and the nature of 

ohemisorbed and/or indigenous oxygen in the initial samples whioh could 

be the souroe of CO2 , Our uncatalyzed oarbon samples did not give off 

signifioant amounts Of. CO or CO2 when heated to high temperatures in an 

inert atmosphere indioating it was free of ohemisorbed oxygen. 

An important observation shown in Figure 2.6 is the region of 

oonstant CO generation rate in an isothermal environment for the samplee 

with a oatalyst oonoentration high enough to saturate the aotive sites. 

These samples exhibited CO produotion rates independent of the Inl tial 

KIC ratios. This plateau phenomenon 8uggests that oatalyst reduotlon 
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requires intimate contact wi th the surface and that the rate of catalyst 

reduction Is limited by the available surfaoe area. Figure l.J.l.J gives 

the time dependence for complet,e reduction for carbon samples 

impregnated with K2C03 , The linearity for the four samples with high 

initial catalyst ooncentrations supports the above speculation that the 

rate of reduction for samples impregnated to levels above saturation is 

surface area lim! ted, 

Kinetics of Catalyst Vaporization 

To determine the characteristics of catalyst vaporization, a 

series of runs were conduoted where the samples were reduced and then 

removed for potassium analysis (Schedule 3). Figure 4.5 gives the 

dependence of the Y'8sulting K/C ratio after complete reduction on the 

initial K/C ratio and clearly indicates the presence of surface 

saturation at a K/C of about 0.002. Similar results have been reported 

by Huhn et a1. (1983) who reported a maximum K/C of 0.18 for a coke 

doped with elemental K up to an initial K/C ratio of 0.35 then heated to 

6300C in an inert atmosphere. The loss of catalyst by vaporization was 

confirmed by recovering the catalyst which condensed on the reactor wall 

and comparing it to the initial amount. These results are given in 

Table l.J.l for a series of runs with sample T to various levels of 

catalyst loss. In addition, SEM/EDAX analysis of the sample residue 

after digestion indicated that the carbon particles contained only trace 

quantities of potassium as discussed in Appendix C. 
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Table /.j.1. Potassium Balance 

Run Ini tial Wall Sample Final Ratio 

4.30 
4.31 
4.33 

rng K rng K rog K rng K Fir 

1.26 
2.48 
2.05 

0.29 
0.73 
1.61 

0.95 
1.78 
0.35 

1.24 
2.51 
1.96 

0.98 
1.01 
0.96 
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To analyze the kinetics of catalyst loss by vaporization, the 

change in the potassium content of several samples undergoing heat 

treatment was determined. This was done both by direct potassium 

analysis of the samples after quenching and by indirect determination 

from weight loss measurements (Talverdlan, 1981J). The typical overall 

temporal profiles of catalyst loss for samples Sand T during the TPR 

experiments are shown in F.igure 1.J.6. The results indicate that a large 

fraction of the catalyst is lost in a narrow temperature l'ange around 

BoCce. The vaporization from the sample was confirmed by analyzing the 

residue deposited on the reactor wall in the vicinity of the platinum 

tray; in each case, the potassium balance was closed. The temperature 

range of potassium vaporization corresponds to the range of eo 

generation in Figure 2.4. 

During thIs period, the catalyst interacts wi th carbon and 

generates eo and a reduced form of the catalyst which is apparently 

vaporized readily. The nature of this reduced form is not clearly known 

but one possibl1i ty is the alkali metal itself as suggested by McKee and 

Chatterji (1978). However, a more probable reduced form is a complex 

involving K and e which readily decomposes around 8aO oe in a N2 

atmosphere and releases alkali metal vapor to the gas phase. Regardless 
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of the exact chemical form of the potassium, it seems that the formation 

of the reduced catalyst is a prerequisite for the observed rapid weight 

loss of catalyst around BaaDe. In fact, the rapid weight loss do;es not 

seem to be direotly related to the melting point of K2C0 3 (891 DC). 

Rather, it is due to the fact that at this temperature the catalyst is 

rapidly converted to 1 ts reduoed form whic)1 is readily vaporized. This 

speculation is supported by the results obtained from samples 

impregnated with KOH. As shown in Figure 4.6, the KOH sample shows the 

same rapid loss of catalyst around BOCDe even though KOH has a melting 

point of only 380DC. Our results show that under reducing conditions, 

KOH is not oonverted to K2C03 • 

To determine the isothermal kinetics of oatalyst loss and the 

form of its rate expression, the potassium content of several 

unsaturated samples at various stages of heat treatment was determined. 

In every oase, the potassium level, K, approached a finite limit, Ks ' 

which depended on the ini tial loading. The variation of potassium 

concentration with time dul"ing isothermal heat treatment is shown in 

Figure 4;7. The reason for the choice of coordinates shown in this 

figure was to test a rate expression which we have proposed for catalyst 

loss. In Chapter 3, it was suggested that under conditions where the 

surface is unsaturated with catalyst, the loss has the following rate 

expression: 
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4.5 

Furthermore, the above expression was used in developing a kinetic model 

which gave a good fit to the data; however, it was not tested directly. 

Integrating the above equation gives: 

K - K 
In -----~ os - at 

Ki- Ks 
4.6 

As shown on Figure l.j. 7. our data g1 ves a reasonable fl t to this equation 

considering the large nwnber of samples with different initial loadings, 

different beat treatment condi tions and even different forms of catalyst 

(KOH and K2C03). The linear! ty provides add! tional support for the 

proposed Equation 4.5. 

For the case of samples saturated with catalyst, the rate of 

catalyst 10S8 would be constant due the lim! ted number of reaction 

s1 tea. This is supported by the CO plateau during isothermal reduction 

(Schedule 3, Figure 2.6) and by the linear portion of t"igure 4.4. 

Relation Between Catalyst Reduction and Loss 

The rapid loss of catalyst by vaporization during reduction 

suggests that these two processes are directly related. To test this 

hypothesis, a series of runs were conducted where the samples were 

removed after various levels of catalyst reduction and analyzed for 

potaSSium content (Schedule 5, Figure 2.8). The results are shown in 

Figure 4.8 and indicate that the catalyst vaporizes rapidly during 
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reduction. It has also been shown (Figure ~.6) that the rate of 

vaporization of the catalyst after complete reduction is dramatically 

reduced, This suggests that the unreduced potassium carbon~te may 

influence the vaporization process since the rate of loss drops as the 

final fraction of carbonate is reduced. 

Comparison of KOH and K2COJ 

Our results confirm that KOH and K2C03 lead to the same reaotion 

cycle during gasification and· therefore g1 ve the same react! vi ty as long 

as the remaining poc.assium concentration is the same. However, there is 

some difference between the two in terms of catalyst loss. As 

illustrated by Figure lj.6, samples containing KOH lOBe their catalyst 

earlier and faster at low temperatures. This indicates a larger loss of 

potassium when applied as KOH. The loss of KOH at low temperatures is 

primarily due to vaporization of hydroxide before being reduced by 

carbon. The melting point of KOII (3800C) is significantly lower than 

that for K2C03 (891°C). 

Mechanism of Catalyst Reduction 

Based on our results, the following mechanism is suggested for 

the reduction of the carbonate on the surface: 



c 
K2C03 .. (-C02K) + (-COK) 

(-C02K) + C .. (-CK) + CO 2 

(-C0 2K) + C .. (-COK) + CO 

(-COK)' + C .. (-CK) + CO 

4.7 

.4.8 

4.9 

4.10 

4.11 
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where -CD2K. -COK and -CK represent the fully oxidized, the partially 

reduced and the completely reduced surface groups, respectively. In 

reaction I.j. 7. carbonate decomposes on carbon s1 tes to form surface 

oxides, These oxides are believed to be the carboxylic c-cegK) and 

phenolic (-C-OK) groups observed in most IR studies. 

This mechanism is obviously different from that given by reaction 

11,2. However, it gives the same overall CO/K2C0 3 ratio which is in 

agreement with our data and those of HoKee and Chatterji (1975, 1978) 

and Yuh and Wolf (1984) who used a graphitic substrate. The first 

reaction may proceed at temperatures as low as 250°C and can be 

completed before any significant reduction of catalyst or CO evolution 

takes place. Reaction 4.8 was negligible in our experiments probably 

due to the graphi tic nature of the sample but other subst;rates may 

catalyze this reaction as previously discussed. Reaction 4.11 is gi ven 

to represent the vaporization of the potassium from the carbon surface. 

This is in agreement with the observation that oatalyst reduction is 

necessary before rapid loss by vaporization (Talverdian, 1984; Sams et 

a1.. 1985). 



CHAPTER 5 

EFFECT OF CATALYST LOSS ON THE GASIFICATION RATE 

It has been previously established that a signifioant fraction of 

the potassium catalyst can be lost by vaporization during the start-up 

procedure of gasification experiments. This loss has been shown to be 

rapid and closely related to the CO generation during the period of 

catalyst reduction. However, the results indicate that the rate of loss 

following complete reduction is considerably slowerj this phenomenon has 

been explained by the mechanism detailed in Chapter ij. The objective of 

this chapter is to evaluate the effect of catalyst loss on the reaction 

rate. Two specific areas of interest are: the dependence of the 

initial rate on the fraction of oatalyst reduced, which is closely 

related to the catalyst loss (Schedule 7) and the dependence of rate on 

the amount of catalyst loss resulting from extended periods of 

isothermal heat treatment (Schedule 8). Both reactor systems were used 

for this portion of the study. 

Effect of Partial Reduction on the Initial Rate 

For the ini tial gaSification rates of Fi gure 3.3, the catalyst 

was completely reduced before gasifioation; however, by initiating 

gasification before complete reduction (Schedule 7), which interrupts 

the normal alkali/carbon interactions, the effect of partial catalyst 

reduction on the rate can be determined. Figure 5.1 shows the ini tial 

rate as a function of fractional catalyst reduction. The results show a 

96 
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significant increase 1n the rate as the fraction of catalyst is reduced 

from,O.2 up to 0.5i above this level the rate appears to be insensitive 

to further catalyst reduction. 

The results can be explained by considering the formation of a 

finite number of reaction sites during the ini tial stages of catalyst 

reduction which is greatly exceeded by the amount of potassium atoms 

originally present on the surface. During the early stages of 

reduotion, each sit~ is catalytically aotivated by one molecule of 

potassium oarbonate. As this molecule is reduced, CO is generated, 

oarbon is consumed, the corresponding potassium atom vaporizes and an 

adjacent fresh carbonate molecule interacts wi th the si teo The process 

continues until all the catalyst is reduced. However, during the early 

stages of reduotion, the amount of excess catalyst restricts the rate of 

CO 2 adsorption on the reactant si teo The oonstant rate of CO generation 

suggests that the total number of reaction si tes remains constant during 

the reduotion process. Also, the phenomenon of surface saturation is a 

result of the limited number of sitesi this was discussed in Chapter 

foul" ooncerning Figure l.j .5. 

The presence of unreduced catalyst apparently contributes to the 

rapid rate of potassium vaporization because the rate of loss is 

dramatically slowed upon complete reduction. In other words, the 

potassium associated with the final monolayer is tightly bound to the 

site and escapes to the gas phase at a slow rate. This is responsible 

for the knee in Figure l.j.6 at high levels of catalyst loss. 
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Effect of Heat Treatment on the Initial Rate 

In order to determine the effect of isothermal heat treatment 

the initial rate, samples we!"!,,! exposed to N2 at BaODe for various 

lengths of time before introducing CO2 (Schedule 8). These results are 

shown in Figure 5.2 for the fluidized bed system where the initial 

reac'tioD rates are given as a function of heat treatment time for 

samples T. V and W. The decrease in the rate with the increase in time 

is an indication -of catalyst 1088 and the slope of the line is a measure 

of the rate of catalyst loss. Veraa and Bell (1978) observed a similar 

decrease in the rate due to heat treatment at gOODe for a sample 

containing 5 wt% K but attributed it to thermal annealing. In light of 

,the present work, it seems that their results can be explained by 

catalyst loss. 

For the loss of catalyst to affect the rate, the surface 

concentration must be below the level of saturation so that a loss will 

actually decrease the concentration of active sites. If the loading is 

more than what is required for saturation, then the loss of catalyst 

will not adversely affect the rate. This is apparently the case in 

Figure 5.2 since the rates for samples T and V remained constant for two 

hours and eight hours of heat treatment, respectively; with longer heat 

treatment times, the rates fell. ["or sample W. which was impregnated 

with KOH, the drop in rate occurs after a short period of heat treatment 

even though it originally contained more catalyst. This indicates that 

it suffered a higher fractional catalyst loss prior to gasification 

probably due to KOH vaporization at relatively low temperatures. These 

results as a whole suggest that the catalyat concentration at the pOint 
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of rate decrease represents the level of surface saturation. 

An independent factor which may influence the react! vi ty 1s the 

effect of heat treatment on the struoture. To examine the contribution 

of this factor to the decrease in the rate, sample 5.1 (no catalyst) was 

subjected to three hours of isothermal heat treatment before the onset 

of gasification. No significant reduction in the rate was observed. 

This suggests that the primary effect of heat treatment on the rate 1s 

through the decrease in the catalyst concentration. 

Effect of Heat Treatment on the Rate Profiles 

The effects of heat treatment on the catalyst loss and reaotivity 

can also be seen 1n Figures 5.3 and 5.lI where the rates, R (defined as 

the mg of carbon gasified per g remaining carbon per min), are given as 

a function of carbon conversion for two samples gaSified after various 

lengths of heat treatment. In both cases, for short heat treatment 

times, the rates first increased, passed through a maximum, then 

decreased for higher conversions. The shape of these curves are similar 

to those reported for moderate to high catalyst levels (Sams and 

Shadman, 1983). At longer heat treatment times, the change in rate with 

conversion is similar to the trends reported for low catalyst levels 

(Hamilton et al., 1981i). 

The variation in rate with carbon conversion in Figures 5.3 and 

5.li can be explained by oonsidering both the change in the effective 

catalyst concentration and the change in the specific surface area. A 

recent publication (Hamilton et al., 1983) describes in detail the 

relationship of these two factors. Briefly, for a surface not saturated 
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with active sites, the rate (mg carbon gasified per g remaining carbon 

per minute) will in! tially increase if the consumption of carbon 109 fast 

with respect to the rate of catalyst loss, On the other hand, 'if the 

gasification rate is small resulting in s,low carbon consumption, the 

loss of oatalyst may dominate and the rate will fall wi th conversion. 

If the surface is saturated with catalyst, either due to high initial 

loading or through oarbon consumption, the rate will follow the trend of 

change in the specific surface area. 

Bulk Transport of Catalyst in the U-tube Reactor 

Another set of experiments were conducted to show the effect of 

catalyst vapol"izatlon on the rate profile. The U-tube reactor system 

was set up in such a way which eliminated fluidization. Then samples I 

(no catalyst) and W were stacked on top of each other in the shape of a 

plug. In one run, sample I was above (downstream) sample W 

(configuration A); in another, the order was reversed (configuration B). 

Higher rates occurred for configuration A where sample W was upstream. 

This was due to catalyst vaporization and transport downstream where it 

interacted with and catalyzed sample I. In the reverse case, the 

catalyst which vaporized from sample W was carried downstream a'way from 

sample I and a lower relative rate was observed. This is shown in 

Figure 5.5 and illustrates the the dominant mode of transport is by 

convection. 

Dependence of the Rate on the Instantaneous K/C Ratio 

The available literature data on the increase in activity as a 

function of the catalyst concentration are based on the initial loading 
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and not on the true conoentration at the time of rate measurement. This 

1s due to the fact that data on the kinetics of catalyst 10809 have not 

been available. However, the present study considers this efra·at and 

the dependence of the rate on the true oatalyst concentration can be 

determined; this is given in Figure 5.6. The results show that the rate 

varies linearly with the instantaneous K/C ratio. Although the 

dependence of rate on the initial loading is also linear at low 

concentrations (Figure 3.3) I the two graphs are significantly different 

quanti tat! vely. 

The data in Figure 5.6 represents several samples wi th different 

In1 tial loadings and heat treatment times. The fact that all the data 

f1 t on a single line indicates that the rate is a unique function of K/C 

as long as the catalyst concentration is below the level of surface 

saturation. 
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CHAPTER 6 

MECHANISM OF CARBON GASIFICATION 

The mechanism of carbon gasification catalyzed by alkali metals 

has been the subject of numerous studies in recent years. Reviews by 

Wen (1980), Wood and Sancier (1983) and Pullen (1984) have summarized 

most of the work which has appeared in the literature through 1983. The 

majority of the proposed mechanisms can be classified into one of 

several broad groups: oxygen transfer, electrochemical or electron 

~ransfer and a third group involving intermediates such as charge 

transfer complexes, electron donor acceptor complexes and intercalate or 

lamellar compounds. Of these groups, a consensus is emerging sthat 

oxygen transfer can adequately describe the experimental evidence. This 

mechanism involves an oxidation/reduction (redox) cycle where the active 

form of the catalyst continuously cycles between an oxidized and a 

reduced compound. The reduced form is thought to be highly reactive and 

acts as an oxygen carrier by splitting the gaseous reactant and 

transferring the oxygen atom to the carbon surface, where it reacts wi th 

the carbon substrate to form CO. The subsequent release of CO reduces 

the catalyst compound completing the cycle. 

The existence of an oxygen transfer mechanism was suggested in 

general form as early as the 1930's by Kroger et al. (1931, 1939) and 

Fox and White (1931) and later advanced by such workers as McKee and 

Chatterji (1975. 1978) and Veraa and Bell (1978. In McKee and 
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Chatterj i I S mechanism, the alkali metal carbonate undergoes carbothermal 

reduction to the metal followed by oxidation due to stearn, CO2 or oxygen 

which reforms the carbonate. They based their reaction schemes on 

thermodynamic considerations and concluded that the reactive 

intermediates are alkali metal hydroxides for steam gasification, the 

free alkali metals ,for CO2 gasification and metal oxides for oxidation. 

For CO2 gasification, they suggest: 

K2C0 3 + 2 C .. 2 K + 3 CO 

2 K + CO2 " K20 + CO 

~g~_:_~~g_:_~g:~3 ______ _ 
2 (C + CO2 to 2 CO) 

6.1 

6.2 

6.3 

6.4 

Veraa and Bell's mechanism is similar and also allows for the 

reformation of the carbonate during the gasification process. 

In recent years, researchers have more closely examined the 

nature and role of the reactive intermediate in an oxygen transfer 

mechanism and conclude that metallic K species are not major species 

during gasification; rather, the catalytic cycle involv~s only oxidic 

potassium species (Moulijn et al., 1984). Mims and Pabst (1980a, 1980b, 

1981, 1983) were the first to propose surface complexes and demonstrated 

the presence of oxygen containing anionic groups on the carbon surface. 

They observed a direct correlation between their surface concentration 

and the gasification rate. Their conclusions are supported by the work 

of Freriks et a1. (1981), Kapteijn et a1. (1984), Yuh and Wolf (1984) 

and Ishizaki and Marti (1981) who observed the presence of surface 

groups in contradiction to the mechanisms of McKee and Chatterji or 
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Veraa and 8ell. 

One approaoh to obtain further insight into the nature of the 

active intermediates is through a aeries of experiments under transient 

oonditions. where the temperature and gas ooncentration are varied In a 

programmed manner. This will provide the oppor-tun! ty to reBel va and 

isolate various reaction steps and study the aotive intermediate 

qual! tat! valy and quanti tat! valy. 

The graph! tizad oarbon samples desoribed In Chapter 2 were used 

for this portion of the study. The sBulples Were impregnated wi th 

potassium oarbonate by an inoipient wett':ng teohnique described In 

Chapter 2j the oatalyst levels were determined by atomic amiss! on 

spectrosoopy and are given In Table 2.3. The experiments were oonducted 

in the thermogravimetrio reaotor system heated by a movable electric 

furnaoe; further details are given in Chapter 2. The samples were 

oompletely reduced before introducing the CO2 to initiate gasifioation 

(Schedule 11). After ten minutes of gasification time, the reaotor 

temperature was reduoed and the samples were removed for analysis 

(Sohedule 3). 

Dependenoe of Oxygen Uptake on Catalyst Concentration 

After oomplete reduotion, the oatalyst is in the completely 

reduced form, -CK. Introduotion of CO 2 oxidizes the oatalyst and 

initiates the gasifioation prooess. As shown in Figures 2.6, two 

important features were observed at the onset of gas1fioation: a weight 

gain and a CO 'overshoot'. The weight gain is a result of the rapid 

oxygen uptake due to the oatalyst/C02 interaotion. The excess CO whioh 
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produoes the overshoot is the by-produot of the ini tial oxidation of the 

-CK surfaoe groups. The results indioate that oatalyst oxidation is 

muoh faster than the gasifioation rate whioh takes plaoe simultaneously. 

That is why the initial system response oan be used to analyze the 

oatalyst oxidation as the primary prooess. 

The oxygen uptake for the oxidation of the oompletely reduoed 

groups, -CK, oan be evaluated both from the total area of the CO 

overshoot peak and from the weight gain observed shortly after, the 

introduotion of CO 2 feed.' By oomparing the oxygen uptake wi th the 

amount of oatalyst present at the onset of gasifioation, the 

stoiohiometry of oatalyst oxidation C?an be determined. However, unlike 

the CO2 or CO generation steps during oatalyst reduotion whioh are 

related to the initial oatalyst oonoentration, the size of the weight 

gain and CO overshoot are direotly related to the oatalyst oonoentration 

at the onset of the gasifioation stage. This oonoentration is different 

from the initial loading beoause of oatalyst loss during the reduotion 

stage. The results are shown in Figure 6.1 where the oxygen uptake per 

atom of oarbon is plotted as a funotion of the oorresponding K/C ratio. 

The results show a good agreement betWeen the oxygen oaloulated for the 

CO overshoot and that from the weight gain for the samples with a final 

K/C ratio greater than 0.0015; for the other samples, the overshoot was 

too small to aoourately Quantify with our infrared analyzers. 



u 
'" "0 

D06~---------r----------~--------~ 

Sample 

0- J 
" - L O-M 

~ .004 
o 

0- p 
O-R 
6 - T 

E 
.E 
c 

!:! 
~ 
c 
0. 
~ .002 
'" g: 
::<. o 

<>
.0 

Open symbol- weight gain 

Closed symbol- CO overshoot 

o 
o .001 .002 

K/C atomic ratio 

FlgUl'e 6.1 Dependenoe of the Oxygen Uptake on the Final Catalyst 
Conoentrat1on tOI" Cal'bopack Samples J, L, M, P, Rand '7'1 
Solid Line Represents O/K • 2. 

.003 

112 



113 

Meohanism of Catalyst Oxidation 

The results shown in Figure 6.1 indioate that two oxygen atoms 

interact wi th each potassium atom on the oarbon surfaoe, Based on these 

results and the reactions suggested for the catalyst reduction, the 

following meohanism is suggested for the catalyst oxidation: 

(-CK) + CO2 II (-COR) + co 

(-COK) + CO2 = (-C02K) + CO 

6.5 

6.6 

The weight gain and CO overshoot indicate that these l"eaotions are very 

fast compared to the reduction reaotions (4.8" and 4.10). This suggests 

that the fully oxidized form of the catalyst, -C02K, is dominant at 

Boace. 

Kapteijn and Moulijn (1983a, b), Cerfontain and Moul1jn (1983b) 

and Moul1jn at al. (1984) have studied the oxidation of the catalyst at 

the onset of gasification and report a weight gain and CO overshoot 

similar to ours. By integrating the area of CO overshoot, Cerfontain 

and Moulijn (1983b) report that the oatalyst is oxidized to a degree 

such that 0.5 < CDIK < 1.0. Qualitatively, these results are in general 

agreement with ours; however, quantitatively, the agreement is poor. 

The discrepancy may be due to the fact that they neglected the catalyst 

loss in determining the potassium ooncentration at the onset of 

gasification. Our results indicate that the potassium loss especially 

during TPD experiments is significant and could be the source of many 

discrepancies in the literature data (Shadman et al., 1984; Sams et al., 

1985). Further disoussion and analysis of these oxidation reactions is 

given in Appendix D. 
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Mechanism of Catalytic Gasification 

The mechanism of catalytic carbon gasification by CO 2 ,can be 

explained by a redox mechanism involving a combination of the oxidation 

and the reduction reactions previously suggested. Therefore I the 

following sequence is suggested for the gasification process after the 

initial rapid transient stage is over: 

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

(-COK) + CO2 ,, (-C02K) + CO 

4.9 

6.6 

The complete reduction of the cat.alyst to -CK by reactions 4.8 or 

1J,iO in an oxidIzing atmosphere at BOCDe is not likely. This is based 

on the fact that reactions 4.8 and 4.10 are much slower than reaction 

6.5 and do not take place appreciably during gasification. The sharp 

overshoot peak supports the assumption that reaction 6.5 is very fast. 

~urthermore, the fact that catalyst loss under oxidizing (gasification) 

conditions is much slower than that under reducing oonditions (8ams et 

a1., 1985) supports the idea that the completely reduced form, -CK, is 

not present to an appreciable degree during gasification, The fast rate 

of o~idation also suggests that the rate limiting step in the overall 

process is the reduction of the oxidized surface group, -C02K, via 

reaction ll.9. 

It is well established that the presence of CO reduces the 

observed rate of gasification. This inhibition effect can be explained 

by reactlons ll.9 and 6.6. As discussed before, reaction 6.6 is fast and 

approaches equilibrium while reaction ll.9 is the rate limiting. The 
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presence of CO shifts the equilibrium of reaction 6,6 to the left and 

lowers the concentration of the oxidized surface sites, -C02K which 

reduces the observed rate. Appendix E analyzef> this effect. 



CHAPTER 7 

RELATION BETWEEN THE ACTIVE REACTION SITES AND THE RATE 

Based on the reaction mechanism propose~ in Chapter 6, the nature 

and importance of specific reaction sites was established. In order to 

fully understand the kinetics, one must define rates independent of 

surface area and transport limitations. However, previous work based 

the rate on the total surface area, an approach not altogether correct. 

By determining the density of the specific active reaction sites, a true 

intrinsic reaction rate can be defined. 

The gasification process occurs at specific reaction sites 

distinguished by the presence of active catalyst. The mechanism 

comprises a redox cycle where the catalyst cycles between an oxidized 

(C02K) and a partially reduced form (COK) with the reduction step being 

rate limiting. For convenience, the reactions are repeated here: 

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

(-COK) + CO 2 '' (-C02K) + CO 

~ .9 

6.6 

At the onset of gasification, the completely reduced catalyst is rapidly 

oxidized resulting in the characteristic CO overshoot and weight gain 

features discussed in Chapter 6. The size of the CO overshoot and the 

magnitude of the weight gain during the rapid oxidation of the catalyst 

at the onset of gasification is an indioation of the dens! ty of acti ve 

sites. However', this method for measuring the number of active sites is 
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obviously 11m! ted to zero carbon conversions. A more useful measure for 

the number of active sitea is through the desorption of oxygen by 

reduction of the catalyst from the oxidized form (C0 2 K) to the 

completely reduced form (CK). The pertinent reaotions were discu8sed in 

Chapter I.j and include reaction 1l.9 given above plus: 

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

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

4.8 

4.10 

Another possible technique for measuring the concentration of aoti va 

a1 tes is through the weight 10S8 due to oxygen desorption, a phenomenon 

analogous to the weight gain at the onset of gaSification. However, 

potassium vaporization occurs rapidly concurrently with catalyst 

reduction rendering the weight loss data useless. Rapid catalyst loss 

in a reducing atmosphere was discussed in Chapter If. 

To generate the data for this chapter, a series of runs to 

various carbon conversions conducted in the microgravimetric 

reactor system with sample U following the procedures outlined in 

Chapter 2 (Schedule 9). After quenching to room temperature, the 

gaseous atmosphere was swi tched from CO 2 to UHP N2 to purge the reacting 

gas. Next, the sample was reheated to Baaoe and the amount of eo and 

CO2 desorption due to catalyst reduction was measured. This phenomenon 

is very closely related to the oxidation of catalyst at the onset of 

gasification. The necessary assumptions· for quantifying the desorption 

peaks are: 
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1. At the completion of gasification, each aotive site contains a 

single potassium atom in the completely oxidized form (-COZK). 

2. The catalyst is completely reduced to (-CK) upon reheating to BOCce 

in an atmosphere of UHP N2 , 

In 'addition, other runs were performed where the samples were 

extracted at various levels of catalyst conversion wi thout obtaining the 

desorption peaks to determine the potassium concentration profile for 

comparison with the desorption profile. 

Determination of the Desorption Characteristics 

The desorption data is shown in Figure 7.1 where the moles of CO 

and CO2 generated per initial gr.am of oarbon is plotted as a function of 

the carbon conversion for sample U. The results indicate that the 

amount of CO2 initially falls rapidly then remains fairly constant while 

the amount of CO increases wi th conversion in a linear fashion. 

Of more Significance is Figure 7.2 which gives the total amount 

of oxygen des orbed (CO + 2 CO2) and the potassium concentration (each 

based on the initial carbon mass) as a function of carbon conversion. 

Also shown for comparison is the oxygen uptake at the onset of 

gasification for sample T which has a similar initial K/C ratio. The 

total amount of oxygen des orbed ini tially falls then levels off in the 

20-40% carbon conversion range; for conversions above 40%. a slight 

increase is detected. This observed increase is surprising since the 

oxygen des orbed is directly related to the potassium content which 

decrease due to loss but cannot increase since there is no source. In 

fact, the potassium profile remains constant up to 60% oonversion as 
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shown. This disorepancy indicates that another factor may be 

contributing to the desorption characteristios. 

DiscussIon of the Intrinsic Rate 

Figure 7.3 shows the variation in rate for sample U whose surfaoe 

is saturated with active sites. The increase in the observed rate 

(based on ~nltial carbon mass) for low to moderate conversions was not 

obsel"ved for coal chars. Instead, an increase In rate based on 

remaining carbon due to an increase in K/C ratio was observed at 

moderate conversions. Since the surface is saturated with catalyst, 

increase in area is necessary to explain the increase in rate (see 

Chapter 3). This was observed for sample T (similar to sample U) 

although a full profile was not generated. However, data points were 

taken at zero and 15% conversion and an increase in area from 42.2 to 

48.2 m2/g was measured. A factor which may contribute to the different 

trends for carbopack and coal char is the negligible rate of catalyst 

loss for carbopack dur~ng gasification; for coal char, significant loss 

can occur through irreversible reaction with ash. These two terms alone 

(the increase in area and a constant catalyst profile) cannot explain 

the increase in rate. Therefol'e, another unidentif'ied factor which 

influences the rate- may be present. 

The reaction mechanism includes an oxidation (reaction 6.6) and a 

reduction step (reaction 4.9). The reduction step is rate controlling 

and requires an available adjacent carbon site for gasification to 

occur. A rate expression according to reaction 4.9 should take the 

form: 
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Figure 7.3 Variation 1n Rate (Based on Initial Carbon Mass) with Carbon 
Conversion for C.arbop,aok Sample U. 
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where k is a rate constant and Cs represents the ooncentration of 

surfaoe oarbon atoms. A oaloulation of the ratio of aotive sites to 

surfaoe oarbon atoms oan provide insight into the oontribution ot 

adjaoent carbon atom to the rate. The manufacturers of carbopack 

(Supeloo) report a surface area of 100 m2 /g for the as-received 

carbopack but our data for sample T indicates an area of approximately 

42 m2/g. By assuming an area of 16 A2 for each carbon atom, the ratio 

of carbon atoms exposed on the surface, Ca' to the total bulk oarbon 

atoms oan be calculated: 

~§ • 0.0053 
c 

7.2 

The K/C ratio for a saturated surface atter reduotion is 0.002 (Figure 

4.5) whioh gives a potassium to surface carbon ratio of: 

This calculation indicates that there are less than three oarbon 

atoms on the surface for each potassium atom (Whioh is equal to the 

number of active sites). And, since each site requires one surface 

atom, there are less than two available carbon atoms per reaction si te 

assuming uniform distribution. This relatively small ratio indicates 
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that the reaction may be hindered by a lack of available carbon atoms 

adjacent to the active sites. Therefore, the rate of CO production will 

increase wi th an increase in area even though the number of aoti ve si tes 

remains constant. This. can also explain the distribution of des orbed 

gases shown in Ft'gure 7.1. Reaction 4.8 requires just one carbon atom 

to produce CO2 while CO desorption requires two carbon atoms (reactions 

lJ.9 and lJ.1 0); therefore; an increase in area wi th conversion will 

result in an increase in the concentration of adjacent carbon atoms 

which will favor CO production. This 1s illustrated in Figure 7.1. 

The above discussion indicates the importance of the active si tes 

in interpreting the rate data. The data indicates that the technique is 

good since the trends are reasonable and the data for oxygen desorption, 

oxygen uptake and potassium concentration agree. This is important 

since the literature contains many. conflicting studies some of which 

attempt to relate total area but many which do even consider its effeot. 

Furthermore, reaction mechanisms have been proposed wi thout an attempt 

at identifying the nature and concentration of the reaction sites. 

lack of an understanding of the importance of the sites has led to the 

confusion which now exists. Therefore, a full understanding of the 

reaction kinetics can occur only through the identifioation and 

measurement of all the factors whioh influence the global rate. 



CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

The results from this study have led to a number of signifioant 

oonolusions which are presented in the following seotions In groups 

oorresponding to the ohapter from which they originated. 

Conolusions 

From the surface area analysis of Chapter 3, 1 t was found that 

impregnation with KOH or K2C03 reduces the initial, aooessible surfaoe 

area of the ooal char possibly due to pore plugging. Upon gasifioation, 

however, the surfaoe area increases rapidly and goes through a maximum. 

The increase in area is primarily due to pore enlargement but a 

contributing faotor at low oonversions is thought to be due to oatalyst 

mobility and unplugging of pores. 

The variation in rate during the oatalytio gasifioation is 

oomplex and depends on the initial ahar properties. In general, the 

variation is mainly due to the interplay of three faators: the ohange 

in area, the ohange in K/C ratio due to oarbon oonsumption and the 

aatalyst loss. The catalyst 1a lost by several mechanisms inoluding 

deaot! vation reaotions with the impuri ties in the SOlid, esoape to the 

gas phase by vaporization and migration from the char surfaoe to the 

inaocessible portion of the solid bulk. 

The trend of! ohange in rate wi th aonversion at the onset of 

gasification depends on the overall rate of loss of active sites. If 

125 



126 

the loss is fast compared to the main reaotion, the gasification rate 

will decrease with'conversion; otherwise it will increase, 

As the catalyzed char 1s gasified, the K/C ratio increases and at 

Borne point the surfaoe becomes saturated with catalytic sites. Before 

Burface saturation, the rate per un! t mass is determined by the K/C 

atomic ratio and is independent of area; however, aftel' saturation, the 

rate per un! t masa is completely determtned by the surface area. 

The focus of Chapter 4 was on catalyst 108s and analysis of 

carbon samples before and after heat treatment indicates that a 

significant fraction of the potassium catalyst is lost by vaporization 

when the ,carbon samples are heated to. aDaDe and that the loss depends on 

the heating procedure. This has ver>y important oonsequences when 

comparing the performance of different catalysts; compar>ing the initial 

loading alone is not adequate and can be misleading. 

During heat-up of the catalyst in an inert atmosphere, KOH is 

lost fr>om the surface earlier and faster than K2C03• For both KOH and 

K2C03 , rapid catalyst loss is observed above 7000C. This rapid loss is 

not directly related to the melting point of the catalyst; rather, it is 

due to the reduction of the catalyst to a more volatile form which is 

readily vaporized. 

The catalyzed reduction involves a series of reactions in which 

the catalyst is progressively reduced by the carbon. At low 

temperatures, CO 2 and H20 were observed as a result of the decomposition 

of potassium bicarbonate to potassium carbonate. At 7000C and above, CO 

was the primary r>eaction product as the catalyst was reduced on the 

carbon surface wi th very li ttle CO 2 observed. The rate of CO generation 
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was oonstant for samples saturated wi th catalyst; this rate Is lim! ted 

by the total number of reaotion sites. During this prooess, surfaoe 

oomplexes oontaining potassium, oxygen and oarbon are formed with 

dIfferent oxygen stoichiometries. The results speoifioally indioate the 

formation of three groups: -C021{ (possibly a oarboxylic struoture), -COK 

(a phenolio structure) and -CK. The oompletely reduoed group -OK is 

readily deoomposed to free potassium metal whioh Is easily vaporized at 

gasifioation temperatures and the rate of potassIum vaporization and CO 

generation are proportional. However, upon gasIficatIon, the oatalyst 

is oxidized and the rate of vaporization is reduoed. 

The loss of catalyst due to heat treatment under inert atmosphere 

leads to a d4JIoreaae in the gasifioation rate if the K/C ratio drops 

below what is required to saturate the oarbon surfaoe as disoussed in 

Chapter 5. At levels. above saturation, he~t treatment lowers the K/C 

ratio but does not adversely affeot the rate. At oatalyst levels below 

the saturation limit, the initial gasifioation rate is a linear function 

of the K/C ratio. If the oatalyst loss is determined and the true K/C 

ratio 1s evaluated, the oorrelation will be a unique property for a 

gi ven oarbon substrate and will not depend on the heat treatment 

history. 

The experimental observations on the potassium-oatalyzed 

oarbon/C02 gasifioation reaotion oan be explained by the redox meohanism 

given in Chapter 6. Under gasifioation oonditions, the oxidation and 

the reduotion reaotions ocour concurrently and oannot be isolated. 

However, using a Temperature and Concentration Programmed Reaction 

(TCPR) teohnique, the reaotions oan be separated and analyzed. The 



128 

reduoed forma of catalyst, -CK and -COK, are readily oxidized to -C02K 

when they are exposed at high temperatures to an oxidizing gas such 8S 

CO2 " DurIng the gasifioatIon prooess, the catalyst oyc1es between. -COK 

and -C02K; the reduotion ocours by reaotion with oarbon and the 

oxidation by reaotion with C021 however, the rate lim! ting step is the 

reduotion by oarbon. Potassium in the form of the free metal. the 

reduoed form -CK or the carbonate form are not reaotion intermediates in 

significant amounts during the gasifioation prooess. 

There are Various inoonsistenoies In the 11 tarsture on the 

stoIohiometry of the reaotion intermediates and the overall oxygen and 

oatalyst balanoe. In this study, the proposed meohanism Is supported by 

a oomplete oxygen balance. For example, complete reduction of the· 

catalyst gives· three CO molecules for two potassium atoms initially 

present, oonsistent wi th the K2C03 stoichiometry and the formation of 

-CK while the oxidation of -CK to -C02K is oonfirmed by the oxygen 

uptake of two oxygen atoms for eaoh potassium atom present. The 

catalyst loss, usually negleoted in previous studies, is shown to be 

signifioant . and is included ~ in the determination of potasSium 

oonoentration. 

The total number of aotive sites during potassium oatalyzed 

oarbon/C02 gaSification falls initially but then remains oonstant up to 

60% conversion aa shown in Chapter 7. The amount of CO desorbed from 

the acti ve si tes inoreases wi th conversion while the amount of CO2 

decreases. This can be explained by the 11mi ted number of surfaoe 

oarbon atoms adjacent to the active sites. Also, the catalyst 

oonoentration profile indioates that very li ttle potassium is lost 
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during gasification up to 61% carbon converaion. 

The high surface concentration of aot! ve a1 tea for the oarbopack 

samples as measured by the K/Cs ratio indioates that the l'ate may be 

limited by the a·vallab1l1ty of adjaoent carbon atoms whioh are oonsumed 

by the gas1ficatlon' prooess. This results in an increasing rate profile 

for oarbopaok samples whose In1 tisl oatalyst oonoentration was below the 

.level of surfaoe saturation. 

Reoommendations 

This projeot examine the global kinetios of potassium oatalyzed 

gasifioation of a nature carbon substrate and a pure carbon substrate. 

Rate data was generated for various levels of carbon conversion and 

catalyst oonoentration. The important faotors whioh influenoe the rate 

were 1dentif1ed and the1r relat1ve 1mportanoe was establ1shed. One 

1mportant result was the 1dentif1oat1on ot the conoentrat1on ot adjacent 

surfaoe oarbon atoms as an important faotor even for cases where the 

surface 1s not saturated wi th oatalytic sites. The measurement of their 

oonoentration is necessary to determine true intrinsio rate data and 

should be the foous of future work. This property 1s 1mportant for both 

the saturated and unsaturated pure oarbon samples but is apparently only 

important for coal ohars when the surfaoe 1a saturated. 



APPENDIX A 

EFFECT OF DIFFUSIONAL LIMITATIONS Off THE RATE 

To check the possible influence of diffusion on the observed 

rat(·s, sample W was crushed tp reduce the particle size then gasified at 

BOOoe in the fluidized bed reactor system following the procedure 

outlined in Schedule 3. If diffusional resistances were present, the 

rate should increase due to shortened pore length. However, no 

significant increase in the rate was observed. In addition, a series of 

runs were conducted in the temperature range from 600 to 1000 0e and 

their initial rates were compared. For high gasification temperatures, 

the relative rate of diffusion decreases with respect to gasifioation 

rate. Therefore, the data should become nonblinear at the point of 

diffusional contributions to the rate. The results are shOwn in Figure 

5.4 in an Arrhenius plot and the linearity indicates that the rate was 

free of diffusional resistances. This confirms that the reaction was 

kinetically controlled. 

130 



131 

1000 900 800 700 600 (Oe) 
2.-----~--~~--~----r_----__. 

o 

o 

~ -2 

-4 

0.8 1.0 1.2 

I/Tx 10 3 (K-1) 

Figure A.1 Arrhenius Plot for Sample W. 



Table A.1 Data for Figure A.l 

____ ~~~ _______________________ ~~ ______________ ~Q ______ :~_~fL __ _ 
5.39 600 0.0536 0.025 14.3 0.016 -4.15 
5.40 700 0.0521 O.O~ 14.3 0.045 -3.10 
5.36 800 0.0511 0.66 14.5 0.53 -0.60 
5.41 900 0.0503 0.97 14.3 0.78 -0.25 
5.42 1000 0.0511 2.30 14.3 1.80 0.60 

-----.----------------------------------------------------------

Sample W 
(K/C)o' 0.049 

T .. Gasification temperature (oC). 
m .. Initial sample mass (g). 
CO .. Ini tial CO concentration (vol%). 
v .. Initial volumetric1flowrate (mllmin). 
Ho .. Initial gasification rate (mg C gas1fied/initial g Comin). 
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APPENDIX 8 

ADDITIONAL SURFACE AREA DATA 

In addition to the surface area data given in Chapter 3, 

additional coal chat' samples of various initial catalyst ooncentrations 

were analyzed by; room temperature CO 2 adsorption. The data was 

generated using the DUbinin - Polanyi theory to analyze the adsorption 

data as discussed in Chapter 3. Figure 8.1 gives a typical Dubinin plot 

for sample A which had been heated to BOOoe then removed for analysis. 

Four CO 2 concentrations were used for adsoprtion: 1, 5, 10 and 90%. 

The results show a high degree'of linearity (r2 = O.9956). The area is 

calculated from the intercept which gives the volume of CO 2 adsorbed on 

the char surface. Table B.l gives the data for this figure. 

Figure B.2 shows the change in area with conversion for sample A. 

Unlike the profile for sample E whioh had a strong maximum, sample A had 

a relati vely flat profile wi th the area increasing from around 300 to 

340 m2/g. These values are clcse to the maximum for sample E which was 

just over 300 m2/g (its initial value was around 240 m2/g as a result of 

pore plugging from the catalyst). The profiles for the catalyzed 

samples of Figure B.3 were similar to Sample E's with initial values 

less than those for sample A (no catalyst) and a maximum at moderate 

conversion levels; 
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Figure 8.1 Reproesentative Dubin!n Plot For Coal Char Sample A. 
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Figure B.2 Surfaoe Areas or Coal Char Sample A at Various Levels or 
Cal"bon Conversion. 
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Figure B.3 Surface Areas of Impregnated Coal Char Samples B-H at 
Various Levels of Carbon Conversion. 
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Table B.l Data for Figure B.l 

2 P 
In (--) In V 

_______ ~e _______________ Q __ , ____ _ 

73.95 
~8. 73 
~0.12 
17 .~9 

0.8~ 
2.03 
7.28 
3.20 

v .. Volume of CO 2 adsorbed (mllg). 
p .. Partial pressure of adsorbate (atm). 

0.00018 
0.00093 
0.00177 
0,015 

Po" Saturation pressure of CO 2 at adsorption temperature (atm). 

Coefficient of correlation: 1'2 .. 0.9956. 
Intercept .. 3.961. 

~~~~e .... 5~~60~~~(IntercePt) '" 308 m2/g, 
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Table B.2 Data for Figure B.2 

Area 

0.000 239 
308 
328 
334 
273 
284 
313 
281 

0.075 284 
0.020 288 

305 
326 

0.039 303 
0.063 301 

278 
308 

0.081 304 
0.153 330 

286 
300 

0.201 379 
0.231 353 

312 
342 
337 

0.344 357 
322 
355 
349 

0.421 367 
300 
326 
334 

0.541 308 
351 
366 
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Table B.3 Data for Figure B.3 

Sample Area 

0.000 270 
0.062 339 
0.160 336 
0.033 277 
0.182 290 
O. 000 268 
0.159 300 
0.193 300 

25~ 
269 

0.073 233 
0.2lJ1 257 
0.000 264 
0.019 206 
0.254 246 
0.390 178 
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APPENDIX C 

SEM/EDAX ANALYSIS OF CARBOPACK SAMPLES 

The carbon samples were analyzed for potassium content following 

the procedure outlined in Chapter 2. However, to confirm that all of 

the potassium had been extracted wi th the acid mixture, sample V was 

analyzed by scanning electron miorosoopy (SEM), and energy dispersive 

X-ray analysis (EDAX). Following sonication and filtration, the carbon 

particles formed a oake of very fine consistency which could by removed 

for analysis. Figure C.1 shows the l"esults of EDAX analysis of the 

filter paper alone (Witman qualitative It1, 0.06% ash) and indicates 

significant silicone and calcium content but no potassium. Figure C.2 

shows the EDAX scan for the carbon cake on the filter and indicates the 

presence of aluminum, calcium and potassium in addi tion to the silicane 

and calcium. The small peaks indicate that these elements wel"e present 

in trace amounts which did not influence the determination of the K/C 

ratios. 
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Figure C.l Energy Dispersive X-Ray Analysis Scan of Filter Paper used 
in Potassium Extraction Experiments. 
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Figure C.2 Energy Dispersive X-Ray Analysis Scan of Carbopack Sample V 
after Potassium Extraction. 



APPENDIX D 

THEORETICAL ANALYSIS OF CATALYST OXIDATION 

The initial stages of gasification are oharacterized by two 

important featur'es: a weight gain and an overshoot of CO. These 

features are a result of the rapid oxidation of the potassium catalyst 

on the oarbon surfaoe as explained in Chapter 6. Baeed on the reaotion 

meohanism developed in that chapter, a model is developed for the rate 

·of CO produotion. The basio assumption is that the oatalyst is in the 

oompletely reduoed stage when the CO 2 oxidant is introduoed. The 

following reaotions for the oxidation and reduotion of the oatalyst have 

been previously desoribed in Chapters lj and 6: 

k 
CK + CO2 .j COK + CO 

k2 
COK + CO2 ...... C02K + CO 

k_2 

'k 
C02K + C .~ COK + CO 

Based on these reaotions, the rates are defined; 

", • k, (CK)(C02 ) 

"2 - k2 (COK) (C02 ) - k_2 (C02K)(CO) 

"3 • k3 (C02K) (C) 

The total number of reaotion sites is oonstant and equal to S: 
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S = CK + COK + C02K 0.4 

The differential equations for the ohange in the ooncentration C?f each 

surface specie are: 

diCK) 
----- • - k (CK) (CD) 

dt 1 2 

d(CDK) 
------ • kl (CK) (CD ) - k (COK) (CO ) 

dt 2 2 2 

and the change 1n the CO concentration 1s g1 yen by: 

1 d(CO) 
- ----- • k (CK) (CO) , k (COK)(CO ) 
m dt 1 2 2 

where m is the sample mass. The initial conditions for t = 0 are! 

0.5 

0.6 

0.7 

0.7 

CK to S 0.8 

COK=D 0.9 

C02K .. 0 0.10 

CO=O 0.11 

This system of equations cannot be solved explicitly; however, by making 

two assumptions, the system of equations can be modified to give the CO 

profiles for for small values of t. The assumptions are: 
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1. For small tIs, the concentration of COK is larger than C02 K and the 

forward rate of reaction 6.6 will be much laY'ger than the reverse. 

Therefore .• the third term 1n equatlonD.7 can be neglected. 

2. The rate of reaction l.J.9 is initially small compared to 6.5 aod 6.6 

since the concentration o~ the fully oxidized specie (C0 2K) 109 small. 

Therefore, the fourth term 1n D.7 can be neglected. The resulting 

equation is: 

1 d(CO) 

- ----- • "1 (CK)(C02 ) + "2(COK) (C02 ) 

m dt 

D.12 

For these same assumptions, the expressions for the concentration of CK 

and COK are: 

d(CK) 
----- - - " (CK) (CD ) 
dt 1 2 

d(COK) 

--~~-- - "1 (CK) (C02 ) - "2(COK) (C02 ) 

The solutions to these equations are: 

CK '" S eXP[-k, (C0 2 )t] 

COK '" __ ~L __ S {exp[-k (CO )t] - exp[-k (CO )t] 
k, _ k2 2 2 1 2 

D.13 

D.14 

D.15 

D.16 

These equations glv~ the concentration profiles of the surface species 
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CK and COk for small times. The initial rate of CO production can be 

determined by Dubstituting these results into equation D.12. 

1 d(CO} 

m dt 

This result gives,the initial CO profile Which results from the rapid 

oxidation of the catalyst at the onset of gasification. The rate 

constant k, can be determined from the slope of the CO profile while k2 

can be determined from the shape of the curve and the value of k,. 



APPENDIX E 

EFFECT OF PRODUCT GAS INHIBITION ON THE RATE 

It is well known for gasification reactions-that the rate is 

influenced by the adsorption/desorption characteristics of the reactants 

and products. In general, the rate is reduced by product gas inhibition 

whereby the product gas molecules remain adsorbed on the surface which 

reduces the number of sites available for CO 2 adsorption and reaction. 

Based on the reaction mechanism previously suggested, a rate expression 

can be derived which accounts f,or the effect of product gas inhibition. 

From Chapter 6. we have: 

k 
(C02K) , C .~ (COK) , CO 

k 
(COK) + CO2 <~> (C02K) + CO 

k_2 

From reaction E.l, the rate of reaction is given by: 

E.1 

E.2 

E.3 

Since (C0 2K) is a nonmeasurable surface specie, an expression must be 

derived for its concentration. Since reaction E.2 is in equilibrium, we 

have: 

E.4 
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Solving for (C02K) yields 

E.5 

Another assumption 1s that the total number of active s1 tea 1s constant 

and equal to the total number of surface species (neglecting CK): 

S • (COK) • (C02K) E.6 

This S1 ves an expression for (COK): 

(COK) • S - (C02K) E.7 

substituting this result into equation E.5 and rearranging gives a 

usable ex~ressl0n for the concentration of (C02K) 

E.8 

where K2 ( .. k2/k_2) 1s the equilibrium constant for reaction E.2. 

Substi tutlng this expression into equation E.3 gives the following rate 

expression: 

R = _____ ~~~12~:2 ____ _ 
E.9 

1 • (1/K2 )(CO/C02 ) 

Rearranging yields: 

1 CO 
E.10 



where a is a oonstant and equal to the produot of (S)(k,)(C). This 

result suggests that the reoiprioal rate shold be proportional to the 

ratio of CO to CO 2." A run was oonducted with sample T where the 

flowrate of CO2 reaotant was inoreased in a stepwise fashion to 

sequentially r'eduoe the CO concentration (due to reduced CO 2 

oonversion). For eaoh flowrate, the rates were measured and the results 

are shown in Figure 5.3 and indicate a olear inorease in rate with 

decreasing CO ooncentration all the way down to a CO concentration of 

0.2%. The high degree of linearity indioates that this expression is a 

viable rate expression and support.s the suggested reaotion meohanism. 
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Table E.1 Data for Figure E.1 

0.54 15.00 0.036 20.9 0.57 1.75 
0.90 15.02 0.033 23.9 0.60 1.67 
0.40 15.07 0.027 35.5 0.73 1.37 
0.37 15.09 0.025 43.2 0.80 1.25 
0.33 15.11 0.022 55.1 0.91 1.10 
0.28 15.13 0.019 72.3 1. 02 0.98 
0.23 15.16 0.015 107.0 1.23 0.81 
0.20 15.17 0.013 139.0 1.39 0.72 
0.18 15.19 0.012 164.0 1.48 0.68 

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

Sample i 
Run 5.38 
(K/C}o .. 0.025 
m .. 0.0514 

co .. CO concentration (vol %). 

~02 : ~~fu~~~~~~t~~;!~~t~v(~l;~in). 
R .. Gasification rate (mg C gasified/initial g C·min). 
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Table F.l Data for Figure 3.2 

--~~~::-~~~~~Q_---~~~---------------~~-------------~Q-----
0.0000 3.1 0.1003 1. 70 1 ~.9 O. 7~ 

3.2 0.1005 1.55 15.0 0.68 
3.3 0.1529 2.15 15.0 0.62 
3 .~ 0.3006 3.85 15.5 0.59 
3.5 0.1072 1.60 1 ~.6 0.6~ 

0.0025 3.6 0.1011 2.40 14.2 0.98 
3.7 0.1012 2.40 13.5 0.93 

0.0035 3.8 0.1018 2.28 15.3 1.01 
3.9 0.0982 2.33 15. ~ 1. 01 

0.0038 3.10 0.0993 2.60 15.3 1.18 
3.11 0.0980 2.50 15.1 1.15 

O.OOJ17 3.12 0.1020 3.05 15.2 1.35 
3.13 0.1012 2.92 15.3 1.29 
3. 1 ~ 0.1020 2.85 1~ .9 1. 30 
3.15 0.1011 2.88 1 ~. 7 1.31 
3.16 0.0998 2.85 1~ .9 1.33 
3.17 0.1029 2.85 1 ~ • ~ 1.2~ 
3.18 0.1014 2.93 1 ~.5 1.31 

0.0060 3.19 0.1012 3.25 15.3 1. ~5 
3.20 0.1001 3.25 15.2 1.46 

0.0071 3.21 0.1002 3.40 15.3 1.52 
3.22 0.1000 3.55 15.3 1.61 

0.0091 3.23 0.0998 4.05 15.3 1.94 
3.24 0.1000 3.95 15.5 1.86 
3.25 0.1002 3.95 15.5 1.85 
3.26 0.1003 3.70 1 ~.9 1.67 
3.27 0.1015 3.60 14.9 1.65 

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

m .. Initial sample mass (g). 
CO .. Initial concentration (vol. %) • 
v " Initial flowrate (ml/min). 
Ho" Initial gaSification rate (mg C gasified/initial g Comin). 
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Table F.2 Data for Figure 3.3 

0.0000 5.1 0.0503 15.0 0.08 0.06 
0.0026 5.2 0.0515 15.3 0.20 O. PI 

5.3 0.0523 15.3 0.15 0.10 
0.006lJ 5.4 0.0507 15.0 0.27 0.19 
0.019 5.5 0.0519 14.5 0.58 O.lJO 

5.6 0.0506 14.2 0.59 0.41 
5.7 0.0508 14.7 0.55 0.39 

0.022 5.8 0.0508 15.5 0.62 0.47 
5.9 0.051lJ 15.1 0.58 0.lJ2 
5.10 0.0529 15.1 0.67 0.47 

0.025 5.11 0.0516 15.2 0.76 0.56 
5.12 0.0509 15.0 0.75 0.57 
5.13 0.0519 14.9 0.75 0.56 

0.040 5.18 0.0518 15.2 0.66 0.54 
5.29 0.0516 15.2 0.66 0.54 
5.30 0.0515 15'.2 0.67 0.55 
5.31 0.0516 14.9 0.70 0.56 

0.049 5.32 0.050lJ 14.8 0.71 0.58 
5.36 0.0511 14.5 0.66 0.53 
5.37 0,0512 14.7 0.80 0.64 

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

m .. Initial sample mass (g). 
v .. Initial volumetric flowrate (rnl/rnin). 
co .. Ini tial CO concentration (VOl %). 
R o .. Initial gasification rate (mg C gasified/initial g C.rnio). 



Table F.3 Data for Figure 3.4 

Sample A 
Run 3.5 

Sample E 
Run 3.14 

Sample H 
Run 3.25 

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

-------------------------------------------------------
0.001 0.64 0.002 1.30 0.003 1.85 
0.007 0.59 0.010 1.28 0.004 1.84 
0.020 0.50 0.021 1.20 0.020 1.77 
0.040 0.37 0.039 1.06 0.040 1.65 
0.069 0.25 0.073 0.93 0.077 1.62 
0.094 0.20 0.126 0.81 0.112 1. 53 
0.135 0.18 0.184 0.76 0.073 1.46 
0.168 o. '15 0.238 0.76 0.173 1. 46 
0.242 0.15 0.338 0.83 0.409 1.90 
0.376 0.15 0.430 0.88 0.503 2.27 
0.559 0.15 0.570 1.11 0.570 2.51 
0.666 0.15 0.702 1.52 0.655 2.79 
0.832 0.15 0.803 1.35 0.752 2.46 

0.861 1.13 0.819 2.46 
0.888 0.83 0.864 2.24 
0.906 0.80 0.895 2.00 
0.944 0.70 0.920 1. 76 

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

x = Carbon conversion (g C gasified/initial g C). 
R .. Gasification rate (mg C gas!fied/g C·min). 

155 



Table F.4 Data for Figure 3.5 

Sample A 
Run 3.5 

Sample E 
Run 3.14 

Sample H 
Run 3.25 

-------------------------------------------------------
't 

-----------------------------------,--------------------
0.001 2 0.002 2 0.003 
0.002 9 0.011 3 0.004 

12 0.007 19 0.021 12 0.020 
36 0.020 36 0.039 24 0.040 
84 0.040 76 0.073 48 0.077 

180 0~069 148 0.126 72 0.112 
300 0.094 244 0.184 120 0.173 
540 0.135 340 0.238 204 0.274 
780 0.168 532 0.338 324 0.409 

1380 0.242 724 0.432 408 0.503 
2580 0.376 924 0.572 468 0.570 
4380 0.559 1348 0.701 552 0.655 
5580 0.666 1636 0.799 672 0.752 
7980 0.832 1924 0.860 792 0.819 

2212 0.890 912 0.864 
2500 0.910 1032 0.895 
3076 0.941 1176 0.920 

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

t .. Gasification time (min). 
x = Carbon conversion (g C gasified/initial g C). 
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Table F. 5 Data for Figure 3.6 

Sample T 
Run 5.14 

0,005 0.55 
0.028 0.96 
0.054 1.21 
0.095 1.36 
0.132 1.49 
0.172 1.59 
0.211 1.63 
0.249 1.66 
0.285 1.66 
0.319 1.60 
0.379 1.43 
0.426 1.18 
0.461 0.91 
0.487 0.72 
0.531 0.40 
0.581 0.35 

Sample W 
Run 5.32 

O.OQl.J 
0,021 
0,052 
0.078 
0.095 
0.129 
0.170 
0.217 
0.297 
0.357 
0.398 
0.411 
0.451 

0.64 
0.75 
0.89 
0.93 
0.95 
0.97 
0.99 
0.95 
0.83 
0.65 
0.42 
0.32 
0.10 

x = Carbon conversion (g C gasified/initial g C). 
R .. Gasification rate (mg C gasifled/g C·rn1n). 
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Table F.6 Data for Figure 3.7 

Sample T 
Run 5.111 

Sample W 
Run 5.32 

6 0.005 6 0.004 
36 0.028 30 0.021 
66 0.054 70 0.052 
96 0.095 100 0;078 

126 0.132 120 0.095 
156 0.172 160 0.129 
186 0.211 209 0.170 
216 0.249 269 0.217 
246 0.285 389 0.297 
276 0.319 509 0.357 
336 0.379 629 0.398 
396 0.426 689 0.411 
456 0.461 1157 0.451 
516 0.1187 
696 0;531 

1000 0.581 

t = Gasification time (min). 
x .. Carbon conversion (g C gasified/initial g C). 
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Table G.l Data for Figure 1l.1 

__ ~:~~~:_~~~::Q ____ ~~~ _____ ~g~ ______ :~~L _____ _ 
.J 0.00089 4.1 0.001 0.0018 

0.0027 

0.005lJ 

0.013 

0.021 

0.025 

lJ.2 0.001 0.0007 
il.3 0.001 0.0011 
lJ,ll 0.001 0.0021 
4.5 0.004 0.0020 
4.6 0.003 0.0042 
lJ.7 0.001 0.0052 
4.8 0.007 0.0029 
4.9 0.005 0.0039 
4.10 0.009 0.0057 
lJ.l1 0.010 0.006lJ 
lJ.12 0.010 0.0098 
4.13 0.009 0.0075 
lJ.li1 0.007 0.0072 
4.15 0.0062 
lJ,16 0.010 0.012 
4.17 
4.18 
4.19 
4.20 
iI.21 
iI.22 
4.23 
4.24 

0.019 
0.012 
0.020 
0.012 
0.019 
0.017 

4.25 0.033 
4.26 0.009 
4.27 
lJ.28 O.OllJ 
4.29 0.016 

0.0089 
0.012 
0.011 
0.013 
0.012 
0.014 

0.010 
0.013 

O.OllJ 
0.013 

(K/C)o .. Initial catalyst/carbon ratio. 
CO2 '" Amount of CO2 des orbed (mol C02/initial g C). 
H20 .. Amount of H20 desorbed (mol H20/ini tial g C). 
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Table 0.2 Data for F!gW"e Ji.3 

___ ~~~~:~_~~~:~2 ____ ~~~ ______ :~ _____ _ 

M 

0.00089 4.1 0.00018 

0.0027 

0.0054 

0.013 

0.021 

0.025 

Ji.2 0.00012 
4.3 0.0022 
4.4 0.0027 
4.5 0.0032 
4.6 0.0086 
4.7 0.0094 
4.8 0.0077 
4.9 0.0090 
4.10 0.019 
4.11 0.018 
4.12 0.017 
4.13 0.014 
4.14 0.018 
4.15 0.025 
4.16 0.035 
4.17 
4.18 
4.19 
4.20 
4.21 
4.22 
4.23 
4.24 
4.25 
4.26 
4.27 
4.28 
4.29 

0.033 
0.032 
0.031 
0.036 
0.039 
0.063 
0.039 
0.041 
0.038 
0.040 
0,0,8· 
0.048 

(K/C)o • Initial oatalyst/oarbon ratio. 
CO .. Amount of CO desorbed (mol CO/!n! tisl g C). 
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Table G. 3 Data for Figure 4.4 

__ ~:~~::_~~~:~2 ____ ~~~ ___________________________ _ 
0.00089 4.1 4 26.3 0.0391 

4.2 5 28.3 0.0631 
0.0027 4.3 11 28.6 0.0472 

4.4 10 28.4 0.0446 
4.5 13 27.8 0.0532 

0.0054 4.6 25 22.7 0.0594 
4.7 25 22.6 0.0483 
4.8 20 28.6 0.0324 
4.9 24 31.1 0.0424 

0.013 4.10 36 24.1 0.0479 
4.11 34 21.6 0.0523 
4.12 25 26.5 0.0171 
4.13 24 27.4 0.0318 
11.14 27 29.3 0.0270 
4.15 39 31.1 0.0424 

0.021 4.16 43 22.6 0.0363 
4.17 50 30.9 0.0419 
4.18 43 25.2 0.0402 
4.19 44 26.8 0.0275 
4.20 46 27.0 0.0335 
4.21 51 27.0 0.0478 
4.22 49 31.7 0.0455 

0.025 4.23 30.9 0.0503 
4.24 62 28.7 0.0704 
4.25 64 26.2 0.0468 
4.26 48 26.8 0.0284 
4.27 45 26.5 0.0313 
4.28 52 31.7 0.0360 
4.29 60 29.0 0.0433 

(K/C)O .. Initial catalyst/carbon ratio. 
t .. Time for complete desorption (min) . 

.. Volumetric flowrate (ml/min) . 

.. Ini tial sample mass (g). 
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Table a,l.! Data fot' Figure 4,.5 

__ ~:~~::_~~~~2Q ____ ~~~ ______ ~~~ _____ _ 
0.00089 4.1 0.0043 

4.2 0.0056 
0.0027 4.3 0,0012 

4.4 0.0013 
4.5 0.0012 

0.0054 4.6 O.OOlli 
4.7 
4.8 0.0019 
4.9 0.0017 

0.013 4.10 0.0017 
4.11 0.0017 
4.12 0.0023 
4.13 0.0025 
4.14 0.0022 
4.15 0,0019 

0,021 4.16 0.0016 
4.17 0.0015 
4.18 0.0018 
4.19 0.0017 
4.20 D.0020 
4.21 0.0022 
I.j .22 0.0022 

0.025 4.23 
4.24 0.0022 
11.25 0.0021 
4.26 0.0018 
4.27 0.0018 
4.28 0.0022 
4.29 D,0020 



Table G.5 Data for Figure 4,8 

Run FCL FCR 

Sample T 

lJ.30 0.20 0.23 
4.31 0.32 0.29 
4.32 0.48 0.46 
4.33 0.83 0.85 

Sample U 

0.26 
0.37 
0.52 

0.30 
0.45 
0;63 

FeL .. Fraotional catalyst 108S (mol K vaporized/initial mol K). 
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Table H.l Data for Figure 5.1 

----~~~------:~~:-----::~------------------------:~-----.. ~Q_----
5.ij3 q.0015 O.Oij 0.0189 27.8 0.10 0.ij3 
5.44 0.0065 O.lij 0.0430 30.8 0.31 0.61 
5.ij5 0.012 0.30 0.02ij2 28.6 0.20 0.66 
5.ij6 0.019 0.ij5 0.0316 30.0 0.39 0.79 
5.ij7 0.026 0.63 0.Oij25 30.9 0.38 0.78 
7.6 0.041 1. 00 0.0365 28.3 0.35 0.78 
7.8 0.041 1.00 0.0335 26.7 0.37 0.8ij 

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

Sample U 
(K/C)o' 0.027 

COIC " Amount of CO desorbed (mol COlg C). 
FCR "Fractional catalyst reduction. 

" Initial sample mass (g). 
\! .. Volumetric flowrate (mllm1n). 
CO .. Ini tial CO concentration (vol %). 
Ro .. Initial gasification rate (mg C gasifiedlinitial g Comin). 
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Table H.2 Data for Figure 5.2 

----~~~-------------~----------------~~-----~Q_-----
Sample T 

----------------------------------------------------
5.13 0 0.0519 14.9 0.75 0.56 
5.14 60 0.0508 14.4 0.75 0.55 
5.15 120 0.05·10 14.6 0.68 0.51 
5.16 180 0.0512 14.6 0.51 0.37 
5.17 300 0.0504 15.0 0.29 0.22 

----------------------------------------------------
Sample V 

----------------------------------------------------
5.18 0 0.0518 15.2 0.66 0.54 
5.19 30 0.0515 15.2 0.67 0.55 
5.20 90 0.0500 15.2 0.65 0.55 
5.21 160 0.0512 15.1 0.69 0.55 
5.22 310 0.0522 15.1 0.68 0.55 
5.23 430 0.0522 15.0 0.67 0.54 
5.2lJ 540 0.0519 14.9 .0.63 0.50 
5.25 670 0.0513 14.8 0.46 0.37 
5.26 790 0,0512 14.8 0.50 O;lJO 
5.27 910 0.0520 111.9 0.26 0.21 
5.28 970 0.0509 14.9 0.21 0.17 

----------------------------------------------------
Sample W 

----------------------------------------------------
5.32 0 0.050lJ 14.8 0.71 0.58 
5.33 90 0.0524 14.5 0.44 0.52 
5.34 210 0.0520 14.7 0.23 0.36 
5.35 390 0.0500 14.3 0.23 0.18 

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

t '" Isothermal heat treatment time (min). 
m .. Ini tial sample mass (g). 
\I .. Volumetric flowrate (ml/min). 
CO .. In1 tial CO concentration (vol %). 
Ro '" Ini tal gasification rate (mg C gasified/initial g C.min). 



Table H.3 Data for Figure 5.3 

Isothermal Heat Treatment Time (h) 
1~ 3~ 6~ 

Run 5.32 
R 

O.OO~ 0.58 
0.021 0.75 
0.052 0.89 
0.078 0.93 
0.095 0.95 
0.129 0.97 
0.170 0.99 
0.217 0.95 
0.297 0.83 
0.357 0.65 
0.398 0.~2 
0.~11 0.32 
0.~50 0.10 

Sample W 
(K/C)o • 0.0~9 

Run 5.33 
R 

0.011 
0.011 
0.035 
0.067 
0.110 
0.132 
0.153 
0.17~ 
0.213 
0.2~8 
0.307 
0.3~8 
0.375 
0.393 
0.~20 

0.52 
0.56 
0.68 
0.77 
0.82 
0.83 
0.83 
0.82 
0.79 
0.75 
0.60 
0.~2 
0.28 
0.18 
0.10 

x • Carbon converaion. 

Run 5.3.IJ 
R 

0.003 
0.011 
0.29 
0.069 
0.119 
0.135 
0.200 
0.289 
0.365 

0.36 
0.36 
0.37 
0.31 
0.17 
O.lij 
0.12 
0.09 
0.09 

R .. Gasifioation rate (mg C gas1f'ied/g C-min). 

Run 5.35 
R 

0.009 
0.015 
0.037 
0.082 

0.18 
0.15 
0.08 
0.07 
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Run 5.13 
R 

0.005 0.56 
0.028 0.96 
o. 05~ 1.21 
0.095 1.36 
0.132 1. ~9 
0.172 1.59 
0.211 1.63 
0.2~9 1.66 
0.285 1.66 
0.319 1.60 
0.379 1 .~3 
0.~26 1.18 
0.~61 0.91 
0.~87 0.72 
0.531 0.110 
0.580 0.35 

Sample T 
(K/C)o .. 0.025 

Table H,4 Data for Figure 5.4 

Isothermal Heat Treatment Time (h) 
1 2 

Run 5.14 
R 

0.002 0.55 
0.012 0.69 
0.027 0.82 
o .O~~ 0.91 
0.098 1.0ll 
0.126 1. O~ 
0.153 1.01 
0.178 0.~8 

0.241 0.80 
0.273 0.63 
0.298 0.53 
0.337 0.~3 
0.397 0.38 
0.~85 0.38 

Run 5.15 
R 

0.002 0.51 
0.008 0.57 
0.017 0.58 
0.033 0.5~ 
0.0~7 0.~6 
0.069 0.33 
0.093 0.28 
0.121 0.26 
0.185 0.26 
0.237 0.28 
0.289 0.31 

x .. Carbon conversion. 
R .. Gasification rate (mg C gasified/g C·min). 

Run 5.17 
R 

0.001 0.22 
0.013 0.22 
0.065 0.23 
0.118 0.25 
0.272 0.29 
0.283 0.26 
0.~7~ 0.27 
0.507 0.27 
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Table H.5 Data for F'igul"e 5.5 

Run 5.lI4 
ConfiS A 

0.002 0.35 
0.014 0.47 
0.035 0.57 
0.067 0.54 
0.102 0.40 
0.124 0.28 
0.151 0.25 
0.207 0.21 
0.246 0.20 
0.339 0.23 
0.502 0.23 
0.723 0.28 

Run 5.lj5 
Conng B 

0.002 
0.010 
0.026 
0.054 
0,082 
0.104 
0.124 
0.197 
0.288 
0.374 
0.430 

0.30 
0;33 
0.36 
0.29 
0.22 
0.19 
0.18 
0.19 
0.21 
0.22 
0.23 

Config A .. Carbopack sample I on top of sample W. 
Config B = Carbopack Sample W on top of sample I. 

= Carbon conversion. 
= Gasification rate (mg C gasifled/g Co rn1n). 
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Table H.6 Data for Figure 5.6 

o 0000 5.1 0.058 0.00000 0 
0.0026 5.46 0.19 0.00028 0 
0.0075 5.47 0.33 0.00077 0 
0.040 5.19 0.55 0.0010 0 

5.20 0.55 0.0010 60 
5.21 0.55 0.0011 130 
5.22 0.55 0.0010 280 
5.23 0.54 0.00083 400 
5.24 0.50 0.00093 520 
5.25 0.37 0 .• 00060 640 
5.26 0.40 0.00081 760 
5.27 0.21 0.00056 880 

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

(K/C)o., Initial catalyst/carbon ratio. 
R .. Initial gasification rate (mg C gasified/initial g C·min). 
K9c ., Final potassium/carbon atomic ratio . 

.. Isothermal heat treatment time (min). 
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Table 1.1 Data for Pigure 6.1 

~:~~:~--~~~-----~~:-----~~:------:~~:---------------------:~-----~Q_--
~ .1 
~ .2 
~ .3 
~ .~ 
~.5 
~ .6 
~.7 
~.8 
~ .9 
~.10 

4.11 
~ .12 
~ .13 
~.1 ~ 

~ .15 
~. 16 
4.17 
~.18 
~ .19 
4.20 
~.21 
~.22 

~.23 
~ .2~ 
4.25 
~. 26 
~.27 
~.28 
~.29 

0.000~3 
0.00056 
0.0012 
0.0013 
0.0012 
0.0014 

0.0019 
0.0017 
0.0017 
0.0017 
0.0023 
0.0025 
0.0022 
0.0019 
0.0016 
0.0015 
0.0018 
0.0017 
0.0020 
0.0022 
0.0022 

0.0022 
0.0021 
0.0018 
0.0018 
0.0022 
0.0020 

0.0012 
0.0008 
0.0021 
0.0025 
0.0028 
0.0029 
0.0032 
0.0037 
0.0038 
0.0035 
0.0036 
0.0025 
O. 00~8 
0.0031 
0.0041 
0.0036 
0.0029 
O. 00~6 
O. OO~~ 
0.0040 
0.00~8 
0.00~5 
0.00112 

0.0048 
0.0042 
0.0040 
o .00~7 
0.00~3 

0.000~3 
0.00023 
0.0065 
0.0087 
0.0083 
0.0013 
0.0018 
0.0016 
0.0016 
0.0032 
0.0019 

0.0030 
0.0026 
0.0033 
o. 00~9 
0.0037 
0.0062 
O. OO~~ 
0.0049 
0.0061 
0.0050 
0.008~ 
0.00~6 
0.0046 
0.0063 
0.006~ 
0.0073 

0.0391 
0.0631 
0.0~72 
o. 0~~6 
0.0532 
0.059~ 
0.0~~9 
0.032~ 
0.0~2~ 
0.OiH9 
0.0523 
0.0171 
0.0318 
0.0270 
0.0~60 
0.0363 
0.0423 
0.0~08 
0.0275 
0.0335 
o .0~78 
0.0360 
0.0503 
0.070~ 
0,0268 
0.028~ 
0.0313 
0.0360 
0.0~33 

K/C .. Pinal potaSSium/carbon atomic ratio. 
ole .. Oxygen uptake (g. atom 0 adsorbed/mol C). 
CO/C .. CO overshoot (mol CO/mol C). 
m .. Ini tial sample mass (g). 
v .. Volumetric flowrate (ml/min), 
CO .. Ini tal CO concentration (vol %). 

30.5 
26.8 
28.6 
28.3 
28.2 
29.9 
30.2 
29.1 
26.8 
32.3 
32.1 
30.9 
29.3 
29. ~ 
27.3 
30.8 
32.6 
31.~ 
30.0 
30.9 
27.1 
27.0 
30.9 
28.7 
26.2 
30.8 
29.7 
27,0 
29.0 

0.013 
0.19 
0.27 
0.19 
0;21 
0.29 
0.33 
0.32 
0.32 
D,31 
0.16 
0.20 
0.30 
0.31 
0.36 
0.36 
0.40 
0.3~ 
0.28 
0.37 
0,41 
0.37 
0.60 
0.~2 
0.~7 

0.32 
0.33 
0.37 
O. ~1 

Ro .. Inital gasifioation rate (mg C gasified/inUal g e·min). 

0.23 
0.19 
0.37 
0.27 
0.26 
0.36 
0.55 
0.69 
0.~9 
0.53 
0.25 
0.51 
0.78 
0.78 
0.5~ 
0.8~ 
0.88 
0.77 
0.85 
0.9~ 
0.65 
0.81 
0.77 
0.69 
0,80 
0.96 
0.90 
0.81 
0.79 
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Sample U 
(K/C)o' 0.027 

Table J.1 Data for Figure 7.1 

----~~~-------------~~~:-----:~g~:-----
7.1 0.00 0.0019 0.0013 
7.2 0.01 0.0018 0.0014 
7.3 0.03 0.0015 0.0012 
7.5 0.11 0.0029 0.0005 
7.6 0.18 0.0022 0.0006 
7.7 0.25 0.0024 0.0006 
7.9 0.30 0.0025 0.0003 
7.11 0.40 0.0027 0.0005 
7.12 0.45 0.0024 0.0003 
7.13 0.56 0.0032 0.0005 
7.15 0.62 0.0032 0.0005 

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

x '" Carbon conversion. 
COIC "Amount of CO desorbed (mole CO/ini tial mole C). 
C02/C .. Amount of CO2 des orbed (mole CO2/ini Ual mole 8). 
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Table J.2 Data fot' Figure 7.2 

Sample U 
(K/e)o· 0.027 

Run 

7.1 
7.2 
7.3 
7.4 
7.5 
7.5 
7.7 
7.8 
7.9 
7.10 
7.11 
7.12 
7.13 
7.14 
7.15 

x .. Carbon conversion. 

ole 

0,00 0,0047 
0.01 0.0045 
0,03 0.0039 
0.09 
0.11 0.0039 
0.18 0.0034 
0.25 0.0035 
0.25 
0.30 0.0031 
0.37 
0.40 0.0037 
0.45 0.0030 
0.55 O.OOlJ2 
0.58 
0.52 0,0042 

OIC .. Total oxygen des orbed (g. atom D/mol C). 
K/C .. Final potassium/carbon atomic ratio. 

K/e 

0.0021 

0.0024 

0.0023 

0.0023 

175 

In addition, the oxygen uptake data for sample T (very similar to Sample 
U) from Figure 6.1 is shown. 
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Table J.3 Data for Figure 7.3 

Run CO CO _______________________________________ 2 _______ 2 ____________________ _ 

7.1 0.00· 0.0306 
7;2 0.01 0.0335 26.4 0.30 0.74 0.39 0.97 
7.3 0.03 0.0250 30.3 0.28 0.93 0.40 1.31 
'1.4 0.09 0.0406 
7.5 0.11 0.0371 28.2 0.31 0.63 0.69 1.64 
7.6 0.16 0.0402 30.0 0.31 0.56 0.91 1.67 
7.7 0.25 0.0365 26.3 0.35 0.76 1.05 2.39 
7.6 0.25 0.0366 31.9 0.35 0.60 1.00 2.36 
7.9 0.30 0.0361 27.1 0.34 0.66 1. 05 2.14 
7,10 0.37 0.0412 
7.11 0.40 0.0335 26.7 0.37 0.64 1.14 2.47 
7.12 0.45 0.0477 26.3 0.34 0.71 1.02 1.63 
7.13 0.56 0.0405 26.2 0.36 0.75 1.02 1.96 
7.14 0.56 0.0366 
7.15 0.62 0.0422 24.5 0.42 0.67 0.95 1.53 

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

Sample U 
(K/e)o • 0.027 

.. Carbon oonversion . 

.. Ini tial sample mass (g). 
v .. Volumetric flowrate (ml/min). 
COo" Initial CO concentration (vol %). 
~8 : i~*;ia~o g~~~~!~~;!~~o~ar~oirn~) ~ gasified/ini tial g C.rn1n) . 

.. Final gasification rate (rng C gasified/ini tial g C'rnin). 



Variable 

CO • 

COo' 

CO/C 

(-CK) 

(-CDK) 

(C02 ) • 

(CD2 /K) 

(-CD2K) 

FCL • 

FCR 

k, 

(K/C) 

(K/C)o 

K/C 
s 

O/C • 

NOMENCLATURE 

Definition 

CO'concentration (vol%). 

Initial CO concentration (vol%). 

Carbon monoxide/carbon ratio. 

Complely reduced surface specie. 

Partially oxidized surface specie. 

Carbon dioxide concentration (voU). 

Carbon dioxide/carbon ratio. 

Fully oxidized surface specie. 

Fractional catalyst loss. 

Fractional catalyst reduotion. 

Rate constant. 

Potassium/carbon atomic ratio. 

Initial potassium/carbon atomic ratio. 

Potassium/surfaoe carbon ratio. 

Oxygen uptake or desorption (goatom a/mole C). 

Partial pressure of adsorption gas (atm). 

Saturation pressure of adsorption gas (atm). 

Gasification rate (mg C gasified/g C-min). 

Initial rate (mg C gasified/initial g Comin). 

Total number of reaotion sites. 

Isothermal heat treatment time (min). 

Carbon conversion. 
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