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COAL CHAR GASIFICATION USING ALKALI }fETAL CATALYSTS 

Michael Joseph Vera.a* and Alexis T. Bell 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 

ABSTRACT 

Steam gasification of a Wyoming sub-bituminous coal char was 

studied using alkali me tal salts as catalysts. .Coal/ catalyst con-

tacting was accomplished by aqueous tmpregnation of the coal with cata-

lyst. Gasification rates and gas production rates were measured as a 

function of catalyst type, catalyst loading, and reaction temperature. 

Steam partial pressure was maintained constant at one half of an 

atmosphere. Temperature was varied from 600 to 900°C. 

Initial catalyst screening studies indicated that K2co3 and KOH 

gave identical results and that both were superior to alkali chlorides 

in enhancing gasification rates. K2co3 was then used exclusively in 

all subsequent studies. 

Based on the studies performed with K2co3 , the following major 

conclusions can be drawn from this work. 

1. Enhancement in the gasification rate results from increased 

catalyst loading and decreased thermal aging. 
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2. Activation energies decrease with increasing catalyst loading 

and have values of 39.1, 44.8, and 49.1 Kcal/mole for 10, 5, and 0% 

loadings of potassium, respectively. 

3. Increasing temperature causes carbon monoxide to be formed in 

preference to carbondioxide and hydrogen, and enhances the rate of 

methane production. 

4. Increasing catalyst loading causes carbon monoxide to be formed 

in preference to carbon dioxide and hydrogen, but diminishes the rate 

of methane production. 
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I. INTRODUCTION 

A. Introduction 

' Coal gasification produces synthesis gas, a versatile chemical 

feedstock consisting of carbon monoxide and hydrogen. Although syn-

thesis gas has a low heating value, it can be used in direct combustion 

to provide heat. Synthesis gas can also be processed further to pro-

duce a variety of gaseous and liquid fuels. 

Perhaps the most important use of synthesis gas is to produce high 

BTU pipeline gas through catalytic methanation (CO+ 3H
2 

+ CH4 + H
2
0). 

With-growing natural gas shortages, this high BTU product, can be an 

important substitute for natural gas in residential and commercial ap-

plications. Figure I-1 shows the predicted demand for natural gas and 

demonstrates the large gap between supply and demand. Methane is a de-

sirable fuel not only because it has a high energy content, but also 

because distribution and utilization systems for handling it are well 

developed. 

Through Fisher-Tropsch synthesis, liquid hydrocarbons, useable as 

fuels or as organic starting materials, can be produced directly from 

synthesis gas. Fisher-Tropsch synthesis resembles methanation with the 

exception that higher molecular weight hydrocarbons are produced by 

using higher pressures and lower H2/CO ratios. Many of the catalysts 

used for methanation can also be applied to Fisher Tropsch synthesis. 

Pure hydrogen can be produced from synthesis gas through the water 

gas shift reaction (CO + H20 + H2 + co2) and subsequent carbon dioxide 

removal. The hydrogen can be used to provide the requirement of 
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of hydrogen in coal liquefaction. By direct hydrogenation, coal lique

faction produces liquid hydrocarbons for fuels or petrochemicals. 

Since the production of pipeline gas via coal gasification is ex

pected to provide a replacement•for natural gas in the for~seeable 

future, attention must be given to developing economically attractive 

processes. Figure 1-2 shows a block diagram of a coal gasification 

process for producing pipeline gas from coal. The main processing steps 

are gasification, water gas shift conversion to adjust the H2/cO ratio 

of the raw gas, and methanation. Additional steps are required to pre

pare the coal and to remove sulfur containing gases from the products 

of gasification. 

Presently conceived gasification reactors are limited in size and 

throughput by the severe reaction conditions required to gasify coal. 

High temperatures and pressures (900°C, 500 psi) are needed to accom

plish gasification at acceptable reaction rates. Due to the severe 

conditions required, there are problems in finding suitable and inex

pensive materials of construction for gasification reactors. Operation 

of these reactors is expensive ~ue to large heat losses.associated with 

high temperature equipment. Therefore, it would be advantageous to be 

able to reduce the temperature and pressure required for gasification 

through the use of catalysts. 

The objective of this study was to investigate the subject of 

catalysis of coal gasification. In particular, the effects of cata

lysts on steam gasification of sub-bituminous coal char were studied. 

A sub-bituminous coal was chosen since little work has been reported 

on this type of coal. Char rather than coal was used in order to 
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simplify the experimental procedure and the interpretation of results. 

Instantaneous gasification rates and gas production rates were measured 

as a function of catalyst type, catalyst loading, and reaction tempera-

ture. 

B. Literature Summary 

The literature pertaining to gasification can be divided into two 

parts, that dealing with pure carbon gasification and that dealing with 

coal gasification. The literature pertaining to pure carbon is impor-

tant because it offers a reference point .for comparison of results ob-

tained with coal and coal char. The objective of this literature sum-

mary is to identify the best of general information pertaining to gas-

ification. Therefore, major review articles, with general statements 

on the content of each, will be mentioned here. Detailed information 

on gasification, relevant to the present study, will be discussed later. 

1. Carbon Gasification Literature 

A good review of work done on pure carbon gasification is given by 

. 2 
Walker et al. The review is devoted to a discussion of the rates and 

mechanism of various carbon-gas reactions including carbon-steam. The 

role of mass transfer is discussed as it pertains to the kinetics of 

carbon gasification. 

A review by Ergun and Mentser 3 deals with carbon gasification with 

emphasis on carbon dioxide and steam as reactants. It contains dis-

cussions on kinetics, including the influence of physical factors such 

as particle size and space velocity on kinetics. The main thrust of 

the article is directed at providing a unified theory of dynamic oxygen 
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exchange between CO and co2 , a concept first proposed by Long and 

4 Sykes. This theory is then applied to explain the observations made 

when co2 and H2o react with carbon. 

2. Coal Gasification Literature 

A review of coal gasification has been given by von Fredersdorf 

and Elliott. 5 Among the topics discussed are thermodynamics, kinetics, 

and the influence of mass and heat transfer on gasification. The latter 

and major portion of this work deals with the technology of various gas-

ification processes. 

C. Principles of Coal 'Gasification 

Prior to discussing the work conducted in this study, it is appro-

priate to outline some of the principles involved in coal gasification. 

Most of the information presented below is drawn from the reviews just 

presented. 

The principal gaseous products obtained by gasification of coal 

char with steam are H2 , CO, co2 , CH4 , unreacted water, and traces of 

nitrogen and sulfur containing gases. These products are formed by· 

the following reactions: 5 

1. Gasification of carbon with steam, 

(1) 

2. Water gas shift, 

(2) 

3. ·. Gasification of carbon with carbon dioxide, 

C + C02 + 2CO (3) 

•. 
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4. Hydrogenation of carbon to methane, 

(4) 

Reactions 1, 3, and 4 are the ~eactions that actually gasify the carbon 

contained in the char. The water gas shift (reaction 2) is primarily a 

heterogeneous reaction which occurs on the carbon surface, with very 

little reaction in the gas phase. 

While dir.ect hydrogenation of the carbon (reaction 4) with pure 

hydrogen produces negligible amounts of methane, in the presence of 

steamsignificant amounts of methane can be produced. The reasons for 

the differenc'es between steam and hydrogen gasification are not well 

. understood. 

Thermodynamic equilibrium is important in determining the product 

gas composition. Figure I-3 shows the thermodynamic equilibrium gas 

concentrations for the carbon-steam system as a function of temperature. 

The total pressure for the system is one atmosphere. The overall en:... 

thalpy change is always endothermic. Carbon monoxide and hydrogen are 

thermodynamically favored at high temperature. Methane formation is 

appreciable at temperatures less than 900°C. Since reactions 1 and 

3 are slow, equilibrium considerations can become important if the gas-

solid contact time is relatively long or if the addition of a cataiyst 

significantly increases the rates of reactions 1 and 3. 

D. Catalytic Coal Gasification Background 

7 In 1921, Taylor and Neville found that by adding K
2
co

3 
or Na2co3 

to coconut shell charcoal the rate of steam gasification was increased. 

It was noted that iron oxide, water glass, lime, and borax were 



-8-

40 

-
~ 30 • 

10 

Temperature (°C) 

XBL764-5412 

Figure I-3 Thermodynamic equilibrium for carbon-steam 

system at P = 1 atm. 

0 



-9-

ineffective in increasing the rate. Nickel was found to be effective, 

but lost activity rapidly. They also reported that K
2
co

3 
showed higher 

catalytic activity than Na
2
co

3 
and that' 20 weight percent of K

2
co

3 
was 

the optimum amount. Following Taylor and Neville's work, other investi

gators8 obtained similar results for catalytic gasification of carbon 

with oxygen and carbon dioxide. 

' More recently, work has been done on catalyzing the.carbon steam 

reac.tion with transition VIII metals; Using 0. 8 and 5 weight percent 

metal on graphite, Rewick et a1. 9 found that piatinum gave the greatest 

improvement in gas production rates, with ruthenium and nickel giving 

slightly less improvement. Methane formation was also increased. Iron 

and cobalt were found to be ineffective in increasing the gasification 

rate over that of the uncatalyzed graphite. 
.... 

10 Wilson et al. performed a study of steam gasification of a sub:.. 

bituminous coal. Using both nickel and K2co
3 

as catalysts~ they found 

that significant amounts of methane could be produced. The catalysts 

were dry mixed with the coal. The loading of the nickel catalyst was 

maintained constant at 115 weight percent of the coal. Variation of 

the K2co
3 

loading showed 20 weight percent K2co3 to be the optimum. 

Sulfur poisoning of the nickel was experienced. 

11 Haynes et al. have screened a large number of metal salts and 

oxides. Some of their results are shown in Table I-:=-1. For this work, 

a bituminous coal/catalyst mixture (5 percent catalyst by weight of / 

I 

coal) was reacted with steam for 4 hours at 850°C and 300 psig. The 

overall rate of gasification and the product gas composition were 
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Table I-1 

Results of Catalyst Screening Study 

Performed by Haynes et al. (11) 

Carbon Total Dry Ga. 
Gasification Production Rate, Specific Producti01t Rate ofComtituent Ga.au, Rates, gram/hr/ N -:-Free Basis, · std ccjhr/gram coal charged 

~< Catalyst gram.rocd std cc~ hr I gram :~~ charged cool charged H1 co CO: CH. · : ~ . 

No catalyst · 81 X to-• 297 t47 37.7 69.9 '40,8 
.I' Ca(OH)t 88 X to-• 345 180 32.0 86.2 '45.4 

Ni~Oa 92 X 10-• 359 189 43.9 80.9 '·42.8 
NiO . 97 X 10-a 373 t94 52.0 82.0 43.9 
Ni 96 X 10-a 366 t89 53.6 76.6 46.2 
FeaOt 100 X 10-a 380 195 60.3 78.0 45.6' CuO 99 X 10-• 385 '20t 56.3 79.9 '46.8 MnOt 98 X 10-a 375 t93 45.7 90.2 44.9 BaO· 104 X to-• 395 202 48.9 97.t 45.5 
ZrO: 99X 10-• 377 t92 57.8 80.0 46.2 
SrO 10t X 10-a 392 '" 203 48.2 91.3 47.6 
BhO~ 102 X 10-a 390 200 63.9 80.4 44.4 
SbzOs 102 X lQ-3 391 201 63.6 79.7 45.9 
MgO 100 X to-• 384 199 48.4 87.7 '47.7 
PbO, 103 x to-• 400 210 ~t)- 89.1 47.7 ::J-.1 
MoO a 96 X 10-a 380 202 45.0 86.6 45.5 
TiOt 99 X to-• 380 197 48.9 85.7 47.2 
CrOa 99 X to-• · 378 194 ~') - 84.4 46;1 ::J-.::J 
LiCOa 113 X 10-a 439 228 .64.9 95.9 49.2 
v~, 96 X 10-a 367 t88 47.7 83.5 45.9 
Cr20a t02 X to-• 374 184 58.6 ' 83.0 47.4 
Pb30, 105 X 10-a 400 205 57.2 87.3 .49.1 
B20a 104 X to-• 394 203 61.0 79.0 47.4 
Al20a 99 X to-• 380 196 54.6 82.2 '46.7 
CoO 98 X to-• 383 20t 48.6 87.0 45.4 
Cu:O 98 X IO-• 385 203 53.t 84.4 44.1 
NaCl 117 X IO-• 471 254 53.0 115.5 47.6 
KCl t48 X to-• 615 340 90.1 t37.3 46.7 
ZnO 112 X 10-• 440 232 52.2 t04.4 50.0 
XiCl~.6HzO 110 X to-• 442 237 51.7 103.6 48.4 
XiS0~.6H::O 108 X to-• 420 220 48.0 102.9 48.0 
K~co, t44 X to-• 578 309 Y5.0 126.4 46.2 
ZnBr2 t04 X to-• 4t8 224 53.9 96.2 42.6 
SnO: 98 x w-~ 395 2t3 37.7 98.t 44.0 Fe 94 X 10-• 367 193 39.1 88.3 45.4 

.Test eonditions: charge, 10 grams pretreated Bruceton cocl, 0.5 grum catalyst; 

feed, 5.0 graiDll H~/hr plus 2000 std cc N 2/hr; approxilnste!y 4 hrs duration; 300 prig; ss(rC. 
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measured. Based on these studies, it was found that alkali metal com-

pounds were the most effective in increasing carbon gasification rates. 
. . 12 

Wilkes et al. have summed up the most recent findings on cata-

lyzed gasification as follows: • 

(1) Alkali metals are most active in promoting 

'gasification reactions. 

(2) Catalyst contacting by impregnation appears to 

be the most effective. 

(3) 6 Studies by Walker et al. on oxygen and carbon 

dioxide gasification of carbon have pointed out 

that (a) the chemical state of the ,catalyst is 

important, (b) anions play an important role, and 

(c) the mechanism of gasification catalysis is 

not understood. 
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II. EXPERlMENTAL 

A. Samples and Sample Preparation 

1. Coal Origin and Analysis 

A sub-bituminous coal obtained from the Roland top seam of the 

Wyodak Resources Development Corporation's Wyodak Mine at Gillette, 

Wyoming was used for the work reported here. This coal is somewhat 

typical of western sub-bituminous coals. Proximate atldultimate anal

yses of the coal, carried out according to ASTM methods, were obtained 

from Commercial Testing and Engineering Company (report 117 2-31083, . 

dated June 12, 1975) and are shown in Tables II-1 and II-2, respec

tively. A semi-quantitative spectrographic analysis of the reacted 

coal ash performed by American Spectrographic Laboratory is shown in 

Table II-3. 

The coal was received in 55-gal. drums and had been crushed to 

minus 3/4 inch by the supplier. An entire drum was mixed and separated 

into 20-lb. lots by ASTM. method D-346. Each lot was sealed in plastic 

bags to avoid aging by oxidation and moisture loss. 

2. Catalysts 

Table II-4 lists the chemicals used as catalysts together with 

their source and purity. The purity of the KOH was only 85% because 

this compound absorbs a considerable amount of water. Information 

concerning the impurities in the RbCl and CsCl was not available. 

3. Sample Preparation 

a. Grinding. One 20-lb. lot of coal was randomly chosen for this 

study. Part of the coal was ground in a ball mill and screened to 
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Table II-1 

Composition of Roland Seam Coal 

Proximate Analysis 

as received dry basis 

Moisture 23.76 

Fixed Carbon 30.19 39.60 

volatiles 34.55 45.32 

Ash 11.50 15.08 

100.00 100.00 

Sulfur .94 1. 23 

BTU/lb 8259 10833 
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.. 

Table II-2 

Composition of Roland Seam Coal 

Ultimate Analysis 

as received dry basis 

% Moisture 23.76 

% Carbon 47.41 62.19 

% Hydrogen 3.79 4.97 

% Nitrogen • 86 1.13 

% Sulfur .94 1.23 

% Ash 11.50 15.08 

% Oxygen(by 11.74 15.40 
difference) 

100.00 100.00 
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Table II-3 

Semi-quantitative Spectrographic 

Analysis of Coal Ash 

(% reported as oxides) 

% Si 29. 
% Al 29. .. 
%' Ca ,21. 
% Na 2.9 
% Fe 2.5 
% Mg 2.5 
% Ti 1.5\ 
% B .2 
% K ~15 
% Ba .1 
% Sr .1 
% v .07 
% Cr .06 
% Cu .06 
% Mn . 05 
% Zr .03 
% Ga .005 
% y ~005 
% Ni .004 
% Co .002 
% Yb • OOL 



Table II-4 

Table of Catalysts 

Chemical Manufacturer Purity Major Impurities 

LiCl Mallinckrodt 99.5% Na,Li2co3 

NaCl Mallinckrodt 99.5% Br,K 

KCl Mallinckrodt 99.5% Br,Na I ..... 
0\ 

RbCl MCB 99% 
I 

CsCl MCB 99+% 
.. 

KOH Mallinckrodt 85% H20;K2co3 ,Na 

K2co3 ·1.5H20 Baker 99.2% NH40H,Ca;Mg 



-17-

-65 and +325 mesh. It was then backmixed to avoid s~gregation and dis

tributed into plastic bags which were placed in one pint paint cans. 

Each can contained about 200 grams of coal. The cans were then purged 

with nitrogen and sealed. This was done to avoid oxidation of the 

freshly exposed coal surfaces. The coal was stored in the paint cans 

until needed. 

b. Catalyst Impregnation. Catalyst was addedto the coal by aqueous 

impr~gnation. The catalyst solutions were prepared so that 0. 75 ml of 

solution per gram of raw coal could be used to obtain the desired cata

lyst loading.· The thick slurry obtained upon addition of the coal to 

the catalyst solution was dried in a vacuum oven at 85°C for about 2 

hours, so that the moisture content of the impregnated coal was approx

imately the same as that of the raw coal. A sample containing no cata

lyst was also wetted and dried in the same manner. 

c. Pelleting and Charing. Samples for the gasification experiments 

were prepared by pressing the catalyst bearing coal into 1/2 inch diam

eter pellets. A pressure of 8000 psi was required to obtain a mechani

cally stable pellet. Approximately 400 mg of coal was used for each 

pellet, the exact amount being determined so that the final pellet con

tained approximately 120 mg of fixed carbon. The cylindrical pellets 

were about 1/8 inch thick. 

After being formed, the pellets were charred in helium at a tem

perature of 900°C for 7 minutes. This was done by lowering each pellet, 

suspended in a wire carrier, into a vertical quartz tube heated to 

900°C by a furnace. Helium flowing upwards through the tube carried 

away the volatile products. An analysis of the char is shown in 
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Table II-5 

Composition of Coal Char 

Ultimate Analysis 

dry basis 
~ '.: 

% Carbon 70.50 

% Hydrogen 1.63 

% Nitrogen .07 

% Sulfur .05 

% Ash 27.75 

% Oxygen(by 
difference) .00 

100.00 
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Table III-5. ·Note that almost all of the nitrogen and sulfur was re- .· 

moved with the volatiles as well as most of the hydrogen. Oxygen, 

which is obtained by difference, could not be found and was assumed 

to be liberated with the volatiles. Following charring, the pellets 

were stored under nitrogen until needed. 

B. Experimental Arparatus 

Gasification of the charred pellets was carried out using the 

apparatus shown in Figure II-1. The four principal sections of the 

apparatus are those associated with (1) weight measurement, (2) gas 

supply, (3) sample heating and temper·a-ture measurement, and (4) gas 

composition analysis. Each of these sections is discussed in detail 

below. 

1. Weight Measurement 

Measurement of the pellet weight during gasification was accom

plished with a recording microbalance (Cahn RG Electrobalance) mounted 

in a glass bottle. Electrical connections to the balance were made 

through an aluminum plate sealed to the balance bottl~ through an 0~ 

ring. Connections to the sample and tare side of the balance beam were 

made through two of the three necks in the bottom of the bottle. The 

neck on the sample side of the bottle was connected to a quartz hang

down tube. This tube was also fitted with parts for the introduction 

and removal of gas. The neck on the tare side of the bottle was closed 

off by a short hangdown tube. The third neck in the bottle was used 

to supply an inert gas purge for the balance mechanism. 
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The char sample, held in a wire stirrup, was suspended from loop 

A on the balance beam by a 19 inch long hangdoWn wire. Tare weights 

were suspended from loop C using a 6 inch hangdown wire. Both the 

hangdown wires and the stirrups used to hold the sample pellets were 

made from 30 gauge Chrome! A wire. 

The balance was calibrated, using class M gold wire weights, 
1',1 

for a dynamic range of 200 mg. The output from the balance electron-

ics (0-lmV) was recorded on a Leeds and Northrup recorder (Speedo-. 
,; I~.· • 

max W/L with Azar), calibrated to cover the range of 0 to 100 ± 0.1 mg. 

In order to record the entire dynamic range to the balance, the balance 

electronics were used to null out 100 mg so that the range from 100 to 

200 mg or the range from 0 to lOO'mg could be recorded. 

2. Gas Supply 

A flow system was used to bring water vapor into the reaction 

zone and to remove the products. Extra pure (99.998% He) helium was 
,···, 

metered through a fine metering needle valve (Whitey) and the flow 
.... 

rate measured with a rotameter (Fisher and Porter, 1/16 inch Triflat). 

Water vapor was added to the helium by bubbling the helium through 

a gas washing bottle, filled with distilled water. The temperature of 

the water, which controls the partial pressure of the water in the 

stream, was maintained constant by submerging the gas washing bottle 
·r ·,· .. ' 

up to the ground glass joint into a mineral oil bath. The oil bath 

temp.erature was controlled. to ± 1 °C by the use of a contact thermometer 
•!, 

connected to a relay which turned on and off a knife heater submerged 
·~ .I '· 
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in the oil. The oil was continuously agitated by an impeller stirrer. 

The steam addition section could be by-passed or purged to the 

hood to remove air from the gas washing bottle. Stainless steel ball 

valves (Whitey) were used for those portions of the line at room 

temperature and stainless steel bellows valves (Whitey) were used . 

for the portions of the line which were hot. 

A quartz hangdown tube was used to enclose the sample and its 

hangdown wire. The tube was 34 inches long and 22 mm OD. An o...;ririg 

sealing ground glass joint.· was located at the· top of the tube to pro

vide connection to the balance bottle. · Attached to right angles to 

the tube were two ground quartz ball joints which served as the.gas 

inlet (bottolll) and outlet (top). Stainless steel mating ball joints, 

welded to stainless steel flexible bellows, were used to make con

nections between the hangdown tube and the remainder of the flow 

system. 

The product gases leaving the quartz tube were first passed 

through a cold trap maintained in a dry ice/methanol slush (-77°C) to 

remove any .unreacted water. The dry gas was then passed through a 

sample loop (1. 2 cm3) connected to a six-way valve. By turning the 

valve, the sample in the loop could be injected into a gas chromato

graph for analysis. 

To prevent water and reaction products from reaching the balance 

weighing mechanism, a purge line was provided for. the balance bottle, 

A metered flow of helium was supplied to the middle neck on the balance 

bottle. This gas then flowed downward through the neck connected to 
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the quartz tube and out with the product gases. A metal orifice was 

installed in the neck of the joint to restrict the area for·gas flow, 

thereby raising the gas velocity·to heJ,.p prevent water diffusion into 

the balance bottle. 

An electronic manometer (Barocel) was·used to measure the flow 

system pressure in both the purge line and the reactant gas line. 

To remove air from the flow system prior to reaction, a vacuum 

system wa,s used.· This system consisted of a 'rough pump, a diffusion 

pump, and vacuum gauges. The 'vacuum system· was connected, through 

vacuum valving, to the middle neck on the balance bottle. 

3. Sample Heating·· and Temp·erature Heasur-einent· 

The sample was heated by an electrical furnace (Lindberg, model 

54032A) that'was hinged so that it could be opened, moved into posi

tion and then closed around the quartz hangdown tube. The furnace 

was mounted vertically on a movable stand that was provided with level

ing bolts. The heated zone in the furnace was 12 inches long and was 

preceded and followed by 3 inch long insulated zones. The temperature 

in the furnace was controlled to ± 5°C by a manually operated variable 

transformer. 

Temperature was measured with thermocouples located both inside 

and outside the qua:rtz hangdown tube. A chromel/alumel thermocouple, 

whose junction had been coated with Sauereisen cement, was placed in

side the quartz tube. The junction of this thermocouple was located 

near the sample. The thermocouple used to measure the temperature out

side the.quartz tube was made.'of Platinel II and was supplied with the 
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furnace. Other thermocouples were located along the heat traced lines. 

Thermocouple voltages (reference at 0°C) were measured to ± 0.1 mV with 

a digital panel meter (Analogic, model 2530L) •. 

4. Gas Composition Analysis 

The product gas composition was analyzed by a gas chromatograph 

(Varian, model 1420). The column was made of 3/16 inch OD stainless 

steel tubing, 14 feet long, and was packed with Porapak Q (Water's 

Associates). A thermal conductivity detector was used to detect the 

effluent from the column. ·.The flow rate of carrier gas (helium) sup-

3 plied to the sample column was 60 em /min. A flow rate of 45 cm3 /min 

was used for the reference side, of the detector. The column was main-

tained at 125°C and the detector at 200°C. The detector filament cur-

rent was 175 ma. Output from the gas chromatograph was recorded on a. 

chart recorder (Linear Instruments, model 252A) equipped with an elec-

tronic integrator. Calibrations were obtained for H2, CO, CH4 , and co2 

so that the integration trace could be related to the mole fraction of 

each gas in the gas stream (see Appendix A). ·In practice a gas analysis 

time of about 7 minutes was required. This time also corresponded to 

the minimum time between samples. 

c. Experimental Technique 

The rate of steam gasification of a coal char samp~e was measured 

by recording the weight loss of the sample as a function of time. Pro-

duct gas composition was determined by gas chromatography. The pro-

cedure used to make these measurements is shown in block diagram form 

in Figure II-2. Some comments concerning each step follow. 
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Loading samples onto the balance hangdown wire consisted of remov~ 

ing the quartz tube, removing the ash from the previous experiment, and 

putting a fresh char pellet into. the wire stirrup on the end of the wire. 

The quartz tube was then replaced. Once a day while the sample was 

being changed, the balance and recorder calibrations were checked. 

Drifts in calibration were minor (± 0. 3 mg) from day to day. 

Evacuation of the air in the systemwas required to prevent the 

sample from burning while it was being heated. Foliowing evacuation, 

the system was filled with helium and flow in the purge and carrier 

lines was started. Gas samples were analyzed with the chromatograph 

to insure that the air had been removed. If not, the sys tern was 

revacuated. 

Heat up of the sample to reaction temperature was started by open-

ing up the furnace and moving it into position around the.quartz tube~ 

The furnace was then closed. When not in use, the furnace was kept at 

500°C to help minimize the heat up time. During heating, the steam 

loop was purged to the hood to exclude air from it. The heat up time 

was kept constant at 12 minutes for each experiment • 

. After the 12 minute heat-up, the reaction was initiated by direct-

ing the steam flow to the reaction zone. Steam partial pressure was 

kept constant at one half atmosphere by controlling the oil bath temp

erature at 82°C. The helium flow through the steam loop was held con-
. 3 

stant at 65 STP em /min. During reaction, the mass of the char sample 

was monitored continuously and the product gas composition was analyzed 

periodically • · When the reaction was complete, as evidenced by the 

~ I 
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sample weight remaining constant, the steam flow was stopped and the 

furnace removed. The system was then cooled down and readied for the 

next experiment. 
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III. RESULTS 

A. Introduction 

Initial experiments were conducted to compare the catalytic effec-

tiveness of LiCl, NaCl, KCl, RbCl, CsCl, K2co3 and KOH. For these ex

-4 periments the amount of catalyst used was adjusted to yield 5.1 X 10 

gram atoms of catalyst metal per gram of coal. This loading corre~ 

sponded to 5 weight percent of potassium based on the char weight. The 

maintenance of a constant cation level from catalyst to catalystwas 

chosen in order to provide a more accurate basis .for comparison of 

catalytic activity than was available in previously reported studies 

(9,11) in which a constant weight percent of catalyst was maintained. 

From the initial studies it was confirmed that K
2
co

3 was clearly 

the superior catalyst. As. a result all subsequent work was conducted 

using K2co3 alone. The primary variables investigated were the catalyst 

loading and the temperature at which gasification occurred.·. 

-For each run, two types of data were taken - weight loss of the 

char sample as a function of time and gas composition as a function of 

time. The weight loss data were used to determine the rate of gasifi-

cation and the amount of fixed carbon in the sample. The balance of 

this chapter is devoted to a presentation of the experimental results. 

Table III-1 shows the experimental runs performed along with the 

parameters used for each run. The last column is the total amount of 

time for all the fixed carbon to react in the sample. 

B. Weight Data 

Figures III-1 through III-3 show the effects of catalyst type, 
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Table III-1 

Experiments Performed 

,Catalyst Temperature 
Catalyst Loading · (°C) 

LiCl· 

'NaCl 

KCl 

RbCl 

CsCl 

(none) 

KOH 

,K2co
3 

K2co
3 

K2co
3 

K2co3 

K2co3 

K2co
3 

K2co
3 

(none) 

K2co
3 

K2co
3 

(none) 

* 

5%K 

5%K 

2.5%K 

2.5%K 

5%K 

7.5%K 

7.5%K 

10%K 

10%K 

5%K 

10%K 

5%K 

10%K 

900 

900 

900 

900 

900 

900 

900 

900 

900 

900 

900 

900 

900 

900 

700 

700 

700 

800 

800 

800 

Did not react to completion 

Time for 
Complete 

Gasification 
(min) 

44.3 

67.5 

67.5 

72.0 

61.5 

76.5 

21.0 

46.5 

52.5 

21.0 

13.5 

13.5 

11.7 

9.9 

'* 
{242;75%) 

(222;80%) 

71.1 

180.0 

84.0 

18.5 

* 

(time reacted;percent fixed carbon gasified) 
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catalyst loading, and reaction temperature on the ioss of sample weight 

as a function of time. The ordinate in these figures is the percent 

fixed carbon gasified (PFCG), or simply the amount of fixed carbon re

acted at time t divided by the amount of fixed carbon present initially. 

The use of time as an independent variable is inappropriate when 

one wishes to compare the rates of gasification for different catalysts 

and reaction conditions since the total reaction time for each experi

ment is different. A more appropriate variable than time for the com

parison of rates is the percent fixed carbon gasified (PFCG). The 

reason for this is that at any PFCG, approximately the same material 

is being reacted. For a given PFCG the nature of the ungasified char 

is not exactly the same for each experiment due to the differences in 

the time required to arrive at the specified PFCG. These differences 

are due to thermal annealing of the char during the time that the char 

is at high temperature. This process takes place even in an inert 

atmosphere. The end result of thermal annealing is that the char is 

harder to gasify. Such an effect was seen in preliminary experiments 

in which the sample heat up time was longer than the normal 12 minutes. 

In summary, th.en, while PFCG is not a perfectly independent variable, 

it is more satisfactory than time. 

The rates of gasification were calculated by differentiation of the 

weight loss curves. These computations were accomplished using the pro

gram outlined in Appendix B. To eliminate the effects of small varia·• 

tions in sample size, the rates were divided by the weight of fixed car

bon originally present in the sample. By this means the gasification 
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rates were normalized 'to 1 gram of fixed carbon present at the start of 

a run. 

The effect of catalyst type on the rate of gasification is shown 

in Figure III-4. It is evident that the highest gasification rates are 

achieved with K2co3 and KOH, and that both catalysts give identical re

sults. All the alkali metal chlorides behave in a nearly identical 

fashion. These catalysts act as inhibitors during the early stages of 

gasification but do improve the rate during the latter· stages. The net 

effect of these catalysts is a reduction in the overall time required 

for complete gasification. This point is evident from the figures 

given in Table III-1. 

Based upon the screening studies presented in Figure III-4, showing 

the superiority of K2co3 , subsequent studies were conducted using this 

catalyst alone. Figure III-5 shows the effect of K2co3 loading on the 

gasification rate. The rate is seen to increase with increasing cata

lyst loading, the largest increase coming during the latter stages of 

gasification. It is also observed that the shape of the rate versus 

PFCG curves change wi:th increasing catalyst loading. In particular, 

for a 10% potassium loading the curve is characterized by a pair of 

maxima. 

The effect of temperature on gasification rate is shown in Figures 

III-6 through III-8 •. Increasing temperature strongly influences the 

gasification rate both in the absence and presence of catalyst. The 

shape of the gasification curves versus percent fixed carbon gasified 

appears to be characteristic of the catalyst loading used and is essen

tially unaltered with increasing temperature. 

'. 
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Figure III-4 Effect of different catalyst on gasification rate 
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C. Gas Composition Data 

To obtain the gas composition in the vicinity of the gasifying 

char pellet, two correc.tions had to be applied to the analyses ob

tained by gas chromatography. The corrections were required because 

unreacted water had been removed from the product gas stream and the 

purge helium stream, coming from the balance bottle, had been mixed 

with the prod tic t gas stream prior to the analysis. The corrections 

are fairly straightforward and are outlined in Appendix B. 

The gas flow rate,of each product gas was calculated from its 

concentration and the carrier gas flow rate.; The flow rate of each 

gas corresponded to its production rate. To eliminate the effects 

of small variations in sample size, the gas production rates were 

divided by the weight of fixed carbon in the sample initially. This 

normalized the rates to a standard basis of 1 gram of fixed carbon 

originally present in each char sample. 

The time at which the gas samples were analyzed differed from the 

time at which the gas was liberated from the char sample. This was 

due to the transportation lag of the flowing gases. From a knowledge 

of the flow line size and the total gas flow rate, the magnitude of 

the transportation lag was calculated. This figure was used to adjust 

the time at which the gas samples were analyzed to correspond to the 

time at which the gases were liberated from the char pellet. 

The rate of gas production versus the PFCG is phown in Figures 

III-9 through III-11 for three representative runs. These are cross 

plots of the PFCG versus time and the rate of gas production versus 
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time. These three runs exhibit the same general trends observed in 

all of the experiments. Hydrogen and methane pass through a maximum 

as does carbon dioxide, but to a lesser extent. Methane is produced 

mainly in the early stages of gasification and the rate drops towards 

zero in the latter stages of gasification. The carbon monoxide pro

duction rate decreases as the carbon is gasified, meaning that a higher 

percentage of the reacted carbon is converted to carbon dioxide in the 

latter stages of gasification. Appendix C lists the gas production 

data for each run. 

The total productionof each gas was calculated. This was accom

plished by integrating the rates of gas production over time using the 

trapezoidal rule. The results of the integration are shown in Table 

III-2. which lists the total amount of each gas produced in each run. 

The following trends in total gas production can be observed. At 

constant reaction temperature, carbon monoxide production incr~ses· 

with increasing catalyst loading, and carbon dioxide, hydrogen, and 

methane production decrease with increasing catalyst loading. At con-,. 

stant catalyst loading, carbon monoxide and methane production increase 

with increasing reaction temperature, and carbon dioxide and hydrogen 

production decrease with increasing reaction temperature. 

D. Mass Balance 

The consistency of the gas data was evaluated by performing two 

mass balances, one internal, comparing the quantity of product gases 

produced, the other external, comparing the quantity of gas produced 

with that expected from gasification of the fixed carbon. 

- 1 

(_, 
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Table III-2 

Total Gas Produced 

Tsmp. Total STP cm3lg:m FC * Cata.lyst .( C) H2 co C02 CH4 Factor. 

LiCl 900 1267 747 -763 19.9 1. 219 

NaCl 900 2040 881 663 21.9 Ll93 

KC1(5%K) 900 2126 802 556 17.7 . 1. 357 

RbCl 900 2044 852 493 19.4 1. 369 

CsCl 900 2050 1040 550 21.4 1.160 

(none). 900 2161 803 736 15.4 1. 202 

KOH (5%K) 900 2016 976 589 16.6 1.180 

K2CO 3 (2. 5%K) 900 2112 794 676 16 .. 1 1. 257 

K2co 3 (2. 5%K) .900 2392 935 733 18.6 1.107 

K2co3(5%K) 900 2029 949 589 13.6 1. 203 

K2co 3 (7. 5%K) 900 1495 788 326 13.1 1.657 

K2co3 (7.5%K) 900 1545 733 304 11.9 1. 714 

K2co3 (i0%K) 900 130.8 988 184 7.3 1_. 5 84 

K2co3 (10%K) 900 1342. 1063 200 8.0 1. 469 

(none) 700 2705 149 1238 6.1 1. 340 

K2co3 {5%K) 700 2611 153 1242 3.8 1.335 

K2co 3 (l0%K) 700 2633 221 1166 2.6 1. 343 

(none) 800 2393 401 948 13.6 1. 370 

K2co3 (5%K) 800 2354 407; 1025 8.5 1. 296 

K2co3 (10%K) 800 2003 556 628 8.3 1.566 

* Factor = l867/(CO + C02 + ·cH > 4 
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An internal mass balance was performed to check whether the ratio 

of H2/0 in the product gases was unity, as would be e}{pected if all H
2 

and 0 were assumed to derive from reacted H
2
o. Calculations of the H2 

and 0 content of the product gases are given in Table III-3. The per-

cent deviation of the two sums of H2 and 0 containing gases is approx

imately 5 to 10 percent. This is considered an acceptable level of 

error due to the uncertainties introduced by the integration technique 

used in calculating the total amount of gas produced. 

An e}{ternal evaluation of the gas data was performed by making a 

carbon mass balance. The total quantity of carbon containing gases pro-

duced was compared with the quantity predicted by the ideal gas law for 

one gram of carbon being gasified. 3 This value is 1867 em /gm of carbon. 

Table III-3 shows the sum of the carbon-containing gases together with 

the percentage by which this sum deviates from 1867 cm3/gm. The 

deviations are between 10 and 40 percent. For convenience, Table III-2 · 

list~. the factor by which the individual product yields must be multi-

plied in order to force the total carbon containing gas yield to be 

equal to 1867 cm3/gm. 

Part of the discrepancy in the carbon mass balance can be explained 

by errors introduced by the integration technique. Gas samples were 

rarely analyzed at the point of maximum rate of gasification, so that 

part of the real gas production curve was cut off when the trapezoidal 

rule was applied. Figures III-12 through III-14 demonstrate this for 

three representative runs. These figures show the rates of gasifica-

tion obtained from both the weight and the gas data versus the PFCG. 



Table III-3 
0 

Mass Balance 0 

Water Balance Carbon Balance 

Te-mp. (H2+2Cif4 ) (C0+2C02) . (CO+ C0
2 

+CH 
4

} Deviation 
3 3 3 0 

Catalyst (OC) (em /gm} (em /gm} % (em /gm} From 1867 
..t:.. 

LiC1 900 2207 2274 3.0% 1531 -18.0% 
A. NaC1 900 2080 2205 5.8% 1565 -16.2% 

KC1(5%K} 900 2161 1914 -11.4% 1376 -26.3% c 
RbC1 900 2084 1838 -11. 7% 1363 -26.9% 
CsC1 900 2092 2138 2.2% 1610 -13.8% C" 

(none} 900 2042 2048 0.3% 1439 -22.9% 
KOH(5%K} 900 2050 2154 5.0% 1581 -15.3% I 0'-· 

.p. 

K2co 3 (2.5%K} 900 2144 2146 0.1% 1486 -20.4% ~ 

I 0 
K2co

3 
(2. 5%K} 900 2430 2401 -1.2% 1687 - 9.6% 

K CO (5%K} · 900 2056 2127 3.4% 1552 -16.4% ~ 
K~C0~(7.5%K} 900 

. 
1509 1440 -4.5% 1127 -39.6% .. 

K2co 3 (7.5%K} 900 1569 ·. 1381 -11.9% 1089 -41.7% 
K2co 3 (10%K} 900 1322 1356 2.5% 1179 -36.9% 
K2co3 (10%K} 900 1357 1463 7.8% 1271 -31.9% 

(none} 700 2708 2625 -3.0% 1393 -25.4% 
K CO (5%K} 700 2618 2637 0.7% 1399 -25.1% 
K~C0~(10%K} 700 2638 2553 -3.2% 1390 -25.5% 

(none) 800 2420 2297 -5.0% 1363 -27.0% 
K CO (5%K) 800 2371 2457 3.6% 1441 -22.8% 
K~C0~(10%K) 800 2019 1812 -10.2% 1192 .;....36.2% 

/ 
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T = 900°C 
No catalyst 

• Based on 
weight loss 

o Based on gas 
production 
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Percent fixed carbon gasified 

XBL764-5417 

Figure III-12 Gasification rate calculated from both gas 

data and weight data (no catalyst) 
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Figure III-13 Gasification rate calculated from both gas 

data and weight data [5 % K (K2co3)] 
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Other possible reasons for the discrepancy in the carbon mass 

balance were investigated. These included errors in chromatograph cali-

bration, errors in helium flow rate determination, and gas sample dilu-

tion by water vapor not collect.ed in the cold trap:. None of these rea-

sons could explain more than 1 or 2 percent of the discrepancy. 

Inspection of Figures III-12 through III-14 allows two important 

observations to be made. First, the gasification rates based on the 

weight data are larger than the gasification rates based on the gas 

data. This means that the integration errors cannot explain the entire 

discrepancy in the carbon mass balance. Second, and more importantly, 

the shape of the two curves in each figure is roughly the same. The 

two curves in each figure differ only by a constant factor, although 

this factor is different for each run. This means that the general 

trends in the gas data are correct, in spite of the failure of the car-

bon mass balance. 

The failure of the gas data to s·atisfy the carbon mass balartce 

limits the extent to which the gas data can be used. The absolute num-

bers of gas production rates or total gas produced cannot be compared 

from one run to the next. Nevertheless, trends in the gas-data and 

ratios of product production within the same run can be compared with 

those for other runs. 

E. Scanning Electron Microscopy 

Scanning electron micrographs were obtained of the reacted and 

the unreacted coal char as well as the coal ash. These are shown in 

Figure III-15. Inspection of the micrographs reveals that it is 
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Figure III-15 ·Scanning electron micrographs of A) unreacted ·· 

coal char, B) unreacted eoal char containing 

5% K (K2co
3
), C) 75% reacted eoal char, 

D) 75 % reacted coal char originally containing 

5% K (K2co3), and E) coal ash 

·~ 
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(A) (B) 

lOOp. 

(C) (D) 

(E) 

XBB 764-3689 

Figure III-15 
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impossible to distinguish one micrograph from another. The reacted and 

the unreacted char, the catalyzed and the uncatalyzed, and the coal ash 

all appear identical. As a result, the scanning electron micrographs 

cannot be used to deduce differences between catalyzed and uncatalyzed 

char samples. 
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IV. DISCUSSION OF RESULTS 

A. Weight Data 

As noted in Chapter III, the.alkali chlorides all behaved in a 

very simj lar fashion. During the initial stages of gasification, each 

of these catalysts caused a decrease in the gasification rate relative 

to that for an uncatalyzed sample. Only when the last 20 percent of 

the fixed carbon was being· gasified did the presence of these'catalysts 

cause an enhancement in the gasification rate. It is this enhancement 

iri the rate which is responsible for the decrease in the time to 

achieve total gasification, noted in Table III-1. If the times for 

complete gasification are arranged in ascending order, the following 

sequence is obtained: LiCl<<CsCl<NaCl~KCl<RbCl<no catalyst. Neither 

the characteristic behavior of the alkali chlorides nor the ranking 

of these catalysts can be explained. 

While it is apparent that the chlorides of different alkali metals 

exhibit roughly the same catalytic effect, changing the anion associated . __ .... 

with a given metal cation has a much more dramatic effect. This con-

elusion is supported by a comparison of the gasification rates obtained 

with K2co3 , KOH, and KCl. From Figure III-4, it is apparent that both 

K2co
3 

and KOH bring about a more rapid gasification, thrdughout the 

whole gasification process, than can be obtained either with KCl or 

without the use of a catalyst. 

The identical behavior of K2co3 and KOH observed in Figure III-1 

and III-4 can be explained by recognizing that KOH is easily converted 

to K2co3 in the presence of carbon dioxide. At a temperature of 
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1200°K, the equilibrium constant for reaction 5 is 6.31 x 102 atm. 

Thus even in the presence of a small partial pressure of carbon dioxide, 

(5) 

the formation.of K2co
3 

is favored. It is believed that the conversion 

of KOH to K2co3 may occur during charring of the catalyst containing 

sample. Carbon dioxide for the reaction would be liberated from the 

coal during the charring process. The further conversion of K
2
co

3 

to K20 does not occur since the equilibrium constant for reaction 6 

is too small (K = 3.1 x 10-9 atm at T = 1200°K). 
p 

(6) 

The present conclusion concerning the relative catalytic effective-

11 ness of K2co3 and KCl is different from the results of Haynes et al., 

who concluded that K2co3 and KCl gave similar improvements in the gasi

fication rate over that obtained in the absence .of a catalyst. These 

differences cannot be reconciled, however, since the manner of.coal/ 

catalyst contacting and the gasification conditions used by Haynes et aL 

were quite different from those used in this study. In their work 

catalyst and coal were mixed as solids. Gasification was conducted at 

300 psia for a fixed length at time (4 hours) and the rate was calcu-

lated on the total amount of .coal gasified.in this period. Further-

more, the weight percent of catalyst to coal was maintained the same 

·I 
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for K2co
3 

and KCl, rather than the number of moles of potassium per 

gram of coal as was done in the present experiments. Because of these 

substantial differences in experimental procedure,· the difference in 

the conclusions cannot be reconciled.' 

Interpretation of the weight-loss data for the runs catalyzed 

by K2co3 is complicated by the fact that the instantaneous gasifica

tion rate measured at a given percent fixed carbon gasified varies with 

the time required to reach this percent fixed carbon gasified as well 

as with the initial catalyst loading. During the course of a run, the 

ratio of catalyst to fixed carbon increases. This change serves to 

maintain a high gasification rate even though the amount of fixed car

bon remaining is constantly decreasing. However, a comparison of .the 

gasification rate for a given ratio of catalyst to fixed carbon shows 

that this ratio alone is insufficient to define the gasification rate. 

Thus samples having a high initial catalyst loading always gasify at 

a faster rate than those with a iower loading. The reason for this 

difference is the thermal aging or annealing of the sample. 

Evidence of thermal aging was obtained by varying the time to 

attain the gasification temperature. Two samples were prepared, each 

containing 5 weight percent potassium (as KOH). One sample was heated 

to 900°C in 12 minutes, the other in 15 minutes. At 25 PFCG the sample 

heated for the shorter time gasified at a rate of 79 mg/gm/min, while 

the sample heated for the longer period gasified at a rate of 60 mg/gm/ . 

min. Similarly, the times required to achieve complete gasification 

were 21 minutes and 37.5 minutes respectively for the two samples. 
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Clearly, then, the longer a sample is maintained at a high temperature, 

the more difficult it is to gasify. This effect is probably due to a 

conversion of the remaining fixed carbon into a less reactive form. 

Thermal aging is minimized by the presence of K2co3 in the char. 

As the catalyst loading is increased, the time required to attain a 

given perc.eti.t fixed carbon gasified is decreased. Thus the K2co
3 

increases the gasification rate in two ways- first, through its action 

as a catalyst and second, through its reduction of thermal aging. 

The curves of gasification rate versus ,percent fixed carbon gas-

ified shown in Figures Ill-S through III-8 have similar shapes. In 

every instance the rate increases from its initial value, attain~ a 

maximum near 20 PFCG, and then declines to zero at 100 percent fixed 

carbon gasified. Only the curves for a 10 percent loading of potassium 

exhibit s~ightly different shape in that a second maximum appears at 

about 70 PFCG. 

The initial increase in gasification rate could reasonably be 

attributed to the removal of a less reactive layer from the surface of 

the char. Such a layer might be formed through a partial oxidation of 

the char surface upon exposure to air. 

The decline in gasification rate during the latter stages of gas-

ification is attributed to a loss in reactive surface area. If one 

envisions the char as a multitude of separate particles dispersed in an 

ash matrix, then one can predict that the surface area of the particles 

will decline as the 2/3 power of the fixed carbon not yet gasified. A 

very rough approximation of this behavior is in fact observed. Wilkes 

. et al. 12 also observed this 2/3 power decline in the reaction rate in 
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their study of steam gasification of coal char using K
2

co
3 

as a catalyst. 

B. Activation Energy 

The effect. of temperature on gasification rate is illustrated in 

Arrhenius plots shown in Figure IV-1 through IV-3. The parameter in 

each of these plots is the PFCG. Notice that in each of.the. curves the 

slope diminishes as one moves towards higher temperatures, indicating 

a decrease in the effective activation energy. An explanation for 

the observed curvature may be given in·terms of the following arguments. 

Figure IV-4 shows,an idealized Arrhenius plot for a gas reacting 

with a porous solid. 2 There are three different temperature zones, 

each associated with a particular controlling resistance. For each 

zone, the slope of the plot is constant, corresponding to a constant 

activation energy. Regions a and b are transitions between zones where 

the activation energy is changing. In Zone I the reaction rate is con-

trolled by the reactivity of the solid and the measured or apparent 

activation energy (E ) is equal to the intrinsic or true activation 
a 

energy (Et). In Zone II, internal mass transfer within the solid is 

important and affects the reaction rate, leading to E being equal to a 

In Zone III, external mass transfer to the outside surface 

of the solid becomes rate controlling and E is approximately zero. a 

Concentration profiles of the gaseous reactant inside and outside the 

solid are also depicted in the figure. The shape of the plot is 

generally curved. 

Comparing the Arrhenius plots of the data with the idealized 

Arrhenius plot, it is seen that the slope of the experimental curves 
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Figure IV-1 Arrhenius plot for an uncatalyzed sample 
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Figure IV-2 Arrhenius plot for a sample containing 5 % K (K2COj) 
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Figure IV-3 Arrhenius plot for a sample containing 10 % K (K2co3) 
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I 
'T--

Figure IV-4 Idealized Arrhenius plot for a gas 

reacting with a porous solid (4). 
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resemble that of the idealized plot. Table IV-1 lists the activation 

energies calculated from the data for temperature ranges 700-800°C and 

800-900°C. From an inspection of this table, it is evident that the 

activation energies of the char samples with no catalyst present and 

with 5 percent potassium are approximately equal. It is also apparent 

that the measured activation energies for these two cases at 800-900°C 

is about one half of that measured at 700~800°C. For the 10 percent 

potassium loading, the measured activation energy at 800-900°C is some

what less than one half of that at 700-800°C. These observations sug

gest that mass transfer is most likely important in determining the 

gasification rate of the char pellet at the higher reaction tempera

tures. 

To determine the extent to which internal and external mass trans

fer might be important, gasification rates in the presence of mass 

transfer limitation were estimated. The results of these calculations 

are shown in Table IV-2 and the details of the calculations may be 

found in Appendix D. As would be expected the gasification rates with 

external mass transfer limitation are larger than the gasification 

rates with internal mass transfer limitation. Both sets of estimated 

gasification rates, particularly at the higher temperatures, are of the 

same magnitude as the measured gasification rates. These calculations 

further support the conclusion that mass transfer influences the gasi

fication rate at higher temperatures. 

To further investigate the mass transfer limitation, gasification 

of the char was attempted at 600°C. The rates were extremely slow, 
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Table IV-1 

Activation Energies 
(Kcal/mole) 

700-800°C 0 ·800-900 c 

No Catalyst 

25 PFCG 38.7 16.1 
50 PFCG 40.2 16.8 
75 PFCG 40.5 15.2 

K2co 3 (5%K) 

25 PFCG 35.5 20.1 
50 PFCG 40.5 22.1 
75 PFCG 36.3 27.9 

K2co3 (10%K) 

25 PFCG 31.3 13.8 
50 PFCG 28.3 8.1 
75 PFCG 22.7 12.5 
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Table IV-2 

Calculated Gasification Rates 

with Mass Transfer Limitation 

Gasification Rate(mg:Lgm/min) 
Tempe0ature Internal External 

( C) Limitation Limitation 

900 19.4 143 

800 20.5 133 

700 21.5 132 

600 22.5 111 
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only 5 percent of the fixed carbon in each sample being gasified before 

the reaction was stopped. Figure IV-5 shows an Arrhenius plot of the 

gasification rate at 5 PFCG including the 600°C data. This figure most 

definitely resembles the idealized Arrhenius plot shown in Figure rv~4. 

The activation energies measured from 600-700°C for no catalyst present, 

5 percent potassium loading, and 10 percent potassium loading are, 

respectively, 49.1, 44.8, and 39.1 Kcal/mole of carbon. These activa-

tion energies are considered. to represent the intrinsic activation 

energies for the gasification of coal char in this study. 

C. Gas Data 

The gas production data can best be interpreted by inspection of 

the fractions of gasified carbon appearing as co2 , CH4 and the ratio 

of H2/CO obtained. Table IV-3 lists these fractions for each run. 

Table IV-3 summarizes the effects of temperature and catalyst 

loading on the fraction of carbon converted to CO. In general, it is 

found that conditions of high temperature and catalyst loadings favor 

increased rates of gasification and higher conversion of the gasified 

carbon to CO. The reason for this type of behavior can be ascertained 

by examining the mechanism for carbon gasification. The threeprin-

2 3 ciple steps in carbon gasification are: ' 

Cf + H20 + C(O) + H2 

C(O) + CO 

CO + C(O) + co2 + Cf 

(7) 

(8) 

,(9) 
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XBL764-5407 

Figure IV-5 Arrhenius plot for.S PFCG showing the effects of 

catalyst loading 
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Table IV-3 

Fractions of Carbon Gases 

Fraction of 
Temp. Carbon AEEearing: as 

Catalyst· {oC) . co co2 CH4 

LiCl 900 .488 .499 .0130 

NaCl 900 .563 .423 .0140 

KCl { 5%K) 900 .583 . 404 .0128 

RbCl 900 .625 . 361 .0142 

CsCl' 900 .646 .341 .0133 

(none) 900 .556 .433 .0106 

KOH{5%K) 900 .617 .373 .0100 

K2co3 (2.5%K) 900 .534 .455 .0109 

K2co3 {2.5%K) 900 .554 .435 .0110 

K2co3 (5%K) 900 .617 .373 .0100 

K2co 3 (7.5%K) 900 .699 .289 . 0117 

K2co3 {7.5%K) 900 .710 .279 .0109 

K2co3 {10%K) 900 .837 .157 .0062 

K2co3 (10%K) 900 . 836 .158 .0063 

{none) 700 .107 .888 .0044 

K2co3 {5%K) 700 .110 .888 .0028 

K2co3 (l-0%K) 700 .159 . 839 .· .0019 

(none) 800 ·• 295 .695 .0100 

K2co3 (5%K) 800 .283 .711 .0059 

K2co3 (10%K) 800 .467 .522 .0048 
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where Cf is a carbon surface 'active site' and C(O) is an absorbed 

oxygen atom on a carbon site. Gasification of the carbon is achieved 

by reaction 8, which is thought to be slow compared to the other 

2 4 
steps. ' When gasification rate is accelerated by increasing the tern-

perature or through the use of a catalyst, it is expected that the 

rate of reaction 8 is enhanced to a greater extent than the rate of 

reaction 7. As a result, the concentration of C(O) on the char surface 

is reduced. A reduction in C(O) concentration would cause a decrease 

.in the rate of reaction 9 and hence in the production of co
2

• 

The correlation between increased gasification rates and increased 

conversion of carbon to CO can also be seen in the instantaneous rates 

of gas prOduction as well as the total amount of gas produced. Refer-

ring back to Figures III-9 through III-11, it is noted that in the early 

stages of gasification when the reaction rates are large, the rate of 

CO production is very much larger than the rate Of co2 production. 

Figure IV-6 shows the ratio of H2/CO in the product gas as a func-

tion of reaction temperature, with catalyst loading as a parameter. It 

is observed that the H
2

/CO ratio decreases with both increasing reaction 

temperature and increasing catalyst loading. This trend can be ex-

plained in terms of the trends in CO and co2 production with temperature 

and catalyst loading. It is apparent from reactions 7 through 9 that 

every molecule of CO produced, one molecule of H2 is produced. Like

wise, for every molecule of co2 produced, two molecules of H2 are pro

duced. Increasing reaction temperature does two things. First, CO is 

formed in preference to co2, and second, less H2 is formed because only 
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one molecule of H2 is formed for every molecule of CO. These two con

sequences of increasing temperature and/or catalyst loading lead to 

a lower H2/CO ratio. 

Figure IV-7 shows the fraction of gasified carbon converted to 

CH4 as a function of reaction temperature. Methane formation increases 

with increasing reaction temperature. This trend is contrary to that 

predicted by thermodynamic considerations alone (Figure I-3). If 

thermodynamic equilibrium were controlling, then it would be expected 

that CH4 formation would decrease with increasing temperature. Thus, 

it is apparent that CH4 formation is limited by reaction kinetics and 

requires higher temperature to form. 

Increasing the catalyst loading has the effect decreasing the 

fraction of reacted carbon that goes to CH4 • This trend can possibly 

be explained in the following manner. It is assumed that methane is 

formed through the reaction of hydrogen with the C(O) species. This 

reaction is similar to the methanation reaction that occurs on the 

1 surface of a supported metal catalyst. When the gasification rate 

is increased by the use of a catalyst, two things occur, the surface 

concentration of C(O) decreases and the amount of H2 in the gas phase 

decreases. These two occurrences cause a decrease in the rate of CH4 

formation. 

The interpretation that C(O) is an intermediate in the formation 

of CH
4 

during gasification is also supported by the fact that the rate 

of CH
4 

formation during direct hydrogenation of coal by H2 is signifi

cantly increased by adding a small amount of steam. This experimental 
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Figure IV-7 Fraction of gasified carbon converted to CH
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versus reaction temperature 
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observation was noted in Chapter I. Whether this interpretation is 

correct must be verified by further experimentation. 
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V. CONCLUSIONS 

Based on the study just completed, the following conclusions can 

be made. 

1. The catalytic activity of K
2
co3 is superior to that of 

the alkali metal chlorides. 

2. All: of the alkali chlorides behave similarly and at low 

percent fixed carbon' gasified cause a reduction in the gasification 

rate. 

3. KOH and K2co3 are identical in catalytic activity. 

4. Enhancement in the gasification rate results from increased 

catalyst loading and decreased thermal aging. 

5. Effects of temperature reveal that at low temperature the 

rate is essentially kinetically controlled, but at higher temperatures 

mass transfer begins to play an important role. 

6. Activation energies decrease with increasing catalyst loading 

and have values of 39.1, 44.8, and 49.1 Kcal/mole for 10 percent 

potassium, 5 percent potassium, and no catalyst, respectively. 

7. Increasing temperature causes carbon monoxide to be formed 

in preference to carbon dioxide and hydrogen, and enhances the rate 

of methane production. 

8. Increasing catalyst loading causes carbon monoxide to be 

formed in preference to carbon dioxide and hydrogen, but diminishes 

the rate of methane production. 
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APPENDIX A 

Chromatograph Calibration 
/ 

The gas chromatograph was calibrated using helium-gas mixtures 
• 

of known composition. Concentrations of the calibrating gas streams 

were calculated from the flow rate of each component. The flow rates 

were measured in two ways. The flows of helium and the gas being 

calibrated were measured by rotameters and a soap bubble flow meter. 

Variations between the two measurements were less than 1 or 2 percent. 

Table A-1 lists the calibration equations derived for each gas. 

Plots of peak areas versus mole fraction were linear for each of the 

gases except hydrogen. The hydrogen area was nonlinear with mole 

fraction. ·rt was found, though, that two straight lines very closely 
' 

approximated the hydrogen calibration curve over the region of hydrogen 

concentrations analyzed in this study. The two equations are listed 

in Table A-1. 

Figure A-1 shows a sample chromatogram, demonstrating the resolu-

tion of the gas peaks obtained with the chromatograph. Each traverse 

of the integrator pen corresponded to 100 area units for use in the 

equations in Table A-1. Due to the tailing of the carbon monoxide 

peak at low attenuations, the base line of the methane peak was not 

zero. This was taken into account when the area of the methane peak 

was evaluated from the chromatogram. 
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Table A-1 

Gas Chromatograph Calibrations 

XH 
2 

XH 
2 

X co 

XCH 
4 

X co 
2 

= 2.25 X 10-4 (AH ) 
2 

= 6.70 X 10-4 
(~ ) -

2 

= 4.055 X 10-6 
<Aco> 

= 4.546 X 10-6 
(ACH ) 

4 

= 3.247 X 10-6 
<Aco > 

2 

X = mole fraction y 

0 

0.178 

<~ < 400 -2 

~ > 400 
2 

AY = (area under chromatogram) (attenuation) 
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Figure A-1 Sample gas chromatogram 
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APPENDIX B 

Computer Calculations 

The gasification rates were calculated by differentiation of the 

weight loss curves using a finite difference method. The gasification 

rate at any time t was defined as: 

RATEt (B-1) 

where W is the sample weight, ~t is the time interval, and FC is the 

fixed carbon initially present in the char sample. Figure B-1 shows 

a listing pf the fortran program used to perform the calculations. 

The gas chromatography data were converted into gas production 

rates and into quantities of gas produced. First, the peak areas were 

transformed into product gas mole fractions, determined by the con-

tents of the gas sample loop, using the gas chromatograph calibrations. 

These mole fractions were corrected to obtain the gas mole fractions 

in the vicinity of the gasifying char pellet. This correction was 

required because purge'helium was ad~ed to and unreacted water was 

removed from the product gas stream. The new mole fractions were de-

fined as: 

X. 0: Q. ) 
l.S l.S (B-2) 

where X. is the mole fraction of component i, Q. is the volumetric 
~ . ~ 

flow rate of component i, subscript p refers to the vicinity of the 

pellet, and subscript s refers to the sample loop. The volumetric 
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0!'1~-:r·JSI Oil t'T( 50> 
"L::f\D 2,nnrS,ASH~DEL':.'T !1.SAD 4,n•:TcU~I=J,NPTS> 

2 F0'<.:>1f\T(l3,2Fl3·2>J 4 F0~1.'1AT(8FJ3.2> 

DELT=J.S; N=NPTS 
"'~HJT 12 

12 FO~~ATCI~X.SOATAS,II,SX,STI~S<MIN)J,2X,$~T.CHARCMGA>~.2X, 

I 5CFC GASIFIEUi,2X,$?ATEC~GIGMIMIN)$) 
DO 10 I=!.~J; TIME=D£LT*I-DELT 
n;:: ·~F C= I ~ (1. - C \'T C I >-ASH> * 1 0 3. I DEL\{! 
IFCI-1)11,1!,22; 22 IF'<I-tl>21.11,11 

li ~~TE=~.3~?0; GO TO 13 
2! ~,'\T£= (l-'TC I- I) -l:'T< I+ I>) I ( DI::U.'T*2· *DZL T) * 133Z· 
I": P~I~JT !3,TI~1.0:,\.'T(I),!'C:.:::.Fc,;::ATE 

13 F0"::·1;\TC 3X, F9 • 2, 3'-:, F I;,. 2, 4X,J--J:). 2, 4X,F 13· 2> 
STO::>; StJD 

,~:::rm-0?-FILE* 

Figure B-1 Fortran program listing used for weight 

data analysis 
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flow rate of each component was evaluated by solving the series of 

equation B-3. The volumetric flow rate of helium was 

xkp(E Q.) 
i#=k 1 p 

(B-3) 

known and the hydrogen produced came from the reacted water, which led 

to a solution of equations B-2 and B-3. Notice that in equation B-3, 

Q is the gas production rate of component k. Once equation B-3 was 
kp . 

·solved, the gas production rates were known. 

The quantity of gas produced was obtained by integration of the 

gas production rates. The integration was performed through the use 

of the trapezoidal rule: 

(B-4) 

where Vkp is the volume of component k produced between time t 1 and 

t
2

• Figure B-2 shows a listing of the fortran program used in the 

analysis of the gas chromatography data. 
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D! ~ i::~l S ION A'13t, < I C1 J , l\ TT :.=:tH ! :3), X ItJT L::G < i 3 b :.., CO!J C ( I :il), X ( 1 Z >, XX ( 1 J), 
I C C < I 'J J , T 1'1 E. < ~2 3 > , X C H P. iH 1 J, 2 0 J , PC T R.:< C 2 J > 
Vl=li'S·'36; 'J2o:l53-35; TL,\GT=3· 
R.S:'\D 2,n,FI,F2,STEA:1,NLST,IFL0v! 

~~ F'G'S~1!\TCI2 ... 3Fl'2J~~3,2I2); RE/\0 6,Tlt~E.(iJ+l) ,FC 
I?nJLST>3 .. 5,3 

3 . 0~1 :JT 4 
4 FOSIATCS D~TA TIME-H2-C3-CH4-C02$) 
5 :JO I ::" ~ :co: I, rJ 

'1::.-\D 6,T!!'!ECO,CXHJTE:GCJ> .. ATTE:JCJ>,J=l,4> 
6 F0'1~ATC0F3.2> 

IF<r:LSTJ•3 .. !:3,q' 
'l !>P.I:JT 6,TI~E:(lO .. CXItJT:.::GcJ>.AT1'£N(J),-J'=I .. 4) 

1 ::'l D!) I 2 [ = 1 > L1 

I:?. ,:\<:St\C I J =":'! ~JTEG C l) * 1\TT£11 C I> 
1F<Ar~EM I) - ll03· > 13!,131, 132 

1~1 BCONC<I> = .:J00225*AR:.=:~<1> 
GO TO 133 

132 3COIJC(IJ= o00367 * A'1EA<l> - 3.}78 
1.33 3CUilCC2J= 4.r,55E-6 * A~£AC2> 

:3C:O:JC( 3>= 4. 546£.-6 * ,;?.EAC3> 
BCmJCC4>= 3·247£··6 * M'!EAC4> 
DO 14 I=l,.4 

14 ~CIJ=5CONCC1> 

CC<5>=F!+F2; DO 29 I:<X=!,4; 29 CCCI;\/.)=3·'3 
C T'11.1\L t\!JD E'l'~OR TO CALC STiJD. CC/Mlrl I:l ?~uD'JCT 

DO 4 ll I -~·< = 1 _,. 50 
DO .'32 I= 1,. 4 
CCST='). 
iJO 23 W·~= 1. 5 
IT EST=T<'<- I 
IF<ITEST>27.23,.27 

27 CCST=CCST+CCCXX> 
?.q COlJTIIJL'E 
32 CC<I>=~<I>*CGST/(1.~-X<I>> 

CGT=:'J. 
DO 34 I= 1.• 5 

34 CCT=CCT~CCCI> 

DO 3'i I= 1, 4 
'-\": < I > = CC < I> I CCT 
T~ST=A3SC~~CI>-~<Il>-·3001 

IFCT£STJ3~~3~ ... 44 
3'3 COtJTitJUE 

GO TO 5:'1 
l!!l COciTI!JTJE 

o;-:r ilT 46 
45 FO?~ATC$ CC/MIN DOES NOT COHVERGEI,//) 

STD" 
51 CO~ITI t!UE 

C t\SSU:·1E t\l.L H2 CO~t.t::S Fq0~1 STE.C\."1 DEC0:1?DSI T!Orl - .:.:H.CH ST:JD. 
C CC. H2 C0~1ES F:-\01-1 STtJD. CC. H20. ikC0:1PuS.::D 

H2~1il=fi>!<STE/\!1/C 1·-STEl\:-1) 
~2:?1'1:\=CC< I> 
'-! 230UT= 1-£ 2::J I tJ-:i 2::1!1'< 
-,CT :1:'1: C:< i-" (H23:1X/>120I tl h 10'3 • 
CCT=0· 
CCC 6 ).=F I 
CC<5)=~1200UT 

DQ 52 I=!, 6 
52 CCT=CCT+CC<.I > 

Figure B-2 Fortran program listing used for gas data analysis 

• 
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DO 54 1=1.6 
S~ ~C~ARC1~~>=CC<I>ICCT 

TLAG=IJ IIC:CT+V21 C CCT+F2) 

i3~ 

6'~ 

62 

6L1 

66 
6~ 

7?. 
72 

TIMECK>=T!MECK)-TLAG 
TU'.GT=TLt\G T+ TLAG 
':C'-{.:'\"( 7, i( > = CCT 
COtlTI~H.:.:: 

.'\'!LAG= TLI\GT IN 
0 :<!:-JT 6:1, .1\VL/\G 
FOP~ATCS AVERAGE TIME L/\G = S,FI0.4.$ MIN$) 
C'RI ~JT 62 
FOR'IATC $ TIME$, 18X, S**MOLt: F!{/\CTIO!l**S• !SX, $TOTAL~. 2X, 

l SSTEI'I:H) 
0~INT 61~ 

FO r.:t·1/\.T C S ((1! U > s. 4'{, J.H2 s~ 6X ~ S',CQ S, 5X~ :i>C)-{4£, :>x~ iiCO 2 :ii, 5x, 
l ~H2QS,5':,,~ss.s~~SFLOV DECO~PS) 

DO 66 l<=J.tl 

f"t) "iMi\ T ( I-~ I F1. 3' 6F'3 • 4. F>3 • '2. F 7. 2) 
C.'\LL FLO\.' RI\TE HlTEGqATIO~J TO CALCUL:\Ti. TOTAL GAS PRODUCTIOtJ 

IF<IFLOP) 73,72,73 
CALL FLO~CTIME,XCHAR,U,FC> 
STOP 
ErJD 

·~ E'J D-· o;.- FI LE• 

SUa~OUTI~~ FLO~CTIME,X,N,FC> 

DIC1EtlS!Otl VOL< I~>.TT:'1E.C21>~X< IJ~2J>,VOLFCC 10.20) 
c .•.. · .• '( IS S!\'li::: AS XCHt\:1 Ill .1/Htl ?;:{0G!1Ai'11 XC7,iO=TOTAL CCIMHJ 

"''H NT 2 
2 F'OqMATUII,3':,$TI'·1E$,16X~$*CC PP.Ou;JcED*$/3X, 

5(~·11~1> 3, S'~., .DH2$, ?X, $CO·s., ?X, :.iCH:t~s .. 6X, ~C02S) 
DO 6 ! = 1. 4 
'.'OL<I> = '(C!~I>*X<7~1>*·65*TI:-IECI) 

6 '.'O!..FC<t~ I> = V·JLCI/IFC 
uqrNt ~~ TIMECI>.<VOLC!),I=I.4) 

~ rO~~ATC?~.3.4F9o3) 

DO 2?1 I<= 1, r( 
DO 1.0 I"' 1. 4 X< I • tl+ I) = 0 • 3 
\I Q L ( I ) = v 0 L ( I ) + ( '( ( I I !0 *X ( 7' l( j + i{ ( I • "+ I ) *X ( 7 I i( + I ) ) I 2 • 
*<TH1.2.C\+I>-Tit·1.E:CJO>; ilOLf"C<I~iC+l> = VOLCI>/FC 

11 CONTitlUZ 
2~ PRINT ~~TIMECK+I),(VOL<I>,I=I•4> 

?RH!T 22 
22 FO <:::~1~/!C I I I • 3:-.:·, '1i T I :1;:: $, I 3X. $* CCIGM-F C PRO GUC.C.D* $1 3X. 

1 C"!! ~J > .5. 5'<. SH 2$, 1V..~ SCu $, 7X, 'liC:-t4 :;,, 6X, $CO2$) 
DO 24 !\= I, ll+ I 

2Q DRINT-3, TIXECK>~<VOLFCCI.K>.I=l•4> 

"lETU'"tl 
E.rlD 

* Et!D-OF-f I LE* 

Figure B-2 (Con't) 

Fortran program listing used for gas data analysis 
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APPENDIX c 

Table of Gas Production Data 

Catalyst Time PFCG (em 3 I g:mfmin) 
.. 

Rate 
(Temp.) (min) H2 co CH 4 C02 

LiCl . 4 1. 82 62.0 . 37.3 .90 26.5 
( 900°C) 5.7 26.60 96.6 38.7 1. 00 32.1 

16.7 63.04 63.4 16.5 .51 21.7 
22.8 76.63 45.6 12.9 . 35 16.2 
34.2 92.28 21.1 6.8 .13 7.1 
42.5 99.03 6.4 1.2 .00 1.7 

NaCl • 3 1. 70 76.9 47.5 .99 20.9 
(900°C) 6.8 29.57 72.8 25.5 .81 23.8 

12.2 45.32 57.5 18.5 .68 20.6 
17.9 58.36 45.8 17.2 .54 15.3 
29.4 76.06 28.4 15.2 . 30 9.1 
44.2 92.99 13.5 6.1 .07 4.4 

KCl . 4 1. 95 95.0 44.1 1. 00 26.0 
(900°C) 8.3 38.36 74.9 23.5 .75 21.5 

18.3 65.08 49.5 17.6 .38 11.6 
27.9 81.86 29.8 11.9 .19 6.9 
39.6 93.26 17.0 6.5 .07 3.9 
54.6 98.86 1.8 1.4 .00 1.1 

RbCl . 4 1.99 76.6 45.2 . 79 18.7 
(900°C). 9.0 37.70 68.8 21.7 .70 18.8 

17.7 58.19 47.9 18.0 .38 8.5 
28.1 75.79 25.9 12.5 .31 7.9 
42.4 . 91.23 14.2 6.7 .12 4.1 
53.2 97.39 9 .• 6 3.2 .OS 2.3 

CsCb • 7 3.13 7·1. 4 44.9 .88 18.7 
(900 C) 8.7 37.07 80.2 34.5 .99 22.9 

17.3 64.51 60.5 33.6 .62 12.7 
27.1 82.51 28.5 13.3 .21 10.8 
43.7 96.91 7.7 4.0 .04 1.0 

(non~) . 4 1. 70 85.5 44.5 .80 25.2 
(900 C) 8.4 40.40 100.3 38.8 .65 25.3 

20.1 75.48 26.9 5.9 .17 12.4 
28.9 84.84 19.6 5.8 .14 6.9 
40.8 92.50 7.6 4.4 .10 2.9 
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Catalyst Time PFCG Rate (cm3 /9:m/min) 
(Temp.) (min) H co. CH 4 co2 2 

..0 

KOH .2 1. 48 135.2 94.1 1.69 33.1 
5%K 4.2 32.36 141.5 89.9 1.60 36.7 

"' (900°C) 9.7 68.76 116.8 50.8 .83 36.2 
·. 15. 3 92.02 72.4 12.6 .14 25.4 

K2co 3 . 6 3.42 119.5 61.7 1. 22 36.9 

2.5%K 7.1 45.27 122.2 51.1 • 89 38.8 

(900°C) 16.3 81.60 57.8 9.5 .37 19.1 
23.3 91.03 24.8 6.4 .13 5.9 
35.3 98.24 10.0 2.7 .04 2.2 

K2co 3 . 7 4.13 118.4 61.6 1. 08 34.4 

2.5%K 7.0 45.58 122.6 54.2 .96 36.4 
(900°C) 18.7 83.15 38.9 9.1 .28 13.8 

30.3 94.56 24.2 7.2 .16 7.2 

K2co 3 • 2 1.19 118.0 82.2 . 35 26.5 

5%K 5.8 43.17 138.5 80.3 1. 55 38.5 

(900°C) 17.6 96.80 50.5 7.0 • 09 18.1 

K2co 3 . 5 3.73 140.8 82.4 2.08 32.8 

7.5%K 9.0 73.87 131.3 63.5 .56 27.2 

(900°C) 

K2co 3 • 6 4~22 139.3 80.6 ·1. 44 28.7 

7.5%§ 7.7 65.09 154.6 70.8 .98 29.7 

(900 C) 

K2co 3 .5 3.57 135.5 126.9 1.15 16.3 
10%K 6.4 56.75 117.5 92.5 • 66 18.3 

(90 0°C) 10.9 97.07 95.6 34.5 .02 13.5 

K2co 3 • 6 4.80 137.5 128.3 1.32 19.3 

10%K 6.9 77.45 183.6 130.7 .72 28.5 

(900°C) 
'~ 

(none) 4.1 1. 61 17.7 • 8 .03 7.7 
( 700°C) 19.8 7.93 18.6 .9 .04 7.6 

40.2 16.17 19.6 .9 .06 7.7 
69.4 28.61 15.5 • 9 .06 7.4 

108.0 44.50 13.2 .7 .03 6.2 
144.1 55.32 10.0 .5 .02 4.6 
184.3 63.93 5.4 .4 .00 2.9 
226.1 69.71 2.7 • 3 • 00 1.7 
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Catalyst Time PFCG Rate (cm3/9:m/min) 
{Temp.) {min) H2 co CH 4 C02 

K2co3 4.5 3.18 22.6 1.1 .02 12.4 '.....:.·· 

5%K 16.1 11.70 27.8 1.5 .05 10.8 

{ 700°C) 35.4 24.75 21.4 1.4 .05 10.5 
75.1 46.83 11.4 • 8 . 03 7.0 • ,~, 

123.6 63.55 9.8 .5 .00 4.4 
171.8 73.55 7.3 • 4 .00 2.6 

K2co3 6.3 6.24 28.9 1.7 .03 13.9 

10%K 21.6 26.02 26.6 2.1 .03 13.4 

{ 700°C) 32.4 38.95 38.8 2.7 .03 15.9 
52.2 71.86 50.4 5.5 • 08 ' 21.4 
67.8 98.28 42.3 3.2 .00 18.9 

{nons) 1.1 2.76 54.6 10.7 .38 24.3 
{800 C) 12.5 32.95 64.4 7.2 .44 25.1 

23.5 57.78 39.5 6.1 .22 18.4 
33.5 70.91 26.2 2.6 .12 11.0 
51.8 81.11 9.0 1.4 • 06 3.7 
73.5 86.68 5.3 1.3 .01 1.9 

102.7 91.18 3.3 1.2 .01 1.0 
136.9 94.81 2.7 1.0 .01 . 3 
167.6 97.14 1.0 . 7 .00 . 1 

K2co 3 . 6 2.13 79.2 19.4 .so 32.0 

5%K 14.8 49.42 74.6 12.5 .30 29.0 

{800°C) 27.7 75.44 32.2 3.9 .05 15.1 
42.5 89.24 13.4 1.6 .01 7.1 
61.1 96.75 4.0 . 6 .00 3.2 

K2co3 . 6 2.99 91.6 15.5 .53 36.8 

10%K 7.9 43.75 131.7 45.0 .77 38.0 

{ 800°K) 16.0 91.22 114.3 27.0 . 05 34.7 



-89-

APPENDIX D 

Sample Mass Transfer Rate Calculation 

i 
Mass transfer rates both internal and external to the gasifying 

char pellet were calculated for comparison to the measured gasification 

rates. 'For these calculations, the char pellet was taken to be a cylin-

der 1.16 em in diameter and 0.25 em high. The porosity of the pellet 

was taken to be 0. 25. 

Internal Mass Transfer 

In order to determine whether internal mass transfer occurred by 

bulk diffusion or Knudsen diffusion, the average pore diameter was es-

timated in the following manner. Assuming 'spaghetti' -like pores, the 

volume of the pores is given by: 

(D-1) 

where V is the void volume of the pellet, d is the pore diameter, and 
v 

L is the total length of the entire pore structure. The surface area 

of the pores is given by: 

A = TI d L (D-2) 

where A is the surface area of the pores. This leads to the average 

pore diameter defined as: 

d 4 V /A 
v 

(D-3) 
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The total volume of a single pellet is: 

2 
7T(l.l6) (.25)/4 0.26 

Assuming a porosity of 0.25, the void volume is: 

v 
v 

(. 25) (. 26) 0.065 3 em 

3 em 

For each run, the mass of a single pellet was about 170 mg and the BET 

2 surface area of the char was 350 m /gm. So that the surface area of a 

single pellet was 59.5 m2 . Assuming that the BET surface area is the 

same as the pore surface area, the average pore diameter is: 

. 3 4 2 
d = 4(.065 em )/(59.5 x 10 em ) 44 R 

Since the calculated pore diameter is less than the gas mean free 

path, Knudsen diffusion is expected to predominate over bulk diffusion. 

The Knudsen diffusivity is given by: 15 

D = 
K 

2d 
3 

2 R T 
M 

(D-4) 

where DK is Knudsen diffusivity, R is the gas constant, T is the abso

lute temperature, and M is the molecular weight of the transported 

species. For water being transported at 900°C, the d'iffusivity is: 

2 0.0172 em /sec 

,. 
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'14 The diffusion flux inside a porous solid is given by: 

p 

R T 
(D-5) 

where NA is the diffusion flux, P is the total pressure, ~r is the 

diffusion length, and X is the mole fraction of the transported gas. 

Assuming that the mole fraction at the center of the char pellet is 

zero, that the mole fraction at the external surface of the pellet is 

0.5 (one half an atmosphere of steam), and that the diffusion length 

is one half the pellet thickness (this assumes that the tortuosity 

is unity, which leads to high estimate of the mass transfer) gives a 

-7 2 value of NA equal to 7.15 x 10 g-mole/cm /sec. 

In order to compare mass transfer rates with reaction rates, 

the diffusion flux was used to calculate an equivalent gasification 

rate. It was assumed that the area for mass transfer was the ex-

ternal surface of the pellet. This leads to a high estimate for the 

mass transfer since only the open area (the pore mouths) on the 

external surface is available for mass transfer. The external sur-

2 face of the pellet was 3.02 em • Assuming that each water molecule 

that diffuses into the pellet is converted into carbon monoxide (no 

carbon dioxide is formed, which gives a higher rate of gasification), 

the gasification rate is: 

RATE = NA (pellet area) ~ 0 2 
(D-6) 



-92-

RATE 7.15xl0-7 3.02 18 (60 sec/min)/(.i2 g FC/pellet) 

RATE 19.4 mg/gm/min 

Higher gasification rates could be achieved if the char is highly reac-

tive such that the length of diffusion is smaller than one half of the 

pellet thickness. This would mean that the entire internal surface of 

the pellet would not be used because the water reacts before it can 

diffuse into the center of the pellet. 

External Mass Transfer 

External mass transfer rate calculations were based on a correla-

tion relating the mass transfer coefficient to the Reynolds number and 

the Schmidt number. The correlation used is that for the laminar flow 

region near the leading edge of a flat plate. The average mass transfer 

coefficient from the leading edge to a distance x is given by: 16 

Sh 
av 

k X 
. av 0.664 Re1 / 2 Sc113 (D-7) 

where Sh is the average Sherwood number, k is the average mass av av 

transfer coefficient, DAB is the molecular diffusivity of A diffusing 

through B, Re is the Reynolds number, and Sc is the Schmidt number. 

The molecular diffiusivity in equation D-7 must be determined. 

Based on considerations of the kinetic theory of gases, the 

molecular difftisivity can be estimated from: 16 
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(0.00107-0.000246 1/MA + 1/MB) T312 1/MA 1/MB 

2 
PT(rAB) (f(kT/E:AB)) 

(D-8) 

where rAB is the collision diameter in anstroms, E:AB is themolecular 

interaction energy, k is Boltzmann's constant, and f (kT/EAB) is the 

16 collision function given in Treybal. Assuming that water is diffusing 

through helium at 900°C, DAB is 12.8 cm
2
/sec. This is not exactly 

correct due to the concentration of the products that the water has to 

diffuse through in order to reach the char pellet. 

The Reynolds number and the Schmidt number are given by 

p v h 
Re 

0 
= 

~ 
(D-9) 

Sc = ~ 

p DA~ 
(D-10) 

Equations D-9 and D-10, respectively, where h is the characteristic 

length, v is the gas velocity, p is the gas density, and ~ is the 
0 

gas viscosity. It is assumed that h is the pellet thickness. The gas 

velocity at 900°C in the 2.2 em diameter tube for 130 STP cm3 /min gas 

flow rate is 2.45 em/sec. The density, calculated from the ideal gas 

-4 law at 900°C for a 50-50 mixture of water and helium is 1.14 x 10 

3 gm/cm . The viscosity of the gas mixture at 900°C is 4.5 x 10-4 

17 
gm/cm/sec. Evaluation of equations D-9 and D-10 leads to: 
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Re 
(.25)(2.45)(1.14 X 10-4) 

.156 
(4.5 X 10-4) 

-4 
Sc = 

(4.5 X 10 ) .308 
(1.14 X 10-4)(12.8) 

To calculate the mass transfer coefficient from equation D-7, 

x is taken equal to one half of the pellet diameter. The mass transfer 

coefficient is then: 

k 
av 

0.664 (.156) 112 (.308) 113 (12.8)/(.56) 

k 4.05 em/sec av 

16 The mass flux is defined as: 

= k av 

(D-11) 

where C is the concentration of the transported species, and 1 refers 

to the bulk concentration and 2 refers to the concentration at the 

external surface of the pellet. It is as.sumed that c
2 

is 7 5 percent 

of c1 • This will give a rough idea of the external mass transfer rate. 

The amount of 'drop in concentration from the bulk to the external 

pellet surface cannot be calculated without knowing the reactivity of 

the char. From the ideal gas law, the bulk concentration for one half 

an atmosphere of water at 900°C is 5.19 x 10-6 g-moles/cm3 . The mass 

flux is: 

"' 
' 

.• 

~' 
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I 

_J. -6 -6 NA = 4.5 (5.19xl0 - 3.89xl0 ) -6 2 5.25xl0 g-moles/sec/cm 

c 
; 

The equivalent reaction rate corresponding to -the mass flux above 

was calculated in the same manner as the gasification rate for internal 

mass transfer. For 900°C, the calculated gasification rate is 143 mg/gm/min. 

J 
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