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ABSTRACT

The objective of this study is to determine intrinsic kinetic
data for the catalytic gasification of coal char in the presence of HZO
and C02. The initial rate was found to increase linearly for small
values of the K/C atomic ratio, followed by a leveling off with the
addition of more potassium catalyst. 'This result is attributed to the
saturagion of the catalytically active sites. ¥or the case of COZ’ the
initial rate fell at high K/C atomic ratios; this can be explained by
pore plugging and the subsequent loss of surface area. In addition, the
product distribution, activation energy, and reaction 6rder were

obtained using both differential and integral methods of reactor

analysis.



CHAPTER 1
INTRODUCTION

Motivation

In recent years, the United States and other industrialized
countries have experienced an energy shortage due primarily to the
strong dependence on, and finite nature of, the world's oil supply. As
a result, increasing emphasis has been placed on the development of
alternative sources of fuel. Nuclear power, for example, currently pro-
duces approximately 127 of our nation's energy supply and is capable of
producing more, but its potential hazards héve sparked widespread public
outcry and its growth has been severely restricted. The use of solar
energy, on the other hand, is very popular zad has generated a great
deal of study, but the limited availability excludes it from replacing
0il as a primary energy source. Shale oil is another potential source
and the reserves in Colorado and surrounding areas are estimated to
exceed the crude oil reserves of Saudi Arabia, the world's largest oil
producer. The techmology to utilize shale oil has been developed, but
the current projected costs have rendered it economically unfeasible and
Exxon has recently (May 1982) postponed its commercial efforts.

More promising is the utilization of the United States' coal
reserves, the largest in the world. Currently, the dominant use of coal

is combustion in an industrial furnace to produce steam, which is used

1



4 2
to génerate electricity. However, this process emits pollutants, such
as sulfur oxides, nitrous oxides, and other undesirable by-products,
which must be removed to satisfy Environmental Protection Agency (EPA)
regulations.

Coal may also be converted to syn-fuels through gasification or
liquefaction. The objectives of these processes are to produce clean
fpels, both gaseous and liquid, which may be easily distributed and
efficiently utilized. Exxon's Donor-Solvent process is one example
where coal is converted directly to petroleum-like liquids such as gaso-
line, jet fuel, or heavier .liquids.

~ The technology to gasify coals has been available for many years
and research continues- in an effort to increase efficiéncies and selec-
tivities. Lurgi is, perhaps, the most widely accepted commercial pro-—
cess but there are many others (see Table 1). The IGI Hygas, the
Synthane, and Hydrane processes have all attained economically feasible
efficiencies but these designs necessitate the use of multi-stage
reactors, cleaning facilities, and he;t-exchange devices. As a result,
the costs associated with coal are but a small fraction of the total
plant expenditures. This is undesirable since the resulting cost of
synthetic natural gas (SNG) is twice that of natural gas pumped from the
ground, which, in turn, is twice that of freshly mined coal, per equi-
valent BTU,

In an effort to reduce these costs, many designs have incor-
porated the use of catalysts, which increase the gasification reaction
rates. In addition, they may increase selectivity for synthesis gas

formation (reduce amounts of oil and tar), offer greater flexibility in



Table 1. Thermal Gasification.
Temperature Pressure 3HHV Sulfur
Process Catalyst Reactants Gasifier K (F) (psi) MJ/m~ (BTU/SCF) Removal Comments
Lurgi coal fixed bed 870-1030 350-450 16.8 (450) gas congiderable tar
H20—02 (1100-1400) scrubbing and oil produced;
some char burned
for heat; ash
‘ removal through
revolving grate
(£0)] coal-H0 two-stage 1090 150-300 14.9 (400) gas C02-dolomited rxn
acceptor (calcined fluidized (1500) scrubbing provides heat for
dolomite) bed C-H20 rxn; some
char burned for
additional heat
Synthane coal fluidized 1030-1250 600-1000 (337) gas counter~-current
HZO-O2 (1400-1800) H scrubbing free-fall devola-
tization zone;
large T gradients
Hydrane coal two-stage (1500) 1000 (788) 90% of CH; pro-
H20-02 fluidized duced by direct
bed hydrogasification
Koppers- coal entrained 2090 - 14 11.2 (300) gas ash removed as
Totzek 820—02 flow (3300) scrubbing molten slag; high

temperature
results in
approximately
complete
conversion




operating temperatures and pressures, and allow for gasification of
highly caking coals.

Table 2 summarizes the major features of several important
industrial catalytic coal gasification processes. Of this list, Exxon's
system appears most promising and a schematic diagram is given in
Figure 1. In Exxon's process, coal is impregnated with KOH to a level
of 15-20 wt 7 and then reacted with steam in a fluidized bed at 920 to
1030 K and 3.4 to 6.9 MPa total pressure. The catalyst maintains
reasonable reaction rates at these low temperatures and also helps
establish equilibrium in the methanation reaction. In addition, methane
yield is increased by recycling CO and H2 after CO2 has been cryogeni-
cally removed. Catalyst recovery is achieved by leaching the ash with
water and 80% recoﬁery is possible. The resulting SNG contains pri-
marily CH4 and has a heating value of about 1000 BTU/SCF. The beauty of
this system is that the heat from the exothermic carbon~hydrogen reac-
tion is used to drive the endothermic carbon~steam reaction and the
overall reaction becomes thermally neutral. In addition, the need for
external water-gas shift and methanation is eliminated, thus decreasing
costs significantly. Exxon is currently constructing a large (100 tons
coal/day) demonstration plant in Rotterdam, Holland, with start-up
schduled for 1986.

The ;mportance of the catalytic effect of alkﬁli metals has been
demonstrated by Exxon's work. These metals are effective catalysts for
the carbon-steam reaction .and are both relatively abundant and inexpen~
sive. McKee and Chatterji (1978) compared the carbonates of these

Co, >> K,CO0, > NaCo

metals and found the order of activity to be Li 3 2004 3

2



Table 2.

Catalytic Gasification.

HHV

Temperature Pressure 3 Sulfur
Process Catalyst Reactants Gasifier K (F) (psi) MI/m~ (BTU/SCF) Removal Comments
Rockgas molten coal-air nolten 1255 75-100 5.6 (150)
sodium salt bath (1800)
carbonate
Kellogg molten coal-H20 molten 1272 420 12.3 (330) gas product gas free
nolten sodium o, gsalt bath (1830) scrubbing of tar and oil
salt carbonate
AT gas molten coal molten 1645 50 11.7 (315) by lime good for high
iron H20-02 iron bath (2500) slag as sulfur coals
limestone calcium
sulfide
Exxon potassium coal-HZO fluidized 920-1030 500-1000 37.3 (1000) gas CO and Hy recycled
carbonate bed (1200-1400) scrubbing to increase Cii;

yield
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when graphite power was loaded to 1 wt 7% and gasified at 100-1100 C
under water partial pressure of 23 torr. So, even though Li has the
highest activity, K is the desired catalyst when overall economies are
considered, as in Exxon's case.

Although a great deal of work has been done on the catalytic
effect of alkalil metals on gasification, a clear understanding of this
phenomenon is lacking. This is not surprising when one considers the
complex nature of most natural carbonaceous materials. Catalysis in
general relies on an interaction between the catalytic specie and the
solid surface, and for the case of coal the solid is very porous and not
easily characterized. 1In addition, all coals contain varying amounts of
inorganic impurities which may act as catalysts (although some are
inhibitors). In light of this, it is understandable that conflicting
information exists in the literature. However, to efficiently design a
gasifier, a more consistent and broader.kinetic data base is necessary.
The purpose of the present study is to add to this data base through the
CO0, and KOH on the kinetics

2773

of steam and CO2 gasification of a subbituminous coal char.

understanding of the catalytic effect of K

Survey of Gasification Catalysts

For nearly 100 years, the technology to catalytically gasify
coal has existed (Green, 1928). Many different metals and metal com-
pounds are known to enhance the rates of the gasification reactions.
Habor (1908) demonstrated the catalytic effect'of ash on the water-gas
shift reaction, a phenomenon'verified by Gwodsz (1918). Ash, as used in

this text, refers to the noncombustible mineral matter present in all



natural carbonaceous materials, and the amount in coals varies signifi-
cantly. Anthracite, the highest ramnking coal, may have as little as
1-2% ash, while a subbituminous coal may have 30-40% or more. This

relation between amount of ash and the increase in activity associated

with it becomes very important when designing a commercial gasification

process. For this reason, many researchers have studied the dependence
of ash on the gasification reaction rates.

Linares, Mahajan, and Walker (1977) examined the effect of coal
rank on reactivity, For steam gasification, the authors concluded that
the rate decreases with increasing rank. This surprising result was
attributed to the higher ash content in the lower rank coals. This con-
clusion was supported by a subsequent study in which the chars, after
acid leaching to remove mineral matter, showed an increase in reactivity
with increasing rank. Otto, Bartosiewicz, and Shelef (1979a) gasified
lignite chars at 850 C and observed a decrease in rate, and an increase
in apparent activation energy, after acid leaching. Furthermore, they
demonstrated (Otto, Bartosiewicz, and Shelef, 1979b) an increase in
graphite reactivity with the addition of ash. Hippo and Walker (1975)
and, later, Hippo, Jenkins, and Walker (1979) carried out more experi-
ments which showed lignite chars had higher activities than bituminous
chars. This confirmed Walker's generalization that rank and activity
are inversely proportional.

Taylor and Neville (1921) studied the effect of many different
catalysts on the rate of the steam-carbon reaction. Their results
showed that alkali metal carbonates were effective catalysts and that

K2C03 and N2C03 were most active. Marson and Cobb (1926) extended the
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work to include the effect of alkali metal salts and other metal oxides
on the coke-steam reaction. Marson and Cobb's findings were confirmed
by Kroger and Melhorne (1938) and Kroger (1939). Lewis, Gilliland, and
Hipkin (1953) achieved reasonable steam gasification reaction rates at
temperatures as low as 650 C using alkali carbonates. More recently,
Wood and Hill (1972) demonstrated that alkali carbonates enhance the
rate of hydrogasification of coals and cokes in the 800-900 C tempera-
ture range.

Hippo et al. (1979) examined the effect of se§efal cations on
the reactivity of lignite chars. After acid leaching, the samples
underwent ion exchange with K+, Na+, Ca2+, Mg2+, and Fe2+ to determine
the relative activities. They found, for steam gasification at 650 C,
the following order of initial activity: K > Ca = Na = Fe > Mg.

Further work was conducted by McKee (1974), who added up to
1 atom % of alkaline earths and observed a significant increase in the
steam gasification rate. He found the relative activities to be
Ba > Sr > Ca. McKee did not find a significant drop in the activatiﬁn
energy and concluded the enhanced rate was due to an increase in the
density of reaction sites. Wilks (1974) and, later, Johnson (1975) con-
firmed the increased activity of COZ+ through a similar ion-exchange
approach of sample preparation.

Wilks, Gardner, and Angus (1975) investigated a wide vériety of
salts and reported KHCO, and NaHCO

3 3
Their results are for steam gasification at 950 C with 5 wt % catalystA

were the most active (Table 3).

loading. They also observed an inhibition effect for lead. Keyembe and

Pulsifer (1976) studied alkali metal catalysts and compared their
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Table 3. Effect of Catalyst on Conversion

Time.
Time for 907 Conversion

Catalyst (min)
KHCO3 _ 215
NaHCO3 295
ZnCl2 370
Ag acetate 400
U02(N03)2 535
COCl2 740
As received 890
Pb(_NO3)2 1000

activities to CuO, Fe203, and Ca0 between 600 and 850 C. They concluded
the relative activities were: KZCO3 > Na2c03 > L12003 > KC1 > NaCl >
CuO. Fezo3 and Ca0 did not influence the rate. A study by Haynes,

Gasior, and Forney (1974) on varigus alkali metals at 850 C and 300 psi

shed light on the product distribution. They found H, formation

2
exceeded CO2 by about 2:1 and that CO and CH4 were present only in
small concentrations.

McKee and Chatterji (1978) compared the activities of carbonates
of lithium, sodium, and potassium on the rate of steam gasification and

reported LiZCO3 was most active, followed by KZCOS’ and Na2C03. Veraa

and Bell (1978) conducted well-controlled experiments on the effect of
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alkali metal catalysts. Sub-bituminous coal was aqueously impregnated
with LiCl, NaCl, KCl, RbCl, KOH, and K2003 and gasified at 900 C under a

steam pressure of 0.5 atm (1 atm total pressure). They found K,CO, to

2773
have the same activity as KOH, a phenomenon also observed by Mims and
Pabst (1980). Their distributior results are in apparent disagreement
with the results of Haynes et al. (1974). Veraa and Bell (1978)
observed that CO formation was favored over COZ’ the opposite of Haynes'

results. Both studies showed large H, formations. Another conclusion

2
by Veraa and Bell (1978) was that an increase in catalyst loading or
temperature (both give higher rates) fﬁrther increased CO formation at
the expense of C02. Furthermore, an increase in catalyst loading pro-
duced more CH4, while a temperature increase suppressed CH4 formation.
Mims and Pabst (1980) measured the rate of carbon gasification
using a mixture of H2/H20 as the reactant at 700 C for various levels of
K2C03 loadings. They observed a linear increase in rate followed by a

leveling off at high catalyst concentrations. This was attributed to

the saturation of the active reaction sites.

Gasification Reaction System

Table 4 gives a list of the important reactions describing the
gasification of carbonaceous materials. The equilibrium constants, the
heats of reaction, and the Gibb's free energy of each reaction at 700
and 800 C are also listed in Table 4.

The most important reaction for the production of hydrocarbons

is the carbon-steam reaction (Equation 1), which produced H, and CO. It

2
is also the rate limiting reaction, is endothermic, and has a high



Table 4. Thermodynamics of Gasification Reactions.

Mg

Keq AG
Reaction 700 C 800 C 700 C 800 C 700 C 800 C

Steam gasification:

C+HO=CO+H (D) 1.32 6.76 32,450 32,460 -1,219 4,518
Water—gas shift reaction:

€O + H,0 = CO, + H, (2) 1.70 1.12 -8,364 -8,134 872 -140
CO2 gasification:

C + Co, = 20 (3) 0.78 6.17 40,793 40,579 -470 -4,510
HZ gasification: N

C+ 2H, = CH, (%) 0.15 0.050 -21,348  -21,585 4,200 6,708
Methanation reaction:

CO + 3H, = CH, + H,0 (5) - . 0.11 0.007 -53,776  -54,024 5,419 11,-26
Oxidation reactions:

C+0, = co, 6)  2.9x101  2.45x10%° 94,325 94,374  -94,500  -94,616

C + 1/20, = €O M 4.6x100°  1.1x10'° 26,764  -26,896  -47,478  -49,519

co+1/20, =¢co, (&  6.2x10""  2.0x10 -67,557  -67,475  ~47,119  -45,116

T
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activation energy (v 60 kcal/mol). The carbon--CO2 reaction (Equation 3)
is also important. It always accompanies the carbon-steam reaction, is
rate-limiting, endothermic, and also has a high activation energy
(~ 80 kcal/mol). |

In an industrial reactor where methane (CHA) production is the
objective, the water-gas shift reaction (Equation 2) becomes~equa11y
important because it generates additional hydrogen through the consump-
tion of water. This results in increased methane production rates
through the hydrogasification and methanation reactions (Equations 4
and 5).

In many industrial processes such as Lurgi, the reactant gas is
a mixture of steam and oxygen. The purpose of the oxygen is to induce
partial combustion of the coal which generates the heat necessary for
the endothermic carbon-steam and carbon-CO2 reactions. The oxidation
reactions (Equations 6, 7, and 8) are all strongly exothermic and have

large reaction rates.

Mechanisms
In an effort to explain the reaction path of 002 gasification,
Gadsby, Hinshelwood, and Sykes (1946) and, later, Long and Sykes (1948)
proposed a simple, three-step reaction sequence. For the case of CO2
gasification, they suggested that CO2 becomes chemisorbed on the sur-

face, interacts with carbon to liberate C0, and leaves an oxygen atom on

an active site, Then, the carbon at that site is liberated to the gas

phase as another CO molecule. Ergun and Menster (1966) also examined



14
this reaction sequence, and the mechanism is sometimes called Ergun's

Mechanism. The reaction sequence may be written as:

o, + C_ ~ CO + C, (9)

2 £

Co >~ CO + Cf (10)

where Cf and C0 refer to active sites that are either free of, or

occupied by, oxygen. The resulting rate expression,

k,P
1 C02

1+ kZPCO + k3PC

(11)

r

0,

is known as a Langmuir-type equation, where the ki's are rate constants

and Pi's are the partial pressures. This suggests that, if the CO pro-

duction is low and k2PCo << 1, the kinetics can be first or zero order

with respect to 002 if k3PC0 << 1 or k3PCO >> 1, respectively. Subse-

2 2
quent studies confirmed this predicted behavior. For the steam gasifi-

cation reaction (Equation 1), a similar reaction sequence and rate

expression was derived:

k.P
1 H20

= (12)
1+ kZPHZ + k3PH2 0

r

where the ki's are different from above.
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The theories advanced to explain the experimental results of
catalytic gasification fall into two general categories: the electron
transfer and the oxygen transfer mechanisms.

The electron transfer mechanism was proposed by Long and.Sykes
(1948) -and staﬁes that catalysts cause electrons from carbon to be
transferred to the catalyst. This results in a weakening of carbon-
carbon” bonds and reduces the amount of energy required for CO desorp-
tion from reaction sites near the carbon-catalyst interface. The
mobility of the m electrons provides a means for catalysts situated at
various points in the carbon lattice to influence events at the active
sites.

The oxygen transfer theory was first suggested by Taylor and
Neville (1921) and.advanced by Neumann, Kroger, and Fingus (1931), and
then by Miiner, Spivey, and Cobb (1943). This mechanism suggests that
the catalyst on the surface functions as a transporter of oxygen étoms
from the gas phase to the carbon surface. 1In the case of steam gasifi-

cation, the H,0 would interact with the catalyst, transfer an oxygen

2
atom to the surface, and be liberated as a hydrogen molecule. Thus,
the catalyst undergoes continuous oxidation-reduction cycles as it
adsorbs an oxygen atom from the gas phase and then transfers it to
neighboring carbon atoms.

The work of McKee and Chatterji (1978) supports this theory.

They proposed the following redox cycle to -explain the catalytic effect

of Na on steam gasification:
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Na,C0, + 2C = 2Na + 3C0
2Na  + 2H,0 = 2NaOH + H,
2NaOH + CO = Na,CO, + H,
2C + 2H,0 = 2C0 + 2H,

To arrive at this sequence, the authors conducted an experiment in which

NaZCO3 was mixed with powdered graphite and gasified with water. They

observed an increase in rate at temperatures above the melting point of

NaZCO3.

_slight weight loss was observed and this was explained by the hydrolysis

A similar experiment was performed with pure Na2003 and only a

reaction:

Na,CO, + H,0 = 2NaOH + CO

2773 2 2

However, the reaction of N32C03 with carbon in the absence of water
resulted in a rapid weight loss above 900 C and the subsequent genera-

tion of sodium vapor due to the reaction:

Na2003 4+ 2C = 2Na + 3CO

After considering these results and studying the thermodynamics, the
authors proposed their redox cycle.

Veraa and Bell (1978) conducted a study of potassium catalyzed
char gasification. Among their conclusions, they found that, for con-
stant cation loading, KOH and K,CO, yield identical catalytic activities

2773
and product distributions. This result can be explained by recognizing
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that KOH can be converted to K,CO

2C03 in the presence of CO2 through the

following reaction:

2KOH + Co, = K200 0

(s) 2 3(s) T B2

3 at 1200 X, which implies that the

The equilibrium constant is 1.11x10
formation of K2CO3 is favored even for small CO2 partial pressures.

They also suggested that the 02 present in the char is the source of 002
and that the above reaction occurs during the charring of catalyst-
impregnated coal.

In an attempt to explain the catalytic effect of KZCOS’ Veraa

and Bell suggested the following reaction sequence:

K,C05 +2C = 2K + 3C0 (13)
2K + 2H20 = 2KOH + H, (14)
co +H,0 =C0, +H, (15)
2KOH + CO, = K,C0, + H,0 (16)
2C + 2H,0 = 2C0  + 2H, 17)

In this cycle, K2003 combines with the char to producée metallic K and

CO0. The K2003 is regenerated through reactions 14 and 16, so that the
overall reaction is simply the carbon-steam gasification reaction.

In genefal, the oxygeﬁ transfer mechanism can be explained by a
metal carbonate undargoing a continuﬁus oxidation-reduction cycle in

which the catalyst is simply a transporter of oxygen from the gas phase

to the solid phase.
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Recent work by Mims and Pabst (1981l) has concentrated on deter-
mining the active form of the alkali catalyst during the gasification of
carbonaceous materials. Through earlier work (Mims and Pabst, 1980),
they fbund that, at temperatures considerably below its normal decompo-
sition temperatures, active K,CO, catalyst reacts with the carbon sub-

2773

strate, quantitatively releasing CO, and forming a specie which is

2
essentially atomically dispersed on the carbon. They speculated that

the high level of dispersion and reproducibility of the system could

best be explained by complete reaction of the alkali and carbon to form
surface complexes.

Using a derivatization technique, they confirmed the existence
of alkali-carbon surface complexes during alkali catalyzed carbon gasifi-
cation. O and possibly C anionic sites exist on the catalyzed surface
under gasification conditions. An appreciable amount of the alkali is
bonded to the carbon surface in this way. They also found that the
number of these complexes correlates with the gasification rates,
implying that these are the active catalytic sites for gasification.

In a recent paper by Wen (1980), the mechanisms of catalytic
gasification were studied in detail. 1In 1926, Fredenhagen and Cadenbach
discovered alkali metal-graphite intercalates, which are among the
oldest known lamellar compounds. Table 5 gives a list of intercalates
formed by potassium and graphite,

Intercalates of popassium in graphite can be formed by heating
the system to a pressure just above the decomposition pressure of the
stage desired. Amorphous carbon also responds in a similar manner. For

example, combining potassium and a carbon compound and heating to remove
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Table 5. Intercalates of Potassium and Graphite.

Stoichiometry Temperature (C) Mole Z K Wt Z K

CSK 250-318 11.0 29.0
C24K 356-420 4.0 12.0
C36K 420-487 2.7 8.3
C48K 479-508 2.0 6.4
C60K above 500 1.6 5.1

excess potassium results in the first-stage product CSK with the color
of copper or bronze. Additional heating produces the second-stage pro-
duct C24K which has a deep blue color. Additional heating to remove
potassium results in the limiting compound of CGOK' A schematic diagram
of the stacking sequences is given in Figure 2. It should be noted that
the inserted K atoms are partly ionized. This implies that the carbon
layer is able to give or receive electrons and two types of lamellar
compounds can be distinguished depending on whether the carbon layers
become positively or negatively charged ig the compound formed. If the
compound becomes positively ionized, it is called an n-type lamellar
compound and the alkali metal-graphite intercalates are examples of
these, Conversely, negatively ionized lamellar compounds are called
p-type.

For n-type compounds, the ionization is due to the transfer of

electrons from the alkali metal to the carbon layer. As a consequence,
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C8K CZ4K C36K C48K CGOK
C
C o o0 e e 0 o0 0 [ o o @ K
e 0 K
C
C o0 0@ ) K
C (X e 00 K
o 00 e 00 K
C
c oo 0K

Figure 2. Stacking Sequence of Intercalates. --
C = carbon and K = potassium.

the electrical conductivity is 10 to 20 times higher in these compounds
than in graphite. For the p-type compounds, the electrons flow out of
the graphite and enter the intercalate compound. The designation of "n"
or "p" type has been made by analogy with semiconductor theory. These
compounds may also be called charge transfer complexes or electron
donor-acceptor (EDA) complexes.

After recognizing the presence of EDA complexes, Wen (1980)

suggested the following mechanism, in which CnM represents the EDA

complex:
1. Initiation:
M, CO = 2C = 2M
2773(1) (s) (g) (8)
2. Formation of EDA:
2M + 2nC

(g)

(s) ZCnM(s)
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3. Reaction of complex with steam to form an intermediate:

+ 2H,0 = 2nC

(s) 2%(s) + 2MOH

2C M + H
n

(s) (¢D) 2(g)

4, Reaction of intermediate and recovery of starting material:

2MOH(l) + CO(g) = M2003(1) + HZ(g)

The overall reaction becomes:

c + H,0, , = CO(

(g) 27(g) +H

g) 2(g)

The mechanisms of deactivétion involve the loss of the metal through
evaporation, irreversible reactions with ash, and failure of the metal
hydroxide to combine with CO to form M2C03 (step 4.above).

The formation of intercalates requires the transport of the
alkali metals through the carbon structure. Fortunately, at these high
temperatures, the metals are in the gas phase and they diffuse readily
into the lattice structure. The transport of liquid phase M2003 is
apparently not significant.

A similar mechanism for catalysis by metal hydroxides can also

be given. It is the same as that for the carbonates except for one

additional initiation reaction:

= M,CO

2MOH @ "~ M2C0%a) * B

1) + CO

Despite the extensive work completed, the catalytic mechanisms
of alakli metal gasification is still not understood. It is now

accepted that the alkali metals undergo oxidation-reduction cycles and
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it is thought that the formation of alkali-carbon complexes called
intercalates play an important role. However, the true interaction is
very complex and much work is needed to fully understand and appreciate

this phenomenon.



CHAPTER 2

EXPERIMENTAL MATERTALS, APPARATUS, AND PROCEDURES

Char Characterization

All experiments were conducted using a Utah bituminous coal
char. The coal had been devolatized and pulverized before delivery,
resulting in a dry char with a maximum particle size of 125 ym. To
minimize the effect of size on reaction rate, the char was separated
using an Alpine air-jet sieve and the size fraction between 53 and 63 um
was retained and stored under vacuum. The remaining unsieved char was
sealed in plastic and stored for future work. The analysis of the sized

char is given in Table 6.

Table 6. Ultimate Analysis of Utah

- Coal Char.

Dry Basis %
Carbon 79.9
Hydrogen B
Sulfur 122
Nitrogen 1%4
Oxygen .8
Ash 15.9

100.00

23
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Catalyst Impregnation

Two different forms of potassium catalyst were used: Baker
Analyzed reagen; quality potassium carbonate, K2003 (1.5 Hydrate,
crystal form); and MCB reagent quality potassium hydroxide, KOH
(pellets).

Two different techniques were used for impregnating the char
with catalyst. 1In the first method, solution-stirred, the desired
amount of potassium was dissolved in 100 cc of distilled, demineralized
water. The flask of solution was then placed in a water bath at 70 C
and allowed to come into thermal equilibrium. Next, the char was added
and the mixture was stirred throughout the impregnation time, which
ranged from 30 to 60 minutes. Then, the solution was filtered and the
trapped char was placed in the desiccator under vacuum and allowed to
dry. Anhydrous Caso, (Drierite, #4 mesh) was used as the desiccant.

An easier method of impregnation is the incipient wetting tech-
nique. The major difference between the methods<was in the amount of
water used. For incipient wetting, the desired amount of potassium was
dissolved in 2 cc of distilled, demineralized water. One gram of sized
char was added to the solution and stirred to ensure complete wetting.
Next, a wide-mouth beaker containing the mixture was placed on a hot
plate to drive off excess water. Then, the thick slurry was placed
under vacuum in a desiccator containing Drierite and allowed to dry.

The resulting catalyst levels for the incipient wetting tech-
nique are plotted in Figure 3 as a function of the levels at which they
were mixed. The data show a clear trend with a limiting value for the

K/C atomic ratio of about 0.125. Any extra KOH (or KZCO3) added in an
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attempt to increase the K/C ratio merely resulted in additional
crystallization. This suggests that the accessible pore volume was
filled to capacity with catalyst under these specific conditions.

The incipient wetting technique proved to be a better technique
based on simplicity and reproducibility. This method eliminated the
need for filtering the char and transferring to a drying jar, thus
reducing possible contamination. In addition, iF was possible to
accurately load the char to a predetermined K/C ratio. This was not

always possible with the solution-stirred technique.

System Apparatus

Since this study included both steam and CO2 gasification, two

different systems were required.

Steam Gasification
A schematic diagram of the final steam gasification design is
given in Figure 4. For simplicity, the system is broken into three

sections, each of which is described separately.

Feed Section. The reacting gas was a mixture of steam and NZ'
To prepare such a mixture, UHP N2 (Liquid Air, Inc., 99.999 7 NZ) was
bubbled through a .saturator containing distilled, demineralized water at
74 C. This resulted in a saturated nitrogen stream with steam partial
pressure of 0.36 atm.

Originally, an attempt was made to produce a saturated gas
stream by simply bubbling nitrogen through a beaker of water heated on a

hot plate, Unfortunately, the composition of the gas was in doubt as a
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meter.
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result of unwanted condensation. Also, the water temperature varied
slightly due to thé on-off controller of the hot plate.

To correct these problems, a saturator was designed that allowed
for accurate water temperature control and for superheating the satu-
rated gas stream to prevent condensation at the reactor inlet. The base
of the saturator was surrounded by a jacket so that an isothermal water
bath (Masterline 2095 Bath and circulator) could be used for temperature
control. To eliminate condensation, the saturator outlet was wrapped
with heating tape to provide the necessary super heat, which was con-
trolled by a Staco Energy Products, Inc., variac operating at 30% line
voltage. Also, to ensure complete saturation, the bottom was packed
with laboratory-grade activated carbon (Breedmore Co.) to disperse the
bubbles and increase interfacial surface area.

Initial tests showed that some condensation occurred before the
gas stream reached the heated section, resulting in an unknown gas
composition. 1In addition, the heating tape did not provide enough super
heat and more water condensed at the reactor inlet. This was a serious
design flaw because when enough condensed water formed to make a droplet
it was carried into the furnace where it was flash vaporized, causing
large pressure and flow fluctuations. On several occasions, these were
large enough to force the char bed out of the reactor.

To correct these problems, a new saturator was designed incor-
‘porating a frittered disk and a large area for super heat. A diagram of
this saturator is given in Figure 5. The purpose of the frittered disk
was to produce a large number of small bubbles to facilitate liquid-vapor

equilibrium. This eliminated the need for the activated carbon packing.
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To prevent condensation, the section above the water level was
extended to allow for additional heating tape. 1In addition, the heating
tape could be placed immediately above the water jacket. This way,
super heat could Be adéed to the saturated gas immediately after it
exited from the heated water. To minimize heat loss, the heating tape
was originally wrapped with fiberglass insulation (0.27 k factor).
Unfortunately, it burned when exposed to 400 C temperatures after
several runs. This problem was solved by wrapping the condenser with
high-temperature Kao wool which resulted in additional super heat.

Other components in the feed section included an extra tank of

UHP N, for purging the system, Matheson Model 3104A gas regulators for

2
flow control, and a nonadjustable flow controller. This control element
was constructed using a 5-in. long, 1/4-in. OD, stainless steel tube and
a small, thin wire. After inserting the wire into the tube, it was
hammered flat so that only a small opening was left. The purpose of

this design was to give a large pressure drop across the element so that
the steam-N2 delivery rate became insensitive to the downstream pressure
fluctuations.

Originally, the purge line was connected so that the dry nitrogen
would flow through the "T" at the top of the saturator. However, during
heat up, water vapor in the heated section of the saturator would dif-
fuse into the purge gas and be carried into the reactor. This resulted
in partial gasification of the char. To correct this, the purge line

was connected to the reactor outlet so that it flowed through the

reactor backwards. Then, after exiting the furnace, the dry N2 combined



31

harmlessly with the water vapor and carried it away from the reactor,
limiting gasification to that due to 02.
Copperbtubing and Swagelok fittings were used exclusively in the

plumbing network. All unions and ferrules were steel except at glass-

copper connections where nylon ferrules and unions were used.

Reactor and Furnace. The reactors used throughout these studies

were 4-ft long, 6-mm OD, 4~mm ID, fused quartz tubes manufactured by
U.S. Quartz, Fluorocarbon Division. The impregnated char samples were
loaded into the reactor and held in place by quartz wool plugs so that
the char was evenly distributed over the 2.5 cm bed length.

The furnace was a Lindberg (Model 54459), three-zone electric
furnace with four~inch openings at each end which could be closed using
Kao wool. Each zone contained a platinum/platinum-13% rhodium thermo-
couple connected to an independent, three-mode, Eurotherm controller
with temperature range from 0-1500 C. In addition, a separate Omega
nickel-chromium/nickel-aluminum (Chromel/Alumal) type k thermocouple
connected to a 10-port digital thermometer box and Houston Inst. strip
chart recorder were used to verify the furnace temperature. Howeyer,
the Omega unit always read at least 50 C higher than the Eurotherm unit.
This discrepancy was not resolved because the Pt/Rh thermocouples could
not be easily removed for testing. The Omega unit, on the other hand,
was tested and no problems could be found. It registered 0 C in ice
water, 100 C in boiling water, and 520 C in a fluidized bed operating
at that temperature. Therefore, it was concluded that the Omega unit

was operating properly and its temperature was taken as the furnace
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temperature. Since the Omega thermocouple tip was placed a&jacent to
the char bed, this temperature was also taken as the char temperature.

The furnace was checked for radial temperature distributions.
The thermocouple tip was first placed in the center of the furnace and
the steady-state temperature was recorded. Then, the thermocouple posi-
tion was varied radially but no significant temperature changes were

observed.

Gas Analysis. The third and final section of the system was the
apparatus for product gas analysis. Before aﬁalysis, the product gases
were sent through a Pyrex glass condenser connected to the reactor out-
lets. The condenser was constructed by coiling a 4-ft segment of 1/4-in.
OD Pyrex tubing and immersing it in ice water. The purpose was to
remove as much of the water and other condensables as possible so that
only dry gases would be sent to the gas chromatograph (GC).

The product gases were analyzed by a Varian (Model 3720) gas
chromatograph (GC) using a thermal conductivity detector. On-line
sampling was possible using a Valco 10-port valve, 2 sample loops, and
2 colums. One column, 6 ft by 1/8 in., was packed with molecular sieve
52 and was used to separate Hz, 02, Nz, CHa, and CO. The other major
components, CO2 and HZO’ were trapped in the column and only eluted
after long periods of time (v 1 hour). The other column, 9 ft by
1/8 in., was packed with Porapak Q and was used to measure CH4
(duplicate) and COZ' The other compounds, HZ’ N2, 02, and CO all eluted
at the same time, giving a combined peak. H,0 eluted separately but was

2

not measured.
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The GC columns were operated at 110 C which resulted in upstream
pressures of 16 and 28 psig for the Mol sieve and Porapak columns,

respectively. The GC detector temperature was 198 C (TSe = 200 C) and

t
the filament temperature was set at 240 C, which resulted in a current
of 202 mA at steady state.

The carrier gas was a mixture of 8,57 H, and 91.5% He flowing at
30 cc/min. This choice of carrier gas was necessitated by the unusual
behavior of the thermal conductivity of H2—He mixtures. For H2 concen~
trations up to 8.5%, the thermal conductivity of the mixture decreases
with increasing H2 concentrations. However, a minimum is reached at
8.5% and the mixture's thermal conductivity begins to rise with the
addition of more HZ' Therefore, for a given thermal conductivity, there
may be two different mixtures which correspond to this value, To
correct this situation, a carrier gas with 8.5% Hz was used so that
sampling H2 would‘result in concentrations above 8.5% and the multi-
plicity was eliminated. The only drawback to this solution was that the
Mol sieve detector polarity for H2 was the opposite of the rest of the
components so it must be switched during sampling.

For the Mol sieve column, the elution times were 20 sec for HZ’
30 sec for 02, 35 sec for N2, 45 sec for CHA’ and 80 sec for CO. For
the Porapak column, CO2 took 40 sec. These times were short enough to
allow sampling of all species every 3 minutes. However, the timing
becomes very important due to the late HZO peak (v 90 sec) from the
Porapak column. To sample in 3-min cycles, start with the Mol sieve

column, Then, after 1 min 50 sec, switch the valve to sample Porapak.

Then, 70 sec later, sample Mol sieve again. This way, the HZO peak will
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elute along witﬁ N2 (immediately after 02) and, thus, will not disturb
the analysis of the other components and, instead, will optimize sampling
times. The GC output was recorded using a two-pen, Omniscribe strip
chart recorder (Houston Inst. B-5000) with built-in integration ability.
A typical chromatograph is givén in Figure 6.

All plumbing downstream of the reactor used stainless steel
Swagelok unions and ferrules, except at the glass condenser joint where
nylon unions and ferrules were used. The iines were of 1/8~in. stain-
less steel with short sections of 1/8~in. polypropylene where flexibility
was required., A glass wool plug was inserted in the line just before
the GC to trap any particles that might be carried out of the reactor.
All flow rates were measured using a bubble-type flow meter.

Calibration of the GC was achieved using three Matheson certified
standard calibration tanks., The compositions of the tanks are given in
Table 7. To calibrate, each tank was connected to the GC and sampled at
least twice to assure reproducibility. Then, a plot was constructed to
show the dependence of concentration on the GC output, i.e., the product
of peak height and attenuation setting (peak bandwidth remains constant).
Linear responses were observed for CH4, CO, and 002 and the slopes
remained nearly constant from week to week, which was the typical fre-

- quency of calibration, However, it must be kept in mind that the GC
response is directly related to the carrier gas flow rate, and to ensure
accurate measurements this flow rate was monitored on a daily basis.

Oxygen and hydrogen each had unique problems which must be over-
come to accurately measure their concentrations. For the case of

oxygen, we were interested in calibrating in the 0-100 ppm range.



Figure 6.

Typical Gas Chromatograms.
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Table 7. Calibration Gas Compositions.

Tank 1 Tank 2 Tank 3
CO2 7.60% ' 3.20% 5.05%
0, 65 ppm 40 ppm 1.01
H, 4.71 9.63 1.15
co 25.3 5.1 .98
N2 balance balance balance

Unfortunately, Swagelok unions cannot completely eliminate O2 leakage
into the system. Therefore, when calibrating with a 40-ppm tank, it is
not clear if the response corresponds to 40 ppm, 100 ppm, or something
in between. To minimize the leak, the calibration gas flow rate was
sequentially increased until the peak height reached a minimuﬁ. This
value was taken as the 40 ppm value and occurred for gas flow rates of
n~ 1,5 1it/min compared to the usual flow rate of n 25 cc/min,

The problem with H2 analysis was that the response was nonlinear.
Injecting a Hz-free sample resulted in a peak height due to the hydrogen
in the carrier gas, even though this represents 07 concentration in the
gas stream. Then, a gas sample containing 1.157% H2 was injected and the
response was recorded. Next, a sample containing 4.71% was measured,
and then one containing 9.63%. A plot of these results showed the non-

linear response, This is in contradiction to the work of Purcell and
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Ettre (1965), who achieved linearity from 0 to 607 H2 concentration.
This problem was handled by using three calibration curves: one for the
0-1.15% range, one for 1.15—4.71%, and one for 4.71-9.637%.

Occasionally, the GC columns should be regenerated by increasing
the oven temperature from 110 C to 170 C for 30 min, keeping the carrier
flow at 30 cc/min. The purpose is to remove all gases remaining in the
columns due to their limited mobility and corresponding long elution
times. The choice of oven temperature is restricted by the detector
temperature; at no time should the columns be hotter than the detector.
This creates the possibility of components vaporizing in the columns
only to condense on the detector, which will cause erroneous GC output

and possible deterioration of the detector filament by reaction.

CO2 Gasification

A schematic diagram of the CO2 system is given in figure 7.
This system was considerably simpler than the steam system as a result
of the elimination of the H20 saturator and is described in the sections

below.

Feed Section. The feed was a tank of Matheson certified stan-
dard gas containing 15.27% co, and balance He. The flow rate was con-
trolled by a Matheson two-stage regulator, shutoff valve, and another
homemadé-nonadjustable flow controller as described in the section on
steam gasification, feed section. Connected to this was a tank of UHP
N, (Liquid Air) with a Victor regulator which was used for purging the

system of O All plumbing used 1/8-in. copper tubing (Phelps-Dodge)

20



38

E - L I |

L- CED A GEP @I G TS TID AED =P 4ED e e e = §
Nt oG N—H

- L

—and ke & ad J
e anfur cum eond

c “p [ [ |
B

A

. ;} .
CO2 A N2 '
N -] M
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and steel Swagelok ferrules and uions, except at the connection to the
glass reactor, where nylon ferrules and unions were used. A Whitey
toggle valve was connected downstream of the nonadjustable flow con-
troller to ensure cutoff of CO2 when necessary. This eliminated the

need for a reverse directional purge flow.

Reactors and Furnace. The reactors and furnace were exactly the

same as those described in the Reactors and Furnace section of the

steam system.

Gas Analysis. Product gas analysis for 002 gasification is con-
siderably easier than for steam due to the reduction in the number of
.components in the gas phase. Analysis was only necessary for CO, the
product gas, and COZ’ and the remaining unreacted feed gas. As a
result, all complications relating to the steam were eliminated. These
included the condenser, a need for stainless steel fittings, and a
reduction in the system volume and number of connections, resulting in

quicker purge times and lower 02 levels.
Procedures

Steam Gasification

To get meaningful results in a comparison study, the expérimental
conditions and procedures must remain the same for the duration of the
work. The following procedures, developed during preliminary work and
revised between studies, were strictly adhered to.

Three separate and complete studies were conducted on the rates

of steam gasification., Initially, an integral reactor study was
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conducted at 800 C. This was followed by another integral reactor study
where the char sample size was reduced by an order of magnitude.
Finally, a differential reactor study was conducted where the sample
size was further reduced by a factor of four and the furnace temperature
was decreased from 800 to 700 C.

The initial gasification study used char sample sizes of 3/4 gr
and the first-generation saturator design (see Feed Section of steam gas
system) which did not work properly.

Before loading the reactor with char, the equipment should be
turned on and allowed to warm up., ' First, fill the water bath, set the
temperature at 74 C, and turn on the heater, Next, turn on the GC
carrier gas and detector and allow them to come to steady state. Also,
turn on the heating tape and empty the condenser of any water and £ill
the bucket with ice. While this is happening, remove the desired char
from the desiccator and weigh out a 3/4-gram sample using the Mettler
analytical scale.(Model H80). Next, choose a clean reactor and rinse
the inside with acetone to remove any condensed water vapor which
caused char to stick to the reactor wall.

To load a reactor, insert a plug of quartz wool (U.S. Quartz,
Fluorocarbon Division) into the reactor to trap the char in the proper
location. We experimented with two types of quartz wool: one type was
constructed with a binder to hold its form and the other was not. The
binded quartz wool was not used because the binder was composed of an
organic compound which decomposed and introduced error inm the analysis.

The unbinded quartz wool, on the other hand, did not have this problem.
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The first quartz plug was located near the center of the reactor
so that when the reactor was positioned in the furnace the char bed was
in the middle of the furnace. After properly inserting the first
quartz plug, the char was poured into the reactor using a funnel con- -
structed of Fisher Scientific CO weighing paper. The funnel was
constructed of this material because very little char stuck to it,
unlike plastic or steel funnels. Then, hold the reactor vertically and
tap the walls to loosen any char that might be stuck to the walls due
to static electricity. Next, insert another quartz plug to scrape any
remaining char off the walls and to confine the char to the desired bed
length. Then, hold the reactor horizontally and tap the reactor so that
the char becomes evenly distributed and a uniform bed depth is realized.
Finally, rinse the outside of the reactor with acetone to remove
fingerprint oils, which prevent devitrification of the quartz glass,
and insert the reactor into the furnace.

If the GC detector is in steady state, the columns should now be
heated up by turning on the oven to 110 C and the detector filament to
240 C, Also, turn on the GC strip chart recorder and allow it to warm
up.

Next, the reactor was connected by nylon union to the saturator
and the purge gas is turned on to remove 02 from the system. The flow
rate should be set at 25 cc/min which is the flow rate during the run to
give a reasonable estimate of the O2 level present during the run. Also,
the Omega thermocouple should be inserted parallel to the reactor so
that the tip is adjacent to the fixed bed. After about 15 min, the 02

level should be checked by GC measurement.
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1f the 02 level was above 15 ppm, the purge was continued and
another sample was taken after 15 more minutes. If the O2 level was
still high but decreasing, the purge was continued until the 02 level
was acceptable. If the 02 stayed too high, the ﬁylon ferrules were
inspected and replaced if necessary. When the O2 level was sufficiently
low, then the furnace was turned on and heat up began.

During this first study, the furnace was heated up in a step-
wise fashion. The furnace temperature was set at 500 C and the power
was turned on. The observed temperature as measured by the Omega unit
peaked at about 790 C and then fell slo&ly. Next, the temperature set
point was increased to 600 C, and then to 700 C, keeping the observed
temperature below 850 C. Finally, the set point was increased to 750 C
and observed temperature reached 850 7 before falling to 820 C. At this
point, the furnace was in pseudo-steady state and the run was begun.

To begin the run, the water bath valve was opened to heat up the
saturator water, the purge gas was turned off, and the reacting gas was
introduced. The dry N2 was now bubbling through the packed carbon bed,
carrying water vapor with it.

Three minutes after the bubbling began, the first sample was
taken at the GC. Additional samples were taken at l15-minute intervals.

The second integral reactor study involved several modifications
to the procedure given above. First of all, the saturator design was
modified as described in the Feed Section of the steam system apparatus
description., In addition, the sample size was reduced to 40 mg. Also,
the GC sampling time was reduced to 3 min as described in the Gas

Analysis section of the steam system apparatus.
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Furthermore, more care was taken during the heat up of the
furnace to ensure reproducibility and an isothermal environment.

To attain a steady-state temperature of 800 C, the furnace
requires 2.5 hours of step-wise temperature increases. First, set all
three controllers on 300 C and turn on the furnace, noting the time.

The temperature as given by the Omega TC will reach a peak of about 640 C
before it begins to fall. After 40 min, the temperature will fall to
~400 C and the controller set temperatures should be increased 100 C to
400 C. The obsexrved temperature will go through another peak before
.falling to 500 C at which time the set temperature should be increased
to 500 C. Again, the observed temperature will go through a maximum
before falling to 600 C and the set point should be increased to 600 C.
Now, when the temperature falls to 700 C, the set point should be
increased 80 C to 680 C and the observed temperature will rise to about
790 C. This point is usually reached aféér about 2 hours and, for the
remaining 30 min, the set point should be adjusted periodically to keep
the observed temperature between 790-800 C.

With 3 minutes left before start-up, the valve on the water bath
was opened to heat up the saturator water. Then, with about 1 minute
to go, the furnace temperature set point was increased so that the
furnace temperature was 800-801 C. Then, to start the run, the purge
was turned off and the N, was delivered to the saturator where it
bubbled through the frittered disk, combined with water vapor, and
entered the reactor, The rest of the procedure followed that previously

described.
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After completing this study, it became evident that the
saturator was not delivering enough super heat to prevent partial con-
densation at the reactor inlet. In addition, analysis of results indi-
cated that the reactor was not differential. To correct the first
problem, more power was delivered to the heating tape that was wrapped
around the saturator. Also, the fiberglass insulation was replaced by
-Kao wool., We were then able to deliver a N2 stream saturated with water
vapor at 74 C.

In an attempt to make these runs differemtial in nature, the
sample size was reduced from 40 mg to 10 mg. Nevertheless, we still
observed a large consuﬁption of steam over the reactor bed length. To
avoid this, we decreased the furnace temperature from 800 to 700 C.
This resulted in a maximum of 12% of the water vapor consumed, We had

now achieved a differential reactor and a series of runs were performed

to measure the gasification rates.

CO2 Gasification

The CO2 gasification studies were conducted using 40-mg samples
at 800 C. The start-up procedures were very similar to those for the
steam runs. However, the elimination of the saturator, condenser, and
all gas species except CO and 002 greatly simplified the procedures.

The heat up of the saturator was that described in the second
steam study. However, with one minute of heat-up time left, increase
the set point so that the char temperature is an even 800 C and prepare

to initiate the reaction, With 15 sec left before starting, open the

CO2 valve to pressurize the nonadjustable flow controller but keep the



45

toggle valve closed so that no CO, escapes. Next, close the N, valve to

2 2
halt the purge flow and open the CO2 toggle valve to begin the run.

The system dead time is approximately 2 min, depending on the
flow rate, which increases with reaction rate. It was decided to sample
at the 2-min mark to show that the product gases had just reached the
GC. This was confirmed when the 002 concentration was alwéys less than
half the concentration of the subsequent sample. Since Porapak Q
sampling takes only 1l min, the first CO concentration was measured at
the 3-min mark and then the C02 was measured again at 5 min. Next, the
CO was measured at 6 min and CO2 at 8. Product measurements continued
in this fashion for 30 min (10 samples of each). For the next 30 min,
the sample timé for a set of data‘was‘extended to 5 min (2 min dead time
after CO2 elution) and, if the rate was still reasonably high, the
sampling time was extended to 10 min until the rate became negligible.

If the measurements continue into a second hour, the baseline on
the strip chart recorder will begin to drift. This is because the
molecular sieve column has become "saturated" with co,. The reason this
happens is because the CO2 retention time is about an hour and the CO2
from the first measurement has just reached the thermal conductivity
detector. Since the elution rate i%5 So slow, the result is a slow but
steady positive slope in the baseline followed by a negative slope as
the baseline returns to its original position. This cycle is repeated
as each "plug" of 002 eluted from the molecular sieve column.

Two additional Co2 studies were conducted: one was to examine

the effect of concentration on rate and the other was an examination of

the effect of temperature on the rate.
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The procedures for the concentration runs were the same as those

described earlier. However, after running with 15.77% CO,, this tank

2
was first changed to 10.26% for two runs and then changed to 5.44% for
two runs.

The temperature study was completed using the 15.277% 002 tank.
After the initial rumns at 800 C, two runs each were completed at 900 C,
700 C, and 600 C, making minor changes to the heat-up procedure corre-

sponding to the desired running temperature.



CHAPTER 3
DISCUSSION OF RESULTS

This research project consists of five separate studies. The
effects of potassium on the rate of steam gasification was the subject
of three of these, while another was concerned with potassium's effect
on the rate of the Boudouard reaction (CO2 gasification). The final
study was an examination of the effects of temperature and feed concen-
tration on the rate of the Boudouard reaction to determine its activa-
tion energy and order of reaction, respectively.

In general, there are two basic approaches which may be used to
determine kinetic data. The easiest way is to develop a differential -
reactor configuration and measure the reaction rate directly from the
product gas compositions, A differential reactor is one in which the
reactant gas concentration remains nearly constant from reactor inlet to
outlet. The basic assumption is that all of the char is ‘exposed to the
same feed gas concentration and, thus, reacts at the same rate. In con-
trast, an integral reactor is one in which the reactant gas concentra-
tion decreases significantly from inlet to outlet and, as a result, the
local reaction rate varies accordingly. To analyze such a system, a
mathematical model must be employed which accounts for the decrease in
the reactant gas concentration and subsequent changes in reaction rate.

Ultimately, either method should give the same results since the

47
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objectives of this study, intrinsic reaction rate, activation energy,
and order of reaction, are all fundamental properties of the reacting
system.

Both of the above approaches have been used in this wgrk. The
discussion.of results hés been split into five parts and each study will
be described separately, starting with the steam studies, followed by

the CO, study, and closing with the effects of temperature and concen-

2

tration on the rates of the CO2 reaction. However, a description of the

data analysis method will be given first.

Data Analysis

The analysis necessary for converting run reactor data into
usable reaction rates consisted of several steps. First, the product
compositions were measured using the gas chromatograph. In addition,
product gas flow rates and the initial sample mass and composition were
required,

The University of Arizona Analytical Center measured potassium
and carbon content of the char samples so that the initial carbonlmass
fraction and the initial K/C atomic ratio could be determined. The

pertinent formulas are:

= 8C _ gK | 56.1 . g KOH/mol ge
M=0.79 (Faar -k () 57 (g xmor ) g
K_k gKig g K/g )( 1243 C/mol C ) mol K
C M ‘gcClg 39.1 g K/mol K > mol C

1f potassium carbonate was used as the catalyst instead of potassium

hydroxide, the 56.1 g KOH/mol should be replaced by 138.2 g K200 /mol in
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the carbon mass formula., The first term, 0.79 g C/g char, refers to the
carbon content of unimpregnated char.

The calculation of the initial reaction rate was achieved by
sumning all the gaseous carbonaceous specie mole fractions, multiplying
by the flow rate, converting this to a mass, and dividing by the initial

carbon mass fraction:

_ ' ml m mol m mol -1
R'ave0 - (yCO + yCO2 + yCHA) F ( min )( 24,4 ml )( 12 mg )

B |

() 1L , el
g M gC (g C)(min)
where F is the total gaseous flow rate, 24.4 ml/m mol is the molar
volume at 25 C, and m is the initial sample mass.
Next, the carbon conversions were calculated from the average
rates. A simple trapezoidal rule was used; i.e., average two consecu-

tive rates and multiply by the time interval:

(R + R )

i = 1 ave ave; At (g C)
2 1000 * (g C)o

where t is the time in minutes.
Knowing the conversions, the instantaneous rates were calculated.
The instantaneous rates are defined as the reaction rates based on the

remaining carbon in the sample:

- - _(mg C)
Rl Ravel/(l x) (g C) (min)
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Finally, a new K/C atomic ratio was calculated based on the

carbon conversion:

mol K
> mol C

(®/C); = (®/C)y/(L - X)

The K/C atomic ratios are based on the initial amount of potassium
present. In this study, the loss of catalyst by sublimation and

deactivation is neglected.

Preliminary Steam Study

The initial phase of this project consisted of 22 steam gasifi-
cation experiments. The sample size was varied from 0.15 to 0.77 grams
char and two forms of catalyst, KZCO3 and KOH, were evaluated. Two
different impregnation techniques were used: solution-stirred and
incipient wetness (see section on catalyst impregnation, p. 24). All
samples were gasified at 800 C and 1 atm total pressure. The catalyst
loading levels ranged from zero for the unimpregnated char to a maximum
of 25% wt.

The observed initial reaction rates have been plotted in
Figure 8 as a function of the initial K/C atomic ratio. The rates are
defined as mg carbon gasified per g remaining carbon per minute
(mg-g-l-min-l). These rates are average values (due to decrease in reac-
tant concentration) and are determined by measuring the amounts of
carbon-containing species that exit the reactor. The results show a
rapid increase in the rate for small amounts of catalyst, followed by a

leveling off of the curve, and then a decrease for high K/C.
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To determine intrinsic rate data, the analysis must follow that
for an integral reactor since the steam concentration dropped signifi-
cantly across the bed length. This can be seen by examining the reac-
tion products. For each mole of steam consumed, one mole of hydrogen
and one mole of CO are produced. The CO may then react with more water
by the gas-shift rxn to produce CO2 and more hydrogen. Whatever the
case, the amount of water consumed is equal to both the amount of
hydrogen generated and the sum of CO and two times the 002. The former
case is a hydrogen balance, while the latter is an oxygen balance. For
this set of runs, the CO concentrations reached a maximum of nearly
247, indicating high consumption of the steam.

A simple reaction model has been developed to account for the
drop in steam concentration, The objective of this model is to obtain
reaction rates that are truly representative of the specific char under
investigation. Most studies in the literature report average reaction
rates that are based on the initial carbon mass and are dependent on the
type of reactor configuration (integral or differential) used to obtain
the results. In other words, the effects of reactant concentration pro-
files and diminishing carbon mass have been neglected. This has
resulted in an inconsistent and sometimes confusing data base. What the
literature does provide, however, is the qualitative effect of catalysts
on the reaction rates; that is, whether a particular compound catalyzes
the reaction or not. What is missing, then, is the relative increase in
the reaction rate due to the addition of a known amount of catalyst. By

using the following model, it was possible to determine, in a
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quantitative sense, the effect of a known amount of catalyst on the true
intrinsic reaction rate.

To develop such a model, several assumptions must be made.
First, the steam and CO2 gasification reactions have been assumed to

follow first-order kinetics with respect to the steam and CO, concentra-

2
tions, respectively. The reaction system is limited to one additional
equation, the water-gas shift reaction. In addition, the intrinsic rate
constant is assumed to be the same for both Hzo and CO2 gasification,

This results in the following equations for the rate constant of the

steam gasification reaction:

k € cm3
I b gas
k=2=( — ) ’
S 1 “b cm sec
solid
and
CCO + CCO2
-~ 1n (1 - ———72;————-)
. - 2° 1
1 T > gec
where & = bulk void volume;
] 2 3
S = specific surface area, cm solid/cm solid’
CCo = CO concentration, mol/cm3;
c = CO, concentration, mol/cm3;
CO2 2

CH o = Steam concentration, mol/cm3;
2

T = residence time, sec.

The detailed derivation of this model is given in Appendix F.



54
The values given by this equation are the intrinsic rate con-

stants based on the assumptions previously listed. If we multiply k by
the specific surface area and the steam concentration plus conversion

factors, we arrive at the intrinsic reaction rates:

. 2 3
cm cm © cm
- gas solid | 1 solid
e e cm2 *sec )8 cm3 ‘ P ( g char ‘
solid solid
PH 0
L2 ( moles ) ( 12,000 mg ) ( 60 sec ) l_( g char )
RT cm mole min M g C

gas

The values for Rc [mg C/(g C)(min)] represent the reaction rate of the
char when the full sample is exposed to the same reactant concentration.
Figure 9 shows the calculated intrinsic reaction rates. This
plot is similar to that given for the observed reaction rates
(Figure 8), but corrects for the drop in steam.concentration. As a
result, the plot is steeper for low values of K/C atomic ratios, levels
off at a higher value, then drops as before.
In addition, it shows the activity of potassium is the same
co

whether it was introduced in the form of KOH or K This result is

2773°
in agreement with the work of Veraa and Bell (1978) and Mims and Pabst
(1981).

The product distributions show CO, COZ’ H2, and CH4 as the pri-
mary products. Methane production was very small (< 0.1%) in relation

to the rest and, thus, was not considered in the above analysis.

Hydrogen detection was limited to the HZ-He interaction described in the
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Preliminary Steam Gasification Data. —— e = KZCOB; o=
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experimental section. Therefore, H2 concentrations were not measured in

these experiments.

Steam Gasification -- Integral Method

After modifying the steam saturator, a second integral reactor
study was conducted. The sample size was reduced to 40 mg and 25 runs
were completed,

A plot of the observed initial reaction rates is given in
Figure 10, as a function of the initial K/C atomic ratio. Again, it
shows a rapid increase in the rate followed by a leveling off of the
curve. It does not, however, show a distinctive drop in the rate for
high catalyst loading levels that was observed before.

The scatter in the data is due primarily to modifications to the
steam saturator during the course of the work. Initially, there was
some condensation of the steam at the reactor inlet, Although the
amount was very small (and in some cases none at all), any condensation
will result in suppressed reaction rates. Therefore, additional insula-
tion was wrapped around the saturator to increase the amount of super
heat delivered to the steam-nitrogen mixture. In addition, the heat
delivery rate was intensified to further increase the amount of super
heat delivered, Finally, a configuration was achieved that eliminated
condensation and the results reflected this in increased rates.

Figure 11 is a plot of the corrected initial intrinsic reaction
rates as a function of the initial K/C atomic ratios. These rates were

obtained by applying the simplified reaction model previously mentioned
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(and described in detail in Appendix F). It is very similar to
Figure 10, but has a steeper slope and higher values at all K/C ratios.

Since the GC gives discrete, rather than continuous, measure-
ments of product gas compositions, a technique was developed to obtain
the initial reaction rates. The system volume and reactant flow rate
were constant, but the reaction rate (and, thus, the product gas flow
rate) varied with the K/C atomic ratio and, as a result, the products
first reached the GC at different times. Therefore, the time at which
the first sample was taken was based on both previous experience and on
predicted reaction rates. 1In addition, each sample was run at least
twice so that, for the second and subsequent runs, it was known in
advance just when to sample the product gases. This results in
obtaining true initial observed rates accurately.

A comparison of the average rates vs. time (Figure 12) shows
that the high catalyst load chars reached a maximum very early in the
run and fell from there. The chars with a medium level of catalyst went
through a genuine maximum before falling. The low K/C chars and the
unimpregnated char maintained a fairly constant reaction rate and only
decreased slightly with time.

Integration of this plot gives the conversion which is plotted
in Figure 13 as a function of time. These plots show a very definite
assymptote which varies with the K/C atomic ratio. For the unimpregnated
char, full carbon conversion can be expected. However, as potassium was
added to the char, the conversion levels began to fall. For a medium
loaded char, about 807 conversion was achieved, but for our highest K/C

ratios, the rate fell to nearly zero when the conversion was only 60%.
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This phenomenon can be explained by the restrictive effect of potassium
deposits on the char surface. This so-called "pore plugging" is dis-
cussed in more detail in the CO2 gasification section and has been
observed by Guzman and Wolf (1982).

Having conversion, one can define a new rate based on the
remaining carbon. This instantaneous rate is plotted in Figure 14 as a
function of conversion. It shows that the instantaneous rates increase
with conversion until a maximum is reached and then they fall dramati-
cally before full conversion is achieved.

The final plot shows the instantaneous rate as a function of the
current K/C atomic ratio and is given in Figure 15. Thié graph is
interesting because a comparison with Figure 11, the initial rates as a
function of initial K/C ratio, shows the effect of structure. If no
effects were present, these two graphs would look the same. The most
dominant effect of the structure is on the specific surface area, which
may or may not go through a maximum. There are two competing effects.
First, as reaction takes place, the pore walls recede, resulting in
increased surface area until the point is reached where the pore walls
collapse, producing a decrease in the specific surface area.

The product distribution for a representative run is given in
Figure 16, The primary products are Hz, C0, and C02, with CH4 present
in trace amounts. An atomic balance on steam suggests that the H2 con-
centration should be equal to the CO concentration plus two times the
COZ’ However, the Hz concentration consistently exceeded this by about
107%. This can be partially explained by the fact that thé char contains

chemically bound hydrogen; however, the char analysis does not indicate
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this much H2. A contributing factor is the GC calibration curves for

H Our calibration tanks contained H, up to a maximum of 9.63%, but

2° 2
the hydrogén in the product gas exceeded this. We had no choice but to
extrapolate the calibration curves on up to 187, where they were in
doubt.

The CO—CO2 distribution can be explained by the water-gas shift
reaction. Initially, the feaction rate is so high that most of the
water is consumed by steam gasification and, therefore, is not available
for gas shift. This can be seen by examining the product distributions.
For low reaction rates (low values of K/C), the CO2 concentration is
higher than CO, due to the excess steam available. However, at high
rates, most of the water is consumed by reaction with carbon and very
little CO is converted to COZ’ As the reaction proceeds and the rate
drops, less CO is formed and more steam is available for gas shift.

This results in an increase in CO2 with time until a maximum is reached,
at which time the 002 concentration begins to fall. This profile is

different from CO, which is a maximum when first measured and then falls

throughout the runm,

Steam Gasification -- Differential Method

For the final set of steam gasification experiments, the sample
size was reduced to 10 mg. However, there was still too much steam con-
sumption to consider the reactor "differential." To correct this, the
gasification temperature was reduced to 700 C which resulted in a 12%

steam consumption on the first pass for the worst case (highest rate).
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The reactor systém was now considered differential, allowing direct
analysis of the data.

The initial intrinsic reaction rates are plotted in Figure 17
as a function of the initial K/C atomic ratio. As before, the rate
increases rapidly as the K/C ratio is increased until a leveling off is
achieved. The reproducibility was excellent due, in part, to an effec-
tive saturator with increased super heat capabilities.

Even though the steam concentration remained high over the
length of the bed, we can correct for the finite drop in concentration
by applying the model described in the previous section. These rates
are shown in Figure 18 and are only increased ~ 157 for the worst case.
The shape remains the same as for the observed rates but the slope and
plateau are both higher,

Integration of the rates with respect to time gave conversions
which are plotted in Figure 19 as a function of time. Again, the plots
show assymptotes for conversions. For the low K/C atomic ratios, the
assymptotes are not clear, but high levels of conversion are expected.
As the K/C atomic ratio is increased, the assymptotes become more clear
and the obéerved conversions drop. The highest loaded char, K/C = 0.123,
reached a conversion of only 65% before the rate fell to nearly zero.

A more useful plot is Figure 20, which shows the instantaneous
rate (i.e., rate based on remaining carbon) as a function of conversion.
For the low K/C sample, the rate increases for the first 5% of conver-
sion, then falls steadily for the rest of the run, The same behavior
was observed for the sample containing additional potassium. However,

as K/C is increased, the maximum in rate occurs later in the rum for
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medium loading levels and then shifts back to smaller conversions for
higher loaded chars. Finally, for the highest loaded char (K/C =
0.123), the maximum rate is the initial value; it falls steadily from
there.

A plot of the instantaneous rate as a function of the active K/C
ratio is given in Figure 21. To calculate the new values of K/C, we
have assumed no loss of K by irreversible reaction with ash, escape to
the gas phase, or by any other mechanism. New values of K/C, then, are
only dependent on conversion. The results show several interesting
features. TFor the low loaded char (K/C = 0.018), the rate is expected
to increase with conversion since the K/C ratio is increased and this
sample is on the steep slope of Figure 17, where the rate increases
rapidly with the addition of potassium. However, the rate increased
only slightly, then began to fall. This behavior can result from loss
of potassium, thusvlowering activity, but a contributing factor is the
change in structure, most likely in the form of reduced available
surface area,

The medium loaded chars all increased initially with the K/C
ratio, then fell. The general shape of the curve is similar to
Figure 17, but a plateau is not seen. For large values of K/C, the
initial rate was a maximum; it fell from there on. This agrees with
Figure 17 since the starting point is on the plateau and an increase is
not expected.
and CO,.

2 2

Because of the differential nature :0f the system, water was in excess

The dominant products for this set of runs were H

and most of the CO was converted to CO2 by the water-gas shift reaction.



73

8
2
=
tn
\
g \
2 e
-+ «2
£
Faa
Ay %
8 } 1 ‘\‘
- & ]
= "‘ & !
= ™ =, s \
s
2 % b
b \ \,
% 8 & 2
< 24 \ ' \
“ R - \
-
& b
: %
$7! h N
%
o b
=]
< T T T T
=.0.000 0.078 0.180 0,225 0.300 0.375
K/C Atomic Ratio
Figure 21. Instantaneous Rate vs. K/C Atomic Ratio from Differential

Steam Gasification Data. —-~ o = Run 071182-022482-2,
(K/C)g = 0.018; A = Run 070682-022482-1, (R/C)qg = 0.038;
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011182-2, (K/C)g = 0.123. T = 700 C.
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The C02/CO ratio was consistently in the 30:1 range, although for the
lowest K/C sample it was only 10:1. The H2 concentration was about 10%

above the expected value of CO + 2CO Figure 22 shows the products as

9°

a function of time for one representative run.

C0y Gasification

This study consists of 24 runs performed using 40-mg sample
sizes that were gasified at 800 C with 002 partial pressure of 0.15 atm
and a total pressure of one atmosphere.

The initiallreaction rates are plotted in Figure 23 as a func-
tion of the initial K/C atomic ratio. The results are for the same char
impregnated to different potassium concentration levels. The shape of
the curve indicates the existence of three different regions. For low
levels of catalyst loading, the rate increases sharply with increasing
K/C ratio. 1In the next region, the rate become insensitive to the
addition of more catalyst and the rate increases only 10%, while the K/C
ratio more than doubles, Finally, a decrease in the rate with the addi-
tion of more catalyst is observed,

Although the true mechanism of interaction between K and C is
not clear, certain speculations can be made. Initially, the concentra-
tion of catalytic sites increases as K is added to the surface and a
corresponding increase in the'rate is observed. At some level, the sur-
face sites become saturated with catalyst and few, if any, new sites are
generated, resulting in the plateau in Figure 23. The phenomenon has
previously been reported by Mims and Pabst (1981). Then, as more

catalyst is added to the char surface, the deposits begin to block some
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concentrations but becomeé significant as reaction proceeds and the K/C
ratio increases. Large amounts of catalyst on the surface restricts CO2
access to the micropores surface area and subsequently slows down the
reaction rate before full conversion is achieved.

These results show that the instantaneous reaction depends on
both the K/C ratio and the porous structure of the char. This is more
clearly illustrate§ in Figure 27 where rates as a function of K/C are
plotted. A comparison of this graph with Figure 23 (initial rates vs.
K/C) shows the effect of structure; if the pore structure remained con-
stant, these two plots should be the same. The significant difference
among the curves indicates that the K/C ratio does not uniquely specify
the rate and other factors including the internal available surface aréa
must be considered. Including catalyst loss in the calculation of K/C
for partially converted samples will only shift the corresponding
curves and will not change the overall disagreement between the curves.

For CO2 gasification, CO is the primary product (other compo-
nents in trace amounts only) and its temporal profile is given in
Figure 28 along with the profile of the unreacted COZ’ This is repre-
sentative of all the runs; the amount of CO2 being the only difference
(see Appendix D for other profiles).

Effect of Temperature and Concentration
on the Rate of C09 Gasification

The final objectives of this study were to determine the activa-
tion energy and the order of reaction for CO2 gasification at 800 C and

1 atm total pressure. " All runs were completed using a char impregnated



82

?;
=
2
81 oy
e a
3
iﬂ ™ "’l ¢
& 5 _ &Y
~ =
: \
A |
\
Q
g- \\\
é t \(\ﬂng_i
o - A ;
=
< T T 2 T ]
“h.0o0 0.080 0.180 0.740 0.320 {.400

K/C Atomic Ratio

Figure 27. Instantaneous Rate vs. K/C Atomic Ratio from COp Gasifica-
tion Data. —— A = Run 031782-022482-2, (K/C)p = 0.018; ¢ =
Run 030482-022482-1, (K/C)g = 0.038; % = Run 021982-010882,
(K/C)g = 0.075; X = Run 032982-2-011182-2, (K/C)g = 0.123.

T = 800 C.



83

210 .00

i6.000

12.000

Products (%)

B.000
|

4.000
[
4

1 | 1 1
4.000 8.000 12.000 1&.000 20.000

p-000
i
D
[

Time (min x 10)

Figure 28. Product and Reactant vs. Time from COy Gasification Data. --
Run 032282-022482-2, (K/C)g = 0.018; A = CO; o = COj.
T = 800 C.



84
to a K/C atomic ratio of 0.018. The sample sizes were reduced to 20 mg
to ensure a differential reactor when gasified at 900 C.

Figure 29 is an Arrhenius plot of the natural logarithm of the
rate versus the inverse of the temperature. Runs were performed at 600,
700, 800, and 900 C with a reacting gas containing 15.27% CO2 and

balance He. Using the least-squares fit, the activation energy was

found to be 28.8 kcals/mole. The regression equation is:

Rate = 8.89x10% exp [ 12—%80—0 ]

This activation energy clearly shows the effects of catalysis since the

activation energy decreased from the literature values of ~ 80 kcals/mole.
The effect of concentration on the rate is given in Figure 30.

Six runs were completed at 800 C using three different CO2 concentra-

tions: 5.447%, 10.26%, and 15.27%. TFor these low concentrations of COZ’

the rate appears to be directly proportional to the CO2 concentration.

It is interesting to note, however, that if a Langmuir-Hinshelwood type

rate expression is to be believed, i.e.:

k., P
1 002

1+ kZPCO + kBPCO

T
2

then the reaction order should decrease to zero order. This can be seen

by assuming that, at some point, kBPCO >> 1 + kZPC If this is true,

2

then the rate dependence on the CO2 concentration can be eliminated and

oo

the rate becomes a constant (zero order rate expression).
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Table 1A. Preliminary Steam Gasification Data; Run 011482-00; (K/C)g = 0.0; Mass = 0.4058 g;
M = 0.790 (g C)/(g char).

Time Flow CH, co co, R ve X R K/C
o G @ o o (G o) e Bt s
2 21.05 0.080 1.72 4.41 2.00 0.002 2.00 -

22 20.45 0.085 1.06 3.75 1.53 0.037 1.59 -
52 19.49 0.085 0.81 2.63 1.06 0.076 1.15 -
77 19.80 0.103 1.61 2.11 1.14 0.104 1.27 -
107 19.01 0.105 1.02 2.39 1.06 0.134 1.22 -
137 18.98 0.085 0.99 1.63 0.79 0.162 0.94 -
182 19.08 0.103 1.61 1.63 0.96 0.201 1.20 -
212 18.55 | 0.085 0.92 1.53 0.74 0.227 0.96 -
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Table 2A. Preliminary Steam Gasification Data; Run 081981-12; (K/C)g = 0.0072; Mass =
0.7591 g3 M = 0.765 (g C)/(g char).
Time Flow CH4 co co, R.ave X R K/C
@n @ o @ @ Epey Go; (@em Gad
2 33.90 0.20 11.6 5.64 5.00 0.005 5.03 0.0072
22 31.06 0.21 7.29 . 6.04 3.54 0.070 3.81 0.0077
42 29.33 - 0.21 5.34 5.99 2.86 0.120 3.25 0.0082
62 28.49 0.19 4.23 5.79 2.46 0.160 2.93 0.0086
82 27.78 0.18 3.55 5.58 2,20 0.195 2.73 0.0089
102 27.03 0.16 3.09 5.28 1.97 0.226 2.55 0.0093
122 26.74 0.15 2.86 5.07 1.84 0.255 2.47 0.0097
142 26.46 0.15 2.67 4.87 1.73 0.282 2.41 0.010
162 26.11 0.14 2.54 4.74 1.66 0.308 2.40 0.010
182 25.91 0.13 2.41 4.48 1.56 0.332 2.34 0.011
202 25.77 0.12 2.33 4.36 1.49 0.356 2.31 0.011
247 25.45 0.11 2.16 3.95 1.35 0.405 2.27 0.012
277 25.00 0.10 2,12 3.82 1.30 0.435 2.30 0.013
322 24.57 0.09 2.02 3.46 1.17 0.486 2.28 0.014
352 24.69 0.09 1.97 3.31 1.13 0.512 2.32 0.015
382 24.57 0.08 1.89 3.06 1.05 0.537 2.27 0.016
407 24.33 0.07 1.84 2.92 1.00 0.560 2.27 0.016
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Table 3A. . Preliminary Steam Gasification Data; Run 082781-12; (K/C)g = 0.0072; Mass =
0.7690 g; M = 0.765 (g C)/(g char). )

Time Flow CH co co R X R K/C
wo B w o 0 (G &Y Gl
(min min/ - ° (g)o(min) (g C)O (g) (min)’ mol C
2 36.63  0.24 13.3 5.12 5.61 0.006 5.64 0.0072
20 32.89  0.27 8.98  5.89 4.14 0.094 4.57 0.0079
37 30.86 0.23 6.18  6.04 3.20 0.156 3.79 0.0085
57 29.59 0.21 4.55  5.89 2.63 0.214 3.35 0.0092
77 28.65 0.20 3.81  5.74 2.34 0.264 3.18 0.0098
97 28.09  0.18 3.29 5.48 2.10 0.308 3.04 0.010
117 27.55  0.17 2.99  5.28 1.95 0.349 2.99 0.011
147 27.10  0.15 2.67 4.87 1.75 0.405 2.94 0.012
177 26.67 0.14 2.52 4.64 1.63 0.456 3.00 0.013
207 26.25  0.12 2.34 4.28 1.49 0.503 3.00 0.014
237 26.04  0.11 2.28  4.02 1.40 0.546 3.09 0.016
267 25.64  0.10 2.20 3.77 1.31 0.587 3.17 0.017
312 25.19  0.09 2.08  3.41 1.19 0.643 3.34 0.020
342 25.13  0.08 1.97 3.20 1.11 0.678 3.44 0.022
367 24.94 0.08 1.97 3.08 1.08 0.705 3.67 0.024
387 24.81  0.07 1.94 2.95 1.04 0.726 3.80 0.026
417 24.45  0.07 1.89 2.82 0.99 0.756. 4.07 0.030
447 24.45  0.06 1.82  2.61 0.93 0.785 4.32 0.033
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Table 4A. Preliminary Steam Gasification Data; Run 080881-3; (K/C)g = 0.0123; Mass =
0.0123 g; M = 0.478 (g C)/(g char).

Time Flow CH co co R . X R K/C
4 2 ave

- (ml . o mg ) g C m ) mol K

@ D) @ @ @ ((g)o(min)’ (% 0y oem) (Gorc
2 28.09 0.14 13.2 4.54 4.49 0.004 4.51 0.012
17 27.25 0.22 11.7 5.33 4.16 0.069 4.47 0.013
32 25.97 0.22 9.87 5.83 3.68 0.128 4.22 0.014
47 25.45 0.22 8.34 5.83 3.26 0.180 3.98 0.015
62 24.75 0.21 7.27 6.20 3.01 0.227 3.90 0.016
82 24.10 0.19 6.24 5.93 2.67 0.284 3.73 0.017
102 23.58 0.19 5.54 5.93 2.46 0.335 3.70 0.019
122 23.15 0.18 4.74 5.88 2.23 0.382 3.61 0.020
142 22.62 0.17 4.37 5.77 2.08 0.425 3.62 0.021
162 22.42 0.16 4.03 5.72 1.99 0.466 3.73 0.023
192 22.08 0.15 3.57 5.41 1.80 0.523 3.77 0.026
222 21.64 0.14 3.22 5.30 1.68 0.575 3.95 0.029
252 21.41 0.13 2.97 5.14 1.58 0.624 4.20 0.033
282 21.14 0.11 2.67 4.91 1.46 0.670 4,42 0.037
312 20.96 . 0.11 2.53 4.67 1.38 0.712 4.79 0.043
342 20.62 0.10 2.36 4.54 1.28 0.752 5.16 0.050
372 20.49 0.09 2.18 4.27 1.20 0.789 5.69 0.058
402 20.24 0.08 2.08 4.06 1.12 0.824 6.37 0.070
432 20.08 0.07 1.98 3.77 1.06 0.857 7.40 0.086
507 19.57 0.05 1.67 3.29 0.88 0.886 7.71 0.108
537 19.38 0.05 1.55 3.12 0.83 0.912 9.38 0.139
567 19.34 0.04 1.46 2.85 0.75 0.935 11.6 0.190
593 19.12 0.04 1.34 2.64 0.68 0.954 14.7 0.266
627 19.05 0.04 1.49 2.56 0.70 0.977 30.8 0.542
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Table 4A -- Continued.

Time Flow CH4 co co, R ve X R K/C
ml - o o mg \ g C o m mol K

(min) (min) (/0) (14) (70) ( (g) O(min)) ((g C) 0} ((g) (ﬁin)) (mol C)
652 18.73 0.02 1.03 2,22 0.55 0.993 77.6 1.74
689 18.55 0.02 0.97 1.93 0.48 1.01

717 18.25 0.01 0.86 1.70 0.43 (x> 1)*

754 18.08 0.01 0.71 1.43 0.35

777 18.12 0.01 0.73 1.23 0.32

807 17.83 0.01 0.51 1.05 0.25

837 17.79 0.01 0.46 0.88 0.21

867 17.67 0.004 0.31 0.75 0.17

897 17.48 0.003 0.26 0.50 0.12

927 17.48 0.002 0.22 0.45 0.11

957 17.48 0.001 0.15 0.40 0.08

*Violation of mass balance.
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Table 5A. Preliminary Steam Gasification Data; Run 072981-13; (K/C)g = 0.0123; Mass =
0.7236 g3 M = 0.748 (g C)/(g char).

Time Flow CH4 Co CO2 R X R K/C
ave

ml g o 9 mg g G mg mol Ky

min) Q) @ @ @ ((g>0(min>) (e C)o) (e (o d
0.25 31.45 0.1 3.13 1.27 1.29 0.0002 1.29 0.0123
15.0 30.12 0.25 17.8 4.20 6.07 0.054 6.42 0.013
30.0 27.03 0.21 12.0 5.72 4.39 0.133 5.06 0.014
50.0 25.13 0.18 8.07 5.99 3.25 0.209 4,11 0.016
67.0 23.75 0.16 5.94 6.20 2.65 0.259 3.58 0.017
85.0 22.99 0.15 4.97 6.09 2.34 0.304 3.36 0.018
117.0 22.27 0.13 3.67 5.77 1.94 0.373 3.09 0.020
135.0 21.79 0.12 3.20 5.67 1.78 0.406 3.00 0.021
158.0 21.51 0.11 2.90 5.46 1.66 0.446 3.00 0.022
177.0 21.37 0.11 2.70 5.35 1.58 0.477 3.02 0.024
208.0 20.92 0.10 2.47 5.06 1.45 0.524 3.04 0.026
235.0 20.70 0.09 2.30 4,88 1.37 0.562 3.13 0.028
255.0 20.53 0.09 2.20 4.77 1.32 0.589 3.21 0.030
298.0 20.37 0.08 2.00 4.46 1.21 0.643 3.39 0.034
338.0 20.00 0.07 1.88 4.20 1.12 0.690 3.61 0.040
368.0 19.88 0.06 1.77 3.93 1.04 0.722 3.74 0.044
390.0 19.76 0.06 1.68 3.83 1.00 0.744 3.91 0.048
420.0 19.61 0.06 1.65 3.67 0.96 0.774 4.24 0.054
452.0 19.34 0.05 1.53 3.41 0.88 0.803 4,47 0.063
606.0 18.66 0.03 1.17 2.41 0.85 0.936 13.38 0.194
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Table 6A. Preliminary Steam Gasification Data; Run 090281-33; (K/C)g = 0.0127; Mass =
0.7623 g3 M = 0.747 (g C)/(g char).

Time Flow CH4 Cco 002 Rave X R K/C
@n  GR @ @ 0 (Ggam Go) (em G
2 34.72 0.13 10.5 5.53 4.81 0.005 4.83 0.013
22 33.11 0.21 8.46 5.94 4.16 0.095 4.59 0.014
42 31.65 0.20 7.03 6.10 3.64 0.173 4.40 0.015
62 30.67 0.19 5.86 6.04 3.20 0.241 4.22 0.017
87 30.03 0.18 4.88 5.99 2.88 0.317 4.22 0.019
107 29.41 0.17 4.29 5.84 2.61 0.372 4.16 0.020
127 28.57 0.15 3.84 5.64 2.38 0.422 4.12 0.022
147 28.17 0.14 3.51 5.53 2.25 0.468 4.23 0.024
177 27.78 0.13 3.12 5.23 2.05 0.533 4.39 0.027
207 27.10  0.11 2.85 4.97 1.87 0.591 4.58 0.031
237 26.67 0.10 2.62 4.69 1.73 0.645 4.88 G.036
267 26.39 0.09 2.44 4.43 1.59 0.695 5.21 0.042
297 26.11 0.08 2.26 4.15 1.47 0.741 5.68 0.049
327 25.64 0.07 2.10 3.90 1.35 0.783 6.23 0.059
357 25.58 0.06 1.94 3.56 1.23 0.882 6.91 0.071
447 24.63 0.04 1.58 2.82 0.95 0.920 11.89 0.159
4717 24.45 0.03 1.37 2.56 0.84 0.947 15.84 0.239
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Table 7A. Preliminary Steam Gasification Data; Run 091581-33; (K/C)g = 0.0127; Mass =
0.6591 g; M = 0.747 (g C)/(g char).

R X R K/C

Time Flow CH4 co CO2 ave
o GD @ @ 0 (G Go) Gew) G
2 30.67 0.17 13.0 4.20 5.60 0.066 5.63 0.013
17 30.77 0.18 8.72 4.92 4.22 0.079 4.58 0.014
37 28.87 0.16 5.92 5.17 3.23 0.154 3.82 0.015
57 28.17 0.15 4.68 5.17 2.83 0.214 3.60 0.016
102 27.03 0.12 3.25 4.66 2.17 0.327 3.22 0.019
182 25.91 0.10 2.25 4.43 1.77 0.484 3.43 0.025
207 25.71 0.09 2.07 4.23 1.65 0.527 3.49 0.027
237 25.37 0.08 1.94 3.97 1.53 0.575 3.60 0.030
267 25.19 0.07 1.79 3.77 1.43 0.619 3.76 0.033
297 24.81 0.06 1.71 3.59 1.34 0.661 3.95 0.037
327 24.63 0.06 1.63 3.38 1.26 0.700 4.20 | 0.042
357 24.57 0.05 1.53 3.18 1.18 0.736 4.48 0.048
387 24.39 0.05 1.48 3.02 1.11 0.771 4.84 0.055
462 24.21 0.04 1.30 2.41 0.91 0.847 5.95 0.083
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Table 8A. Preliminary Steam Gasification Data; Run 122981-112381-2; (K/C)g = 0.023; Mass =
0.4191 g; M = 0.728 (g C)/(g char).

Time Flow CH4 co CO2 the X R K/C
o GE @ @ @ (pEm Go) @em G
2 35.59 0.15 23.5 2.13 14.5 0.014 14.7 0.023
17 32.26 0.14 17.8 4.80 11.5 0.210 14.6 0.029
32 29.15 0.10 11.9 6.20 8.47 0.360 13.2 0.036
47 27.03 0.08 8.04 6.67 6.37 0.471 12.0 0.043
67 24.81 0.06 4.70 6.51 4.49 0.580 10.7 0.055
87 23.20 0.04 2.62 5.88 3.19 0.656 9.28 0.067
107 21.93 0.03 1.44 5.04 2.31 0.711 7.99 0.080
127 21.01 0.03 0.85 4.15 1.70 0.751 6.83 0.092
147 20.53 0.02 0.57 3.47 1.35 0.782 6.18 0.105
167 19.76 0.02 0.36 2.89 1.05 0.806 5.40 0.118
187 19.53 0.02 0.22 2.45 0.85 0.825 4.85 0.131
207 19.19 0.01 0.09 2.00 0.66 0.840 4.12 0.143
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Table 9A.

Preliminary Steam Gasification Data; Run 122181-112381-2; (K/C)p = 0.023; Mass =
0.4069 g; M = 0.728 (g C)/(g char).

Time Flow cH, co co, e X R K/C
@n  GZ) @ @ - ® ((g)E(min)] (% g)o) (o e ]
2 35.97  0.16 23.7 2.16 15.3 0.015 15.5 0.023
17 32.36  0.13 17.2 4.94 11.7 0.218 15.0 0.029
32 29.07  0.09 11.1 6.25 8.32 0.368 13.2 0.036
47 26.88  0.07 7.20  6.57 6.14 0.477 11.7 0:044
67 24.94  0.05 4.22  6.36 4.35 0.582 10.4 0.055
87 23.04  0.04 2.13  5.57 2.95 0.655 8.54 0.067
107 21.79  0.03 1.09  4.68 2.10 0.705 7.12 0.078
127 20.96  0.03 0.64  3.84 1.57 0.742 6.08 0.089
147 20.20  0.02 0.36  3.05 1.16 0.769 5.02 0.100
167 19.84  0.02 0.19  2.32 0.84 0.789 3.98 0.109
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Table 10A. Preliminary Steam Gasification Data; Run 122381-112381-2; (K/C)g = 0.023; Mass =
0.4015 g; M = 0.728 (g C)/(g char).
Time Flow cH, co co, R ve X R K/C
ml mg g C mg ol K
@D G w @ ® o, oy @am oo
2 35.71 0.14 22.3 2.08 14.09 0.014 14.3 0.023
17 31.25 0.13 16.5 5.20 11.30. . 0.205 14,2 0.029
32 28.09 0.11 10.3 6.36 7.80 0.348. 12.0 0.035
47 25.64 0.08 6.23 6.46 5.51 . 0.448 9.97 0.042
62 24,27 0.07 4,22 6.25 4.29 0.521 8.96 0.048
77 23.20 0.06 2,76 - 5.73 3.23 0.577 7.65 0.054
92 22.22 0.06 2,00 5.20 2.73 0.622 7.23 0.061
107 21.83 0.05 1.60 4.73 2.32 0.660 6.83 0.068
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Table 11A. Preliminary Steam Gasification Data; Run 110581-101881-2; (K/C)g = 0.047; Mass =
0.4207 g; M = 0.650 (g C)/(g char).
Time Flow CH 4 co 002 a;le X R K/C
O I o = Eo) (wem Gro
4 34.31 0.10 23.8 0.43 15.1 0.030 15.6 0.048
22 32.79 0.06 21.2 1.89 13.8 0.290 19.4 0.066
42 32.57 . 0.04 20.5 2.84 13.6 0.564 31.3 0.108
57 25.84 0.01 10.6 5.26 6.50 0.715 22.8 0.165
77 19.23 - 0.71 2.14 0.98 0.790 4.66 0.224
97 18.45 - 0.56 1.19 0.58 0.805 2.98 0.242
117 18.21 - 0.42 .0.79 0.40 0.815 2.16 0.254
137 18.15 - 0.32 0.63 - 0.31 0.822 1.74 0.264
219 17.95 - 0.11 0.24 0.11 0.840 0.69 0.293
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Table 12A. Preliminary Steam Gasification Data; Run 110381-101831-2; (K/C)g = 0.047; Mass =
0.4120 g; M = 0.650 (g C)/(g char).

Time Flow CH4 co co, e X R K/C

ml mg (8 C mg__ ) mol K

(min) iz (%) (%) (%) ((g)o(min)J e oy toem’ Gore
2 34.25 0.10 17.7 0.64 11.9 0.012 12.1 0.048
12 34.84 0.06 23.6 1.26 ‘ 16.0 0.152 18.9 0.055
22 33.90 0.06 21.8 1.72 14.8 0.305 21.3 0.068
32 33.56 0.06 21.4 1.99 ‘14.6 0.452 26.7 0.086
42 33.33 0.04 21.3 3.41 14.5 0.599 36.5 0.117
72 19.53 0.01 0.64 0.95 0.57 0.827 3.30 0.272
- 107 18.02 - 0.22 0.76 0.34 0.843 2.17 0.299
147 17.95 - 0.15 0.38 0.19 0.854 1.30 0.321
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Table 13A. Preliminary Steam Gasification Data; Run 111181-101881-2; (K/C)g = 0.047; Mass =
0.4344 g3 M = 0.650 (g C)/(g char).
Time Flow CH 4 Co 002 . Rave X R K/C
ml o mg g C mg ol K
@GR @ @ @ e Goy (@em ic
2 33.28 0.07 11.9 0.49 7.44 6.007 7.5 0.047
12 33.56 0.07 24.1 0.90 14.96 0.119 17.0 0.053
32 32.05 0.02 20.5 2.51 12.76 0.397 21.2 0.078
57 22.27 0.01 3.7 4,89 3.26 0.597 8.09 0.117
77 19.76 0.01 1.11 2.82 1.35 0.643 3.78 0.132
97 19.31 0.01 1.11 2.12 1.09 0.667 3.28 0.141
167 18.28 - 0.78 1.03 0.58 0.726 2.12 0.171
187 18.18 - 0.67 0.85 0.48 0.736 1.82 0.178
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Table 14A.

Preliminary Steam Gasification Data; Run 011682-010882; (K/C)g = 0.072; Mass =
0.2245 g; M = 0.619 (g C)/(g char).

Time Flow CH A co co, _ve X R K/C
ml - o , mg g C mg mol K
(min) (Ei n) (%) (%) (%) ((g)o(min)) ((g C)O] ((g) (min)) (mol c)
2 34.01 0.03 18.5 2.75 25.8 0.026 26.4 0.077
17 28.90 0.01 13.6 7.04 18.4 0.357 28.7 0.117
37 18.15 - 0.10 1.27 0.36 0.545 1.20 0.165
87 17.21 - 0.01 0.10 0.06 0.556 0.14 0.169
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Table 15A. Preliminary Steam Gasification Data; Run 012282-010882; (K/C)g = 0.075; Mass =
0.2612 g; M = 0.619 (g C)/(g char).
Time Flow CH Cco co R X R K/C
4 2 ave

ml - \ mg g C mg ol K

““1‘?’ (:iin) ) (%) () ((g)o(min)) ((g C)O) ((g) (min)) mol C)
2 29.59 0.05 20.1 0.53 18.9 0.019 19.3 0.076
17 28.74 0.02 19.8 2.00 18.1 0.297 25.7 0.107
42 18.94 0.01 0.40 2.45 1.58 0.306 2.28 0.108
67 17.04 - 0.01 0.36 0.41 0.331 0.61 0.112
17.04 - - 0.20 0.11 0.339 0.17 0.113
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Table 16A. Preliminary Steam Gasification Data; Run 012982-011182-1; (K/C)g = 0.098; Mass =
0.0751 g; M = 0.580 (g C)/(g char).
Time Flow CH, co co, ve X R K/C
ml m, g C mg ol Ky
(min) (min) (%) () (%) ((g)o(min)) ((g C)o) ((g)(min)J (zol ¢’
2 25.00 0.04 16.4 1.79 25.8 0.026 26.4 0.101
17 23.47 0.02 15.5 4.4) 24.8 0.405 41.7 0.165
32 17.21 0.01 2.13 3.10 4.89 0.628 13.1 0.263 .
47 15.24 - 0.10 0.85 0.74 0.670 2.24 0.297
62 15.24 - - 0.45 0.40 0.678 1.24 0.305
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Table 17A.

Preliminary Steam Gasification Data; Run 012782-011182-1; (K/C)g = 0.098; Mass =

0.2600 g; M = 0.580 (g C)/(g char).

Time "Flow CH " co co, R X R K/C
: ave

ml - mg g C mg 3 ol K

@ G ® @ - @ ((g)O(min)) (% 0y (oam) Goid
2 26.04 0.06 16.9 0.71 15.7 0.016 15.9 0.100
17 26.88  0.03 20.5 2.26 19.8 0.282 27.6 0.136
32 24.63 0.02 15.5 5.31 15.4 0.546 34.0 0.216
62 16.00 0.01 0.10 1.55 0.81 0.790 3.85 0.466
92 15.48 - - 0.66 0.34 0.807 1.76 0.507
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Table 18A.

Preliminary Steam Gasification Data; Run 012882-011182-1; (K/C)qg = 0.098; Mass =
0.1495 g; M = 0,580 (g C)/(g char).

Time Flow CH, co co, R e X R K/C
ml 9 o mg g C mg mol K
(min) (min) () (%) (@ ((g)o(min)) ((g C)O) ((g)(min)) (mol C)
2 25.58 0.04 16.7 2.50 28.0 0.028 28.8 0.101
17 24.10 0.02 13.0 5.04 23.8 0.416 40.7 0.168
32 17.01 0.01 0.05 1.90 1.84 0.608 4.70 0.250
47 15.95 - - 0.71 0.65 0.627 1.74 0.263
62 15.80 - - 0.50 0.46 0.635 1.26 0.269
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Table 19A. Preliminary Stéam Gasification Data; Run 012582-011182-2; (K/C) = 0.123; Mass =
0.2524 g3 M = 0.543,

Time Flow CcH " co C02 Rav e X R K/C
(min) (min (%) (%) (%) ((g)o(min)) ((g C)O) ((g) (min)) (:101 C)
2 29.24 0.05 19.4 0.61 21.4 0.021 21.9 0.126
17 28.99 0.02 19.0 2.71 21.9 0.346 33.4 0.188
32 22.52 0.01 15.0 5.25 15.0 0.623 39.8 0.326
72 17.30 - 0.10 0.64 0.17 0.926 2.31 1.67
97 17.12 - - 0.29 0.19 0.931 2.75 1.78
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Table 20A.

Preliminary Steam Gasification Data; Run 012682-011182-2; (K/C)g = 0.123; Mass =
0.2550 g; M = 0.543 (g C)/(g char).

Time Flow CH 4 CcO C02 ave X R K/C
ml - . o m g C mg mol K
(min) (min) (%) (%) %) ((g)o(min)) ((g C)O) ((g)(min)) mol C)
2 28.49 0.03 20.1 0.53 21.1 0.021 21.6 0.126
17 27.93 0.02 18.4 2.24 20.5 0.333 30.7 0.184
32 20.66 0.01 5.61 3.68 6.32 0.534 13.6 0.264
62 17.36 - 0.01 0.74 0.46 1.26 0.337

0.635
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Table 21A. Preliminary Steam Gasification Data; Run 102981-101881-1; (K/C)g = 0.174; Mass =
0.4287 g; M = 0.441 (g €)/(g char).
Time Flow CH, co co, R e X R K/C
o B m @ @ (pfm &5 Gem 6o
2 34.36 0.09 21.8 0.87 20.5 0.021 21.0 0.178
17 33.78  0.08 21.7 1.63 20.8 0.331 31.1 0.260
37 - 30.21 0.04 16.7 3.80 14.8 0.687 47.5 0.557
57 22.47 0.03 3.32 5.31 5.06 0.887 44,60 1.53
77 20.28 0.02 1.58 4.06 3.04 0.968 93.65 5.36
107 19.80 0.02 1.26 2.97 2,20 1.05
147 19.27 0.01 1.09 2,09 1.61 (x> L*
177 18.98 0.01 0.96 1.60 1.28
207 18.66 0.01 0.84 1.34 1.06
237 18.62 - 0.73 1.12 0.90

*Violation of mass balance.
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Table 22A. Preliminary Steam Gasification Data; Run 102681-101881-1; (K/C)g = 0.174; Mass =
0.4085 g3 M = 0.441 (g C)/(g char).
Time Flow cH, co co, R e X R K/C
@) E) @ @ @ (Tg_)ﬁ%EiT)) (?g—%);) () ek
2 25.45 0.06 3.19 0.15 2.59 0.003 2.60 0.174
17 29.41 0.07 16.6 3.67 16.2 0.144 19.0 0.203
37 26.18 0.07 9.63 5.64 10.7 0.415 18.6 0.297
57 24,21 0.06 5.67 5.83 7.57 0.599 18.9 0.434
77 23.04 0.05 4.06 5.67 6.15 0.736 23.32 0.660
97 22.50 0.04 3.22 5.41 5.33 0.851 35.80 1.17
117 21.65 0.03 2.52 5.05 4.56 0.950 91.23 3.48
147 20.88 0.02 1.82 4,22 3.42 1.07
177 20.37 0.02 1.35 3.65 2.79 (x > 1)*
207 19.69 0.01 1.04 3.00 2,17
237 19.19 - 0.85 2.35 1.68

*Violation of mass balance.
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APPENDIX B

INTEGRAL STEAM GASIFICATION DATA
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Integral Steam Gasification Data; Run 052782-00; (K/C)g = 0.0; Mass = 0.0400 g;
1

M= 0.790 (g C)/(g char).

Flow
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Table 2B. Integral Steam Gasification Data; Run 042682-022482-2; (K/C)g = 0.018; Mass =
0.0400 g; M = 0.740 (g C)/(g char).

Time Flow HZ CcOo CO2 the X R K/C

ml o o o mg g C mg ol K

@a) () @ @ @ ((g)o(mm) (e c>0) (o@my) (wid
1.5 23.26 3.95 0.71 1.2 7.09 0.005 7.13 0.018
6.5 23.47 4,79 0.94 1.75 10.5 0.049 11.0 0.019
11.5 23.31 4,60 0.80 1.85 10.3 0.101 11.4 0.020
16.5 . 23.15 4.32 0.71 1.9 10.0 0.152 11.8 0.022
28.5 25.51 4.51 0.66 1.8 10.4 0.275 l§u4 0.025
33.5 22.94 5.21 0.68 1.7 9,07 0.323 13.4 0.027
38.5 22.73 3.34 0.53 1.6 8.04 0.366 12.7 0.029
48.5 22.57 3.06 0.48 1.1 5.92 0.436 10.5 0.032
68.5 22.27 1.47 0.33 0.80 3.18 0.537 9.02 0.309
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Table 3B. Integral Steam Gasification Data; Run 052482-022482-2; (K/C)g = 0.018; Mass =
0.400 g; M = 0.740 (g C)/(g char).

Time Flow H, co co, R X R K/C
ave

ml - . o mg \ g C mg ol K

@in) (53 @ @ ® ((g)(,(min)) (% 0y (D@m) (oic
1 23.64 3.47 1.28 1.2 '8.96 0.004 9.00 0.018

4 23.92 7.89 1.06 1.7 11.0 0.034 11.4 0.019

7 23.87 8.32 0.99 1.85 11.3 0.068 12.0 0.020
10 23.70 - 0.94 1.80 10.8 0.101 "12.0 0.021
15 23.81 7.19 0.83 1.8 10.4 0.154 12.3 0.022
21 24.04 - 0.98 2.1 11.1 0.218 14.2 0.023
28 23.98 8.09 0.79 2.1 9.46 0.310 13.7 0.026
35 23.92 7.79 - 0.75 1.9 10.53 0.380 17.0 0.029
58 23.70 - 0.56 1.3 7.32 0.585 17.6 0.044
61 23.64 2.97 0.50 1.05 6.09 0.605 15.4 0.046
78 23.26 2.02 0.37 0.7 4.13 0.692 13.4 0.059
91 23.04 2.71 0.57 0.72 4,93 0.751 19.8 0.073
99 22.99 1.62 0.27 0.48 2.86 0.782 13.1 0.084
108 23.04 1.55 0.26 0.42 2.61 0.807 13.5 0.094
118 22.99 1.46 0.24 0.34 2.22 0.831 13.1 0.108
128 22.94 0.81 0.14 0.3 1.68 0.850 11.2 0.122
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Table 4B. Integral Steam Gasification Data; Run 042382-022482-1; (K/C)g = 0.038; Mass =
0.0404 g; M = 0.693 (g C)/(g char).

Time Flow H2 Cco CO2 R X ’ R K/C
ave

ml m g C mg 3 mol K,

(min) (min (% * (%) [(g)o(min)) ((g C)O) ((g)(min)) [mol ¢’
1.5 24.81 5.63 2.19 1.0 13.9 0.010 14.1 0.039
6.5 24.45 7.92 2.85 2.0 20.9 0.097 23.1 0.042
11.5 25,32 8.9 2.66 2.45 22.7 0.206 28.7 0.048
16.5 25.38 8.43 2,05 2.35 19.6 0.312 28.6 0.055
26.5 24.42 4.04 0.53 1.55 8.92 . 0.455 16.4 0.070
32.5 22.99 - 0.33 1.15 5.98 0.500 12.0 0.076
42.5 22.88 1.89 0.25 0.75 4,03 0.550 8.95 0.085
53.5 22.78 1.64 0.27 0.50 3.02 0.589 7.34 0.094
58.5 22.62 1.57 0.26 0.50 3.02 0.604 7.62 0.096
80.5 22,52 1.04 0.21 0.30 2.02 0.634 5.52 0.104
85.5 22,57 0.73 0.15 0.25 1.59 0.643 4.45 0.107
118.5 - 0.66 0.11 0.20 1.21 0.689 3.90 0.123
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Table 5B. Integral Steam Gasification Data; Run 051882-022482-1; (K/C)g = 0.038; Mass =
0.0400 g; M = 0.693 (g C)/(g char).

Time - Flow H2 co CO2 Rave X R K/C

ml > o o mg \ g C mg ol K

min) (G5 (%) (%) *) ((g)o(min)) (es C)O) (mm)  (oic
2 25.13  14.58  3.73 2.0 25.5 0.051 26.9 0.040
9  25.91 18.04 3.97 2.5 29.7 0.189 36.7 0.047
14 25.38  17.74  3.53  2.75 28.3 0.334 42.5 0.057
19 26.95 . 2.37  2.75 2.5 0.466 ' 46.0 0.071
26 25.0  22.42  1.35 2.2 15.7 0.567 36.3 0.087
20 23.20  5.60 0.43 1.5 7.95 0.626 21.3 0.101
s 22.73  1.71  0.12 0.7 3.30 0.694 10.8 0.124
48  22.83  0.97 0.09 0.5 2.40 0.714 8.36 0.132
73 23.20 0.6l  0.09  0.16 1.02 0.756 4.20 0.155
88  22.03  0.41 0.08  0.12 0.78 0.770 3.39 0.164
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Table 6B. Integral Steam Gasification Data; Run 042182-012082-2; (K/C)g = 0.063; Mass =
0.0400 g; M = 0.642 (g C)/(g char).

Time Flow H Cco co R X R K/C

2 ave
ml y m C m mol K
@GR @ @ 0 (i) Gy (@em)  Geic

2.5 25.64 7.40 4.14 1.0 25.3 - 0.032 26.1 0.065

7.5 25.91 10.25 4.20 2.0 30.9 0.172 37.3 0.076
12.5 25.19 10.11 2.82 2.7 26.7 0.316 39.0 0.092
22.5 22.68 3.29 0.22 1.50 7.48 0.486 14.6 0.122
28.5 22.62 1.52 0.14 0.8 4.07 0.521 8.49 0.131
38.5 22.32 1.15 0.15 0.5 2.78 0.555 6.24 0.141
49.5 22.37 1.03 0.18 0.35 2.28 0.583 5.46 0.150
54.5 22.32 0.70 0.14 0.3 1.89 0.593 4.64 0.154
65.5 22.22 0.82 0.17 0.15 1.36 0.611 3.45 0.161
70.5 -22.37 0.61 0.11 0.2 1.33 0.618 3.47 0.164
75.5 22.32 0.61 0.10 0.2 1.28 0.624 3.40 0.167
86.5 22.27 0.56 0.11 0.15 1.11 0.638 3.05 0.173
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Table 7B. Integral Steam Gasification Data; Run 052082—012082-2} (K/C)g = 0.063; Mass =
0.0400 g; M = 0.642 (g C)/(g char).

Time Flow Hz co 002 Rave . X R K/C

ml 9 g mg g C ng mol K
) G @ @ ® (Gt Go) (@em G

1 25.77 5.89 2.9 0.02 14.6 0.067 14.7 0.063
4 26.60 9.06 6.15 0.8 35.4 0.082 38.6 0.068
7 26.53 - 6.29 1.7 40.7 0.196 50.6 - 0.078
10 26.46 10.44 5.77 2.2 40.4 0.318 59.2 0.092
13 25.97 10.17 4.66 2.65, 36.3 0.433 64.1 0.111
16 26.25 9.41 3.33 3.0 31.8 0.535 68.4 0.135
19 23.75 9.96 0.76 3.3 18.55 0.611 47.6 0.161
22 22.52 4.71 0.21 3.4 15.59 - 0.662 46.1 0.185
49 22.99 0.49 0.03 0.25 1.23 0.889 11.1 0.565
53 22.94 0.48 0.04 0.2 1.06 0.894 9.96 0.589
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Table 8B. Integral Steam Gasification Data; Run 041982-010882; (K/ C)0 = 0.075; Mass =
0.0403 g; M = 0.619 (g C)/(g char). . .

Time Flow H, co co, R X R K/C
. ave

ml 9 9 mg g C mg N ol Ky

(min) (:;1111] (Z) (A) (/’) ((g)o(min)) ] ((g c)o) ((g) min)) (‘1201 C)
3.5 25.58 7.40 4.43 0.7 25.9 0.045 27.1 0.078
8.5 25.58 8.90 4.37 1.5 29.6 0.184 36.2 0.092
13.5 27.03 8.62 3.27 1.9 27.6 0.327 40.9 0.111
23.5 23.2 4,04 0.23 1.55 8.14 . 0.505 16.5 0.151
28.5 22.83 2.14 0.11 1.05 5.22 0.539 11.3 0.162
38.5 22.73 1.21 0.09 0.5 2.65 0.578 . . 6.28 . 0.177
43.5 22.47 0.80 0.06 .0.35 1.81 0.589 - 4.40 0.182
. 53.5 22.57 0.70 0.07 0.25 1.42 0.605 3.60 0.190
58.5 22.27 0.52 0.06 0.15 0.921 0.611 2.37 0.193
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Table 9B. Int:égral Steam Gasification Data; Run 051782-010882; (K/C)g = 0.075; Mass =
0.0400 g; M = 0.619 (g C)/(g char).

Time Flow H, co co, R ve X R K/C
ml - o mg g C mg mol K
@GR o® ® e (G L oy @am) i d
4 26.04 19.10 5.94 1.4 38.0 0.076 41.1 0.081
9 26.18 21.81 5.84 2.4 42.8 0.278 59.3 0.104
14 24.88 18.95 3.01 © 3.1 30.2 0.461 56.0 0.139
19 23.26 12.46 0.40 3.1 16.2 ' 0.576 38.1 0.177
24 22.62 3.78 0.10 1.2 5.85 0.632 15.9 0.203
33 22.42 1.36 0.04 0.6 2.84 0.671 8.63 0.227
43 22.42 0.45 0.02 0.4 1.87 0.694 6.13 0.245
61 22.62 0.22 0.02 0.1 0.533 0.716 1.88 0.264
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Table 10B. Integral Steam Gasification Data; Run 062082-010882; (K/C)g = 0.075; Mass =
0.0400 g; M = 0.619 (g C)/(g char).

Time Flow HZ co 002 Rave X R K/C
ml mg g C mg ol K
(min) (T-E) (%) (%) (%) ((g)o(min)] ((g C) O) ((g) (min)) . (!:;bl C]
1 26.95 9.45 4.84 0.5 28.6 0.014 29.02 0.076
4 27.40 11.8 7.09 1.9 49.0 , 0.131 56.3 0.086
7 27.32 13.0 6.76 2.8 51.9 0.282 72.2 0.104
10 26.46 12.2 4.54 3.5 42.3 0.423 73.4 0.130
13 25.06 10.8 2.19 3.7 29.4 0.531 62.7 0.160
16 23.81 7.08 0.48 3.1 17.0 0.600 42.5 0.187
19 23.47 4.19 0.22 2. 10.4 0.641 28.9 0.209
22 22.47 2.89 0.09 1.2 5.75 0.666 17.2 0.224

121



Table 11B. Integral Steam Gasification Data; Run 042882-011182-1; (K/C)g = 0.098; Mass =
0.0400 g; M = 0.580 (g C)/(g char).

Time Flow H, co co, R e X R K/C

ml - o m C m ol K

@ &) @ @ @ ) @07 (Gem (e
1.5 26.25 = 10.11 5.13 1.2 35.2 0.026 36.1 0.100
6.5 26.46 13.66 5.19 2.5 43.1 0.222 55.4 0.126
11.5 25.25 13.19 3.30 3.3 35.3 0.418 60.7 0.168
17.5 22.83 10.76 2.39 3.1 26.5 0.604 66.9 0.247
22.5 22.22 2.36 0.11 1.2 6.17 0.685 19.6 0.311
27.5 22.17 1.29 0.06 0.6 3.10 0.709 10.6 0.336
32.5 22.17 0.98 0.05 0.45 2.35 . 0.723 8.47 0.353
37.5 22.03 1.01 0.05 0.40 2.10 0.734 7.90 .0.369
42.5 21.98 0.59 0.04 0.25 1.34 0.742 5.21 0.379
47.5 21.83 0.69 0.05 0.2 1.16 0.748 4.58 . 0.388
57.5 21.83 0.54 0.04 0.15 0.88 0.758 3.64 0.405
67.5 21.60 0.44 0.03 0.12 0.69 0.766 2.95 0.418
77.5 21.83 0.31 0.03 0.08 0.52 0.772 2.27 0.429
87.5 21.83 0.29 0.03 0.07 0.47 0.777 2.09 0.439
235.5 22.03 0.038 0.014 0.03 0.21 0.827 1.19 0.565
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Table 12B. Integral Steam Gasification Data; Run 052182-011182-1; (K/C)g = 0.098; Mass =
0.0400 g; M = 0.580 (g C)/(g char). ,

Time Flow . HZ CcOo CO2 R.ave X R K/C
ml o mg g C mg mol K
G ey R CO B CO N ¢ (cg)o(miu)) (s c>0) @am) Gid

1 25.32 10.05 2.34 1.60 21.2 0.011 21.4 0.099
4 25.71 16.08 2.74 2.8 36.2 0.088 33.0 0.107
7 25.77 18.50 2.92. 3.2 33.4 0.183 40.9 0.120
10 25.58 18.65 2.80 3.28 32.9 0.283 45.9 0.136
13 25.32 . 18.04 2.51 3.27 31.0 0.378 49.9 0.157
16 26.67 16.84 2.05 3.2 29.6 0.469 55.9' 0.184
19 23.98 28.0 0.91 3.1 20.3 0.544 44.6 0.215
22 23.64 9.31 0.46 2.6 15.3 . 0.598 38.1 0.243
25 23.20 5.98 0.25 1.6 9.10 0.634 24.9 0.268
28 23.04 3.87 0.19 1.15 6.55 0.658 19.1 0.286
31 23.26 2.93 0.15 1.1 6.15 0.677 19.0 0.303
34 22.94 3.76 0.18 1.1 6.22 0.696 20.4 0.321
37 22.83 2.76 0.14 0.7 4,07 . 0.711 14.1 0.339
40 22.83 1.30 0.09 0.42 2.46 0.721 8.83 0.350
43 22.88 1.12 0.08 0.33 1.98 0.727 ’ 7.27 0.359
46 22.83 1.91 0.12 0.35 2.28 0.734 8.55 0.368
49 22.99 1.46 0.10 0.40 2.43 0.741 © 9.38 0.378
52 22.99 0.70 0.06 0.21 1.31 0.747 5.17 0.386
55 21.83 0.66 0.06 0.22 1.29 0.750 5.18 0.392
58 23.09 0.85 0.07 0.25 1.57 0.755 6.39 0.399
61 23.09 0.63 0.06 0.18 1.17 0.759 4.86 0.406
64 22.94 0.43 0.05 0.2 1.22 0.762 5.15 0.412
67 22.68 0.34 0.04 0.15 0.91 0.772 4,01 0.429
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Table 13B. Integral Steam Gasification Data; Run 053182-011182-1; (K/C)o = 0,098; Mass =
0.0400 g; M = 0.580 (g C)/(g char).

Time Flow H co co X R K/C -

2 R'ave

ml - m g C mg mol K
@n) Q) @ @& @ (—(g)os_(min)] (G c)o) (@am Gid

1 27.78 18.8 0.54 0.54 6.36 0.003 6.38 0.098
4 28.41 26.2 7.17 2.5 58.2 0.100 64.7 0.109

7 28.57 28.9 6.41 3.4 59.4 0.227 82.2 0.135
10 27.25 27.5 4.34 4.1 48.8 0.439 86.9 0.174
13 25.32 20.9 1.87 4.1 32.0 0.560 72.8 0.222
16 24.10 11.7 0.60 3.1 18.9 0.637 52.0 0.269
19 23.47 6.4 0.20 2.1 11.4 0.682 36.0 0.308
22 22.62 4.0 0.10 1.3 6.70 0.709 23.1 0.337
25 23.15 2.2 0.07 0.8 4.27 0.726 15.6 0.357
30 21.41 1.2 0.05 0.45 2.28 0.742 8.82 0.379
35 23.36 0.93 0.04 0.35 1.98 0.753 8.01 0.396
40 23.42 0.64 0.03 0.3 1.64 0.767 6.87 0.411
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Table 14B. Integral Steam Gasification Daté; Run 060682-011182-1; (K/C)g = 0.098; Mass =
0.0400 g; M = 0.580 (g C)/(g char).

Time Flow H2 co CO2 Rave X R K/C
ml o . mg g C mg mol K
min)  Ggg @ @& @ ((g)o(minﬂ (e C)O) em) Grd

1 22.32 6.73  0.95 0.4 6.38 0.003 6.40 0.098
4 22.94  18.35  6.41 1.2 37.0 0.068 39.8 0.105
7 23.15 21.81 6.93 1.8 42.9 0.188 52.9 0.121
10 23.36  22.72  6.53 2.2 43.3 0.318 63.4 0.143
13 23.15  22.87 5.94 2.5 41.4 0. 444 74.4 0.176
16 22.88  22.27 5.01 2.8 37.9 0.563 86.8 0.224
19 24.57 19.85  2.92 3.3 32.4 0.669 97.8 0.295
22 23.75 12.01  0.40 3.4 19.1 0.746 75.3 0.365
25 23.20 5.45 0.14 1.6 8.55 0.788 40.2 0.461
28 23.20 3.11 0.08 1.0 5.31 0.808 27.7 0.511
31 23.15 1.76  0.06 0.7 3.72 0.822 20.9 0.549
34 23.09 1.24  0.05 0.5 2.69 0.832 15.9 0.581
37 23.04 1.40  0.04 0.4 2.15 0.839 13.4 0.607
42 23.42 0.63 0.03  0.25 1.40 0.848 9.16 0.642
47 23.26 0.48 0.03 0.2 1.14 0.854 7.79 0.670
52 23.09 0.46 0.03  0.18 1.03 0.859 7.36 0.696
65 22.99 0.28 0.02  0.13 0.724 0.871 5.6 0.758
75 23.04 0.29 0.02 0.1 0.586 0.877 4.78 0.798
86 23.09 0.29 0.02 0.9 0.534 0.884 4.59 0.840
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Table 15B. Integral Steam Gasification Data; Run 061082-011182-1; (K/C)g = 0.098; Mass =
0.0400 g; M = 0.580 (g C)/(g char).

Time Flow H, co co, ave X R K/C

mL 9 9 m 3 g C m A\ ol Ky

@ G ® ® @ ((g>0%in>f (G B, (@am) (rid
1 27.70 6.58 2.19 1.0 18.8 0.009 19.0 0.090
4 28.74 12.66 7.11 2,2 56.7 0.123 - 64.6 0.112
7 29.07 14.87 7.22 3.2 64.1 0.304 92.1 0.141
10 27.47 15.00 5.77 4.0 56.9 0.485 110. 0.190
13 25.25 12.52 2.54 4.6 38.3 0.628 103. 0.263
16 23,98 7.72 0.81 3.1 19.8 0.715 69.5 0.343
19 23.53 4.43 0.28 2,2 12.4 0.763 52.2 0.413
22 23.15 3.36 0.13 1.5 8.00 0.794 38.8 0.475
25 23.09 2,21 0.10 1.1 5.88 0.8153 31.7 0.528
28 23.09 1.52 0.08 0.75 4.07 0.830 23.9 0.574
31 22.99 1.19 0.07 0.55 3.02 0.840 18.9 0.612
34 23.20 - 1.12 0.14. 0.42 2.76 0.849 18,2 0.647
37 23.09 0.89 0.06 0.39 2.21 0.856 15.3 0.681
39 22,52 0.75 0.05 0.3 1.67 0.862 12,1 0.710
43 22,47 0.82 0.07 0.25 1.52 0.867 11.4 0.735
49 22,99 0.46 0.04 0.2 1.17 0.875 9.37 0.782
55 22.94 0.51 0.06 0.18 1.17 0.882 9.93 0.829
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Table 16B. Integral Steam Gasification Data; Run 043082-031082-2; (K/C)g = 0.121; Mass =
0.0400 g; M = 0.546 (g C)/(g char).

Time Flow . HZ co CO2 Rave X R K/C
ml mg g C mng mol K
(min) (min) (@) . (%) (% ((g)o(min)) ((g C)O) ((g)(min)) (mol C)

2.5 25.64 9.46 4.37 1.2 32.2 0.040 33.6 0.126
7.5 25,21 12.16 3.62 3.0 38.1 0.216 48.6 0.154
12.5 24.15 10.30 1.61 3.3 26.7 0.410 45.3 0.205
17.5 22.64 6.93 0.25 2.4 13.5 0.511 27.6 . 0.247
22.5 22,22 2.73 0.11 1.3 7.05 0.562 16.1 . 0.276
27.5 22.03 1.61 0.06 0.8 4.27 0.591 10.4 0.295
32.5 21.88 1.52 0.05 0.59 3.15 0.610 8.07 0.310
37.5 22.08 0.80 0.04 0.4 2.18 0.623 5.78 0.320
47.5 21.93 0.56 0.04 0.3 1.68 0.642 4.71 0.338
71.5 22,22 0.14 0.03 0.1 0.66 0.669 1.99 0.365
167.5 21.88 0.04 0.02 0.05 0.348 0.717 1.23 0.427
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Table 17B. Integral Steam Gasification Data; Run 051282-031082-2; (K/C)g = 0.121; Mass =
0.0400 g; M = 0.546 (g C)/(g char).

Time Flow H2 Co C02 the X R K/C

ml - mg g C mg mol K

@n G ® @ @ ((g)o(min)) (e C)o) Bem G d
5 26.32 19.1 5.50 2.0 44.4 0.111 50.0 0.136
10 25.71 20.9 3.91 3.2 41.1 0.325 61.0 0.179
15 23.58 15.03 1.16 3.2 23.1 0.486 45.0 0.235
20 22.08 5.07 0.13 1.8 9.59 0,568 22.2 0.279
25 22.32 2.21 0.07 0.9 4.87 0.604 . 12.3 0.305
33 22.12 0.94 0.05 0.4 2.23 0.632 6.07 0.378
38 22.32 0.69 0.04 0.3 1.45 0.641 4.03 0.337
48 " 21.55 0.46 0.04 0.18 1.06 0.654 3.07 0.349
68 22.68 0.25 0.03 0.08 0.57 0.670 1.72 0.366
78 22.73 0.14 0.03 0.07 0.51 0.676 1.58 0.372
87 22.62 0.14 0.03 0.06 0.46 0.680 1.43 0.377
127 22.62 0.10 0.02 0.05 0.35 0.696 1.14 0.397
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Table 18B.

0.0400 g; M = 0.546 (g C)/(g char).

Integral Steam Gasification Data; Run 051082-031082-2; (K/C)g = 0.121; Mass =

Time Flow H2 co CO2 ave X R K/C

ml mg g C mg ol K

@in) (g @ @ ® ((g)o(min)) (e c>0) (@em) Gord
1 23.70 10.65 2.41 0.5 15.55 0.008 15.6 0.122
6 23.92 13.37 5.28. 1.05 34.1 0.132 39.3 0.139
11 23.81 12.69 4.46 1.35 31.1 0.295 44.2 0.171
16 23.47 11.03 2.60 1.7 22.7 0.429 39.8 0.212
23 22.47 7.41 1.14 1.7 14.4 0.559 32.6 0.274
28 22.12 3.57 0.17 .1.2 '6.83 0.612 17.6 0.312
38 22.03 1.19 0.04 0.4 2.18 0.657 6.36 0.352
48 21.88 0.95 0.02 0.2 1.08 0.674 3.31 0.370
68 22.03 0.25 0.02 0.06 0.403 0.688 1.29 0.388
78 22.12 0.25 0.02 0.05 0.348. 0.692 1.13 0.392
94 22.47 0.07 0.02 0.04 0.311 0.697 1.03 0.399
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Table 19B. Imntegral Steafn Gasification Data; Run 060982-031082-2; (K/ C)0 = 0.121; Mass =
0.0400 g3 M = 0.546 (g C)/(g char).

Time Flow H2 co CO2 Rave X R K/C
‘ml o mg g C mg mol K
(i) (G57) @ @& @ ((g)o(min)) (s c)o) e (i
1 30.49 8.17 4.02 0.8 33.1 0.017 33.7 0.123
4 31.06 12.0 5.94 2.5 58.2 0.155 69.7 0.143
7 29.24 13.07 4.31 3.7 52.7 0.322 77.8 0.178
10 26.27 11.83 2.45 4.5 41.2 0.463 76.7 0.225
13 25.84 7.41 0.76 3.3 23.6 0.560 53.7 0.275
16 24.94 4,28 0.27 1.9 12.2 0.614 31.5 0.313
19 24.39 3.74 0.10 1.5 8.79 0.645 24.8 0.341
22 24.39 2.09 0.06 1.0 5.82 0.667 17.5 0.363
25 24.63 1.44 0.05 0.75 4.43 . 0.683 14.0 0.381
28 24.51 1.08 0.04 0.6 3.53 0.695 15.6 0.395
31 24.63 0.68 0.03 0.4 2.38 0.703 8.02 0.407
34 24.63 0.57 0.03 0.3 1.83 0.710 6.31 0.416
37 24.75 0.61 0.03 0.29 1.78 0.715 6.23 0.424
53 24.57 0.28 0.02 0.08 0.55 0.734 2.06 0.454
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Table 20B. Integral Steam Gasification Data; Run 041682-011182-2; (K/ C)0 = 0.123; Mass =
0.0402 g3 M = 0.543 (g C)/(g char).

Time Flow ~ H, co co, R o X R K/C

ml - ; mg g C mg mol K

(min) (zin () () (%) ((g)o(min)) ((g C)o) ((g)(min)) Go1 ¢
2.5  25.97 8.3  4.31 1.6 34.6 0.043 36.2 0.129
7.5  26.79  10.67 3.85 2.4 37.8 0.224 48.7 0.159
13.5 . 24.45 - 0.68 2.8 19.2 0.395 31.7 0.204
18.5  23.58 - 0.15 2.0 11.4 0.471 21.6 0.233
23.5  23.15 - 0.15 1.1 6.52 0.516 13.5 0.255
28.5  22.99 2.21  0.10 0.7 4.14 0.543 9.07 0.270
33.5  22.88 1.57  0.09 0.5 3.04 0.561 6.92 0.281
55.5  22.73 . 0.48  0.06  0.15 1.07 0.606 2.71 0.313
73.5  22.68 0.40  0.06 0.1 0.81 0.623 2.15 0.327

T1€1



Table 21B. Integral Steam Gasification Data; Run 051382-011182-2; (K/C)0 = 0.123; Mass =
0.0402 g; M = 0.543 (g C)/(g char).

Time Flow HZ co CO2 R X R K/C
ave

ml o mg C mg ol K

(min) min) (% (%) (%) ((g)o(min)) Efg'c)oi ((g)(min)) mol C)
4 26.74 21.21 5.97 1.9 47.7 0.095 52.7 0.136
9 25,91 23.47 3.99 3.4 43.3 0.323 63.9 0.182
14 23.64 16.84 1.42 3.3 25.2 0.494 49.9 0.244
19 22.68 5.53 0.12 1.8 9.85 0.582 23.6 0.295
24 22,27 2.34 0.06 0.7 3.83 0.616 9.98 0.321
35 22.27 0.87 0.04 0.35 1.97 0.648 5.60 0.350
43 22.37 0.61 0.04 0.25 1.47 0.662 4.36 0.364
73 22.88 0.14 0.02 . 0.07 0.46 0.691 1.49 0.399
78 22.94 0.12 0.02 0.06 0.42 0.693 . 1.38 0.401
96 22.57 '0.09 0.02 0.05 0.35 0.700 1.17 0.411
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Table 22B. Integral Steam Gasification Data; Run 060282-011182-2; (_K/C)0 = 0.123; Mass =
0.0400 g; M = 0.543 (g C)/(g char).

Time Flow H, co 'co, R e X R K/C
ml - o 9 mg g C mg mol K
@GR w0 (Gtwm) Go) e G
1 27.03 9.75 1.33 0.5 11.2 0.006 11.3 0.124
4 28.01 21.81 6.35 1.8 51.8 0.100 57.5 0.137
7 27.62 25.06 5.54 3.1 54.0 0.259 72.8 0.166
10 26.46 24.68 3.67 3.7 44.2 0.406 74.4 0.207
13 25.13  19.40 2.05 3.7 32.8 0.521 68.5 0.257
16 22.47 11.56  0.66 3.0 18.6 0.593 46.3 0.307
19 23.26 6.21  0.13 1.4 8.07 0.678 25.1 0.383
22 23.04 1.76  0.06 0.6 3.44 0.707 11.8 0.421
25 23.15 1.49  0.06 0.5 2.89 0.726 10.6 0.450
28 23.09 0.82 0.05 0.3 1.82 0.738 6.96 -0.470
31 23.26 0.52 0.05 0.2 1.31 0.751 .5.24 0.494
34 23.20 0.31 0.04 0.15 0.995 0.759 4.12 0.511
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Table 23B. Integral Steam Gasification Data; Run 060882-011182-2; (K/C)0 = 0.123; Mass =
0.0400 g3 M = 0.543 (g C)/(g char).

Time Flow Hz co CO2 Rave X R K/C

ml ., o ng g C mg mol K:

i) (g @ & @ ((g)0<m1n>) (% %) (em Go1d
1 28.57 7.82  3.41 0.6 26.0 0.013 26.3 0.125
4 28.99  11.5 6.47 2.1 56.4 0.136 65.3 0.143
7 28.90  13.1 5.71 3.1 57.7 0.308 83.3 0.178
10 27.32  12.5 3.73 3.9 47.2 0.465 88.1 0.230
13 25.32  8.99  1.40 3.9 30.4 0.581 . 72.5 0.294
16 24,45 5.13  0.40 2.4 15.5 0.650 44.3 0.352
19 24.27 4.71  0.13 1.5 8.95 0.687 28.6 0.393
22 24.15 2.29  0.09 1.1 6.50 0.710 22.4 0.425
25 24.10 1.54  0.06 0.8 4.78 0.727  17.2 0.451
28 24.10 1.19 0.05 0.6 3.56 0.739 13.6 0.472
31 24.21 0.96 0.05 0.5 3.02 0.749 12.03 0.491
34 24.21 0.89 0.04 0.4 2.41 0.757 9.93 0.507
37 24.10 0.62 0.04  0.33 2.03 0.764 8.57 0.521
39 24.10 0.52 0.03  0.27 1.58 0.769 6.86 0.534
46 24.10 0.39 0.03 0.2 1.25 0.778 5.63 0.554
58 23.81 0.29 0.03 0.1 0.700 0.789 3.32 0.585
74 23.87 0.23 0.02 0.05 0.387 0.798 1.91 0.610
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APPENDIX C

DIFFERENTIAL STEAM GASIFICATION DATA
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Table 1C. Differential Steam Gasification Data; Run 071182-022482-2; (K/C)o = 0,018;
Mass = 0.0107 g; M = 0.740 (g C)/(g char). )

Time Flow H, co co, R X R K/C
ave
ml - o mg g C m A\ ol Ky
@) G @ @ @ ((g)(,(min)) (T C)o) em) (Gid

1 23.47 1.45 0.067 0.6 9.73 0.005 9.78 0.018

4 23.53 1.64 0.066 0.63 10.2 0.035 10.5 0.019

7 23.36  1.62 0.069 0.63 10.1 0.065 10.9 0.020
10 23.15 1.49 0.067 0.57 9.16 0.094 10.1 0.020
13 23.26 1.43 0.066 0.53 8.61 0.121 9.79 0.021
16 23.09 1.39 0.065 0.49 7.96 0.146 9.32 0.021
19 23.26 1.25 0.055 0.45 7.30 0.169 8.78 0.022
22 22.99 1.10 0.053 0.41 6.61 0.189 8.15 0.023
25 22.94 0.95 0.050 0.38 6.27 0.209 7.92 0.023
28 22.99 0.93 0.049  0.36 5.99 0.227 7.74 0.024
33 23.09 0.84 0.045 0.32 5.66 0.256 7.61 0.025
38 22.94 0.76  0.042 0.29 5.01 0.283 6.99 0.025
43 22.94 0.70  0.041 0.28 4,72 0.307 6.81 0.026
48 22.94 0.65 °  0.038 0.26 4.39 0.330 6.55 0.027
53 22.73 0.56 0.033 0.22 4.00 0.351 6.16 0.028
58 22.94 0.51 0.033 0.21 3.61 0.370 5.73 0.029
68 22,99 0.43 0.029 0.16 2.84 0.402 4,75 0.031
78 22.73 0.34 0.024 0.13 2.18 0.427 3.80 0.032
88 22.83 0.21 0.022 0.11 1.88 0.448 3.40 0.033
97 22.88 0.22 0.020  0.08 1.42 0.462 2.64 - 0.034
108 22.83 0.18 0.019 0.07 1.26 0.477 2.40 0.035
118 22.88 0.14 0.016 0.06 1.08 0.489 2.11 0.036
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Table 2C. Differential Steam Gasification Data; Run 070682-022482-1; (K/C)0 = 0.038;
Mass = 0.0101 g; M = 0.693 (g C)/(g char).

Time Flow H, co co, R X R
ave
ml - mg g C mg
(min) (min] #) (@) (@) ((g)o(min)) ((g C)O) ((g)(min))
1 25.19 3.59  0.079 1.6 30.0 0.015 30.5 0.039
4 25.06 3.8  0.099 1.6 30.2 0.105 33.7 0.043
7 25.06 3.66  0.090  1.55 29.2 0.194 36.2 0
10 24.94  3.39  0.079  1.43 26.7 0.278 37.0 0
13 24.63  2.97  0.064  1.25 23.0 0.353 35.5 0.
16 24.51 2.61  0.054 1.10 20.0 0.418 35.5 0.
19 24,39 2,25 0.044  0.95 17.2 0.475 32.7 0
22 24.21 1.86  0.034 - 0.75 13.5 0.521 28.2 0
25 24.27 1.63  0.029  0.65 11.7 0.559 26.5 0
28 24.10 1.36 0.022  0.53 9.44 0.590 23.1 - 0.093
33 23.98 1.11  0.016  0.38 6.74 0.631 18.3 0.103
38 23.92 0.81  0.012  0.28 4.97 0.660 14.6 0.112
46 23.75 0.54  0.008  0.20 3.51 0.694 11.5 0.125
53 23.75 - 0.3 . 0.006  0.13 2.30 0.714 8.04 0.133
65 23.75 0.26  0.004  0.06 1.08 0.735 4.08 0.144
79 23.75 0.19 0.003  0.04 0.72 0.747 2.86 -~ 0.151
108 23.70 0.14  0.002  0.02 0.38 0.763 1.59 0.161
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Table 3C. Differential Steam Gasification Data; Run 070582-012082-2; (K/C)0 = 0.063;
Mass = 0.0101 g; M = 0.642 (g C)/(g char).

Time Flow - H, co co, R X R K/C
) ave

ml - mg - g C mg ol Ky

(min) (min) (%) (%) (%) ((g)o(min)) ((g C)O) ((g)(min)} (201 c’
1 24,88 4.26 0.071 1.9 37.6 0.019 38.3 0.064
4 24.69 3.90 0.080 1.75 34.6 0.127 39.6 0.072
7 24.39 3.13 0.060 1.4 27.3 0.220 : 35.0 0.080
10 24.10 2.56 0.046 1.1 21.2 0.293 30.0 0.089
13 24.04 1.99 0.034 0.85 16.4 0.349 25.1 0.096
16 23.92 1.63 0.026 0.65 12.4 0.392 20.4 0.103
19 23.81 1.40 0.021 0.52 9.88 0.426 17.2 0.109
22 23.81 1.21 0.017 0.44 8.34 0.453 15.2 0.115
25 23.64 1.00 0.014 0.35 6.59 0.475 12.6 0.119
28 23.64 0.79 0.011 0.29 5.46 0.493 10.8 0.124
35 23.64 0.54 0.007 0.20 3.76 0.526 7.92 0.132
43 23.53 0.41 0.006 0.15 2.82 0.552 6.30 0.140
55 23.53 0.24 0.004 0.09 1.70 0.579 4.04 0.149
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Table 4C. Differential Steam Gasification Data; Run 070982-010882; (K/C) 0" 0.075; Mass =
0.0100 g; M = 0.619 (g C)/(g char).

R , X R K/C

Time Flow HZ Cco CO2 ave
ml - mg g C mg mol K
o @D @ ®» @ (e oy (@am G
1 24.04  4.81  0.068 2.1 41.4 0.021 42.3 0.077
4 23.42  4.56  0.079 1.9 36.8 0.138 42,7 0.087
7 23.31 3.66 0.066 1.6 30.9 0.240 40.6 0.099 -
10 23.15  2.82  0.047 1.2 22.9 0.320 33.7 0.110
13 23.15  2.32  0.039  0.93 17.8 0.381 . 28.8 0.121
16 22.99 1.87 0.031 0.7 13.4 0.428 23.4 0.131
19 22.78  1.60 0.024 0.6 11.3 0.465 21.1 0.140
22 22.83 1.33 0.018 0.5 9.40 0.496 18.7 0.149
25 22.78  1.11  0.015  0.42 7.87 0.522 16.5 0.157
28 22.83  0.92  0.013  0.35 6.58 0.544 14.4 0.164
31 22.78  0.74  0.010 0.3 5.6l  0.562 12.8 0.171
36 22.88  0.57  0.007  0.24 4.49 0.587 10.9 0.182
41 22.83  0.44  0.005 . 0.18 3.36 0.607 8.54 0.191
46 22.83  0.37  0.004  0.17 3.16 0.632 . 8.38 0.199
53 22.73  0.24  0.003  0.12 2.22 0.639 6.16 0.208
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Table 5C. Differential Steam Gasification Data; Run 070382-010882; (K/C)0 = 0.075; Mass =
0.0102 g; M = 0.619 (g C)/(g char).

Time Flow H, co co, R X : R K/C
ave .

ml - . mg g C _mg 3 ol Ky

(m%n) (min] () (*) (% ((g)o(min)) ((g C)O] ((g)(min)’ (zol c’
1 24.04 2.14 0.033 2.0 38.9 0.019 39.7 0.076
4 24.04 4.07 0.076 1.8 35.9 0.132 41.3 0.086
7 23.87 3.55 0.069 1.5 29.7 0.230 38.6 0.097
10 23.70 2.72 0.049 1.2 23.6 0.310 34.2 0.109
13 23.42 2.15 0.037 0.95 18.4 0.373 29.4 0.120
16 23.31 1.71 0.028 0.75 14.4 0.422 25.0 0.130
19 23.42 1.44 0.022 0.6 11.6 0.461 21.5 0.139
22 23.36 1.29 0.019 0.5 9.63 0.493 19.0 0.148
25 23.15 1.05 0.015 0.40 7.64 0.519 - 15.9 0.156
28 23.20 0.92 0.013 0.35 6.69 . © 0.541 14.6 0.163
31 23.15 0.79 0.011 0.3 5.72 0.559 13.0 0.170
34 23.04 0.66 0.009 0.25 4.75 0.575 11.2 0.176
37 23.09 0.56 0.007 0.22 4.17 0.588 . 10.1 0.182
43 22.99 0.44 0.005 0.18 3.38 0.611 8.68 0.193
53 22.94 0.26 0.003 0.13 2.42 0. 640 6.73 0.208
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Table 6C. Differential Steam Gasification Data; Run 070882-~011182-1; (l(/C)0 = 0.098;

Mass = 0.0105 g; M = 0.580 (g C)/(g char).

Time Flow H, co co, R X R K/C

. ave

g ) g C m ) ol Ky
@ C5) @ @ @ ((g)z%min)J (s 0, (em) Goad

1 24.39  4.96  0.13 2.36 49.1 0.025 50.4 0.100
4 24.39  4.96  0.13 2.18 45.5 0.166 54.6 0.117
7 24.39  4.50 0.1l 1.90 39.6 0.294 56.2 0.139
10 24.15 3.80 0.086  1.63 33.4 0.404 56.1 0.164
13 23.98 2.87  0.056 1.33 26.9 0.494 53.2 0.194
16 23.75 2,37  0.045 1.0 20.0 0.565 45.9 0.225
19 23.58 1.83  0.031 0.8 15.8 0.618 41.4 0.256
22 23.53  1.52  0.025  0.63 12.4 0.661 36.7 0.288
25 23.47 1.3  0.020 0.5 9.86 0.694 32.2 0.320
28 23.36 1.10 0.018  0.45 8.82 0.722 31.8 0.352
33 23.42  0.85  0.011  0.37 7.20 0.762 30.3 0.412
38 23.20 0.68  0.008  0.25 4.83 0.792 23.2 0.471
43 23.15 0.55 0.007 0.2 3.88 0.814 20.9 0.526
48 23.04  0.46  0.005  0.15 2.88 0.831 17.0 0.579
53 23.14  0.38  0.004 0.12 2,31 0.844 14.8 0.627
68 22.94  0.24  0.002  0.07 1.33 0.871 10.3 0.760
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Table 7C. Differential Steam Gasification Data; Run 071282-011182-1; (K/C)0 = 0.098;
Mass = 0.0084 g; M = 0.580 (g C)/(g char).

Time Flow HZ co C02 R.ave X R K/C

o mg, g C mng ol K

) GF) @ @ ((g)ocmin)) (e c>0) oemy) (oo
1 23.81 2.84 0.088 1.4 35.8 0.018 36.4 0.100
4 24.10 3.07 0.083 1.35 34.9 0.124 39.8 0.112
7 23.87 2.92 0.074 1.30 33.1 0.226 42.8 0.127
10 23.81 2.58 0.059 1.14 28.8. 0.319 42.3 0.144
13 23.58 2.20 0.048 0.95 23.8 0.398 39.4 0.163
16 23.47 1.81 0.036 0.78 19.3 0.462 35.9 0.182
19 23.47 1.43 0.027 0.58 14.4 0.513 ' 29.5 0.201
22 23.31 1.01 0.020 0.45 11.1 0.551 . 24.6 0.218
25 23.31 0.79 0.016 0.36 8.85 0.581 21.1 0.234
28 22.99 0.64 0.014 0.29 7.05 0.605 17.8 0.248
33 23.04 0.36 0.010 0.21 5.12 0.635 14.0 0.269
38 23.09 0.30 0.008 0.14 3.45 0.656 10.0 0.285
43 23.09 0.21 0.007 0.10 2.49 0.671 7.59 0.298
48 22.99 0.15 0.006 . 0.08 2.00 0.683 6.29 0.309
55 22.88 0.11 0.005 0.06 1.50 0.695 4.92 0.321
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Table 8C. Differential Steam Gasification Data; Run 071982-031082-2; (I(/C)0 = 0.121;
Mass = 0.0102 g3 M = 0.546 (g C)/(g char).

Time Flow H2 co C02 R.ave X R K/C
: o mg g C mg mol K
@n G ® @ @ ((g)o(min)) (e c)o) (@@my) (orc
1 25.06 4.13 0.054 1.9 43.2 0.022 44,2 0.123
4 24.63 3.59 0.056 1.63 36.6 0.141 42.6 0.141
7 24.45 2.83 0.048 1.27 28.4 0.239 37.3 0.159
10 24.04 2.19 0.035 0.90 19.8 0.311 28.7 0.1i75
13 23.98 1.77 0.027 0.65 13.7 0.361 21.5 0.189
16 23.92 1.48 0.022 0.5 11.0 0.398 18.3 0.201
19 23.87 1.27 0.017 0.43 9.43 0.429 16.5. 0.212
22 23.87 1.13 0.013 0.36 7.85 0.455 14.4 0.222
25 23.81 0.92 0.010 0.3 6.52 0.477 12.5 0.231
28 23.87 0.77 0.009 0.24 5.25 0.494 10.4 0.239
33 23.70 0.50 0.006 0.20 4.30 0.518 8.93 0.251
38 23.70 0.39 0.005 0.16 3.46 0.537 7.48 0.261
43 23.70 0.31 0.004 0.13 2.80 ‘0.553 6.27 0.270
48 23.64 0.27 0.003 0.1 2.14 0.566 4.93 0.278
53 23.64 0.21 0.002 0.09 1.92 0.576 4,53 0.285
88 23.58 0.11 0.001 0.03 0.64 - 0.621 1.69 0.318
130 23.47 0.07 0.001 0.01 0.22 0.639 0.61 0.334
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Table 9C. Differential Steam Gasification Data; Run 070482-011182-2; (l(/C)0 = 0.123;
" Mass = 0.0102 g; M = 0.543 (g C)/(g char).

Time Flow H2 co CO2 Rave X R K/C
ml mg g C mg ol K
(min) (EE (%) . (%) (%) ((g)o(min)) ((g C)o) ((g) (min)) mol C)
1 24.10 4.26 0.059 2.0 44.9 0.022 46.0 0.126
4 23.87 3.84 0.066 1.7 38.1 0.147 44.7 0.145
7 23.75 3.01 0.051 1.3 29.1 0.248 38.7 ' 0.164
10 23.58 2,27 0.035 0.95 21.0 0.323 31.0 0.182
13 . 23.42 1.77 0.025 0.72 15.8 0.378 25.4 0.198
16 23.31 1.46 0.020 0.58 12,7 0.421 21.9 0.213
19 23.20 1.25 0.016 0.47 10.2 0.455 18.8 0.226
22 23.20 1.06 . 0.014 0.39 8.49 . 0.483 16.4 0.239
25 22.88 0.92 0.011 0.31 6.65 0.506 13.5 0.250
. 28 23.01 0.76 0.010 0.28 6.06 0.525 12.8 0.260
33 23.15 0.58 0.007. 0.24 5.18 0.553 11.6 0.276
38 23.09 0.48 0.005 0.18 3.87 0.576 9.12 0.291
45 22.99 0.35 0.004 0.12 2.58 0.598 6.42 0.307
53 22.94 0.26 0.003 0.09 1.93 0.617 5.04 0.322
68 22.94 0.18 0.002 0.05 1.08 0.639 3.00 0.342
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Table 10C. Differential Steam Gasification Data; Run 070782-011182-2; (K/C)0 = 0.123;
Mass = 0.0100 g; M = 0.543 (g C)/(g char). '

Time Flow - H, co co, R X "R K/C
ave
ml - mng 3 g C mg mol Ky -
(min) (:&n] (%) (%) (Z) ((g)o(min)} ((g C) 0] ((g) (min)) : (mol C
1 23.98 4.67 0.063 2.08 46.6 0.023 47.7 0.126
4 23.92 4.17 0.065 1.75 39.4 0.152 . 46.5 0.145-
7 23.58 3.34 0.051 1.45 32.1 0.260 43.3 0.166
10 . 23.47 2.60 0.039 1.15 25.2 0.345 38.6 0.188
13 - 23.26 2.12 0.031 = 0.88 19.2 - 0.412 32.6 0.210
16 23.20 1.75 0.025 0.70 15.2 0.464 28.4 0.230
19 23.04 1.46 0.020 0.55 11.9 0.504 - 24.0 0.249
22 23.09 1.29 0.016 0.48 10.4 0.538 22.4 0.267
25 22.99 1.18 0.014 0.4 8.62 0.566 19.9 0.284
28 23.09 0.94 0.011 0.34 7.35 0.590 17.9 0.301
33 22.94 0.74 0.007 0.26 5.55 0.622 14.7 0.327
38 22.73 0.59 0.006 0.21 4.46 0.647 12.6 0.350
43 22.73 0.46 0.004 0.16 3.37 0.667 10.1 0.370
48 22.73 0.39 0.003 0.13 2.75 0.682 8.64 0.388.
58 22.57 0.28 0.002 0.09 1.88 . 0.705 6.38 0.419
80 22.52 0.16 0.001 0.05 1.05 0.738 4.00 0.470
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Table 1D. CO2 Gasification Data; Run 030982-00; (K/C)g = 0.0; Mass =
0.0404 g; M = 0.790 (g C)/(g char).
Time  Flow Cco R.ve X R K/C

e G @ (Gawm) Go, ([@em (oot 0
23.17  0.28 0.49 0.0005 0.49 -
5 23.26  0.29 0.52 0.002 10.52 -
8 23.17 0.31 0.56 0.004 0.56 -
11 23.17  0.30 0.53 0.005 0.53 -
14 23,17 0.29 0.52 0.007 0.52 -
17 23.17  0.28 0.51 0.008 10.51 -
20 23.17  0.28 0.49 0.010 0.50 -
24 23.17  0.27 0,47 0.012 0.47 -
27 23.17  0.27 0.48 0.013 0.49 -
30 23.17  0.25. 0.46 0.014 0.46 -
33 23,26 0.27 0.48 0.016 0.49 -
42 23.17  0.23 0.42 0.020 0.43 -
45  23.26  0.23 0.41 0.021 0.41 -
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Table 2D. COz Gasification Data; Run 031082-00; (X/C)g = 0.0; Mass =
0.0397 g3 M = 0.790 (g C)/(g char). :
Time Flow co ave X R K/C

@ G ® Qwﬁ%mﬂ (e g>o} oem)  Gord
23.17  0.26 0.47 0.0005 0.47 -
5  23.17  0.28 0.51 0.002 0.57 -
8  23.17  0.27 0.49 0.003 0.50 -
11 23.26  0.29 0.52 0.005 0.52 -
14 23.26  0.28 0.51 0.007 0.51 -
17 23.17  0.27 0.49 '0.008 0.50 -
20  23.26  0.26 0.48 0.009 0.49 -
23 23.17  0.27 0.49 0.011 0.50 -
26 23.17  0.26 0.48 0.012 0.49 -
20 23.17  0.25 0.46 0.014 0.46 -
32 23.17  0.25 0.46 10.015 0.46 -
35  23.26  0.24 0.44 0.016 0.45 -
38 23.17  0.23 0.42 0.018 0.43 -
41 23.17  0.24 0.44 0.019 0.44 -
4 23.17  0.23 0.42 0.020 0.43 -
47 23.17  0.22 0.41 0.022 0.41 -
50  23.17 - 0.21 0.39 0.023 0.40 -
53 23,17 0.21 0.38 0.024 0.39 -
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Table 3D. C02 Gasification Data; Run 031182-022482-3; (K/C)g =
0.0072; Mass = 0.0405 g; M = 0.770 (g C)/(g char).

Time  Flow  CO Rave X R K/C
ao GR @ (o Go) @oem 6o
23.26 1.53 2,82 0.003 2.83 0.0072

5 23.36 1.48 2,72 0.011 2.75 0.0073

8 23.53 1.46 2.70 0.019 2.76 0.0073
11 23.44 1.40 2,59 0.027 2.66 0.0074
14 23.44 1.38 2.55 0.035 2,64 0.0075
17 23.44 1.36 2.52 0.042 2.63 0.0075
20 23.44 1.29 2.39 0.050 2.52 0.0076
23 23.44 1.35 2.49 0.057 2.65 0.0076
26 23.53 1.30 2.55 0.065 2,72 0.0077
29 23.47 1.27 2.35 0.072 2.53 0.0078
32 23.35 1.24 2,27 0.079 2.47 0.0078
35 23,47 1.20 2,22 0.086 2,43 0.0079
38 23.53 1.17 2.17 0.092 2,39 0.0079
41 23.53 1.17 2,17 0.099 2,41 0.0080
44 23.47 1.16 2.14 0.105 2.40 0.0080
47 23.47 1.15 2.13 0.112 2.40 0.0081
50 23.42 1.12 2,08 0.118 2,36 0.0082
53 23.47 1.11 2,07 0.124 2.35 0.0082
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Table 4D. CO02 Gasification Data; Run 031682-022482-3; (K/C)g =
0.0072; Mass = 0.0403 g; M = 0.770 (g C)/(g char).

Time Flow co Rove: X R K/C
o GR ® (poam Go) @em) Gid
26,67 1.17 2.47 0.002 2,47 0.0072

5 26.67 1.21 2,57 0.010 2.60 0.0073

8 26.67 1.14 2,40 0.017 2.45 0.0073
11 26.79 1.09 2,40 0.025 2.37 0.0074
14 26.79 1.06 2,25 0.031 2.32 0.0074
17 26.67 1.06 2,23 0.038 2,32 0.0075
20 26.55 1.01 2,12 0.045 2.22 0.0075
23 26.67 1.00 2.10 0.051 2,22 0.0076
26 26.55 0.99 2.09 0.057 2,22 0.0076
29 26.55 0.95 1.99 0.063 2,12 0.0077
32 26.55 0.91 1.92 0.069 2.07 0.0077
35 26.55 0.92 1.92 0.075 2,11 0.0078
38 26.55 0.91 1.92 0.081 2.09 0.0078
41 26.55 0.88 1.86 0.087 2.03 0.0079
44 26.55 0.89 1.87 0.092 2.06 0.0079

- 47 26.55 0.88 1.86 0.098 2,06 0.0080
50 26.55 0.86 1.81 0.103 2,01 0.0080
53 26.67 0.88 1.86 0.109 2.08 0.0081
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Table 5D. (02 Gasification Data; Run 031782-022482-2; (K/C)g =
0.018; Mass = 0.0406 g; M = 0.740 (g C)/(g char).

Time Flow co R'ave X R K/C
. mg £C \ (_mg ol Ky
@ G @ ((g)o(min)) oy ‘(@am o1 0

26.79 3.39 7.46 0.007 7.50 0.018

26.79 3.34 7.32 - 0.030 7.55 0.019

26.67 3.09 6.76 0.051 7.12 0.019
11 26.67 2.93 6.39 0.070 6.88 0.019
14 26.67 2.73 ©5.95 0.089 | 6.53 0.020
17 26.55 2.67 5.80 0.107 6.49 0.020
21 26.55 2.50 5.45 0.129 6.25 0.021
25 26.55 2.44 5.30 0.151 6.24 0.021
29 26.43 2.37 5.12 0.171 6.18 0.022
33 26.43 2.34 5.05 0.192 6.25 0.022
37 26.43 2.23 4.81 0.211 6.10 0.023
41 26.43 2,11 4,58 0.230 5.95 0.023
45 26.55 2.03 4.40 0.248 5.86 0.024
49 26.55 1.98 4.31 0.266. 5.87 0.025
53 26.55 1.95 4.23 0.283 5.90 0.025
81 26.91 1.58 3.49 0.391 5.72 0.030

85 26.91 1.54 3.38 0.404 5.67 0.030
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Table 6D. CO2 Gasification Data; Run 032282-022482-2; (K/C)p =
0.018; Mass = 0.0404 g; M = 0.740 (g €)/(g char).

Time  Flow co R e X R K/C

‘ ml - . _EC\ m 3\ ol K
(min) (ﬁin) (%) (z§;§%51;59 ((g 0y’ ((g)(gin)’ (201 C

22.06  4.63 8.40 0.008 8.48 0.018

21.82  4.17 7.49 0.032 7.73 0.019

9 21.82 3.91 6.99 0.061 7.44 0.019
13 21.82  3.56 6.39 0.088 7.01 0.020
17 21.82  3.34 5.99 0.113 6.75 0.020
25  21.82  3.00 5.39 0.158 6.40 0.021
37 21.66  2.78 4.96 0.220 6.36  0.023
47  21.66  2.59 4.61 0.268- 6.30 0.025
57 21,74 2.42 4.32 ° 0.313 6.29 0.026
67  21.66  2.28 4.07 0.355 6.30 0.028
73 21.66  2.17 3,86 0.379 6.22 . 0.029
121 21.58  1.49 2.63 0.535 5.66 0.039
133 21.51  1.38 2.43 0.565 5.59 0.041
149 21.51  1.17 2,02 0.601 5.18 0.045

161  21.51  1.07 1.89 0.625 5.04 0.048
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Table 7D. CO2 Gasification Data; Run 030482-022482-1; (K/C)g =
0.038; Mass = 0.0399 g; M = 0.693 (g C)/(g char).
Time  Flow co R ve X R K/C
@GR @ (Gem) Gop (@em) Geid
24.49 11.0 23.9 0.024 24,5 0.039
24,39 10.9 23,7 0.095 26.2 0.042
24.39 10.5 22,7 0.165 27.2 0.045
i1 24,29 9.67 20.9 0.230 27.1 0.490
14 24,10 9.20 19.7 0.291 27.8 0.053
17 24.19 8.41 18.1 0.348 27.7 0.058
20 24,10 7.81 16.7 0.400 27.9 0.063
23 24.10 7.41 15.9 0.447 28.7 0.068
26 24.00 6.79 14.5 0.490 28.4 0.074
29 24,10 6.45 13.8 0.533 29.6 0.081
32 24,10 6.02 12.9 0.573 30.2 0.089
35 24,00 5.49 11.7 0.610 30.1 0.097
38 23,81 4.90 10.4 0.643 29.1 0.106
41 23.81 4.34 9.18 0.672 28.0 0.116
44 23.72 3.84 8.09 0.698 26.8 0.125
47 23.62 3.14 6.61 0.720 23.6 0.135
50 23.53 2,58 5.45 0.738 20.8 0.145
74 23.26 0.26 0.52 0.810 2.73 0.199
105 23.35 0.05 .0.10 0.820 0.56 0.210




Table 8D. COp Gasification Data; Run 030582-022482-1; (K/C)g =
0.038; Mass = 0.0401 g; M = 0.693 (g C)/(g char).
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Time  Flow co Rove X R K/C
o) G @ ((g)!;%min)) (e g)j foem) oo
24.29 11.6 24.9 0.025 25.5 0.039
24.29 11.3 24.2 0.099 26.8 0.042
24.39  10.6 22.3 0.168 26.9 0.046
11 24.10  9.67 20.6 0.233 26.9 0.050
14 24.00 9.14 19.4 0.293 27.4 0.054
17 23.90  8.54 18.1 0.349 27.8 0.058
20 23.90 7.71 16.3 0.400 27.2 0.063
23  23.81  7.08 14.9 0.447 27.0. 0.069
26  23.81  6.59 13.9 0.491 27.3 0.075
29  23.72  6.12 12.8 0.531 27.4 0.081
32 23.62  5.83 12.2. 0.568 28.2 0.088
35  23.62  5.16 -10.8 0.603 27.2 0.096
47  23.35  2.68 5.54 0.701 18.1 0.127
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Table 9D. CO2 Gasification Data; Run 022682-012082-1; (K/C)g =
0.043; Mass = 0.0393 g; M = 0.681 (g C)/(g char).
Time  Flow co Rove X R K/C
@n) B @ o) e o) (e Ge1 0
22,90 11.9 24.9 0.025 25.6 0.044
22,72  11.5 23.9 0.098 26.5 0.048
22.56 10.7 22.2 0.167 26.7 0.052
11 22.56  9.73 20.2 0.231 26.2 0.056
14  22.47  8.80 18.2 0.289 25.6 0.060
17 22.39  8.01 16.5 0.341 25.0 0.065
20 22.22  7.28 14.9 0.388 24.3 0.070
23 22,14 6.62 13.5 0.430 23.6 0.075
26  22.06 5.96 12.1 0.468 22,7 0.081
29 22,06  5.43 11.0 0.503 22.1 0.087
32 22,06  4.83 9.79 0.534 21.0 0.092
35  21.98  4.24 8.56 0.562 19.5 0.098
38 21.98  3.71 7.49 0.586 18.1 0.104
41 21.90  4.24 8.52 0.610 21.8 0.110
44  21.90  3.51 7.06 0.633 19.3 0.117
60 21.74  1.13 2,75 0.708 7.68 0.147
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Table 10D. CO02 Gasification Data; Run 022582-012082-1; (K/C)Q =
0.043; Mass = 0.0406 g; M = 0.681 (g C)/(g char).

Time Flow co R ve X R K/C

ml - . mg 3 g C mg mol K
(min) (Ein) (%) ((g)o(min)} ((g c)ol ((g)(min)) ‘mol C)

1.5 22.64 12.1 . 24.3 0.030 25.0 0.045
4.5 22.73 12.0 24,2 0.103 27.0 0.048
8.0 22.64 11.3 22.8 0.173 . 27.6 0.052
11.0 22,56 10.5 21.1 0.239 27.8 0.057
14.0 22.56 9.73 19.5 0.300 27.9 0.062
17.0 22.39 8.87 17.7 0.356 27.4 0.067
20.0 . 22.39 8.08 16.1 0.407 27.1 0.072
23.0 22.22 7.35 14.5 0.453 26.5 0.079
126.0 22.14 6.62 13.0 0.494 25.8 0.085
29.0 22.06 5.83 11.4 0.531 24.3 0.092
32.0 22.06 5.10 10.0 0.563 22.9 0.099
- 35.0 21.98 4.44 8.66 0.591 21.2 0.106
38.0 21.90 3.84 7.47 0.015 19.4 0.112
41.0 21.82 3.24 6.30 0.636 17.3 0.119
44.0 21.90 2.71 5.29 0.653 15.2 0.125
47.0 21.90 2.25 4.38 0.667 13.2 0.130
50.0 21.66 1.85 3.57 0.679 11.1 0.135
53.0 21,82 1.52 2.95 0.689 9.49 0.139
65.0 21.74 0.73 1.41 0.715 4.95 0.152

68.0 21.66 0.53 1.01 0.719 3.60 0.154
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Table 11D. CO2 Gasification Data; Run 022382-012082-1; (K/C)go =
0.043; Mass = 0.0395 g; M = 0.681 (g C)/(g char).
Time Flow co ave X R K/C
@ G @ | Qg)f,l%nm)) (G g>0J (otm) Gord
22.90 13.8 24.8 0.043 30.1 0.045
22.90 .12.9 27.0 0.127 31.0 0.049
22.73 11.8 24,5 0.204 30.8 0.054
12 22,73 10.9 22,6 0.275 31.1 0.059
15 22.56 9.8 20.2 0.339 30.6" 0.065
18 22.39 8.87 18.2 0.396 30.0 0.071-
21 22.30 7.88 16.0 0.448 29.1 0.078
40 21.82 3.71 7.40 0.671 22.5 0.131
43 21.82 2,78 5.55 0.690 17.9 0.139
49 21.82 _ 1.79 3.57 0.718 12,6 0.152
52 21.66 1.39 2,75 0.727 10.1 0.157
57 21.58 0.93 1.82 0.738 6.96 0.164
60  21.58  0.73 1.44 0.743 5.61 0.168
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Table 12D. CO2 Gasification Data; Run 030182-012082-2; (K/C)qg =
0.063; Mass = 0.0400 g; M = 0.642 (g C)/(g char).
Time Flow co the- X R K/C
@) G @ ((Q%%min)) (e 5‘)0) (otm Goro
24.49 10.9 25.5 0.038 26.5 0.065
5 24.49 10.3 24,2 0.113 27.3 0.071
8 24,39 9.60 22.4 0.183 27.4 0.077
11 24,49 9.00 21.1 0.248 28.1 0.083
14 24.39 8.74 20.4 0.310 29.6 0.091
17 24,29 7.98 18.6 0.369 29,4 0.099
20 24,19 7.35 17.4 0.422 29,5 0.108
23 24,10 6.69 15.4 0.471 29,2 0.118
26 24,00 6.36 14.6- 0.516 30.2 0.130
29 23.90 5.56 12,7 0.557 28,8 0.142
32 23,81 4.70 10.7 0.592 26.3 0.154
35 23.72 3.91 8.87 0.622 23.5 0.166
38 23.62 . 3.18 7.19 0.646 20.3 0.177
41 23.62 2,58 5.85 0.665 17.5 0.187
44 23.53 2.25 5.08 0.682 16.0 0.197
47 23,53 1.79 4.04 0.695 13.3 0.206
61 0.50 1.11 0.731 4.12 0.233

23.35
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Table 13D. CO02 Gasification Data; Run 030282-012082-2; (K/C)g =
0.063; Mass = 0.0401 g; M = 0.642 (g C)/(g char).
Time Flow co Rove X R K/C
o 9 __mg g C mg ol K
@ @D ® ((g)o(min)) (e o 7 (oem) Gid
24.69 10.9 25.6 0.026 26.3 0.065
24.59 9.80 23.0 0.099 25.5 0.070
; 24.49 8.67 20.3 0.163 24.2 0.075
11 24.49 8.41 19.5 0.223 25.1 0.081
14 24.39 8.11 18.9 0.281 26.3 0.088
17 24,49 7.88 18.4 0.337 27.8 0.095
20 24,29 6.98 16.2 0.389 26.5 0.103
23 24.19 6.55 15.1 0.436 26.8 0.112
26 24.10 6.36 14.6 0.480 28.2 0.121
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Table 14D. €Oz Gasification Data; Run 030382-012082-2; (K/C)g =
0.063; Mass = 0.0400 g; M = 0.642 (g C)/(g char).

Time  Flow Cco R.ve X R K/C
ml 9 m £C mg ol K
@) () @ ((g)o(min)J (G oy Gem) Goro
24.19  10.9 25.3 0.026 26.0 0.065
24.49  10.5 24.5 0.100 27.3 0.070
24,29  9.60 22.3 0.170 26.9 - 0.076
11 24.29  9.14 21.3 0.236 27.8 0.082
14 24.19  8.34 19.3 0.297  27.5 0.090

17 24,29 7.61 17.7 0.352 27.3 0.097
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Table 15D. €Oz Gasification Data; Run 021882-010882; (K/C)o = 0.075;
Mass = 0.0403 g; M = 0.619 (g C)/(g char).

Time  Flow co R ve X R K/C
wo  GR @ (Ggem) o, e Gd
1 22,88 11.1 25.1 0.013 25.4 0.076
4 22.88 12.1 27.2 0.091 29.9 0.082

22.62 10.9 24,4 0.168 29.3 0.090
10 22,57 9.80 21.8 0.237 28.6 0.098
13 22.52 8.97 19.9 0.300 28.5 0.107
16 22.47 8.37 18.6 0.358 28.9 0.117
19 22.37 7.61 16.8 0.411 28.5 0.127
22 22,22 6.88 15.1 0.458 27.8 0.139
25 22.12 5.82 12.7 0.500 25.4. 0.150
28  22.03  4.83 10.5 0.535 22.6 0.161
31 21.93 3.91 8.45 0.565 19.4 0.172
36 21.83 2.59 5.57 0.598 13,9 0.187
39 21.93 2,09 4,52 0.614 11.7 0.194
42 21.79 1.65 3.47 0.626 9,28 0.200
53 21.69 0.60 1.28 0.652 3.66 0.215
56 21.60  0.43 0.92" 0.655 2,67 0.217
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Table 16D. CO2 Gasification Data; Run 021982-010882; (K/C)g = 0.075;
Mass = 0.0404 g; M = 0.619 (g C)/(g char).

Time  Flow co R.ve X R K/C
mn G @ (@-“;%m3 () ) (em Goro
1 22.62 5.23 11.6 0.006 11.7 0.075
4 22,73 12.1 26.9 0.073 29.7 0.081
7 22,47 10.6  23.4° 0.149 27.5 0.088
10 22.22  9.33 20.4 0.215 26.0 0.095
13 22.17  8.41 18.3 0.273 25.2 0.103
16 22.08  7.68 16.7 - 0.325 24.7 0.111
19 22.12  6.82 14.8 0.372 23.6 0.119
22 22,12  5.99 13.0 0.414 22.2 0.128
25 22,12 4.96 10.8 0.450 19.6 1 0.136
28 22.03  4.17 9.03 0.480 - 17.4 0.144
3  21.65 2.85  6.08 0.525 12.8 0.158
37 21.69 2,35 5.01 0.542 10.9 0.163
40  21.60  1.99 4.23 0.555 9.53 0.168
43 21.55  1.65 3.49 0.567 © 8.06 0.173
56 21.51  0.79 1.66 0.601 - 4.17 0.187

59 21.55 0.66 1.41 0.615 3.56 0.190
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Table 17D. COy Gasification Data; Run 020382-011182-1; (K/C)g =
0.098; Mass = 0.0371 g; M = 0.580 (g C)/(g char).
Time  Flow co R.ve X R K/C
e mg g C mg N 0l Ky
an G @ (G Go) (@em o
2 31.06 11.2 39.9 0.040 41.5 0.102
12 30.03 5.68 19.5 0.337 29.4 0.148
22 29.76 1.79 6.09 0.465 11.4 0.183
32 29.50 0.29 0.98 0.500 1.97 0.196
42 29,41 0.05 0.33 0.506 0.66 0.199
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Table 18D. COg Gasification Data; Run 031982-011182-1; (K/C)g =
0.098; Mass = 0.0402 g; M = 0.580 (g C)/(g char).

Time  Flow co R ve X . R K/C
(min) (:;i_l‘—‘-) ) (ﬁﬁ-&)—) (?g g) 0} ( (8)!!(1min) ) mgi l((:)

23.17 11.1 26.7 0.040 27.8 0.102

5 23,08 10.2 24.6 0.117 27.9 0.111

8 23,08 9,27 22.3 0.188 27.5 0.120

11 22,99 9.17 22,0 0.254 29,5 0.131

19 22,73 7.25 17.2 0.411 29.2 0.166

27 22.56 4.63 10.9 0.523 22.9 0.205

35 22.73 2.84 6.72 0.594 16.5 0.241

43 22.73 1.78 4,22 0.638 11.6 0.270

51 22,22 1.14 2,64 0.665 7.87 0.292

59 22,22 0.75 1.74 0.683 5.48 0.308

67 22.14 0.56 1.29 0.695 4.23 0.320

73 22,06 0.44 1.02 0.702 3.41 0.328

76 22.06 0.39 0.55 0.704 1.86 0.330
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Table 19D. CO2 Gasification Data; Run 031882-011182-1; (K/C)g =
0.098; Mass = 0.0405 g; M = 0.580 (g C)/(g char).
Time Flow co ave X R K/C
@ G ® to ) (@ g>03 ot Gro
23.26 10.6 25.9 0.026 26.6 0.101
23.17 10.1 24.6 0.102 27.3 0.109
23.08 9.40 22.7 0.172 27.4 0.118
11 23.08 8.67 21.0 0.238 27.5 0.129
14 23.08 8.21 19.8 0.299 28.3 0.140
17 27.17 7.68 18.6 0.357 29.0 0.152
20 23.08 7.41 17.9 0.412 30.4 0.167
23 22.99 6.29 15.1 0.461 28.1 0.182
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Table 20D. COy Gasification Data; Run 031882-031082-2; (K/C)g =
0.121; Mass = 0.0405 g; M = 0.546 (g C)/(g char).
Time Flow co R e X R K/C
(min) m%) (%) (_("thg%m) (fg g) 0) ((g)%ﬁi_n)—) (%g—%—lé')
23.17  8.21 21.2 0.021 21.6 0.124
23.08  7.68 19.7 0.082 21.5 0.132
23,08  7.48 19.2 0.141 22.3 0.141
11 23.08  7.02 18.0 0.197 22.4 0.151
14 22.99  6.42 16.4 0.248 21.8  0.161
17 22.99  5.76 14,7 0.295 20.9 0.172
20 22.90 - 5.49 14.0 0.338 21.1 0.183
23 22.90  4.70 12.0 0.377 19.3 0.194
26  22.81  4.10 10.3 0.411 17.5 0.205
37  22.56  1.72 4.32 0.491 8.49 0.238
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Table 21D. COy Gasification Data; Run 031982-031082-2; (K/C)g =
0.121; Mass = 0.0406 g; M = 0.546 (g C)/(g char).
Time  Flow co R ve X R K/C
me - o mg ) 86\ mg 3 ol Ky
(min) C:in) (%) ((g)o(min)) ‘(g C)OJ ((g)(min)) C;ol c’
22.90 7.61 19.3 0.019 19.7 0.123
22.90 7.25 18.4 0.076 19.9 0.131
22.90 6.92 17.6 0.130 20.2 0.139
11 22.81 6.16 15.6 0.180 19.0 0.148
14 22.64 6.22 15.6 0.227 20.2 0.156
17 22.56 5.56 13.9 0.271 19.1 0.166
20 22.47 4.87 12.1 0.310 17.6 0.175
23 22.56 4.40 11.0 0.345 16.8 0.185
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Table 22D. COp Gasification Data; Run 032682-031082-2; (K/C)qg =
0.121; Mass = 0.0402 g; M = 0.546 (g C)/(g char).
Time  Flow co R ve X R K/C
1 9 mg g C mg ol K
@n)  GE @ ((g)o(min)) (s C)O) (oemy) Gad
22.64  7.48 18.8 0.019 19.2 0.123
22,73 7.02 17.7 0.074 19.1 0.131
22.64  6.95 17.5 0.127 20.1 0.139
11 22.56  6.45 16.2 0.177 19.7 0.147
14  22.56  6.49 16.3 0.226 21.0 0.156
17  22.56  5.96 15.0 0.273 20.5 0.166
20  22.56  5.46 13.7 0.316 20.0 0.177
23 22.56  5.03 12.6 0.355 19.6 0.188
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Table 23D. CO2 Gasification Data; Run 032282-031082-2; (K/C)g =
0.121; Mass = 0.0403 g; M = 0.546 (g C)/(g char).
Time  Flow co R ve X R K/C
(min) (%li?f) ) (_(—g')l.(;%m_in_)') (é g) 0) ((g)%gin)) @glll Ié)
22.22 7.55 18.7 0.019 19.1 0.123
22.30 6.82 17.0 0.072 18.3 0.130
9 22,2 6.39 15.9 0.138 18.4 0.140
13 22.22 5.96 14.8 0.199 18.5 0.151
17 22.14 5.57 13.7 0.256 18.4 0.163
21 22.06 4.63 11.4 0.307 16.5 0.174
25 22.06 4.40 10.9 0.351 16.7 0.186
29 21.98 3.45 8.46 0.390 13.9 0.198
33 21.82 3.00 7.33 0.421 12.7 0.209
37 21.82 2.61 6.37 0.449 11.6 0.219
41 21.74 2,06 5.00 0.471 9.46 0.229
45 21.74 1.78 4,32 0.490 8.48 0.237
49 21,66 1.53 3.70 0.506 7.49 0.245
53 21.58 1.33 3.22 0.520 6.72 0.252
57 21.58 1.10 2.66 0.532 5.67 0.258
61 21,58 1.00 2.42 0.542 5,28 0.264
65 21,58 0.83 2.01 0.551 4.48 0.269
77 21.58 0.56 1.34 0.571 3.12 0.287
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Table 24D. CO; Gasification Data; Run 032682-1-011182-2; (K/C)g =
0.123; Mass = 0.0405 g; M = 0.543 (g C)/(g char).
Time  Flow Cco R ve X R K/C
ml - 9 mg gC 4 mg 3 ol Ky
i) g @ ((g)o(mmy oy (e Gor 0
22.64 8.01 20.3 0.020 20.7 0.126
22.64 7.12 18.0 0.078 19.5 0.133
22.64 6.62 16.8 0.130 19.3 0.141
11 22.64 6.16 15.6 0.178 19.0 0.150
14 22.56 5.76 14.5 0.224 18.7 0.158
17 22.47 5.56 14.0 ' 0.266 19.1 0.168
20 22.47 4.93 12.4 0.306 17.9 0.177
23 22.47 4.90 12.3 0.343 18.7 0.187
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Table 25D. CO2 Gasification Data; Run 032982-1-011182-2; (K/C)qg =
0.123; Mass = 0.0403 g; M = 0.543 (g C)/(g char).
Time Flow Cco R3ve X R K/C
wn G @ (pEm Go; (@em Gro
22.56 8.01 20.3 0.020 20.7 0.126
22.56 6.98 17.7 0.077 19.2 0.133
22,47 6.49 16.4 0.128 18.8 0.141
11 22.56 6.16 15.6 0.176 18.9 0.149
14 22.47 5.79 14.6 0.222 18.8 0.158
17 22.47 5.49 13.9 0.264 18.9 0.167
20 22.47 4.77 12.0 0.303 17.3 0.177
23 22.39 4.24. 10.7 0.337 16.1 0.186
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Table 26D. CO2 Gasification Data; Run 032982-2-011182-2; (K/C)go =
0.123; Mass = 0.0401 g; M = 0.543 (g C)/(g char).
Time  Flow co R ve X R K/C
@n CED @ (Grem) o, (em Gerd
22.56  8.08 20.5 0.020 20.9 0.126
22.56  7.22 18.3 0.079 19.9 0.134
22.56  6.79 17.2 0.132 19.8 0.142
11 22.47  6.16 15.5 0.181 19.0 0.150
14 22.47  5.96 15.0 0.227 19.5 0.159
17 22.47  5.40 13.6 0.270 18.7 0.169
20 22.39  5.03 12.7 0.309 18.3 0.178
23 22.30  4.17 10.5 0.344 15.9 0.188
29 22,22 2.89 7.22 0.397 12.0 0.204
49 22,06  1.07 2.65 0.496 5.26 0.244
57  21.90  0.83 2,05 0.515 4.21 0.254
79  21.82  0.42 1.03 0.548 2.28 0.273
91  21.82  0.36 0.88 0.560 2.01 0.280
105  21.82  0.30 0.74 0.571 1.72 0.287
117  21.90  0.28 0.68 0.580 1.62 0.293
127 21.90  0.26 0.63 0.586 1.51 0.298
182  21.90  0.19 0.46 0.616 1.20 0.321




APPENDIX E

002 GASIFICATION: THE DEPENDENCE OF RATE ON THE INLET

CONCENTRATION AND TEMPERATURE
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Table El. Concentration Rums, (K/C)g = 0.018 (mol K/mol C);
Temperature = 800 C.

Run No. CO2 inlet Mass Flow (CO)0 R0
@) @ e R o)
072982-022482-2 15.27 0.0196 24.49 2.70 11.1
080482~022482-2 15.27 0.0202 24.39 3.75 15.0
080582-022482-2 10.26 0.0203 25.19 2.64 10.9
080682-022482-2 10.26 0.0200 25.13 2.51 10.5 i
080782-022482-2 5.44 0.0200 25.06 1.65 | 6.86

080882-022482--2 5.44 0.0200 25.13 2.05 8.55
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Table E2. Temperature Runs, (K/C)0 = 0,0,018 (mol K/mol C); COy ;jet =
15.277%.

Run No. Temperature Mass Flow (CO)0 Ro
ml o m
(©) (8) G (%) (—5—( ) o))
073082-022482-2 900 0.0196 24.57 8.65 36.0
072982-022482-2 800 0.0196 24.49 2.70 11.1
080482-022482-2 800 0.0202 24.39 3.75 15.0
080282-022482-2 700 0.0200 23.65 0.88 3.46

080382-022482-2 600 0.0202 23.75 0.12 0.48




APPENDIX F

REACTION MODELS

Steam Gasification Model

The assumptions necessary to develop this model are:
1. The reaction-system is limited to the steam and 002 gasification

reactions and the water-gas shift reaction:

kl
Cc + H20 — CO + HZ

ky

C + €O, —= 2C0

2

K
Co + HZO P 002 + H2

2. The gasification reactions obey first—order kinetics with
respect to the reactaﬁt (H20 or C02) concentration.

3. The rate constant, k, is the same for both the steam and CO2
gasification reactions.

4. The water-gas shift reaction is not assumed to be in equilibrium.
However, K is the net rate constant which gives Ré, the net pro-
duction by the gas-shift reaction.

For simplicity, define:
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C1 = H20 concentration (mole/cma)
02 = CO2 concentration (mole/cm?)
C3 = CO concentration (mole/cm3)
C4 = H, concentration (mole/cm3)

A mass balance on each specie gives the set of first-order differential

equations used to define the system:

dc - k6t R

T - 50 "R

[
fl

dc,
=~ 3c = " k6 - 250, + Ry
--d£1i=—kC—R

dt 171 e

Combining the first two equations yields:

d(c, + C,)
176
at == k(G +Cy)

Integration results in:
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where Tt = residence time (sec); and C10 = jnitial H20 concentfation.

(C20 = 03 no CO2 initially). Combining equations 3 and 4 gives:
d(c, + ¢C,)
3 47
1t = 2kl(Cl + CZ)
= -k,
= 2k1C10 e

Integration results in:

k.C

1710 ~k,T
C3 + C4 =2 . e +.N
1
€
C.+¢C, =2C.ebT 4y

where N is constant. The boundary conditions are:

C3 + C4 =0 att=20

Substituting this in the equation and solving for N:

0= 2C10 + N

Therefore, N = - 2010, and we have:

= - ~k,T
c,+C, = 2C10(l e

3+ G, )

Finally, solving for kl results in:



This result allows for the calculation of k. based on the CO and H

1
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concentrations. However, a more intrinsic rate constant, k, is defined

by accounting for void volume and surface area:

1l-c¢
k= k(—2 b
b

) s

cm3 gas/(cmzsolid)(sec);
-1

=
1]
Ia}
(17
=
]

kl = gsec "} |
€&y = bulk void fraction; and
S = specific surface area (cm2 solid/cm3 solid).
Thus:
k £ 3
.1 b cm~_gas
k=g (7—7)

b (ém2 solid) (sec)

This rate constant, k, is an intrinsic rate constant based on the

assumptions previously listed and is used to calculate the initial

intrinsic reaction rate, R, [(mg C)/(g)(min)].

Rb may be obtéined directly (see p. 54); however, an easier

method is to multiply the observed rate by a correction factor:



C
In(l -

CF

C.,+C

co
(c

H 0)0
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which is the ratio of expressions for R.c and RO' The correction factors

for all the steam gasificaticn runs are given in Appendix G.

The necessary assumptions to develop this model are:

1. The reaction system is reduced to just the co, gasificatioﬁ

reaction.

2. The 002 gasification reaction obeys first-order kinetics.

C02 .Gasification Model

Using the nomenclature previously defined, we can write the first—order

differential equation as:

dc

2
T A

Integration gives:

C,

T
fc = fo k,dt
20

C
1n EZ—-= - klr
20
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C
2.t
20
Therefore:
_ -k T
C2 = 020 e 1
or:
) C
- dancgh
20

Recall from stoichiometry that the CO concentration is equal to twice

the amount of CO2 consumer, i.e.,

C3 = 2(Cy5 = Cp)

or, .

C
3
C C -3

2 20

Therefore, kl is given by:

c
--1 -3
k = 1nQ - 55—

1 20

This result allows for the calculation of k, based on the residence time,

1

T; the CO concentration, C3; and the initial CO2 concentration (CZO)'



We may define a more intrinsic rate constant, k, in the same

manner as for the steam model:

l- 2
ks
b
Thus:
€ -3
k=l —be ) %’ RN
b (cm” solid) (sec)

The initial intrinsic reaction rate, Rc, may be calculated by multi-
plying R0 by a correction factor as explained for the case of steam

gasification. For CO2 gasification, the correction factor is:

(Ccoz)o
(C... ). In ——2—
c0,’0 Ccoz
CF =
€. ). -¢
co,’0 ~ o,

The correction factors for the 002 gasification rumns are given in

Appendix G, Table G4.
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APPENDIX G

CORRE.CTION FACTORS FOR STEAM AND

CO2 GASIFICATION STUDIES
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Table Gl. Preliminary Steam Gasification Study, 800 C.

Run No. (K/C)O Ro Cogrection Rc
Factor
(Bl Ky (26— =28
mol C (g) (min) (g) (min)

0!11482-00 0.0 2.0 1.10 2.2
081981-12 0.0072 5.0 1.36 6.8
082781-12 0.0072 5.6 1.40 7.8
080881-13 0.0123 4.5 1.38 6.2
072981-13 0.0123 6.1 1.55 9.4
.090281~33 0.0127 4.8 1.32 6.4
091581-33 0.0127 5.6 1.36 7.6
122981-112381-2 0.023 14.5 - 1.75 ‘ 25.4
122181-112381-2 0.023 15.3 1.76 27.0
122381-112381-2 0.023 14.1 1.67 23.5
110581-101881-2 0.047 15.1 1.66 25.1
110381-101881-2 0.047 16.0 1.70 27.2
111181-101881-2 0.047 15.0 1.71 25.6
011682~-010882 0.075 . 25.8 1.51 39.0
012282-010882 0.075 18.9 1.49 28.1
012982-011182~1 0.098 25.8 1.39 36.0
012782-011182-1 0.098 . 19.8 1.58 31.3
012882-011182-1 0.098 28.0 1.43 40.0
012882-011182-1 0.098 . 21,9 1.53 33.6

012682~011182-2 0.123 21.1 1.49 31.3
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Table G2. Integral Steam Gasification Study, 800 C.

Run No. (K/C)0 R0 Correction Rc
Factor
Y ) ()
mol C (g) (min) (g) (min)

052782-00 0.0 1.53 1.01 1.54
042682-022482-2  0.018 10.5 1.04 10.9
042482-022482-2  0.018 11.0 1.04 11.4
042382-022482-1  0.038  *» 20.9 1.07 22.5
051882-022482-1  0.038 29.7 1.10 32.7
042182-012082-2  0.063 30.9 1.10 33.9
052082-012082-2  0.063 35.4 1.11 39.3
041982-010882 0.075 29.6 1.09 32.3
051782-010882 0.075 42.8 . 1.14 48.6
062082-010882 0.075 49.0 1.15 56.4
042882-011182-1  0.098 43.1 1.12 48.5
052182-011182-1  0.098 30.2 1.09 32.8
053182-011182-1  0.098 . 58.2 1.16 67.5
060682-011182-1  0.098 37.0 1.12 41.6
061082-011182-1  0.098 56.7 1.16 65.6
043082-031082-2  0.121 38.1 1.11 42.1
051282-031082-2  0.121 bb.4 1.12 49.8
051082-031082-2  0.121 34.1 1.10 37.5
060982-031082-2  0.121 58.2 1.14 66.3
041682-011182-2  0.123 37.8 1.10 41.5
051382-011182-2  0.123 47.7 1.13 53.8
060282-011182-2  0.123 51.8 1.13 58.7

060882-011182-2  0.123 . 56.4 1.14 64.4
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Table G3. Differential Steam Gasification Study, 700 C.

Run No. (K/C)0 R, ACo;rection R,
. actor
Y %) (o)
mol C (g) (min) (g) (min)
071182-022482-2 0.018 9.73 1.01 9.82
070682-022482-1 0.038 30.0 1.02 30.7
070582-012082-2 0.063 37.6 1.03 38.7
070982-010882 0.075 41.4 1.03 42.7
070382-010982 0.075 38.9 1.03 40.0
070882-011182-1 0.098 49.1 1.04 50.9
071282-011182~1 0.098 35.8 1.02 36.6
071982-031082~-2 0.121 43.2 1.03 44.4
070482-011182-2 0.123 44.9 1.03 46.2

070782~-011182-2 0.123 46.6 1.03 48.0
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Table G4. CO, Gasification Study.

2
Run No. (K/C)o Ro. , Correction Rc
Factor
ELy (SRS oo
mol C (g) (min) (g) (min)
030982-00 0.0 0.49 1.00 0.49
031082-00 0.0 0.47 1.00 0.47
031182-022482-3  0.0072 2.82 1.03 2.89
031682-022482-3  0.0072 2.47 1.02 2.52
031782-022482-2  0.018 7.44 1.06 7.89
032282-022482~2 0.018 8.40 1.08 9.11
030482-022482-1  0.038 23.9 1.24 29.6
030582-022482-1  0.038 24.9 1.26 31.3
022682-012082-1  0.043 24.9 1.27 31.6
022582-012082-1  0.043 24.3 1.27 30.9
022382-012082-1  0.043 28.8 1.33 38.3
030182-012082-2 0.063 25.5 T 1.24 31.5
030282~012082-2  0.063 25.6 1.24 31.7
030382-012082-2  0.063 25.3 1.24 31.3
021882-010882 0.075 25.1 1.24 31.2
021982-010882 0.075 26.9 1.27 34.3
020382-011182-1  0.098 . 39.9 1.25 49.7
031982-011182-1  0.098 26.7 1.24 33.2
031882-011182-1  0.098 25.9 1.23 31.8
031882-031082-2 0.121 21.2 1.16 24.7
031982-031082-2 0.121 19.3 1.15 22.2
032682-031082-2  0.121 18.8 1.15 21.6
032282-031082-2  0.121 18.7 . 1.15 21.5
032682-011182-2 0.123 20.3 1.16 23.5
032982-1~
011182-2 0.123 20.3 . 1.16 23.5
032982-2~

011182-2 0.123 20.5 1.16 23.8




CF

APPENDIX H
NOMENCLATURE

Correction factor, Rc/RO'

Product gas flow rate, ml/min.

Intrinsic rate constant, cm3 gaslcmz solid-+sec.

Rate constant, l/sec.
Potassium/carbon atomic ratio, mole K/molé C.
Char sample mass, mg.

Carbon mass fraction, mg C/mg char.

Steam partial pressure, atm.

Instantaneous reaction rate, mg C/g C-min.
Average reaction rate, mg C/g C0°min.
Calculated reaction rate, mg C/g C-min.
Initial reaction rate, mg C/g Co-min.'
Char surface area, cm2/cm3.

Time, min.

Temperature, K.

Carbon conversion, mg C/g Co.

Mole fraction of species i in the gas phase.

Bulk void, cm> gas/cm3 reactor.
Char density, g/cm3.

Residence time, min.
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