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ABSTRACT

T
The gasification of two chars, Saskatchewan lignite
and Forestburg sub-bituminous, in carbon dioxide was studied
by thermogravimetric analysis. The effect oflvariables suéh
as carboﬁ dioxide flow rate; char particle size, and catalysts
were‘investigated. Experimental data were obtained in the
temperature range 728-875°C and at atmospheric pressure.
A modified unreacted-core model was developed to express
reaction rates of both catalyzed and uncatalyzed gasification
as a function of carbon ccnversion.
Two catalysts, K2C03 and Ni (added in the form of
Ni(NO3)2) were used, K2C03 was found to be more active than
Ni ‘catalyst. Catalyst effectiveness decreased with increasing
concentration and gasification temperature. Gasification rates
increased by as much as 6 times in the presence of catii?gﬁf*—x//
Activation energies decreased for the lignite char doped
with catalyst but not considerably, whereas for the sub-bitum-
inous char tpe decrease was insignificant.
The activation energies for the 1igni£e and sub-bituminous
chars were found to be 176 and 155 kJ /mole respectively.
For catalytic gasification, the activation energies were 159
kd /mole for lignite containing 5 m% Ni, 141 kJ /mole for
lignite with 10 m% K

CO, and 152 kJ /mole for the sub--

2773
bituminous char with 10 m § KZCOB’
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The results indicated that gasification of botﬁ chars
was catalyzed by the impurities present in the char ash. ]
C . o~
. Also lignite char was found to be more reactive than the /

‘.sub-bituminous char which is in accordance with the reactiv-e

ity increasing with decreasing rank of parent coal.
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.t CHAPTER 1

INTRODUCTION

In the faEe of the state of world reserves of prima;y
energy sources and the steadily fisiﬁg demand for energy,
it has become necessary to consider alternative sources.
Coal utilization has receivea increasing attention in the
later years for the productioﬁ of liquid and gasecus fuels.
Tkere are four major routes to coal utilization, pyrolysis,
combustion, gasificatioﬁland liqui{gction.

In p?rolysis processes the volatile constituents of
coal are cracked to give gaéeous and liquid products, -which
can be separated and reacted further to provide marketable
by-products. These processes represent a de—gaééinq of the
coal, where the greater part of the feed material remainé
as solid char, consisting mainly of carbon and ash. The
char with its high carbon content can ke furthe;lutili;eq
in gasification p#ocesses whgre it is used .as the feed
material instead cf coal.

" In gasification processes, char or coal can be reacted
with steam-(eqdotherﬁic reaction} to form Hz, Co énd COZ'
-with hydrogen (exothermic reaction) to form CH4, or with
carboA Aioxide {endothermic reaction) to form CO. The
. product methane is the main éonstituent of Synthetic Ngtural

Gas (SNG) where mixtures of CO and H2 gases can be used for



fuel or for feed material in the production of chemicals
(Synthesis Gas). To be efficient most gasification processes
are arranged so that exothermic and endothermic reactions
essentially balance the opposite heat effects. .Since com-
bustion is highly exothermic, in many cases part of the char
or coal is allowed to react with oxygen in order to provide
.the necess;:y heat.

CA;Bon dioxide is both a reactant and a product of the
gasification or combustion. Thus its reaction with the carbon
in coal or char plays an important role in industrial applica-

tions,. and. has been the subject of many investigations. It

should be mentioned that research interest in the carbon-carbon

- dioxide reaction has also been stimulated for its role in the

smelting of ores or for the lack of reaction of carbons and
graphites when used as electrodes, structural carbons or
moderators. in atomic reactors. .

Char gasification with carbon dioxide to produce carbon’
monoxide is a heterogeneous endathermic reéction. The gasi-
fication rates depend.on the kinetics of the reaction, heat
and mass transfer phenomena and flow conditions along with the
intrinsic reactivity of the char. .

When studying heterogeneous reactions, it is customary
to tain data which are free of heat transfer or diffusion

AN

inf nces in order to understand the kinetics of the reaction.

A Y

The number of variables involved in these reactions is large.
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Inadequate consideration of the physical and cheﬁical
chgracteristics of the carbon solid is often the reason for
the éonflicting résults reported in the literature.

-Many studies have been conducéed on:the mechanism of
the carbon-carbon dioxide reaétion using mostly relatively
purified éérbon solids and rate expressions of the Langmuir-
Hinshelwood type or other have been proposed. But there is
still need for.further research using actual chars and in many
areas.

For exémple each char has its own intrinsic reactivity and
thus has to‘be studied separately. The reactivity depends on
the physical and chemical characteristics of the char which
in turn are determined by the origin cf the ‘parent coal and
the method and conditions of chaf preparation. A very impor-
tant factor is the change og these characteristics during
reactioﬁ. _

-

Also the rate expressions that have been proposed, ex-
%

cept for very few céses, are for the initial reaction only..

"Gasification has -been mostly carried out to only a few per-

cent conversion in order to avoid burn-off complications.

P

Another area of great importance is catalytic gasifi-'
cation. Research in this area has heen limited to the effect-

iveness of various catalysts. Information is needed on the

_effect of variables such as catalyst concentration, method

and conditions of catalyst addition, and gasification

[ TR S
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temperatures. Mechanistic studies are lacking and also fate

expreésions for catalytic gasificaticn.

The majority of char gasification studies reported in
the literature have been carried out using chars from cocals
of Aﬁefican origin. Therefore, studies. are needed on char
produced from Canadian coals, because of the different proper-
ties these coals have, such as mineral matter content.

In the present study, two chars, Saskatchewan lignite
and Forestburg sub-bituminous, were gasified with carbon dio-
xide and at atmospheric pressure. The major objectives were
to |
i} . determine the reactivities of the chars and relate them

to the rank of the pafent ceoal.

ii) investigate the éffect of variables as carbon dioxide
flow rate, char particle size and‘termperature.

iii) determine the effectiveness of two catalysts, Ni and
K2C03, and study the effect of catalyst concentration
and temperature on gasification rates.

iv) develop a rate expression as a function of conversion
for both catalyzed and uncatalyzed gasification.

v) estimate kinetic parameters from the.proposed model.

The welght-loss data were obtained by thermogravimetric
analysis (TGA) with a experiments carried out isothermally.
A TGA baiance, éo ared to flow reactors, can generate more

experimental data in relatively shorter time, is simple 'to



operate and has been widely used. However theréiére disaa-
vantages such as. product analysis is difficult due to the
--small-amount of product gases involved, or effects such as
residence time cannot be éludied. However in the char-carbon

dioxide reaction, there is only one product, carbon monoxide

andtjust welght-loss data are sufficient.

¢

oy
°
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CHAPTER 2

LITERATURE SURVEY

The carbon-carbon dioxide reaction has been the subject
of numerous investigations due to its importance'in many
industrial applications."Catalysis of the reaction has also
been studied but to a lesser extent. There are several re-

view articles on both catalyzed and non catalyzed gasification

.of carbon solids with carbon dioxide (1 - 8}.

In this section, the kinetics of the reaction, the effect
df particle size, the factors affecting tﬁe reactivities of
carbon solids, the effe}: of catalysts and the mechanism of

catalysis will be reviewed.

2.1 The Carbon-Carbon Dioxide Reaction

Carbon solids in the presence of carbon dioxide react to.

produce carbon monoxide. That is

C +C0, =2CcC0 (2.1)
The reaction is highly endothermic with an enthalpy of 147 kd
at 298 X and 101.3 kPa (3,9). '

Product formation 1s favoured by increasing temperatures
and decreasing pressures {(9). Gasification temperatures are
in the range of 7005C to 1400°C mainly QEpending on the type -
of carbon solid. Relatively pure solids such af graphite re-

quire higher temperatures than coal chars.



The rate of reaction of carbon with carbon dioxide>
debends on many factors. That is, temperature, pressure,
gas composition (conFentration of CO3, CO, inert gas), pre-
treatment of the solid, the nature of carboﬁ, the mineral _:
content, the change in reactivity during reaction, the pérti;

cle size'if the reaction is diffusion controlled (3,10).

2.2 Heterogeneous Nature of the Reaction

»

The reaction of a carbon sclid with carbon dioxide is

heterogeneous in nature and thus can be affected by mass
transport limitations. Since most carbon solids are porous,
a predominant part of the reacting interface may lie witirin
the pores of the carbon. A simplified picture of the succ-
essive steps involved in the reaction can be visualized as
follows: |
1. Transport of CO2 to the exterior surface of the solid.
2. Diffusion of C02 into the interior 9f the porous solid.
3%. Chemisorption of CO2 on the pore surface and external
surface.
4. Surface reaction.
5: Desorpticon of CO, the precduct of reaction.
6.\\Outward diffusion of CO from the interior of the solid
; to the external surface.
7. Transport of CO from the surface into the.bulk-gas
phase.
Steps 3, 4 and 5 deal with the chemical aspects of

the reaction, 2 and 6 represent .internal mass transport or




pore diffusion aﬁd steps l,? external mass transport or
film diffusion. |

Depending on the experimental‘conditions and type of
éarbon solid,-the reaction hay be controlled by any of the
above steps or a combination of those. However, there is
a general agreement that as temperature is increased the
reaction goes through three regions. .

At low temperatureé the chemical aspects of the reaction
predominate and the overall rate is chemically contfolled.

The transport processes proceed gapidly. .At intermediate
temperatures, the resistances offered.by the transport steps
2 and 6 can’no longer be considered_negligible.- The rates of
pore diffusion are slowe; than tﬁose due to chemical reaction
and contreol the overall process. At higher temperatures
film diffusion bécqmes rate controlling.

In kinetic studies it is desired to obtain rate data
which is free from mass transport liﬁitations since only the
chemical aspects need to be considered. {Frqm-the results of
different workers it appears that the transition from chemi-

. cal reaction to pore diffusion control occurs at temperatures
900 to 1200°C (11-17).

Rao and Jalan- (l1l4) pointed out that diffusional effects
increa$é-with increasing particle size, increasing temperature
and partial pressure of CO2 in the gas phase. Tuwkdogan and

vinters (17) arrived at the same conclusions. ' They also



pointed out that one of tﬁe ground rules is to use small
sampleé of- fine particle size and relatively fast gas flow
rates so that pore diffusion and f£ilm diffusion are eliminated
+to a la;ge extent. .
Walker and Hippo (18) ﬁtresseé the importance of solid
porosity and pore size distribution along with their'change

during reaction upon the mass transport effects.

\

2.3 Mechanism of the Reaction

Among the different mechanisms proposed most of the evi-
dence (1,4,5,14,19,20) supported the view that the reaction

took place in two steps. That is

k
1
Step 1 C + COy = C(0) + CO . (2.2)
. . k'
1
Xy

Step 2 C(O) —= CO0 + C (2.3)

The firét step is a reversible oxygen exchange reaction
during which CO2 dissociates at an active site on the c;rbon
surface forming a carboﬁ—oxygen complex, and a CO molecule.
Actual gas}fication takes place in the second step w}th the
generation of a new active centre on/{gz solid carbon sur-
face. Also the well known inhibiting effect of the product
carbon‘monoxide is through the reverse of the reaction in
step 1.

Gadsby et al. (11), Blackwood and Ingeme (21), Turkaogan
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and Vinters (17,22}¢proposed mechanisms involving chemiscrp-

tion of carbon monox}de molecules on the carbon surface.
These mechanisms predict ﬁhat carbon monoxide retards the
reaction through its chemisorption.

The two step mechanism has been substantiated om both

direct (isctopic techniques) and‘ind%%$ct (overall rate

. measurements) studies.

Reif (1) ruled out mechgﬁisms involving adsorption of CC,
molecules on the carbon surface since this is neé%}gible
above 600°C, which is too low a temperature for gasification.

According to Ergun (19), the reverge of step 2 would
result in carbon transfer from gas to solid phase. From his
own and other worker's results he concluded that step 2 is not
reversible.

Mentser and Ergun (4) conducted a comprehensive studyhifj
the C—CO2 reaction using isotopic techniques which permit |
direct measurements of the kinetic constants and rates. From
their results other possible reaction steps were ruled out.

Rao and Jalan (14) presented a critical evgluation of
the existing theories on mechanisms and réte equations and

concluded that the two step mechanism represents a substantial

" part of the published data.

The oxygen-exchange equilibrium constant (step 1) is
given by K = kj/kl. Johnson (5), Mentser and Ergun (4) , Ergun
(19), pointed out that K values should be independent of carbon

A
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type and pressure and be function of temperature only. There-
foré comparison of the experimental values of K obtained from
different studies Should serve as a severe test for the valif
dity of oxygen-exchange as an essential reaction step. As
shown by Johnson (5) in his recent review, K valugs from
differ;nt studies showed a similar overall trend.

It has been supported that step 2 is the rate controlling
that ié the slower step. Reif (1) based on his results con-
cluded thét the oxygen-exchange reaction is faster than the
gasification step. Ergun (19) pointed out that oxyge -ex-
change reactions occur at temperatures approximately 200°C
lower than that required fbr gasification at comparable rates.

Experimental evidence showéd that carbon monoxide strongly
inhibits the reaétion. From the results of Blackwood and
Ingeme (il), doubling the partial erssure of CO, the reaction
rate is decreased by little less £han a factor of two. They
also found that.the inhibiting effect @ecreases with increasing
temperatures and decreasing partial pressures of CO. Gadsby
et al. {1l) and other workers arrived at the same conclusions.

Mentser and Ergun ﬁd) concluded that the retarding effect
of CO is due to decrease in concentration of carbon-oxygen
complexes through the reverse of step 1. The retarding effect
6f CO depends upon the rates of forward and reverse oxygen
transfer reactions. They also pointed out that since forward
activation energy is higher than the reverse, the retarding

effect of CO may be predicted to decrease with increase in



=

12

temperature.

Actual gasification takes place according to step 2 with
gasification rates proportional to the number of active sites
available for reaction. The number of active sites would be
expected to decrease Qith increasing solid preparation or
reaction temperature for any material. For cecal chars, it

would also be expected to decrease with increasing coal rank‘(S).

2.4 Effect of Particle Size

—

Ergun-(l9) carried out experiments in a fluidized bed

and 4t atmospheric pressure Qith Ceylon graphite, activated
carbon and activated graphite. Particle sizes ranged from 1.8
to :0.081 mm. He found that for the porous activatéd carbon
(700 - 1025°C) and graphite (900 - 1150°C), the reaction was
independent of particle size. For the non pbrous Ceylon
graphite (1000 - 1400°C) rate increased with decrease in size.

Ergun (20) in another study of the C-CO, reaction using

2

a metallurgical coke found the reaction rate to be indepen-

’
dent of particle size of the same range and at temperatures
900 to 1200°C.

Walker and Hippo (18) studied the effect of particle
size for a lignite'char and a low volatile coal char at 900°C
and atmospheric pressure. A thermogravimetric balance (TGE)
was used. Four particle sizes were used in the range of

0.284 to 0.044 mm. They found that the reaction rates increased

with decrease in particle size indicating pore diffusion *
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limitations. For the lignite char reactiyity increased only
by a factor of 2.7 fold over the particle size range where
for the other charlthe increasé was 35.fold. Thé difference
in the e;tent of pore diffusion control for each of'the chars
was attributed to their different internal pore sfructure.
Dutta et al. (15) studied the reactivities of few chars
with CO, at 1 atm and 840 to 1100°C. Four particle sizes
{0.625 to 0.147 mm) were used to see the size effect on the
reactivities of the char samples at about-1000°C and was found

to be negligible.

Turkdogan and Vinters (17), for elec¢ctrcdegraphite and

Mcoconut charcoal gasification at 1 atm found that diffusion

becomes controlling for particle diameter larger than 6mm and’
temperatures higher than 900°C. At higher pressures-and the
same temperature, diffusion became progressively important.

From the above it can be said that for particle diameters

lower than lmm and temperatures lower than 900°C, the particle

size effect would be expected to be negligible. However it
should be investigated for each type of carbon solid and at

experimental conditions.

2.5 Effect of Pressure

Very few investigations have been conducted at elevated

pressures. From a study at IGT (5), reaction rates were pro-
Y

portional to increasing pressures up to about 10 atm and then
became independent of pressure. Similar results were found

by Turkdogan and Vinters ({17). Fuchs and Yavorsky (23} found

» .
-
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that the total pressﬁre had no effect on gasification rates
at pressures 6f 18 - 35 atm. Howeﬁer Blackwood and Ingeme (21)
found ‘increasing rates up to 40 atm.

Walker et al. (3) pointéd out that from thermodynamic-

considerations, the reaction is not favoured by increasing

pressures.

2.6 Factors Affecting the Reactivity of Carbon Solids

A number of workers have stressed that in order to under-
stand the kinetics of the reaction, adequate consideration
must be given to the physical structure of carbons, and the
changes that 6ccur with conversion (3,10,18,20,23,24,25).I The
number of carbon sites available for reaction depends on the .
detailed structure of the carbon and fhe available for reaction
surface area. In addition changes of surface area during
reaction may enhance or inhibit reaction rates. In this sec-

tion these factors are discussed.

2.6.1 Structure of Carbon Solids

The carbon solid surface is heterogeneous itself (3).
In addition to the normal sources of heterogeinity (holes and
disloéﬁtions in the latt;ice)r carbon is a multicrystalline
material, which means that’its surface will be composed-of
different crystallographic planes. The crystallites vary
widely in size ranging from 103 in scme amorphous matefials,

up tc thousands of Angstroms in natural'graphite {(3). The

orientation of crystallites alsoc contributes to the
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heterogeinity. Struétural.disorders increase with decreasing
coal rank, and since the number of active sites is inversely
propertional to the degree of crystallograéhic pérfection, £he
reactivity of chars increases with decreasing rank of parent

coal (5,10,11,12,15,23).

2.6.2 Pretreatment of Carbon Solids

Johnson (5), Katta and Keairns (10) stressed the importance

of solid preparation upon its reactivity with CO Walker and

2"
Hippo (18) pointed out that char more or less retains the
structure of thg parent coal. However, if the processing temp-
erature 1s high, breakage of the crosslinks between planar
regidns in the char results in improved alignment with losgs of
porosity.

Blackwood and Ingeme {21) preheated E. Marginata char in
nitrogeg;at different temperatures from 650 to 950°C, They
found that reaction rate decreased drastically with increasing
temperature.

Finally, the exact structure of a char produced from a
given coal can be changed by altering such variab%es ak pre-
treatment temperature, coal particle size, rate of heating,

time at maximum temperature, atmosphere and total pressure

during heating.
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2.6.3 Inherent Catalytic Effect

Mineral matter and trace elements dispersed within thé
carbon solid matrix can catalyze the gasification process.
The possible catalytic effect of foreign matter in cokes
and chars has been discussed by several investigators (3,10,
18,20,23,26).

.According to Walker and Hippc (18) the catalytic acti-

vity would vary between impurities, their concentration and
B L]

extent of dispersion. They stuqied the gasification of sixteen

-

chars with CO2 at 900°C and found a reasonably good linear

correlation between increasing Ca and Mg content (up to 7wt%

Ca0, lwt® MgO in the parent coal) and increasing.reactivity.
! 1

No correlations were found for Fe or Na and K. Lignites

showed strong inherent qatalytic:effgct and their demineral-

ization resulted in decreased reactivity.

2.6.4 Porosity and Surface Area

The porosity, pore size distribution and available sur-
face area for reaction of a carbon influences the initial-
reactivity of the solid. ﬁowever these can change during
reaction and result in a decrease or increase of the rates.
In most of the kinetic studies, burn-offs were kept low (up.
to 10%) to aveoid these complications oflstructural changes.

’ Carbons of different origin have been gasified to a

certain conversion level and their structure examined (3,13,

'15,18,25,27). In most cases drastic changes occurred with

[FITRrRTR | |
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about the mechanism of the reaction and can be used for extra- §
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the development of the internal sufface area. It was supported
during conversion with the consumption of carhon molecules

from the solid matrix, pores enlarge, or pores previously non
interconnected become available. Eventually the rate of
'develoment of new surface area will become slower than the
destruction of the old one and reaction rates will decrease.
More important, diffusion limitations can be understood and
identified with knowledge of the structural changes dgringi

reaction.

2.7 Reaction Rate Models -

Different mathematical models havée been p;oposed-for
the reacFion rate expression and can be divided into two
~groups. Those that are derived ffom Langmuir—ﬁinshelwood .
mechanism and power low models. A Langﬁuir-Hinshelwood

Fa
rate expression is preferred because it reveals information

polation with more confidence than an empirical model. How-
ever it is subject to limitations (28) and describes only
initial rates of reaction. These models will be presented

~

here.

2.7.1 Langmuir-Hinshelwood Mcdel

The Langmuir-Hinshelwood rate expression generally accep-

ted to represent the C-Co, reaction is of the form

_ K1pC02
~ 1+K2pCO+K3pCO3

(2.4)
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where r is the specific reaction rate, K ,Kzand K3 are kinetic

1
parameters and pCO, pCO; are carbon monoxide and carbon dioxide

partial pressures.

The kinetic parameters are related tb the rate constants
of the individual steps occurring during reaction. Individual
rate coﬁétants and thus the kinetic parameters cannot be dir-
ectfy determined from reﬁbrted‘data without knowing the con-
centration of active sites, nt.

The above correlation shows that the rate decreasesvwith
increasing partial pressure of carbon monoxide. Also the order
of reaction varies from zero to unity depending on the condi-
tions of pressure and temperature. At normal gasification
temperatures and low CO,; pressures the reac#ion will be first
" order. |

It should also be pointed out that the Langmuir—Hinshél-
wood expression can be derived from different mechanisms for
the C-CO2 reaction, showing ﬁhat the reaction mechanism is
not unigquely defined by a specific rate egquation. ’

The results of investigators who interpreted their data
according to the above expression will be presented.

In a study conducted at the IGT (5) a bituminous coal
char was gasified in CO and COj mixturgs, at 2-35 atm and
850 - 1000°C. The activation energies obtai;ed for‘Kl,Kz,

Ky were 119 ,-26.8 s -155 kJ /mole respectively. '

Gadsby et al {11) gasified coconut-shell charcoal in a
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packed bed and qu-Nz mixtures, at 1.3-101.3 kPa and 734 -
829°C. They found the activation energies to be 246, -188,
123 kJ /mole.

Lewis et al. (29) studied the gasification of coke and
anthracite in a fluidized bed, at 1 atm and 500 - 1100°C.

Feed gases were mixtures of CO,, N,,CO. The K K;,K; activa-

5t
tion energies for coke were 139 , -62.8 , -26.4 kJ /mole and’
for anthracite 136 , -70.7, -6%.5 kd /mole.

Mentser and Ergun (4) obtained ac£ivation energies of
222 , -92.1 , -20.9 kJ /mole for spheron No. 6 carbon gasifi-

cation in a packed bed,.with CO,-CO mixtures at 1 atm and

2
750-850°C. .

Katta and Keairns (10) used a simplified Langmuir-
Hinshelwood expression for gasification of coke breeze and
found an activation energy of 289 kJ /mole for the temp-
erature range 920 - 1040°C and 1 atm.

Also Rac and Jalan (l4) used a simplified expression
and obtained an gctivation energy of 333 kJ /mole (1 atm,
pure CO, feed gas, 830 - 1050°C). ‘

In all these studies burn-offs were kept to a minimug.

The results obtained could not be used over different conver-

sion levels.

"2.7.2  Power Law Models

In the power law models the reaction rate is expressed

19 n ™ 1.1

T )
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as ; function of the‘partiéi pressuré of carbon dicxide
raised to some power, n., The power can be zero: a fraction,
unity or higher. The values of n reported in the literature
vary from zero to unity. |

The results of some investigators have'beeg summarized
in Table 2.1. Overall activat;on engrgies range from 180 to
289 kJ/mole for‘temperatures, 750 - 1300°C. In most of the
studies conducted at 101.3 kPa pyre carbon dioxide was the feed
gas, thus it can be said that with pure CO2 and at 101.3 kPa the
order of reaction is unity (see Table 2.1).

. Wen and Nu (30) and Dutta et al. {15) are of the very few
ones that proposed a rate equation for up to complete
conversions was proposed. Wen and Wu (30) used a volume
reaction model to interpret their results. The porosity and -
internal surface area of the porous carbon they used re-
ﬁained unchanged with conversion and their modei does not
account for such changes. However in the work of Dutta et
al. (15) the internal surface area of the chars and coals used
developed drastically with conversion, affecting their reac-
tivity. They incorporatgd in the rate equation a term to
account for these changes. T

The development of mathematical models derived to express

the rates of gas-solid reactions have been discussed by a

number of investigators {32 - 41).

by

o
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TABLE 2.

1

SUMMARY OF ACTIVATION ENERGIES

FOR THE C—CO2 REACTION
E, kJ/
Investigator Sample T,°C P,atm n moles
1. Turkdogen and electrcde graphite 800-1300 10_3-10 0.5 285
Vinters (17) coconut charcoal 700-1100 10-3-10 0.5 285
2. Walker et al graphite 900-1200 1 l 20
(12) 1200 1 1 109
gas-baked carbon 900-1100 1 1 197
3. Walker and graphitized carbon 970-1130 1 1 276
Raats (13) 1130 1 1 184
4. Wen and Wu activated charcoal 837-1092 1 1 289,
(30) ‘
R ]
5. Dutta et al hydrane char #49 859-1059 1 1 248
(15) synthane char 852-1078 )
IGT char No. 6 903-1050
Illinois coal No.6 854-1059
hydrane char #150 884-9579
Pittsburg HVal coal 917-9%70
6. Fuchs and hydrane char 750-900 18-35 0 228
Yavorsky (23) synthane char 750-900 35 0 278
7. Knight and Millnerran char 800-1038 1 - 233
Sergent (31) Liddel char - 219
Lithgow char 0. 222
Merriown char - 227
8. Walker and Six carbons 900-1000 1 1 180-285

Rusinko (25)

)
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2.8 cCcatalytic Gasification

The use of catalysts aims to éﬂhance the reactivities
of”carbons.and obtain higher conversions or to lower gasifi-
cation temperatures. The relative effectiveness of various
catalysts strongly depends on the pérticular experimental
conditions used, the conditions and methods of catalyst addi-
tion, chemical staté of catalyst, relative anounts of catalyst
aﬁd carbon, Walker et al. (7) pointed out that little was.
known about these parameters and additional research was
needed in order that the kinetics of catalytic gasification
- became fully understood.

Among the various catalysts investigated, alkali metal
carbonates have received particular attention. Other_cata-"

lysts used included alkaline earth carbonates, Iron, Nickel.

2.8.1 Type of Catalyst

Taylor and Neville (6) studied the catalytic effect of
Fes03, CaCoOj3, K2C03, Na,CO3, NaCl and Ni (added as nitrate
and reduced in Hz at 570°C) on the C-CO; and C-H0 reactio}s.
Catalysts .were added by wet impregnation to cecconut-shell
charcoal and éasification runs in CO2 were car;ied out in a
fixed bed, at 570°C and 1 atm. Ni.was found to be the meost
effective catalyst and from the carbonates, potassium and
sodium with potassium being better. While calcium carbonate
and sodium chloride had little effect on the conversion. Fez0;

had no effect whatsocever. Except for the case of Ni, there

f
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was a parallelism in catalyst effectiveness between the two

reactions.

McKee and Chatteriji (42) using one to one mixtures of

Jalkali metal carbonates and graphite powder, carried out

experiments in a TGB, 101.3 kPa and in the tem‘perature range

25 - 1000°C. The samples were heated in CO; at a rate of

! -
10°C/min and weight changes recorded. Pure graphite slowly

gasified at 900°C whereas in the presence of catalyst the

reaction became detectable at about 700°C.
g

rates accelerated near the melting point of the carbonate

Gasification

phase. This is due to the better contact provided by the’

molten salt with the carbon surface. In decreasing order,

the catalytic activity was Li,CO3>Cs,CO3> RbyC0O3>KC03>

NapCO3 which is in accordance with the increasing order of

melting points of the salts except fo; K2CO3 and NaCOjy. ‘
In a recent study, McKee et al. (43) used a number of |

. coal chars doped with small amounts of alkali metal carbon—

ates. Catalysts were added by dry mixing before or aft?r

charring of the'qoals at 700°C in N,. Runs were carried

out in a TGB, with low burn-offs (>10%) and at 700 to 900°C.

A variation of K,COjy catalytic effect (10wt% K,CO3} on coal

char type is given in Table 2.2.

.
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"TABLE 2.2*

CATALYTIC EFFECT OF K,CO, o

Char Temperature (°C) Catalyzed/non- -
catalyzed rate

Lignite 700 3.0
San Juan 700 ' 12.2
Pittsburgh hva . BOO 20
Illinois No. 6 hvB 700 55
Anthracite 800 110
Graphite 900 4000

* Reproduced after McKee et al. (43)

From ﬁhe Table it is easily seen that the catalytié
activity increased with increasing rank of parent coal. It
should be noted that low rank coal chars are very reactive
even without a catalyst. The investigators also compared
their data as a function of metal-to-carbon ratios over an j

extended concentration range, and found Cs.,CO3 to be the

2

most active catalyst and the activity of Li2C03 actually

declined at high catalyst concentrations, possibly as a re-
sult of smoothering of the char surface with a film of molten
Li2CO3 {m.p. 618°C).

The catalysts are compared on a metal-to-carbon basis,

based on the results of Spiro et al. (44) for graphite. The

catalytic activity of alkali carbonates is Li)»Cs)> K) Na and

for chars Cs> K )»Na ) Li.

et mtmp ek o e
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Fox and White (45) added 5wt$ N§2CO3 to graphite and
sﬁgar char, and found the reaction rates to increase twenty-
fold at 500°C and tenfold at 950°C. Jalan and Rao (46)
found the reaction rates to be the same in the range 839 -

1050°C for 1l.5wt% Lizo and 3.7wt% Li,CO, added by dry mixing

2773
to carbon black. It should be.noted that the concentrations
used correspond to the same Li content with respect to carbon.

According to Marsh and Mochida (47) the catalytic activi-

ty of potassium salts added to metallurgical coke decreased

Y

' «with increasing pelting point (i.e. KpCO03 > KC1l ) Kp504 > K3POy)

except for K,CO3 and KCl. Runs were carried out at 900 and

r

lo000°C.

e McKee (48) studied the effect of additions of alkaline

earth carbonates on the reactivity of graphite powder in CO2
and 1l atm. Catalysts were added by dry mixing and runs were
carried out with increasing temperature at a rate of 10°C/min
and isothermally in the range 700 - 1100°C. For 5 wt% content,
the catalytic activity of the salts in increasing order were
Mgco3 ¢ CaC0;< SrC03 { BaCO3. The catalysts SrCO, and BaCOj3
increased gasification rates about three fold where as MgCO,4
and CaCO3 increased the rate 11 aﬁd 50 times respectively at
90Q°C.\ ) 1

. Walker, et al. (7) added very small amounts of Fe, Ni or

. %
Co to graphite (300 ppm) by dry mixing. From their results, ané
: .

<

o
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in the temperature range of 800 to 1000°C all catalysts were
very active with Fe being the most. At 950°C graphite gasi-
fied at a rate of 0.0025 min_l, with Ni the rate was 0.45
min"l, with Co 1.0min ) and Fe 1.6 min Y. From burn-off vs.
time isotherms it was found that the curv& levelled off

after some period of constant gasification rate. This was
attributed to catalyst deactivation being more. pronounced in
the case of Fe. For burn-offs Higher than 75% decreasing rates
were due ts estruction of surface area rather than deactiva-
tion alo\e.

Taghiro et al. (49) studied the catalytic effect of plati-
num; palladium and rhodium on the c-co, reaction of active
carbon at 800°C. Without catalyst the rate expressed as CO2
conversion was about 1.5%. The catalysts (5%) increased the
conversion to 32.1% (pPd}, 59.8% (Pt), 70.8% (Rh).

Yamada et al. (50) added five. nickel compounds to PFC
char by dry mixing to a content of nickel of 0.5 atom$% with
respect to carbon atoms (=2 .4wt%). The nickel compoundshyere
NiO, Ni,CO, (OH)4.4H 0, Ni(NOj),.6H,0, NiC,0

3 5 3)2 4.2H20 and Ni(CH3.

Co 2.4H20. Samples were heated in CO2 up to 1000°C. The
___///égillytic activity could be correlated with'the easiness of

the compound to reduce to metallic nickel. It.;gs for this

reason that nickel acetate, oxalate, nitrate were gcod

catalysts and gave conversions of 70, 50, 40 wt% respectivly

up to about 900°C at which temperatures pufe char was -
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unreactive. The other two chars were little effective.

2.8.2 Effect of Catalyst Concentration and Temperature

Very little work has been done on the effect of catalyst
loading and gasification temperature. &ohnson (51) pointed
out that there is generally an intermediate optimum concen-
traFion beyond which ‘either negligible or negative effects
result. ‘Aiso the relative catalytic effects decrease with
increasing gasification temperature.

Taylor and Neville (6)used 7.5 and 20wt® Ni in coconut-
shell charcoal which produced the same results indicating the
optimum conceﬁtration had been reached by 7.5wt%. Also 10
and 20wt% KpCO; was used. The rate increase of production of
CO was 8 and 15 times respectively. This corresponded to .
almost a linear increase in catalyst effectiveness.

Spiro et al. (44) reported that fqr'graphite containing
alkali metal carbonates and for metal4to—carb0n:ratio greater

L]

than about 0.0l relatively flat loading dependence on reaction
rates was observed at 900°C. For coal chars, increasing the
catalyst loading ranged from accelerating (C52C03) to inhibit-
ing (Li,C0;) the rates.

Yamada et al. (50) varied the'nickel loading in the PFC
char. The amount of gasifiable carbon increased with the.

amount of nickel acetate. The conversion of PFC char below

800°C was 40,70,90 and 98wt% for nickel lbading of 0.2, 0.5,
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1.0 and 2 atom% (1, 2.4, 5, 1l0wt% respectively). " However :
the conversion increase divided by the amount of catalyst
used ;ecréased with catalyst loading. ‘

Fox and White (45) found that 5wt} NaCo, in graphite
and sugar char increased reactibn'faﬁeé'tﬁentyfold at 900°q
and tenfold at 550°C. Thus effectiveness of cataiyst de- ¢

creased with tgmperaturer ‘Jélan and-kao (46) arrived at ‘

| similar foundings. Also they found that with 1.5wt% LiO and
3,.7wtd L12C03 content ig carb@n black pellets, the rates
increased with particle size indicating diffusicon. From the
isotherms and assuming‘a first order reaétion, the rate cons-
tants for both catalysts were found with an activation energy
of 93.10 + 4.26 kJ /mole. 1Correcting for pore and film dif-
fusion, the intrinéic rates cﬁnst;nts had an activation enq;gzﬂr/‘
of 201.1 kd /mole. The activation energy for uncatalyzed
samples was 360 k] /mole. ‘

McKee (48) from plots of.gasification rates of graphite
with 5wt% alkaline earth carbonates vs. 1/T found the activa-
tion energieé to be 383 ki /mole for pure graphite, 291
for MgCO,, 253 for'CaCO,, 246 - for SrCO3 and 244 kJ /mole
for BaC03. He pointed out that the apparent activaticn energy
is not very éensitive'to the catalytic species ﬁresent! the
main effect of the additive being to change the pre-:;ponential
factdr of the rate constant.

Walker et al. {7) studied the catalytic effect of Ni,CQ

and Fe, and from rate vs, l/T.graphs, the apparent activation

energies were calculated to be 364 kJ/mole, 318, 218- and. 159
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kj/mo1e " for pure graphite, Mé, Co and Fe respectively.

Runs for sampies containing Fe were diffusion controlled.

2.9 Mechanism of Catalysis

The mechanism of catalytic gasification of carbons in
Csz\has been reviewed recently by Wen (8) and McKee (52).
The surface-cleaning, oxygen-transfer, and the electron-trans-
fer mechanism advanced in recent years. [These by vdrious

investigators are discussed here.

2.9.1 Surface-Cleaning Mechanism ‘ .

Taylor and Neville (6) postulated that alkali metal
carbonates catalyze the C—CO2 reaction through‘a surface-
cleaning mechanism. Their presence accelerates. the removal
of surface carbon-oxygen complexes and the cleaned surface
is more reactive towards carbon dio#ide. They carried out
adsorption experiments of carbpn.dioxidé in the presence of
carbonates to verify this mechanism. They found that the
adsorption characteristics cof the charcoak’ghrface toward CO2
increased in the presence of the catalyst. For the carbon-
steam reaction, the catalytic effect of carbonates was sought ‘
to be through the catalysis of the c-co, reaction based on the
fact that there was a striking parallelism between the catalysts

for the two reactions.

2.9.2 Ooxygen-Transfer Mechanism

Fox and White (45) interpfeted the catalytic effect of

Na C03-on graphite and sugar char gasificétion with CO2

2
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according to the following mechanism. The carbonate reacts
with carbon in the solid matrix tec form vapor metal and carbon
monoxide. The alkali metal vapour reacts with co, to form a
metal oxide and carbon monoxide. The metal oxide fdrthgr reacts
with CO2 forming a metal carbonate which is drawn back to the
surface and enters the reaction again. Taylor and Neville (6)
rejected this oxidation-reduction cycle as the mechanism for
catalysis. ' . ' '
McKee (48) expléined the catalytic effect of alkaline
earth carbonates on graphite gasification with CO2 according

to the following oxidaticn-reduction cycle.

MCO3+C=MO+2CO (2.5)

MO+CUO =MCO3 : (2.6)

2
where M=Mg, Ca,,Sr, Ba. The termal stability of the pure

salts was investigated as a function of temperature in atmos-
pheres of flowiné He and COZ' The catalytic activity increased
_ with increasing stability of the salts. Reaction 2.6 was veri-
fied by‘heating alkaline earth -oxides in CO, at different
temperatures. McKee.pointed out that the uncatalyzed graphite-
steam reaction is five times faster than the graphite-carbon
dioxide reaction. However with the addiﬁién of 0.5wt%vBaCO3,
both catalyzed reactions occurred at the same rate and with

the same overall activation energy over the whole temperature

range. Since in both reactions the first step is as given in

thé reaction expressed by Equation 2.5, he concluded that this

e
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endothermic solid state reaction step is the rate determining

with the second step occurring raﬁidly.

McKee and Chatterji (42) proposed the oxidation-reducticn-

.. mechanism for the reaction catalyzed by alkali metal carbon-

ates. . '
MCO4+2C=2M+3CO | (2.7)
2M+C02=M20+:C0 _ (2.8)
M,0+C0,=M>CO3 . (2.9)

where M=Li, Na, K, Rb. Hdwever, very recently McKee (52)
and McKee et al. (43) proposed a somewhat different sequence
of steps for Lizcol. According to L12C03 reacts with carbon

to form Lis0 which further reacts with CO, to form LipCo

2 3°

This was based on the'grqunds that lithium oxide is more

stable than the other alkali metal oxides and the formation of

lithium metal is unlikely under gasification conditions.

McKee and Chatterji (42) also pointed out that gasifi-

‘ca;iop rates accelerated at temperatures near the melting points

of the salts. Hot-stage observations of graphite flakes with
dispersed particles of carbonates on their exposeﬁ basél
planes failed to show any catalytic channeling or particle
mobility at temperatures up to 1000°C. Even abovL-the melting
points of the carbonates, the droplets remained motionless

on the horizontal graphite crystal surface. A gradual vapor-
ization of the salt was observed at 1000°C, and some sub-

limation of the alkali metal occyrred during gasification.
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The observation that tﬁe rates proceed slowly below the carbon-
ate melting point and rapidly o§er it is consistent with the
first step of the reaction sequence being the rate determining
step since the molten carbonate is in better contact-with the
carbon surfa&e.

wWalker et al. (7) also supported an oxidation-reduction

mechanism for the catalyzed gasification of graphite conta}ning

Fe,.Ni or Co.

2.9.3 Electron-Transfer Méchanism

Long and Sykes (53) explained the catalysis of carbon
gasification by an électron theory. The catalyst present in
the carbon matrix accepts electrons from the carbon planes.
This results in delocalization of electrons in the‘carbon
plane which in turn affects the events at an active site.

The desorption of the carbon-oxygen complex is facilitated
by the change of the carbon-carbon bond order from double to
single while the ca;bén—oxygen bond of the complex changes'
from single to double and adsorption is also faéilitated.
Their theory predicts a decrease in activation energy of both
adsorption and desorption steps and does not alter the mechan-
ism of the reaction. It limits the number of active sites
dﬂly to that corresponding to edge carbon atoms. They pro-
posed this mechanism for the transition metal oxides.

Walker et al. (7) discussed some of the modifications to
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this theory to account for experimental results wﬁich could
not be explained otherwise.

_Wen ({8) showed that alkali metals can exchange electrons
"with a carbon layer forming intercalation structures which
can react with carbon dioxide. T

Kapteijn et al. (54) reported that when K3CO, —.activated
carbon and K2C03 - coal were heated in a nitrogen flow at
.827°C, intercalate structures form. These were detected by

X-ray analysis. These authors pointed out that in the-pre-

sence of C02{ intercalates cannot be formed.

= eade L




34

CHAPTER 3

EXPERIMENTAL

3.1 Apparatus

The flow diagram of the experimental set up is shown
in Figure 1. It consists of a reactor, a thermogravimetric
balance, a furnace, a temperature programmer and an equipment
for metering feed gases.

The apparatus may be divided into three sections, that
is the feed section, the reactor assembly, and the control

section.

3.1.1 Feed Section

Nitrogen and Carbon Dioxide, cbtained from high pressure cyl=-

inders, were the feed gases. Nitrogen was used to flush the
reactor, and for the heating pericd, until_the desired temper-
aturg was reached, at which time, N2 flow was stopped and
CO2 was introduced.

Both gas lines ﬁad a flowmeter (tube and float series
601, Matheson C0.), a pressure gauge, and a needle valve. The
needle valves were used to keep the feed gases at atmospheric
pressure. These stainless steel, micrometer pontrol valves
are manufactured by Nupro Company, part number SS25G with
0.08 cm orifice. They were supplied by Ottawa Valve aﬁd

Fitting Company.

*3
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SCHEMATIC DIAGRAM OF THE APPARATUS

Symbol Item

co, -Carbon Dioxide Supply

F Furnace

LTP ' Linear Temperature Programmer
NV . Needle Valve

N, . ' Nitrogen Supply

PI Pressure Gauge

QR Quartz Reactor

R Rotameter

S Sample Buckeé

TC : Thermocouple

‘'TGB ' Thermogravimetric Balance

v Two-way Valves for Flow Control
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3.1.2 Reactor Assembly

The reactor assembly consisted of a thermogravimetric
balance (TGB), hangwire and sample bucket, reactor and furn-
ace.

The TGB iéggplied by Mettler Instruments, Zurich,
s&itzerlaES) had features which provided direct weight loss
data ring gasification. A bloék diagram of the TGB is
shown in Figure 2. The beam scanner (5) records the beam
deflection which occurred during weighing. It controlled
the control amplifier (6). The-latt;r generated a current
proportional to the weight in the moving coii of the compen-
sation system (2) by the way of the range selector switch (7).
The current generated a magnetic opposing force, which kept
the beam at rest in the case of minimum‘deflection.

The control sockét of the'TGB'was modified into a quartz
‘reactor,720 mm long 40 mm O.D. It had two side openings for
‘the entry éf N2 and'Coz, énd the ekit for the product gases.
The top of thé'reactor was clamped to the TGB.

The chaf sample was pléced in the bucket which was made
of pure’ platinum woven wire gauze with openings of 80 mesh
(supplied by Johnson Matthay and Mallory Limited). The hang-
wire suspending the sample bucket was made of guartz with
600 mm length and a diame‘ter of 0'.5 mm. |

A Lindberg type furnace was used to heat the reactor.
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BLOCK DIAGRAM OF TGB

Weighing system

Magnetic compensation system
Pan brake

Power supply

Inductive beam scanning
Céontrol amplifier

Control for pan brake

Range selector

Measuring amplifier

Taxing and zero point ‘

Analog output signal

¥
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™S

It had two vertically split half circle heating units (2K.W.). A
paste of asbestos powder mixed with water was applied to the
outs;de of the héating elements for insulation. The ésbestos
~was slowly dried to prevent cracking. The wires of the furn-
ace were coﬁhécted to the power and control secticn of the

)
set-up.

3.1.3 Control Section

The TGB had a control unit. This was used for calibration
and taring purposes. A strip chart recorder (Series B-5000,
Houston Instrument, Austin, Texas) was connected to the 10
volts analog output of the cdntrol unit. The output signal
in millivolts was transferred to the recorder.

A digital readout ﬁnit {Mettler ME 22) was placed on top
Sf and connéfted to the control unit. The recorder and the
digital readout unit gave the sample weight at any particular
time.
| A temperature programmer/contrgllerV(Model PC-6011, Vvalley
Forge Instrument Company, Phoenixville, Pa.) was used. The
programmer could be operated. isothermally or used to maintain
a change of temperature at a certain heating rate. The rate
could be varied from 5-50°C/min: It had a controlled service
outlet to provide poweg to the furnace, ana required only -
one connection to the power line to operate the entire system.

A dial indicated the temperature set point, program process,

-
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and maximum temperature limit.

A chromel vs. alumel type K thermocouple {supplied by
VThermoelectric Canada Ltd., Brampton, Ontario) was inserted
into the quartz re;ctor, close but not touching the suspended
sample bucket. The leads of the thermocouple were connected
to the programmer.

A Hewlett-Packard 3435A Digital Multimeter was connected

to the temperature programmer, and it gave the output signal

(in mfllivolts) of the the;moéouple at any time.

3.2 Calibration of Equipment

3.2.1 Calibration of the TGB ¢

The thermogravimetriclﬁalance was c;librated before any
experimental run. The powér switch was turned on for the
recorder, the control and the digital readout units of the
TGB. A warm;ng up period of about 20 minutes was allowed.
With the hangwire, sample bucket and tﬁe reactor in place, a
zero readihg for the TGB was obtained by Fsing the taring
kﬁop on the control unit. At the same time, the recorder
was adjﬁsted to give & zero reading. Then a 10 mg calibrating
ring was hung from the TGB. The readout unit should display
a'lng reading, and tﬁe recorder 10mv. After removing the
‘ring, zero readings should be obtained. If not the calibra-

‘tion steps are repeated.

[
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3.2.2 Calibration of the Thermocouple N(/?

The thermocouple was calibfa;ed using- a mercury thermom-
eter, and a standard chromel vs. alumel type K thermocéaple
attached to a tempergture sensor. ?he‘sensor had a range of
—60° to 2000°F (mddel 8520-40, Cole-Parmer Instrument Company).
The two thermocouples and the thermometer were tied together
with their tips joined, ;nd were inserted into the temperature
controlled furnace. The programmer was switched on, and a
heating rate of 15°C/min was selected. The dial was set at
100°C and thg;heating started when the programmer waé set at

' '
the rise to hold mode. After the teméerature reached the set
point, sufficient time was allowed for thé temperature to
stabilize. Then the voltmeter, temperature senscor, and
thermometer readings were recorded. >The same procedure was
repeated with increasing 100°C temperature intervals, up to
gooec. .Readings with the mercury thermometer were obtained
only for the lower temperatures.

In Figure 3, a plot of the temperature versus the E.M.F.

of the voltmeter is shown.

3.3 Experimental Procedure

Each run was carried ocut as follows:
With a bubble-meter connected to the outlet of thé reactor,
nitrogen was introduced. The flow was set at 100 ml /min, and

the needie valve adjusted (if necessary) to obtain atmospheric
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Figure 3. Calibration Curve for the Thermocouple
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__)
pressure in the system. The same procedure was repeated
for carbon dioxide, but with a flow rate of 150 ml/min.

The TGB was tared and calibrated simulianeously with
the analog reccrder.

A char sample ‘of 80.0+1.0mg was placed in the bucket e
which was then suspended by the hangwire in the reactor.

Nitrogen was allowed to flow through the reactor assembly

in order toc remove air. At the same time, the programmer was set

at the isothermal mode at 20°C. A period of 30 minutes or more

was allowed for thermal equilibrium,'and purging of the assembly.

The system was' also checked for leaks.

With nitrogen flowing, the programmer was set at a heating

rate of 15°C/min, with'an upper temperature limit, and the
heatiné stérted. During this period some weight loss took
place due to devolatization and drying.

When the heating limit was re;ched, sufficient time Qas
allowed until the temperature stabilized, and no weight loss
fas obéerved. Very quickly, the nitrogen flow was
discontinued, carbon ﬁidxide was introduced, and simultan-
eously the recorder's chart speed motor was turned on. The
weight loss data of the sample were obtained from the strip
.chart of the‘;ecorder. They.were periodicﬁlly checked with
the direct Qeight loss readings from the TGB. The flowmeter

was also perfodically checked for a constant flow rate of coé

The voltmeter reading (thus the temperature) was recorded.

—

-t areatian
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After a certain time, or until completion of the reactionf
the recorder and the programmer -were turned bff{ the CO2 flow ‘
was discontinued, N2 was introduced, and the system was let
to cool down. -

When at room temperature, the hangwire and the bucket were
removed from the-reactor. The residue in the bucket was .
placéd in a vial and stored in a desiccator.for further analysis.

For"soﬁe of the runs, the product gases were analyzed
‘using a gas chromatograph (HP5750). A sampling system was
connected to ;he exit of the reactér. Gasvsamples were taken
on regular intervalg injected into the gas chromatograph.. This

analysis was only qualitative.

3.4 Char Samples and Chemicals -

E)

The two chars, Saskatchewan lignite and Forestburg sub-
bituminous, were 6btained from Energy, Mines-énd_Résources,
Research Lab,. Ottawa. The chars were produced froﬁ'fhe fes-_
‘pective codals by heatihg them in a stream of He at 927°C.

Tﬁe chemical composition of the chars is given in Table 3.1.
. For thé'liénite char, the phyéical characteristics given
iﬁ Table.3.2 and'Figure 4'were provideé by Micrometrics,
Norcross, Ga., U.S.A,.

The catalysts were supplied by the Fischer-Scientific
Co., New Jersey, U.S5.A. '

Nitrogen and Carbon Dioxide were supplied by Liquid



Moisture
Volatile matter
Ash

Fixed carbon

Ash
Carbon
Hydroggn
fSulfu:
Nitrogen

Oxygen

TABLE 3.1

CHEMICAL ANALYSIS OF CHARS

' Lignite Char Sub-bituminous char

Proximate Analysis, wt%

0.3 ) on dry basis
0.4 9.4
17.9 11.5

TPa 79.1

Ultimate Analysis, wWt%

18.1 | 11.5
78.8 81.9
0.9 . 1.7
0.3 ‘ \ 0.6
0.9 1.5

1.0 o - 2.8
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TABLE 3.2

PHYSICAL CHARACTERISTICS OF LIGNITE CHAR

Cumulative pore volume = 0.044 cm3/g
Apparent density = 1.5284 clg/cm3
Calorific value = 11,858 BTU/1lb.
B.E.T. surface area (Nj)= 216 mz/g

EEET P
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Carbonic, Ottawa, Canada.

3.5 Addition of Catalyst

Catalyzed char samples were prepared by the wet impreg-
nation method. The chars were mixed with required amounts of
solutions of Ni(NO3)2 and KpCO5. Then, the water was evapor-
ated over a water bath with continuous stirring of the mixture.
Finally, the mixture was oven dried aﬁ 110°C for two hours to
remove the moisture. Char containing Ni was later reduced at

450°C in an atmosphere of hydrogen.

3.6 Carbon Analysis
: (

) Thf char residues from the reaction were analyzed for
their cafbbn content. An Elemental Analyzer (series 99109,
Perkin-Elmer, Norwalk, Connecticut, U.S.A.), a recorder P
(moael 56, Perkin-Elmer, Waywood, Illinpis, U.S5.A.) and an
Autobalance (series AD2Z, PérkinjElmer,:Waywood, Illinois,
U.S.A.) were used,

A sample in a platinum boat was accurately weighed
(1 to 3 mg) using the Aﬁﬁbbalance. The boat was placed in
thé.magneticaily operated ladle which was inserted tHrough
the sample entrance fitting of the analyzer. The sample was

pushed into the combustion chamber. The combustion products

were automatically analyzed. The results were recorded in
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'f density of carbon tetrachloride.

50

a bar graph:form on the recorder.

3.7 Pore Volume

The pore volume of the char samples was determine& by ’
qarbon.tetrachloride adéorption.

Char samples (1 to 2 grams) contained in. small weighing
bottieslwére first dried at 130°C for threé hours. The

Sahples were then weighed  and transferred to a vacuum desic-
[3

cator contdining 210 cm3 of carbon tetrachloride-cetane mix-

ture (4.7 moles of cetane}. The desiccator, attached to a
gf;duated cold trap, and a vacuum pump, was evacuated until °
about 10 cm3 of carbon tetrachloride:was vaporized~and col-
lected,in the cold traé.' By thén all air was flushed out.
The desiccator contents were then allowga to equilibrage
from 10 to 20 hours at room temperature.

After the equilibratidn period, air was sléwly admitﬁed‘
te t@e desiccator, and the cover was removed. Stoppe:s Qere
put on the bottles as-rapidly as possible and wéighed., The
poré volume was obtained ﬁrom the gain in weight and the

7

Cetane was used to lower the vapour pressure of carbon .

" tetrachloride to 95% of its saturation pressure.

The results are shown in Table 3.3.

-,
-

~
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TABLE 3.3

PORE VOLUME OF CHARS (cm3/g)

Run No. Lignite Char : Sub-bituminous char

None 5% Ni 10% K,CO5 None  10% K,CO,
1 0.033 0.048 0.014 0.012 0.0067
2 0.039 0.051 0.0072 0.012 0.0066
3  0.035  0.045 0.0093 0.009 0.0076
Average 0.035 0.048 0.0102 0.011 0.0070

The density of the sub-bituminous char was measured
" with a pycnometer. The apparent density was found to be

1.435 g/cm’.

- a
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CHAPTER 4

- KINETIC ANALYSIS )

Bésed on many studies, the unreacted-core model is the
best simple representation for the majority of gas-solid
reactiors. However, when the scolid is very poroug the reaction
can be considered to take place throughcout the solid, and a
volume reaction medel is a better fepresentation.

The pore volumes and pore size distribution (lignite char)
indicate that both chars are essentially non-porous. In that
case; the char particles can be considered to be impervious
to the reéétant gas, and the reaction will take place at the’
surface of the shrinkiné char particles.

At first, the reaction takes place at the outside surface
of the particle, but as the reaction proceeds, the su;face of
the reaction will move into the interior of the solid, form-
ing an unreacted core which shrinks with time, and leaving
i behiﬁd inert ashes.” A schematic diagram for the unreacted-
core model is shown in Figure 5.

The char-carbon dioxide reaction may be represented by

A(fluid) + b(solid) — fluid and sclid products
where b is the stoichiometric coefficient and it is equal to
1. In the unreacted-core model, it can.bé\visualized that

five steps occur in succession during reaction.

- 'Q
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Gas film

Particle
surface

Ash

Moving reaction
surface ~

So0lid reactant

Pigure 5. Schematic Diagram of Concentracion Profile for

the Unreacted-Core Model
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Step 1. Diffusion of gaseous réactant A through the £film
éurroundinq the particle to the surface of the solid.

Step 2. Penetration ang-diffusion of A through the blanket
of ash to‘the surface of the unreacted core.

Step 3. Reaction ofiéqseous A with solid at this reagtion
surface.

Step 4. Diffusion of gaseous products through the ash back

. to the exter'or-sufface of =the solid. |
Stepe 5. Dif;ﬁsion of/;aseous products. through the gas filﬁ
| back into the main body of fluid.

- The reaction is assumed to be irreversible, that is
steps 4 and 5 do not contribuﬁe to the resistance to reaction,
The matheﬁ;tical analysis of the unreacted;tore model as des-
criﬁgd by tevenspiel (55) and Wen (32), is reproduced he;::z

‘ Thé following assumptioné are ‘made
1.  The particles are spherical
2. Thé‘éﬁternal radius of the particles remains the.same,
“that is the ash layer is non-deformable.
3. The ov;rall reaction is-first order.
4f Each pafticle reacts independéntly without being éffected
by neighbouring particles, that is conversion is the same for

all partiéies at all times.

i) Diffusion Through Gas Film Controls

From Figure 5 we see that whenever the resistance of the

gas film controls, Cpg is equal to Cp. and the concentraticn

\



¢

force is given by (CAg-CASY. Based on the external surface

area of the particle, the rate -expression is given by

1 dNg 1 dNB 1 dNA " (C )
- — A= - _— - ———— —— = -C
s at 4wR? at amR® 4t 9 "Ag "AS
ex o) P .
= kgCAg = constant (4.1)

The decrease in volume or radius of unreacted core accompanying

the disappearance of dNg moles of solid reactant or bdNA moles

of fluid reactant is given by

3

_ _ = _ 4 _ 2
-dNB = deV = dNA = de(§ r. ) = ‘4ﬂpBrc drc (4.2)

where PB is the molar density of B in the solid, and V is

the volume of the particle. Combihing the above equations,

the rate of reaction in terms of

the shrinking radius of

unreacted core is obtained as

2 )
1 dNB _ PBrc drC
- = 3 = kgCAg (4.3)
Sex dt Rp at

PBR- r, 3 .
t = ?E—g" -l . (4.4)
g Ag P : o

where kg is the mass transfer coefficient between fluid
and péfticle. The radius of unreacted core can be written
in terms of fractional conversion of B

!'"/ '

4
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3 .
1-x = volume of unreacted core _ fg f4.5)
~ Total volume of particle R
Combining Equations 4.4 and 4.5
p R X
R (4.6)
g Ag

Thus a relationship between time, radius of paftidf

and conversion B in solid is ained.

~

ii) Diffusion through Ash Layer Controls

For a partially reacted particle, both reactant A
and the boundary of the unreacted ccre move inward toward
the centre of the particle.  But the shrinkage of the un-
reaéted core is slower than the flow rate of A towards the
unreacted core by a factor of about 1000, which is roughly
the ratio of densities of solid to gas. Thefefore, it can
_be assumed that the unreacted core is.stationary while con-
sidering the concentration gradient of A in the ash layer at
any timg. Thus the rate of reaction of A at any instant is
given by its rate of diffusicn to the reaction surface, or
dN

A _ 2 _ 2 _ 2 —
- ” = 4mr°Q, = 4vaQAS = Q“KEQAC = constant (4.7)

m;

According to Fick's law and for equimolar counterdiffusion,

the flux of A is given by

Q, = De 3 : ‘ (4.8)
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where De is the effective diffusion ccefficient of gaseous

reactant in the ash layer. Combining Equations 4.7 and

4.8, for any r,

&

dc >
A _ 2 A _
T - 4rr® De i - constant {4.9)

o1

Integrating across the ash layer from Rp to I, and

c to C

Ag Ac Equation 4.9 becomes

dN
All 1 P
- =— |= - £ |= 4nmDeC A (4.10)
dt [;c R;] Ag
Equation 4.10 could be further treated following the

same procedure as for the film diffusion (Levenspiel, 55). The final

result will be: 5 3
LS -4 S Y o7~ SR o~ N (4.11)
6DeC R R’
Ag B

In terms of fractional conversion of B, ﬁﬁuation 4.11

a

becomes

PuRe |
t = —%—5————-E-B(l-x)2/3+2(l—xﬂ (4.12)
eC
Ag .
Wen (32) has shown that by defining De based on the surface

area of the unreacted core, Equation 4.12 becomes

P
- R; 2 -
_Pg o 1/3] s
t = £ Dec [l (1-X) (4.13)-
Ag
iii) Chemical Reaction Controls

The progress of the reaction is unaffected by the

presence of ash, thus the quantity of material reacting
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oY

is proportional to the a%éllable surface of unreacted core. -

Based on unit surface Qf unreacted core, the rate of reaction

is given by:

1 B _ 1 A (4.14.)_‘

where ks is the first-order rate constant. Substituting

for NB from Equaticn 4.2, Equation 4.14 becomes
drc- 7
—pB‘ It = kSCAg (4.15)

Integrating equation 4.15 from Rp to re

Fa

t = (R -r ) ' . (4-16)
ksCAg p C . -

In terms of fractional conversion of B, Equation 4.16 becomes

P R

€= o [1—(1—x)1/3:| (4.17)
s"Ag ‘ |

The three resistances to the reaction rate can also

be combined in one equation.

R S

]

S



59

: . CHAPTER 5

EXPERIMENTAL RESULTS

-

By the time the reactor was brought to the desired

temperature, moisture and all other volatile matter were

driven off: Kll that remained was

.and catalyst. The gasification of

fractional conversion based on the

at the start of the reaction.

W.-W
1

W
c

X =

where Wj and W are weights of char
respectively, and We is the weight

of the reaction.

essentially carbon, ash
the chars is expressed ‘as

amount of carbon present

initially and at time t

of carbon at the, start

Experiments conducfted can be divided into two groups;

Uncatalyzed gasification of- chars,

and catalyzed gasifica-

tion of chars. The experimental and calculated data are

given in Appendix C. A summary of

X

given in Table 5.1.

experimental runs is

gl

T et e e e
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TABLE 5.1

SUMMARY OF EXPERIMENTAL RUNS

Run No Description Parameter studied
1-9, 14-21 . uncatalyzed CO2 flow rate, particle size
10-13, 22-25, 50-55 uncatalyzed temperature, CO2 partial
. . pressure

26-35 catalyzed temperaéure, catalyst

{Ni) concentration
36-49 catalyzed temperature, catalyst
: (K2CO03 or concentration

KpCO3+Ni)

56-65 Replicates

5.1 Uncatalyzed Gasification

The -chars were gasified in a stream of CO. at atmospheric

2
préésure, and a temperature range of 728-875°C. The weight of
tﬁe char sample used in each run was 80 mg. The parameteré
studi;d were the particle size, cérbon'didxide flow rate,
and temperature.

The carbon dioxide flow rate in all ekperiments was
150 m]/min except when the effect of the flow rate was studied,
Char particle size of 0.354-0.420 mm was used when the CO2 |
flow rate effect was studied, and particle size of 0.500-
0.595 mm when thé temperature effect was studied. Aall levels

of conversion were obtained in the temperature range of inves-

tigation. As expected conversion increased with temperature.
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To test the first order dependency of the reaction,

experiments were carried out by introducing Coz—‘N2 mixtures

at a total inlet flow rate of 150 ml /min and atmospheric

pressure.

5.1.1 Effect of CO, Flow Rate

2

Char samples of particle size 0.354-0.420 _mm were gasified
/" - .

- at 821°C (sub-bituminous) or 823°C Pligﬁ%ée char)-;t different

" conversion remained unchanged for flow rates of CO

. 7 J
CO, flow rates. The plots of carbon comversion vs.\time are
v
shown -in Figqure 6 for the sub-bituminous char and Figure 7
o -
for the lignite char. In the case of sub-bituminous char

2 higher

than 80 ml /min. However, for the lignite char it was about

110 nﬂ/min.' It could be inferred that at high CO, flow rates,

2
diffusion through the gas film surrounding the char particle

had insignifiédnt effect on the.rate of carbon gasificationh

For subsequent experiments the flow rate of CO, used was

2
150 ml/min.

5.1.2  Effect of Particle Size

-

Four pafticle sizes of char were gasified at 823°C. The
plots of conversion vs. reaction time are shown in Figure 8
for the sub-bituminous char and ¥igure 9 for the lignite ‘char.

o
t can be seen from these plots that conversion remains essen-

’ tia11y“the same when the particle size is changed. A particle
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size of 6.500 - 0.595 mm was selected for subsequent runs.

5.1.3. Effect of Temperature

The conversion of Saskatchewan lignite and Forestburg
chars with respeé:mto-time at various tempefatures is given
in Figures 10 and 1ll. Reaction temperature was varie@ to
eyaluate the kinetics of reaction. ' The experiments weTre
cérried out with CO2 flow rate ofql&O ml /min and particle
sizé.of 0.500—0.595n1ﬁ.‘ It can be .seen from these figures
that at the same temperature and for the same period of time

the conversicon was higher for the lignite char as compared to

sub-bituminous char. Hence, lignite char is more reactive.

5.1.4  Kinetics of Gasification

Based on the observation that the chars were essentially
non-porous, it was attempted toc use the unreacted-core mecdel
for the kinetics 6f gasification.

Thé mathematical express}ons involved in the unreacted-
éore model have been éérived in chapter 4. It was assumed
that the overall reaction is first order. To test the first
order dependency, experiments were carried out by introducing
CO,-N,
6fithe two gases was kept at 150 ml/min. The plots of con-

mixtures at atmospheric pressure. The total flow rate

version vs. time are shown in Figure 12 for the sub-bituminous
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char and in Figure 13 for the lignite char. The initial

rates ([dx were then plotted as a function of concentration
dt) x=0 _ ' ‘ -
of C02 (Figure 14}. -3

For both of the chars the slopes of the curves were equal
to one, indicating that the reaction is first order.
The equations derived in chapter 4 for the unreacted-core

model are reproduced here. That is

¢ = B B < {5.1})
3kgcAg K

when film diffusion is controlling.

CPLE S 2 )
=L1L[_:~l/3] -
t GDeCAg ;_(l X) (5.2)

when ash diffusion is controlling ' ' .

t = E‘EE‘ [1—21—x)l/3] (5.3)
" " "s Ag '

fhgn chemical reactioﬁ is controlling.

The results of the éxperiments with varying carbon dioxide
flow rate and theoretical calculations‘(Appendix B} showed
that the reaction was not film diffusion §Ontrolled. To test
~whether ash diffusion;or chemical reaction controlled, plots
of [}~(l—x)l/3] Qs..time were made on a log—iog'gra;h:aﬁd.for

the runs in Figures 10 and 11. These plots are shown in,
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Figure 15 for the lignitk char énd Figure 16 for the Forest-
burg char. It is seen (from these figures that the results
are well represented straight 'lines whose slopes are

between 0.85 and 1.0. According to Equation 5.3, a slope of

1 means that chemical reaction was controlling where from

equation 5.2, a slope of 2 means ash diffusion was controlling.

Therefpre, the C-CO2 reaftion was chemical'reaction controlled,
and Equation 5.3 is applicable. Equation 5.3 .in jyts differen-

tial form is as follows:

3k _C . ‘
dX _ T sTAg () _y)2/3 (5.4)
at = FgRp .

Differential rates were obtained from the cénversion—
time data using a computer program. The,program.was DGT3
dyailablg in the Scientific Subroutine:Package of IBM.

" Equation 5.4 was tested for its fit using a non-linear least
square computer program available in the Computer Centre
Library.

' The condition for the applicability of a model is the
rate consﬁaﬁt; to be positive. Although Equation S;Z;have
positive rate constants, the residual values obtain from
pre@icted and experimental reaction rates were ﬁigh. The
next step was to further clarif& the model. 'Fo; this pur-

‘ ' ) .
pose Wen' (32} suggested the use of an effectiveness factor

which .,is given as:

-
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- actual reaction rate (5.5)
s reaction rate obtainable at the concentration
and temperature of the bulk phase

- The effectiveness factor relates the reaction rate
- +

at any time to the initial rate and permits the examination

of the effect of diffusion. For the unreacted -core model
}he effectiveness factor is proportional to the reaction rate
per unit reaction surfacé area. Reaction rate per unit

» . ' | .
surface area is defined as ]
. . — '
M . .

)« —3 - . (5.8)
Cc

where r. is defined as

2 2 2 2,0,.2/3 e oy
4vrc = 4pr (rc/Rp) = qup (1 X) . ) (5.?)

M is the total‘reaction.rate of carbon ggéification.
Normalizing by dividing the reat;ioﬁ'rate per unit
reaction surfaée area at x=0, unit réaction ra;es were
calculated ar‘plotted in Figure_i'i for the ligniﬁe cha'r_
and Figure 18 for the sub-bituminous char. ) ’
From these figures it cAn Ee seen that.reaction rate

per unit surface .area increased with carbon conversion.

This leads to the conclusion that diffusion was not ¥ontrolling.

.When there is no diffusion, the unreacted-core madel predicts

that s is equal to 1 for all levels of conversion. The

*



77

J8YH e3TUITT °UOTSI8AUO0) UCqIBD

0= (Gun/M)/(,°2un/u) m %l

*8A BOJY 90BIaNS va:: Jed 9389Y UOTIORGY PRITIWWION ‘LT eInBTd
UOTBISAUO) UOQIB) ¥
00t 08 09 ov . ot
T, T T | I T L T T £0-
J,8ZL O
2,08 ¥ )
2,208 A
9'0
_ J,¢€z8 O
\ J,¢cL8 @
NN » V W W - (
OA 70
. v, v, o 80
‘A v - A/ a 0
a0V @ oAV 0
O o A& a o & .
. e
{ .
®
. z
V4
!




*J8YH BNOUTUNITQ-QNS *UOTEILAUOCD UOQIED

*BA BAJy edvjans 3Tun Jed ejvy uoTIoBeY PEZTTEWION 8T eanAtd
UoF8JISAUO] uoqIRd %
(014] 8 (0] ] 09 otv 0c 0 t
‘ I T~ I | | i T | £0 ‘
. 9, 8ZL
: —
2, 08¢

9, 008 a

o g -19°0 "

. U 1z ) P
R - _, 1 . &
2, TL8 5

) — N

- o

— I\Z

Vo 2 ol Y

Va M\W WY\ =

. - A% N
v o] &

. iv q- A o) o =
hd L ag: @ : M dro-

a, ANl N

ﬁ»a a [ ) W 3

' ]



deviations in Figures 17 and 18 are explained by the concept
of geometrical instability first pointed out by Cannon and
Denbigh (56). When the rate per unit afea decreasps as the
cbnvgrsion becomes greater,‘the structure nonuniformity will
tend to be smoothed out because the raté of reaction.is less
.at a point of deeper penetration. On the‘other'handj when
fthe rate of reaction per unit area increases as conversion
increases, greater unevenness of the reaction surfgce will
résult. '

Since for both chars the reaction rate per unit surface
area increased, the reaction surface unevenness became

greater with conversion. However for the lignite char there
was a teqdehcy téwards tﬁe end of the reaction for the struc-
ture nonpniformity t; be smoothed ocut.

: As the unevenness‘'of the reaction surfabe increases,
there is greater penetration of the char particle'by reactant
gas and the reaction is not limited only to’'the outer surface
of the particle. The above explain§ the high residual values
obtained when Eahation 5.4 was useduto fiﬁ thérresults,'and
also the deviations from the value of 1.0 for thé slopes in
Fiéures iS and 16.

. " The next step was to modify the unreacted—core model in
érder to account for the changes in the ava@lable reaction

.

surface areé due to‘géometricay‘instabilitﬁ. The following

’ -

L3

“»
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‘80

modified unreacted-core mcdels were developed:
i} In the plots of [1-(1—X)}/3] vs. t the results were

well represented by straight lines whose slopes were different
1 ! * i . .

but close to 1. Equation 5.3 can be written as = _
PpR 17312 (5.8)
£ = o [1-(1-X) - &
s Ag

¢

where a is the value of the slope. After differentiation, ..

Equation 5.8 becomes

3k _C l1-a o
X . =89 5?3 Ll—(l—X)l/B] (5.9) -
B p . , .

Equation_5.9 is the modified unreacted-core model.

“1i)
To the unreacted-core model, a term xb was added to

account for the geometrical instability. That is

. b o

ax _ %% (1_x)é/3x6£ ' _ (5.10)
e T

where b is a constanf and has different value at different

temnperatures.

iii)
Dutta et al. (15) studied the gasification of 6 coals
and .chars of high porosity (0.65-0.86). To account for the

structural changes and thus changes of the available -reachioh

. [ v . '
¥ ' 3 , ¢
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surface area, a term A was introduced and a volumetric.model
was used to describe gasification. Although in the presgnt
investigation reaction takes place At the oﬁter surface of
the particle, geometrical instability results in chagges of
the available reaction surface. Consequently the gégm A was

introduced here, and is defined as

A = 1+100x% e PX (5.11)

-

-

where a and B are constants.
‘The value 'of A varies with temperature and convefsion, :
agd écéording to Egquation 5.11 it may incfease,”decrease, or
m show a maximum or minimum as the reabtion proceeds, accdr-
. ding'to the' sign .{+ or -).-
Since for both chars the reaction rate per unit surface

ared increases, the unreacted-core model becomes

: 3k.C |
% - —S'A9 (1_%)2/3 (14100 x%e"P% (5.12)
PR

iv)

In the unredcted-core mod;l, the term kSCAg can ?e
.replacé&’byka‘function F(C) involving the reaction rate and
concentration of reactiVe speciés in gas‘pﬁase. . F(C) can

be the Langmhir—Hinshelwood mechanism for the C—CO2 reaction

in which the reaction is hindered by the produc;;CO.

P



K, €0, ‘

F(C) = :
5 01
1+K2PCO+K3PC02 { 3

. . r
where Ky,Ky K3 are kinetic parameters. - *

49
v)

With pure CO, entering the reactor at a rate of 150
mi/min, the concentration of CO can be assumed ﬁo be qegli;

gible. Hence the inhibiting effect of the pfoduct CO is

insignificant. Then F'(C). can be written as

K, pCO | )
Fie) = — 22 (5.14)

1+K,pCO,

-

whers K, , Kz'are kinetic parameters.

All the models are summarized in Table 5.2

LA



TABLE 5.2

REACTION MODEL FORMS

Model 1 - ax_ Xs%g . 2/3
dt ~ PgR,
Model 2 ax _ 3ksCy 2/3 - 1/3]13
(X 1- (1-X)
) PeRp @
Model 3 cax _ PRsQg 273 b
3t ~ PgRy
~ 3k.C
Model 4 & - SR 0023 100X
B'p :
Model 5. . & _ > - ..2/3 F1P%% .
3 " PR, T+K,BCO+K,pC0,
Model 6 & _ 1-x) 23 K1P%
at ~ PR, T+K,BC0,

Using the non-line;r lé;st square computer program the
different models were tested for thelbest fit. Models 5 and
6 (Table 5.2) gave negative reaction rate constants and fhey
were rejected. Models 1 to 4 gave positive rate coﬁstants.
These models were discriminated by comparison of résiduals..'
" As shown in Figure 19, model 4 gavé the lowest values of
residuals. Therefore Equation 5.12 was considered to repre-
sent the data of char gasification best.

The reaction rate constants and the constants ¢, B are
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given in table 5.3

Ve
TABLE 5.3
REACTION CONSTANTS | ‘
LIGNITE CHAR
Tem ' ‘k x102
(?C?. S ¢ \\ e
. (em/s)
728 0.65 | 3.5 5.4
780 1.79 )
802 _ 2.76 3.8 )
823 4.11 )
872 9.08 4.2 ) )
SUB-BITUMINOUS CHAR
728 0.50 . i
780 1.18 ) )
800 1.75 ° .- 4.1 5.6
821 : 12.52 . .
872 5.47 . 4.0 .

Variation of ks with temperature is shown by Arrhenius
plots in Figure 20 for both chars. From the least 'square
fit of the plots, the following equations for ks were obtained:

For the lignite char



5.0

4.0

3.0

2.0

86

- 0 Sub-bituminous Char
. O Lignite Char
i 1 1 1 | 1 ]
8.6 . 9.0 9.4 9.8

Pigure 20.

/7 x 107, 1/x

Arrhen;ous Plots for Reaction Rate Constant




-

" 87

k, = 9.34x10%exp (- 176,000/RT) . (5.15)

For the sub-bituminous char

8. "

k_ = 3.9x10°exp (- 155,000/RT) (5.16)

where R is the universal gas constant in J/mole XK.

In Figure 21 the experimental and calculated reaction
rates of gasificatidn for the—lignite char are shown, and
in Figure 22 for the sub-bituminous char. From these figures
it can be seen that agreement betdeen'experimental and calcu;

lated values is very good.

5.2 Catalytic Gasification

The effect of two catalysts, K,CO; and Ni (added in the
form of Ni(N03}2) on rates. of gasificiation and conversion of
chars was studied. The effect of varying concentration of
catalyst was also studiea. Thé conversion vs. time.fér the
lignite chaf‘containing 5% Ni is shown in Figure 23, and with
10% K2C03 is shown in Figure 24. Figure 25 shows the conver-
sion vs. time for the sub-bituminous char containing 10%
cho3. In all~catalytic gasification runs, the particle size
of chars was 0.500-0.595 mm and the co, flow rate was 150

ml /min.

5.2.1 Catalyst Type and Concentration

The concentration of Ni catalyst in both chars was 5%
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and 10% by weight, while that of K2C03 was 10% and Zp%l The
results obtained with lignite cﬁar are summarized iﬁlfable

5.4. The éffect of catalysF for the lign%tg c sification-(
at 728°C is also shown in Figure 26.

From Table 5.4 it can be seen thaE at all températures,
K2CO3 was much more effective than Ni. For example‘at 728°C
and 40 minutes reaction time, the ;onversion for uncatalyzed
gasification was 20.1%, for 5% Ni it was 27.3%, and 54.0% for.
10% K2CO3. The conversion at lower temperatures increased by
about 35% for the char contaihing 5% Ni, while it fell to about
15% at higher reaction températures. When the Ni concentration
was increased to 10%, conversion remained essentially the same
as for 5% Ni. It is indicated that optimum Ni concentration
required is about 5%. Thehcatalyst K2C03 was more effective.
At 728°b, and 15 minutes reaction time for the char containing
10% K2C03 conversion increased from 7.6% to 26.3% corresponding
to a reaction rate dx increase of about 4 times. 1In the case
of this catalyst evegtat higher temperatures, reaction rates
were doubled. When char containing 20% K2C03 was used the

2773
catalytic effect per unit mass of the catalyst was higher for

conversion was more than that with 10% K,CO,. However, the

the 10% K c'o3. The effect of the dual catalyst (10% K,CO,+5% Ni)

2 2773

was nearly the same as for 10% K,CO, at 823°C, whereas at

728°C an increased catalytic activity was noticed at reaction

times greater than 15 minutes.
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From Figure 26 it can be seen that 20% KZCD3 shows a °
higher catalytic effect at the begihniné of the reaction and,
tends to approach that of 10% K2C03_as thé)reéction time in;,
creases. The duval catalyst tends to show an additive cataly-
tic’effect with increasing reaction time. Again it can be
seeh fgom the figure that K2C03vis more effective than Ni.

It can be cdncludeq that for li@jite char 10% K2CO3 was most
effective catalyst.

The effect of varying concentration of the catalyst
on the char conversion for the sub-bituminous char is giﬁen.in
Table 5.5. Addition of Ni (5% or 10%) did not affect the
reactivity of chérh lO%'and 20% K2C03 iﬁcrea§ed the gasi-
fication rates. However, the'increase was‘not as much as
in the case of lignite char. The catalytic effect per unit
mass of catalyst wgf higher for 10% KZCO3 as compared to ’

20% K2C03. ' The highest increase of gasification rates was

about 2.5 times with Z0% K,CO, at 728°C.

5.2.2 Kinetics of Catalytic Gasification

" In the previous section it was concluded that 10% K,CO4
was the.most effective catalyst for both chars. Consequently
. N L]
it .was selected for further study. Also the 5% Ni catalyst

in lignite char was selected. Runs. were conducted in the

temperature range of 728-872°C. The conversion vs. time plots
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are shown in Figures 23, 24, 25.

The approach used to tind ; suitaeie model was similar
to that used for uncatalyzed gesifieation. Calculations
(Abgenaix B) - showed that fiiﬁ diffusion was not controlling:%:
The(ﬁg;éztted cere model of Eqguation 5.3 was applied to the
results. Plots of [i (1- x)l/i] vs. t are shown ;n Figures
23!-28, 29. - The experimental data were well represented by .
straight lines whose slopes rahged from 0.85 to 1.1. .Thus
catalytic gasification was chemically controlled similar to
uncatalyzed gasification .

Normallzed reactlon rates were again calcul%}ed and
plotted in Flgures 30, 31{A32. It can be seen from Figure 30

(1lgn1te char w1th 5% Ni) that .reaction rate per_unit surface

_ area increased with coﬁ%erSLOn 51m11ar to uncatalyzed gasifi-

cation. Hence diffusion was not controlling. However for
the. case Qﬁ K2C03“adQed to ehars, and as shown in Figures 31
and 3?,7at7higher teﬁperatures reaction rate per unit surface
area rncreased'with coeversion indicating no diffusion, where-
as at lower temperatures unit reaction rates decreased (q <1)
w1tnﬂeonver510n. ThlS could not be explained by dlfqulon'
which is a function of increasing temperature. However it

was observed that the char particles before and after the

reaction tended to stick to each other. Hence the reaction

rate per unit surface area was reduced due to fusion. This



99

0.4}
N 0.1}
i p—
-
P n
]
-l —
T
L= B
.004—
-
L
0.01 Lt ;1 1 ¢t ¢ 1 1 1 1 I |
5 10 ' 20 40
h Y [/

) ,
Time, minutes . ' iy

-

FPigure 27. Plots for Unrected-Core Model, Lignite
, Char + 5% Ni.



0.4

0.1

- [1-(1-)()1/3]

~ 0.04

0.01

100

|
Fa
i o 1180°C
® 728°
] S S R 2 B | 1 1 1 [
5 10 20 40
Time, minutes
Pigure 28. Plots for Unreacted-Core Model. Lignite

Char + 10% ]{2C03.




101

04t

I("'\l
N~
- 0.1k
. -
A |
- |
v
L i
-0.04 b

0.01 Lt el 1 L ' T |
5 . 10 20 40

Time, minutes

Flgure 29. Plots for Unreacted-Core Model. Sub-bituminous
Char + 10% K,C04.



*IN : + JEY) e3TuITT °‘UOTBIGAUOCD UOQJIED *SA
dou<aooMWh=m +qun Jod 8e38Y UOT3OEBOY POZTTBUION '0f SandTd

UOJSJIBAUOD UOQIB]) ¥

oov o8 - 09 oy 0cC 0o

102

| | I | L I I I l |

- . . 0,82ZL O
2,08L ¥
- 09,008 A
2,628 O
p—
9,6.8 @ ]
\v/ - ]
0 A/ Y
qnwnu
v &
VA" . v ®0 0
A v 0 _»
od v v} A ©
A v o o
O A \Y A .
.n_LU. (u] 0
®

©
o

o'x(gﬁuﬂ/ﬂ)/(zoanﬁ/u) = "l




103

€002y *oﬁ.

.+ JeYy) snoulwnjijq-qns °UO}8ISAUO) UOQIB) "BA :
veJy @dwjang 3jun Jed 8838y UOTIONeYH PeZTTBWION °I¢ eandtd

UOTSISAUOD UOGIRD Y

001 08 09 or oz 0
T T T ] T T 1 T | T
5,82L O
2,08L ©
0,128 O
5,2.8 ®
o)
7 9 00 OOO -
i A v—v o g —©
] \"4 v
0 g : g YV Vg Qa “o
, °
°
.
* ®

£0

@
o

—

« N

0= Syun/m)/(Caun/m) = ©l



104

€00y 0T + JBYD O3 TUFTT °‘UOTSIGAUOD UOQIB) *SA

By @duJang 3yun Jed se3vy UOTIOREY pezyTBWION *z(

:odnuobcoo uoqae) %

eanFTy

0014 09 ov oz 0
T I T | | ] | ] €0
2,822 ©
J,08L ¥
J,ez8 O
—49'0
D.Z.8 ©
‘nudﬁw ° -
v 0% o o
Vo (o] -
Q
o o vo ©
®
@

It/ W) = ﬂh

wun/M)/(,°

O-I(:



' L2

105 °

effect was more pronounced in the case of lignite char;
The models given in Table 5.2 were tested for the
- best fit using the nqn—linear least squares computer program.

As for the uncatalyzed gasification, model 4 represented the

. data best.

That is
- 3k C ia -
X _ _5Agy_x)2/3 1+100x%"B%) - (5.17)
dt pBRp - )

A plus or minus sign in Equation 5.17 indicates that
both were used. The minus was used in the case in which
chog was added to the chars and at lower temperatures in
which unit reaction rates decreased with conversion (ns<1}.

The constants ‘are given in Table 5.6

Variation of ks with temperature is shown by Arrhenius
plots in Figure 33. From the least square fit of the plots,
the following equations for ks were obtained:

y
For the lignite char with 5% Ni

k, = 2.10x10%exp (- 159,000/RT) | (5.18)
For the lignite -char with 10% K2C03

k. = 5.29x10exp (- 141,000/RT) (5.19)
For the sub-bituminous char with 10% K2C03

k. = 7.92x10%exp (= 152,000/RT) (5.20)
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. TABLE 5.6

- s
-~ CAR]

REACTION CONSTANTS FOR CATALYTIC GASIFICATION

LIGNITE CHAR (5% Ni)

2

Temp. k x10 a B
(°C) (&Em/s)
728 0.998 3.3 8.2
780 2.83 . .
800 3.57 3.8 5.2
823 ) 5.70 4.2
875 ) 11.6 . 4.5
LIGNITE CHAR (10% K,CO,)

»
728 2.13 5.0 .
780 5.04 5.7 . 5.7
823 . ' 10.0 6.1 6.1
872 17.7 6.0 6.5

% SUB~-BITUMINOUS CHAR (10% K,CO,) o

728 0.90. )
780 . 2.48 5.5 6.0
821 3.97 2.9 9.0
872 ) 9.45 o 4.0
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In Figures 34, 35, 36 the experimental and calculated
reactioh rates are shown. From these figures it can be seen
that there is a very good agreement between calculated and

experimental rates.

5.3 Replicates

- Some runs were repeated in order to determine the re-
producibility of the measured data. Two replicates were
conducted for each char, with and without catalyst, at one
temperature in the range 728-875°C. The temperatures at o
which runs were repeated were chosen randomly. In Figure 33,—3
plots of weight loss vs. reaction time for some of the
replicates are shown; one set for su?ififuminous char at /”\
800°C and the other for the same char”“containing 10% K,CO,
at 8?2°C. It can be seen from the plots that reproducibil-
ity was good, and was found to bé within 5%. This variation
was possibly due to thé differences in the weight at the
start of the reaction. Similar plots were obtained for
the other cases and reproducibility was again within 5%

whatever ¥he-reaction temperature was.
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Figure 33. Arrhenlous Plots for Reaction Rate Constant
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CHAPTER 6

DISCUSSION

In this chapter, the reactivities of the chars, the
effectiveness of the catalysts used, and the kinetics of
gasification will be discussed. In addition, the mechanism

of catalytic gasification will be considered.

6.1 Kinetics of Gasification

Under the experimental conditions of this study the carbon-
carbon dioxide reaction was chemical reaction controlled, and
¥

‘a modified unreacted-core model was found to represent the

éxperimental data bes#l The rate expression is as follows:

3k sC
X . —5TAg  (1-%)2/3 (14100x% PN (6.1)
. P BRp - )

* The rate expression is applicable'for both catalyzed
and uncatalyzed gasification.” The plus and minus sign’
indicates an increase (+) or decrease (-) of reaétion rate
per unit surface area with réspect to conversion. The plus
sign (increase in rate) was.used for all runs except.when
chars contained K,CO, and at-lower temperatures. The rate
expression is empirical and does not reveal information about
the mechanism of the reaction. However it has physical sig- ~

nificance and expresses reaction rates at any conversion level.

, o -
The last term (1+100X e BX) was introduced to account for

.
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the geometrical instability of the reacting solid surface,
and was firétly proposed by Dutta et al. (15} who used a
modified voiume reaction modei to describe the gasification
of a number of coals and chars Wlth carbon dioxide.

Jensen {57) used the unreacted-core model to xnterpfgi
.hlS results of carbon-steam reaction. Nand (58) prdposed
a modlfled unreacted-core model for both catalyzed and
non-catalyzed reaction of a lignite char wlth steam.

As far as the mechanism of the carbon-carbon dioxide
reaction is concerned,.numerous studies have been conducted
so far. Most of the evidence supported a two sﬁep mechanism.
In;the_firststép, CO2 dissociates on a carbon site producing
a CO molecule and an oxygen-carbon complex which gasifies
to produce CO molecule. The product carbon monixide is
knawn to inhibit the reactioh, however in the present study
with pure carbon dioxide as the feed gas, the carbon monoxide
production is only a few percent and therefore its inhibiting

effect is insignificant.

The values of the rate constant X tained for both

catalyzed and uncatalyzed gasificafion are shown in Table 6.1.

.

r#
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TABLE 6.1

COMPARISON OF THE RATE CONSTANT VALUES

ksxloz-(cm/s)

Lignite char | None . 10% K2C03 - 5% Ni
728°C 0.65 2.13 1.00
823°C | 4.11 10.0 5.70
Sub-bituminous *
char
728°C 0.50 0.90 . }
g821l°cC 2.52 3.97

The rate constant, ks, increased with the addition
of catalyst which is consistent with the increase of gasifica-
tion rates. From the Table it can also be seen that addition
of K2C03 to the cQars resulted in a higher increast of kS
than nickel,Athus K,CO, is a bétter catalyst. Also K,CO

2773
in lignite char was more effective tﬁan in the sub-bituminous

- char.

- In Table 6.2 the values of the activation energies are

\
given. -—
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TABLE 6.2

COMPARISON OF ACTIVATION ENERGIES

E ( kd /mole)

5% Ni

None 10% K2C03
Lignite char 176 141 159
Sub-bituminous char 155 152

For the.uqcatalyzed gasification, Spiro et al. (44)
repofEed an activation energy of 214 kJ /mole for a North
Dakota lignite, and 233 kJ /mole for a Navajé sub-
bituminous char. ~Dutta et ai.(lS) found an activation energy
of 247 kd /molé for a number of coals and chars. Knight
and Sergeant (31) reported activation.energies in the range
219" to 233 ki /mole for four coal chars.

Nand (58) studied the gasification of lignite char with
steam. From his results he obtained an activation energy of
17 kd /mole for the carbon-carbon dioxide|reaction.

Lowry (59) in 1963, reviewed the kinetics pf gasification
of coals, chars, cokes or graphite. The activation energies
for the C—-CO2 reaction were in the range]do to 259 kg /mole.

The.actiyation energies of 176 kJ /mole for the lignite
char and 155 h kd /mole for the sub-bitumiﬁous char obtained
in the'present study are comparable with those reported in

literature. However they fall in the lower range of those

-
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obtained by other investigators (see Table 2.1).I-This
_inaicates that the reactions werelcatalyzed by.tﬁé impurities
present in the chars. This.iﬁherent catalytic effect has
been pointed oﬁt by several investigators but little system-
atic study has been conducted. (3, 10, 18, 20, 23, 26).

Since the structural disorders and the amount of impuri-
#ies-present increase with decreasing coal rank, it would be
expected that the activation energy of the lignite char would
be lower than that of the sub-bituminous char. Instead it is
higher b; 20.9 kJ/mole, although 1lignite char is more reactive.
It can be said then that the degree of inherent catalysis is
greater for the sub-bituminous char. The chemical composition
of the ash for both chars should be known to substantiate
this. It can be seen from Table 6.2 that the activation
energies decreased in the presence of catalyst for the lignite
whereas foér the sub-bituminous char the decrease wés insigni—
ficant. Thus the catalytic effect for the sub-bituminous
char was mainly to increase the number of active sites.
Unfortunately H?fy few kin?tic studies in catalytic gasifica-
tion have been reported in the literature.

Nand (59) investigated the carbon-carbon dioxide reaction
(lignite Ehar} and feported an activation energy incréase frqm

117" to 150  &J /mole for 10% K,CO, and a decrease to B3.7

3

CO,.

. kd /mole for 10% Naz 3
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Walker et al. (7) found an activation energy decrease
from 87 kcal/mole (pure graph;te} to 318 kJ /mole when Ni
was'present at 300 ppm. McKée '(48) pointed out that activa-
tion energies are relatively insensitive to the presence of
catalysts.

For the lignite char containing 10% K2C03, the activa-

tion energy decreased from 176 to 141 kJ /mole. This

‘decrease was much larger than in the case of lignite contain-

ing Ni. Howeve: for the other c¢har containing K2C03, there

was no activation energy decrease. The activation energies

’ #
' found in the’ present study for catalytic gasification agree

well with those reported by Nand (58).
i .:From Figures 17, 18, 30 and Tables 5.3, 5.6, it is seen
that for uncatalyzed gasification and for lignite char con-
taining Ni,-the degree of,.change of reaction rate per unit’
surface area with respect to conversion is relatively inde-
pendent of temperature. Thus average values of a and g can
: \
be used for the whole temperature range, and reaction rates
can be predicted at any temperature and conversion level.
Dutta et al. (15) simiiarly found the-constants a. p to be
‘independent of temperature for most qf.the coals and chars
used. However for the case of the chars containing K2c03,

;
the change of rate per unit surface area with conversion

was a function of temperature (Figures 31, 32).
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6.2 Gasification Rates and Catalyst Effectiveness

In uncatalyzed gasification, the reactivity of lignite
char was found to be 0.0634 min * at 872°C and that of
sub-bituminous char, 0.0415 min_l at the same temperature.
Lignite was more reactive which is in accordance with the
reactivity increasing with decreasing rank of ﬁhe parent coal
(4, 10, 11, 12, 15, 23).

Jopnson (5), from the studies of different investigators,
calculated the reactivities of several coal chars. -These,

;t 900°C, 1 atm and in-pure‘Coz, rangea from Q.OOOZ min._l for
Ceylon graphite to 0.093 mi_n“l for North Dakota lignite. The
reactivities were 0.020 to 0.195 min"' for four different
lignites, and 0.022 to 0.077 min-l for two sub-bituminous
chars. f}so, Spiro'ét al.(§4) reported a reéctivity of 0.05
min - for a North Dakota lignite char, and 0.025 min_L for

a Navajo sub-bituminous char at Roo°cC. Thus fhe'reactivities
‘of the chars found in the present study aqgee well with those
reported by o£her workers.

It should be pointed out that lignites and to a }Egser
extent sub-bituminous chars, exhibit a wide range of reacti-
vities wh%ch cannoﬁ be attributed to_different experimental’
setups and methods of data evaluatioﬁs alone. It is rather

due to the different chemical and physical characteristics

of the chars (3, 5, 10, 15, 18, 44}.
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Both chars were prepared by pyrolysis of the respective
coals at 927°C in a stream of He. The effect of pretreatment

temperatures has been discussed by Blackwood and Ingeme (21).

*They heated E, Marginata char in nitrogen at different

temperaﬁufes from 650 to 950°C. The subsequent reactivity

of the char samples in C02, at 1.2 atm and 650°C decreased
drastically up to 900°C (preparatioﬁ ;emperature) and then
levelled-off with increasing temperature. McKee (52} reported
that the reactivities of!severél coal chars depreased when the

charring temperature was increased from 700° to 1000°C. They

attributed the decrease in reactivity to the loss of surface

“area. According to Walker and Hippo (18, 60) increase in

- pretreatment temperatﬁre results in improved alignment of the

[}

crystalline pla?és with loss of porosity.

In the present study, the pore volumges of the chars,

"determined by the method described by Benesi et al. {6l), were

0.035 cm3/g for lignite and, 6 0.011 cm3/g for sub-bituminous
char. Tﬁué the porosities were 0.053 and 0.016 respectively.
These values indicate that the-chars were essentially non-
porous, mainly due to the High charring temperatures (927°C}.
However the parent coals coqld not be very porous themselves.
This absence of porosity led to the use of the unreacted-core
model. Moreover it would be éxpected the chars to be more
reactive if the charring temperature was lower.

It can be seén from Table 3.5 that addition of nickel

nitrate to lignite char increased the porosity to about 0.07,

"q.‘.‘
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whereas the addition of Kéccg further decreased the porosities
of both chars.

It would be interesting to know the pore size distribu-
tion and surface area of both pure and catalyzed chars before and
during the reaction and to correlate these structural changes
with the reactivity.

As discussed previocusly, Ni had no effectvéh the reacti-
vity of the ;ub—bituminous char whereas the presence of the
dual catalyst (10% K2C03+5% Ni) in lignite char gave almost the
same results as 10% K,CO,. In Table 6.3 the ratios of catal-

2773

yzed: to non catalyzed reaction rates are shown.

TABLE 6.3

RATIOS OF CATALYZED TO NON CATALYZED REACTION RATES

Lignite char 108 K,CO;  20% K,CO, 5% Ni  10% Ni
728°C 3.60 6.29 1.38 1.35
823°C 2.68 3.21 1.25 1.24

Sub-bituminous char

728°C 1.75 2.58 - -

g2l1°C 1.53 1.58 - -

It can be seen from the Table 6.3 that increasing the
concentration of nickel from 5 to 10% had no effect on the

reactivity of lignite char. Thus the optimum concentration
- ]
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of Ni had‘been reached already. Comparing ratios of the
rates for the two catalysts, K2C03 gave higher values, thef;-
fore it is a better catalyst.- Also, although the rati&-of
rates.increaseq with the increase of the K2C03 concentration i«
from 10 to 20 wt%, the effectiveness of the catalyst (increase
in rate divided by the amount of catalysti decreased. Hence,
K2C03 at a concentration of 10 wt% is more effective.

The conclusions on catalyst effectiveness from the present
study agree with the notion that generally catalyst effective-
ness increases to some optimum concentration and then either

-

levels-cff or decreaseé (51).
McKee et al. (43) reported a rate ratio of 3.0 for 10% K2C03
in a lignite char at 700°C. In the present study, for the

same concentration of K2C03 in lignite and at 728°C the ratio

~was 3.6, in good agreement with that found by McKee et al.

From these authors' results the rate ratio wasd4,000 for graph-
ite, 110 for anthracite and 7.5 for a sub-bituminous char.

Obviously, the catélyst effectivenéss decreased with decreasing

. rank of parent coal: This is due to the fact that with de-

_ creasing rank, reactivity of chars increases considerably even qﬁ_//,/

without the presenae of a catalyst. However in the present

-study, for both catalysts (Ni or K2C03, their effectiveness

was lower for the sub-bituminous char while the opposite was
i N
expected accgrding to the above reasoning.

walker ‘et al. (7), found that for graphite containing Ni
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at a concentration of 300 ppm, the.reaction rate increased -
by a factor of 160 at 900°C. Reaction rates increased by

a factor of 1.4.for Ni in the present study. These results
cannot be compared with those of Walker et al. since differenf'
carbon solidédsgre used.

The high_catalytic activity of alkali metal carbonates
has been stressed by several investigators not only fér the
C-CO2 reaction but also for other gaSification reactions.

" There is a very good agreement on catalyst activity for thé
alkali-metal carbonates and for other catalysts in the carbon-
steam and carbon-carbon dioxide reaction. .

A final point to be made is that catalyst effectiveness
deereased wit£ increasing temperature for both catalysts and

‘at all the concentrations used. Similar results were obtained

Vivby other investigators (45,.46, 51).

6.3 Mechanism of Catalytic Gasification

To this date, the‘mechanism of catalytic gasification
is not well undefétood due to the lack of'coﬁprehensive
.studies. ‘Out of the di%ferent mechanisﬁ; that have been

érOposed, the oxygBn-transfer seems to be the most plausible.

The catalytiq activity of alkali metal carbonates was

-~ ascribed by McKee énd Chatteriji (42) and other investigators
(43, 44, 45, .52).to the fdlloyiﬁg sequence of steps.(oxygen-

transfer mechanism) :
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M,CO, + 2C = 2M + 3C0 (6.2) /
2M + CO, = M0 + CO (6.3)
M,0 + CO, = M,CO, (6.4)

In this oxidation-reduétion cycle, the first étep is
considered to be the rate determining whereas the other
two steps occur rapidly. Overall reaction rates are functions
of the extent of catalyst-char surface contact. Rates are
accelerated above the melting point of the carbonates since
the molten phase provides a better contact with the char sur-
face.  However no gnomaly was observed in Arrhenius plots for
tgmpératu;es above and below the ﬁélting points (43, 44, 46).

Walker et al. (7) supported an oxygen transfer mechanism

for the catalytic effect of Fe, Ni, and Co for the gasifica-

" tion of graphite.

lﬁﬁfhough this oxidation-reduction mechanism has been
supported by most of the investigators, doubts have been éx—
pressed repeatedly (6, 7, 8, 46, 58).

Wen (8) in his recent review proposed an electron-transfer
mechanisﬁ and pointed out that a large number of éimple and
compound substances can penetrate the carbon layers, separat-
ing them and forming intermediate layers with the transfer of
electrons from the inserted>compound to the carbon layers or vice-
i

versa. Thug the intercalation compounds formed are EDA {Electron-

Donor-Acceptor) complexes. In the case of K2CO3 catalyst these

AN
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intercalates can be

24 36 60

and they are gbod electron donors. They are formed by

CgK, C, K, CyeK, C K

the direct heating in the temperature range of 250 to 700°C.
Potassium atoms per carbon atom decrease with increase in

. temperature from 250 to above 500°C. Thus at gasification
temperatures intercalates of the form CGOK would be expected.

. Wen (8) proposed the following reaction steps for the

catalytic action of alkali metals.
. /

. M;Eé; +2C = 2M + 30 (6.5)
2M + 2nC = 2CyM . (6.6)
‘2c,M + CO, = (2nM).0CO = (2nC) .M,0+CO (6.7)
(2nC) .M,04CO,, = (2nC).M,CO, = 2hc+M2cq3 (6.8)

Also the alkali metals may penetrate between the carbon

layers resulting in the opening of the carbon structure to

y further attack.

McKee (52) in a review of the possible mechanisms in
caﬁalytic gasification pointed out that there is little direct
.evidence for the formation of intercalation compounds.

Recently Kapteijnlet al. (54) heated activated carbon and
coal with K2CO3 in nitrogen'up to 827°C. X-ray ahalysis of.‘
the treated samples showed forma£ion of intercalates.

Nand {58) argued tHat if the electron-transfer mechanism

is applicable then the char samples doped with catalysts
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A d

would have unpaired electrons. He studied electron spin
resonance (ESR) of lignite char.and char-catalyst samples,
and found ﬁhe free radical relative intensity (thus the
number of unpaired electrons) to increase with increasing
catalytic activity. |

It is oﬁvious from the abové discussion thgt one cannot

make definite conclusions about the mechanism of catalytic,

gasification without further detailed research.

wy

* ' -
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CHAPTER 7

CONCLUSIONS

The gasification of two chars, Saskatchewan lignite and
‘Foresthurg Subjbituminoué, in carbon dioxide was studied in
the éemperature range 728-875°C and at atmospheric pressure.
Experiments were carried out using a thermogravimetric balance.
The effect of carbon dioxide flow rate, concentration, char
particle size and temperature on conversion of'éhar were
investigated. Catalytic'gésification was also studied with
various'amounts_of Ni {(in the form of Ni{(NO;) 2} and K,COq added
to the chars. Carbon conversions up to 100 per;&pt were ob-
tained.

The following conclusions were derived.

1. A modified unreacted-core model was developed to represent
.+ reaction rates of both catalyzed anq_unbatalyzed gasifica-

tion. The model is represented as follows:

3k_C - .
- ﬁ_g_éﬂ (1-x) 2/3 (1ilooxae_ﬁx)
B'p .

QalDa
(o Eo

Reaction rate is a function of carboﬁ conversion.
2. The gas-solid reaction_waé chemically controlled under the
experimentai conditions.
3. ﬂignité char was more reactive than the sub-bituminous

char in accordance with;reactivity increasing with de-

creasing rank of parent coal.
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For the uncatalyzed gasification, an activation energy

of 176 kJ /mole was obtained for the lignite char and

. -»
155 kJ /mole for the sub-bituminous char indicating

_ inherent catalytic effect.

For the catalyzed gasification, the activation energies
were found to be 159 k] /mole for lignite containing

5 wt% Ni, 141  kd/mole for lignite with 10 wt¥ K,CO,
and- 152 kJ /mole for the sub-bituminous char with 10 wt%

K2CO3.

‘Nickel catalyst at a concentration of either 5 or 10 wt$

in sub-bituminous char did not show any catalytic activity
whéreas at the same concentration leV¥els in lignite char
gasification rates incréased. .

Pétassium carbonate added-to both chars at 10 and 20 wtd
COncentratioﬂs ehhancea gasification rapés.

Catalyst effectiveness decreased with increasihg catalyst
conéentration and reaction temperature.

chq3‘was a betﬁé?-caialyst than Ni. It was most effective
at a concentration of 10 wts%. . )
Due to the .lack &i,experimental evidence no conclusion

was derived regarding the mechandism of catalytic gasifi-

cation.
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CHAPTER 8

RECOMMENDATIONS

It became apparent from the results of the present

study that some aspects needed further investigation. The

following recommendations are made:

_reaction rates.

The catalytic effect of the impurities present in the
the chars should be investigated separately from the
other factors affecting char reactivity.

The effect of charification conditions on the reactivi-

© ties should also be investigated.

Pore volume, pore size distribution, surface -area

'should be determined during conversicn and related to

-
- &

H
. "t

o

The conditions and method of catalyst'aadifion needs .
further research because it is a very impoftantffacto:
in determihing catalyst effecfivene;s and has béén |
systematically overlooked.

There is still a great need for research about the

catalytic activity of various'materials and the kinetics

and mechanism of catalytic gasification. The need

" for this is apparent not only for the. carbon-carbon

dioxide reaction but for all other gaéification reac-

tions.
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