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ABSTRACT

Fluid cracking catalysts lose their activity as they 
are continuously used in the catalytic cracking units.
The loss in activity is due to the accumulation of 
carbonaceous deposits termed "coke” on the surface of the 
catalyst. The catalyst can be regenerated by burning off 
this deposit. The mechanism by which this burns is often 
very complex.

The present work deals with the kinetics of catalyst 
regeneration. Data have been obtained in a differential 
reactor and it has been shown that in the presence of 
excess oxygen the order of the overall regeneration 
reaction is one with respect to carbon. Air flow rate 
was varied from 0.03 to 0.095 cu ft per min and the 
temperature range studied was 9^5 to 1045°F. An Arrhenius
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dependence of the specific rate constant on temperature 
has also been shown*

The catalyst used in the present investigation was a 
clay catalyst called "filtrol clay 110". The original 
catalyst pellets were cylindrical in shape, about 3*2 mm 
in diameter and the length varies from 4.8 to 6.4 mm.
One of the characteristics of this catalyst is that its 
abrasive resistance is very small and the particles tend 
to lose their shape very fast. The bulk density of the 
catalyst is 0.875 gm per cc.
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INTRODUCTION

The present investigation concerns obtaining experimental 
data on the kinetics of catalyst regeneration in a fixed 
bed to verify a kinetic model of the regeneration mechanism. 
Though catalyst regeneration is a very important phase of 
the catalytic cracking process it has not received the 
scientific research that it merits. Most of the workers 
who have contributed in this field have centered their 
efforts on the development of empirical equations. The 
aim of the present study is to formulate a rate equation 
for the oxidation of carbon from the surface of a filtrol 
clay catalyst and to propose a theory for the kinetics 
involved in this process. The most important difference 
between the present work and the previous studies is the 
fact that experimental data have been obtained in a

1
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differential reactor,, This is the first step toward 
understanding the kinetics of regeneration in a fully 
packed bed«

Fluid cracking catalysts start losing their activity 
when they are used continuously in the catalytic cracking 
units* The loss in activity is due to accumulation of 
carbonaceous deposits termed ’’coke” on the surface of 
the catalyst* Surface refers to both the external and 
internal pore surface area*

The composition of the coke has not been clearly 
established, but the general understanding is that it is 
a mixture of aromatic polycycllc hydrocarbons* The mol|ir 
ratio of carbon to hydrogen is considered to be between 
1 and 0*5*

The regeneration of the spent catalyst is usually 
carried out by oxidising the coke on the surface*
Basically this involves two main reactions, namely,

C + O2 . CO2 

2H2 + 02 2H2°

Although the amount of hydrogen present is considerable, 
it has little effect on the kinetics because the hydrogen is
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oxidized in the initial stages of the reaction, leaving a 
carbon skeleton on the catalyst* Thus, the principal 
reaction that governs regeneration is the oxidation of the 
carbon. This is an exothermic reaction and the energy of 
activation is around 35 to 37 kcal. per gm mole.

On an industrial scale, the regenerators are comparable 
in size to the cracking unit itself. The regeneration is 
usually done by passing a regeneration gas composed of a 
mixture of oxygen and an inert gas through a heated bed of 
catalyst particles or by passing the pre-heated regeneration 
gas through the catalyst bed.

The mechanism of regeneration may be explained by 
considering the bed to be divided into several different 
sections. In each of these sections it can be assumed 
that there are two distinct stages during which regeneration 
takes place. The first stage involves the burning of the 
coke on the external surface area. As soon as the carbon 
on the external surface area is burned the next stage starts, 
 ̂which is the burning of the coke inside the pores of the 
catalyst particles. The region where the coke on the 
external surface is burning off may be called the "burning
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zone11 , and the region where the coke in the pores is 
burning off may be called the "diffusion zone”0 Depending 
upon the characteristics of the catalyst being regenerated 
and regeneration conditions, the rate of burning in either
zone may control the rate of catalyst, regeneration,, In
the diffusion zone the oxygen has to diffuse through the 
pores in order to react and if the diffusivity is not high, 
the overall reaction becomes diffusion controlled* In 
the burning zone the concentration of carbon on the catalyst
surface controls the rate of reaction if sufficient oxygen
is present to support combustion*

As the heated regeneration gas is passed through the 
catalyst bed, coke on the external surface area of catalyst 
on the first section starts burning off or the first 
section becomes the burning zone* Since the main reaction 
is exothermic the temperature starts rising sharply* As 
soon as all the carbon in the external surface is burned 
off, the second stage which is diffusion controlled, takes 
over* In order for the oxygen to react with the coke in 
the pores it has to diffuse through the pores* This 
sofBers a resistance and the oxygen cannot reach the coke
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inside the pores as fast as it can reach the coke on the 
external surface <> Hence most of the oxygen in the 
regeneration gas would move to the next section and 
commence a burning zone there„ The burning zone can be 
considered to be of finite thickness and this zone can 
bring about large temperature gradients inside the bed 
and also localized hot spots if the catalyst particles 
are very small<, The burning zones moves along the bed 
and the velocity with which the zone moves through the 
bed will be a function of tower diameter, flow rate of 
the regeneration gas, partial pressure oxygen, bed 
temperature and catalyst characteristics0 The diffusion 
zone follows the burning zone and keeps growing and 
ultimately will occupy a large part of the whole bed0 The 
different stages of this mechanism are shown schematically 
in Figure la This is believed to be one of the mechanisms 
by which regeneration takes place0

With this general background of information concerning 
catalyst regeneration, the following sections will give a 
summary of previous catalyst regeneration studies that 
have been reported in the literature, a detailed discussion
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of the experimental and theoretical methods, and results 
that were obtained from this investigation<,
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LITERATURE SURVEY

One of the earlier works on catalyst regeneration was 
done by Hagerbaummer and Lee (1), This Is essentially 
experimental, and the data were obtained in a flow system. 
The rate expression assumed for the rate of regeneration 
was proportional to three variables which included the 
log mean of the oxygen concentration of the air entering 
and the flue gases leaving; the burning sons, initial 
carbon concentration on the catalyst and fraction of 
carbon converted. These different variables were correlated 
to fit an empirical equation. This;study was conducted 
over a wide range of variables,

Snuggs (2) in his paper gives a detailed description 
of a catalytic cracking unit and the regenerator used on 
an industrial scale. The different variables affecting

8
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the design of a fluid catalyst regenerator are discussed.
The different variables are;

1. Temperature of regenerations
2. Type of catalysts
3. Analysis of catalyst deposit.
4. Fraction of catalyst deposit removed during 

regeneration.
5? Contact of air and catalyst and catalyst 

residence time in the regenerator.
6. Type of regeneration process.

Snuggs gives a very good treatment of the effect of these 
variables. This article is very informative as far as 
operating conditions are concerned. However, this does 
not throw much light on the actual rate of the burning 
of coke from the catalyst surface.

Another detailed experimental study has been conducted 
by Dart and co-workers (3). The 11 instant burning rate” of 
the carbon (IBR) as correlated is a function of carbon 
content of the catalyst, temperature of the bed, and 
partial pressure of oxygen. The temperature inside the 
bed keeps changing and there are sometimes large temperature 
gradients especially in the initial stages of regeneration; 
hence it is very hard to visualize a particular temperature 
of the bed. A second order dependence with carbon is 
predicted in the correlation, but Figure 12 of the original
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article does not agree with, this conclusion,, This 
correlation is claimed to be valid for catalyst whose 
initial carbon content is less than or equal to 2 weight 
per cent*

A theoretical approach to the problem was first
reported by Van Deemter (4) who presented a model with the
following assumptionss

1* The operation is adiabatic and hence there 
are no temperature gradients*

2* The reaction is of zero order*
3* The catalyst particle and the gas are at 

the same temperature* The rate of heat 
transfer between the two is very high*

4* Heat transfer in the direction of flow 
occurs by convection only*

5o Density variations due to temperature 
differences and changes in composition 
are negligible*

The assumption of a zero order reaction simplifies the
problem to a great extent and makes the governing equations
more mathematically accessible* But this assumption takes
the mathematical model away from the actual situation*

Later, Johnson and co-workers (5) reported a better
model where the rate of reaction took the following form

r * k pt y Cc/c0 )
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where, r s Reaction rate*
k % Reaction rate constant *
pt j Total pressureo
y % Instantaneous mole fraction of 

oxygen in regeneration gasc 
c % Instantaneous carbon content®
c % Initial carbon content®W

The reaction between carbon and oxygen is not a simple one 
and the products of this reaction may consist of both 
carbon dioxide and carbon monoxide® The relative amount 
of carbon dioxide and carbon monoxide will depend upon the
initial carbon content and concentration of oxygen in the

./

regeneration gas® In general the product of combustion of 
carbon is carbon dioxide If there is excess oxygen available 
and the temperature, does not exceed 12GG°F® However, 
Johnson and co-workers (5) introduced a factor naM in 
their correlation to account for the carbon monoxide that 
may be formed® The value of nau is unity when a pure 
carbon deposit burns to carbon dioxide® Theoretical 
equations which predict temperature as a function of time 
and position in a catalyst bed during regeneration are 
presented for the case of adiabatic operation and the case 
when heat is lost to an isothermal coolant ® One of the 
major assumptions made is that there are no radial
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temperature gradients and the mode of* heat transfer along
the bed is by convection alone*

One of the recent mathematical models which includes
kinetics and heat losses is due to Shulman (6)0 Some of
the assumptions made in his development are:

1* The temperature in the bed is uniform along 
the radius and there is no longitudinal 
conduction of heato

2. No temperature gradient exists in the 
particle*

3* Gas flow is uniform and the pressure drop 
is negligible?

4* Carbon burning rate is proportional to the 
fraction of carbon on catalyst and the 
partial pressure of oxygen*

5* Combustion produces only carbon dioxide*
6* The reaction velocity constant follows the 

Arrhenius function of temperature*
Using the above assumptions9 partial differential equations
were derived from a shell energy balance and from oxygen
and carbon material balances* A numerical solution with
the help of the digital computer was attempted for the
above model* Equations have been obtained which predict
the maximum adiabatic temperature rise in a regenerator*

The term used by Shulman (6) which is the time
for the heat front to move through the length of the bed
is given as follows:
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®H a ( PSL Cs> / CU pgCg)

where ps : Catalyst bulk density
It : Total bed length,
Cs : Catalyst specific heat,
Cg s Gas specific heat, 
o : Gas density ,
U : Superficial gas velocity.

This means that the speed with which the heat front moves 
through the bed is independent of the rate of reaction and 
depends only on the properties of the catalyst bed and the 
regeneration gas. Furthermore, it is reported that the 
time needed to burn the carbon from the bed is independent 
of the rate of reaction9

Johnson and Mayland (7) have studied the carbon 
burning rates of cracking catalysts in a fluidized state. 
They report that the burning rate is proportional to the 
oxygen partial pressure. Since the system was fluidlzed, 
the burning rate was measured only for the initial 
increment of carbon removed. Hence, the burning rate 
was not related to the initial carbon concentration 
which is unlike some of the studies of previous workers, 

Pansing (8) also did his work in a fluidi&ed system. 
An equation for correlating regeneration process variables
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In fluid catalytic cracking have been developed from pilot 
plant data. The equation takes into account both the 
chemical reaction rate and the dlffusional resistance to 
oxygen flow within the catalyst particles. The specific 
reaction velocity constant was reported to be a function 
of temperature, catalyst activity and the mode by which 
coke was deposited on the surface of the catalyst.

Some research effort has also been spent on the 
mechanism by which the coke gets deposited on the catalyst 
surface. Ruderhaussen and Watson (9) report that the 
activity of the catalyst drops exponentially with the 
deposition of the coke and this process of deposition 
seems to be a surface controlled reaction involving a 
dual site mechanism. Further, the authors say that the 
regeneration of the catalyst occurs in two steps. In the 
first step the rate has a second order dependency on coke 
concentration. In the second step the rate has. first order 
dependency on coke concentration and oxygen partial 
pressure. In the latter step, mass transfer of oxygen 
seemed to be the controlling factor. Another important 
conclusion was that there was no improvement in catalyst
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activity as carbon was removed in the second step,. Two 
equations have been predicted for the rates in both of 
the periodso However, since neither temperature nor 
oxygen partial pressure was held constant, the equations 
developed cannot be used extensively.. Different assumptions 
were made for the two different periods0

Hall and Rase (10) studied coke deposits and the mode 
of coke formation on silica alumina catalyst * The 
techniques adopted were electron microscopy and differential 
thermal analysis. One of the interesting observations made 
was that some oxygen was adsorbed in the spent catalyst 
pores upon exposure to air and this made the oxidation of 
coke self-sustaining to a certain extent even in an inert 
atmosphere. The article also stated that pretreating the 
fresh catalyst with hydrogen may decrease coke formation.
A value of 30 kcal per gm mole of carbon was reported 
for the activation energy.

Single catalyst pellet studies have been conducted by 
Ausman and Watson (11) and the mass transfer associated 
with regeneration is discussed. Local carbon burning 
rate is taken to be first order with respect to the local
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partial pressure of oxygen* The following assumptions have 
been made In the development.

1. The rate at which carbon Is burned out at 
a given point in the pellet depends only 
on the partial pressure of oxygen in the 
gas at that point.

2. The catalyst pellet does not have the 
capacity to store mass.

3. The effective gaseous diffusion coefficient 
in the porous catalyst is constant.

M. Bulk composition of the gas outside the 
pellet is constant.

5. The carbon deposition is uniform throughout 
the catalyst at the start of regeneration.

6. Equlmolar counter diffusion exists.
7. No secondary reactions occur.
8. The catalyst particle is spherical.

This is a good mathematical development and rate equations 
have been developed for both the "constant rate" and the 
"falling rate" periods, by solving the differential 
equations obtained through writing an oxygen mass balance. 
However, the results of this thesis have shown assumption 
one to be invalid under certain conditions. The two rates, 
constant rate and falling rate, refer to the burning zone 
and the diffusion zone, respectively. The constant rate 
starts at the beginning of regeneration and ends when
the carbon on the external surface of the catalyst is
completely burned. During this period carbon is present
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throughout the entire volume of the catalyst pellet® The 
falling rate period starts when the constant rate period 
ends and continues until all of the carbon in the catalyst 
has been burned. The overall rate equation for the burning 
of carbon has been developed from the rate equations of the 
two periods. Also, oxygen and carbon concentration profiles 
in the pellet have been obtained as functions of time for 
a spherical catalyst pellet.

Massoth (12) considers the oxidation of coked silica 
alumina catalyst. In his rate equations, which he develops 
for the oxidation of both hydrogen and carbon, he has taken 
into consideration the effect of Interparticle mass transport, 
coke distribution, and the presence of hydrogen. The 
experimental results show that the rate is first order 
with respect to oxygen and the energy of activation is 
approximately 40 kcal per gra mole of carbon.

Much work has. been done to determine the kinetic 
behaviour of the combustion of carbon which is not supported 
on a porous medium. But, the work that has been done does 
not provide enough basis to draw conclusions about the 
kinetics of the reaction.
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Effron and Hoelscher (13) have studied the oxidation 
of graphite between 420 and 53Q°C. This reaction had an 
order between 0.5 and 1*0; and an activiation energy 
between 35 and 40 kcal per gm mole of carbon,,

Essenbigh and co-workers (14) have proposed a theory 
to explain the combustion of carbon* The relative 
importance of the three principle "resistances” in the 
carbon oxidation reaction is stressed* The three 
resistances are those of the boundary layer diffusion, 
adsorption and desorption. At low temperatures (below 
1000°K) the desorption resistance predominates and the 
reaction order is zero. At high temperatures (above 
1000°K) the diffusion and adsorption resistance are both 
important and the reaction is first order. In order to 
examine the theory the data of Hottel and Stewart (15) 
were used by the authors. Also it has been shown that 
adsorption controls combustion of particles under 100 
microns in diameter.

Mickley, Nester and Gould (16) have studied the 
regeneration of a dehydrogenation catalyst. They used hot 
air for regeneration instead of heating the bed. The bed
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was essentially differential in nature and the oxygen was 
kept in excess. The temperature range of their study was 
between 636°P to 1188°F and the pressure was varied from 
1,1 to 1*9 atmospheres* The amount of carbon in the 
catalyst was considerably low, between 0*04 to 0*3 weight 
per cent* The product of combustion was mainly carbon 
dioxide* The rate waf assumed to be first order with 
respect to carbon in the catalyst and an activation energy 
of 33#200 ± 3,100 Btu per lb mole was reported* A 
theoretical model which accounted for simultaneous pore 
diffusion and chemical kinetics was developed with the 
following assumptions;

1* Reaction is first order with respect to 
carbon and oxygen*

2* The regeneration is based on an isothermal 
model*

3* The catalyst particle is assumed to be 
spherical*

Satterfield and Sherwood (17) in their book present 
some interesting results to show when diffusion of oxygen 
begins to become rate controlling* In silica alumina bead 
catalyst of about 3•17 mm diameter with fine pores 
(e*g*, 50 to 100 Angstroms) diffusion of oxygen begins to 
become rate controlling about 900°F* A clay catalyst with
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large pores (e,g,, half of the pores exceeding 2000 

Angstroms in diameter) has a higher diffusivity and 
oxygen diffusion is not limiting even at 1200oFo With the 
fine particle sizes used in fluidized bed operations, 
oxygen diffusion is not rate controlling on silica-alumina 
or similar catalysts, at least up to 1290°Fo Regeneration 
of a molybdena-^alumina cracking catalyst of particle 
dimensions of the order of 1*0 cm showed both diffusion 
and chemical reaction to be important in the range of 800 

to 1000°F and the process to be diffusion controlled above 
1000°Fo

Although most of the previous work cited dqes not 
directly pertain to the present study, this survey shows 
the diversity with which the problem of catalyst 
regeneration has been approached,, The present study as 
mentioned before will be concerned with the kinetics of 
catalyst regeneration in a differential reactor0
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EXPERIMENTAL INVESTIGATION

The experimental equipment, materials and procedure 
that were used in this study are described in the following 
sectionse

Equipment and Materials,
A schematic diagram of the equipment used in this 

study is shown in Figure 2* The major item of the 
equipment was the reactor,, The reactor was constructed 
of vycor glass, was 30 mm in inside diameter and 30 cm 
long* The reactor was made of vycor because of the high 
range of temperature involved* This reactor could be 
electrically heated with nichrome wire (resistance 6*7  

ohms) wound around the redbtor on an asbestos core* The 
heat input to the reactor was contrplled by adjusting the 
power going through the heating wire with a powerstat *

21
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The reactor was insulated with corrugated asbestos,, This 
insulation could be removed and put on easily*

A thermowell was used for measuring the temperature 
inside the reactor* The joints used in the reactor were 
24/40 inner vycor joints and these joints were used with 
teflon sleeveso This insured a clean and leak proof 
system* These jqthts when used with teflon sleeves do not 
need any grease* There is an oil trap at the bottom of the 
reactor to collect any residual oil that may be left in 
the catalyst*

The thermowell was so designed that the thermocouple 
used for determination of temperature will just squeeze 
in* The thermocouple used was chromel alumel and the 
size was 24 B & S gauge* It was well shielded with 
porcelain insulation* The annular space between the 
thermowell and the thermocouple was made small to inhibit 
convection currents which could cause an error in the 
temperature recorded* Also, the top opening of the 
thermowell was kept sealed with insulation to prevent 
cold air coming from the outside* An eight point Brown 
stripchart recorder was used to record the thermocouple



Ch
ro
me
! 

al
um
el
 

th
er
mo
co
up
le

T 1077 23

111cx o
•H 33 » °
■M 25
CQ O

lullllli In ll.loln

6

O *Hi
Mnj

CM

FI
GU
RE
 
2* 

Sc
he
ma
ti
c 

re
pr
es
en
ta
ti
on
 
of 

re
ge
ne
ra
ti
on
 

eq
ui
pm
en
t



temperatureo
The top of the reactor had an inlet to admit 

regeneration gas* This inlet was connected to a manifold 
which had two lines with controlling valves on them,, One 
of these lines was connected to the air supply and the 
other one was connected to a nitrogen cylinder,, The air 
flow was controlled with a regulating valve,, The gases 
flowing through the manifold were metered with a wet test 
metere The flue gases from the reactor leave at the bottom 
and pass through a series of bubblerso

The first bubbler was fitted with a teflon stoppered 
burette„ The burette contained Q d  N sodium hydroxide and 
the reaction rate was measured at this stage by titration* 
The product of combustion was carbon dioxide and this could 
be conveniently titrated with sodium hydroxide using 
phenopthalin as the indicator* The following neutralization 
reaction was used in the titration -

NaOH + C02 -* NaHCO^

Prom this stage the product stream was bubbled through 
two caustic absorbers to absorb any remaining carbon
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dioxide in the stream* Erlenmeyer flasks with rubber 
stoppers were used in the absorption system*

Procedure
In order to obtain the desired data a differential 

reactor was used* The differential reactor was constructed 
as shown in Figure 3* The reactor had a wire gauze packing 
support near the bottom to support catalyst* The tip of 
the thermocouple was about 3 cm above the support* The 
volume of the bed that catalyst occupied was about 25 cc 
and when packed inside the bed the depth of this section 
would be approximately 1*60 cm* To eliminate a large 
heat transfer gradient at the end of the catalyst bed and 
in order to have the thermocouple inside the center of 
the catalyst section, glass beads were used to fill the 
section directly above the wire gauze* The catalyst 
section was sandwiched between glass beads*

Before making a run 25 cc of catalyst was oven dried 
at 150°F for one day and weighed* The packing support 
was put in place inside the reactor and approximately 
30 cc of glass beads (9 mm in diameter) were packed on 
top of the support 9 then the catalyst was added and the
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FIGURE 3 » Cross section of catalyst bed showing the 
differential reactor *
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rest of the bed was filled with glass beads* The packed 
section of glass beads over the catalyst section served 
two purposes a This section acted as a preheater f or the 
regeneration gas and it distributed the regeneration gas 
and thereby avoided channeling* Once the reactor was 
packed as described above the thermocouple was inserted 
into the thermowell and the reactor was insulated,, Next 
the absorption system was set up* The absorption systemf
consisted of three erlenmeyer flasks and the product 
stream was bubbled through these flasks* The first flask 
was fitted with a teflon stoppered burette which contained 
Qol N Sodium hydroxide and the flask itself contained 
distilled water and phenolpthalin* The last two flasks 
contained a known amount of la0 N sodium hydroxide and 
the purpose of these two flasks was to absorb the carbon 
dioxide left in the product stream after passing through 
the first flask*

After the reactor and absorption system were prepared 
the bed was heated in an atmosphere of nitrogen* The 
temperature of the reactor was controlled by a powerstat* 
Once the desired temperature was reached the nitrogen was
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switched off and air switched on* Before the air was 
switched on a measured quantity of 0ol N sodium hydroxide 
was added to the first flask from the burette0 As soon 
as the air was turned on the stop watch was started* The 
dead time involved initially in transporting air through 
the system was accounted for in the analysis of the data 
obtained,. The regeneration started as soon as air was 
turned on and rate was followed in the first flask by 
adding known volumes of Q„1 N sodium hydroxide and hoting 
the time it took to neutralize the added sodium hydroxide*
A running log of burette readings with time was maintained* 
The temperature inside the reactor was recorded on the 
recordero In the beginning the rate of regeneration was 
very high and the time interval between successive 
additions of sodium hydroxide was small* Near completion, 
of course, additions were small and far apart* When the 
regeneration was completed the reactor was left to cool 
and then the catalyst particles were separated from the 
glass beads and weighed,,

In a typical run, as the air was switched on the 
temperature inside the bed started rising sharply to a
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peak and then slowly started falling to eventually attain 
the original temperature of the bed0

The two solutions in the two sodium hydroxide 
absorbers were back titrated with lo0 N hydrochloric acid 
to find out the amount of sodium hydroxide absorbed0 This 
amount along with the amount added in the burette gave the 
amount of carbon dioxide formed0
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DISCUSSION

The composition of colce has not been clearly 
established, but it is believed to be a mixture of 
polycyclic aromatic hydrocarbons* There is general 
agreement among previous workers that the main constituents 
of coke are carbon and hydrogen* The process of 
regeneration involves the oxidation of coke from the 
surface of the catalyst* Hence, in order to understand 
the kinetics of catalyst regeneration, the oxidation of 
hydrogen and oxygen must be studied* The main reaction 
controlling the regeneration is the oxidation of the 
carbon in the coke because the hydrogen gets oxidized in 
the initial stages of regeneration (1 6)*

The kinetics of oxidation of pure carbon in the form 
of graphite that is not supported in a porous medium has

30
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been studied (1 3* I1*) * but little information is available 
on the oxidation of carbon or coke0

For the theoretical development in this investigation 
it is assumed that the principal regeneration reaction is

C + q2 c o2

and that there are no side reactions0 This assumption is 
considered to be justifiable because of the following 
reasons s

lo The temperature inside the reactor was 
always kept below 1200°F<, Under these 
conditions the formation of carbon monoxide 
is negligibleo 

2, The concentration of carbon in coke deposited 
on the catalyst studied was approximately 
one weight per cento With such low 
concentrations the possibility of carbon 
dioxide reacting with carbon is remote0 

3o The carbon dioxide formed by the combustion 
reaction was removed from reaction zone by 
the sweeping regeneration gas0 

4 o Oxygen was alway in excess0

The rate equation for the above reaction can be written as
dC   C

where, C % Concentration of carbonc 5 Concentration of oxygen
k % Reaction rate constant
r s Rate of reaction
t s Time
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Assuming the reaction is elementary, the reaction is 
overall second order; first order each with respect to 
carbon and oxygeno Most of the previous workers have 
assumed that the rate has a first order dependency with 
respect to oxygen and experimental results have verified 
the sarae0 However, the order with respect to carbon is 
still hazy, it has been reported to be between 0„5 and 
loOo In the present study this regeneration reaction order 
is shown to be one for the catalyst studied under excess 
oxygen conditions 0 If oxygen is in excess the concentration 
of oxygen does not change muoh as combustion goes on and 
hence it can be assumed to be constanto Therefore, 
equation (a) can be transformed to the following form

The mathematical solution of equation (b) is

C = C e~KtC ©O

where, C0Q s Initial concentration of carbon 
in the catalyst0

Hence, a plot of In (Cc/Cco) vs0 time should be a straight
line with a negative slope of K0 These plots will be

r K Co Cb)
where, K = k 0O2
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referred to as rate curves, and the results are presented
in this manner in Figures 4 ,5 and 6 „

Rate data have been obtained for a range of 0o03 cu
ft per min to 0„Q95 o u . ft per min and for a temperature
range from 945°F to 1045°Fo The data for different runs
are tabulated in Appendix I0

In the rate curves for the different runs as shown
in Figures 4, 5 and 6 , each plot is for a given flow rate
and the parameters on the curves are temperatures,, The
experimental points fit very well in the central portion
of the curve„ However, there is a small region near the
top where the initial data points tend to curve down and
when the fractional carbon concentration is between 0 ol
and 0 o2 the points tend to stray away from the straight
line fito The initial npn-liriearity of these rate curves
may be attributed to the following reasons?

1, During the Initial stages of regeneration 
the hydrogen on the coke is oxidised and 
this reaction predominates for a short 
initial period of time,,

2 o Experimental Is greatest during the
initial period of regeneration because as 
the dir is switched on,"regeneration starts 
immediately and it is very difficult to 
follow exactly the rate of regeneration,,
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Flow Rate 03 eu ft per min

Run

iRu n 11

Run I

5 10 15 20 25
Time -► (min)

FIGURE Jv® Eeaction rate curves for 0^03 cu ft per min
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FIGURE 5o Reaction rate curves for 0„065 cu ft per min
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0 oQ95 eu ft per minFlow rat

Run IX

:un VIII

JRun VII

15 25205 100
Time (min)

FIGURE 6, Reaction rate curves for 0 o095 cu ft per min
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Data points tend to fall above the straight line fit 
at lower fractional carbon concentrations near the end of 
regeneration because the rate becomes diffusion controlled 
as the last available carbon is deep within the pores,,
These curves indicate clearly that the order of the reaction 
is one with respect to the concentration of carbon in the 
catalyst for major part of the regeneration time0 

As mentioned before, the bed is brought to a 
pre-determined temperature in an atmosphere of nitrogen 
and this temperature is spoken of as the temperature of 
the bed* It was observed that a small amount of combustion 
took place while heating the bed with nitrogen„ This was 
due to the oxygen absorbed in the pores of the catalyst 
before regeneration„ In a fixed bed, it is evident that 
considerable temperature gradients occur both axially and 
radially in the bed and this can create sources of 
experimental error„ However, in the present case since 
the reactor is differential in nature these assumptions 
are felt to have more justification than for the full 
bed pase, The length of the bed was small (approximately 
lo70 cm) and the reactor was well insulated„ Since the 
bed was preheated and brought to a desired temperature
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steady state conditions existed when regeneration started,, 
However, temperature inside the bed does not remain the 
same during regeneration due to the exothermic heat of 
reaction* Since the reactor is adiabatic and the reaction 
is exothermic the temperature inside the bed rises sharply 
when regeneration begins* For the first few minutes the 
temperature keeps rising, reaches a peak and slowly starts 
falling to eventually attain the original bed temperature* 
The temperature histories of the runs are shown in 
Figures 7,8 and 9o Each of these plots refer to a flow 
rate*

The peak temperature attained depends on the initial 
concentration of carbon in the catalyst, temperature of 
the bed and the flow rate of the regeneration gas* If the 
initial concentration of carbon is high the peak temperature 
attained will be higher* If the initial temperature of the 
bed is increased the peak attained will be higher* The 
rate of reaction affects the peak temperature and the rate 
at which this peak is attained* At higher temperatures 
the rate is higher and the peak is attained much faster*

For a general fixed bed catalyst regeneration unit 
the effect of flow rate of regeneration gas on the peak
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temperature is two foldo As the flow increases there is 
lot of oxygen available so combustion starts at once0 

If there is a faster reaction, more heat is evolved and 
the temperature rise is sharper with a resultant higher 
peak temperatureo This would be true if there were not 
an excess of oxygen available* In the present case even 
at the lowest flow rate of 0 o03 cu ft per min the oxygen 
is in excesso Hence, this effect was not observed in this 
studyo On the other hand, the reactor was adiabatic and 
the stream of regeneration gas carries heat into and away 
from the reaction zone* As the flow rate increases the 
amount of heat carried by convection increases and this 
brings down the peak temperature0 The effect of flow 
rate on the peak temperature can be seen in Table I k  in 
Appendix IIo \

The rate constant as a function of temperature for 
different flow rates is shown in Figures 10, 11 and, 120 

As can be seen the plot of In K vs* 1/T is a straight 
line* Hence, the reaction rate constant follows the 
Arrhenius function of temperature, that is

K = Kq e-CE/RT)
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where, KQs Frequency factor
4 2„0 ) 103  ̂1/mln 

E s.. . Activation energy
27 kcalli per gm mole of carbon 

H V Universal gas constant,
la 109 cal per gm mole per °R

T s Absolute temperature °H
The slope of each line in Figures 10, 11 and 12 is
E/2*303Ro From this relation it was possible to calculate
the activation energy reported on each graph since R is
knowno The average activation energy was found to be
27 kcal per gm mole of carbon0

Since oxygen was in excess even at the lowest flow
rate studied, the flow rate of the regeneration gas did
not have any effect on the reaction rate constant0 This
can be seen in Figure 13a

The loss in weight in the catalyst during regeneration
cannot be attributed to the burning of the coke deposit
alone a Because when the catalyst was heated in an inert
atmosphere of nitrogen there was a initial loss in weight
due to vaporisation of volatile mattera This loss was
due to the physical removal of volatile matter from the
catalyst and not due to combustiona The amount of volatile
matter present in the catalyst studied was 0 o7 per cent by
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1.0

0.03 cu ft per minFlow rate

ACTIVATION ENERGY 27 kcal per gm mole

0.1

0.01
6.5

(l/T) x 10 “̂  ->
FIGURE 10. Effect of temperature on rate constant
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Go065 fru ft per minFlow rate

ACTIVATION ENERGY 27o3 kcal per gm mole

O o O l

(1/T) x 10"* -+

FIGURE 11o Effect of temperature on rate constant
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Flow rate 0,095 cu ft per min

104S°F
985°F

ACTIVATION ENERGY 269H kcal per gm mole

+*
(dPncoo

0,01
6,5

(1/T) x 1Q ~ *  +

FIGURE 12, Effect of temperature on rate constant
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FIGURE 13o Effect of flow rate on rate constant
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weighto This amounted to about 40 per cent of the total 
coke deposited in the catalyst* This points to the fact 
that in ordinary catalyst regeneration the overall rate 
involves both vaporization of volatiles and burning of 
non-volatiles which makes the mechanism involved very 
complex* In the presence of excess oxygen the volatiles 
would of course burn, but if oxygen were the limiting 
reactant volatiles would be carried away in the unburned 
stateo
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CONCLUSIONS AND RECOMMENDATIONS

From the results obtained It is shown that in the 
presence of excess oxygen the overall rate of burning of 
the coke on the surface of the catalyst is first order 
with respect to carbon concentration on the catalyst 
surfaceo It also has been shown that the specific rate 
constant varies with temperature and follows the Arrhenius 
function* In addition it was shown that the reaction 
rate constant depends only on temperature and not on the 
flow rate in the range studied,.

The mass balance for each run was between 85 and 90 
per cento The main reason for the 10 to 15 per cent 
discrepency is believed to be due to the hydrogen present 
in the catalyst which burns to water0 The titration 
analysis showed only the carbon dioxide evolved0 The

49



T 1077 50

molar ratio of carbon, to hydrogen is between 1*0 and 2*0  

for most coke* It was assumed that the product of 
combustion was carbon dioxide alone, however in addition 
to the water formed there could be some formation of 
carbon monoxide and this would also upset the mass balance,,

It has been concluded that the peak regeneration 
temperature attained depends on the flow rate of the 
regeneration gas,* This is one of the very important 
variables controlling the design of a regenerator* Most 
of the cracking catalysts Ipse their activity permanently 
above 1200°Po Hence, very high temperatures must be 
avoided inside the regenerator and the flow rate of 
regeneration gas can be used to help control the temperature* 
There needs to be further work done in this direction 
because the quantitative effect of flow rate on reactor 
design is not yet known* Such a relationship would be of 
great assistance for design* Right now the design of 
regenerators is more on the basis of past experience than 
scientific engineering methods*

The activation energy obtained was about 27 kcal per 
gm mole of carbon* This value is lower than the value
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reported f o p  the oxidation of graphite which is 35 to 40 
kcal per gm mole of carbon0 Hall and Rase (10) in their 
studies with carbonaceous deposits on silica alumina 
catalyst report an activation energy of 30 kcal per gm mole 
of carbon and this is in close agreement with the present 
findings 0

It is recommended that similar studies be conducted 
with different catalysts0 It has been reported that the 
rate of reaction not only depends upon the concentration 
of the carbpn in the catalyst but also on the characteristics 
of the catalysto It is very logical to assume that the pore 
structure of the catalyst can very well affect the rate of 
reaction,, A correlation perhaps can be attempted between 
the rate of reaction and variables such as catalyst size, 
nature of catalyst, pore structure, etc*

In summary, this study has shown that in a clay 
catalyst, if there is excess oxygen present the regeneration 
reaction is first order with respect to carbon on the 
catalyst and also that the reaction is elementary as far as 
the kinetics are concerned0
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NOMENCLATURE

'00

°2
E

K

Kc
k
R

r
T
t

Concentration of carbon
Initial carbon concentration
Concentration of oxygen
Activation energy
k C„°2
Frequency factor 
Reaction rate constant 
Universal gas constant 
Rate of reaction 
Absolute temperature 
Time
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Table 1
Run No, 09 I
Plow Rate a 0o03 cu ft per min
Temperature 99 104 5° P
Mass Balance 9 85 *per cent
Total Amount of NaOH Added 99 19o36 cc (1.0 N)

Time
min

Burette
reading

cc
Amount NaOH added 
from burette

CO
cc C CO

Os 00 "3 2. 4 0 ,0 0 o232 1.000
Os 45 32 „ 6 0 ,2 0 0228 0o980
Is 00 3 2 .8 0,4 0 0 223 0 o962
1 s 15 33.0 0 , 6 0o219 0o944
ls30 33.5 1 . 1 0 o208 0o895
2 s 00 34.1 1.7 0d90 0«840
2 s 15 34.5 2 , 1 O0I86 O08OI
2s45 35.0 2 , 6 Op 175 0„755
3 s00 35.5 3.1 Do 164 0 p 7 06
3 s 15 3 6 .0 3.6 0*153 Op 660
3:30 36.5 4.1 Op 143 0 p 6l4
4 sOO 37.0 4.6 0ol31 Op 365
4s30 37.5 5.1 0oll9 Op 515
4 s45 3 8 .0 5.6 0ol09 0o470
5:45 38.5 6 . 1 0.098 Op 424
6s45 39.0 6 .6 O0O87 O p377
7s30 39.5 7.1 O0O76 0 p330
8 sl5 40.0 7.6 0«,065 Op 283
9sl5 40,5 8 O It 0o 055 0 .2 36

1 1s 00 41,0 806 0o044 0.188
14 sOO 41.5 9ol 0o033 0,l4l
2 0 s30 42.0 9o6 Qo022 0.094
31s45 42,5 10 01 0o012 0 ,0 52
00 43.0 10 06 0o000 0,000

C* s Amount carbon present in grams0
C* s Initial amount of carbon present in grams0
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Table 2
Run No0 s II
Flow Rate 5 0o03 cu ft per min
Temperature s 985°F
Mass Balance s 89 percent
Total Amount of NaOH Added s 18071 cc (lo0 N)

Time Burette Amount NaOH added ct cc/Ccomin reading from burette
cc cc gm

OsOO lOoO 0o0 0o224 loOOO
0s45 10o3 0o3 0 o 222 0o990
Is 15 10o5 0 o 5 0 o 213 0c950
1 s45 . 10o7 0o7 0o208 0*931
2 s!5 10 0 9 0„9 0o204 0c9H
2 s 30 11 o 1 1.0 1 O d 9 9 O089I
2 s45 11 a 3 lo3 Ool95 0c871
3sQ0 11 o 8 la6 0ol88 Oc84l
3? 15 llo9 1 o 9 0ol82 0*812
3s45 12 o 2 2 02 0*175 0 c 7 8 2

4sl5 12 o 8 2 06 0 c 166 0o742
4s45 13ol 3<?1 0cl55 0o693
5s30 13 o 6 3°6 0ol44 0*644
6 sl5 l 4 d 4 cl 0 0133 0o594
7 s 00 14 o 6 4 06 0ol24 O o545
8 sQ0 1/ 3 o 1 5 d 0 d 0 9 0o495
9 sOO 15 o 6 5o6 0o099 0 o445

10 s 15 l60l 6d O0O89 O o396
11s 15 l6 06 8 c 8 0*078 0 c346
12s45 17 a 1 7ol Go 067 Qo297
14 s30 17 o 6 7o6 0c055 0c247
17 s 00 1 8 01 8 01 0c045 0*198
20 s 30 18 o 8 8 06 0c033 0.148
2 6s30 19 ol 9ol 0 o022 0c099
35s00 19 o 6 9o6 OoOlO 0o049

09 20 o 1 10ol OcOOO o0 000

C* s Amount carbon present in gramsc
Clo 5 Initial amount of carbon present in grams
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Table 3,

Run Npo % III
Plow î ate § 0o03 ou ft per min
Temperature § 945PF
Mass Balance § 90 per cent
Total Amount of NaOH Added § 19o24 cc (1.0 N)

Time Burette Amount NaOH added C*c c*/c*c COmin reading from burette
cc cc gm

0§00 23*6 0 o 0 0o231 loOOO
1:15 23 . 8 0 o2 0 o 2 2 6 Oo980
2 §00 24 o 2 O06 0o2l8 0o942
2 §45 24 06 lo 0 0 o208 0 o 904
3 s30 2 5 .0 lo4 0ol99 O0865
4 §30 25 a 5 1.9 O0I88 0.816
5s3Q 2 6o0 2o4 0 o 1 7 8 0.770
6§45 26 a 5 2o9 O0I66 0 o720
8 §00 2 7 .0 3.4 O0I56 0.673
9 s 15 27 . 5 3.9 0.144 0o625

10 §15 28a0 4o4 Ool34 0o577
11:45 280 5 ^*9 0ol22 0„530
13:15 29o0 5.4 OollO 0o48q
15*00 29.5 5.9 0o099 0o 432
17 SCO 30o0 604 O0O89 0o384
19 s 00 80 0 5 6 o 9 O0O78 0o336
21:30 31 a 0 7.4 O0O67 0o289
25 §30 31o5 7.9 0o055 0.240
32§30 32 a 0 8.4 0o045 0.192

00 33 o0 9.4 OoOOO 0 o 0 0 0

C* % Amount carbon present in grams0 c
C* § Initial amount of carbon present in grams0
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Table 4̂
Run No, s IV
Flow Rate % 0.065 cu ft per min
Temperature % 1045°F
Mass Balance § 86 per cent
Total Amount of NaOH Added § 18.88 cc (1 .0 p)

Time Burette Amount NaOH added c * c * / c *
min reading from burette c C OO

cc cc gm
0 §00 12o40 0.00 0 .2 2 6 1 .0 0 0
0 § 45 12.70 0.30 0 .2 1 6 0 .9 6 5
IsOO 13 a 00 0 .6 0 0 .2 1 0 0 .9 3 0
Is 15 13o20 0.80 0 .2 0 6 0 .9 1 0
1§30 13.45 1.05 0.199 0.880
1§45 13c70 1.30 0 .1 9 2 O.8 5O
2 § 15 14 o20 1.80 0.179 0.793
2 s 30 14.50 2 010 0.172 0.760
3 s 00 15o 00 2.60 0.159 0.705
3 sl5 15.20 2.80 0.154 0.682
3 s 30 15.50 3.10 0.147 0.649
3s45 15.80 3.40 0.139 0.615
4 §00 16 0 0 3.60 0.133 0.590
4 §30 16.50 4.10 0 0121 0.535
4 § 45 17o00 4.60 0.108 0.476
5sl5 17o30 4.90 0.103 0.454
5s30 17.50 5.10 0.095 0.420
5s45 17 080 5.40 0.087 0.386
6sl5 I80OO 5o 60 0.082 0.363
6 §30 180 30 5.90 0.074 0.329
6 §45 I8 0 6O 6.20 0 .0 6 6 0.295
7:30 19.00 6.60 0.056 0.250
8§15 19.20 6.80 0.051 O . 2 2 6
9 s 00 19.50 7.10 0.044 0.193

10sl5 19.90 7.50 0.033 0.148
12sl5 20o 20 7.80 0.026 0.114
15s00 20.50 8.10 0.018 0.079
20§15 20.70 8 . 3 0 0.013 0.057
31s 30 21.00 8 o 60 0o 006 0.027

CO 21. 20 8 0 80 0.000 0.000
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Table J>

Run No» % V
Flow Rate § O0O65 cu ft per min
Temperature s 985°F
Mass Balance : 89 per cent
Total Amount of NaOH Added § 19o33 cc (1.0 N)

Time Burette Amount NaOH added c! c l ' c % omin reading from burette
cc cc gm

0 s 00 IO08O 0o00 0*232 1 .0 0 0
0:45 11*00 0*20 0 0 226 0.970
2 :0 0 11*40 0 * 60 0 0 211 0.905
3 s 00 Ilo70 0.90 0 ol92 0.825
3sl5 12*00 1*20 0ol89 0 .8 1 0
4 sOO 1 2o30 1.50 0*177 0 .7 60
4:15 12 0 50 lo70 0.170 0.730
5 °0 0 12 c>80 2 .0 0 0 *1 5 8 0 .6 8 0
5s^5 13 a 10 2*30 0o147 0 .6 3 2
6 : 3 0 13o40 2 o60 Ool37 0 .5 8 6
7 s 15 1 3 o 8 0 3 o00 0 o 122 0 .5 2 2
8:15 14o10 3.30 0 .111 0.475
9 s 30 14.40 3 * 6 0 0 .1 00 0.429

10sl5 14*70 3°90 0*088 0 .3 8 0
llsOO 1 5 o00 4 *10 0*082 0.350
1 3s00 15 a 35 4*45 0 0 067 0 .2 8 2
14:115 15 060 4o80 0*055 0.237
16:15 15 080 5o00 0*048 0 .2 0 6
17s30 160 00 5 *2 0 0* 04l 0.174
20 :30 l6 o20 5o40 0*033 0.143
26:45 I6 c50 5o70 0 * 022 0.095
32:15 16.70 5o90 0*014 0.063
46:15 16*90 6*10 0*007 0 .032

OO 17.10 6 .3 0 0*000 0.000
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Table £

Run NOo § VI
Flow Rate % O0O65 ou ft per min
Temperature % 945°F
Mass Balance s 89 per cent
Total Amount NaOH Added % 18D67 cc (1*0 N)

Time Burette Amount NaOH added Cc c#/c*
G GOmin reading from burette v v W

cc cc gm
0 : 00 29o70 OoOO 0o224 1„000
1:15 30o00 0o30 0o2l4 0.955
2':15 3Q„20 0o50 0o207 0.926
3 sOO 30o 45 Oo75 0ol99 0 .890
3:45 30o60 0o90 0,193 0.865
4:30 30o80 lolO Od87 0.835
5:15 31o00 lo30 0ol80 0.805
5:45 31 o20 lo50 Od73 0.775
6:30 31o40 lo70 O0I67 0.745
7:15 31o60 1 o90 O0I6I 0.719
8:15 32o00 2o30 0,147 0 .6 56
9:30 32o40 2o70 0ol33 0.595

11:00 32o80 3ol0 0,121 0.538
12:30 33o20 3o50 0,109 0.487
14:15 33o50 3o80 0o097 0.432
16:30 33o90 4 o20 0,084 0.374
18:45 34o30 4 06O 0 0 07 0 0.314
21:45 34 o80 5ol0 0,054 0.239
25:30 35oOO 5«30 0o047 0.208
31:15 35o30 5o60 0o04l 0.184
34:45 35o50 5o80 0,030 0.134
40:45 35o70 6 o00 0,023 0.104
52:30 3 6 0OO 6.30 0o013 0.060

0O 36o40 6o70 OoOOO 0.000
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Table 7

Run No*,
Flow Rate
Temperature
Mass Balance
Total Amount NaOH Added

s VII
s 0o095 ou ft per min 
% 1045°F
s 85 per cent 
% 1 8a5^ CC (1*0 N)

Time Burette Amount NaOH added C* C*/C*w c COmin reading from burette
00 00 gm

0 :00 0 . 0 0 .0 0 .2 22 1 .0 0 0
0 s30 0 . 2 0 . 2 0 .216 0 .9 76
0:45 0.5 0 . 5 0.208 0.940
IsOO 0.7 0.7 0.204 0.917
1 :30 1 . 0 1 . 0 0 .196 0 .8 8 1
1:45 1 . 5 1 . 5 0 .182 0 ,8 21
2 :1 5 2 . 0 2 . 0 0.169 0 .7 62
2:45 2.5 2.5 0 .1 56 0 ,7 02
3 :00 3 . 0 3 . 0  0.143 0.643
3 :45 3.5 3.5 0.129 0 .583
4:15 4.0 4,0 0 .1 16 0.524
5 :00 4.5 4.5 0.103 0.464
5:45 5 .0 5 . 0 0.090 0,405
6:45 5.5 5.5 0 .0 76 0.345
8 :00 6 . 0 6 . 0 0.063 0 .2 86
9:45 6.5 6.5 0 ,0 50 0 .2 2 6

12 :00 7.0 7 . 0 0.037 0,167
16 :00 7.5 7.5 0.024 0,107
24:30 8 . 0 8 . 0 0 .0 1 1 0.048
35:30 8.3 8 . 3 0.003 0 ,0 12

8.4 8.4 0 ,0 0 0 0 .0 00
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Table 8

Run NOo
Plow Rate
Temperature
Mass Balance
Total Amount NaOH Added

g V I I I
s 0,095 cu ft per min 
5 985°F
§ 87 per cent
% 19o72 cc (lo0 N)

Time Burette Amount NaOH added c*cmin reading from burette v vw
cc cc gm

Os 00 210 4 Oo'Q 0,238 1,000
0§45 2106 0 0 2 0,232 0,974
1 §15 2108 0,4 0 0226 0,945
2 § 00 22 0 0 0,6 0 0 218 0,916
2 §30 22 o 3 0,9 0,208 0,875
2 s 45 22 06 102 0,198 0,834
3sl5 23o0 I 0 6 0ol85 0,776
4 § 30 23o6 2 0 2 0,166 0,695
5sl5 24 o0 2,6 0ol53 0,640
6 §00 24 *5 3-p 1 0,136 0,570
7-.30 25 0 0 3o6 0,119 0,500
8 §45 25o5 4,1 0,103 0,431

10 §30 26,0 4 06 0,086 0,362
12 § 15 26,5 5ol 0,069 0,292
14:45 2 7  o 0 5o6 0,053 0,222
16 §45 27o3 5o9 0,043 0,181
20 § 30 27 06 6 0 2 0,033 0,139
27 §15 27 0 9 6,5 0,023 0,097
42§45 28 02 608 0,013 0,055
70:15 2804 l o 0 0,007 0,028

00 28,6 7 o 2 0,000 0,000
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Table 9,

Run No. § XX
Plow Rate § 0.095 cu ft per min
Temperature § 945 F
Mass Balance § 90 per cent
Total Amount NaOH Added § 19o86 cc (1.0 N)

Time Burette Amount NaOH added C*
min reading from burette c 0 CO

cc cc gm
QsOO 8.4 0 . 0 0 o238 1 .0 00
lsl5 8 .6 0 o2 0 .230 0.965
2 § 15 8 .8 0o4 0 o221 0.929
3 sOO 9o0 0 .6 0.213 0.895
4 § 00 9o3 0.9 0 .2 00 0.840
4 s45 9o5 1 . 1 0 .1 92 0.805
5s45 9o7 1o3 0.183 0.769
7 sOO 1 0 .1 1.7 0 .176 0 .6 9 6
9sl5 1 0o6 2 02 0.144 0 .6 06

11§30 1 1 .0 2 . 6 0.127 0.535
13s45 11.4 3«0 0.111 0.465
l6§00 1 1 .8 3o4 0.093 0.393
21 §00 12 o 3 3.0.9 0 . 07 2 0.304
26 §45 12 o 8 4.4 0.051 0.214
33815 13 o0 4.6 0.042 0 .178
42§45 13 o 4 5o0 0.025 0.107
54 §15 13 o 8 5o4 0 .008 0.034
eo 14.0 5o6 0.000 0.000



APPENDIX II

Temperature history and rate constants

66



'ini'
nu

0
1
2
3
4
56
7
8
9
10
11
12
13
14
15
16
1718
19
20
22
24
26
28
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Table 10
Temperature history for flow rate 

of 0o03 cu ft per min
Run I Ru n II Run III

Temperature Temperature Temperatu:
of bed of bed of bed
C°F) C°F) C°F)
1045 985 945
1070 987 949
1094 1000 959
1109 1012 966
1116 1025 972
1115 1040 976
1112 1050 980
1106 1055 983
1101 1053 984
1095 1053 985
1091 1050 986
1087 1045 986
1082 1040 986
1080 1036 986
1076 1033 985
1073 1030 984
1071 1025 981
1068 1024 980
1066 1021 980
1065 1018 979
1064 1016 977
1060 1014 975
1058 1010 972
1057 1007 970
1054 1005 967
1053 1005 965
1052 1002 965
1050 1002 963
1050 1001 961
1050 1000 960
1047 998 960
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Temperature
Table 11

\
history for flow rate

of 0* 
Run IV

O65 cu ft per min 
Run V Run VI

Time Temperature Temperature Temperatui
(minutes) of bed of bed of bed

(°F) (°F) C°P)

0 1045 985 945
1 1055 990 958
2 1077 1010 971
3 1096 1030 976
4 1105 1043 983
5 1107 1050 986
6 1106 1046 987
7 1105 1042 988
8 1100 1035 987
9 1095 1032 986

10 1090 1028 986
11 1085 1023 985
12 1080 1018 985
13 1077 1016 985
14 1074 1014 983
15 1072 1010 981
16 1071 1010 980
17 1065 1008 980
18 1064 1006 975
19 1063 1005 975
20 1060 1002 973
22 1056 1000 970
24 1054 998 966
26 1051 997 966
28 1050 995 963
30 1048 995 961
32 1046 993 958
34 1045 993 958
36 1045 992 953
38 1045 991 952
40 1045 990 950
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Table 12
Temperature history for flow rate 

of 0o095 ou ft per min
Run VII Run VIII Run IX

Temperature Temperature Temp e rat u:
of bed of bed of bed
C°P) C°P) C°F)
1045 985 945
1052 996 949
1072 1010 951
1087 1022 955
1095 1031 960
1103 1036 965
1095 1041 967
1090 1042 970
1086 1040 972
1080 1036 975
1075 1035 976
1066 1034 977
1070 1030 976
1069 1026 976
1066 1025 976
1065 1024 976
1062 1022 975
1062 1018 975
1061 1017 975
1056 1014 974
1056 1014 973
1055 1012 972
1054 1010 970
1053 1010 969
1053 1007 966
1051 1006 965
1049 1006 964
1047 1005 964
1045 1005 960
1045 1-005 959
1045 1005 959
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Table 13
Value of reaction rate constants 

for the various runs

Run No0 Plow rate 
(cu ft per min)

Temperature
C°F)

Rate constant 
(1/mlnute)

I 0o03 10^5 0,179
II 0o03 985 0,103

III 0o03 9^5 0,063
IV 0.065 lOH 5 0,186
V 0,065 985 0,101

VI 0,065 9^5 0,063
VII 0,095 10^5 0,172

VIII 0,095 985 0,106
IX 0,095 9^5 0,062
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Table 14 
Peak temperatures

Run No, Plow rate Initial temperature Peak temperature
(cu ft per rain) of bed 

C°F)
attained

(°F)
I 0*030 1045 1116

IV 0*065 1045 1108

VII 0*095 1045 1105
II 0 o030 985 1055
V O0O65 985 1050

VIII 0*095 985 1042
III 0*030 945 987
VI 0*065 945 988

IX 0*095 945 978


