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CATALYSIS OF THE OXYGEN-CARBON REACTION

BY WATER VAPOR
ABSTRACT

Oxidation of a thin film of relatively pure amorphous
carbon has been studied between 400° and 500° C. over a
twelée-féld oxygen partial pressure change and a 50,000-fold
change in watér partial pressure, Water vapor partial pres-
sures varied between 0,00032 and 17.5 mm Hg, the latter

corresponding to 100% saturation at room temnerature; The

carbon was produced in-situ by pyrolytically decomposing

methane onto.a packed bed of 20-50 mesh Vycor glass particles.
A unique recifculation-differential reactor, in wﬁich both
longitudinal and radial diffusion were negligible, was suc-
cessfully appliéd to the oxidation reaction;

Rafes’of reaction were directly obtained by measuring
the stéady state rate of product formation, d(COz)/dt;
Identical results were obtained using measured rates of oxygen
conversion and carbon Qtilization. Measured rates varied
from 0,0008 to 0.38 grams of carbon consumed per day, the
lower.limit correspbnding to a 0.0002% change per minute in

the weight of carbon present. The only product was carbon

ix



dioxide, Rate data obtained could be correlated accbrding to

the kinetic expression

-a(c)/at = k pd*3 p?
| 0, PH,0
where ‘
k = 3.64 x 106 exp(-39,900/RT).

The variable exponent on wéter pressure was f§und to be a
function of both oxygen pressure and reéction temperature,
This kinetic -expression correlated the experimental data to
an average error of 3.2% with a maximum error ofvl9.8%. Ex~
perimental error in the measured rates was about 6%.

The pfimary finding of this investigation that water

partial pressure, a heretofore fecognized but unihvestigated
parameter in the oxygen-carbon reaction, offers at least a
partial explanation for the numerous varying and diverse ex-
perimental.conclusiogs so apparent in the 1iterature; Observed
transitions in the apparent order on oxygen from nearly zera to
first order were resolved in this investigatién by determining
a water~-compensated apparent order with respect to oxygen;
The result was a constant 0;3 order on oxygen whiéﬁ held for
all experiménts; 'Theoretically this is explained by con-
sidering:the relative adsdrptivity of oxygen and water; The
water pressure variable is further demonstrated to be capable
of altering a relatively pure carbons reactivify by as much
as 700%, o . |

A mechanism ig proposed to accountlfor“the observed

X

rate dependence on water pressure, One may assume the exist-
ence of two competitive reactions for oxygen which are re-
spectively controlled by the degree of hydrogen imperfections

in the solid phaée and the amount of extraneous water intro-

- duced with the oxygen. Chemically controlled oxidation

rates of carbons of high hydrogen content are posed as being
eséeﬁtially independen% of water pressure whereas low hydro-
gen content carbons are suggested as being extremely rate
sensitive to minor changes in this variable; A further ﬁos-
tulate, of heterogeneous catalysis by simultaneous adsorﬁtion
with interaction of water and oxygen on neighboring sites, is -
utilized to exﬁlain the pseudo-order variations in'bxygen
pressure and rate increases due to water vapor. The mechanism
prpposed is in agreement with the findings of thisAinvesti-
gation as well as>observations of many other carbon'oxidatioh

studies presented in the literature.
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CATALYSIS OF THE OXYGEN-CARBON REACTION BY WATER VAPOR
CHAPTER T
INTRODUCTION

Oxidation of carbon and carbonaceous materials is
perhaps one of the most useful chemical reactions known to
mankind, 1In addition to either directly or indirectly pro-
viding a suBstantial portion of the world's domestic and
industrial energy requirements,icarbon oxidation by air con-
tact provides a convenient way of regenerating cracking cata-
lysts in pet;oleum refining and in the production of oil frém
geologic strata by underground combustion. The automotive
industry has universally sought a catalyst for this reaction
ever since its acceptance of.the internal combustion engine;
On the other hand, other industries have expended considerable
effortAin,attempting to retard the rate of the cérbon oxida-
tion reaction; Such is the cése for those using graphite as
a moderator in nuclear reactors and éarbon as an electrode
material; Proponents of pyrolytic carbon as a thermal pro-
tective coating for rocket and missile nozzles are similarily
concerned.

In spite of its technical importance and a great

1
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number of scientific investigations, the manner in which
oxygen combines -with carbon te produce carbon dioxide and
carbon monoxide, o; for that matter whether'qne or the other,
or both, is thé primary product, has not been well established.
The closest agreement among workers on any one issue is in
the concept of the formation of a surface carbon-oxygen com-
plex as an intermediate stage in the reéction. -Unfortunately,
this concept is not presently amenable to prediction of rates
of reaction from first principles;

Emphasis in a voluminous sampiing of the literature
on carbon oxidation has been on carbons derived from impure
petroleum coke, coal'tar pitch, or similar sources; These
are.subsequently exposed to various degrees of carbonization
and graphitization before exposure to ox&gen; Because of the
effect on the féactién of impuritigs and inhomogeheities in
the solid phase, it has usually.sufficed>to use "rélatively
pure" reactant oxygen and associate all differences in experi-
mental findings with eifher the solid phase or the reaction
system, Recent workers have proposed a more thorough evalua-
tion of the.solid phase in hopes of better defining reaction
variables; However, preliminary experiments have shown that

traces of gaseous impurities may be partly responsible for ’

these differences, This was particularly noted of water vapor;

Accordingly, the present‘ihvestigation was designed to ‘study

the effect of water vapor on the oxidation of pure carbon,

CHAPTER II
LITERATURE REVIEW

The reaction of oxygen with carbon has béen studied
by a multiplicity of experimental approaches in an attempt to
define the basic mechanism by which the reaction proceeds,
Although the rgaction is gradually becoming better understood
within tﬁe 800° to 2000° c, temperature region, where mass
and heat transfer cbnﬁrol the reaction, a considerable amount
of confusion still exisfs about the nature of the true chemical
mechanism controlling at lower temperatures. Only a few of
the many diverse experimental results, which offer clues to
this question, are correlatable. The variables which affect
thé lower temperature process have evidently been either
1nsufficientiy defined or controlled, or both,

6ne of the outstanding features of this review was
the significancé_to which a large number of investigators
have attributed to impurities in the solid state. This ap-
peared to be particularly true of hydrogen whether initially
present as bound hydrogen or later adsorbed as molecular or
nascent hydrogen during activation and/or reaction processes,

Its presence has even been considered by several as being
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essential to completion of-fhe oxygen=-carbon reaction. It
is therefore difficult to understand why hydregen has been
neglected in mechanistic postulates eicept for a vague re-
lationship to so-called."Typé I" active sites.

. An interesting feature of tﬁis review was the'degree
to which many have supported the existence of a carbon-oxygen
sﬁrface complex as a separate entity in the reaction, Origi- |
nated more than a half-century ago, this_concept of a reaction
intermediate has evolved from one iﬁvolving multimolecular
Species to a dhal'reaction-sité hypothesis involving two dif-
fergnt types of carbon-oxygen.complexes, Numeroqs attempts
have been made to characterize the surface complex by measure-
ments such as weight gain, surface area, preferential adsorp-
~tion, X-ray diffraction, emission spectroscopy, and destructive
distillation{ No direct verification, however, has been
possible. Primary support for the dual reaction gite theory
are the singular (COZ) and dual reaction products (CO and CO3).
These appear to»ﬁepend on whether a relatively pure.or impure
sample of carbon is béing oxidized. The present work supports
the dual site theofy while further proposing that one of the
sites is common to thé carbon and the other is artifically .

induced during the reaction process.

Assessment of Previous Work

In reviewing previous work, any assessment is made

difficult by an apparent multiplicity of variables required

5

to;define'the reaction phenomenon. These may be divided into
two categories: the quality of the reactants and the mechani-
cal arrangemenf of the reacting system. Emphasis in the former
case has been with the carbon while oxygen purity, for the
most part, has been neglected. Differences in carbon reactiv-
ities héve beeﬁ found to depend upon almost any variable that
alters ité.physical nature or degree of impurity;
Arrangements of experimental devices have included
static and flowing systems where carbon is present as grains,
filaments,-filﬁs or coatings, a single massive piece, suspen-
siong by inert filaments, particles dropped through a hot
zZone, and packed and fluidized beds, Each system must be
assessed as to its ability to give minimum or at least known

catalytic effects., Operating variables encompass a wide

spread in temperature (from ambient to 2300° C.), pressure

(from i U Hg to 50 atmospheres), gas velocity (from static to
100 m/sec), and reaction time (ub to several months). Varying
degrees of conversioﬁ, from a few ppm change to several weight
per cent, are found. AMany of the experiments at higher tem-
peratures have utilizéd inhibitors to suppress undesirable
secondary reactions,

Also of intefest are the findings‘for the other gas-
carbon reactions, This is particularly true of the reactions
of carbon dioxide and steam with ‘carbon which have generally
been thought of as possessing mechanisms similar to the oxygen-

carbon reaction,
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Chemical or Diffusional Mechanism

A considerable amount of experimental effort has been

expended to distinguish between chemical controlling mechanisms

and those of diffusion, The problem exists because temperature
-coefficients for the gas-carbon reactions do not show any
singular Arrhenius type relationship over broad temperature
changes; Instead three general regions of temperature de-
pendence have generélly bean recognized: .1)- low temperature,
Qhere the principal controlling mechanism is attributed to
chemical reaction from which so-called true activation energies
are obtainéd; 2) intermediate temperature, where the prin;
cipal mechanism of pore'diffusibn is attributed with limiting
the réte of reaction to yield activation energies which are
half their true values; 3) high temperature, whege diffu;ion
across é‘boundary layer controls, resulting in very low ap-

parent activation«energies;

order

By far the majority of lower temperature investiga-
tions, conducted under diverse experimental conditions, have
found a first, or close to first, order.dependence of the
oxygen-carbon reaction on oxygen concentration. The impli-
cation is that a surplus of active carbon sites exist for the
particulér expérimental situation. This would be the case for
a highly reactive carboﬁ; However, in the case of a poorly

activated carbon such as graphite, diamond, or other pure form

7
of carbon, where the concentration of active sites is limited,
one could.éxpect a zero, intermediate, or first order depend-
ence on oxygen concentfation depending on the relative abun-
dance of oxygen mélecules to unoccupied active sites.,
Two noteworthy investigations, where zero order de-
pendence on oxygen were found, have been presented by Gul-

I anad Blyholder and Eyring.2 Both

bransen_and Andrew
investiéatiohs used a pure form of graphite and low reaction
pressures. Experimental details of these works are deferred
to a later section; These reports have attracted considerable
interest3 since they contradict the reasoning that high oxygen
pressure;favors zero order results, Presented herein is ad-
ditional experimental evidence supporting these zero order

findings, with an alternate explanation based on variations

in water vapor content.

Reaction Intermediate

The concept of an intermediate reaction in the oxygen-
carbon reaction has been popular among workers since first

introduced as a multimolecular surface oxide, C,0 by Rhead

y!
aﬁd Wheeleru in 1913; Their hypothesis was based on observa-
tions that a carbon, outgassed after exposure to oxygen, sub-
sequently gave off carbon oxides when the temperafure was |
raised, Investigafors have since been interested.in these

surface oxides to establish 1) the nature of the complex it-

self, 2) the nature of the primary reaction leading to their



formation, 3) the nature of the complex disintegration re-
action and products evolved, 4) the efféct of products on the
reaction rate, and 5) the controlling mechanism in the re-

action sequence.

A, éomplex Formation

‘With regard to the nature of and the primary reaction
leading to the carbon-onggn complek, Langmuir,S in 1915,
suggested that when oxygeh acts on carbon, part of the oxygen
reacts directly to COp, and another part forms an adsorptién
layer with the surface which retards subsequent reaction. He
disagreed with the Rhead and Wﬁeeler proposal that the complex
consisted of multimolecular chemical species; Instead he
postulated an adsorptibn layer consisting of oxygen atoms
chemically combined with'edgg carbon atoms that fofmed an ex-
tremely stable surface oxide;

Shah,6 in 1929, extended Langmuir's model by postula-
ting that, at lower temperatufes, more oxygen is retained in
second and succeeding.layers; With increasing tempefatures,
Shah proposed that the outer 1éyers were progressively strip-
ped off until only one layer remains, In this way, he was
able to explain the diminishing proportion of COg to CO ob-
served with increasing temperaturesf Lambgrf7 further develop-
ed the model by proposing two distinct processes in the
oxidation of carbon: 1) formation of COy by direct impact of
oxygen molecules on a clean (pure) carbon, and 2) primary

formation of both CO and CO2 by the decomposition of surface

complexes,

Strickland-Constable8 observed, that at 400° C., CO
would not react separately with either carbon or nitrous
oxide (N20), 1In the presence of carbon, however, the CO was
rapidly oxidized to CO, by the N,0. He proposed the existence
of two typesqu solid oxide complexes labeling them "labile"
and "stabile" to explain the phenomenon, These differed in
that an intermediate compléx has less stability and greater
reactivity than does the stabile surface oxide: This latter
complex could subsequently react with N20, oxygen, or CO to
give COp.

A more recent view concerning the nature of the complex
is reflected by the Type I and Type II active sites and their
ensuing chemical complexes, as described by‘Blyholder, Binford,
and Eyring.9 Type I sites are considered as those caused by
impurities in the carbon., Type II sites refer to those sites
on the pure carbon surface undisturbed by hydrogen or other
impurities. Both Type I and Type II sites are'capable éf re=-
acting with oxygen to form Typg I and Type II surface oxides,
respectively, Type I surface oxides upon decomposition are
capable of prbducing Tyve II sites. | |

While the hypothesisrof dual reaction sites for the
oxygen-carbon reaction is in»general-agreement with most pos~
tulates since Langmuir, it is interesting to note that one or
the other of these sites must>also be active to both COZ and

water, This supposition is essential if, as is usually done,
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the mechanistic sequences proposed for the carbon dioxide-
carbon and steam-carbon reactions are to be explained by

utilization of only a single type of active site.

B. Complex Disintegration

Many cluesbas to tﬁe nature of the carbon-oxygen com-
plex disintegration have been reported. Purely thermal or
gfaphitization experimeﬁts with charcoal, petroleum coké, and
similar impure sources of carﬁon have yielded information
such as 1) the type and quantity of gases evolved with in-
creasing'temperature, 2) simultaneous crystél growth with-
increasing degree of graphitization, and 3) corresponding
changes in adsorption p?operties; Other gasificatioﬁ—type
expériments have evaluated the changes in éarbon reactivity
as functions of the degree of graphitization and impurifies
present, Although these experiments vary somewhat in their
findings, COj, Hp0, and in some cases CHj, appear to be the
primary gases evolved up to 600° C. Between 600° and 900° C.,
CO is primarily evolved; Hydrogen is given off at higher
temperatures, reaqhing a maximum evolution rate around 1200? C;
A prerequisite for éimultaneous crystal growth with gas evolu-

tion is the release of combined hyarogen which begins at

10,11

L

about 900O C. Crystal growth then increases rapidly to

2000° C., and decreases thereafter to 3000° C; Metal impurities
have been shown to be completely removed by heating to

3000° c.1?

11

Surface Area

Recently it has been popular to characterize carbon
activity by surface area measurements taken at some tempera-
ture considerably below‘the reaction temperature. Investi-
gations using this téchnigue have been moderately successful
in showing.specific surface areas to be a correlative parame-
ter in characterizing carbon both before and durihg re‘action.'l3
However, the usefulness of such measurements, insofar as

mechanistic determinations are concerned, is of questionable

value. Neither the reaction femperature nor the reactant

gas is used ‘in the actual surface area measurement,

Steady State Rates

Investigations using continuous analytical methods
have frequently found that cérbon oxidation rates become
constant after a certain.degree of carbon burnoff:j’lu This
observation is generally accredited to the attainment of a
constant carbon activity; Walker, Foresti, and Wrightl3
attempted to clarify this phenomenon for the carbon dioxide-
carbon reaction; They found that both surface area and re-
activity increased with reaction time until the weight loss
approximated ‘ten per cent., Rates then became constant as did
surface areas., As an explanation of these findings, Walker
and Wright15 hypothesize that the surface area increase ac-
companying initial burnoff is due. to entrapment of internal

surfaces within the bulk sample. They conclude that initial
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adsorption of the nitrogen and argon used involves their
partial penetration into molecular size capillaries which are
quickly closed off by other adsorbed molecules, These gases
are then assumed to further penetrate the poreus network and,
at low temperatures, either lack sufficient energy to diffuse
back to the surface or require a much longer time to de sQ;
Their proposal, however, fails to explain fhe reversible ad-
sorption of carbon dioxide reported;

The above.explanation for this constancy in rate of
carbon burnoff has. been credited to an equilibrium existing
within the solid phase between formation of the surface oxygen
complex and its removal with a carbon atom; Such an equili-
brium could alternately be explained by the attainment of
steady state rates of contamination by gaseous imperities, a
coincidence which has been observed in this investigation

with water vapor;

Reaction Products

The basic postulate as to the primary broduct of the
oxygen-~-carbon reactiqn, CO or CO2, remains an issue: Numerous
workers have.concurred that both are priméry products as shown
by the recent works of‘Walker,rRueinko, and Austin,3 Rossberg,16
and Day, Walker, and Wright.!? Evidence that the question
still remaies undecided lies in the findihgs of Blyholder and
Eyringz’18 who support CO as the primary proquct, contrasted

with Streznewski and Turkevich,19 and Letart and Magrone,20

13
who support CO, as the primary reaction product. Arthur,21
in reviewing the literature, has surmised that most workers

have found CO2 as the primary product for reaction tempera-

tures below 800° (,

Influence of Hydrogen

The subtle role played by hydrogen in governing the

rate of gas-carbon reactions is a frequently mentioned but

'insufficiently stressed variable. For example, when used in

. the gas phase as an activating agent, hydrogen has been found

initially to be very vigorously chemisorbed in small quanti-

ties?? with the further capability of reacting with the carbon

23,24 Many

to remove surface oxides in the form of water.,
workers have credited this initial uptake of hydrogen by car-
bon to be due in part to adsorption,3’5’25'27 which increases

with increasing temperature, and in part to the re-

22,28-30
action which forms methane,
Postulated mechanisms for the steam-carbon and carbon

dioxide-carbon reactions31132 hypothesize that a dynamic

oxygen exChahge exists between the solid and gas phases ac-

“cording to the mechanisms:

HpO + Cp = Cy + Hy
COp, + Cp = G, + CO
C, = CO + Cy,

The terms Cf and C, represent a carbon free site capable of

reaction and a chemisorbed oxygen-carbon complex respectively:
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If these mechanistic“steps are representative, then activation
of carbon by hydrogen or CO, either in pretreatment or during
the course of reéction, should retard the rate of carbon
transfer to the gas phase by creating a lower concentratioh
of surface complexes. Such an influence on Both the steam-
carbon26’31"33 and carbon dioxide-carbonjl’3LL reaction has
been ohbserved, However, the influence of hydrogen and carbon
monoxide on the oxygen-carbon reaction is not as cénclusive;
Conflicting opinions on this subject have been présented_by
Armington,35 whd found hydrogen pretreatment had no effect,
and Bangham,27 who found such pretreatment aésisted the gasi-
fication reaction., Lowry and Morgan23 reported a rétardation
of the oxygen-carbon reaction only after pro}onged'hyqrogen
treatment, Addition of CO has beén found in one instance to
double the rate of the oxygen carbon reaction;36

In the solid'phase, hydrogen as an impurity has been
found to be very important in determining cafbon reécﬁivity;
Bangham,27 Rhead and’\flr;leéler,l‘L and Lowry and Morgan23 have
shown ﬁhat the amount of oxygen chemisorbed by grdaphite is
directly proportional to the hydrogen in the graphite and is
independent of the amount of graphite present; _Studebaker37
found the same result in working with carbon black;v Riley38
also observed this while analyzing for the effect of different
degrees of gfaphitization; Numerous ofher workers have ob-‘
served similar resUlts.9’11’39’b0 The significénce of this

by

variable is reflected by the attitude of Jonés and Townend

15

who have proposed that the presence of hydrogen atoms is es-
sential for complex formétion and thus for the reaction to
proceed; More quantitatively, Lowfyuz found carbon activity
to be dependent upon its hydrogen content up to 0.5 per cent
and independent of this variable from 0.5 per cent to 2;1 per
cent hydrogen, Hé also observed that carbon reactivity de-
pended upon the maximum temperatuye used in graphitization and
was independent of the atmosphere in which it was prepared;

The~amOUnt of residual hydrogen remaining even after
extensive graphitization is obviously an important parameter
in determining a carbons reactivity; This variable could
account for at least a papt of tﬁe wide range in reactivity
reported in the literature as well as the general inability
to correléte data among the various investigators: Neverthe-
less, excepﬁ for some vague relationship to Type I active
sites, hydrogen has been neglected in previous mechanistic

hypotheses,

Influence of Water

The presence of adsorbed water appears to be just as
influential in determining carbon reactivity as is the bound
hydrogen; However, the nature of the water adsorption process
itself has not been weli defined; Whereas Walker, Rusinko,
and Austin;3 and King and Lawsonu3 find that water is chemi-
sorbed by carbon, Strickland-Constableuu reﬁorted the reversi-

ble adsorption process applied for charcoal at temperatures up
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to 700° C. and for pressures of less than 1 mm Hg. Lawso'nu5
gualifies these findings by reporting that an ash-free carbon
does not show chemisorption of water, Muller and Cobbu6

found that chemisorption may be negligible or important de-

pending upon carbon pretreatmenf.

Work which describes the adsorbed carbon-water complex

is also of particular interest to this study. King and

La.wsonL"3 found that the surface oxide formed with water chemi:;

sorption below 4oo©° C: characteristically produced an acidic
surface, whereas, above this temperature, another type of
surface complex was obviously present; Jones and Town‘endu1
concluded that the surface oxide, which formed when dry carbon
was exposed to moist air, existed as a peroxygen comblex: The
amount of complex formed in their expérihents was roughly
proportional to fhe amount of water adsorbed; This propor-
tionality was_repgrted to hold for different carbons: In én
earlier work,u7 they had proposed that a combination carbon-
oxygen-water complex was formed, with the presence of adsorbed
water being a reéuisite for complex formation:

The converse situation has been proposed by Sih\ronenL"8
who, in studying the steam-carbon-rqact;oﬁ, contends that the
reaction is initiated by'adsorbed oxygenvsuppliéd by the dis-
sociation of‘water; An identical conclusion has been reached
by Binford and Eyring;u9 In stddying the ‘steam-carbon re-

action at 1300° C;, they observed the rate of carbon utili--

zation was almost linearly dependent upon the amount of oxygen
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formed by water dissociationﬂ' From this they suggested that
adsorbed oxygen acted as a catalyst and that the slowest step
in the steam-carbon reaction was the adsorption of oxygen;

As a reaction product in the steam-carbon reaction,
carbon monoxide is known to undergo a raﬁid water-gas shift
which is catalyzed by the presénce’of,a carbon‘shrface;50
The same type of secondary reaction may take place between
CO generated in thé'oxygen-carbon'reaction and oxygen; How=-
ever, in this connection, Arthur and Bowring51 have found
that adsorption of water on the carbon tends to reduce its
catalytic effectiveness resulfing in a slower rate of carbon
monoxide oxidation;

In postulating mechanisms for the adsorption of

Ll

water on carbon, Strickland-Constable,

32

and Gladsby, Hinshel-

wood, and Sykes proposeimolecular adsorption-desorption

processes in accordance with their findings of reversible
adsorption, Similarly, a direct interaction between molecular

water and a free carbon site has been proposed by Hottel and

52

co-workers when reaction is involved, Alternately, water is

postulated as dissociating into 28 and 0”7, which then sepa~

rately becomes adsorbed on different types of reaction sites,

b9

by Long and Sykes,53 and Binford and Eyring; A similar

'mechanism with dissociation into H+ and OH radicals has been

proposed by Johnstone, Chen, and Scott;33
The influence of water in the vapor phase on the gas-

carbon reactions has not been well established: Whereas Rius
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5k and Day55 have found that water catalyzes the

and Fuentes,
oxygen-carbon reaction at respectively low and high tempera-
tures, Hoynant and co-workers3LP and Lambert7 observed that
traces of water vapor inhibited this reaction; Presence of
water has also been found to catalyze the carbon monoxide
oxidation reac’cion..3 This catalytic effect, coupled with a
partial water-gas shift reaction, could account-for the iﬁ-
creased yield of COo when moist rather than dry air was passed
over carbon as observed by Sihvonen and Vuorela,56 and Sih-
vonen.57 Sihvonen, however, found that the presence of wafer
vapor had little effect on the oxygen-carbonlreaction above
1900° c.

No strong conclusions may be drawn from the literature
with regard to the effect of water vapor on the oxygen-carbon
reaction, Hdwever, as 'a word of caution in asséssing thé
literature on this point, one must consider the manher in
which carbon oxidation rates were obtained as well as the
effect of non-carbon surfaces on the measurements: For ex-
ample, if a carbon steel surface is present, as in the pré-
liminary phase of this investigation, the temporary injection
of water vapor was observed to decreése ﬁhe rate of oxygen
conversion while increasing the rate of carbon dioxide pro-
duction, Thus, if one were determining oxidaticn rates based
on gas analysis, the tag on 6xygen would show inhibition by

the water vapor whereas carbon dioxide would show.a catalytic

effect,
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Secondary Reactions

The possibility of secondary reactions occurring

~either simultaneously with, or as a consequence of, the pri-

mary oxygen-éarbon combination makes any clear interpretation
of this reaction difficult. The problem becomes intensified
as the temperaturenlevel of the inveétigation is incfeased;
The following side and consecutive reactions must be taken
1,3

into consideration in a study of the oxidation of carbon:

1) €+ 0, = CO,

2) G+ 30, = CO

b) G + COp = 2C0

5) €+ Hy0 = CO + Hy

- COp + Hp

6) CO + H,0

7)  C + 2Hp = CHy.

Considering the separate reactions in order, thevfirst
three have equilibrium points which are far to the right;58
Accordingly,'ét,lower temperatures, the reverse tendencies
of these reactions may be neglected. Reaction (3), involving
a possible reactant-product combination, has been found to
produce less than one per cent COp in the 650° to 700° C:
range.59 In another investigation appreciable concentrations

2 High gas velocities and low

of COp were formed at 900° C.
pressures.have been used by a number of investigators as a

means of suppressing this reaction.

For reaction (4), where equilibrium theory predicts
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equimolar concentrations of CO and COp at 700°'C., Shah6 was
unable to detect any reduction of the COp with charcoal at

1 concluded from their work

500° C. Gulbransen and Andrew
that the rate of the carbon dioxide-carbon reaction was neg-
ligible below 600° ¢. and was strongly inhibited at tempera-
ture below 700O C. Rhead and Wheeler's findings6o further
substantiate this conclusion wherein they found reéétion (4)
to barely be appreciable below 850° C.

The rate at which the reverse of feaction (4) ap-
proaches the equilibrium pointlappears to ve much faster

than thas forward reaction, For example, Hof‘man61 found that

carbon was capable of forming from CO'decomposition in the

presence of an iron catalyst at temperatures as low as Loo©° C;

Shah,6 however, was unable to detect any such decomposition

at 470° ¢, Deitz and Prosemé2

concluded this normal decom-
position reaction was negligible below 500° C; Rates of the
reverse of (4) were measured by ﬁief63 who found that 2, 17,
L4, and 66 per cent of the equilibrium CO2 concentrations had
formed after 90 minufes exposure at temperatures of‘700°,
800°, 900°, and 1000° C. respectively.

The tendency of COp to further react with its carbon
source has been discussed insofar as its thermbdfnamic be-
havior and reacktiveness are concerned. This product appears
to be unreactive in the presence of both carbon and oxygen at
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lower temperatures as demonstrated by Paxton.- He found no

apparent effect, on the rate of the oxygen-carbon reaction at

21
500° C., when €O, was added to the oxygen feed of his experi-
mental system, However, the effect of an alternate product,‘
CO, was not at all like dilution with COz or Nz. At uso°-c{‘

and 1.1 atmosphere total pressure, he found a two-fold in-

‘crease in the oxygen-carbon reaction with CO.diiution as

compafed to CO or Np dilution, the eftent of reaction being
greatest in the range of oxygen pressupeé between 0.21 and
0.5 atmospheres; . His explanation for this catalysis by CO
is ifs ability to drive the :*eaction'CO + CO0 = COp + Cp
forward'thereby reducing the extent of adsorbed oxygen on
the surface.

When water vapof is present, even in minute quanti-
ties, the additional reactions {(5), (6), and (7) must also
be taken. into éonsideration;x An evaluation of the rate with
which redction (5) proceeds may be gained by a comparison

6L

with reaction (h). Farup found these two reactidns to be

" comparable in rate at 850° C., while at 800° ¢., Walker,

Rusinko, and Austin3 found reaction (5) to be about three

times the rate of reaction (4). At this same temperature,

‘these latfgr authors report the rate of reaction (4) to be

about 3000 times that of reaction (7). Finally the water-gas
spift reaction (6) is of importance when water is present

l_)elowA800O C. or when hydrogen is present above this tempera-
ture,

From the preceeding it may be surmised that, for car-

bon oxidation below 500° C;, reaction (6) and the reverse of



22
reaction (4) are the only ones of importance from either
thermodynamic or kinetic considerations, Unfortunately, both

of these reactions have carbon dioxide as,their end product.

Low Temperature QOxidation

0f particular interest in a study of carbon oxidation

is a digest of experimental findings i; the low tempefature |
region roughly defined by the limits of 300° and 800° ¢,
Within this region, it is generally conceded that the measured
rates result from %frue chemical mechanisms distinct from the
diffusional mechanisms controlling at higher temperatures;
Near the upper limit #he temperature coefficient becomes of
sufficient magnitude that rates of heat generation exceed
those of heat tfansfer resulting in a rapid increase in tem-
perafure; Thereaftef the magnitude of reaction variables

such as temperature, and reactant and product partial pres-
sures, are not nearly so well defined as they are within the‘
low temperature region;

In one éf the earlier wbrks on carbpn oxidation;

Rhead and Wheele_r,60 reacted air and pure oxygen with wood
charcoal in a constant volume-circulation apparatus at 500° C;
:and found the rate of oxygen utilizatioﬁ to be directly pro=
portional to its partial pressure. They concluded that local
heéting of the carbon resulting from COjp feduction could not
account for all the CO produced and proposed the simultaneous

primary production of both oxides. In further experiments,
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they found that 1) after a certain time, a mass balance on
gas phase oxygen could be made, 2) up to this time, the rate
of oxygen uptake was less than'that produced as oxides, 3)
oxygen fixation was greater on charcoal than on graphite,
and 4) a larger proportion of oxygen was adsorbed at lower
temperatures.A

Langmuir5 verified that these findings of Rhead and
Wheeler were also characteristic at higher temperatures for
the case of metalized filaments made of highly graphitized
carbon which were heated with low pressure oxygen in a bulb
immersed in liquid air; Langmuir proposed that part of the
oxygen reacted directly to form COp, the balance forming a
surface adsorption layer or complex of great stability which
decomposed to co;

Shah65 clarified the nature of the forces involved
in forming this surface complex. He found that oxygen was
not appreciably adsorbed by sugar charcoal below 0° C:, while
above this temperature, it was chemisorbed: He extended
Langmuir's adsorption model by proposing multi-, rather than
single adsorption layers which decompdsed with increasing
temperature;

Lambert7 studied the oxygen-carbon reaction between
250° and 3000 C. using two pure and two impure granular car-
bons in a silica flow reactor, at varying oxygen concentra-
tions Variations in flow rate were used to vary the reaction

time. Feed rates were sufficiently slow so that no local
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heating could be detected, Effluent gas analyses were made
after about two hours reaction time when an apparent steady
state was attained, Almost pure CO2 resulfed from the burning
of relatively pure carbon samples while hixtures of both¢C0
and COp were obtained with impure carbons., Carbon oxide con-
centrations in the exit stream were directly proportional to
the initial oxygen concentration and yielded a constant per-
centage oxygen conversion throughout the range of oxygen
concentrations of 20 to 100 pér cent, This relationship held.
for both the pure and ihpure carbons. In addition, Lambert
reported only a small retardation when a dOg rather than N2
diluent was used, Moisture also fetarded the formation of
COp, without altering the activation energy or proportion of
CO formed.

Lambert was able to predict reaction rates for the

pure carbon by the relation
| k(02) _
(02) + (C0p) ]

-d(c)/dt = b [

which was derived on the assumption the C0y formed in the
reaction provided a surface complex capable of limiting the
rate of reaction,

.Fluidized beds have been used advantageously to mini-
mize localized over-heating in the oxygen-carbon reaction:

66

In one such investigation, Reichle cracked¢ a gas-oil on
silica-alumina particles to give a carbon deposit which was

subsequently regenerated by fluidization with air; He found
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the rate of carbon consumption, in grams of carbon removed/100
gms catalyst/sec based on effluent gas analysis, could be ex-

pressed as

-d(c)/dt = G[?%E][E%E][%gg-ﬁ-%éﬁﬁ] [(cog) + %(CO)]

where G represents the outlet flow rate in ft3/sec. Near

‘differential reactor conditions were claimed in one run. The

-observed reacﬁion was first order with respect to oxygen.

67

Lewis, Gilliland, and Paxton reacted fluidized beds
of hardwood charcoal, metallurgical coke, and natural graphite
with oxygen over a temperature range of 300° to 950° F. They
found the CO/(CO+C02) ratio to be essentially constant below
520° F, (about 0.24) and independent of flow rate and the type
of carbon, A-first order dependence on oxygen was also

found, in agreement with many other workers; Six-fold in-
creases in (C), the weight of carbon in the bed, and twenty-
fold increases‘in average oxygen pressure within the bed,

(02),ye» were correlated by

-a(c)/dt = k(C){0,), e-

The rate constant k varied erratically with carbon burnoff
which never exceeded 33 per cent;

A fluidized bed was also used by Haldeman and Bottyuo

.to study the kinetics of catalyst regeneration over the tem-

perature range of 500° to 580° C; Carbon used in the study
was made from a gas-o0il decomposed on silica-alumina particles;

The deposit was found to have an atomic C/H ratio varying
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between 2;0 and 2;6, depending on the exact pretreatment con-
ditions, and to have high local carbén concentrations in
regions of heavy metal concentration., The kinetic study was
made uhder differential conditions using an oxygen partial
pressure of 0 to 0.6 atm., initial carbon concentrations of
from 0.5 to 6 per cgnt, initially dry reactant gas, and ana-
lyzing the effluent fgr €0, COp, and H20. Regenefation

kinetics were expressed as a form of

-d’c! - k(o2)(0075 tO 1.0).
The reaction approached first order after about 60 per cent
burnoff;

21 presented an excellent study of the oxygen-

Arthur
carbon reaction for twoAcarbons of widely different reactivi-
ties (artificial graphite and coal char) err a temperature
rahge of 460° to 900° C., wusing a packed bed-flow reactor.

His experiments were designed to inhibit-gas phase oxidation
of CO, He felt this reaction could be a significant factor

in explaining previoﬁs findings that, below 800° C;, oxygen
and carbon combine directly to form 002; Phosphoryl chloride
(POClB) was used for this purpose, being injected in small
quantities élong with the 0, and Ny feed. The POCl3 was found
to suppress the oxidation of carbon as well as co{ Rateslof

graphite consumption wefé independent of the mass of carbon

present, directly proportional to the oxygen partial pressure,

and either independent of, or increased with, the air velocity:

‘investigation'is related is that of Gulbransen and Andrew;
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The graphite oxidation rate was independent of velocity
changes below 420° ¢, Above these temperatures the rate was
proportional to the flow rate raised to the 0.5 to 0.8 power;
Although an appreciable oxygen decrease was measured across
the bed, effluent oxygen content was never less than 2 per
cent. Substantial amounts of CO were produced on oxidation
of thé coal char. The ratio of produced oxides (CO/COQ) was
found to be independent of.the.mass of carbon or the size of
particles, air velocity (below 900° C.), and initial oxygen
partial pressures (betweén 38 and 190 mm Hg). It increased
with velocity above 900° ¢, and increased exponentially with

temperature between 480° and 900O C. according to the relation

Q%_ = 103+% exp(-12,000/RT).
2

Arthur based his kinetic calculations on effluent 05, CO, and

CO, analyses and flow variables according to the equation

-d(c) _ ., (co) + (C02)
"E%-l =k [(02) + (CO02) +*%T657]

where k' = 12pF/(100 x 22,400). The terms F and p represent

the flow rate and oxygen pressure, respectively;

Perhaps the most important work to which the present
| 1
These co-workers investigated the inifial reaction of spectro-
scopic graphite Qith oxygen in the interval 425° to 575° C.
afipressufes of 0.15 to 9.8 cm Hg oxygen pressure by suspend-

ing 0,25 gram strips of graphite from a sensitive microbalance
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operating in a high vacuum system, Experimental burnoffs
were limited to less than one-half per'cent of the initial
carbon charge because of limitations in the system, Prepuri-
fication and removal of surface oxides were effected in part
by heating under high vacua or in purified Hy atmospheres;
In addition to observing that an un-degassed sample had a
higher initial reactivity than either the degassed or hydrogen
treated samples, they found that addition of one ﬁer cent
hydrogen to graphite,.undeygoing oxidation at 500d C;, had no
effect on its rate of utilization.

0f greater significance are the constant rate of re-
action data obtained by Gulbransen and Andrew at two tempera-
ture levels, 450° and 500° C., over a 65-fold change in
oxygen pressure; By progressively varying the -oxygen pressure
between 0;15 and 9;8 cm Hg, at a constant temperature and for
the same graphite samplé; they found the rate to increase
from nearly zero order in oxygen at the lower pressure to

. nearly a first order dependence on oxygen at the higher pres-

sure;, Intermediate pressures gave fractional orders on oxygen,

Gulbransen,68

in reviewing.these results, proposes either
mobile adsorpﬁion, or immobile adsorption with dissociation,
as an explanation to the rate limiting process within the
intermediaﬁe pressu;e fange; An activation energy of 36:7
kcal/mole, based on initia} rate data, was also_reported: A

higher value of about 40 kcal/mole has been recalculated for

the portion of their data representing steady state rates;3
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The data of Gulbransen and Andrew for any single ex-
14

periment could be exbressed by

W=Kt

where W is the weight loss in time t and X is a constant re-

presenting the rate of reaction at the experimental tempera-

ture and oxygen pressure; Of further significance is the

fact that they were able to correlate their rate data as a
function of oxygen pressure over the transition period in
which the order was changing from zero to unity; The follow-
ing equations were found to closely represent this data:

For 500° C.; K = 1.35 x 1077 4 0.505 x 1077 p

0.23 x 1077 + 0.083 x 10™2 p

>For b50° ¢.3 K
where P is given in centimeters of mercury of oxygen and K
in units of grams per square centimeter per second (quoted
values are listed as gms/cmz-min); An interesting observa-
tion associated with these'equations is that XK tends toward
a residual value as P approaches zero; As the reaction is

generaliy considered to be first order in oxygen, one would

'expect’a'bréaking away of the rate, K, from the above equa-

tions at low pressure; These authors did not study nor offer
any explanation for this apparent anomaly; Other factors,
such as contaminants in the gaseous phase, may have influenced

the above results; More will be said on this subject in the

discussion of the present results,

The work of Blyholder and Eyring2 stands out as the

only other experimental verification of a zero order
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dependence of the carbon oxidation reéction on oxygen pres-
sure, Their experimental apprqach consisted of reacting ex-
fremely thin graphife poatings on a ceramic base with oxygen
at 800° C. From a limited amount of reported data, they
found a zero order dependence on oxygen at 100 U Hg pressure
and an activation energy of 80 kcal/mole; The oxygen feed
was dried over magﬁesium perchlorate; Diffusion of oxygen
into the pores was coricluded to-be the rate limiting step;
When the specimen coatings were greater than 0;1 mm thick, a
:half order reaction and an activation energy of 42 kcal/mole

were reported,

Reproducibility

Experimental difficulty in duplicating rate data has
been reported by aAnumber.of'investigators of the oxygen-
carbon reaction; Langmuir5 attributed his difficulty in
obtaining.reproducible rates to the previous history of the
carbons used; Difficulﬁy in reproducing rate constants was
also experienced by Lewis, Gilliland, and Péxton:67 Their
experimental values showed»an erratic variation for. carbons
which were not consumed in éxceés of 33 per cent burnoff;
Armington,35 réacting graphitized carbon blacks and re-
graphifized graphite samples with 0;1 atmosphere.o¥ygen be-
:fween 550° and 600° C. in a vacuum microbalance system, was
ablé to 6btain reproducible results only after a miniﬁum

burncff of 2 per cent had been attained.
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One of Blvholder and Eyring'52 ma jor problems was in
experimentally reproducing their results: Their experimental
technique consisted of rapidly passing anhydrone dried oxygen
over ceramic supported graphite coatings maintained at 800° ¢.
Pressures of less than 100 U Hg were maintained; Steady
state rates of carbon consumption were obtained from the
amount of CO, removed by a liquid nitrogen trap. They credit
their difficulty in reproducing data to variations in total
surface area as the sample is consumed and to the adsorption
of vapors other than oxygen; This "aging" explanation was
used because samples which had been held overnight at eithe;
25° ¢. or 800° C., under vaéuum, lost about 50 per cent of
their previously measured reactivity., This reactivity could
be restored by a small degree of reoxidétion; Since the re-
tarding effect could be artificially induced in a few minutes
by passing water vapor over the sample, Blyholder and Eyring
regarded their rate variations for identical experiments as
understandable trehds rather than as random irreproducibili-
ties. More wiil be said on this apparent poisoning of the
carbon surface by water in the discussion of results;

Difficulty in reproducing rate data has also been

34

experienced by Hoynaut and co-workers in studying the oxi-
dation of carbon with anhydrone dried air; They claimed
traces of hydrogen and water vapor in the feed gas caused a

retarding effect to the reaction; Lack of reproducibility in

a study of the water-gas reaction by Gadsby, Hinshelwood, and
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Sykes32 was accredited to changes in the catalytically active
impurities present in the carbon.

The 1liklihood exists that many such similar problems
of obtaining reproducibility have been gbserVeﬁ but never re-
ported. .Nevertheless,'the above mentioned’inveétigations are
sufficient to pose the existence of at least one uncontrolled
reacfion parameter responsible for this behavior; Also in-
volved is the previous inability to predict rates from first
prinpiples; This difficulty has generally been_attributed to
changes within the carbon structure; Perhaps other influences

have been underestimated.

Investigations Using Pyrolytic Methane Carbon

Pyrolytic carbon formed by methane decomposition has
received limited application as a fuel bybinvestigators'of
carbon gasification reactions; VMeyer69 decomposéd methane
onto filaments for his source of carbon to study its reaction
with oxygen at low pressures and high oxygen flow rates be-
tween temperatures of 5000 to 20006 C; He found a‘differeﬁt
type reaction occurred from 500° to 1200° C; ip comparison to
that occurring from 1300° to 2000° G. Below 1200° C. the re-
action was first order in oxygen dependence, Ih an extension
of this work, using the same streaming method and methane as
a caybon source, Martin and Meyer70 studied the effect of pfo-
duct'gases in their investigation of thé carbon dioxide-

carbon reaction at temperatures to 2325° ¢, Chen, Christensen,
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and Eyring71'used a similarly made pyrolytic carbon film de-
posited on a ceramic base to study the oxygen-carbon reaction

between 350° and 500° C.

On the Nature of Pyrolytic Methane Carbon

The methane decomposition reaction has been quite ex-
tensively investigated;72 However, the nature of the amor-
phorous soiid phase formed is not so readily.characterized.
It has only been recently that such properties as surface
areas, pore distributions, crystallographic parameters, and
average cfysiallite sizes and orientations of carbon have
been determinable for such carbons.

Wheeler?3 has pointed out thaf it is erroneous to
conclude that mefhane when "cracked" gives only brilliant car-
bon, as at least three different types of carbqn are identi-
fiable., These vary‘with the nature ofbthe cracking surface
and the temperature and speed of the gas; Gibsoh, Riley - and

Taylor7u

prepared filamentous carbon by cracking CHj, diluted
with Hy, No and CO on an Fe surface at 1000° C. X-ray ana-

lysis showed the carbon to have an amorphorous structure;

75

Iley and Riley observed results similar to those of
Wheeler. They identified the three forms of carbon deposited
between vitreosil tubes as vitreous and columnar, soft-black

pulverulent, and filamentous. These were arranged zonally

from the hotter to the cooler ends; They all resembled

Rl A it s Lt et



be pertinent to this work.

interpretations;

3l

macrocrystalline graphite in their reactivity to oxygen;
Carbons produced in this manner were found to be pure with

the exception of a fraction of a percentage of hydrogen;

Summary of Literature Review

An attempt has been made to present a comprehensive

review of those portions of the literature which appeared to

Very few positive conclusions may

be drawn because of the differing experimental findings and

Therefore quantitative results, for the most

part, have been overlooked as these have not yet proven to be
of significance to a fundamental understanding of the oxygen-
carbon reaction; The following generalizations and hypotheses

about the oxygen-carbon reaction are accordingly restricted:

1. Localized overheating is'one phenomenon which
characterizes thé transition from chemical to diffusion
controlling mechanismé; Inferences drawn about the true
chemical mechanism wﬁen such an experimental condition
exists are questionable; Very few near-differential re-
actor.éxperiments on the oxidation of ‘carbon have been
performed in which temperature gradienfs were negligible;

A2, Experimental conditions are usually suéh that an
épparent first, 6r close to first, order reaction with
respect to oxygen is observed; Two noteworthy exceptions
have found the rate to be nearly inaependent of oxygen
In one case, a transition in order from zero

pressure,

to unity was accompanied by an increase in oxygen
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pressure, Zero order results were observed at low oxygen
pressures, Chemical reaction kinetics predicts, for
this reaction, a first order dependence on the reactant
in limited supply. Therefore there must exist at least
one accompanying pressure dependent variable whose in-
fluence on the reaction has previously been neglected;
Such a situation could explain the inability to define
the basic mechanism by which the oxygen-carbon reaction
proééeds. Previous emphasis in defining additional re-
action variables has been directed toward a more thor-

ough evaluation of the solid state carbon while gaseous

contaminants, for the most part, have been neglected.

3., The concept of a stable carbon-oxygen surface

‘complex, while well supported, has eluded direct experi-

mental verification. This is clearly evidenced by the

68

preciée work of Gulbransen who, using a microbalance
sensitivé to carbon weight changes of 0;0001%, reportedly
found ", . . no evidence of an initial pickup of oxygen

to form a surface oxide as predicted by Rhead and

Wheeler."

4, At lower reaction temperatures, pure carbon com-

bines with oxygen to yield carbon dioxide while impure

- carbons yield both the monoxide and the dioxide; The

mechanisms by which these reactions occur are not well

understood. Most carbon oxidation studies have been
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made using relatively impure carbon,
5. Surface area measurements have not yet attained

the degree of sophistication to be of direct significance

in determining the rate or chemical controlling mechanism

of the oxygen-carbon reaction,

6. Depending upon experimental conditipns, carbon
oxidation rates may become constant after.a certain de-
gree of carbon burnoff indicating the attainment of
steady state condiﬁions within the yeactgr. The steady
state carbon oxidation rate is indepeﬁdent of the mass of
the carbon in the reactor when this quantity is large in
proportion to the amount of oxygen paééed-through the re-
actor and/or differential reactor conditions exist. Thét
is, the steady state rate may persist through a fairly
large change in carbon concentration;

7. Neglecting the influence of other contaminants,
the oxidation rate of impure carbon is proportional to
the amount of bound hydrogen present in the sample:

Oxidation rates accordingly decrease in the order char-

coal, coke, graphite and diamond. This influence of

hydrogen has previously been neglected in mechanistic
proposals for the oxygen-carbon, carbon dioxide-carbon
and steam-carbon reactions;

8. Water vapor has been shown to influence the rate

of carbon oxidation although no thorough investigation
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has been reported to show its quantitative importance:

Observations of both catalysis and inhibition of the

_ oxygen-carbon reaction by water appear to be equally

well founded;

9. The decomposition of carbon monoxide to carbon
and carbon dioxide and the water-gas shift are the only
secondary reactions of importance in a study of pure
carbon oxidation below 500° c.

10. Most carbon oxidation rate investigations have
attempted to correlate their results according to the
mass law'form; Controversial points have arisen over

the apparent order on oxygen, activation energy, rates

of reaction, and the influence of contaminants: Activa-

tion -energies are reported to vary from 17 to 100
kcal/mole with the lower energies. compatible with mass
transfer control of the reactioh; - Reports of chemical
confrolled rate dependence upon temperature frequently
fall within the 40 to 80 kcal/mole range.

1t. Difficulty in obtaining reproducibility indicates
a lack Qf experimental control over all of the factors
influencing the oxygen-carbon reaction;

12; Carbons used in most experiments have been ob-
tained from impure petroleum coke, coal tar pitch, or
siﬁilar sources; Although they have Subsequently been
exposed to differing degrees of purification by heating

and graphitization, there still exists an abundance of
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hydrogen in the solid phase., In contrast, pyrolytic
carbons, particularly thoée made by methane decomposition -
in an inert atmosphere, contain only a few tenths per cent
hydrogen; These latter type carbons have received limited
use in studying the oxygen-carbon reaction,

13. The diluent used in most investigations teviewed
was nitrogen; -The possibility of secondary reactions
involving .this component does exist., Strickland-

8 has shown that, at 400° C., carbon monéxide

Constable
is readily oxidized by nitrous oxide in the presence of
charcoal; He also found the nitrous oxide-carbon re-
action to be appreciable at Loo® C; yielding almost pure
carbon dioxide; This point will not be discussed further

since helium was used as a diluent in the present in-

vestigation;

CHAPTER III
EXPERIMENTAL APPARATUS AND MATERIALS

In the course of this work, a recirculation differen-
tial reactor was constructed to study the kinetics of the
oxidation of amorphous carbon. The carbon was present in the
reactor in the form of a thin film, deposited by cracking
methane on a bed of non«porous "Vycor" brand glass particles;
Neither an experimental system of this design nor this type
of carbon-coated packed bed had been previously reported in

the literature on carbon oxidation,
Criteria

The experimental recirculation differential reactor
system was selected in an attempf to‘overcome many of the pro-
blems encountered in obtaining precise kinetic data in flow
systems. This type system has been shown to be capable of
permitting high gas velocities through the reactor while
avoiding an excessive use of reactants.78 Interpretation of
recirculating reactor data is similaf to that used in evalu-
gting-once—through reactor data if process variables are
measured upstream and downstream from the recirculating por-

tion of the reactor system. Such an application was selected

for this investigation,; the details of which are included as

Appendix VI.

The big advantage of recirculating a portion of the
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reactor effluent, over a once-through type reactor, lies with
the degree of conversion necessary to overcome analytical
limitations., In a once-through reactor, if conversions are
sufficiently small to justify using an average bed temperature
and average reactant composition in the flow stream, then
analytical errors make precise kinetic determinations ques-
tionable, On the other hand, if sufficiently large conver-
sions are permitted so that a more reasonable error analysis
results, then a precisé knowledge of the reaction temperature
and reactant composition along the bed becomes questionable.
This problem becomes particuiarly important in studying re-
:actions which have iarge'temperature coefficients. By recir-
culating a portion of the reactor outlet stream, one is able
to more closely approximate differential reactor conditions,
maintain a lower temperature gradient through fhe bed, increase
the conversion required of analytical methods by monitoring
the flow upstream and downstream from the recircﬁlating system,
and more closely ascertain the reactant composition within
the reactor, Other desirable features of the system include
lower diffusional effects, both radial and longitudinal, which
result from the lower coﬁversions per pass of reactant through
the reactor,

 One apperent disadvantage of the recirculating process,
that of recifcdlation of products along with reactants, is
offset by the emphasis this technique places on the influence

of products on the reaction; Interpretation of rate data

may be found in the literature.

b1

from once-through reactors too frequently assumes this latter
effect to be negligible. A further discussion of the recir-
culating reactor system is outside the scope of this work and
77-86

The carbon selected for this study was one which
could be deposited as a coating and yet be of a purity which
could be accurately determined; The relatively pure amor-
phous form used was conveniently generated by .pyrolytically
decomposing methane, Non-porous, low activity, Vycor glass
was selected as a support for the deposit in order to mini-
mize diffusional and catalytic effects during oxidation.

Sensitive analytical techniques for determining théA
carbon content of the bed, feed composition, and effluent gas
analyses for oxygen and carbon dioxide, as well as for traces
of hydrogen, methane, and carbon_monoxide, including an ana-
lytical determination of water content, were incorporated with
the recirculafion system; A very stable feed control is es-

sential to insure constancy of flow at steady state conditions.

Description of the Process

Referring to Figure 1, and the photograph of Figure 2,
the high pressure oxygen-helium feed, premixed and of estab-
lished composition, was expanded through a preséure regulator
to about 40 psi and then passed through a differential flow

controller into the stream being recirculated. The composite

‘stream, consisting of a fixed ratio of recycle to feed gases,
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was then directed through one of three routes at the vapor

control section, This facility, wherein a broad range of

water vapor contents could be incorporated with the gas, isly

shown as Figure 3. The ensuing mixture then fiowed through
a preheating,éectién and into the packed bed reactor (Figure
by, both of which were immersed in a constant temperature
bath. Construction of the constanf temperature‘bath is il-
lustrated in Figure 5. ‘The stream leaving the reactor was
cooled and suBsequently divided into effluent and recycle
portions, the latter passing in series through a flow meter
and recycle pump to be mixed with fresh feed éas;

The effluent portion first passed through a dew point
tester capable of detefmining saturation temperatures from
below -200° F, to émbient temperatures; It was then routed
thrbugh an oxygen analyzer coupled with a gas chromatograph
for effluent gas analysis; The flowing gas was next directed
through a flow meter of the soap bubble type and then through
an ascarite-anhydrone adsorption train where darbon dioxide
was removed. The adsorption train was weighed frequently to
give both the incremental and cumulative weights of COp pro-

duced., The gas was then vented.

Description of the Equipment

1, Differential Flow Controller. The feed flow con-
trol device was a Moore Model 63BD-L controller capable of

controlling downstream flow rates to within + 0:5 per cent:

L5

Figure 3. Detail of Vapor Control Sectipn
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2, Vapor Control Section, Three general levels of
water vapor content were obtained by flowing the gas through
one of three routes in.this section, Route A (Figure 3) is
merely a by-pass so that the steady state water contenf be-
comes essentially that of the premixed feed gas; Forﬂvery
low water content, the gas is passed through route B consist-
ing'of’a combination drierité—anhydrone adsorption column;
The steady state Qater confent obtained through this section,
as determined by an analysis of the effluent gas, was_a_gés
of about =-90° F; dew point corresponding tq a satufatioﬁ

vapor pressure over ice of 0;0027 mm_Hg:87’88

Water Vapor
contents approaching saturation at ambignt temperatures were
obtained by directing the gas‘through the heated-bubble |
saturator of route C: The- water refiuxing action obtained in
the operation of this saturator gave water vapor content which
varied slightly with contacf‘time and saturator'pfessure, as
above. |

3. Preheating Section and Reactor Shell., This Vycor
glass element is shown in Figure U; Eight feét of 9 mm OD'x
7 mm ID tubing were continuously spiraled for immersion info
the constant tempera%ure bath. The first 6 feet amounted to
a preheating section with the carbon bed being contained with-
in the next seven inchés; Pyrex wool plugs Qere used to con-
tain the bed; Upstream and downstream pressures werevobfained

at locations immediately adjacent to the Vycor element.

L, Constant Temperature,Bath: The.constént temperature

.u9
bath was constructed as shown in Figure 5. Hitec sglt, a
eutectic mixture of sodium nitrate and sodium nitrite, was
used for a heat transfer medium. This material was contained
within a 12" Ib x 13" steel vessel, A stirrer was used to
equalize bath temperatures, Two 980 watt Nichrome wire heat-
ers, separated from the vessel by asbestos sheeting, were
connected to 118 volt variable transformers which in turn
were connected to a 1500 watt constant voltage regulator,

One heater supplied tﬁe major portion of .power required while
the other was used for control purposes. Heat insulation was
provided by six inches‘of Thermobestos insulation. The con-
stant temperature bath was designed for a maximum operating
temperature of 1200° F.

Temperature control was manual with 500 + 1° c. easily
sustained over several hdur periods without requiring frequent
adjustments, The constant voltage regulator, in conjunction
with a circulating fan directed on the variable transformer
coils, and a constant (# 1° ¢.) temperature room, aided sub-
stantially in temperature control.

5. ﬁeéycle Flow Meter. The meter used to measure
the recycle gas flow was a Brooks "Shorate 150," size No. 2,
of the tapered tube type. A stainless steel ball float gave
satisfaéfory "on scaleﬁ readings.

6: Reqirculating Pump. The recycle pump was of the
vibrating diapﬁram type similar to a previously reported

design.76 Essential elements used in the construction were
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four 1963 Buick fuel pumps whose fabric reinforced diaphragms
wére connected as per the feferenced design; >Pump operation
was satisfactory and no excessive pulsations were noticed.

A by-pass arrangement around theApump, as shown in Figure 1,
enabled flow control of the stream actually recycled;

7; Dew Point Apparatus; Figure 6 shows a modified

version of the standard Bureau of Mines type dew point tester

which was used for analysis of water contents in the effluent
gas stream; Construction and operating details for the stand-
ard instrument ére contained in ASTM Standards D-11h2; The
lower temperature range of the conventional instrument was
extended by the adaptation of an elongated heat transfer
mandrel connected to thé‘copper rod basic to the instrument;
The mandrel, replacing the gas expansion element of conven-
tional design, cpuld be immersed in different coolant liquids
enabling varying degrees of temperature sensitivity; Ice-
water, dry iée-acetone, and liquid nitrogen coolants were used
with which mirrored surface temperature depress}pns of from
ambient to below -25ﬁ° F. Qere obtained. The temperature of
the mirrored surface was measured by means of an_iron-
constantan thermocouple located within the thermométer well in
physical contact with the mirrored surface plate pf the stand-
ard instrumeﬁt;

Operation of the'modified dew point apparatus was
similar to that of the commgrcial instrument down' to témpera-

tures of about 0° F;- The dew point of the gas became more
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difficult to recognize at lower temperatures because ice
crystals, rather than liquid droplets, then formed; For such
‘cases, the temperature where ice crystals first began to form
was taken as the dew point; This observation was facilitated
by use of a magnifying lens and good illumination of the mir-
rored surface.

8;A Oxygen Analyzer. A Beckman Model E-2 oxygen ana-

lyzer was used for analysis of oxygen in the feed and effluent

flow streams. Five ranges of_oxygen sensitivity were avail-
able with the instrument: 0-2%; 2-3%; 3-4%; L-5%; 5-10%.
Instrument accuracy.was + 1% of tﬁg measuring range span; Ac-
curacy claimed couid only be substantiated by calibration
after each oxygen analysis; |

9; Gas Chromatograph; Gas analyses fbr 05, CO,, and
a check for traces of Hy, CHj, and CO.in the effluent stream
Were made available through the use of a Beckman GC-2 gas
chromatograph and a 0-1 mv recbrder: He tium was ﬁsed for the
carrier gas; The stock instrument waé modified for dual

column operation by a toggle‘and check valve afrangement;

Analyses for CO, were obtained through use of a nine inch col-

umn of 14-20 mesh Silica Gel packing while 0, analyses, and a
V_check for traces of Hp, Cﬁd, and CO, were made with a nine
inbh column of 20-50 mesh Molecular Sieve 5A packing. Good
peék resolution was obtained with these column lergths for
‘constant operating variables of 30 psi carrier gdé feed pres-

vsure; a 300 ma conductivity cell current, and 709 C: column
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temperature; The chromatograph was electrically operated from
the constant voltage regulator previously mentioned; A fairly
constant base line tracing was obtained at maximum sensitivity;

10, Adsorption Train. The cumulative weight of carbon
dioxide produced in the oxidation of a carbon sample was ob-
tained by fréquently weighing an ascarite-anhydrone adsorption
train. As shown in Figure 1, the effluent gas passed through
an anhydrone coiumn to remove excess water vapor, through the
ascarite where €O was adsorbed, and then through another

anhydrone column to remove the water liberated by the ascarite

-in the adsorption of COZ; A finallanhydrone column was used

to prevent atmospheric contamination of the weighing section;
Accurate weighings were made with a Mettler type 15H balance

of 160 gram capacity and + 0.05 mg accuracy;

Carbon Fuel and Coking Furnace

A solid amorphous deposit was produced by passing
methane through a heated porous bed of 20-50 mesh non-porous
Vycor glass particles (cullet, ground and screened); The bed
was contained within a 25 mm OD x 22 mm ID x 36" Vycor glass
tube; Pure Grade methane containing at least 99 per cent CHj
as per the supplier, Phillips Petroleum Company, was used:

The decompoéition reaction took place quite readily

at 1940° F, resulting in a film-type coating which consoli-

.dated the particles;. Methane was'fed to the décompbsition

reactor at 1;3 SCFH over about a five hour period in each
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coking operation: The effluent was burned; Sufficient de-~
composition experiments were made until an ample supply of
20-50 mesh gray carbon coated particles remained after crush-
ing and rescreening., Since the residence time of the coking
operations varied somewhat, the composite sample of coated
particles was thoroughly stirred in order to insure a uniform
sample source for the okidation experiments; This bulk sample
was stored in‘a desiccator until used; Three random samples,
each containing two -to fivé grams of coated particles, were
completely oiidized with air in a metallurgical furnace oper-
ated at 600° C:. The carbon content was found to be 3.81 +
;01 per cent by Weighf_in all cases;

The tuBe-type céking furnace, constructed for the de-
composition experiments, incorporated six Hevi-Duty type 24
KSP semi-cylindrical heating units (4" 0D x 3" ID x 3",
2200° F. rating; 700 watts each set). Each pair of resistance
elements was separétely operated from a variable transformer
for contfol of the linear temperéture gradient within the
reactor., Heat insulation was provided by a t&o.inch thick
layer of insulating refractory concrete, six inches of Superex
pipe insulation, and six inches of Thermobestos pipe insula-
tion. A schematic drawing of the furnace is shown in Figure 7;

The. decomposition reactor was céntained within the
furnace by two hélf cylinders of molded castible refractory.

A sliding wire'éhfomel—alumel thermocpuple, contained within

an Alundum thermowell, provided linear temperature measurements
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within one of the half cylinder molds. Operation of the fur-
nace was satisfactory although a considerable warm-up period
was required and thermocouple life was shqrt; Measured temper-
ature fluctuations of #* 20° F; were probably caused by line
voltage variation and inadequate warm-up time. 1In one test
near 1940° F;, the linear temperature gradient iﬁ the thermo-

well was less than two degrees per inch along the middle five

inch section of the furnace.

Feed Materials

Cylinders of Bone Dry aviators breathing oxygen
(purit& 99;5%), Grade A helium (purity 99;99%), and Bone Dry-
. Research Grade carbon dioxide (purity 99.8%) were used. The
purity claimed by the suppliers was not substantiated.. Test
mixtures of gas were formulated by combining these gases, at
high pressure, in the abproximate desired proportions; Sub-
sequent mixture analysis was by either thé‘oxygen analyzer or
gas chromatograph. At 1600 psig, for a final mixture of 8;20

per cent 0y in He, a two week mixing period was required before

a homogeneous gas mixture resulted. Mixing times were decreased

thereafter by use of a heat source at the bottom of the cy-

linder,

CHAPTER IV
EXPERIMENTAL TECHNIQUES

Calibrations

The recycle gas flow meter Qas calibrated by passing
variable flow rates of helium throuéh the méter and measuring
the downstream rate with a soap bubble meter; Appropriate
corrections for pressure, temperature, and density (molecular
weight) were made when experimental gas volumes were measured.

The iron-constantan thermocouples used in determining
reaction temperature were checked for accuracy against a plat-
inum resistance thermometer. The comparison was made within
the well-stirred constant temperature bath previously de-
scribed. Thermocouple measurements at about 400° ¢, and 500°
C., after correction for cold junction témperatures, gave
readings within + 0.5 per cent of the absolute temperatures
indicated by the readings from the platinum resistance thermo-
meter,

‘The accuracy of the iron-constantan thermocouple used
in dew point determinations was within % 3 per cent of the
absolute temperature at a -92° F} dew pbint level and within

+ 1 per cent near the freezing point of water. This calibration -
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was made by comparing cold junction compensated thermocouple
temperatures with liquid bulb thermometer readings when both
were respectively immersed in stirred dry ice-acetone and
ice-water baths.

Two instrument calibrations were required for accu-
rate analysis with the oxygen analyzer; Both were performed
in accordance with the manufacturer's recommendations; One,
the zero setting, was made after thoroughly purging the in-
strument with nitrogen: This was an infrequently required

operation; The span calibration was made after similarly

purging the instrument with a standard oxygen-nitrogen sample;

The standard sample was procured from The Matheson Company
and contained 9.80 + ;01 per cent oxygen, by their analysis;
Since slight changes in barometric conditions affected the
span calibration, the instrument accﬁracy was maintained by
making a span calibration after eaéh analysis for oxygen in an
unknown saﬁple; .
The gas chromatograph provided a qualitative check
on 0z, Hp, CHY, énd C0, the first named showing changing ef-
fluenf gas compositions as steady state was approached: Cali-
bration of the instrumeﬁt for steady state COp compositions
was made by comparing the plahimetered peak areas obtained
from gases of known CO, content; Unknown steady state carbon
dioxide contents so determined were always within a few per

cent of the avérage found by weighing the adsorption train

columns over a time increment.

59

Run Technique

The reactor was charged with a 7.5 gram sample of
carbon coated particles (0.2858 gms carbon) at the beginning
of each series of experiments., The feed-recirculation~exhaust
system was allowed to come to steady state conditions at the
test feed rate with the reactor maintained at room tempera-
ture. SteadyAstate was then determined by gas chromatograph
and oxygen analyzer readings. Approximately one hour was
required to reach this condition. The purged adsorption train
was then weighed and the reactor immersed in the constant
temperature bath. Approximately 30 minutes was required for
the bath .to regain the steady desired temperature level.

Steady effluent gas compositions were regained only after

- from 1 to 3 hours at the reaction temperature; The experiment

was continued until about 5 mg of CO2 had been produced under
non-varying conditions., The reactor was then cooled, one of

the process variables under study was then changed, and the

~procedure was repeated starting with the attainment of steady

state conditions while the reactor was at room temperature.
A new series of experiments was started when one-third of the

carbon deposit had been consumed;

The temperature of the molten salt bath was taken as the
reaction temperatufe; This was done to facilitate the measure-
ments since no measurable temperature gradient could be detected
across the bed with the steel reactor in which rates were a
maximum, Iron-constantan thermocouples were then located in the

gas stream immediately upstream and downstream from the bed.
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effect of the reaction product on the oxygen-carbon reaction.
Observed experimental data are included in Appendix I; Com-
parison of rates for comparable oxygen and water contents

shows that little, if any, effect was caused by the presence

CHAPTER V . 4
of large concentrations of carbon dioxide.

EXPERIMENTAL RESULTS . Water vapor, carried through the system by helium,

: was passed over a carbon bed maintained at 500° C. in another
Quantitative experimental results are listed in Ap-
) experiment. The purpose was to check for the existence of
pendix I, Presented are measured rates of carbon oxidation :
. either a simultaneous steam-carbon reaction or for any ex-
with corresponding experimental data of temperature, oxygen
‘ ternal effect which would influence the major experimental
content in the feed gas, the flow rate across the recircula-
: results., No trace of carbon reaction with steam was found at
ting portion of the system, and analyses of exhaust gases for
. this temperature.,
oxygen, carbon dioxide, and water vapor. Rates were measured
o Also worth noting is the difficulty in obtaining re-
over the 400° to 500° C. temperature interval using three
' producible results in preliminary experiments in which a
different concentrations of oxygen in the feed. The effect .
' ' stainless steel reactor was used., Observed rates under ap-
of three levels of water content on the rate was explored for
. parently identical conditions varied by as much as 800 per
each oxygen concentration, A sample calculation of rate data y
. cent, They appeared to depend on the previous history of the
is included as Appendix IT.
steel surface and particularly upon previous adsorption of
An important result of this investigation is the " ’
. water vapor. As there was more mill scale following use of
finding of only one reaction product: carbon dioxide, No
‘ . high water concentrations in the feed, as well as proportionate
trace of carbon monoxide production was found. Rates at o
carbon dioxide production, the likelihood is that under com-
steady state remained constant and were independent of the N
. parable conditions the oxidizing qualities of the steel may
mass of carbon present in the bed through 33 per cent carbon : } ' .
: have overshadowed that of the carbon. Fabrication of the re-
consumption, ’
actor from Vycor glass alleviated the problem,
Carbon dioxide was used as a diluent, in place of

helium, in one experimeht; The purpose was to check for the
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CHAPTER VI
ANALYSIS OF DATA

Rates of reaction presented in Appendix I, measured
at temperatures of 400°, 450° and 500° C., have been blotted
as a function of effluent oxygen pressure in‘Figure 8: Rates
measured at each temperature level are contained within the
three outlined afeas; The lower line of each area represents
oxidation rates under relatively "dry" reactive conditions.,
Likewise, tﬂe upper line represents oxidation rates at con-
siderably higher water vapor contents; These lines represent
related, rather than constant, water contents and should be
so'construed; An attempt to compensate for the effect of dif-
fering degrees of water content on the rate will be described
later,

The purpose in presenting the data as in Figure 8 is
to show the éonventional interpretation techniques for rate
data obtained in the_oxidation of carbon. A horizontal line
of zero slope woﬁld, in this case, represent an apparent or
pseudo-zero order,reabtion with respect fo oxygen: A slope of
unity would indicate a first order reaction in oxygen; Inter-

mediate slopes would give fractional orders with respect to
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oxygen pressure., One of the disadvantages 15 utilizing fhis
technique of analyzing rate data is that all parameters in-
fluencing the rate are accredited to oxygen. Accordingly,
the concept of an "apparent order with respect to oxygen*
should be emphasized;

Inspection of Figure 8 shows that, within the tempera-

ture range of 400° to 500° c.:
1. At ‘the iower temperature, tﬁe rate of carbon .oxi-
dation is essencially independent cf oxygen pressure for
both relatively'"dry" and "wet" reacti&e conditions. .

‘2., With relatively low water vapor contents, the rate
of carbon oxidation is essentially independent of oxygen
pressure over the entire température range of 400° to
500° C;. However, thé influehce of minor changes in water
pressure under these conditions becomes more pronounced
at the higher_temperature; The magnitude of this effect
is illustrated_by the negati&e slope of the lower 500° C;
region. Here the rate using an 8.2% okygen feed contain-
ing water at 0,05 mm Hg pressure wés found to be almost
three times that‘for a pure oxygen feed of 0;00032 mm Hg
of water pressure; If this variation in water content
were not considered, one would have to conclude an ap-
parent negative order on oxygen pressure;

3. At the higher temperature (and at relatively high
water vapor contents), the influence of water vapor is

sufficient to give rates of carbon oxidation which are
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nearly first order with reSpect to oxygen pressure;

L., That water pressure is indeed a parameter in the
oxygen-carbon reaction may be seen from the magnitude of
réte changes at the 500° C; temperature level; Rate
variations of 200% were caused by a 350-fold change in
water pressure with the 8.2% oxygen feed, as represented
by the left side of the 506o C. area. On the right hand
side of the same area, corresponding to a pure oxygen
feed, a 50,000-fold change in water pressure resulted in

an increase in rate of 700%.,

Changes in order suggested above are frequently inter-
preted as due to changes in the basic mechanism controlling
the reaction; Such a hypothesié is advanced herein; Varia-
fions in the magnitude of rates for two reactions competing
for oiygen, one of which is dependent on water vapor content

is the basis for the postulate:

A more quantitative representation of water vapor on
the rate of the oxygen-carboc reaction is shown by the lo-
garithmic plots of Figures 9, 10 and 11; Although there is
some scatter in the data, each plot shows a fairly consistent
catalytic effect by water (as proposed in the discussion) for
any one temperature 1eve1; ’Experimental‘oxygen pressures were
constant to about % 6% in each run, Variations in the concen-
tration of,this component were caused by different degrees of
oxygen conversion; water pressurc, barometric changes, and
minor fluctuations in flow rate. The slope of the 1n (Rate)

Vs szo plots of Figures 9, 10 and 11 represents the apparent
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order of the reaption with respect to water pressure for each
oxygen pressure and temperature studied., In comparison with
Figure 8, in addition to excluding temperature variations,
these plots have excluded the effect of oxygen pressure on
the apparent order_bf the reaction with respect to water pres-
sure. The slopé of each curve is seen‘to decrease from 0;187
to 0,090 as the temperature is increased from 400° to 500° c.
for the 8.2% oxygen feed data; The opposite effect is noted
for the 43.5 per cent and 100 per cent oxygen feed data of
Fig;res 10 and'yl. An explanation for this phenomenon based
on relativé adsorption rates, is presented in the discussion:
Neglecting these variations, an average slope of 0:138 (%
about 43%), corresponding to about 1/7th fractional order on
water, is found for the 100° C. temperature range and oxygen
pressures studied in this investigation;

It has been shown by Figure 8 that, at 500° C;, ap-
parent orders on oxygen may vary between zero and unity de-
pending on the relative amount of water vapor. Figures 9, 10
and 11 have shown a rate dependence with water pressure which
is constant for any specific oxygen pressure and reaction
temperatufe. " These apparent orders on water may now be used
to separate out the reaction dependence of water from that of
oxygen.; Accordingly, in Figure 12 is plotted measured rates
of reactién corrected for the effect of water pressure versus
oxygén pressure, The observed exponent on water pressure for

the specific reactive conditions has been used in calculating
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ordinate values. This variable exponent was obtained from
the slopes of -the curves £epresented in Figures 9, 10 and 11,
Experimental errors and perhaps minor influences on the rate
by unidentified contaminants in the gaseous and solid phases
are believed to account for the spread in data at each temera-
ture level,

The most important conclusion to be drawn from Figure
12 is that the "water éompensated" rate dependence on oxygen
pressure is neither zero nor first order, shown as bounds in
Figure 8, but a constant 0;3 order for all the experimental
data involved at the three temperature levels, The resulting

kinetic equation takes the form

-d(C)}dt = k.po‘3 pa .
- 02 HZO

Arrhenius type plots were made from rate data obtained
from the smoothed curves of Figures 9-11 at water partial
pressures of 0;005, 0.2, 1,0 and 10,0 mm Hg; An activation
energy of 39,9 kcal/mole was calculated from the slope of‘the

curves which was in fair agreement among all four water pres-

sures, A plot of the 1:0 mm Hg water pressure situation is

- Shown by Figure 13 for the three oxygeh concentrations stud-

ied, An expdnent of 0;30 on oxygen at this water content
would account for the shifts in the curve with increasing

oxygen concentration; The rate constant (k) in the preceeding

-equation may be evaluated from Figure 13 and the exponential

rate expression k = A exp (-EART) to gi#e the final empirical
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equation:

6 0.3 _a

-d(c)/dt = 3.46 x 10° exp(-39,900/RT) py"~ py o-
2 2

In this expression, -d(C)/dt is evaluated in grams of carbon

consumed per minute, T in OK., and p and p in mm Hg of
0, H,0

oxygen and water pressure, respeétively. An alternate form

for the rate constant will be presented in the discussion of

results. .

Assessment of Errors

Rates of reaction were obtained directly from weight
measurements as heretofore described, Simple conversions
were thén made to put the data in a more presentable form:
An éxample calculation has been presented in Appendix II;
The maximum error in the measured rate data is estimated to

be + 6% as analyzed in Appendix III,



CHAPTER VII

DISCUSSION OF RESULTS

Review of Findings

Results obtained in this investigation ére unique in
that an experimental syétem was abplied which gave unusually
highvprecision for kinetic data. These results were further
. improved through strict control of the purity df the materials
used, Experimentally measured rates of carbon oxidation were
low thus precluding localized overheating by mass'trénsfer
restrainfs.

The observed chemical reéction was

C + 0, = COp |
with no carbon monoxide being.found. The kinetic data at 500O
C., showed a mass law proportionality to oxygen preséure of

[-&(c)/dt] = po0 ¥o I

T 2

where the coefficient on oxfgén was found to vary with water
vapor partial pressure.' Thé felationship was such thét carbon
oxidétion rates were proportional to o#ygen pressure at re-
latively high water vapor pressures and independent of this

variable under relatively'dry reactive conditions; Zero
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apparent order on oxygen has twice been reported in the liter-
ature, However, no previous quantitative connection between
either the order on oxygen or the oxidation rate with water
pressure has been mentioned,

The rate dependence of the -oxygen-carbon reaction on
water preséure alone, at a constant oxygen pressure, was found
to be |

[-d(c)[at] | « pgzo

™1 Po,
where (a), the apparent order on water pressure, varied be-
tween 0.056 and 0.187 for the range in experimental variables
investigated. The numerical value of this exponent was found
to be relatively constant over a 50,000-fold change in water
pressure, It véried slightly wifh both reaction temperature
and oxygen pressure. |

It is possible to separate out this influence of
water on the réaction by utilizing a "water compensated ap-
parent ordef of rgaction with respecf to oxygen® concept:
This conceptAis demonstrated by the mass laﬁ result

[-d(c)/dt] (1/pH20)a “ p8;3

wheré the numerical value of the water compensated exponent

on oxygen has been .found in these'experiments, to a close ap-

proximation, to be independent of both temperature and water

pressure, Upon evaluating the-proportionality, the final
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empirical equation is found for representing the experimental
data obtained in this.study:
-d(c)/dt = 1073 exp[E(l/T*—l/T)/R] p8'3 P o;
2 2
Rates are expressed in grams of carbon consumed per minute;
Experimental variables were T, Pg and pH20 expresﬁed as OK.,
‘and mm Heg pressure-respectively. An activafion energy, E, of
39,900 calories/mole was calculated from an Arrhenius plot.
The term T*, which may be of fundamental significance in
characterizing a carbons residual reactivity, was evaluated

to be 749° K. or Ly6° C; Substitution of these constants

resulted in the more generally used form

. 0.'
-d(c)/dt = k g2 bR g
: 2 2

where ‘
k = 3.46 x 10° exp(-39,900/RT).

Comparison of experimentally measured rates with those

10° x MEASURED RATE, GMS/MIN

predigted by the preceeding equation is as presentéd in Ap-
pendix V and graphically by Figure lb; The average error
between calculated and measured rates, which represents the
average agreement of the correlation with the experimental
data, is 3;2%; ‘The absolute error, which indicates the maxi-
mum scatter of the experimenfal data with respect to the
cérfelatiqn, is_19:8%: If the first 26 of the 29 data points
of Appendix V are ponsidered, the average error is reduced to

0.3% and the absolute error is 18,8%. -
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“interpretation of Results

"It is fairly obvious from the preceeding that water

vapor is-capablé of enhancing the oxygen-carbon reaction rate;

An explanation for this phenomenon, which is also in agree-
ment with existing knowledge and concepts about the oxygen-
carbon reaction, is not available in the 1iterature; In an
attempt to clarify this role of water in the mechanism of the
oxygen-carbon reaction, the following hypotheses and deduc-
tions are made; A more detailed proposal is presented in
Appendix IV;

1. Comﬁeti£ive reactions for oxygen occur between
a) bound hydrogen, carbon and oxygen and b) water vapor,
carbon and oxygen: Only the latter type reaction is df
significancg in the case of a relatively pure carbon
undergoing oxidation at low to moderate reaction temper-
atures where mass and heat transfer effects are of no
consequence in the reaction mechanism:

2, Active carbon éites of pure carbons compete for
the adsorption of gaseous oxygen and water: Conversely
stated, oxygen and water (as well as diluents) compete
for adsorption on carbon: The degree £o which either is
adsorbed depends upon fhe nature of the carbon surface,
thé respéctive partial pressures of the species involved
and the gemperature;

3. Simultaneous and neighbofing adéorption-of oxygen

and water, or simultaneous adsorption with rearrangement,
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is a necessary step in the overall sequeﬁce of tﬁe re-
action of oxygen with pure carbon,
A mechanism which is consistant with the above, and

developed in more detail in Appendix IV, 1is

-k :
1
Cr + O, = c(o,) K = kyfk,
2 .
k- .
3 .
Ce + Hy0 g: C(H,0) K' = kB/ku

C(0,) + C(H,0) = C(0,)C(H,0) = CO, + Hy0 + Cp
where Cf répresents a carbon free site‘capable of adsorption
and C(02)C(H20) represents an intermediate oxygen-carbon-
water complex, Catalysis by water is supported by this mech-
anism, The mechanistic sequence involved in formation and
decomposition of the inte;mediate three-species complex is not
clear, The exiétance of such a peroxidic complex, however,
has previously been f)I‘opOS(acl.L"1
The following theoretical rate expression; which is
compatiblé:with the above and tﬁe hypotheses and criteria for
selection'of a mechanism as listed in Appendix IV, has been
derived therein, Depending on the value$ of the adsorption

coefficient and partial pressure of each species, the derived

expression

k K K'p P
02 H,0

Rate =

. 2
{1t + Kp, + K'p_. )

may be seen to be proportional to pngHQO under certain
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conditions, or to be proportional to szo and independent qf
‘ poz,.or to Po, and independent of szo under other conditions.
‘The first two situations have been demonstrated in this in-
vestigation; The reverse situation, that of an apparent
catalysis of the steam=-carbon reaction by oxygen, is in agree-
ment with the third condition and has been observed by
Sihvonenu8 and Binford and Eyring:LL9 The form of the above
expression is identical to”the Langmuir-Hinshelwood type
mechanism involving interaction between two adsorbed species:
'However, one major distinction in the mechanism represented
may be noted, 1In the.Langmuir-Hinshelwood mechanism, reaction
is considered to be between adsorbed species with the solid
adsorbent acting as a catalyst; In the present‘hypothesis,
one of the adsorbed species is considered to be the catalyst:

Unfortunately it is not quantitatively possible, on
the basis of present experimental evidence, to evaluate K
and K' in the preceeding relation, This is because adsorption
data, which involve reactant gases at temperatures where re-
action rates are abpreciable, are not available; In inter-

preting adsorption data, it must be rebognized that gases

which are non-reactive to carbon become less strongly adsorbed -

with increasing temperatures whereas the reverse is the case
for gaseous reactants of carbon:‘ Thus, the degree to which
different gases are attracted to carbon is a variable: For
éxample, below a certain temperature, which could also vary

.with diluent and the type and degree of carbon impurity,
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oxygen is physically sorbed by carbon, The phenomenon is
characterized by an apparent reversibility and a low heat of
adsorption, With higher temperatures, the desorption process
takes place more sloﬁly reflecting thé higher heats in chemi-
sorption, Althqugh the literature is not in complete agree-
ment on this point, in general, oxygen adsorption appears to
be reversible below about 0° C., and water adsorption is re-

versible through considerably higher temperatures; It is

. also noted that the more strongly a reactant gas is adsorbed

by carbon at-lower temperatures, the gfeater is its reactivity
at higher temperatures( This is true at least for oxygen and
water, A comparison of their rates of reaction at 800° C;
and 0.1 atmospheres pressure has shown oxygen to be capable
of reacting about 105 times faster than the corresponding
steém-carbon réaction;B

In further support of the~mechanism.proposed are pre-
ferential<adsorbtion studies of gases exposed to clean carbon

surfaces, Ethylene, for example, has been found to be more

'strongly adsorbed on an active carbon than carbon dioxide.

The presence of a high carbon dioxide concentration lowered

its adsbrption only slightly; However, small amounts of

ethylene considerably lowered the adsorption of the less ad-

sorbable carbon dioxide gas,90 Many such examples of pre-
ferential adsorption are contained in the literature on gas
chromatography.

Changes in the magnitude of the order dependence on
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water witﬁ temperature, as noted in Figures 9, 10 énd li,
also are suggestive of a dual adsorption type mechanism:
This is shown more clearly in Figure 15. As previously men-
tioned, these data show opposing trends fof the 8;2 ﬁer cent
oxygen feed as compaféd with the 43.5 per cent and pure oxygen
feeds although thé changes are.consecutive. The exponent.on
water at 500° C. is seen to increase with increasing oxygen
pressure indicating an increased dependenée on the concen-
tration of this species;- Opposite effects may be noted for
the values at 400° C. This reversal of data for the specific
carbon used is explaingble-in terms of compéting adsorption
Teactions by oxygen and water as proposed,

Selective adsorption and the form of the theoretical
rate equation propdsed hay also explain the experimenfal data
bf Gulbransen and Andrew1 in which an increase in order in
oxygen with an increase in oxygen pressure was obsérved; Al-
though the water vapor content was not measured in their work,
~one might assume a relatively consistent expefimental pro-
cedure was Qsed so that water pressure variéd in direct pro-
portionality with oxygen pressure, At the 1.5 mm Hg oxygen
pressure and assumed proportionately low water vapor partial
- pressures, a relatively lower adsorptive capacity, coupled
.with a varying coefficient on water vapor partial pressure,
could understandably produce the observed results.

-“The zero order experimental conclusions of Blyholder

and Eyring2 could be explained by similar considerafions;

WATER PRESSURE

APPARENT ORDER ON
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Their obsefvation of rapid poisoning when water vapor was
passed over the carbon is also in agreement with the concept
of relative adsorption of water and oxygen in influencing the
rate of carbon oxidation. At high water vapor pressures, the
degree of adsorption of this component should be corresponding-
1y high thereby reducing the number of unoccupied active car-
bon sites available for subsequent oxygen adsorption and
reactioﬁ. According to this explanation and for a constant
oxygen pressure, one would predict an optimum water vapor
pressure from which either an increase or decrease in the
amount of this component present would reduce the rate of
reaction; A similar variation for the optimum oxygen pres-
sure, at a constant water pressure, would also be expected;
Such conclusions are in agreement with the theoretical rate
expression proposed in Appendix v.

The 500° c. temperature data of Gulbransen and Andrew!

may be re-examined as haS been done by Blyholder and Eyring2
for their U450° C; experiments: These latter authors conclude
that the 450° C; data could be better expressed as a half-
prder reaction ovef the entire pressure range: Indeed, with
exception of one of the ten data points reported which may not
have been experimehtélly reproducible, éhe §ame conclusion

may be drawn for the 500° C. temperature data. That is, for

both temperature levels,

[-d(C)/dt]T « p8;5
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where any influence due to variations in water pressure would
be incorporated within the proportionality rélating the rate
with oxygen pressure;
Another -significant finding of Gulbransen and Andrew!
is the anomalybthat'their 500° C; data, as represented by the
equation

-d{¢)/dt = 1.35 x 1079 + 0.505 x 10~ Po s
2

did not break away to a zero rate as pressure diminished: No

attempt was made to explain the phenomenon nor to further

. Anvestigate the situation. Such an observation does, however,

lend support to thevbreakdown of the reaction sequence as
proposed in Appendix IV, Therein is made the postulate of a
carbons “residual reactivity" which is primarily a function
of the amount of bound hydrogenvnative to the sample; Ac-

cording to this hypothesis, all impure forms of carbon could

. be expected to possess a basic or residual reactivity which

is characterized by the reaction temperature and oxygen partial
preséure as this latter variable approached zero pressure:

Experimental results presented herein are individually
in agreement with those of numerous other investigators in the
field of carbon oxidgtion; Observations in this work which.
are also in direct support of those previously reported are-
as follows: |

| 1. An apparent catalysis by water vapor.

2, Nearly zero, fractional, and first order dependence
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of the rate on oxygen pressure depending on the amount of

water vapdr present:

3; Reaction rates which were independent of the amount
of carbon present through 30% carbon burnoff:

b, Rapid attainment of steadx state oxidation rates
in which the fate of oxidation remained~constant; (In
this work, the attainment of a steady state oxidation

rate was coincident with the attainment of a steady state

water vapor partial pressure.)

5, Carbon dioxide as the sole product in the oxidation

of a pure carbon.

6. Simultaﬁeous adsorption effects in the pxidation

of carbon.
7; An activation energy in close agreement with that
generally recognized for this reaction;
| 8. Coherence with some sort of dual mechanistic se-
quence involving Type I {bound hydrogen dependent) and

Type IT (proposed as water vapor dependent ip this work)

sites.

9; The influence of varying stream velocities on the

effluent oiygen énd product concentratioﬁs;
10. A negligible steam-carbon'reaction at 500° C.
il. A small to negligible influenqe of the carbon
dioxide product on the rate of parbOn oxidation,

12; ~ The experimeﬁtal data can be correlated by the

Arrhenius type eqqation.
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Significance of Investigation

An attempt has been made>to present a critical review
of basic concepts and apparently significant parameters in the
oxygen-carbon réaction.‘ To this has been added the findings of
the present invegtigation. The next logical step appears to be
an evaluation of the overall field of carbon oxidation in terms
of conclusions suggestéd by this study;

One major problem, that of quantitatively assessing
previous literature on the subject, appears insurmountable;
Part of the problem stems from the variety of experimental
techniques and reactant materials used in studying the reaction;
Another facet of the prbblem stems from the fact that many
investigators do not describe their experiment 'in quantitative
enough terms, It appears that part of the confusion about the
nature of the reactioh could be reéolved by more carefully
weighing those dafa‘in which neither the water vapor content in
the reactant streamrnor the influence of non-carbonaceous but
adsorbent surfaceé in the reaction system can be established,
Another apparently significant variable which should be defined
for any‘quantitative comparison of carbon reactivity is a
carbons basic hydrogen content. )

Comparison of reaction rates of carbons oxidized in the
same or differeht systems has yielded results of little theo-
retical significance., In an aftempt to clarify the problem,
Walker et al,3 have recommended that rates for comparative

purposes should be taken only after steady state rates of
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reaction have been attained. A further effect that must be
recognized in any ‘such comparison is the frequently reported
independence of the rate on the mass of carbon present through
a considerable degree of carbon burnoff. If this effect is
observed then, during the period of constant rate of reactibn,
the reaction must be limited by something other than the
number of carbon sites available. Accordingly, comparative
rates of reaction expressed on a per gram of carbon basis are
meaningless during this interim and fhe rate must be made
specific to some other 1imiting criterion. On the other hand,
speéific reaction rates could be of more»comparative signifi-
cance if the measurement were made ét the critical carbon mass
concentration immediately subsequent to the period of constant
rate of carbon consumption;

Caution should be exercised in assuming the results of
this investigation can be applied indiscriminately to the whole
field of carbon oxidation; In this regard it is probably wise
“to point out that, even though a_50,000—f01d change in watér
vapor pressure has been studied, the lower and upber limits of
water vapor contént correspond to dew points of -112° F; and

+75° F., respectively; Also the carbon oxidized was amorphous

“in form with a purity closely akin to that of diamond; Further-

more, the helium diluent could account materially for influences

not observable with nitrogen dilution and vice versa.
Be this as it may, the work presented herein clarifies

the role of one significant parameter which makes it inherently
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easier to use existing data in a more realistic manner; The
Ve£y_fact that carbon occurs in many forms and structures each
of which have some effect, makes it unrealistic to expect that
the-deVelopment of an overéll, all encompassing, theory is
feasible. Rather, practical understanding will have to evélve
from quantitative studies of individual parameters as reported

I
herein.



CHAPTER VIII
CONCLUSTIONS

‘Oxidation of a relatively pure amorphous form of
pyrolytic carbon is shown to undergo an apparent catalysis
by water vapor over the 400° to 500° c, temperature interval,

This finding, of water vapor partial pressure as heretofore

a recognized but'uninvestigated parameter in the oxygen-carbon

reaction, offérs at least a partial explanation for the numer-
ous varying and diverse experimental conclusions so readily
apparent in the literature. The variable has been demonstrated
to be of *sufficient importance to govern a pure carbons re-
activity and the apparent order with respect to 6xygen pressure;
Water vapor partial pressures up to 100% saturation at room
temperature were studied.

Experimental conclusions of nearly zero, fractional
and first order dependence of'the rate on oxygen pressure were
possible when the influence of varying water pressure was neg-
lected., However, by adjusting the measured rates for the
influence of»water vapor, a "water compensated order on oxygen
pressure"‘was obtained Which remained constant over all ex-
perimental conditions.' The masé law kinetic relationship
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-d(c)/dt = k p8;3 PE o
2

where (a) is an experimentally measured value and the rate
constant is determined from

6 oxp(-39,900/RT)

k = 3.64 x .10
was found to represent the experimental data with an average
error of 3:2%; An activation energy of 39,900 calories perr
- mole was calculated: | ‘

A meéhanism is proposed to account for the influence’
of water vapor which postulates the existance of two competi-
tive reactions for oxygen which are controlléd-respectively
by the amounts of hydrogen originally bound to the carbon and
that introduced as extraneous water; For a relativelylpure
carbon exposed to oxygen at moderate reaction tempefatures,
the 1attef is posed as overshadpwing the former.to a degree

such that the measured rate of reaction is propOftional to-

the number of simultaneously occupied neighboring sites;

The overall mechanism proposed represents an extension

over those previously reported by 1) including the water vapor

partial pressure variable, 2) accounting for variations in

carbon reactivity due to varying degrees of hydrogen impurity,

3) pointihg out the influence of trace hydrogen impurities on
the reaction mechanism when the rate of reaction is 1ow; )
offering a detailed mechanism for one type.of active site
participation, 5) supporting an adsorption/desérption mecha-

nism similar in form to that generally recognized for the
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steam-carbon and éarbon dioxide-carbon reactions, 6) consider-
ing a gaseous species to act as a catalyst when in an adsorbed
state and 7) accounting for the qualitative observationé of
pseudo-zero, fractional aﬁd first order dependence of the
rate on oxygen pressure. Aithéugh it has not been possible
to quantitatively test fhe mechanism proposed, it qualitative-
1yAsupports the findings of‘this investigation in addition to
being consistent with é number offother observations réported
in the 1iterature.

The differential reactor system with.recirculation
has been shown to bé én applicable experimental technique for
studying the oxygen-carbon reaction, A type of carbon-coated
packed bed, which had not been previously reported on in.the

literature on carbon oxidation, was utilized.



CHAPTER IX
RECOMMENDATIONS

The true chemical mechanism and kinetics governing
the sequence of events in carbon oxidation have eluded scien-
tific interpretation since the reaction first became in-
tensively studiéd after the turn of the century: Present
precepts about the problem generally involve an.undetermined
variabie within the solid phase; The present work ﬁas.él-
ternately shown water vapor to play a dominant role in the
reaction of a pure carbon for which proper compenéation in
the mechanism must be made: One such attempt has been“made
herein in which broad but justifiable generalizations were
necessary in order to apprbach the problem from:a:fuhdamental
point of view. Much work remains fo be done to further qual-
ify the chemical mechanism and kineticsAinvolved; In this
regard, the followiné problems appear to be particularly
worth whilevinvestigating:

1: Clarification of the'phenomenon associated wiﬁh

water vapor catalysis in the oxidation of carbons of
varying hydrogen content,

2; A clearer definitibn of the residual réactivity
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concept and its fqndamental significance;

3; The roles of selective and relative adsorption of
oxygen, water and common diluents on active carbon sites
and means‘for identifying and méasuring same;

4, Characterization of the dual carbon site theory;

1'5; Experimental proof of the existence of a stable
surface oxide cémplex of carbon.

6. The roles of oxygen and water contamination in
the carbon dioxide-carbon reaction and of oxygen con-

tamination in the steam-carbon reaction.
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APPENDIX I--EXPERIMENTAL RESULTS

p
Hgo
mm Hg

.0032
1.14
11.7
1.16
.0051
<363
14,7
1.14
.05
1.44
6.24
9.34
16.1
17.2

.0038
3.68
16.0
.0030
1.22
1.22
17.2

mm Hg

67.9
67 .4
65.8
67.2
68.8
69.04
65.2
66.1
58.0
65.5
64.0
6L4.9
61.8
62.1

364.5

356.5
362.4
362.8
364.7
362.1
365.4

APPENDIX I--EXPERIMENTAL RESULTS
{continued)

(in COZ)

Reactor
Temperature
Feed Approx. Actual Efflux
% 0, Sc °r SCC/min
8.2 oo 753.5 Ls,7
. (in He) 749 .8 43,1
750.4 50.4
L2s 797.3 Ly.,1
450 8L2.0 "h7.9
839.9 Lg.1
8u42.2 Ly, 2
Los 88L4.5 Ls,3
500 933.0 Log.o
930.4 Lg.7
930.1 30.2
931.7 Lo .3
934.0 37.2
932.7 53.6
43.5 Loo 749.3 37.7
(in He) 749 .7 LL.9
S 7h7 L7 50.1
Lso 838.3 Li.,1
842.9 Lg.7
84lL.0 L2.,7
843.7 L9 .3
Reactor
Temperature
Feed ~ Approx. Actual Efflux
% 0, °¢ °F SCC/min
100. Loo 750,8 L2,1 -
(in He) 748,.2 23.8
‘ 747.6 39.6
Lso 8L1.4 L7.1
843.3 bi.5
82,4 Ly .3
500 931.7 L7.8
931.,7 Ly .8
. 931.0 57 .9
932,1 53.5
9.2 500 932.0 58.4

PH,0
mm Hg

ookl
2.98
14,7
.0051
3.07
17.5
.00032
1.35
9.48
iL.8

1.57

Po

mm Hg

839.9
826.3
820.1
823.9
836.2
821.8
828.9
826.0
815.0
808.3

v

Rate of

Reaction, gms

C consumed/min
P002 x 105 /
mm Hg
.01¢ .054L5
054 . 154
.o74L .239
.220 .672
.089 .563
.551 1.71 .
.768 2.21 =
1.90 5.56 ©
1.36 L.87
2.05 6.38
3.53 6.86
2.49 7.95
3.61 8.69
2.60 9.03
.081 . 194
143 " L.h21
135 435
.319 1.203
.923 2.87
1.26 3.46
1.43 L. 48
(continued)
Rate of

Reaction, gms

P C consumed/min
CO2 x 10 /
mm Hg '
.101 .272
.224L . 345
.213 541
.614 1.88
1.70 L. Lo
2.21 6.24 - —
1.08 3.32 2
L.55 i3.11
5.50 20.54
6.90 23.81
759.0 9.70
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APPENDIX II

EXAMPLE CALCULATIOXNS

Run #33 Room Temperature, 77° F,
Feed, 8.20% 0, (in Helium) Reactor Pressure, 830 mm Hg
Reactor Temperature, 933° F, Barometric Pressure, 732 mm Hg

Effluent Flow Rate, 49 SCCM Recycle Flow Rate, 240 SCCM
Weight of Ascarite Column at Start of Test, 129,.8306 + ;0001 gms
Weight of Ascarite Column at End of Test, 129.8406 + 0001 gms
Length of Test, 56 min,

Weight of Cafbon Dioxide Produced during Test, 0;0100 gms

Weight of Carbon Consumed in Test, 9;0100x12/uh = 273x155gms'
Rate of Carbon Utilization = 2 BXLé = u.87x16 gms/min

Probable Analytical Errcr in Razé Measurement = + ;0002x100 = 2%
Effluent Dew Point Temperdture, -58° 7, 0.0t

Water Vapor Pressure of Effluent, 0,05 mm Hg

Oxygen Analyzer Measurement of Effluent, 7.92% 0,

Effluent Analysis:

Puo - 0.05 mm Hg
2
p. = 0.079x732 = 58 mm Hg
0,
_ 0.0100x22,400%732 = 1.6 wm H
Peo, Soxiialy o [+0b mm He
Py (by difference) = 672.59 mm Hg
e

L b A Aas AR Aah i Ak o s i e
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APPENDIX TIII
ASSESSMENT OF ERRORS
Experimental rates of reaction were accurately de-
termined in this investigation through selection of a dif-
ferential reacting system and precise analytical methods.

Analytical accuracy was further improved by recirculating

the majof portion of the reactor exhaust, Experimental

reaction rates may be determined directly from weight measure-
ments with such a reactor system., Since rates were measured
under steady state conditions and the oxygen was premixed
with the diluent, errors in the measurement are influenced
only by the uncertainty in the controlling variables of flow
rate and temperature; The latter is the more significant
because of the exponential dependence of reaction rate on
temperature, The influence of variations in this parameter
may be seen by the following considerations.

If .the rate constant is only dependent on temperature,
then the exponential form of the Arrhenius relation

k = A exp (-E/RT)
may be expressed as:

¢x = (AE/RT)[exp_(-E/RT)]dT/T.

By takiné their ratio, a final relative form

dk/k = (E/RT) dT/T
is obtained from which an estimate of temperature errors in
rate data may be obtained., Upon using the 39;9 kcal/mole

activation energy found in this study and a 500° i 1° C:
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temperature control of the reactor, thevuncertainty in rate

‘data due to temperature errors is seen to be

[39,900/(1.99x7732) | at

dk/k =
: follows:
= 0.034 dT. = : o i,

Since rates are proportional to rate constants, an error of

uncertainty of less than four per cent is calculated for’

the one degree variation.in temperature, Adding this to the ‘ : 2

two per cent error in rate due to analytical measurements as

per Appendix II gives an average error of about six per cent

in the measured ratss at 500° C. 3
b,
5.
6.
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APPENDIX IV

PROPOSED MECHANISM

Criteria for the selection of a mechanism were as

Oxidation rates of carbons containing én ap-
preciable amount of bound hydrogen are a strong
function of the quantity of this element present.
Oxidation rates for carbons of low hydrogen con-
tent are strongly influenced by the concentration
of vapor phase water present, -
Oxidation rates of low hydrogen carbons at mod-
erate reaction temperature are independent of
oxygen concentration under relatively dry re-

active conditions and propoftional to the concen-

"tration of this component at higher water vapor

contents,
The primary reaction-product of the pure carbon-

oxygen reaction is carbon dioxide.

" The activation energy for the reaction is large

and positive.
The mechanism selected must be consistent with
other known facts about the chemistry of the re-

action,

It has been fairly well established that, excluding

the influence of oxygen and temperature, oxidation rates of

carbons containing varying amounts of bound hydrogen are a



106
function of the quantity of this element present, On the
other hand, oxidation rates of carbons of low hydrogen con-
tent have been shown to be strongly influenced by the con-
gentration of vapor phase water. Any postulated mechénism
mustAsupport the two situations since béth appear to be well

founded.

Proposél,I--Competitive Reactions

If rates of hydrogen-laden carbon are a function of
oxygen pressure, and rates of pure carbons are more dependent
on water pressure at lower water concentrations, then the
possibility is suggested of competitive reactioné for oxygen;
For a constant level in oxygen pressure, the rate may . then be
expressed as

Rate = f ( H, B0 ) (1)

where H and'pH20 represent the concentration of bound hydro-
" gen in the carbon aﬁd.the water vapor partial pressufe,.re-
spectively. 1If, in any one sample, the amount of bound
hydrogen remains in constant proportion to the ambunt of

carbon present, then the rate may be given by

Rate ‘= constant + f'(pH O) (2)
2

or

Rate 1 + Rate 2 ' ()

Rate
where the two processes are assumed to be iﬁdependent of each

other. If an appreciable amount of hydrogen is present in

107.
the carbon, and Rate 1 >> Rate 2, then
Rate =~ Rate 1, (&)
On the other hand, if the carbon is relatively pure, the re-
action temperature is moderate, and water vapor is in abun-
dance, then Rgte 1 << Rate 2, and
Y Rate ~ Rate 2. (5)
This latter situation is suggested as an explanation of data
for the case at low temperatures where reaction rates are
moderate, According to this proposal, it is obvious that
the importance of trace amounts of hydrogen in a relatively
pure carbon becomes pronounced as'the reaction rate dimin-

ishes at lower water vapor partial pressures,

" Proposal II--Water Catalysis

There are several hypothetical mechanisms which give
the required form of rate equation (5); As one possibility,

the following steps are postulated:

k
- - -—
(1) ¢, + 0, =ﬁ§= c(0,) . K = k,/k,
. k 3
(2)‘ Ce + H,0 =§z= C(H,0) K' = kq/k,

. (3) ©(0,) + C(Hy0) = C(0,)C(H,0) = CO, + Hy0 + Cp.
The term Cf repfesents a carbon free site capable of adsorp-
tior: and C(02) and C(H,0) represent carbon-oxygen and carbon-

water cdmplexes° These basic steps may be alternately
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detéiled. However, the general scheme presented is one of
catalysis by water, involving simultaneous adsorption of
oxygen and water. A subsequent interaction of adsorbed com-

plexes is a necessary step in the reaction mechanism.

Proposal IIT--Simultaneous and Neighboring Adsorption

There is general agreement that experimental evidence
on the carbon dioxide-carbon reaction fits an equation of

the form>

Rate =
1+ kyppg * k3p002

where Pco and Pgo  are the partial pressures of carbon mon-
2 :

1 k2 and k3 afe

functions of one or more rate constants. Experimental data

oxide and carbon dioxide and the constants k

on the steam-carbon reaction likewise generally fit an equaF

tion of the form3

k,p (7)
1 H,0

1 +k, p + ko, p
2 H2 3 H,0

Rate =

where terms are similarly defined. Both expressions are
based on simultaneous adsorption mechanisms.

A similar relationship méy be derived for the oxygen-
carbon reaction considering only the relative adsorption of
both oxygen and water; “Assume first a steady state exists

in the rates of formation and decomposition of surface

109
complexes as in the proposed mechanistic reactions (1) and
(2), 1If 91 and 8, are the fractions of active carbon sites
occupied byroxygen and water, respectively, then the fraction
of free sites unoccupied at any time is (1-91—62). There-
fore

kg Py 0 (1 -8, - 8,) =k, 6,. (9)

The fraction of surface covered by oxygen and water is, from

 eqqations (8) and (9),

Kp02

8 = 1 + K + K (10)

T szo. p02

and
1

K Py_0 ,

92 = : . (11)
+ +
P+ Kpg o+ Bpg,

Sinée the rate bf.reaction is equal to the rate of decom-
position of the adsorbed carbon-oxygen complex, which in
furn-is proportional to the fraction of the surface covered
by_oxygen, then

Rate = k (12)

Substituting for 91 from equation {(10) gives the final ex-

'pression for the case of simultaneous adsorption of oxygen

and water in which there is no chemical interaction with the

adsorbed water: -
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APPENDIX V
klpo2 ‘ ] COMPARISON OF EXPERIMENTAL AND CALCULATED RATES*
Rate = = . (13)
1 + X'p, ~ + Kp
H0 0 770, Rate of Reaction x 107, gms
~where K = kl/kE’ K' = kj/ku’ and the rate constants are as Measured "~ galculated ﬁ Error#**
shown with reactions (1) and (2); Such an expression is 0545 0610 +11;9
' g L 153 _ .182 +18,9
consistent with reaction (1) and (2) and may conceivably re- »239 _ 280 ' +17,2
: _ 563" : 554 - 1.6
solve to either first or zero order dependence on oxygen 1,71 , 1,17 v -31,6
' 2,21 : 2,19 . - 0.1
depending on the magnitude of the adsorption coefficient and L,87 ‘ 6,10 +25.3
pressure of each species, The equation does not, however, 6.86 : 9,48 o +38,2
' 7495 9.88 +24,3
predict an increase in rate with increasing water pressure 8.69 _ 9,88 +13.7
‘ - 9.03 A 10,30 +14,1
as has been experimentally observed in the present investi- w194 , 166 -14,.04
: - What «336 ‘ 20,2
gation, - ‘ . : L35 .393 - 9.7
i « 1,203 - : 956 -20.5
A more acceptable rate expression may be obtained if, 2,87 - 2.37 -17.4
. - 30“6 2036 '31-.8
in addition to simultaneous adsorption of oxygesn and water, L, us8 . 3.54 : -21,0
- - - 0,272 .-280 . N + 2q_9
is made the further stipulation of neighboring occupancy v 345 ’ Lot ' +16.2
with chemical interaction,®? 1In agreement with reaction (3) : 1.88 2,19 +16,.5
| 449 3,46 -22,9
of the mechanism, the kinetics may be deduced as follows: _ 6.24 b.38 _ -29,8
o ’ ’ . ' - 3.32 ' : 3.92 +18,.1
If the rate is proportional to the concentration of simul-. 13.11 18.31 +39.7
. 20,54 4 26.15 27,3
taneocusly occupied neighboring sites, then , 23,81 : 28,32 _ +18.9
Rate = k 6; 8,, (1h) |
‘Substitution for 91 and 8, from equations (10) and (11) yields : ~* Sequence of measured rates identical to that of Appendix
the final rate expression proposed; , ': . II for 400°, 450° and 500° C. data,
‘ l *k  Ave, error = 3 Error/29 = 3.2%
kKXKK'p. p ' . .
: 0 H,0 : = =
Rate = 2 M2 . (15) Abs, error ZIError’/29 19.8%

(1 +X'p +Kp )2
- Pry0 05
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APPENDIX VI
INTERPRETATION OF RECIRCULATING DIFFERENTIAL REACTOR DATA . -
_ Use of a differential reactor flow system with recir- .

culétion of a portion of the exhaust flow has been shown to
be most successful with moderately complex reactions which
lend themselves to sensitive analytical determination; Re-
circulation of as large a volume as is experimentally feas-
ible, while simultaneously maintaining minimum desired
temperature and pressure gradients, results in an optimum
designed system: A corresponding prerequisite is a degree
of reactant conversion which is suffiéiently 1a;ge to over-
shadow analytical accuracy: Recirculation is particularly
advantageous in studying the chemical mechanism of the carbon
oxidation reaction because the high heat release, coupled
with poor heat transfer characteristics, frequently causes
localized overheating in near differentialAreactors;

Analysis of reaction kinetics for a differential re-
actor with recirculation may be’éimplified by re;tricting
kinetic considerations to the inlet and exhamst sections in
which no reciféulation ocCurs: _This casé is analogous to the
kinetics of a straight differéntial reactor: However,lemphasis
is placed on the‘effect of products on fhe reaction by the
recirculation technique, a.point too frequently neglected in
differential reéctorrstudies where only the first element of
the reactor bed is expoéed to a product-free flow stredm;

Letting Xi represent the inlet oxygen concentration and Fi
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the total inlet flow in moles/sec, then the moles of oxygen
per second entering the reactor and recirculating system is
XiFi., Similarly, if Xo and Fo represent the respective ex-
haust oxygen concentration and flow, then the moles of
oxygen leaving the system in unit time will be XoFo; By
material balance, the rate of oxygen utilization within the
reacting system is then

Rate of oxygen utilization = -d(0,)/dt = XiFi. - XoFo
where only flow rates and oxygen concentrations are necessary
to determine the rate of oxygen disappeafance; This may or
may not be equal to the rate of carbon oxidation which depends
on the products formed. If CO is the 6n1y product (theoreti-
cal case), then_there'will be a volume increase during re-
action equal to twiqe the volume of.oxyggn utilized; In
such a case, the following holds true:

Fo - Fi = 2(XiFi . XoFo)

Rate of carbon oxidation = -d(C)/dt = -2d(0,)/dt

-d(c)/at = 2ro[ (Xi + 2XiXo)/(1 + 2X1) - Xo .

\

If the oxygen utilized is equally shared by both Cb and COp,
resulting in CO/CO2 = 2, then a volume increase equal to half -
the volume of oxygen utilized will be realized giving

Fo - Fi = XiFi - XoFo

-d(c)/dt = -1.5d(0,)/dt = 1.5Fo[(x1_+ XiXo)/(1+ Xi)- XO].

In general, for the chemical reaction

aC + b0, = ¢CO + d002
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where .
-d(c)/dt = -(a/b) d(0y)/dt = (a/c) d(co)/dt = (a/d) d(coz)/&t,
the volume increase upon reaction and kingtics are given by
Fo - Fi = r(XiFi - XoFo)

where

r = c¢c/b = Zo/(Xi - Xo)
Zo = exhaust CO concentration

and the general rate expression is

-d(c)/at = FQ[(YO + 0.5%0)/(Xi - Xo)][(Xi+rXiX0)/(l+rXi) - xO],

where
Yo = exhaust COp concentration.
The simplest case is the reaction in which oniy GOy
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is formed as in the c&¥€*8T pure carbon oxidation at low

v}f‘-s‘s"ﬂ"“‘”“’u -

Lemeso®“Comperatures, Since there-is no volume change upon reaction,

Fi = Fo and the rate of carbon oxidation is identical to
bothAthe rate of oxygen utilization and the rate of carbon

dioxide production. Thus

-d(c)/at = -d(0,)/dt = d(C0,)/dt

Fo(Xi - Xo)

FoYo

and the instantaneous rate may be measured directly, If
steady sfafe conditions have been reached and analytical
accuracy restricts the lower limit for which differential
conversions are accurate by the instantaneous analysis, then

an average differential rate may be obtained by measuring,
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for example, the cumulative carbon dioxide produced over a
finite time intervall The only limit in time by this latter

technique is a continuation of the steady state;



