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PREFACE

The gasification of carbon has been the subject of numerous
investigations over a long period of time. The first part of this thesis
deals with the kinetics of the reaction of thin films of pyrolytic carbon
with oxygen with particular emphasis on the role of the surface ox&gen
complex in the mechanism. In the second part, a new technique is
described for quantitative measurement of the conditions of reactant
- concentration at ignitiqp:in mixtures of carbon monoxide and oxygen. The
third part is concerned with the effect of water vapour and of inert gas
on the kinetics of the carbon-oxygen reaction.

Some of the work.deﬁcribed in fhis thesis has been published as
follows:

1. The Role-of the Surface Complex in the Kinetics of the Reaction of
Oxygen with Carbon, S. Ahmed and M.H. Back, Carbon 23,.513-524
(1985). . '

- T .

2. Kinetics and Mechanism of the Explosive Reaction of Carbon Monaxide

and Ox}gen, S. Ahmed and M.H. Back, Int. J. Chem. Kinet. 18, 181-203

¢

¢
(1986) . .

3. The Explosive Reaction of Carbon Monoxide and Oxygen at 973 and 1048 X,

S. Ahmed and M.H. Back, Int. J. Chem. Kinet., in press.
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The kinetics of the reaction of molecular oxygen with carbon was
studied in a static system over the temperature range 748-1173 K at
pressures in the neighbourhood of 1 Torr. Carbon was obtained as a thin
film on the surface of a quartz reactor by pyrolyzing methane at 1223 K.
The active surface area of the carbon film was measured by saturating the
active sites with the surface oxygen complex by chemisorption of oxygen
at 673 K, followed by temperature-programmed desorption to 1223 X for
recovery of the complex as carbon monoxide and carbon dioxide. The
activation energy for desorption of the complex was about 65 kcal
mo1*l. The-amount of carbon on the surface was monitored during the
course of the reaction from the attenuafidn of the light beam from a
He-Ne laser. The rates of formation of carbgn monoxide and carbon
dioxide were obtained from the measurement of the total pressure in the
reaction system.

At temperatures below 900 K an induction period was observ;d in the
formation of carbon didxide, the only product of the reaction in this
region of temperature, but no induction period was observed in the
formation of adsorbed oxygen and the surface complex. The rate of
oxidation of the carbon film was measured in the presence ‘and absence of,
the complex on the_surface before the commencement of the reaction. The
presence of the complex shortened the induction period and increased

slightly the rate of gasification. It was concluded that the surface

complex was an intermediate in the oxidation process.
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ABSTRACT (Continued)

At higher temperatures carbon monoxide became an important product
and the activation energy for its formation, about 70 kcal mol™2,
was in agreement.with that obtained for the desorption of the surface
complex as carbon monoxide. The activation energy for the formation of
carbon dioxide, about 40 kcal mol'l, was considerably 1ower.
A mechanism for the reaction was proposed, involving secondary
’;gferactibn of oxygen with the complex, which accounted qualitatively for
the kinetics of the reaction. A turnover number defined as,

rate of gasification of carbon

number of active carbon atoms
was caicu1ated from the present measurements and from measurements
reported by other authors.’ ;his method of comparison gave. better
agreement among data reported in the iiterature.

At temperatures above 900 K and-pressures in the range 15-150 Torr,
an exp]dsive reactfon between oxygen and the product carbon monoxide
occurred under certain conditions. It was shown that traces of hydrogen
in the carbon film, which continuqus]y formed a small yield of water
during the gasification, ﬁ]ayea a key role in the development of
explosive conditions. Explosions occurred with ratios of CO/OZ as
Tow as 5 x 10‘3 far below those hitherto explored. Exp1os{;; was .
promoted by the addition of hydrogen, methane and water to the reactants.
The addition of inert gas inhiBited exp{osion at temperatures below 935 K

but promotea explosion above about 1000 K. A simple mechanism accounted

quantitatively for the occurrence of explosions over a wide range of
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ABSTRACT (Continued)

temperature, ﬁota] pressdre-and composition of reactants. Because the
film of carbon provided a reproduciﬁl@gsurféce for termination of
radicals, a quantitative description of the cohditioﬁs at explosion in
the region of the first limit was obtained. The résults also showed that
during the oxidation water vapour can have an important effect through
gas-phase reactions; the results of previous studies on. the effect of
.;Eter vapour hac been 1nterpretéd entirely in terms of processes

occurring on the carbon surface.

’



PART I

KINETICS OF THE REACTION OF OXYGEN WITH
CARBON AND THE ROLE OF THE SURFACE COMPLEX



CHAPTER 1
INTRODUCTION

-

<

hThe reaction of carbon with molecular oxygen has been of great
interest to chemists for many-decades [1-3]. The reaction is of
considerable significance‘to many industrial processes, such as
combustion reaétions, reactions occurring in flames and corrosion of the
graphite components in the HiQh-Temperature Gas-Cooled Reactor (HTGR).
" It is also important frem a fundamental point of view, since it provides
an example of a gas-solid re;ction where the products are entirely
gaseous. bespite numerous studies, however, it must be acEnow]edged that
the mechanism of the reaction, in terms of e]ementa%y surface p?océéses
of adsorption, m{gration, rearrangement, dissociation and desorption, is

not understood in detail.

&

The term 'carbon' covers a wide variety of carbonaceous materials
ranging from carbon b1ack (soot like materials) to single-crystal
graphitg. It may ge assuﬁed that in all carbonaceous substances
{excluding diamonq), carbon atoms are arranged in hexagona]'rings with
[1-bonas and these rings are linked together to form what Marsh [1]
called the lamellar constituent molecules of carbon.- Thus a carboq\_.
surface consists of basal plames terminating in “zjg:zag" aﬁd “arm-chéir“
edye sites (Figure 1.1). Hennig [4,5], Thomas [6] and Evans, Griffiths
an¥ Thomas (7], using optical and e1ectron\microscop1es, have shown that
during the oxidation of single-crystals of graphite with oxygen, edge or

2 electrons ) are

peripheral carbon atoms (possessing unpaired sp
more readily attacked than the basal surface, which reacts only from

lattice defects such as atomic vacancies and screw dislocations.
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Figure 1.1. Illustration of the "arm-chair" and

_ “zig-zag" configurations
of the carbon layer edge.




Chemisorption of oxygen on carbon forms a gtrong]y-bound complex or
surface oxide at the reactive_edges of the basal p?aﬁes E8]; and may form
various'funct{onai groups, for example, carboxyl, carbonyf, lactone and
pﬁeno] [9-14]. These complexes also form during the gasification
reaction and one of the main concerns of ch?miggﬁ engaged in studies of
carbon is to establish the role of these compiexes in the over-all
gasification process. o IR

Thé'properties of surface oxides'héve been investigated by various
techniqg;s. Hennig (4] and Thomas [6] have found that the two types of
edge sites undergo oxidation at different rates. Thus, the same
‘functional group ‘attached to a "zig-zag" and an "arm-chair" carbon atom
is energetically d;fferent. Therefore, variations in the biﬁding
energies of sur?ace complexes on.a carbon surface may arise both‘from the
differences in the nature of functional groups and in the surface energy
characteristics of the parent carbon. Eacﬁ class of the energetically
aissimilar surface specigs may be regardgd'as a kineﬁi; species [15].

The characteristics of_th;se surface complexes have often been
explored by chemisorption-desorption studies [15-23]. During the process
of thermal desorptioh, the oxygen is released directly from the surface
as carbon monoxide and carbon dioxide [24-26]. Tremblay, Vastola and
. Walker [15] have c¢ritically examifeﬁ‘tﬁé results of these studies. When

the desorption was performed in a series of isothermal stages at
successively higher teﬁberatures {step-TPD)} [16~19], the results
indicated the existence o% one kinetic species with the energy of

desorption being & continuous function (either linear or Gaussian) of the

" surface coverage. This beh§§‘our is consistent with Elovich-type
P M - k . Y

N



desorptioﬁ. On the other hand, when the desorption of products was
monitored by 11ne;r temperature-programmed desorpt1on (1inear-TPD)
{15,20- 23] the existence of multiple kinetic species was indicated. In
an attempt to rationalize this discrepancy between the results of the two
techniques, these authors suggested that the differences in enerqgy among
the various kinetic species may not be sufficientiy large (perhaps 0-10
kcal mo1=1) to be resolved b}.step-TPDVQith its relatively large
temperature increments.

Attempts_to characterize the surface oxygen complexes were also made
by spectroscopic measurements [27-33] and by chemical analysis
[11,3?,35]. Infrared spectroscopi¢ techniques [27-30] have been used to
examine the chemical structure of the surface functional groups on
carbons. These studies have indicated the presence of carboxylates,
lactones, phenols and quinone type carbonyls on oxidized carbon. X~ray
photoelectron spect?oscopy, which permits the measurement of binding
energies of core electrons, was employed to determine the binding
energies of the oxygen 1s electrons of the surface-compTex (31,32]. It
was possible to identify more than a single oxygen ls peak on ogxidized
carbon surface indjcating the-existence of more than one species of
complex, in.agreement with thermal desorption studies.

‘A method to measure the extent of carbon edge surface, which is

widely used today, was developed by Laine, Vastola and Walker [36,37],
' based on the conclusion fhat the complex forms at the edge carbon atoms.
The method involves saturation of these edge sites with oxygen comp]é%es'
. T

by exposure to -oxygen at about 673 K for a prolonged period. The amount

of complex formed is measured by its recovery as cafbon monoxide and



carbon dioxide by thermal desorption to 1223 K. Each oxygen atom in the
desorbed product was assumed to have come from one surface complex. By
further assuming that the complex consists of one oxygen atom per edge

2

carbon atom and that each edge carbon atizjoccupies an area of 0.083
nm®, the amount of complex formed on the

urface can be converted to
an area, called the Active Surface Area, and designated ASA. This
description of the number of active sites as an area allowed comparison

with the total surface area of the carbon.

Laine et al. [36,37] have stressed the importance of the active
surface area of the carbon surface in the kinetics of the gasification

process. From studies of the reaction of oxygen with thin films of
- .

carbon Tong, Pareja and back [38] have demonstrated the dependence of the
rate of oxidation‘of a carbon surface on’ its ASA. They observed that,
with changes in the amount of_carbon in the film, the ASA also changed
and this was accompanied by a ﬁorresponging change in the react;vity of
the carbon. Interestingly, théy 6bserved a maximum in the ASA with
increasing thickness of the carben film and this maximum correlated
closely with the maximum in reactivi{y.

One major area of experimental investigation-into the kinetics of
the carbon-oxygen reaﬁtion involves the measurement of total rates of
oxidation, individual rates of formation of préducts, carbon monoxide and
carbon dioxide, the temperature coefficient of these rates to obtain the
apparent activation energies and the order of the rate of the reaction
with respect to oxygen pressure. Unfortunately, wide variations in eacﬁ

of these Kinetic parameters have been reported. Several authors,

including Mobrman, Anhalt, Ashworth, Hinseen and Katscher [39], Tyler,
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'Nouter1ood and Mulcehy [40], and Ong [41] have summarized the existing
date and attempted to account for the observed variations. The wide
disagreement ambng the reportea values can be Targely acgbunted for by
differences in the impurity content {particularly metallic impurities), -
surface area, method of preparation and pre-treatment procedure of the
carbon, in gaseous impurites (particularly hydrogeneous suBétances) in

_Oxygen, in the techniqués empidyed and in the conditions of reaction,

including temperature and pressure.
A kéy ﬁuestion in‘understanding the comp1ex1tiés\bf this reaction is,
the effect of the‘5urf§ce complex on the mechanism of the reaction.
yWhile 1t has been realized that the mechanism should be re]atéd to the
formation and decomposition of the complex, its precise role has been
aifficult to define. Some resu}@ on this aspect of the carbon-oxygen
reaction have ;;en reviewed by Boehm and Bewer [42]. Without doubt, most
of the studies on thfs question have been done by Walker and his
associates [11,36,37,43-48] and yet their investigatidns were 1imited
mainly to one'fo}m of carbon, Graphon, which is a graphitized carbon
black. They interpreted their kinetic data to indicate that the
formation of the stable surface oxygen complex actual]y.ihhibfts the
dasification process by blocking a portion of the ASA. They suggested
that the gasification occurred through what they called a 'reactive
surfacg‘pxygen complex' intermediate. Bonnetain and co-workers [49-52],
however, from their experiments on synthetic graphités concluded that the

gasification with oxygen proceeds by continuous formation and

decomposition of a surface oxide intermediate.
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The effect of the complex on the reaction is difficult to test
experimentally. As .the gasification proceeds the carbon atoms from the
surface of carbon are removed thus altering the physical and electronic
features of the carbon surface. fhis would, in turn, affect the binding
energies of sﬁrface complexes. Thus during the oxidation reaction

A

compTexes with a range of binding energies and different degrees of
mobility are present on ‘the carﬂon surface [53,54]. Furthe:more,
reaction conditions such as temperature and pressure would affect the
amount of complex on the surface through their effects on the rates of
formation and desorption of the complex. On the whole, thelinteraction'
of the complex with the surface and ;ith the oxidizﬁng gas represents a
complex system, which has led to many apparently contra&fctOry results
and interpretations.

-

1.1 Outline of the present study
Recently, a technique suited toc the kinetic ;tudy of reactions of

carbon’with gaseous reactants has been developed in this laboratory [55].
Carbon is produced as a thin film covering the surface o? a reaction
vessel by pyrolysis of a hydrocarbon under suitable conditions of
temperature and pressure. The kinetics of the reaction of the carbo
with the gaseous reactant is fo]]owed-by‘continuous monitoring of tﬁe
optical density of the film using a He-Ne laser as light source.

) This part of the thesis describes a study of the kinetics of the
reaction of carbon, obtained by the procedure indicated above, with

mo]ecuTar,aE}gen, with pértiCUTar attention to the role played by the

- surface oxygen comPIex in the mechanism. Measurements of the time course
<



of the reaction -under a variety of carefully aefined conditions, in
conjunction with measurements of the ASA of the carbon and the amount of .
strongT}-b0una complex retaineﬁ on the surface at various stages of the
reaction, constitute important parts of ;he ﬁresent work. The reaction
‘was studied in a sta;ic system in which pyroiytic carbon was obtained by
decomposition of methane as a thin film of high purity. Frqm the resu1£s
of the present investigation, the compiex has been shown to play an
1mport€ht role in the oxidation process through participation in several
concurrent and consecutive surface processes. The relative significances
of these processe§ depend on several factors 'but most importantiy on the
pressure of oxygen. A mechanism for tQ§se processes 1s suggested which
accountér;Br some of the differences in interpretétion of previous

results. The results obtained with this pyrolytic carbon will be

compared with those obtained with other types of carbon.

-
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CHAPTER 2

EXPERIMENTAL

2.1 Apparatus-

The kinetics of the reaction was studied in a conventional static
vacuum system. The main featu%es‘of the apparatus are shown -
schematically in Figures 2.1A and 2.1B. The gas storage and measuring
system, and the gas burette and Tépier pump assembly for coliection ahd
. sampling of products for-gas chromatographic analysis are included in
Figure 2.1A. The section of the apparatus incorporating the reaction
vessel and pressure transducers is shown in Figure 2.1B, which also
includes the optical arrangement for measuring the amount of carbon on

e i
the surface of the reactyon vessel. The entire system could be evacuated
1o about '10'6 Torr usin mercury diffusion pumps in conjunction
with stancérd mechanical pumps.

The reaction vessel was a quartz cylinder with plane windows sealed
atdg_sma]1 angle to the axis. The dimensions were: fﬁntekna] diameter,

4.35 cm; lengths, 10.8 and 9.3 cm.. The volume was 149 em® and the
L

surface area 167 cmz. The vessel was cleaned ultrasonically and

was positioned'in the centre of a horizontal tubular furnace equipped
with a power supply and a temperature controller unit. The temperature
was maintéined within £ 1 K along with the length of tﬁe vessel ana was

measured by a chromel-alumel thermocoupl® in conjunction with a digital

thermometer. -
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The reactor was connected to a manifold containing two pressure
transaucers with full scale ranges of 1 Torr and 10 Torr. The gauges
were capable of measuring four decades of pressures. The volume of the

manifold was about 70 cm3ﬂ

2.2 Materials

Research grade methane, with a stateq minimum purity of 99.99% was
obtained from Matheson Gas Products Canada, Whitby, Ontario. Industrial
high purTty grade oxygen {purity 99.6%) was supplied by Air Products and
Chemicals, Inc. Carbon monoxide (C.P. grade, pur?fy 99.5%+} and carbon
gioxide (purity 99.99%+) used for calibrations were obtained from
Matheson Gas Products Canada, Whitby, Ontario and Union Carbide Cahada

Limited, Toronto respectively.

2.3 Preparation and analysis of the carbon film

Thin films of high purity carbon were deﬁositea on the surface of
the reaction vessel by pyrolysis of 45 Torr of methane at 1223 K. Before
admission to the vessel the gas was passed through a spiral trap at 195 K
to remove mercury or water vapour. The amount of carbon in the film was
measured by the attenuation of the beam of a 1 mW He-Ne Jaser passéd
axially through the vessel. The signal was detected with a phdtodiode
and Keithley Electrometer. In order to suppress con?ection currents
Caused by temperature gradients, which could distort the beam, each end
ot the furnace was plugged with an evacuated cylinder. The attenuation
of the beam was Eorre]aied with the amount of carbon in the film by

complete combustion of carbom to carbon dioxide at 1100 K with pressures
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of oxygen in the range 80-300 Torr. The carbon film acted as a neutral
density filter and the absorbance, Toé{lo/lt) wds a linear function of

the total amount of carbon in the film. From this relation an apparent
2

LI

extinction coefficient of 2.2 x 10° cm mo]"1 or 1.8 x 10° cm? gt
was calculated. Note that this extin¢tion coefficient correlates with an
amount of carbon per unit area of surface and does not include a path
length for absorption [55]. Most gF the experiments described in this
part of the thesis were performed with films with a concentration of

carbon of about 2 x 10'7 mo]l cm'z.

This corresponds to an averége
thickness of 13 nm assuming a uniform deposit and a density of cafbon of
1.9 g cn™> [56,57]. |

After fdrmation the films were outgassed at 1223 K for 1k hours to a
residual pressure of 10'5 Torr. This treatment was found to reduce
evolution of hydrogen from fhe film to a negligible amount. Prolonged
heat treatment slowly reduced the activity of the film. The carbon films
produced in this manner were free of metallic or 1norgan1c‘impgr1ties and
were not expased to air or water vapour. Previous studies in this
laboratory on the measurement of the surface_area of the film relative to
that of the quartz vessel showed that the ratio of the areas was close to
unity for films less than about 50 nm in thickness [38]. It may
therefore be assumed that these films are practically free of pores of
appreciable sizes. Indeed, other studies {3,58] also sugggst that
pyrolytic carbons obtained by decomposition of hydrocarbons are usually
of very low porosity. Examination of these films by electron microscopy
(at the magnification of 10K) indicated no details or features at

concentrationsﬁysed in the present study {59].
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2.4 Temperature-programmed desorption of the surface co-p1ex

After the deposition and treatmékt as described above,‘the carbon
film was cocled under vacuum to 673 K. Oxygen was dried by passage
through a trap at 195 K (dry ice and acetone) and was allowed to
chemisorb on the carbon film at a specified temperature and pressure.ﬁi
The system was then evacuated to a pressure of about 10'6 Torr.
Adsorption with an oxygen pressure of 300 Torr at 625-673 K for about 15
nours was found to saturate the active sites with oxygen complexes.
Equifioration with oxygen for longer periods did not change the extent of
chemisorption apprecjab]y but a slow gasification occurred. For
measurement of the total ASA, the experimental conditions, in terms of
temperature, pressure of oxygen and time, were always chosen to adsorb
the maximum quantity of oxygen without causing gasification since the
lTatter process may change the total number of active 'sites [36,37].

After adsorption and evacuation, the temperature of the furnace was
allowed to fall to 473 K. Tﬁe'temperature was then raised to ab%ut 1223

1. Linear programming of the furnace temperature

K at a rate of 5° min~
was accompiished using the control unit of a Differen;ja? Thermal
Analyser (Fisher Scientific Inc., Model 260 P). The purpose of the drop
in temperature to 473 K Qas to achieve a steady rate éf increase in
temperature before appreciable desorption began. As mentioned earlier,
the surface oxygen complexes desorb to give carbon monoxide and carbon
dioxide. In the present investigation, carbon dioxide was condensed in a
liguid nitregen trap and the desorption of carbon monoxide was followed

by measuring the increase in pressure in the system. The Baratron

pressure transducer with full scate range of 1 Torr was used to monitor



the pressure. In most of the experiments the final pressure of carbon
monoxide was in the range 0.01-0.1 Torr. These pressures were measured
with the Baratron gauge on the range where a pressure of 0.0l Torr
qorresponded to a reading of .100 + .001 volt and cou{d therefore be
measured with an accuracy of + 1%. Because of other factors, however,
such as non-uniformity in temperatures during TPD and zero adjustment of
the gauge, the uncertainty in the measurement of pressure was probably
much greater than % 1%. . _

At the end of the desorptidn, the td£a1 amount of both desorption
products was cbtained by gaé chromatographic analysis (described in the ~
following section). The agreement between the pressure measurement and
the analysis of carbon monoxide was within & 5%. The ASA of each film
i@Sqd in subsequent measurements was measured in this manner. The ASA was

4 reproducible quantity for films prepared as described.

2.5 Xinetic measurements

The course af the reaction with oxygen was monitored continuously s
the Joss of carbon, from the absorbance of the film, and as the formation
of carbon monoxide from the change in total pressuré in the system. At
the end of the reaction. an aliquot of the reactant and products was
transferred to the gas sampler by the Topler pump assembly and analyzed
with a Carle Microdetector consisting of a thermistor detector and a
bridgélcfrcuit. Carbon monoxide and oxygen were analyzed using a
molecular sieve column (250 x 6 mm) at 273 K and carbon dioxide using a

Porapak T column (230 x 6 mm) at 295 K. The carbon and oxygen balance as
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well as the yiers of carbon monoxide and carbon dioxide measured by
optical absorbance ana-préssu}e change were thus vgfified. Agreement was
“within 5%.

Since the reaction volume consisted of considérab]e dead space, it
was desirable to confirm that the mixing of the reactant and products ~
between the dead volume and the reaction vessel was rapid compared to the
rate of the reaction under the conditions of the present study. Reaction
was allowed to proceed at 923 K yhere carbon dioxide was the qgi; product
of the reaction (Chapter 3). The composition of the mixture in the dead
space:'as a fuﬁzlion of time, was determined by gas chromatographic
analysis, using 2 sample small enough not to-alter the total pressure
appreciably. At the same time the rate of production of carbon dioxide
was measured by the loss of carbon from the surfacé. The composition o%
the product mixture, calculated assuming rapid mixing of the reactant and
procuct, agreed well with the analysis of the aliquot samples. That good
mixing was acﬁieved-was further verified after installation of the 1000
Torr Baratron pressure transducer in the system which reduced the dead

3

volume to 10 cm” (described in Part II). The reaction at 1048 K with

1 Torr of initial pressure of oxygen, where both carbon monoxide and
<arbon dioxide were-produced in significant amounts, was repeated with
this reduced dead volume. The time course of the reaction with respect
to the consumption of carbon as well as the formation of products was,

except towards the latter stages, in excellent agreement in two cases.
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CHAPTER 3
RESULTS

The presént chapter. describes the results of three typeé of
experiments:
1. NMeasurements of the decomposition of the complex on the surface by
temperature-programmed desorption. .’)

Z. Measurements of the rate of rehova] of carbdn from the surface and of

“the rate of .formation of-products from the reaction with oxygen at
pressures in the neighbourhood.of 1 Teorr. )
3. Comparison of the kinetics of the reaction in the presence and
absence of the strongly-bound complex on the carbon surface at the

beginning of the reaction.

3.1 Decomposition of the surface oxygen complex by
temperature-programmed desorption (TPD)

Three series of experiments were done using films containing
approximately the same amount of carbon (2 x ¥O'7 mo]l cm'z}.

In the first series, the surface was covered with different amounts
of oxygen complex. Tnis was achieved by adjusting the time for
adsorption and the pressure of oxygen over the range 15-60 hour Shd
30-300 Torr respectively, keeping the temperature of .adsorption constant
4t 673 K. For each experiﬁent & new film was used and conditions w SO~
chosen that no gasification (loss of carbon} occurred during adsorption.
For example, with 300 Torr of oxygen periods of adsorption were kept

below 15 hours, whereas longer times were allowed with Tower pressures.

"
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-The recovery of the complex as carbon monoxide and catbon dioxide wéé
followed by linear temperature-pfogrammed desorptiiﬁ, as described
‘earlier in Séction 2.4. In all experiments, the rate of evolution of
carbon monoxide gave one well-defined peak. A typical example is given
in Figure 3.1. =

If 5-CO represents a surface species which would give carbon

monoxide on thermal desorption then, d[C0l/dt, the rate of/appearance of

carbon monoxide may be expressed using the Arrhenius relation as follows,

d(C0)/dt = A[S-CO]" exp (-Eq/RT) ' (3.1)
where A is thé frequehcy.factor for the dissociation, n the reaction
order, Ea the activation energy for desorption, R.the universal gas
constant ana T the absolute tempera;uré. The decomposition of adsorbed
species is usually considered as a first-order unimolecular fission 2
[60,61]. For such a first-order desorption process (n=1), whén Eq and A -

ere independent of the adsorbate concentration, equation (3.1) reduces to

(62]
Eg/RTm = In (A/b) + 1n [T/1n (A/b)] - (3.2)

where To is the temperature at the maximum rate of desorpfion and b the
heating rate. Therefore, when A is known, Ed may be cbtained from -
experimengal determination of Tme Previous workers [63] have assumed a
_value of 5 x }012 s“l for A, as a reasonable value for a bond-fission

process involving an adsorbed species.
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Figure 3.1. Recovery of the complex by TPD. Comp]ex'formed at 673 X

with 300 Torr oxygen. In this experiment prolonged exposure gasified 35%s
of the initial amount of carbon (series 2, Table 3.2).

A. Cumulative amount of CO produced as a function of temperature.
B. Slope of A as a function of temperature.
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- The results of the first series of experiments are sumnarried in
Table 3.1. These resuts show that the- temperature at, the magnum rate
of &esorption and therefore the ca1cu1ated_aétivation energy ﬁf
desorption are a function.oﬁ the amount of comp{ex present initially on
tﬁg surface, In fact hosf-of the studies [15—23J on the desorption of
the complex suggest an even stronger dependence of the energy of
desorption on the coverage.

It was mentionéd in Chapteé 1 that when the desorption of the
éomplex from a carbon surface is performed by linear-TPD, the presence of
more than a single species of chemisorbed oxygen may be ?ndicated
[15,20—23j. Neverthe1ess; Tremblay et al. [15] stressed that on a carbon
erface, multiple ;antioﬁai groups and/or sites may be energetically so
similar that the resoiution would depend critically on the heating rate,
the relative amount of each {(kinetic) species and the spread of the
activation energy of desorption. By extensive computer-assisted
mathematical modelling of an apparently continuous integrated linear-TPD
desorpt%on curve of carbo; monoxide- from Graphon, these authors deduced
th;~existence of two types of fdnctiona1_groups and/or sites with
energies of activation of 64.6 and 70.6 kcal mol~l. Feateswgﬁd Keep [22] )
reported even closer activition energies (62.7, 65.8 and 67.7 kcal mo1'1)

- for the three kinetic species responsidble for carbon monoxide evolution

from graphite. 1In differential curves such as shown in Figure 3.1, where
the rate of desorption is estimated from the amount desorbed during a
certain temperature interval, these subtle changes in the cumulative

' r

desorption curve may not be revealed. The possibility that the carbon

films used in the present investigation may, unlike graphon (spheron-§)
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Table 3.1. Terperature—pmgramed desorption of the ‘surface

oxygen complex (Series 1)

7

Terperaquvﬁﬁlsyotion: 673 X; [C]° =2x10 ml c:n-2

Product desorbed

0107 a3 2,710 ol T/ Egkcal ml ™!

0.41 . 0.2 1003 - 70

0.5 . 0.18* %3 6
09 0.29% 533 6

1.2 0307 9 =

1.51 0.44 %3 &

2.% 0.89% 013 64

w7 1. 913 o

* * Quantity of (B, calculated fram the ratio C0,/C0 = 0.3.

-
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flS,ZU,Zl],cnatura1 graphite {SP-1) [23] used in previous studies, have a
re1at1ve1y large popu]at1on of a particular type of site or functional
group should not, however, be excluded. Hughes, Williams and Thomas [64]
have shown that indeed by pre-oxidation of graphite below or above '1223 K
a preferential "arm~chair" or “zig—zag"'configuration of the layer edge
can be'ﬁfoducea. In any rate, the magnituae of the activation eﬁergy
;;asured in the present experiments indicates that the complexes formed
on these carbon films are similar to those formed on other types of
carbon.

The second and third series of experiments dealt with the
measurement of act1ve sites according to the method suggested by Laine'et

al. [36,37]. In the segpnd series of experiments, the carbon surface was

allowed to remain in contact with 300 Torr of oxygen at 673 K for pec;ods

\KTOnger than 15 hours so that vary1ng amounts of carbon were gasified
while. the stable complex formed on the surface. This procedure allowed
the getermination of the_ASA'for various degrees of burn-off. It was
recognized af an early stage that the number of active sites on a carbon
surface may be significantly changed by partial bxidation. For this
reason, kinetic studies usually refer to the degree of oxidation, or
"burn-off" of a carbon surface prior to kinetic measurements.

In the third seriés, after the measurement of the ASA of the film in
the usual_way, the ﬁemperature of the furnace was lowered to 1048 K.
The carbon film was oxidized to about 25% burn-off at this temperature. .
with an initial pressupe of oxygen of 1 Torr. The temperature was again

raised to 1223 K to remove any-complex formed during the reaction and

then the temperature was reduced to 673 K and the ASA again measured.

-4
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The entire procedure was performed a few times to about 70% burn-off. In
some céses, the measurement of the_ASA was repeated without'intérmediate
_o;iaation of carbon to examine the poss%DiTity of annealing of active
';ites during thermal desorption to 1223 K. .The ASA did not alter
significantly between tﬁ;se successive measurements showing that

annealing was not important in TPD treatment. ' -

The results of both series are shown in Table 3.2 where besides the
' 2

Sy

customary units (m? g'l),

the ASA is also expressed in units of_mo1 cm
utiT;zing the geometric area of the reaction vessel. As discussed in the
Introduction, the BET area of the carbon fiim (of thickness used in tﬁese
experiments) is close to the BET area of the quartz vessel, which is
combarab1e to the geometric area [38]. The fraction of the total carbon
which constitutes active sites aﬁd the m;nner in which this fraction
changes with burn-off depends upoh the structural properties'of the
"specific carbon under examination [37]. With the carhon films used in
the preseni study, both the second and third series of experiments showed
a modest ihc%eqse in the ASA, by a factor of 2 to 3, after 50% burn-off.
Laine et al. [37] observed an l8-fold increase in the ASA of Graphon'(a
grapnitisea:carbon black, microcrystaliine but without micropd}oéity)
after 35% burn-off, but with a saran char {a pure microcry%ta]]ine,
" microporous carbon), Taylor and Ha]ke} [65] noted that the ASA remained
essentially constant with burn-off. [t is interesting to note that the
unoxidized. yraphon [37] had a re]ativé]y Tow ASA (0.2 m° g'l) while the °

2

saran char [651 had an ASA of 50 m g'l comparable to that found for the thin

films used in the present study.
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- Table 3.2 Temperature-programed desorption of the surface axygen camplex
(Series 2 and 3)

Teiﬁaerature of adsorption: 673 K; Pressure of 0y 300 Torr; [C1° = 2 x 10'7 mol cn-2
Percent Time of Product desorbed Active Surface Area/
burn-of f adsorption/ o/ 0,/ v
hours -7 -7 -10 2 2
10 " ml 10 ° mol 10 *7 mol an mog
Series 2
0 16 3.28 1.02 31.9 70
12.5 23 3.92 1.33 39.4 100
K 35 5.% 1.78 56.9. 13
&0 46 4.88 1.46 46.7 4%
Series3 ’
0 15 2.07 0,77 21.:6 45
27.5 15 3.70 0.9 33.5 %
57.2 15 3.25 0.70 27.8 135
67.5 15 1.87 0.80 18.4 118
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The ASA of éhe carbon films was a reproducible quantity for films
deposited and -treated by similar procedures, as were all films of a
particular series. It may be noted,'howevér, that the films listed in
series 3 have a lower ASA than those 1isted{%n geries 2. This difference
is the result of a minor variation in the procedure for preparation of
the fiims and is reflected in a slightly larger rate of oxidation for the
films prepared as in series 2. The films with lower ASA were, in
general, used for the experiments in the high-temperature region,
943-1173 K, while the films with higher ASA were used for the experiments

in the lower temperatdre region, 748-%23 K.

3.2 Time course of the reaction

The fime course of the reaction of thin films of carbon with oxygen
at initial pressures in the vicinity of 1 Torr was measured over the
temperature 748-1173 K. This pressure was selected to bridge the gap
between experiments at pressures below 10?2 Torr [11,36,37,43-49,66]
and those with pressures exceeding 100 Torr [39,40,67,71]. The reaction
was followed by monitoring.thg concentrat{on of carbon on the reactor
surface and the total pressure 1n'the reaction system. .The measurements
can be convénient1y divided into two temperaturg ranges, 748-923 K and.

923-1173 K.

3.2.1 748-923 K
Below about 838 K carbon monoxide was produced in amounts less than
% of carbon dioxide. Uﬁder these conditions, the yield of carbon

dioxide may be equated to the loss of carbon from the surface. The total
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pressure in the system is the sum of pressures of oxygen and carbon
dioxide and a fall in pressure from its initial value will indicate loss

of oxygen due to adsorption. These processes may be expressed as

follows: .
Ang = ncozl {3.3)
Pr = Pg, * Peo, (3.4)
Po = Po = Pgo, - 02 (adsorbed) o (3.5)
AP =Py - Pr =0, (adsorbed) , - (3.6)

where Ane and ”C02 are the molar loss of carbon and the number of moles
of carbon diOxid? produced respectively, Pr, P02 and pCOg are the total
pressure and the pressures of oxygen and carboﬁ dioxide respectively, and
Po is the initial pressure of oxygen. In these expressions, the

"0, (adsorbed)' indicates only removal of oxygen.from the gas phase.

That this adsorbed oxygen forms the strongly-bound compiex will be shown
in a subsequent series of experiments. The processes of reorganiiatiOn
on the surface which may occur during the formation of the complex will
be discussed later.

The time course of the reaction with respect to the adsorption of
oxygen and to the formation of carbon dioxide is shown for two
temperatures in Figure 3.2 where it should be notéd that the sca1e.for the .
adsorption "of oxygen is ten times larger than for the yield of carﬁon
dioxide. \fhe reactions were performed at several temperatures. At each
..temperature it was clearly seen that the formation of carbon diogide
inv61ved an inducfion period whose magnitude decreased with increasing

temperature whereas no induction per{pd was observed for the adsorption

B
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Figure 3.2. Time course of adsorption of oxyyen and of formation of
Ccarbon dioxide in the low-temperature region. Units apply to both
ordinates.

0: COZ; - L oxygen adsorbed.
A. Temperature = 848 K; Initial pressure of oxygen = 1.0 Torr.
B. Temperature = 90§ K; Initial pressure of oxygen = 0.8 Torr.
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of oxygen. The time course of the disappeérance of carbon and of the
formation of associated products thus had a sigmoid éhape. TQe results
of this series of experiments a}e summarized in Table 3.3.

The series also showed that the adsorbed oxygen formed the strongly-
bound complex. The reaction following the consumpt%on of amounts of i
carbon in the range 8-20% (amount depended on temperature) was terminated
-by removing the products and remaining reactant for analysis. At these
temperatures the decomposition of the complex is very slow. A
temperature-programmed desorption was then performed {as described
earlier) tovrecover the stable complex as gaseous carbon monoxide and
carbon dioxide, remaining on the surfaée after the reaction. The amount
of oxygen recovered in this way (calculated from carbon monoxide and
carbon dioxide re1e§§ed) was always about 15-30% less than the amount of
oxygen adsorbed (calculated from the decrease-in "the tota1'pressuré).
Atthough this difference may be within the combined errors in the
measurement, it-could suggest that a small fraction of the adsorbed
oxygen did not form the stable surface oxide but was removed by
evacuatjon with the réactant and ‘products.

The initial rate of adsorption of oxygen was measured at each
temperature. An Arrhenius plot of this rate, normalized with respect to
the initial pressure of oxygen (Figure 3.3) gave an activation energy of
adsorption of about 11 kcal mol™l. The activation energy of adsorption
on a carbon surface is expected to dépend on the structural properties of
the carbon and if the surface contains more than one type of site,

muitiple values of the activation energy. of adsorption may be obtained.

The value obtained in the present stﬁdy, which probably represents a
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Table 3.3. Rates of adsorption and reaction in the low-tamperature region

‘ _ Pressure 6f oxygen: 1 Torr; [C1°= 2 x 107/ mol an <

Temperature/ Initial rate : Induction Maximum rate
of adsorption period for - of consumption
K of oxygen/ reaction/ of carbon/
0% ml aie gL min ) 107212 mol cm“z_ gt

748 1.7 60 0.8
778 2.0 _ 45 0.35
% 287 S |- 0.91
848 3.9 ' K 10 3.8
3.8 . 10 2.7
4.5 10 4.9
838 5.5 ' 2 13.4
) 2 11.5
03 6.8 i - 13.4
.923 0 21.8
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Figure 3.3. Arrhenius plot for the initial rate of adsorption.

Initial pressure of oxygen = 1 Torr.
A
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lower limit for a particu?ér_typé of site {since an increase in the
energy of activétion with Coverage may occur) is similar to the value
(7.4 kcal mp]'l) obtained by Hart, Vastola and wWalker [72] for low-
pressure adsorption on Graphon over the temperature range 298-673 K.
The Arrhénius plot of the maximum rate of reaction is shown in

Figure 3.4. The activation energy of this rate was 36 kcal mol~ L.

3.2.2 923-1173 K
At higher temperatures the general pattern of tﬁe time course of the

reaction remained the same except that the induction period was gradually
shortenec¢ and at the highest temperature of the present series of.- |
experiments became barely noticeable. At 998 K the yield of carbon
monoxide was no longer negligible and .in the initial stages amounted to
about 25% of the carbon dioxide in the products. A; higher conversions
~of carbon, as carbon monoxide accumulated in the system, some secondary
reaction of carbon monoxide with oxygen appeared to become important.
The study of this aspect of the reaction is described in Part II. The
6ccurrence of a secondary reaction shows that the product raiio, CO/CO2
1s significant with respect to the primary oxidatibn only at Tow
conversions. The over-all rate; however, is unambiguously gd;en by the
loss of ca;bon. "

.Experiments in the low-temperature region, described in the
preceding section, suggested that during the course of the reaction the
amount of chemisorbed oxygen, or oxygen sﬁrface complex residing on the

surface, attained a limiting value, which was small compared to the yield

of product carbon dioxide. - Experiments described later show that the
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Figlre 3.4. Arrhenius plot for the rate of removal of carbon in the
low-temperature region. Initiai pressure of oxygen =1 Torr.
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- same situation prevails in the high temperature region but, as indicated
by.the shortening of the induction period, the limiting amount is reached
within ; short per{od after the commencement of the reaction. If it is
assumed that the amount of complex present on the surface during a
reaction is approximately equal to the amount recovered by TPD at the end

i'of the reaction then, for example, in a typical experiment illustrated in
Figure 3.5#, the total yield of carbon monoxide and carbon dioxide at two
meinutes (~4 x 107 mol or 2.4 x 1078 mol cm'z) is at Teast 50 times
greater than the 'concentration of complex on ths surface dqring the
reaction. Therefore, in the high tempe}ature region the decrease in
préssure due to the formation of the complex becomes negligible compared.

to the increase associated with the production of carbon monoxide.

Qﬂnder these conditions (3.3) - (3.68) become

Ang = ”Cég + g - g {3.7)

P = Pg, + Peo, * Prg . (3.8)
Po, = Po - Pco, - ¥ Peo : | (3.9)
AP =P - P =% P (3.10)

where additfona]‘germs nqo‘and Pcg reprasent the number of moles of
carbon monoxide produced and the corresponding pressure of carbon
monoxide. Rates were measured over the temperature range 923-1173 K and
at initial pressures of oxygen of 0.5, 1 and 3 Torr. Examples are shown
in Figure 3.5. The maximum rates of disappearance ®f carbon and of
formation of carbon monoxide and carbgn dioxide were obtained from these

measurements. In those cases where there was indication of significant
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secondary reaction of carbon monoxide before reaghing the fime at which
the maximum rate of loss.of carbon occurred,‘maximum rates of formation
of carbon monoxide wou1ﬁ be underestimated while those of carbon dioxide
would be overestimated._ To correct for this; the total rate at the
maximum, measured by the 1qss'of carbon, was apportioned between the
-proaucts carbon monoxide and carbon dioxide according to the ratio
measured gtllow conversion. The maximum rates are shown as Arrhenius
plots in Figure 3.6, 3.7 and 3.82 The activétion energies obtained ftom_
these plots are given.in Table 3.4. N o
Two points are significant from these resylts., First, the
_acti;ation energy for the production of carbon monoxide obtained froﬁ the
measurements beﬁow‘ébout 1048 K is about the value expected for the

Fs
desorption of the strongly-bound complex as carbon monoxide, discussed in

Section 3.1. §eco:%ﬁy, for pressures of 0.5 and 1 Torr, a significant
arop in the activation energy was observed at temperaiures above about
1050 K: Both these observations will be discussed in)the 1ight of the
role of the complex in the regction péthways'of the over-all reaction.
As indicéped above, the p%oduct ratio CO/CGZ was measured jn‘thej
early stages of the reaction at eacﬁ temperature.- At each oxygen
p;955ure the ratio increased with increasing_temperature, as_is Lsually
observea [11]. For the series of reactions with 1 Torr of oxygen, this
ratio is shown as a function of temperature in the Arrhenius plot in )
Figure 3.9. Although thé_inaividua] wtes of formation of carbon
monoxide and carbon dioxide (Figures 3.7 and 3.8) showed departure from

the Arrhenius law at temperatures above 1050 K, the ratio displayed an

Arrhenius dependence over the whole temperature range 623-1173 K. The
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Figure 3.6. Arrhenius plot for the rate of removal of carbon.’

Initial pressure of oxygen:
0: 3 Torr; Al Torr; Ot 0.5 Torr.
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- 1 1 1
. 9.0 10.0 ‘ 1.0

T-——1/ ]O‘-4 K—1

Figure 3.7. Arrhenius plot for the rate of removal of carbon dioxide:

Initial pressure of oxygen:

OC: 3 Torr; A 1 Torr; - $ 0.5 Torr.
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5.0 710.0
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Figure 3.8. Arrhenius plot for the rate of -removal of carbon moncxide.

Initial pressure of oxygen: ' ‘

O : 3 Torr; Al Torr;® - O 0.5 Torr.
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]

Table 3.4. Activation energies of the rates (/kcal mo]’l)*

Pressure of oxygen/ -d[C d[co] d[%z]
Torr : at dt
0.5. ) 43 73
1 4] 68 31
3 39 56 - 28

* These are maximm values measured in the lower 'temperature region.



41

i _ | I |
e 8.5 ©.9.5 - . 105
T-V/107 %K™

Figure 3.9. Arrhenius plot of the ratio CO_/C02 in the initial stages
of the reaction with new filins- {stege 1). Initial pressure of oxygen = 1 Torr.
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slope'of this plot indicates a difference in the activation energy for
]
the formation of carbon monoxide and that of carbon dioxide of 40 kcal

mol ~, in good agreement with the difference kalculated from the

©

. -1
separate determination of each activation energy (37 kcal mol ).

3.3 Cd-parison of the kinetics of the reaction in the presence and
absence of complex on the surface before the start of the reaction
Several seriés of experiments were performed at an initial presﬁure

of oxyéen of about 1 Torr with the purpose of testing the role of the

éomp1ex as an intermediate in the oxidation process. In the first series

a carbon film was allowed to react Qith oxygen'in two stages, removing

"about 25-30% of the initial amount of carbon in each stage. In the first

stage oxygen was admitted to the éystem and the ratg was méasuregyﬁs ‘

described eariier. The EeéttTOn was stopped by evacuating the products

and remaining reactant. A'temperature-programmed desorption to 1223 K

was thep performed g0 remove the stable complex reméining on the surface.

The temperature of the -film was then reduced to the rgaction temperature

and the oxygen was readmiited for reaction in stage 2.

A’'second series of experiments with a new film wa§ 5erformed,
identical to thé first series, except that thé complex was not removed
after stage 1. Thus the difference between the two ser%es of experiments
is that prior to reaction at stage 2 the complex was not present on -the
surface in the first series but was present in ﬁhe second series. A
typical result of these oxidations is shown in Figure 3.10. This figure
shows two important features of this set of experiments. First; the

magnitude and the kinetic characteristics of the rate are practically the



43

C}J -~
-

© 4

@]

-

(e8]

’ P
933

~

-

@

Q

O

v 2

-

O

0

O

o 1

IA . . 1 .l
240 480
time/s .

Figure 3.10. The eifect of the presence of the complex on the rate of
remcval of carbon. :

Temperature = 598 K; Initial pressure of oxygen = 1 Torr.

A : stage 1, new film.
A : stage 2, complex removed after stage 1.
O : stage 2, complex not removed after stage 1.
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same for the oxidationin sﬁage'l with a new film and for the oxidation
in stage 2 after removal of the comp}ex. Thus the partial oxidation in
stage 1 did not noticeably change the ASA, or number of active sites on
the surface. Second, the rate was significantly increased when the
complex was present on the sdrfgce before admission of oxygen.

Further examples of this effect at pressures of 0.5 and 3 Jorr of
oxygen are given in Figurefﬁ.ll. Since the experiments at 1 Torr of
oxygen showed that the rateiin the absence of the complex was virtually
the same at stage 1 and at stége 2, the effect at'o.s.and 3 Torr is shown
by comparison of the.wate at stage 1 with the rate at stage 2 in the

presence of the complex. These series of experiments were performed over

a range of temperature and the results are summarized in Tables.3.5, 3.6
‘

-

and 3.7. The rates of removaflof carbon with and without the presence of
complex at the start of the reaction are §]so shown jn the form of
Arrhenius plots in Figure 3.12. 1In all cases, the presénce of the
complex on the surface at the beginning of thé reaction had a significant
effect on the kinetics of the reaction, viz. the induction perigd was
shortened and the maximum rate of gasification was increased. The -
decrease in the induction period Qas most pronounced ‘at low tempgra;ure;
where the induction period was longest. .The increase in the rate wa$
noticeable at all temperatures but the effect was less pronounced above’
about 1123 K where the concentration of complex present on the surface
following stage 1 was small.

In Tables 3.5-3.7 the rates of formafion of products carbon monoxide
and carbon dioxide in the presence and absence of complex are also

included. Althdugh a quantitative assessment of these values is not
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Figure 3.11. The effect of the presence of the complex on the time
course of the reaction. Al curvesi represent removal of carbon.

A stage’l, new film.

O : stage 2, complex not removed after stage 1.

A. Temperature = 1023 K; Initial pressure of oxygen = 3.0 Torr.

B. Temperature = 1048 K; Initial pressure of oxygen = U.5 Torr.
»
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Figure 3.12. Arrhenius plots for the rate of removal of carben in the
presence and absence of the complex.
0: absence of the complex: .‘g.: presence of the complex.
Inttiel pressure of oxygen:

~ A. 3 Torr; : B. 1 Torr; C. 0.5 Torr.
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attempted, yet-the results clearly suggestea that the retention of the
complex after stage 1 increased the rate of gasification and shofteﬁed
the induction period {not shown in Tab]es)'for formation of each product.
A note of clarification regarding the slight drop in the rate in
stage 2 compared to that iﬁ stage 1 when the_compiex was removéd is,
perhaps, desirable here (Table 3.5):. Because of minor differénces in

procedure, it was realized that some reactions in stage 1 {using a new

-
film} might have been performed in the presence of a tiny .amount of the
surface oxygen complex. When care was taken to ensure that no complex
was pfesent, the maximumlréte in the first stage approached very closely
to that of the sécond stage. The sets of ekperiments at 0.5 and 3 Torr |
in the two séries of experiments described aone and also the third,
fourth and fifth series of experiments described below were done
carefully avoiding the formation of the complex on newly deposited
films. ‘ ' ' . ‘ '

The third ;eries of eiperiments again involved oxidation.in two
stages but this time with films containing various initial aﬁounts of
carbon. With each initial amount of'carbon, reactiqﬁ in stage é was done
as before both with and without the removal of the complex after reaction
in stayge 1. Again, a shortening in the induction period and an increase
in the rate was observed during reaction in stage 2 when the complex was
not removed after stage 1. The results are summarfzed in'Table 3.8.

A fourth series consisting of three sets of experiments, each

- - - 0 f -
involving the oxidation.of carbon Tn nine stages were performed. For

this series the films contained an initial amount of carbon about twice
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-
as that used in the f}rst'ané second series. Tﬁree sets were done as
~ follows:
1. the complex was removed by TPD following each stage.
Z. the complex was not removed after any stage of the reaction.
3. the complex was removed after stages 1, -3 and 5.
This series served L0 compare the maximum rates of reaction under the
various conaitioné. The rates were measured from figures similar to
Figure 3.5 and the resuits are given in Table 3.9 and Figure 3.13A. The
x-axis shows the decreasing aﬁount of carbon in the film as the reaction
proceeds through the stages. It is clear that the rate changed very
little as the carbon was consumed when the complex was removed after each
stage. It should be emphasized that the rate and the amount of carbon
monoxide recovered-following temperature-programmed desorption at each
stage, given in Table 3.9, are not.divided by the total amount of carbon
: reméining on the surface. The increase in both gquantities therefore
appears not-as pronounced as has beeén observed with other carbons [36,37].
Also the fact that very little increase in rate was observed when the
complex was removed is not explained by a deactivation or annealing of
active sites during TPD of the complex. Consecutive measurements of the
AbA of a carbon film (new or oxidized to a certain burn~-off), without
oxidation between measurements, showed no decrease in thé number of
active sites {Section 3.1, series 3). This is not surprising since the
max%mum temperature attained in TPD was only 1223 K and the film was not
hela for long ﬁeriods at this temperature.

0On the other hand, when the comp]e; was allowed to remain on the

surface and only the products and reactant were removed after each stage



Table 3.9. Oxidation of a carbon film in stages

Pressure 701'c oxXygen:

1 Torr

1048 K;

Temperature:

0 recovered

-d[Cl/at/

160 m

[cl/

Stage

after TPD/
107 mol

S

an

mol cm

107

Nine-stage reaction:

(a) Camplex removed after each stage (set 1)

00111111

EECEEELE

—t o =t o — o~ —d

GBE{URRG R

IO

O INWSOM

{b) Complex not ramoved at any stage (set 2}

i

97%069@%5

137810863

,&Um.ﬁ%%3%%

443321100
f

—N oM 00O
1

{c) Complex removed after stages 1, 3 and 5 (set 3)

2 = @
O

113131331

RABNR{RES

du43322110
‘

O ) o WO WO S OO




Table 3.9. (Continued)

0.2

St-age ey ~dCY/dt/ 00 recovered
7 after TPD/
10 " mol mol an 7
10 " mol
Six-stage reaction:
(a) Comlex remved after stage 1 and 3 (set 1) )
1 3.24 1.41 0.60
2 2.74 1.16
.3 2.23 3.78 1.05
4 1.58 1.7%
5 0.97 2.76
6 0.37 1.73
- (b) Cam1é<_rqt_ renoved at any stage (set 2)
1 3.24 1.44
2 .2.74 3.77
3 2.13 6.9%
4 1.45 5.99
5 0.87 5.45
6 2.28
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Figure 3.13. The rate of consumption of carbon at each stage in several-
stage reaction. The x-axis shows the amount of carbon on the surface at

the beginning of each stage.
T = 1048 K;  Initial pressure of oxygen = 1 Torr.

Nine-stage reaction. [(]® = 4.5 x 10”7 mol em 2
: complex removed after each stage;

: complex not removed after any stage;

\

>3O o -

:'complex removed after stages 1, 3 and 5.

- Six-stage reaction. [(C]° = 3.2 x 1077 mol cm 2.
complex not removed after any stage;

PO w

: complex removed after stages 1 and 3.
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isecond set, ), the rate was significantly increased. The yield-time -
curves at each stage of  this second set of.experimeﬁts are given in
Figure 3.14. Tﬁé effect of the presence of the comp1ex is further
subs;antiated by'the results of thé%thjrd set of the present series of
experiments. After removal of the comp1éx fo]lowin§ stage 1,;the rate in
stage 2 was unchanged, but when the complex was not removed after stage
2, the rate Qas significantiy increased in stage 3.

The results of a fifth series of two sets of experiments, shown in
Figure 3.13b and given in Table 3.9 displayed similar behaviour.

A final test of the effect of the complex on the rate of oxidation
was made by al]dwing the, complex to form on the surface before the
reaction. A new film of carbon was saturated with the comp1e§d33 673 K:;
by aasorption from 300 Torr of oxygen.for 15 hours. The.?igge:qﬁure ofvm\.
the fiim was then quickly raised to 898:K anc the time codﬁse.of the
reaction wjth 30 Torr of oxygen was measured. This was thén compared
with a similar oxid%tzon wjthodt pre-adsorbing oxygen. The results shown
in Figure 3.15 c]garff demonstrate a significant shortening in the-.

Jnduction period by the presence of the complex.
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Carbon reacted /107" mol cm=8

1000 : 2000
time/s

Figure 3.15. Tne effect of the presence of the ccmziex on the yield-time
curve for removal of carbon.

Temperature = 898 K; Initial pressure of oxygen = 30 Torr.

O : complex not present on the surface before reaztion,
A @ complex present on the surface before reactior.



CHAPTER 4
DISCUSSION

4.1 Kiretics and mechanisa
e .
The time course of the reaction obtained in the low-temperature

region clearly shows that the adsorption c3mmences‘inmediate1y after.the

exposure of the carbon film'to oxygen and that the amount adsorbed
LS - —

rapidly approaches a limiting value. On the other hand, the format1on of"
the product carbon dioxide (nengg1b1e carbon monox1de is formed in this

region) 1§‘assoc1ated with an induction period and @ sigmoid-type

yield-time curve. Furthermore, the two curves are related in that the

maximum rate of formation of carbon dioxide is observed approximately at
Y :

the time when the adsorbed oxygen attains its maximum .value. These
regu?ts'strongh’!suggest_thaf the adsorbed oxygen is @ precursﬁr to the
formation of carbon dioxide. ‘

. The neif question which must be cqnsidered'is theAro1e of the
complex iﬁ the‘proceéses following adsorption and Teading to formationsof
carbonlﬁisfidq; Previous_studies of the adsofptfon of Oxygen on carbon
and the present meaburements of TPD of ihe compTex (d1scussed in Section

3.1) prov1de conc1u51ve evidence that adsorption is followed by rapid

conversion to the stable unpléx. The stages-fn this conversicn are not
known but probably ?avoive migration, and rearrangement steps. S1nce the
initial adsorpt:on step 1nvolves not simply a physisorbed oxygen mOTecuTe
-.but at1oose1y chemisorbed species, the subsequenp steps mqy well be
rapid. Thus, ‘although the kinetic measurements link the initially
adscrbed oxygen and the product carbon dioxidé, it can reasonably be
- - : \

\
v
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suggested that the -stable complex 1s fhe precursor or iﬁtermediate in the
ﬁo%mation of carbon dioxide at these temperatures..

The induction perioa gradually decreased as the temperature of the
reaction was raised. This suggests tha{ the rates of the reactions
following adsorption, either surface migration or rearrangement processes
ieading to formation of the complex or further reactions leading to :
formation of carbon dioxide, increase with increasing temperature and
hence involve an acxivation barrier. In the neighbourhood of the highest

" temperature of meésurement of the present study (Figure 3.58), the
inauction time was reduced tc 2 few Seconds.. ?

This interpretation of the role of the complex‘ih the oxidation
reaction is supported by the resufts of .measurements of the rate in the
.presence and absence of the complex (Tables 3.5, 3.6 and 3.7). The
pgesence ofAthe comp]ex.on the surf;ce before the introduction of the
reactant had a.significant effect on the kinetics of the'reaction. Qver
the entire témperature range of measurement the 1nductioﬁ period was
shortenad. At low pressures an-infrease in the maximum rate was also
observed. HBOth these effeﬁts, evident in the formation of each
;ndiviauai product, indicate that the complex pa?ficipates directly 1in
the reaction as an intermediate in the formation’ofﬁﬁroducts.

Thr effect of the cgmp]exion the over-all rate is clearly shown by

the three sets of experiments involving nine stages of reaction and also

by the two sets of éxperiments involving six stages of reaction. In both .

series, when the complex was removed after each stage the rate wds hardly
changed. On the other haad, when the complex was left on the surface

’

after each stage the effect appeared to be cumulative and-in the case of

¢ J(
~
h]
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’ ¢
the nine-stage reaction, the rate in stage 5 was aonf'lo times greater
than that observed in stage 1. In the six-stage experiment, the increase
wes & factor of 5 and was attained dur1ng stage 3 of the reaction. The
maximum effect was, in both series, observed at a concentration of carbon
on the surface of about 2 x 10'7 mol cm'z. It is interesting
that a maximum in the rate of pxidatioﬁ, under somewhat different

conditions, was observed in a previous study of the reaction of oxygen

-

with carbon films [38]. This result will not, however, be djscﬁssed ~

further here.

The experiments in set_3 of the n
show that the retention of the strpngj
and 6 causéd an increase in the r;ta\\n
the complex after each of these gtageg\_rought the rate back down to the
values observed in setll. Similar effeéts were also observed in the
second set of ‘the six-stage reaction‘f?igune 3.13B). It is important to
point out that these rates are Not normalized with respect to the total
amount of carbon in the film. ‘During the nine stages Fgggure 3.1%A,
set 1), the film was succeésive]y‘gasified until a1mqst none remained.
Neyerthe]ess, after each stage the amount of compiex recovered during TPD
to 1223 K remained very simi1ar -2s did the rate. This is compe]11ng
ev1dence that the property of the surface most directly related to the
rate is the ASA and not the total quantity of carbon. It shou]d be noted
that the amount of compiex recovered at this t;mperature 1s not equal to
the amount formed during adsorptioéazt 673 K, since only a fraction of
the total ASA will remain occupied with the complex after oxidation at

048 K. The ASA will, however, be proportional to the amount of -complex

I"'%COVEY‘EG.
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The picture that emerges of the gqsification of carbon with oxygen

consists of rapid adsorption of oxygen on the carbon surface followed q[

surface reorganization of the ‘adsorbed oxygen into the strongly-bound
surface oxygen complex; formation of the gaseous pPoducts, carbon

monoxide and carbon dioxide, occurs after the accumulation of the complex

on the surface. This picture is described.by the following mechanism:.

(1 Ce + 0y —> C(0y) _

(2) . G + ClOp) —> 2 (C0). ”
R (CO),—> CO(g) + Cp
(8) Cr + (o) + 0 —> COp + (C0de2 2 G

(5) (80 + Cl0p) —> €O, + (CO) + Cp

(6) ©{C0), + (COJ —> 'O, + Cp

’

where Cp refers to a peripheral carbon atom (2 free site on the sumfacel,
C{0y) to én adsorbed oxygen mOTecuje before the formation of-the=z0mp1ex

takes place, and (CO)c to the stable oxide complex. [t has been pouinted

out that the processes involved in transformation of the adsorbed oxygen

N

into the surface complex are not kE?wn and have therefore been described

in & simple manner by reacinn (2). The free sites on the carbon surface
have been includeq in the stoichiometry of. the reaction by assuming that

the.formation of a gasified molecule, either carbon monoxide or carbon

dioxide, has not changed the number of free.sites. This exact balance

is, however, on]y an approximation.
. . . *

There are two important features of this mechanism which account for

-



some aspects of the reaction.

(1) Formation of both products, carbon monoxide and carbon dioxide, is
preceded by the formation and accumulation of the complex on the §urface..
Direct desdrptfon of the compiex by reéﬁtion (3) gives the product carbon’
monoxide. . Carbon dioxide is produced by reactions (4) - (6), which
describe pathways, in addition to the simple desorption (3), by which the
complex could take pari in éhe reaction Teading to formation of p}dducts.
These,surface processes involve the interaction of the complex with
ox&gen in three different forms, gaseous, molecularily adsorbed and
gissociatively adsorbed. A consequence of th;se reactions, particularly
reaction (4), is that at high pressures of oxygen the rate would remain
dependent on the concentration of oxygen even when the surface was fully
covered by the complex, and many studies have shown that the rate of
oxidation is first-order in oxygen pressure. These reactions %ax, on the
other hand, be of less significance at very low pressures of oxygen.agd
this aspect will be discussed later. ' I
(2}~ The form} n of a product molecule, carbon monoxide or carbon
dioxide, is dssociated,with'the production of a new free site and
sﬁbsequent formation of another coﬁﬁfe%. The concentration of complex on
the surface, or the portion of ASA filled with the complex, thus, attains
a steady-state-va1ue as the reaction proceeds due to the balance between
formgéion and d?sappearance. This steady-étate concentration of complex
fbh-the surfacelis a function of temperature”and pressure of oxygen. 'T%p
situétioﬁ-is analogous to the behaviour of active sites in a
heterogeﬁeous cayalytic.reactioﬁ where a sma]iusteady-state number of
continuously renewable sites causes the over-all reaction througE/A#mya/

formation of adsorbed intermediates. The active sites on_tﬁe carben
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surface may therefore be compared to the active sites on & heterogeneous

catalyst although in the ¢arbon reaction the formation of a product

molecule is not accompanied by regeneration of the old site but by

formation of a new carbon atom as an active site, the old active site
being permanently lost as a gaseous moiecule. Based on this comparison,
a 'turnover number' for the reaction may be expressed as foliows:

-

-TON (s'l) = Rate of Reaction/ASA

This equation relates the egmber of product molecules produced per unit

—

time to the number of active ;1ies on thg°5urface. In this-calculation  —

the same units must be used for the rate and for the ASA so that the TON
X —

‘ _ ) S
has the unit of sec ~. This concept has recentiy been used by Yang

ang Wong [67,68], Yang and Yang (69], and Yang [70] in their studies of

the gasification of carbon with oxygen, steam and carbon dioxide, using

~

the'technique consisting of etch-decoration followed by examination with

transmission electron microscopy. Their results showed the cevelopment
of edge carbon sites 4s the reaction progr@ssed_and they described a
turnover frequency as the rate of atoms reacting divided by the number of

edge sites. -

¢ 1

values of the TON obtéined'in the present.e%yﬁy are compakeq Qith
those calculated from\}he data %n the Titerature in Table 4.}. Yalues .
were calculated only for those studies where the ASA of the carbon was
re;ortea or a meaniﬁgful value could be estimatéd from the data provided.
For the purpose'of compari;on, the present data‘were convertgq to the
condit¥ong Of temperature and pressure .at which the data -in the |

. .. .
i ’ . e . ]
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1iterature were reported, using the measured activation energy and
assuming that the‘rate of reaction is first-ordér with respect to oxygen.
bBecause of these extrapolations or interpo]ation;, agreément can only be
approximate. In addition, the carbons used in these studies probably |
contain several types of sites with different reactivities. The TON,
calculatea from the measured rate, may therefore reflect contribytion
from a particu1a} type of site or represent the net effect of all classes
of sites present. The measurement 0f the ASA hay also, under these
situations, be of doubtful significance sincelwhethef all sites or 6an a
specific type would be saturatea depends upon the conditions of
aasorptiQn../Tﬁggzrshbigufties may; at least in pa%t, be ﬁésponsib]e for
the aifferences in TON between the present results and sdmg‘of those
lTistea in Table 4.1. Indeed, Yang.[70] observed that the turnover
frequency for gasification with oxygen on the mu]ti]ay;r ed;;; was higher
than that on single-layer edges Sy about an.order of magnitude, and
suggested the existence;af different‘types of chemisorbed species as a
probaEﬁe reason for thggfifference. It should also be mentioned that

much greater discrepgncies are observed when comparison is made between

rates normalized to the weight of cdrbon used in the experiment. The

rates g"l measured with the thin films used in the present experiments

are orders of magnitude greater than most of the other values.
. N
4.2 The role of the complex ’

In tnis‘gﬁction; the conciusions discussed in the preceding section

regarding the roie of the complex in the over-all oxidation process are
compared with the ideas expressed by other authors, usuai]y'from rather

T N
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different types of experiments. Atféntion wi]1‘be focussed on kinetic
studies of the reaction rather than spectrosc0p1c investigations.
_Bonnetain et al. [49-52] stud1ed the oxidation of synthetic graphite
with oxygen at temperatures between 673-?73 6 and at pressures in the
rénge 10741071 Torr. They observed théa'the ratio-of C0/C0, obtained
during tae c&urse of oxidation was simi?g?‘to that found during thermai
desorption ( at the same temperature) of t;:\Stéb]e oxide remaining on
the surface after oxidation. This led\them-to conclude that gasification
with oxygen proceeds'by continuous formation and decomposition of a
surface oxide intermediate. Glassy carbon al faéﬁbnstrafed simifar
behaviOur:so that the crystallinity of caréon apparently did not affect
the mechanism of oxidation [52].. Bonnetain et al. [49-52] also observed
that Qhen the graphi;e surface was cleaned by outgassing at-1223 K
between successive runs, reaction began at a high rate which subsequently
dropped to a steady value. The authofs attributed the initial high rate
éo the unsaturated, reactive "dangling” carbon atoms left on the 5urface‘\
\after thermal decomposition of the surfate !xides.

Tucker and Mulcahy [16], from their studies on the formation of the
surface oxide on Graphon“by reaction with oxygen at 773 K followed by
.desorpt1on at '873-1023 K, suggested that the surface comp]exes have large
aiffergnces in reactivities depending on the type of carbon s1te
occupied. 'They proposed the existence of l1abile sites and differenthated

. among.;rmachair, zig;zag aqd-Tabile,sites. -}hg yield-time curve of their
reaction was‘sim{Tqr to that observed by Bdnnetain et al.s[49-52], and

was characterized by a fast, t?aﬁéient rate followed by a slower, steady
. : ' R or .

A pr—u o

L \
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rate. The stable surface oxide was observed to form exclusively during

the initial transient period of fast reaction. They proposed the

following mechanism
SC+ 04— —5 >(C0)¢ + COlg) o o
where C* represents a“Tab11e; atom {initially present on the surface)
and C an arm-chair atom. Thus the initial fast transient reaction
corresponded to the formation of the stable complex at an arm-chair atom.
They further concluded“tﬁat only at higher temperatures (above 820 K)
_WOQJG this oxide descrd, generate anotherllabi1e atom and allow oxidation
t§ continue. .AtIIow temperatures where desorption does not OCCU; the
reaction would Eease when all the labile atoms had reacted. To explain
the experimental fact that.gasification diﬁ cohtjnue'at a steady rate at
773 K after the surface had becbme saturated with the oxide, they
suggestéa that direct gasification at the zig-zag edges of carbon surface
could occur without the.intermediate formation of the Qurface oxide. In
the present study a fast transiént rate, thch in the experiments'of both

Bonnetain et al. [49-52] and Tucker and Mulcahy [16] were a few lOLfo]d

" higher than that of the subsequent steady rate, was. not observed under

any conditions so that the presence or generation of surface

irregularities such as 'dangiing' or 'labile' carbon &toms need not be
: -

pdstulated. Rodriguez-Reinoso, Thrower and wafker [71] who also observed

Tan initial fast transient rate with pyrolytic graphite, but only with a

new specimen and not after desorpticg of the';omplex.at-r223 K, suggested
that the surface irregularities des]j?héd above may be introduced during

cutting or pglishing of a graphite sample. Therefore, it may not be v

-
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surprising that the carbon films prdduced by decomposition of methane do
not retain labile or dang]iﬁg'atoms. Nevertheless, the idea of the
involvement of the surface complex in the oxidation pﬁocegs suggésted in
the présent study is consistent with the view of Mulcahy and Tucker [16]
that to sustain oxidation the .formation and decomposition 6f the-stab{et
complex is essential. Reaction (4) of the present scheme fs similar to
reaction (7) except that in reaction (4) the interaction invoTves'a
compfex instead of a 'labile’ carbon atom. -

A somewhat different view of the role of the complex was presented
by Walker, Vastola and‘associates [11,36,37,43-48] from studies of the
kinetics of the reaction at low pressures (below 1072 Torr) of
oxygen using Grgphon. From measurements i{ the yields of sunface
compTex, carbon monoxide and carbon dioxide as a function of time, Laine
et al. [36,37] sho;ed that all three were primiry products of the
reaction and all rates declined®ith time in a similar manner. They
exﬁiﬁ%hea their results py suggesting that the stable complex, rather
than being a reaction intermediate, retarded.the reaction by occupying a
partof ihe agtive sites. The reaction occurred through an unstable
"fleeting" complex on the part of the surface not covered by the stable
complex. The amount of this “fleeting" complex was, however, too small
to be meaﬁured. The p}esent results are -actu Iy:nbt.in contradiction to
the;e eér1ier results when the quantitjﬁﬁ/of products and of complex are
comparéd. In the experiments of Laine et al. [36,37], wh;ré.the pressure
of oxygen/w yabout 10;3 Torr, the yields of carbon monblfde and
carﬁon dig;:;é were both Eompa;ﬁb]e to that ¢f the combTex: In the

A : : e . |
present experiments, the sensitivitv of detection for the fermazion of
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carbon monoxide or carbon dioxide (by 1oss of carbon)_was much less than

for the formation of the complex (by pressﬁre decrease}. Yields of

carbon monoxide and carbon dioxide comparable to the amount of complex

fdrmed would have been undetectab]e‘and could have been formed during the
induction period. Yields of carbon dioxide formed after the induction
pefiod were considerably graater,‘as evident from Figure‘3J2. This
secondary increase was not 0b§érvéd in the experiment§ of Laine et al.
[36,37]1 because the preSSufe'of o%ygen was too low. In ?!tt,‘it'séems
likely that reactions (4) and (5)?wenﬁ,not important'in their system and
carbon_qioxide was forqed by a reaction anaiogous to reaction (6) asithey
suggested later [4@}(//The prééent results indicate that wjth pressures
of oxygen yreater than about 1 Torr, reactions (4} and (5) shou]h be

.;important'in the over-al] réacéﬁoh. ‘Subsequent experiments of‘Vasto1a,

" Hart and walker [43) ué;ng 0!8 as a tracer suggested that some

direct participation of the stable.complex through continuous

LY

decomposition and reformation may occur even at pre&gyres of 10’3
o TN
Torr. Later studies by Rodriguez-Reinoso et al. [71] indeed suggested

that at-higher pressures of oxygen the role of the strongly-bound complex
in the over-ali reaction .could be different from that 3t low pressureé.
—_ Marsh and Foord [53,54] emphasized the importance of\the mobility of

the gomplex in controlling relative yields of the products. Again they

concluded that on any carbon surfa

-

must be different types of‘ N

carbon-oxygen complexés with fifferent degrees of mobility-and suggested
that the reactioﬁ proceeds'thrOugh the diz;tt ﬁarticipatiqn of these

- mobile complexes. Marsh {l]-summarized these igeas in a genereal
hecnanism involving somé reactions similar 0 those of The pfesenf

.
-
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scheme.r SUbfiEBtia] evidence for surface diffusion of adsorbéd oxygen
atoms wes'provided by two powérfu] experimental techniques. From results
obtained with a modulated molecular beam and pyrolytic graph1te 013n3§?
Seikhaus, Jones and Schwarz [63] proposed a two-s1te model in wh:Zh
gissociative adsorption and gqs1f}cqt1on occurs from site A but s1§e B
reacts only with adsorbed oxygen atoms which have migrated from site A.
Yang anc Wong [67] used the esch-decorat{on technique with transmission
electron microscopy ahd a s¥ng]§-crwstél‘graph}te. The; iﬁ%erpreted
their results to 1nd1c¢te two 1nd%£endent pathways for reaction with the
-edge carbonﬁgzph§:y1z by direct™ollision of 05 and by reaction
followiny chemisorption on the basal plane and migration of the adsorbed
' oxypEE'afoms. Both these models tacitly assume that gasification occurs
through‘E}rect fnvavement’of the stable oxygen complex. The idea of the
participation of the complex in'the‘gas{fication-process thus permeates
the various mechapisms proposed for the reactién. Because the complex
may exh1b1t different cnaracter1st1cs in terms of react1v.ty or mob111ty
on var1ous‘£xpe§,of carbon under different conditions of react1on the ~#
exact manner of its participation 15\31::;cp}t to. define. In the present
mechanism this problem is partially pcc odased througﬁ reaciionsl(4)
{5} and (Gi, which represent dxfferent Iypes of react1ons whose re]at1ve

1mportance will be sens1t1ve to experimental cond1t1ons of temperature

pressure and characteristics of the carbon surface.

~

r'y -

The mechanism proposed is currently beingrtested by computer

L3 ]

mode1]1ng technigues in cq]]aborat1on with Prof. J.M. Roscoe of Acad1a
\L
: Un1vers1ty AithOugh the results of this study ¢o not ‘orm part of th1s

thesis, e ﬁ&y De mentioneq that the x1net1c da;a are best acq;ﬁ;pdated
. \ /
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through the introduction of two™types of sites on the surface, with
. differentag§g{bing prdperties.- The basic mechanism, hbwever, appears tb
' account” for the“results. S : i
Fina]1f, the }egger should not be left here with the impression-that

the”sigmoid-type yield-time curve is characteristic only of thin

7 pyrolytic carbon }11ms used in the present study. Whea the ?eac;ion was
accomparied b; considerable burn-off, -the sigmqjd shape of the time
) . coyrse was often- observed, for example, with saran char [48], anthracene
and phenazine cokes [74} and activated carbons [75]. The mechanism
invo];jng secondary interaction of the complex with oxygen proposed.in
he present study may therefore be app]icéb]e to many other types of ~
cqébonTD
/ ff ;. 4.3 TTh:: effect of temperature
The mechanism outTined in Section 4.1 accounts for many aspects of
the dependence of the rate on the temperature. -Activatipn energies for
? the over-all rate of gasification of carbon with oxygen in the range
. 40-50 ;:zl mol™1 have been reported. Such values are much lower
than the 70 kcal mol~! required for. desorption of the complex. The ,
’ energy barrier. for reactions (4) - (5) could be consider;bly lTower than
rqu}réd-for éﬁmple'desorption pf the complex. .Fér example, rea;tion
. ' \ .
¢ “% | N
I - ¢ -
¢ s .
.‘\‘ ‘\. .
- - -
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(4}, which may have the highest barrier of these, may be described as

. follows:

Z1g-zag configuration

Arm- chair configuration

- ol xc
+0, ——

In each of these sequences two C-C bonds of graphite and the O, bond are

broken, while one new carbonyl bond in carbon dioxide is formed, with
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possible strengthening in the second, and one new (CO). bond of fh;
surface complex is formed. Since the bond sﬁ;ength of the cgmp]ex is not
known, an estimate of the endothermicity can be only approximate. It
could, however, be less than for desorption where two (-C bonds of
graphite are broken and the carbon monoxide bond is strengthened. ’ —
— In the present study, the activation enerqy measured for the
production of carbon monoxide over the temperature range 950-1050 K was
in_the neighbourhood of 70 kcal mol~l. This value is consistent \\
with formation by a direct desorption process, reaction (3). At higher
temperatures and ‘at pressures below 1 Torr, the rates of cdnsumption of
‘carbon ana formation of products dropped below the values expected from
extrapolation of the rates at iower temperatures (Figures 3.6,3.7,3.8,3.12).
“Similar phenomena, observed in catalytic processes [76], have been
explained by depletion of the concentrétion o% a surface intermediate
from a critical value required to maintain the reaction. This usually
occurs at high temperatures where the rate of dissociation of thé
intermediate has exceeded its rate of formation, under particular
conditions. During the gasification of carbon with bxygen, the complex
plays the part of a surface intermediate. Its rate of disappearance both
by direct desorption and by secondary surface processes increases with
temperature fasfer than does the rate of adsorption. At some temperature
therefore the critical steady-state concentration oﬁ the surface may not
be maintainéd, particularly at low pressures. In the present
experiments, with bressures of oxygen of 1 Torr, the rate fell below the
- Arrhenius extrapolation at about 1050 K. Thi§ effect is quite different

from the decrease in the rate observed in other experiments at’



©. process. It was suggested that turnover numbers for

. . v .
temperatures above about 1200 Kvwhich has been accounted for by mass

transfer effects [77]. . R :

4.4 Summary

Measurements of the formation of the oxygen surface comp]ex‘and
products, carbon monoxide ana-carbon dioxide, as a function of time along
with combarison qf the kinetics of the reaction in the presence and
absence of the complex have clearly established the direct participation

of the complex to a substantial extent in the over-all gasification )

+dation c\u]d be

provides a better

calculated using the number of‘active sites, ASA, defined by

formation of the complex and that this quantit;

comparison of oxidation rates. A mechanism for ﬁﬂiii:ijjgp of carbon ~
was proposed which includes reaction of ;ﬁe_comp1ex with oxygen, gaseous

or adsorbed, and allows for regeneration of active carbon sites. The
relative importance of the various competing reactions leading to
gasification will depend on the structural properties of the carbon
involved in the reaction as well as the conditions under which the‘
reaction takes place. As a consequence, measured activation energies
reported in the 1iterature would be expected to show wide variations, -and
indeed, values ranging frﬁm 40-80 kcal mol™! have been reported
[1-3,70]. It is thé;efore probably not appropriate to argue over a
“correct" value or to select a value from the present measurements which
may be .applicadble to only one variety of carbon. On the other hand,
investigation into the nature of complexes, pafticﬁ]ar1y the relative

stabilities of the complex formed during reactions with both high and low

e

-
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pressufes of oxygen, may-prqvide valuable insights'he]pful to the
development of a general mechanism applicable over extended ranges of .-
température ana pressure. In this regard, isotopically-labellea oxygen
is a usefuj 2id in kinetic studies while improved instruments for
measurement of'spectré, such as FTIR, will be fimportant in spectroscﬁpic

studies.
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PART II

KINETICS AND MECHANISM OF THE EXPLOSIVE-
REACTION OF - CARBON MONOXIDE AND OXYGEN



. “CHAPTER 5
INTRODUCTION

In Part I, the kinetics of f:f reaction of thin films of pyrolytic

carbon with pressures of oxygen f:

the neighbourhood of 1 Torr were
examined anda a mechanism was outlined which accounted for some important
features of tﬁe reaction. During these experiments it was observed that
as the product carbon monoxide accumuliated in the static system, a
secondary reaction between the product carbon monoxide and the reactant
oxygen sometimes took place. Although this secondary conversion of
Earoon monoxide was slow undgr those experimental conditions, it was
sufficient to influence the product ratio of fhé primary oxidation
process. When the'measurements were extended to higher pressures, it was
observed that under certain conditions of temperature and pressure this
seconaéry reaction became so rapid that there appeared no doubt thét a
gas phase explosion had occurred. Furthgrmore, the explosion had a
dramatic effect on the rafe of gasification of the cérbon.

The reactions of oxygen with carbon monoxide and hydrogen are of.
considerable importance both fundamentally and in many industrial
applications, but in spite of research dating back to thé 19th century,
the mechanism of the oxidation of carbon monoxide, including the '
explosive react1on is ;;EQ less clear than that of the ox1dat10n‘of
hydrogen. Because the pffjent experimental method offered a-new approach
to the study of ignition in mixtures of carbon monoxide and oxygen, with
d1st1nct advantages over conventional methods, the measurements were
pursued to obtain data covering a wide, range Pf experimental conditions.

g
The results of these studies are described in Part 1I of this thesis.
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Tﬁe oxidation of cééhon monoxide exhibits several interesting
features, inchding gpoh;aneous ignition [%8-85], themi1umfnescence {or
glow) [78,79], and o}ci11atory behaviour accompanied by chemiluminescence
[80,86-88!é;fThe ctfiicaT conditions for ignition in the carbon monoxide-
‘oxygen sy;tem devejop through a chain branching reactiof mechanism, most

‘convincing exidence for“which is the existence of an ignition peninsufa
with Cga;acééristic first and second pressure-temperature limits. Most
of the éxperimental studies.on the kinetics of the reaction were made
before 1970 and excelient reviews are available [89,90]. The mechanism
of the reaction in terms of the elementary steps involved has been
discussed by Dixon-Lewis and Williams [91].

Early mechanisms [83,92,93] for the explosion suggested that the
branching process involved energy transfer from an electronically. excited

carbon dioxide molecule by the following sequence of reactions:

€0+ 0 —s C0p*

COp* + By — 3  COp + 20
It soon decame clear, however, from studies by several groups, ipvolving
either addition of minute quantities of water [83] or hydrogen [Qﬁ] to
the carbon monoxide and oxygen mixtures orlcarefp1 reduction of water and
hydrogen from the reactants by extensive drying and purification 1
[78,80,81,83], that the position of explosion peninsula was very
sensitive to the‘presence of small amounts of hydrogeneous substances in

the system. The peninsula shifts markedly to higher temperatures or

contracts significantly as the amount of moisture and other hydrogeneous
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R matérials are reduced. fbr example, Dickens, Dove and L{nneft [80] have
'shown that the second explosion limit could be disp1aced_to.higher
temperature by more than 100 K by éxtenéive purification and drying of
reactants b} fractional distillation and storage at liquid oxygen
temperatures. This great sensitivity of explosion limits towards |
hydrogen containing sub%tances implied tha; these materials were involved
in the chain brénching steps. Sinﬁe only traces of these Hydrogeneous
compounds may be sufficient to cause explosion and since such amountd, >
particularly of water, are always present in typical react%on systems,
branching by the energy transfer step has generally been reject in
favour of reactions involvjng-hydrogeneous substances. The ene}gy
tranéfer process has also been criticized on theoretical groﬁndé [95-97].
It {s now gene}a]1y égreed that in the presence of hydrogeneous
substances, the ox%dat}on of carbon monoxide proceeds through the

following chain sequence

-

-

CO + OH > C0p + H

H+02 —> 0H + {

This is an alternating (non-branching) chain sequence accompanied by the
production of oxygen atoms. The cycle is bran;hing.qn]y if oxygen atomg_
partigipate in a subsequent reaction-producing more OH radicals. Iﬁﬁthe
presence_of hydrogen or water;’this can be achieved through qhe fo]fowing

reactions

0+Hy —> OH+H
0 + Ho —> 20H
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Explosive conditions may develop with even a few ppm of these substances
f95,99].- It is interesting to note that carbon monoxide is not directly
involved in the branching reaction but is simply oxidized by the
alternating chain sequence during the reaction, either slowly or by an
explosion. |

Host of the investigations on ignitions in mixtures of carbon
mohoxide and oxygen wefé'qirected at determining the explosion limits,
particularly the second 1imit, in terms of temperature and total
pressure. Reactant mixtures-with ratios of C0/0, in the range 2-0.5 _
were generally used. Two general methods have been used to determine the
explosion limits. A reaction mixtufe of definite composition is admitted
To the reaction vessel at a temperature well below the 1imit (first or
second depending on the pressure) followed by a gradual increase in the
temperature until explosion occurs. Alternatively, the mixture is
agmitted at a pressure above fhe second 1imit foTIowed\by a gradual
reduction in the bressure by withdrawal of the Mmixture until the....
explosion. The temperature and total pressure at the exp1osioﬁ are thus

e

getermined, but if slow reaction occurs,‘ihe composition of the mixture.

-~
is in some doubt.

Computér modelling techniques have been used to exp]oré various
aspects of the reaction. Yang [100,101], and Yéng and Berlad [97]
attempted to predict the explosion limits an@ ;he occurrence of glow for
a range of composition, water content, surfa&e efficiency, température,
and pressure but their attention was focussed mainly, with considerable
success, on the mechanism of oscillatory behaviour. Pi]iing_and Noyes

[95] discussed the effect of the[mél gradients created in the reaction
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vessel due to ;;b rapidity of g}gthermic e]eﬁentary steps. They
concluded that these make an iﬁﬁortant contribution to the_deve1opment of
instability leading to explosion.

Recently, Gray and coworkers [79,85,88] have renewed interest-in the
reaction, which they describe as a classic unsolved problem in chemical
kinetics, by a careful examination of the phenomena of g]ow; oscj1lation .
and exb]osion associated with the oxidation of carbon monoxide in the
presence of various amounts of added hydrogen. Their.experiments
emphasized contiﬁuous monitoring of the concentration of reactants,
temperature and pressure of the system and of the intensity of emitted
light during the reaction. Their main objective was the demonstration of
" the relation between glow and ignition and the'reﬁation of both to the
oscillatory behaviour.

>

lndeed, much of the attention given to the oxidation of carbon

©

monoxide has-centred on the questions of the glow and the oscillations.
Perhaps, for this reason the t§actions leading to the ignition have not
been guantitatively t;sted in terms of the general equation describing an
explosive condition. As discussed earlier, these regctions are believed
to be a variation of the hydrogen-oxygen-mechanism and rate constants of
these e]ementary steps are generally reliable. Previous studies,
however, have not Ted to quantitative measu;ements of the concentrations
of reactants at the instant of explosion. The present method has
overcome this Iimitatfon and one of the main object{ves has therefore

been to test the mechanism under all experimental conditions through the

application of the general equation for an explosion.
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During the reaction of oxygen with the thin film of carbon the
products carbon monoxide? Qarbon dioxide and small quantities of water,
formea from traces of hydrogen in the carbon film were continuously
formed and monitored. Thus measurement of the concentrations of products
and reactants was obtained at the instant of exp]os%on.

Explosions took p}ace'with ratios C0/0, far below those used in.
any previous study. The additives hydrogen, methane and water bromoted
the onset of an éxplosion. The effect of inert gases changed from
inhibition at low temperatures to promotion at high temperatures. Low
pressure explosion Timits, hitherto difficult To measure on a bare quartz
surface, were conveniently obtained on the'carbon-coated vessel. A1l the
explosions under all conditions of temperature, pressure and reactant
concentration used in the present study were accounted for by a simple '
meChianism involving the branching reactions mentioned earlier, together

with suitable terminatjon reactions.

2]



CHAPTER 6

EXPERIMENTAL

6.1 Apparatus.

The apparatus used for these experiments has been described in Part I.
A modification was made to reduce the volume of the reaction vessel
connected to the manifold. The vessel was connected by a 3-way stopcock
either to the manifold or to a pressure transducer (MKS iaratron Model
223B, maximum range of 1000 Torr, accuracy 0.25% of the reading). The
gauge was operated either absolutely or differentially to follow the
pressure in the system during the reaction. The volume of thé vessel, as

3 and the volume of the manifold

containing the pressure gauge was 10 cm3.

mentioned in Part [, was 149 cm

6.2 Hateriais

Research grade methané and carbon monoxide (both minimum purity
69.99%) wekre obtained from Matheson Gas Products Canada, Whitby, Ontario.
- Carbon dipxide also with a minimum purity of 99.99% was supplied by Union
Carbide Canada Li;ited, Toronto. dxygen, hydrogen and ﬁeTium (Industrial
high purity grade, purity 99.6%,ﬁ99.95% and 99.995% respectively) were .
obtéined from Air Products and Cheﬁica1s, Inc. All gases were used as
received, except passage through two dry ice traps (195 K) to exclude

1

water*, before admission to the reaction vessel.

a4

* The vapour pressure of water at 165 K is about 5.6 x 1077 Torr [102].
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Mixtures of.additives, usually about 0.1% additive in oxygen, were
p?epared by introduction of the additive into a spherical flask with
minimal dead-spaée followed by addition of the larger pressure of oxygen.
A1l mixtures were aliowed to stand overnight to ensure cémplete mixing.
Before preparation of mixtures of water with oxygen, the.f1ask was
allowed to remain in contact with about 10 Tarr of waten:vépour (much
1argér than required to make mixtyres of'desireq composi;ion) overnight.
This procedure was an étteﬁpt to counteract the slow i1oss of water from
the mixtures by adsqnption on thaewalls of the flask and the manifold
contginfng the preésure transduceré. Overnight éontact with water vapour
reduceg this rate of loss to a negligible amount. Furthe}more, the
mixtures were used for reactions immedijately after preparation.

//.

6.3 Formation and detection of the carbon film

Thin films of carbon were depositéd, t}eated and celibrated

according to the procedures described in Part I. Most of fhe experiments

were made using films with a total amount of carbon of 3.3 x 107° mol

{2.0 x 1077 mol cm'z), which correéponds to aﬁ average thickness of abqgg
12 nm. In-some experiments, a film of about twice this thickness was
use&. It should be pointed out that the outgassing of the fi]ﬁ'at 1223 K
for 1.5 houfs, as de:bribed‘¥ﬁ Part f; removed adsorbed or occluded
hydrogen or other gases éo that subsgguent evolution of hydrogen at the
temperature o; the réaction was negligible. The fi]ms’nevertheless
retained small amounts of hy&rogen bonded to the carbon as remnants from

the polyaromatic precursor molecule. As discussed later, this hydrogen

~is released into the system as water during the reaction with & large

»

excess of oxygen.
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6.4 Experimental procedure
Reaction was commenced by the 1ntr6duction of the desired B;essure
_ ‘of réactant'bkrmixtures of reactants into the quartz vessel coated Qith .
the carbon film as described. Both the cogiumption of carbon, from the
i -absorbance of the film, and the change in pressure in the system from
initigl value were monitored continuously throughout the course of the
- reaction and recorded simultaneously with a'two-pén strip chart recorder.
From these measurements the yields of products, carbon monoxide and

carbon dioxidé were obtained through the following equations,

o

ico * o, (6.1)/

%CO (6.2)

2re

ap

where & ne is the molar loss of carbon apd ncg and ngg, are the number of
moles of carbon monoxide- and carbon dioxide produced in the reaction.

The equation {6.2) neglects the formation o% water, since,; as shown
later, the amount is small compared to the yield of carbon monoxide.

ke

o The acsuracy of measurement of carbon monoxide depends on the
measurement, of A P. Since the yield of carbon monoxide, and hence A P is
roughiy the same in all experiments (2-3 Torr}, the fractional change in
the total pressure therefore decreases as the pressure of reaction 1§
increased and the measurement of A P becomes less accurate at higher
pressures. In the range of pressure whe}e explosion was observed ('<100;
Torr), the uncertéinty in the measurement of carbon;Tonoxide, taking into
account fluctuations in temperature, was less than é“.

Figure 6.1 shows the chart record of a portion of the time course of

a typical experiment leading to an explosion. As the reaction proceeds,
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the intensity of the transmitted laser beam and the pressure in the
_system increase smoothly. After the reaction of a certain amount of
carbon {the amount depending on the conditions of expériment), this
smooth continuous course of the reaction was in;errup;ed by a sudden drop
in pressure, aimost to the initial value, indicating complete conversion
of ¢arbon monoxide to narbon dioxide. The conversiop typica]ly tooE'
place in a fraction of 2 second, indicating, as discussed by Bond,_ Gray
and Griffiths [79] that an ignition has-occurred. A momentary jump in
pressure immediately preceding the pressure drop, which has also been
obsq&ved in previous studies [78-80] of the explosion, has been explained
by Bond et al. [791 as the consequence of a temperaturé pulse due to the
exothermic reactions associated with explosion. This pressure pulse is,
in fact, a further confirmation of the occurrence of an ignitiqn;t7§];
in the present study, no attémpt Qas made to measure the increase in
temperature. Nevertheless, a rough estimation from the magnitude of AP
indicated that the momentary rise in temperature could, in some
\\L\instances, be greater than 50 Kfi\Figure 6.17a1so shows that the
e;ETbsion was accompanied by a dramatic ingréase in the rate of .
gasification. This aspect will Be discussed further in Part III.

At the end of a reaction (with or without explosion), the products
carbon monoxide and carbon dioxide were analysed by gas chromatography
(Part I) after removal of water by trapping at 195 K. The'quantity of
water was then measured by expansion into a calibrated volume and the
pressure medsured with a pressure.transducer (Baratron model 222A) with

-
maximum pressure range 10 Torr. However, the accuracy of this
measurement of water is questionable because of loss by adsorption on the

walls, and probably represents a lower limit.

——
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CHAPTER 7

RESULTS

Th%é chapter describes measurements of the kinetics of the reaction
of oxygen with the film of carbon in the temperature rénge 848-1048 K
with pressures of oxygen between 5 and 700 Torr. Below 900 K explosion
was not observed and these experiﬁents will not be discussed further
here._ (arbon monoxide and carbon dioxide.were both major products of the
reaction at all temperatures of the present investigation. MWater, for$ed
by the reaction of oxygen with traces of hydrogen in the film, was a
*minor product. The yield of water, measured after each experiment, was
consistently about 1% of the total yields of carbon monoxide and carbon
aioxide {by mole} indicating that the carbon film contained about 0.2%
hydrogen by weight. Analysis of the water at various stages of the
reaction showea that ﬁhe water was produced continuously throughout the

-

" course of the reaction.
7.1 Measurements at 935 K -
Since several kinetic features of the reaction were so distinctly

seen at 935 K, it is advantageous to discuss the results obtained at this

temperature first.

7.1.1 REACTIONS WITH PURE OXYGEN.

1) -
Based on the kinetic features of the reaction four regions of

pressure, shown in Figure 7.1, may be identified at 935 K.

-



3 3
I
|
2k 2 !
- /
. /
9 F
oy
o =
2
D
2
[
o] o]
5r-
o
k
‘f.
2t d
) .
3 =
Cal
9 4 I—/"
>
S N ///p
A=l 14— 1 p— o
£ d
& /
A MM_—IC/—O—T c 1 — ) \
) 120 80 6C R 180
1:me/s time /s

~

Figure 7.1. ~Effect ofboxygen pressure on the characteristics of the

reaction at 935 K.

Circles refer to carbon consumed, triangles to

carbon monoxide formed and squares to carbon dioxide formed.

Initial pressure of oxygen:
Az 5.2 Torr (Region I); B:
C: 202 Torr (Region III); D:

hY

30 Torr (Region II);
410 Torr (Region [V).
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In reg%éh I, corresponding to pressures of oxygen below 20 Torr
(Figure 7.1#], carbon reacted smoothly without explosion at any stage of
the complete course of the reaction. The time course of the reaction-in
this region was characterized by an induction period and a maximum rate,
each a function of pressure of oxygen. Carbon monoxide and carbon
dioxfﬁé were produced in approximately equal amounts at this temperature.
This;?égiOn correspondé‘ﬁb é "normal” reaction between oxygen and carbon.

g
The mechanism of the reaction in this region was described in Part I in
terms of various concurrent and consecutive surface processes involving
__chemiSOrbe& oxygen. The secondary oxidation of carbon monoxidé was
negligible in this region. h

The second region, which is the major region of interest of this
study, roughly covered the pressure range 20-100 Torr. In this-region an
explosion occurred, as illustrated in Figure 7.1k, after the reaction of
a particular amount of carbon. The amount decreased with increasing
pressure of oxygen (Table 7.1). At the explosion, carbon monoxide-was
instamtaneously converted to carbon dioxide and at the same time the rate
of removal of carbon was increased dramatically. This effect of the gas
phase explosion on the rate of reaction of carbon wiih oxygen will be
further discussed in a later chapter. ' .,

In region 111, corresponding to pressures of oxygen above 100 Jorr
:and below 400 Torr, explosions were not observed, but the yield of carbon
monoxide remained low (<:lp%i ;hroughout the complete course of carbon
consumption (Figure 7.1C). The main product of reaction was therefore

carbon dioxide. P
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Table 7.1.* Effect of pressure of oxygen on conditions at the onsg;
of explosion at 935 K

2

[Cl°=3.2 x 10 w1 {2 x 10‘7 mol an ©; average thickness = 12 mm)

Initial pressure/Torr Conditions at explosion
n./ szO/ P/ p02/

K - 10_S mol Torr Torr Torr
20 3.0 0.21 5.5 11.$
3 1.85 0.12 3.0 2.9
30 1.9 0.13 3.1 24.9
30 1.85 .12 2.9 25.9

RE 0. 0.00 1.5 43.0
60 0.50 0.032 0.8 59.5
60 0.50 0.0 0.9 58.9
o) R - 0.25 0.0:6 0.6 100.5

* In this and the following tables in this chapter, the pressure of
water was calculated fram the relation H0/ A C = 0.02, which
will be discussed in Chapter 8.

Ie
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Beyond 400 Torr of oxygen, region 1V, the ca;bﬁn-oxygen reaction
returned to its “normail" béhaviour. The yield-time curve did not show.
any jrregularities and, as in region I, both ‘carbon monoxide and carﬁon
dioxidé were formed in comparab1§ amounts. Thus the distribution of the
products in regions I and IV and also in region 1I (before explosion)
contrasts sharply with thet in region III.

It should be poiﬁted out that since ‘the experiments .were performed
on{y at selected pressures, the ;ange of pre§§uré ascribed to each region

is approximate only.

7.1.2 EFFECT OF ADDITIVES

A. Pressure range 20-100 Torr (Region II)

1. Addition of carbon monoxide

In this region, with increasing initial pressure of oxygen,
explo;ion occurred at lower consﬁmption of carbon and therefore at lower
pressure of carbon monoxide. The question then arises,.whether the
consumption of carbon or the partial pressure of carbon monoxide is the
critical factor leading to an explosion. This was tested at two initial
pressures of oxygen. MNixtures of carbon monoxide in oxygen (2-20%) were
prepared for.reaction with the carbon film. At each initial pressure of

oxygen, as shown in Table explosions occurred after the reaction of

nearly the same percentage con umption of carbon even though the
corcentration of carbon monoxide\jn the mixtures was diffe#@nt by a
factor as large as about 3. [t was therefore concluded that the
conversion of carbon is the critical factor for the explosion. This may

.6 . .
be understood from the estimation of the formation of water, which was
L
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Table 7.2. Effect of pressure of carbon monoxide on conditions
at the onset of expiosion at 935 K .

-5

(c)® = 3.2 x 10 mol {2-x 10T7 mol cm-z; average thickness =12 mm)

Initial pressure/Torr Conditions at explosion

. ”c/ P"YO/ PCO/ POZ/

CO K ey '

% 10_5 mol Torr Torr Torr
'l 0 1.86 0.12 2.9 25.9
3 0.8 1.80 0.12 3.5 25.0
30 1.6 i 1.80 0.10 4.1 26.3
3 16 NG Lo 011 G0y B
30 6.0 1.40 0.08 8.1 26.7
60 U 0.50 0.032 0.8 58.5
60 0.6 0.70 0.045 1.6 58.6
56 1.5 0.70 0.045 2.4 52.6
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proportional to the consumpfion of carbon. The concentration of water is

therefore more important !for attaining an explosion condition than the

- —_——

concentration of carbon monoxide.

2. Addition of inert gases
Mixtu;;s of oxygen anc_hé1ium {1:1), and_oxygen and carbon dioxide

(i{l) and {1:3)} were used for reaction with partial pressures of oxygen

of 30, 60 and 100 Torr. In this region, the bresence of inert gas”

inhibited or prevented explosion until a greateriaﬁéunt of carbon had
reacted compared to that reacted with pure oxygen. A typical set of
experiments illustrating this retarding action of inert gases is shown in

Figure 7.2. Carbé% dioxide was a more effective inhibitor.than helium.

The results are given in Table 7.3. Two points are significant.

a. The inhibitive effect was more pronounced .at higher pressure§ of
oxygen. For example, with a 1:1 oxygen-carbon dioxide mixture,
little effect on the explosion conditions was observed with an  ~
1nitié1 pressure of oxygen of 30 Torr. %with 60 Torr of oxygen_éhe
explosion was cfearly inhibited while with 100 Torr no explosion at
all was observed. -

b. At the same partial pressu:g‘of oxygen, increasing amounts of an
inert gas caused increasing inhibition of the exp]ésion. For
instancey addition of 30 Torr of carbon dioxide to 30 Torr of oxygen

had a measurable retarding effect while addition of 90 Torr prevented

exp]oéion altogether.
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Figure 7.2. Effect of inert gases in region II at 935 K. Circles refer
10 carbon consumed and triangles to carbon monoxide formed. Initial

pressure of oxygen: 50 Torr. Some noints in the early stages have been
omitted for clarity.

O.,A« 02’; O,A:02+He (1:1-]; .,A:02+C02 (1:1).=
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Table 7.3. Effect of inert gases on conditions at the onset of
" “explosion at 935 K

-
v

(\

_ [C)°=3.2x 1672 mol (2 x 167 ol 0'1—2; average thickness = 12 rm)

Initial pressufe/T orr

Conditions at explosion

/ p
on P Pn./
02 Inert gas _g HZO/. CD/ C2
10 ¥ mol Torr Torr Torr
0 - 1.95 0.13 3.1 2.9
. X 2 (e) 2.30 0.15 3.5, 4.2
0 - (00 2.40 0.15 4.0 2.3
30 W (C0,) No éxp]osion observed
" 60 . 0.50 0.032 0.9 58.9
60 60 (He) - 1.15 0.07¢ 1.6 570
60 (CO,) 2.50 0.16 4.5 53.2
100 - 0.25 0.006 0.6 100.5
100 100 (He) 0.70 0045 1.2 %.3
100 100 (CU,)

(‘N?Texm osion cbserved
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'.3. Aadition of chain—brénching ageﬁts: hydrogen, methane and water vapour
\ The effects of these additives on the onset of explosion in region II
w;re investigated using mixtures of oxygen and hyarogenv(o.l%), oxygen

and methane (0.1%) and oxygen and water (0.3%) at two initial pressures

- of oxygen. A summary of the results showing the amount -of carbon

consumed prior to the explosion with different additives 1s given in

Table 7.4. Each of these additives had the effect of inducing an

ignition at lower extent of reaction than observed wi;h pure oxygen at

the same préssgre. In other words, the mixture of reactants and products
formed in the presence of each of these additives was more explosive than
tne'ﬁixture f0rméh in its absence. Hydrogen and methane were about

equally effective, and more effective than water, as iilustrated in

Figure 7.3.

B. SreSSuré range 100-400 Torr {Region III)
1. Addition of carbon monoxide

As shown in Figure.7.1C, the yield of carbon monox%de,was barely
detectable throughout the course-of the reaction. The effect of
agaition qf carbon mono;;de to the,reaptant (0.5%) in this region is
_shown in Figure 7.4. It is c]eér that the added carbon monoxide was
rapidly oxidized to canQES di?xide even at a very low conversion of
carbon. It may therefore Eé‘cone+udep that the low yield of carbon
monoxide in this region is the consequence of a rapid secondary
conversion of carbon monoxide to carbon dioxide rather than a low primery

yield of carbon monoxide.

o
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Table 7.4. Effect of chain-branching additives on conditions at the
onset of explosion at 835 K

[C)° = 3.2 x 107 ma (2 x 107 mol an ?; average- thickness = 12 mn)
Initial pressure/Torr “Conditions at explosion
/ P P Pr./
n
Mditive g HZO/ CD/ G
10" m " Torr Torr Torr
=

- 1.% 0.13 3.1 24.9

0.03 {Hy) u.85 0.085 1.2 28.4

0 U.03 (CHy) 0.5 0.029 0.7 W7
30 0.09 (H,0) 05 0032 1l 2.6
&0 - 0.50 0.03 0.8° .59.5
60 0.06 () 0.1 © 0007 G.2 59.8

60 0.06 (HZO} 0.1 0.007 0.1 80.0
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Figure 7.3. Effect of tne additives, hydrogen anc water, in region 1l at
935 K. Circles refer to-carbon consumed and triangles to carbon monoxide
formed. Initial pressure of oxygen: 30 Torr. Some points in the early
5tayes have been omitted for clarity. .

—

O,A:OZ; 0,&:32}0.1;%; .,A:OE*O.E.‘;HC.

2
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Product/ 1072 mol

24C
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Figure 7.4. tffect of agdition of carbeon monoxige dand carbon: dioxide in
rgg$nn\jli at 935 K. Circles refer tc carbon counsumed an¢ trianygles to
cardon monoxjae formed. Initial pressure of oxygen: 20U Torr. .

(O IVA- 02; O'A‘:OZ'T V.5% C0; ..A:UZ*COZ (1:17.
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2. Adagition of dnert-gas

-

-, .-

Addition of carbon dioxide to oxygen (1:1) in this region had the

effect—of aisplacing the reaction into region IV, also illustrated in
Figure 7.4. In the presence of added carbon dioxide, the product carbon
monoxige accumulated in the system in amounts comparable to the yield of

carbordioxiae from the reaction; it was no longer consumed in a rapid

)

secondary process which kept its yield low throughouf the reaction.

3. Addition of hydrogen
N -

In regigﬁ 11, addition of hydrogen {0.1%) to the reaction mixture
caused an explosion after the reaction of a relatively smaller amount of
carbon. In region 1lI, where a rapid seconéary conversion of carbon
monoxide to carbon dioxide occurred, addition of hydrogen caused this
conversion to commence at a lower extent of carbon consumption. Thus the
effect of hydrogen in region II and III is qualitatively similar. This
can be best appreciated by comparison of the reaction in the bresence and
absence of hydrogen et four pressures, as shown in Figure 7.5. With 100
Torr of oxygen { gbout the limit of pressure where an explosion was
observed}, only very little carbon monoxide accumulated in the reaction.
vessel before the occurrence of the explosion (Figure 7.5A). In the
presence of hydrogen, no explosion was observed but rapid secondary
reaction occurred at even IO;er conversion of carbon and the yiéla of
carbon monoxide remained bareiy detectable throughout the course of-the
reaction. At 300 Torr {region IIl in pure oxygep) the presence of
hydrogen shortened the induction period (Fibure.T.SB), but the maximum

rate of carbon disappearance was similar to that observed in pure oxygen.



103°

Figure 7.5. Effect of Jadaition of nydrogen on the reaction in the

.various regions at 935 %. Circles refer tg carbon consumed and
triangles to carbon menaxide formed.

Initial pressure of oxygen: . ' | ’
A: - 100 Torr; B: 300 Torr; C: 400 Torr; D: 550 Torr.
O, 4 0, .,A_: 0, + 0.1% H,.
[/ &
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AT 400 Torr in the presence of hyarogen {Figure 7.5C), significant

amounts of carbon monoxide -accumulated during the reaction, indicating

4

partial transition into region IV. At 550. Torr (region IV iP pure
oxygen), the effect of hydrogen was no longer significant (Figure 7.5D).

Fiyure 7.5 emphasizes the gradation in the effect of hydrogen with
increasing ﬁressure of oxygen, which is consistent with the action of
hydrogen in inducing an explosion or increasing the secondary conversion
of carbon monoxide to carbon dioxide. It is clear from the figure that
addition of hydgpgen expands the range of pressure corresponding to
region II1I at both lower and upper boundaries. The results obtained with
oxygen-hydrogen mixtures at 40U and 550 Torr also illustrates the fact.
that the transition from region III to IV is not sharp but occurs

graqually over a range of pressure.

7.1.3 EXPERIMENTS WiTH THICK CARBOIPFILMS (AT 935 K)

Experiments described so far were performed using carbon.films of
thickness about 12 nm (Henceforth calied thin films). A corresponding
series of experiments was done using fi]mleith approximately twice the
amount of carbon (24 nm thickness). (Qualitatively, the resuits were
simiiar to those obtained with the thin films. Reacpion; with |
characteristics of all four regions of pressure weré observed.

Explosions were observed with pressures of oxygen of 30 and 60 Torr
(Region I1) but in both cases, as shown in Table 7.5, ignition took place .
after the reaction of a smaller amount of carbon than observed with the -
thin films. This result is exp]ainéd by the observation that

proportionally more water was formed from oxidation of the thick film.
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At 200 Torr carbon monoxide was confined to a low level during the
conpiete course of the reaction (Region III), and above 400 Torr the
reaction returnéd to “normal” behaviour with continuous accumulation of, ]
stcarbon mopoxice and carbon dioxide (Region IV). Addition of carbon
aioxide in region lI prevented exp]osion.uﬁ£i1 a greater extent of carbon
consumption and the effect was greager at higher pressures. Addition of
200 Torr of carbon dioxide to 200 Torr of oxyyen caused the
7cnaracteristics of the reaction to shift from region III to rggion Iv, as

shown in Figure 7.6.

' 7.2 Measurements at.900 K

The resuits of the measurements at 900 K were, broadly Spqaking,
similar to those obtainea at 935 K. The results will therefore be
described briefly, emphasizing the dif%erences observed at ;he Tower
temperature. B ]

Explosions were observed in the regioﬁ of pressure of oxygen 40-120
Torr with a film of thickness of 12 nm. At the lower temperature, region [l
was -thus shifted to higher preséures. At 935 K the extent of carbon
consumption prior to the onset of explosion decreased sharply as the
pressure of oxygen was {ncreased {Table 7.1). The effect was much less
pronounced at 900 k and in fact, the amount of carbon consumption passed
through a minimum as_the pressure of oxygen was increased (Table 7.6A}).

with-pure oxygen region IIl was not observed. Explosion was
‘observed at 120 Torr but at 150 Torr carbon monoxide and carbon dioxide

were produced in%comparable amounts throughout the course of the

reaction, indicating entry into region IV of the reaction. Nevertheless,
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Product /1073 mol
(AW ]

1
O 120 240 360

time/s

Figure 7.6. Reaction on the thick film of carbon (24 nm} at 935 K.
Shift from region 111 to region IV by addition of an equimolar amount of
carbon cioxide to 200 Torr of oxygen. Circles refar to carbon _consumed
and trianyles tc ¢arbon monoxige formed.

O, 40y ®.4A: 0,+ 0, (i:).
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Table 7.6. Effect of axygen and of various additives on conditions ™
at the onset of explosion at 900 K

)’ =3.2x 107 mol (2 x 107 mot cn'z; average thickness = 12 m)
Initial pressure/T orr Conditions at expiosion
P
n/ o/ Peg/ Poy/
107 ot Torr Torr Torr
A. Effect of axygen
v
45 3.2 0.20 4.9 39.4
80 3.00 0.19 4.5 51.8
Q0 2.40 0.15 3.4 84.0
120 2.70 0.17 3.7 113.5

B. Effect of chein-branching additives

02 additive

45 - 3.0 0.20 4.9 39.4

45 0.045 (H,) 0.80 0.050 1.2 43.1

45 0.045 (CH,) 0.40 0.025 0.5 43.2

] 45 0.45 (Hzﬁ) 2.85 0.22 4.4 38.4
45 L.135 (HZO) - 1.20 0.21 1.5 41.8
N

QU - 2.40 0.15 3.4 85.0

QN 0.090 (H,) shift into Region.IlI

QU 0.090 (CA,) shift into Region 111

Q 0.090 (B0} 0.45 0.12 0.9 86.6

0 0.270 (HD0) shift into Region 111

C. Effect of carbon monoxide

0,
0 - 2.3 0'?? 3.2 81.7
Q0 2.3 2.25 0. 5.7 B84.2
PO 4.6 2.70 0.17 8.3 83.7
120 - 2.70 0.17 3.8 113.5
120 3.2 2.50 0.16 6.9 117.9
120 6.3 3.00 0.19 10.7 i16.2
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Awr,

on aadition of water, methane and hydrogen to 90 Torr of oxygen, a
yradual shift in the characteristics of .the reaction from those of region
11 to those of region III occurred, as 11Iustrated in Figure 7.7. fh‘the
presence of added water (0.1%)}, explosion occurred at a lower convers;;n
of carbon than with pure oxygen. In the presénce of hydrogen an
exploﬁion was not obvious, but the rate was imuch faster than with pure
oxygen and the concentration of carﬁon monoxide remained low throughout

" the reaction {Region IIIL. The rgsu1ts are summariied'in Table 7.6B.

. At 150 Torr in the presence ofrhydrogen (C.1%), behéviOUr
corresponding to region III was obsé%tgd whereas with pure oxygen the
reaction was in region I¥ (Figure 7.8A). At 240 Torr the yield of carbon
monoxiag was significant but still lower then observed with pure oxygen
{Figure .7.88). At 400 Torr (Figure 7.8C) the reaction had the
characteristics of region IV both in the presence and absence of
hydrogen. Except for a s1ight reduction in inau;tion period, there was
hardly any effect of added hydr%gpn_on the course of the reaction. These
results again illustrate that as at 935 K the shift in the
characteristics of the reaction ?rom region IIl to IY was a gradual
change.

In the present study, 900 K was the iowest temperature at which
éxp]osions were observed. With pure oxygen at 883 K and at all pressures
up to 700 Torr, the reaction had the characteristics of region I {or IV).
Thus a gradual change in the reaction was observed as the temperature was
increased from 883 K, only region I {or IV), to 900 K, regions I, II, IV
ana above 800 K, regions I, II, III and IV. It should not be forgotten,

however, that in pure oxygen, a small amount of water is produced from
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Figure 7.7. <tffect of tne additives, nydrogen, methane and water, in
region [I at 900 K. Circles refer to cardon consumed and triangles to
carbon monoxide formed. Initial pressure of oxygen: 90 Torr. Some
points in the early stages have been omitted for clarity.
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Figure 7.8. E£ffect of addition of hydrogen on the reaction at 900 K.
Circles refer tc carbon consumed and triangles to carbon monoxide formed.

Initial pressure of.oxygen: : .
Az 150 Torr; : B: 240 Torr; C: 400 Torr.

O,/_\-:Oz; ®.4:0,+0.1%H,.

(A} illustrates transformation of reg1on Iv.to II1I by addition of
hydrogen. At nigher pressures the transtrmab1on is less effective, (B)
and (C). In fact, for mixtures of oxygen plus hydrogen, Figure 7. 94
A,8,C illustrates a gradual change from region Iil to region IV.
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the traces of hydrogen present in the film and this plays a vital role in
tﬁe development of—condit%oné both for explosion and for rapid secondary
o;idation of carbon monoxide.“ The fact that at 900 K region III was
observed only when hgdrogen or methane was added suggesf;, although not
verified experimentally, that expTosion or rapid secondary{o;idation of
garbon monaxide can 21so be induced at s lower temperatures by
addition of a sufficient amount of chain branching additive. -This
conc1usio%; of course, is consistent with the estabiished fact [91] that
the exp?o;jon peninsula expandé or shifts to Tower temperatures on
addition of\Rydrogen or water. ]

The effect of_inert gases was examined\by.reactibn with equimolar
mixtures of oxygen and helium or oxygep and carbon diox{de at a total
pressure of 180 Torr. No explosion was observed indicating an inhibiting
action of inert gas similar to that observed:at 935 K. Addition of
carbon monox{de did not have a‘significant,effect on thé-éxtéht of carbon

conversion prior to explosion (Table 7.6C), as also observed at 935 K.
. N

The general trends in the characteristics of the redction, inciuding. -

~ the effect of addition of carbon dioxide (Figure 7.9) were also observed

using a thicker film (24 nm}. The results are summarized in Table 7.7.

7.3 Measurements at 973 K e

At 975 K the measurements were made*acer the range of pressure 5-80
Torr of'oxygep. Within this'range, regions I, Il and IIl were gbserved
but, compared to the lower temperatures, displaced signff?tant1y to lower
pressuras. For example, region II was observed between 15 and 40 Torr .

compared to 40-120 Torr at 900 K. Also, for a particular pressure of N
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Figure 7.9. Reaction on the tnick film of carbon (24 nmj at 900 K.

inhibiting action of inert gas in region Il. Initial pressure of oxygen:
9Y Torr. (ircles refer & carbon consumed, triangles to carbon monoxide .
formed anc squares te carbon cioxige formed.

O,/_\,:Oz; Q,.'_',D:Oz*CO.Z-(":l).
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'oxygen, éxp]osion occurred at lbwer conversion of carbon and therefore at

“ lower concentration of water than obseryed'at lower temperatures. This
trend fef}ects the increase infihe raté of the branching reactions at
higher temperatures. .

Hydrogen and methane both made the mixtufe more explosive. The

J large inhibiting effect of inért gases observea at SU0 and 935 K was,
however, not seen at this teﬁperature: Helium had almost-no e%fect on
the onset of explosion. In the presence of carbon dioxide (1:1),
explosion ‘occurred at a slightly lTower conversion of carbon compared to
thiat with pure oxygen. A summary of the experiments‘at 973 K showing the
extent of consumption of carbon prior to the onset of explosion for
various con¢itions is given in Tablie 7.8.

At 80 Torr of oxygen a low steady-state yield of carbonlmonoxide,
the characteristic fegture of regfon 111, was observed. Because of the
rapidtty of the oxidation of carbon at this tempefature, measurements
were not extendea to ‘higher pressures of oxygen to observe the transition

_‘into reéioﬁ IV. Nevertheless, addition of carbon dioxide to“80'forr of
 oxygen gave-suf}icient increase in pressure to épp;;ach the
characterist}cs of region”IV. This‘fs shown in Figure 7.10. In pure
oxygen at 80 Torr,'Carbon monoxide remained very low thrdughout the
-’course bf‘the réaction but on addition of carbon dioxide the yield of
carbon monoxiae‘gradua]1y increased, accompanied by a corresponding
decrease im the rate of removal of carbon. When 240 Torr of carbon
e

dioxide was added, comparable yields of carbon monoxide and carbon

dioxide were formed {(Region IV}.
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Tabie 7.8. Effect of. axygen and of various additives on conditions
at the onset of explosion at 973 K

2

[C)°=3.2x 107 ml (2 x 107 mi o ; average thickness = 12 ma)
Initial pressure/Torr -+ Conditions at explosion
o .
n/ W Poof °0,/
10"5 mol Torr Torr Torr
A. Effect of oxygen
02
15 . ' * 3.45 0.23 6.7 7.1
20 - 1.45 0.10 2.8 17.7
30 0.65 0.043 1.0 27.8
40 0.3 0.023 0.5 40.9
B. Effect of carbon monoxide
0, Q0
20 - 1.45 0.10 2.8 17.7
20 2.6 . 1.35 0.090 4.0 16.7
yal! 3.3 1.10 0.073 5.4 17.6

v
Ly

C. Effect of chain-branching additives

0,  additive

15 - 3.45 0.23 6.7 7.1
15 0.005 () 2.95 0.20 5.8 8.3
0 - - 1.45 0.10 2.8 17.7
20 0.02 (g) . 1.10 0.073 2.0 17.2
2 0. () 0.85 0.056 1.5 17.5
0. Effect of inert gases
02 Inert gas -
0 - 1.45 0.0 ° 2.8 177
0 20 (Ke) 1.3 0.00 2.7 17.0
0 - 0.65 0.043 1.0 27.8
B X (He) 0.5 0.03% 0.9 _ .28.2
0 () 0.35 0.023 0.7 20.7
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Figure 7.10. Effect of inert yas in region Il at 973 K. Initial
pressure of oxygen: 80 Torr. C(ircles refer to carbon consumed and
triangles to-carbon monoxice formed. Some points in the early stages
have be2n omitted for clarizy. )

O,f,_\,:C)Z; @.4 3y I8, (1l ...A:02+C02i’l:3).
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7.4 Measurements at 1048 K

At 1048 K the reaction was studied at several pressures of oxygen in
the range 3-30 Torr. Exp]oggons were‘observed with initial pressure; of
oxygen between 12 and 30 Torr. Tﬁus region Il was again shifted to lower

pressures. At this temperature several interesting changes in the

. <
behaviour of the system were observed.

7.4.1 EFFECT OF ADDITIVES
1. Aadition of .inert Qas
- -Contrary to the inhibitive effeqt observed at temperatures below 950 K,

poth inert gases (carbon dioxide and helium) caused explosion at lower
conversion of carbon than required for pure oxygen; Carbon dioxide was
more effective than helium, as jllustratea in Figure 7.11. Thus from 900 K
to 1048 K, a complete reversal in the effect of inert gas on the
explosion occurred. The very small effect of inert gases at 973 K is
tﬁenefure the result of the balance between the inhibiting and promoting
effects. This reversal "in the effect of inert gas on the explosiﬁﬁ
clearly illustrates the dominance of heterogeneous terminatfon in the
development of an explosive condition at low pressures. The results are
summarized in Table 7.9.

\

At a partial pressure of 15 Torr of oxygen, experiments with
~ . - . - -

mixtures of oxygen plus carbon dioxide were performed with ratios :0,/C0,
-of 1:1, 1:3, 1:5, 1:10, 1:20 and 1:40. With 1:1 and 1:3 mixtures, the
promoting effects described above were observed. Further additions of

carbon dioxide (1:5, 1:10 and 1:20 miktures), however, caused a shift in

the characteristics of the reaction from region II to III where a rapid
. . _ P
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Figure 7.11. Promoting effect of 1nert gases on the onset of explasion
at 1048 K. initial pressure of oxygen: iS5 Torr. Circles refer to carbon
consumed and triangles to carbon monoxide formed. Some pcints in the
early stages have been omitted for clarity. -

O, 4: 02;

D, A: 02' »ne {1:3); @ .A: 3, * 0, (1:1].
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Table 7.9. Effect of oxygen and of various additives on conditions
~at the onset of expiosion at 148 K

[C)® =3.2x 10-5 ml (2 x 167 mol cm-z; avege thickness = 12 m)

Initial pressure/Torr Conditions at explosion
P
n/ o Poo/ Poy/
5

mi Torr Torr Torr

A. Effect of oxygen

O
12 3.05 0.2 - 6.7 4.0
15 1.2 0.085 2.7 12.3
20 0.7 0.050 1.5 18.4
30 0.5 0.035 0.8 29.0
B. Effect of inert gases ,
0, Inert gas
12 - 3.05 0.2 6.7 4.0
12 b (He) - 0.8 . 0.0%6 1.4 9.7
12 12 (C0,) 0.6 0.043 1.3 10.8
12 36 {C05) PR 0.021 0.6 11.3
15 - 1.2 0.085 2.7 112.3
15 45 (He) 0.5 0.035 1.0 13.7
15 15 {C0,) 0.5 0.035 0.85 15.0
- 15 45 {C05) 0.2 0.014  .0.35 14.5
C. Effect of carbon monoxide
o 0
15 - 1.2 0.085 2.7 12.3
15 2.3 0.9 0.064 4.0 . 12.2
15 6.4 0.5 0.035 6.9 15.0
2 - 0.7 0.050 1.4 18.4
20 1.5 - 0.6 0.043 2.3 18.5
‘20 3.2 0.45 0.032 3.6 19.0
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secondary oxxdat1on kept the concentration of carbon monoxide 1ow
throughout the course of the react1on anda explosions aid not occur. When
15 Torr of reactant oxygen was further diluted with carbon dioxide to a
composition of 1:40, the reaction was shifted to region IV where both
carbon monoxide and carben dioxide were formed in coméarab]e yields. It
is interesting to note that when the inert gases inhibit the explosion,
below 950 K, a di%ect transitioﬁ in the characteristics of the react}on
from region lI-to IV occurred, without passage through region III. On
the other hand, when inert gases promoted an explosion, at 1048 K, a
gradual shift from region Il to IIl to IV ocqurred. This trend is in
agreement with the observations during the se}ies of experiments with
ﬁure oxygen and with oiygen plus 0.1% hydrogen mixtures. In each case
upon increasing the pressure of reactants, at‘first,exp1osion occurred at
progressively lower extent of carbon consumption (promoting effect), then
the system entered into region 1Il, and eventually at sufficiently high

pressures shifted into region IV.

2. Aadition of carbon monoxide

At all températures described so far, addition of carbon monoxide to
the reactant oxygen exerted very Iitt]é effect on the extent bf ¢carbon
consumption priof.to the onset of explosion. Thié was, ﬁoweyer, not-the
case at 1048 K. As shownqin Table 7.§ ang in Figure 7.12, addition of
carbon monoxide caused explosions at lower extent of carbon conversion
than observed with pure oxygen. The effect became more important as the.

Eressure of carbon monoxide in the initial mixture was incredsed. In

-
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n

Product /107° mol

time/s

Figure 7.12. Effect of adgition of- carbon monroxide in region II at .

1088 K. Initial pressure of oxygen: 15 Torr. (ircles refer to carbon
consumea and triangles to carbon monoxide fOrmed
C) 410, ©.4:0, 0 (PreSSure of added C0: 6.5 Torr).
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' act?ng thus as a promoter for the explosion at this temperature, carbon’

monoxide played the ro{e of an inert gas. This result again shows the

A

A . .
importance of the surface termination at these low total pressures.

7.4.2 EFFECT O? EXPOSURE QOF QUARTZ SURFACE

At 1048 K no explosion was observed in the reactions with initial
pressures of oxygen less than 12 Torr as Tong as the surface of the
vessel was covefed by carbon. Under some conditions, however, an
explosion occurrea at the instant of compiete‘cqnsumption of carbon.
txanples of these experiments are given in Téb]e 7.lb and illustrated in
Figure 7.13. The expTos%oh occurred either after one stage of reaction,
where all carbon was consumed while still some oxygen remained
(experiments 2,3,4 and 5) or a%ter.two.stages, wherg, if oxygen was not
sufficient té remove all carbon in stage 1, a"sécona charge of oxygen was
aamitted after removal of products {experiments 1l and 6). In each of
these experiments, exp]osioﬁ was not observed until the carbon was almost

completely removed ana the quartz surface was exposed, even though

dié;erent initial amounts of carbon were used, giving different

concentrations of oxygen, water and carbon monoxide, and reactant

-

mixtures contained inert gases, giving different rates of diffusion of

chain carriers. It must be concluded that the exposure of the quartz
A

surface drastically reduced the efficiency of termination at the surface,

leading immediately to an-expiosion. This effect clearly shows the very
high efficiency of the carbon surface for removal of radicals. Explosion
under these conditions was observed only at 1048 K,'although at the lowar

temperatures, especially 973 K, a slow secondary reaction of carbon

_ monoxide was noticed after complete removal of carbon.

«~
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Table 7.10. Effect of the surface conditions on the occurrence of an explosion at
pressures below 12 Torr at 1048 K

InitiaT conditions Fractional remval
- ' : of carbon at explosion

Ept#  Oy/Torr  Inert gas/Torr /ol ack
1 B 3.1 x 107 ' 0.9
2 6 0 1.9 x 107 . . 1.0
3 9 0 31x10° 0.9 |
4 s o 1.9 x 107 o
5 g 9(0) - 31x10° 0.9

6 9 27 (He) 3.1 x 107 0.9
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Figure 7.13.

v
2 -
. 1.0
'l._
M |
O 60 120 . 180 240
time/s

£xplosion following complete consumpticn of cerbon

1048 K. Initial pressure of oxygen: 9 Torr.

(O : ratio_of carbon consumed to initial concentration of carbon;

A carbon

monoxide.
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CHAPTER 8 \>

DISCUSSION L\\
S
8 1 Character1st1cs of the present system

The exper1menta1 cond1t1ons of the present 1nvest1gau1on on the'
explos1;e ;eact1on of oxygen with carbon monoxide are quite distinct in
many respects from those of previous studies of tﬁ\s,neéct1on. Most
earlier studwes were confined to ratios of C0/0, of 1:2, 1:1, and
2:1 whereas in the present study this ratio achieved a very different
r64¥§ of va]ues,.summarized iﬁ Table 8.1. . Measﬁrements were thus
extended to a realm; of compositioﬁ;not previously investigated,
illustrating that expiosions cou?d_occur at-a ratio of C0/0, asj]ow
as 5 x 16'3 or ]e;s than 1 Torr of carbon monoxide in . the present
system. This -result is perhaps significant for studies on-oxidation of
hydrocarbons where it has long been known that the oxidakion of carbon
monoxide ﬁay'contribute appreciably to the later stages of the reaction.

It 1s also interesting to note that despite these low rat1qf of
C0/0,, the total pre55ure‘of reactants where explosions were
.observed in the present study was not very different from that where
‘explosion occulred with the higher préssures of carbon monoxide. This
further sdbstaﬁtiates the conclusion that the pressuce of carbon monoxidé
is not -necessarily a hritical factor in the development of the conditions
for an explosion. )

The carbon-coated quartz surface used in the present study has

properties different from the acid-washed quartz surface used in most of

the previous studies. First, the carbon by its reaction with oxygen,
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Table 8.1 Ratio (0/0, at the explosion

Temperature/K " Ratio, C0/Gy
0. . 0.2 -0.03
935 0.46 - 0.006
73 0.94 - 0.017
1048 - . 1.9 -0.02

)
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provides thé products, ﬁarbon monoxide and water, which act as reactants
for the explosion. As the reaction proceéds, these products are formed
at measurable rates énd accumulate in the system until the criiiéé]
foncentrations %of the onset of an explosion afe attained._ Thigb
technique of gradually approaching the exp]osion‘conaitjon through in
situ géheratfon of reactants in the vessel has distinct advantages,'
particularly at high.témperatgres, over the conventional method of.
admitting pre-mixed reactdhts to & hot reaczion vessel. In the latter
brocedure, whether the pressure is 1owered‘or the temperature is -raised
after aamission;. considerable reaction may take place befdre the
explosion limit is reached. As a result, the concentrations, of reacténts

P - -~

at the onset of%gxplosion may be uncertain and the extent of reaction at

explosion, which is a useful characteristic to identify an explosion and

to distinguish it from other phenomenon associated with the oxidation of
carbon monoxide [79], is not clearly defined. With the present method,
the concentrations of oxygen and carbon monoxide and the extent of

reaction at ignition were determined unahﬁiguously. The -concentration of

‘water at the explosion was, as discussed earlier, more uncertain.

Nevertheless, because water was formed cohcinuously throughout the course
of the reaction, the error in its estimafion was 2 systematic one. The
problem of the accurate measuremgnf of such small quentities of water is,
of course, not peculiar to the'pr;:§nt siudy.

Another unique feature of the system is that the carbon surface
provides an effié%ent terminating égent for oxygen atomé, which are chain
carriers in the reaction. In fact oxygen atoms are ﬁrobably removed at

every collision with the carbon surface, making termination a diffusion-
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confro?lea reaction. A similar assumptioﬁ was made for saft;coated
'vesgels‘in the hydrogeﬁ—o§ygen reaction [96] and the carbon Surfacé
should bé at least equally active. 0n the ofher'hand, the cquon surface
will be unreactive towards- the prqducts carbon monoxide, carbon dioxide
and water, and secondary reactions-of these products will occur only
through homogeneous gas phase reactions. |

8.2 . Mechanisa of the reaction|

. The formation of water during the ccurse of the oxidation showed

thet the carbon film retained a shal] éﬁount of h?Qrogen_which was not
~released 1in the.butgassing tréatment‘and 1s pr;bab1y in ‘the %orm of C-H
'bonos.. Formation of water undoubtedly takes place bﬁ the surface, but if
even a small fraction.of oxygen molecules abstract hxdregen and desorb as

HQZ,-subsequent.dissociatioﬁ of tnis radical could provide an

initiation step for the chain reaction.
'C"H+02——.}’ 'C""HOZ—% OH + 0

The identification of the initiation step, or 1t; rate, is not, howéver
important in the developm?nt of conditions for an explosion so that its
exact description need not concern us here.

The main-features of the explosion reaction, including the effect of
inert gases and of chain branching additives, ma} be qualitatively
explained by a s{mp1e'mechanism. éThe reactions, except the initiation

step (1) and the surflace destruction step (7), are those suggested in
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previous studies, particuldrly Buckler and Norrish [94] and Brokaw [§8],

and included in the modelling schemes of Yang [100,101], of Yang and

Berlad [97] ana of Pilliny and Noyes [95].

(1) “C-CH + 0, — HO, — OH + 0 Initiation
(2) C0 + O0H —s CO2 + H \? Propagation
(3) H + 0, — OH + 0

(4) 0 + H20 —> -2 OH Branching
(5) 0 + Hy — OH + H

(6) 0 + CH, — OH + CH,

(7) 0 + -C-C- — €O + -C- " Termination
(8) 0 + C0 + M — CO. + M

, 2
(9) _) Hot 0, + M s HO, + M

Reactions (2) ahp {3) repreéent the oxidation of carbon monoxide by the
linear chain sequence with net production of oxyggn_qtoms,' Reaction (3],
however, is also a branching reaction if oxygen atoms generate furtherAOH
radicals for the propagation reéction.fZ). In the presénce of
hydrogeneous substances, this is achieved through reéctions (4), (5) and
(&) which are also then branching reactions. The effectiveness of these

“brahching reactions, including reaction (3), depends on their rates
relatiye to the termination reactions (7), {8} and (9), of which reaction
(7) is a heterogeneous termination reaction and the remaining two are gas

: .

- phase termination reactions.
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'8.3 Attainment of explogive conditions

':-A critical factor in the relative importance of the various
branching.and termination reactions is the ratio H/0 in the system.
From a steady-Rtate solution for 0 atom concentrations, excluding

reactions involving the additives hydrogen (reaction {5)) and methane

(reaction (6)), this ratio is given by the following equation:

(ay . ko[H0] + k, + kg[COI[M]
k30,

With the progress of the reaction, tne concentrations of watér and carbon
monoxide in the system increase and therefore the ratio H/C 2also
increases. In order for aé explosion to occur, the total rate of
branching must exceeé the totel rate of terminaticn. In other words,
when.the ratio of the sum of the rates of the branching reaciions to the
sum of the rates of tﬁe termination reaétions excéeds unity, an expliosion
w?]] take place. without'fhe additives, hydrogen and methane, (3)‘and’
(4) Are the* brafiching reactions and (7}, (8) and (9) are the termination

reactions. The explosion concition or the ‘criticality for explosion’

may therefore be expressed as follows:

CIPR _

| . - k3 {0,] ko [H,0] )
' . +

At 8[H][CO][H] hgl0, 1]

g ]
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The vqlue of this ratio at the explosion may be ca]cu1atediusing the
values .of rate constants from the compilation of Pilling and Noyes [95],
summarized.ﬁn Table 8.2, and making an estimate of the concentration oﬁ
water and of the value for ky.

The direct measurement of the concentration of water at the
completion of a reaction represents a lower 1imit, since water is easily
lost in the systeh. A better estimate was obtained by comparison of the
amounts of carbon reacted prior to the onset of explosion in the presence
and absence df added water (Figures 7.3 and 7.7}. Assuming that water
was produced 4t & uniform rate during the consumption of carbon and that
the total concentration of water at the explosion was the same in the
presence ana‘absence of. addeqd water, the concentration ¢f water at the

explosion is given as follows:

(€0 mo), = [HOJ = [4,00, <+ (4,00 -

where the subscript £ indicates the concentrations &t the explosion and
the superscript indicate§ the ‘reaction in pure oxygen. A L represents
the ex;enf of carbon conversion and [HZO]i is the initial concentration
of water in the experiment with the additive. From 511 experiﬁéﬁts with
added water, an average value of 0.0ZO‘Qas obtained for the ratio HoU/AC
2t the explosion. The direct measurements, however, indicated a ratio in
the range 0.01 -.0.015, and an uncertainty in the ratio of a factor of 2
nust therefore be accepfed. Ihe eétimate based on.the experimeﬁts.
involving addition of water was considered a more reliable measurement

ang this ratio was*used in all subsequent calculations. Both

’
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Table 8.2 values of rate gonstants used in the ca]cuiat1on of
equation (A) and ratio (B)

AN
13

Reaction . Rate constant

R = 1.97 cal ml ~ deg

<

units

(3 H+O, 2.24 x 1011 1O80O/RT | mot~Le
,,‘_‘;(4) 0 + K0 i _5 75 x 1010 -18000/RT L rrn'l-ls-l

(5) 0+t 1.7 x 10106 HSO/RT Lnot bl

(7). 0+ L4 50 (20 Torr) 5L

(8) O+C0+M 1.0 % 108 _ LZ m;[-ZS-l

(9)° H+0,+M 3.2 x 165L000/RT 2 a2

- 1 -1
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measurements, -however, show that the pressurefd?/;;;er in the system
guring the reacfion is negligible cbmpared td\the total pressure &nd
qonfirms the valigity of the ca]cu1qtf0n_of carbon monoxide from the
pressure measurements. '

'Ad estimate of K7, the rate constant for termination on.the

carbon- surface, was more difficult. As mentioned earlier,, removal of an

oxygen atom at the carbon surface should occur at each collision and

s .

K7 coula therefore represent a first-order rate of diffusion to fhe
surface.. Because of the large temperature gradients in the system at the
explosion which would aid mixing, this value coula be considgred a lower
imit, Aﬁ empirical estimate of k9 was first made from the resu]tg

at 500 and 935 K by selecting a value of ky which would bring rat¥o (B)
close to unity over the ent{re range of pressure'where explosions were
observed, assuming thit 57 is‘inversé1y proportional. to the

l which is larger

pressure. At 20 Torr the value obtained was 50 s~
by a factor of about/stthan'a value estimated by a réfe of diffusion.
Since the djffusiOﬁ rate is a Jower 1imit it was concluded that the
empirical value was reasonable aha was therefore used in ihe calculations
’

of ratio (B) for all experiments.

Uéing the estimated value for k] and the ratio H,0/aC = 0.020
dt the explosion, values of the ratio H/0, equation (A) and of the Eéiiﬁ
- of tne sum of the rates-of branching to the sum of the rates of
termination, ratio {8), were calculated as a function of time for a
typical experiment in region II. The results are given in Table 8.3

which clearly show the gradual increase in the ratio H/0 and the approach

of ratio (B} to the explosive condition as the reaction proceeds.
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Values of equation (A) and ratio (B) at the explosion were
cdlculated for ail experiments where an exp]o%ion was observed at
teméeratures of 960, 935, 973 and'lu48 K and are summarized fn Tab]e§
8.4 - 8.7.

The tables show the véiﬁes calculated for the contribution of each
.branching reaction and each terﬁination reaction as well as the ratio KH/0
at thé explosion. It is immediately appareni that termination at the
surfece is important even at the highest pressures obtained in the low
- temperature range. This result emphasizes the high effiéienCy for
radical destruction at the carbon-éoatéd surface. The influence of the
surface on the second explosion limit was alsc reported in préQious
Studies of the reaction in quartz vessels [80,103] although ﬁhe behaviour
was somewhat erratic. Results in the present system were entirely

reproducible.

8.3.1 PURE UXYGEN

Considering first the experjments with pure oxygen, the values
obtained for_ratio (B] were close to unity except for experiments with
pressures below 15 Torr (Tables &.6 and 8.7) where values up to 2 were
obtained. This range is well within the errors expected in the
calculation. Besides the uncertainty discussed in ky which is
part1Cuiar]y important at low pressures, the uncertainty Suggeséed in
kg is a factor of 2 [104]. A reduction in k4 by a factor of 2
reduces thg value of ratio (B), for experimentsiat 12 Torr at 1048 K,
from 2.0 to %.4. The uncertainty in the concentration of water at the

explosion has élready been discussed. A reduction in the concentration

-
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Table 84. Concentrations of resctants and products at the explosion and calculated values of equation {A) and ratio (8] st SWK.

.

Resctant o Py Ry WO i promntoys™ Termtnattons/s ™ Ratio
- Sml Tor Tor QRO GURDT G051 GTWAT GIURITON O F] (8)
9'02 = Ta-r’j ‘ ) -T -
o+ BH . 48 28 10.9 7.7 8.7 %3 m m - &8 2.7
(6.3%) (462) . (100 (40)  (754) o )
P'oz = 45 Torr -
o .2 49 B4 280 B7 88 ez V) 360 12
0 + 012 1, o0& 1.2 4.1 639 91.4 21 & 677 LIk 7 3240 3.8
e @0 e (11900} {88) (%®0) (1D
O + 0,13 1D 2. 44 =Bae ‘e ma 9.7 ™ 2@ 20 1.3
0, + 0.3 1D L7 L5 48 2% 3 ;3 9.1 210 @ £y 1.3
Ph = 60 Ta ) ) | il
% 2% 39 a5 1.8 21I° 8l ®O 60 1.2
<, o.® 30 B8 18 z.1 5. wm w260 6460 1.0
952 = 90 Torr . b i '
% 23 32 ag 0.979 %.5 6.4 W 9P 12500 1.0
8 + 0.2 8, 0.2- 03 @8 5.2 19 05 210 164 14060 15
(05%) (165 (4.8) (@UCD)  (1520) 1&00)  {1.1)
G, + 0.13 B 0.45 0.8 &6 0.555 18.9 5.1 1720 0 13600~ 1.1
0, + 0.3 K0 0.2 03 @8 0.418 282 12.3 ic=: 19020 1.5
O+ 2.7 23 57 2 12 1.8 6.2 B0 19D 1350 1.0
<, ~ B 24 %04 0.78 2.3 8.4 W0 %% 14900 1.0
oy = 120 Torr #
o 2.2 3.6 119 0.79 2.5 7.1 0w Z50 0.9 -
5+2mm 2.@ 7.0 u8o 106 a1.1 6.7 2 2o 210 0.8

* Experizents with thick Al

n
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Tabie 8.5. Cocentrations of reactants and products &t the expicsion and calculated values of equation (A) and ratio (B) at S35 K.

(HO)/207

Reactam P Pof Branching/s ™" Terurirations/s™ Ratfo
0w Ter Tor GO0 &0 &l GU0RT GG/ Rl (8) -
P, = A Torr
o 320 585 1.9 13 61.1 126 0 a9 &9 1.4
AR N @ 52 1D 173 102 us %7 2D 175 @ 2.5
(10.2) (60.5)  {13.) (@0 (326) @ (1.8
Py = 2 Torr ’ ) ~ |
0 186 2.9 59 38 aL3, 73 80 769 130 12
0, + 013 By 08 12 - 284 7.2 8.0 29 %6 4 19 400 3.4
(7.24) (93} 15.2) (1000) (361} 620 (12
Oy + 032 b0 0.5 L1 B 2.% 3.8 7.5 10600 3] %0 13
6, + 268 0 e 35 %4 3.7 Q.7 7.2 8550 sl 2% 12
0, +55 0 LB 40 B3 3.69 a2.8 6.8 50 9% 120 1.2
0, + 19.%5 OO 141 8l BT 3.2 DR 5.6 0 30 15% 1.1
0, + e (L:1] 225 35 &2 35 B8 9.0 W 140 zo 13
Uy + &, (1:1) 29 .40 %3 2.9 2.7 5.4 o 1O, Ecth] 13,
G* @ 3] bo eplosion dserved
"0, 0. 23 2.9 2.8 8.5 5.5 1050 m 150 12
0+, () 0% 35 N4 2.3 2.4 7.5 BO 41D 050 12
P'Oz = §0 Torr - -
6, . 049 © 08 %5 0.754 2.4 1.9 Z0e 180 - 50 10
0, + 0.13 1y 0l 02 B8 470 128 05 uo- %0 B w0 53
(0.78) (2.2 (42) (21400)  (43) 520) (12
0, 1.0 .73 L7 . 586 X:3 2.3 2.9 11 R = 5780 1.0
b+2220 0.7 2.4 %6 0.975 a3 " 28 1800 an 4760 1.0
0, + M (L:1) L4 L6 50 080 2.2 45 IE0 - 5140 3140 11
0, + 00, (221} 283 45 82 LB 3.0 10.0 Vo 142D 16460 0.9
0, 005 0.6 &l 0.691 18.9 1.5 priod 1450 S50 1.0
0+ O, 50 L@ 36 B 1.2 .4 8.0 S 1470 1550 0.9
Py = 100 Torr 3 _
0, 0.6 06 105 0.254 1.6 1.0 B0 20 1630 0.9
0, e (L:1) 088 12 %3 0.33 16.8 2.7 260 1540 25500 0.9
0 + 03, (1:1) N eploston abserved -

* Experigents with m1cx_ flm
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Table 8.6. Concentrations of reactants and products at the explasion m}lwlam values of equation {A) and razio (B} at 573 K.

Reacran: o Py Ry wmiae® srovcring/s™) _ Terminations/s™ Ratso
' Wil for  Tor GO QAT ] TN GUVRTOIR Gl (@)
P, ® 15 Torr .

.6 s 67 7. 17.5 7.4 19.8 250 194 1% 16
0, + 0.15 K, 1 58 83 2.9 108.0 7o mo 2540 1y 2.5

. Q4.7 7600 (183) 0 0e) 20 (15

P:Jg = 20 Torr B _
o, L4 T 28 1.7 4.%8 5.9 82 _ 080 32 50 13
Op + 023 1, L 20 w2 @ %3 63 @8 - 5@ 1 sz 2.8

- (533 (57.)  {8.0) (o0} (2] (2 (D
0, + & 135 4l 168 5.18 2 16 3 559 1.3
0, + te (1:1) 13 27 1.0 4.2 50.0 7.7 R 7 13
p;,?_ = Torr -
0, 0.6 13 29 27wy 37 1520 a8 25 1.1
0, + te (L:1) 0.5 T 09 2 1 34 31 . 15100 695 x20 1.1
G+, () 045 09 2.l 142 5. 26 10 78 ano 11
Up * O, (1:1) 0% 08 87 0.507 16.8 2.0 “X0 2P T 1.0
0, + O, (1:3) 045 09 A2 0.719 131 2.5 ORS¢ 6160 1.0
Uy + 00, {1:4) 06 15 &7 1@ Lea 35 w0 g0, ue 0.9
Gy + (B, (1:6) Mo explosion cserved E )
Pp, " 0 Tarr ‘=

o 0.5 07 47 1.06 %.9 2.1 zZrm 0 290 1.1
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Table B.7. Cocentrations of reactants and Projucts at the exp'los'im and caiasiated values of equation (A) and ratio (B) at 148K

s

keactant o R Py (01207 Branching/s~! Temiprios/s” Rt
Wm  Tor  Tor QO] QU Gyl GIWAT K OAIIR GGl ()
P’Oz = 12 Torr
% 3% 74 4 2.1 103.6 x.7 230 m % 2.0
o, 3.06 6.7 4.7 19.8 %.9 B4 3260 124 2] 2.0
O 0.13 1y 30 65 47 2.5 3.0 B M7 250 & ® 2.9
; - (@0 (02,00 (35.0) (3260} (115) (89) (2.0)
cz‘iﬁ Hell:3) 08 14 97 5.5 5.6 8.4 w0 X a0 13
0+ (1) - 0. 1.4 108 L350 0.6 6.6 9440 =2 &5 13
Oy + @, (1:3) 03 05 13 1.5 9.3 33 e 670 1050 13
P-E! - 15 Torr ‘/' .
Uy 1.2 2.9 .1 5.8 7%.2" Bl - o Jécn 188 260 1.4
0, +0.15 1, 1.0 21 125 8.67 115.4 109 47 7130 51 264 2.5
(5.65) (76.00  (13.2) {21000) (40} (284) 1.4)
0y + 12 @ 0.9 4.0 122 5.33 6.9 9.9 uom 20 4 13
0y + 4% 0.5 7.0 15.C 335 5.1 5.5 %0 100 5 1.2
0, + He (1:3) 0.5 1.0 1.3 2.8 4.9 5.7 13200 76 B 12
0, + €O, f1:1) 0.5 08 . 137 2.28 1n3 5.5 11500 8 &9 13
0 + @, (1:3) 9- 0.2 03 M5 0.58 15.2 2.4 1230 &0 1650 1.2
‘ f, = @ Torr -
g ' 0.6 L4 190 2.69 5.9 6.1 17900 7 4% 1.2
952 * 0 Torr . /—-‘\ = )
o 03 % 1.15 %.8 32 2850 503 10 1.2
SN
/ .

’y
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of water at the explosion by a factor of 2 reduces the-value of ratio (B)
for the same experiments to 1.4. In pure oxygen therefore the simple
mechanism appears adequate to predict the onset of an-explosion over the

whole temperature and pressure ranges of the present study.

$.3.2 ADDELU HYDROGEN, WATER AND METHANE

“in the presence of hydrogen, equation (A) and ratio (8) were
b

modifiea as foliows:

+ - k_{C07(H]
k (H,0] * ke (H,] ks gLcoll ]

. J
() H

0] ’

. [ . k3[02]
' . [H]
€ (107 + k(1) i (0,] ~\
© Q) =
; e ©1 . Blregirmy - w [0,1[H] J
Em T ket o(0,30H]

The vaidés of (&) and (E} were calculated for all experiments with addged
nydrogen and are included in Tanles 8.4 - §.7. The values of ratio (t)
were considerably greater than the values obtained in pure bxygen‘or in
the presence of other additives. In other words, éxp]osion occurred
after the conversion_of a greater amount of carbon and th&refore after
the formation of a greater amount of water than is predicted by the
inclusion of the branching reaction {5). Water 1s less reactive as a
chain pranching agent than is hydrogen. "Therefore, it seems likely that
» & substantial part of the hydrogen was converteg to water bdefore

. . 2

&7
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s explosion occurred so that the important branching regction was (8)
rather than {5). Making the assumption thqt at these temperaturég all
the aadea hydrogen was converted to wate; before the explosion, va]ues-qi\H_
the rates of branching and termination reactions and of ratio (B) were
recelculatea for the experiment with added hydrogen. The new values” are
inc]uqﬁﬁ’in Tables 8.4 - 8.7 in brackets below the values obtained using
the concenFration of hyaroyen added in the experiment. Since the new
values afe'comparable to those obtained in all the other experiments, it
is prubably reasgnable to conclude that water rather than hydrogen was
the effective branching agent in these experiments. Attempts were made
to test:the extent of conversion of hydrogen to water:by i;troducing.
mixtures of oxygen plus 0.1% hydrogen into the reaction vessel both with

~

. Eﬁh and without the carbon film present. Formation of water was obsérved
although a quantitative estimation of conversion was complicated by
losses of water. Neverthe]esé, the results clearly demonstrated that a
larye fraction of h}drogen was converted to water immediately after
admission into the reaction yesse1. In the original calculations the
rate of the branching reaction was therefore over-estimated leading to
large values for ratio (E). In a similar manner, ratio {E} was -/
calculatea for experiments with additions of water and the results are
incluged in Tables 8.4 - 8.7. )

Additions of methane were made to test qua]itative1y_éhe effect of

an additional h}drogen-donor on the onset of explosion. Because

reaction {6} introduces the new radical, CH3, into the system the

mechanism can no longer be represented by the small set given on p.130,

—
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ang ratio (B) would therefore not adequately describe the conditions for
explosion. Quantitative assessment of the effect of methane was

therefore not attempted.
8 3 3 ADDED INERT GAS

In the presence of inert gases, equation (A) and ratio (B) were

modif1eq as follows:

6 Kal#00 * Ky zka[co][h]

ﬁF) 0l - '
! ! | ky00,]
- (K} ‘
(6 ) 3 (g (%) * kel .
: o0 @ O o teodMY ¢ 2k [0,3IM]
7 F H] “"e 9-72 ’

wnere Zkg[COI(M] = kg[CON([0,1+(C03) + kg 4 [COIHED + kg o [COI(CD,]

and :kg[Ozl[M] = k9[02]([02]+[co]) Kq Hero 1[He] + kg CO2[021[032]

The .constants k8,He' kg'COZ’ k9,He and k9,C02 take into account the_'h
different efficiencies of helium and carbon dioxide, compared to ;he usuea
_ mixture of oxygen and carbon monoxide,'aé stabilizing molecules in
reactions (8) and (9). In accord with previous studies {80,97] the
efficiencies of carbon dioxide and of heiium re]ativeuto.oxygen were taken
as 1.8 and 0.7 respectively, so that kB,He = 0.7 k8,C02 = 1.8 kg,

kQ,He = 0.7 ké and ké,COg = 1.8 kg. Adjustments we;e also made in

the surface termination rate constant, ky, to account for the variation
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in the rate of diffusion in the presence of inert gases. It was assumed
that the diffusion of oxygen atoms thnough helium is 4 times faster than
through oxygen molecules and through carbon dioxide is slower by a factor -
of 1.5 [105]. Values of ratio (G) are included in Tables.8.4 - 8.7. In
all cases, whether the effect of the inert gas was inhibiting (at 900 and
1935 K) or accelerating (at'1048 K), explosion was predicted at the
. observed concentration of the reactants. . '
e %

8.4 Relative values of branching and termination reactions

TabJes 8.4 - 8.7 1ist the relative values calculated for each
branching and termination reaction for each set of experimental
conditions. Only relative values are given since neither [H] nor.[OJ
could be obtainéd independently. The widest variation occurred in the
relative importance of the heterogeneous termination ;eaction. Over the
range of conditions explored, the ratio of the rate of surface
termination to the total rate oflgas phase termination ranged from 25 to
0.3. The two homogeneous fermination reactions (8) and (9) were of
simi1ar<§agnitude over the whole range of temperature, concentration of
reactants and inert ga? pressures. 0Only in the presence of added
hydrogen did reaction (9) become significantly greater than reaction (8).
The rates of the two branching reactions (3) and (4) remained within a
factor of 5 of each other excgpt again during the experiments with added
nydrogen, where reaction (3) ;;came more important than (4). The
validity of these increases in the importance of reactions (9} and (3)
are questionable, however, in view of the probable conversion of hydrpgen

to water, as explained earlier.
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In all experiments the ratio H/0 remained below 10'2,and was

3

often close to 107°. This result suggests that oxygen-atoms are the

important radical species and that their steaaflstate concentration will
control the devé]opment of the explosive conditions. The importance of
this conclusion is evigent when an alternative calculation of the
critical condition for explosion is considered. ‘The ratio H/0 given by
equation (A) was obtained by assuming a steady-state concentration of
oxygen atoms. This ratio may alternatively be‘obtained DX assuming
steady-state concentration of hydrogen atoms and of hydroxyl radicals, as

foi]ows: ' .

- %Oﬂ | 2k, (1,03 o .
kg(0,](M]

—_

When the ratio H/Q obtained dy this equation is used for the calculation

of ratic {B) (the critical condition for an explosion}, the values

obtained are greater tnan obtained using egquation (A) for ratio H/OU,

>

particularly at temperatures 473 ang 1048 K. For example, for
experiments at 15 Torr at 1U48 K, the value of ratio (B) changed from 1.4~

to lo, when the above alternative equation (H) is used for the ratio H/O.

-

it must be concluded that hydrogen atoms and hydroxyl radicals do not

attain steady-state concentration in the system and the rates of the

reactions are controlled by the concentration of oxygen atoms.
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" 8.5 Comparison with the hydrogen-oxygen reaction

The'mechanism of the explosion in the carbon monoxide-oxygen system
as presented on p.130 has many similarities to the mechanism of the
hycrdgen-oxygen reaction, and may be regarded as a modified hydrogen-

oxygen explosion reaction. In the latter system, reactions (3) and (5)

are the branchiny reactions ana reaction {9) is the predominant

termination reaction at higher pressureﬁ. The contribution of carbon
monoxide to the explosion condition, besides through the termination
reaction (&), is through the conversion of OH to Kby the chain
propagation sequence, reactions (2) ana (3). -Although carbon monoxide
itself is not involved in a branching reaction, the reduction of hydroxy]l
ragicais to hydrogen atoms is equally important in providing the

conditions for an explosion.

.

The most important factor leading to branching is the concentration
of water’in the reaction mixture. Reaction proceeds until sufficient
———

water is present to allow the rate of branching to axceed the rate of

termination. Other conditions of reactant concentration and totai-

pressure must, of course, also be fulfilled. An interesting intermediate

situation was observed in region 111, where the yields of carbon monoxide
rematned low throughout the course of the reaction. It was concluded,

frbm the results of experiments with additions of carbon monoxide and

from the fact that carbon reacted at about the-usyal rate,.that the yield |
of carbon monoxide represented a steady-state value, kept low because of

& rapid reaction causing its femova]l This suggests that in region III

the total rate of branching is not sufficient to cause explosion but the

“concentration of hydroxyl radical is sufficient to cause rapid oxidation
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of Earbon monoxide by reaction (2}). This delicate balance nay be
achieved over a.range of pressures if the increase in the rate of
reaction (4} as reaction proceeds is accompanied by a decrease in the
rate of reaction {3) (through stabilization). At still higher pressures
reaction'(}) may not oﬁcur at all and the concentration-of UH remains too
low to cause effective oxidation by reaction (2). . -

There are‘some further differences between the hydrogen-oxyéen
reaction and the carbon monoxide-oxygen reaction which may be commented .
6n at this point. The hydrogen-oxygen reaction is characterized by
either a slow reaction or an jgnition while the carbon monoxide-oxygen
_ réaction shows two additional phenomenon v}z. sustained chemilumiﬁescence
(or glow) and oscillatory luminiscence. Gray [106,107], Yang [100] and
bond, Gray, Griffiths eand Scott [88] cfferea theoreticai ana?yses of
these modes of reaction on the basis of Liapunoff's stability theorem
{lU&J.\ LDepenginy on the value ¢f the net bﬁanching factor,éﬁ , which 1is
the difference between rates of branching and termination, three kinds of
behaviour dare predicted by thgse analyses: (1) nﬁ re;ction {or very slow
' '?éé&fidﬁ’contro]]ed by 1nitﬁation))_@hen @ <0 (ii) damped oscillation

: or a sustainéd gylow when gb;>o but less than somé?:;?TFEQQ value,qbr; and
{i11) explosion whenq§>.¢%, These ané]yses thus suggest & gradual
transition within the region O{@'(@pi.n ‘the carbon monoxide oxidation
systém, in contrast to a sharp transition from slow reaction to explosion
at Q5,= 0 in the hydrogen oxidatioh system. Recently, Gray and coworkers
[79,85,88] provided experimental evidence for all four modes of reaction

and showea that the occurrence of a particular mode of reaction depends

critically -on the temperature, pressure, the amount of hydrogen present
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in the mixtqée and conditions of the surface. In fact, using a
continuously fea, §ti;red-tank reactor (c.s.t.r.) and by an interplay of
the parameters just-mentioned, they were able to see all six types of
transitions between different pairs of the four modes of reaction [85].
By éomparison of these results with those o%'the ﬁresent study, it seems
plausible that the onset of explosion corresponds to a transition from
slow (or dark) reaction to ignition and the behaviour in ;he region 111
corresponds to & transition ‘from slow reaction to chemiluminescence.
This study was, however, not accompanied by the measurement of emitfed
Tight. and further 1nterpﬁetation of the reaction in this region ﬁs |

r

probably not warranted at this stage.

8.6 Effects of inert gasés and the relatiqn to the explosion limits

The fact that the simple mechanism proposed here can satisfactorily
predict an explosive condition over the temperature interval 900-1048 K
is indeec remarkable, taking into consideration the changes in-the
re1at}ve significance of the various reactions over this temperature
interval. The most striking exampie'of this changé was the reversal in
the effect of inert gases on the onset of an explosion, from inhibition
to promotion. This change reflects an important shift in the relative
contribution af gas phase termination to surface termination. " The
presence of inert gas increases the rate of hbmogeneoué termination but
reduces the rate 6;‘géterogeheou§ terminafion, where this 1s diffugion-
controllea. The global effect of inert gas will therefore deﬁend on the

relative importance of the two termination reactions, which in turn
. - : .

depends on the total pressure. At high pressures, where homogeneous
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termination dominates, inert gase§ will exert an inhibiting effect on the
.onset of explosion, whereas at low pressures, where heterogeneous
termination dominates’, inert gases will have a promoting effect.

These effects of inert gases are illustrated in Figure 8.1. The
change jn the amount of carbon consumption prior to the ohset of
explosion on adagition of inert gaspﬁs shown at three temperatures. At
each temperg;ure a pressure in the middle of the range where explosion
occurred is used for illustration. At 935 K in the presence of inert
gas a large increase in the amount of carbon conversion, and hence in the

concentration of water, was needed for the occurrence of an explosion,
which 1@p1ies a 1arg;'inhibit1ng influence ¢f these gases. At this
temperature where explosion was observed at fairly high pressures, gas
phase termination reactions (8) and (9} were importantctTables 8.4 and
g.5) and the main effect of the inert gas was to increase the rates of
these reactions. -To approach unity ratio (G) required a higher pressure
‘of water vapour and therefore a higher conversion of carbon.
Incidentally, it may be pointed out here‘}hat the fact that carbon
gioxide was more effective than he]ium'éézéh» inhibitor is an important
evidence in faQour of the conclusion that explosion in the oxidation of
carbon monoxide is the result of branched chain reactions and not thermal
imbalance. In the latter case, helium w0u?d be a better iphibitor due fo
its higher thermal conductivity. At 973 K the effect of addition of
1ne;t gas was small but at 1048 K the effect was clearly promoting. At

this temperature explosion was observed at low pressures and surface

- destruction (7] was the dqminant termination reaction. The most
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Figure 8.1. Reversal—in the effect of 1nert gas on the onset of an
expiosion. Arrows indicate the trend towards hignzr conversicn of

carbon oefore an expleosion at 935 K and towards lowsr conversion cf
carben before an explosion at 1048 K. .
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-
important'effect of the inert gas was inhibition of this surface .
termination through reduction in the rate of diffusion to the surface.
The value of ratio (G) thus reached unity at a lower extent of reaction.
The effect of inert gases is fggq i]1ustraied'in‘Figure 8.2 which
shows SOmé of the results of a series of reactioﬂs with a constant =~
partial pressure of oiygeﬁ (30 Torr) and increasing pressures of carbon
aioxide (10,30,90,120,150 and 180 Torr) at 973 K. Explosidn was observed
with pure oxygen and with the mixture containing 10 Torr of carbon
dioxide, whicn.promoted the explosion at a lower extent of reaction, as
expected. With the mixtures <ontaining 3U and 90 Torr of carbon diokige
the exp]osionlwas less cleariy defined. A sudden drop in the pressure of

—

carbon monoxide occurred, as illustrated for 90 .Torr of garbon dioxide,

4] —

[/// and carbon monoxide no longer accumuleted in the system during the rest
4
\ of the reaction. With aaditions of 120, 150 and 180 Torr of carbon

diuxide a very rapid secondary oxidation of carbon monoxide, which could
no 1onger‘be descfﬁped'és an explosion, commenced at a later stage in the
reaction.“fhis raﬁid reactyon began after an amount of carbon
consunption much larger than the amount consumed before the onset of
explosion witp pure oxygen. With léu To;r of carbon dioiide in the
mixture it occurred after about 90% of the carbon had reacted and
continued after the carbon had been completely consumed. These reguits
are summarized in Figure 8.3, where the points show the amouﬁt of carbon
consumed before the onset of an explosion, or of a secondary oxidation of

carbon monoxide, as a function of increasing partial pressure of carbon

¢ioxige in the mixtures. The figure clearly shows that the extent of

s
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Figure 8.2. Illustration of the changes in the rate of oxidation of

carbon monoxide on addition of carbon dioxide at 973 K. Initia}l

pressure of oxygen: 30 Torr. " Circles refer to carbon consumed and
triangles to carbon monoxide formed.

Az OZ; B: 02 + C02 fl:3);_‘C: 02 * C02 {1:5); D: 02 + C02 (1:6).
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: . ) . # . I - - - -
carbon consumptionPrior to the onset of explosion or rapid oxidation

-

I - i
nassed through a minimum value as the pressure of carbon dioxide in the

mixture was increased. 5
| . L. : oo
Two effects of inert gas are illustrated by this set of experiments:
LY . ' _
a transition frow the region ¢f the first explosion 1imit to the regio
: . _ . L -

of the secona exp]osibn 1imit and a gradual change in_the rate of

oxigation- of carbon_monoxide from an explosion to 2 gate comparable to

the "normal" surface reaction with oxygen. « The reversal in-the trend

gescribiny the axtent of carbon'conversion with increasing pressure of
Y

%

carbon dioxide ¢clekrly ingicatks a change in the relative importance of

surface ang gas‘fzgse termination processes. At low pressures carbon

u1ox10e promoted the exp]os1on .and thus acted pr1mar11y to lower the rate

+

of the surface term1nat1on. At nigher pressures carbgg d1ox1de 1nh1b1ted

~

the explosion or rapid reaction of carbon monoxwde and its main effect

[y

was the{éisre to 1ncreas%?the rate of the homogeneous term1nat1on
resctions (8} qna (9). These results clearly show that a gradual

transition from the region of the first explosion Jimit to the region of
tne second explosion Timit can'be attained simply' by diluting the

reactants with an inert gas. Tnis set of experiments also shows how

I3

changes in the rate of oxidation of carbon awonoxide over several orders

of maynitude can be achfeved simply by the addition of inert gas to the
p ‘ 7 .

reaction mixture*. Again this emphasizes the complex balance between the

rates of homoyeneous and heterogeneous termination reactions and between

. . -

L% o o -
* The net rate of oxidation of carbon-monoxide is the rate-of l1oss shown
LU p _ .
1n Figure 8.2 plus the rate of removal of carbon.

. .

.

N
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the rates ?f chain branching and termination reactions, particularly
reactions (EJ and (9). The explbsioniand the rapid oxidation represent
only 51ight1y aifferent rates of these variogus reactigns. Both involve
oxidation of carbon monoxide through reaction (2) but in the rapid
oxidation the concent}ation of radicals remains Just below the critical

.

condition. Tne transition from slow to rapid oxidation is exactly
analoyous to the transition from slow reaction to ignition and both
depend‘critically on the.presence of water:

Figure 8.2 also illustrates the aependence df-the rate of
gasificetion on the concentrat{;n of radicals in the gas phase. When an

‘explosion occurred, the rate of gasification also increased suddenly and

r

gramatically. The onset'of rapid oxidation of carbon monoxide, on the
other hana, ﬁid not affect the rate of gasificatibn (note experiments
with 150 Torr CUy). The concentration of radicals was sufficient to
oxidize carbon monoxide but not sufficient to affect the rate of removal
of.;arbon. it should be mentioned thaf until the on;et of rapid

secondary oxidation of carbon monoxide, the ratio of the products,

EU/QQZ5 remained practicaily constant, again suéaésting that both
inef xb]osion and the secondary oxidation begin rather suddenly at a
o - particular, érucial concentration of water vapour, and that up until this
point the reacmibn is described by the series of heterogenous processes
aiscusseg-&g Part I. This point will be discussed further in Pert Ill,
Chapter 9.
%rom previ%us studies of ignition of mixtures of carbon mcnoxide and

oxj@en in the region of the second explosion 1imit, there is a general

. _agreement that the aagition of inert gases helium, argon, nitrogen or
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carbon dioxide inhibits the explosion [80]; In the region of the first
1imit, however, variable effects have been reporﬁed. Hadman,. Thompson
and Hinshelwood [81] found that at 923 K argon and nitrogen 1owefed-the
partial pressure of the combustible mixture requifed t0 produce an
egplosibn, while Linnett, Reuben ana Wheatley [84] found no effe&t of

aaditions of nitrogen, argon or carbon dioxide at 897 K. These

apparently conflicting results reflect the 1 differences in

reactivity and the unpredictable nature of quart?® surfaces, whi

TN

getermine the rate of the termination‘prooéss 1% this region/ The
. : .

1y ™eproducible in

carbon-coated surface, on the other hand, Qgi enti
controllinyg the rate of the.termination prg&ess and therefore the results
definea unambiguously the conéributi6H,of/keterogeneous and homogeneous
proces;es in the region of ths_fiESt explasion ]imii. In fact, a -

carbon-coated surface couid perhaps be useful in providing definition of
- L

the first explosion limit in other reactions leading to exp]osioh.

8.7 Explosion on exposure of quartz surface
_ The occurrence of an explosion immediately after the complete
consumption of carbon (Figure 7.13) clearly iliustrates the.striking
gifference in the efficiency of the. surface firmindtion process between
the ca?bon—coated surface and €§Z bare quartz surface. As.soon as the
‘qudrtz surface is exposed the destruction of oxygen atoms becomes much
tess efficient, the raté of termination drops and the conditions for
& explosion are fulfilled. it appears that the cafbon-codted surface

retaineg its efficiency in preveﬁting explosion until at least 98% of the
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of the high efficiency of the carbon surface for removal of chain
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carbon- was removed. The small “amount of carbon"remaining would be barely

SUfficient to cover the surface with a monolayer. Although previous

studies [34] have indicated that the carbon film, similar to-that used in

\'

the present stuagy, forms a uniform 1ayer, it hardly seems plausible that
the uniformjty extends to a mono1ayer.tnickness. Rather it seems likely
that rapid removal by carbon is maintained, even if the surface is only
partly coverea, because of a high degree of mobility of.the oxygen atoms

on the surface. In all cases where explosion was observed on bare quartz

..'- 3 + - 0 - - .
a reduction in efficiency of the surface termination by e factor of about

50 was sufficiént to bring the system to an explosive situation.

Exp1051ons under these conditions were not observed at Y35, K or below

because, for similar pressures the rates of branch1ng are con51derab1y

Pl

lower.

This phenomenon of the occurrence of an explosion in the presence of
the quertz surfaece under conditions where eiplosion did not occur when .
the surtace was covered\by carbon, undoubtedly indicates that the carbon
- . . . . . ~
coating displaces the lower exp]%fﬂon limit to higher pressures. The
fact that at a temperature of 1048 K explosions did not take place below
a total pressure of the reactant of 10 Torr is a convincing demonstration
[
carriers. With a bare gquartz reactiom vessel at this temperature
explosions shoula occur at pressures down to about 0.l Torr, although no
d1rect measurements have been made. Other coatings on a quariz surface

»

have also been shown to. raise the pressure of the first explosion 11m1t.

'Aieksandrov and Azatyan [1091 studved react1ons in a vesse] cocated with

magne51un oxide and L1nnett et al. [8&] used a vessel with an alumina

4
. . e
s
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surface. The magnitudé of these changes in the explosion Timit can not
be quantitatively compared because of différences'iﬁ the systems, but
qualitatwve]y the effect shows the 1mportance of the eff1c1ency of the
urface in destroying chain carriers in def1n1ng the F1rst explosion

Timit.

8.8 Dependence of criticality for explosion on temperature aﬁd
pressure of oxygen | |

The attainment of exp]osi#e conditions depends in a compley way on
the temperature, tota]AE}essuré and concentration of reactants, oxygen,
carbop monoxide and water. Figure 8.4, where the points represent the
onset of an explosion, illustrates how these conditions alter at five

temperatures, in terms of the amount of carbon reacted, which is

proportional to the concentration of water in the gas phase, and the - ™
vy, : 0

.\1’

pressure of oxygen he trends may be understoed from an examination of
the factors which/affect ratio (B). |

At the threé highest temperatures explosive conditions are fulfilled
with smaller con5um§tion of carﬁon as the pressdre of Oxygén 1ncreéses.
The rates of thé two branching reactions in the numerator thus rougH]y
balance each other. The depehdence becomes very strong at wa pressures,
as the Su;face termination assumes increasing importance énd-beco$és the
domtnant term in the denominator rqu1r1ng ]arge concentrations gf
water for ratlo (B) to approach unmity. As -the pressure of oxygen
increases branch1ng by reaction (3) begins to dominate. Dn]i/small/‘

quantities of water are required for explosion. The ratio H/0 is also a

- function of the pressure of oxygen and although changes in it will affect

the relative magnitude of reactions (3) and (4), the qualitative’

én

b2
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significance of the curves is not changed. Finally, in apditipn to these
changes, the yield of. carbon monoxide bepomes too small to provide a
sufficien; rate of reductiop pf-hydpoxy1 radicals and the system passes
into region IIl. Because of the variable and non-reproducible behaviour
of quartz surfaces for radical terminaﬁioh, reiative]y few_studiés of the
reaction have been mnade to determine the first explosion 1imit [78,81,84,
‘109,ilU],'particu1ar1y at temperatures above 900 K. With thé carbon
surface, oxygen atoms react so rapidly that the surface termination was
diffusionfcontrolleo at a]] temperatures and as ¢ résult, these Iimits °
were entirely reproduc1p1e in the present study.

The aependence of cr1t1ca]1ty for &xplosion on tEmperature is
.complex. The rate constants most s&;ongly dependent on temperature are

g? and kg, wqjle k7, kg and kg are almost independent of temperature.

The ratio H/U will probably ‘not alter substantially with temperature’

~&ince the temperature coefficients of Ky and k, are similar and their

U

pﬁanges will largely compensate each other. The value of ratio (8), on
the otfier-hang, w1il depena strongly on the té%Eerature since both the

temperature-dependent rate corstants, K3 and kg, appear in the numeratpr
. / o

Ie
and Lhe denan1nator_1nvoives only termrnat1on reactions. AS‘ZEEH >

Aa'l
"

temperature is raised explosiohs take place wjth'1ower concentration of

water and lower pressures of oxygen. It is"clearly seen from the figure
. L . © ¥ S . .t
that with increasing temperature, for a constant pressure of  oxygen
’ ) -~ . . )
explosions occur at proygressively lower consumption of carbon or for a

]
constant consumption of carbon at progressively lower pressure of oxygen.

4+ * . ra

This indicates the contribution of both. branching reactions to the »
. L =

development of explosive conditions.

e

Y
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The slope of the curves decreased as the temperature decreased as a
result, among others, of the chaﬁges in the ratio H/0 and of the
lesseniny importance of the.surface terminatiﬁn at higher pressures. At
900 K the curve passed through a minimum value. This is explained by.the
increasing 1mportancé of reactions (8} and {9) in the termination
processes. In the range of pressure where these homogenEOUS'terminations
are not important, the rates of 'the branching reactions in the numerator
rouyhly compensate each cother as the pressure of bxygen.is 1ngreéaed.
geyona a.pressure 6?_333u5q80 Torr, gas phase termination reactions cause
suff1§1eﬁz.reauct?on in rdtjo () to require more water to reach the.
explostve conaitior. The effect was also observed, but not as definite,
at Y18 K. At higher temperatures the system .passed out of the explosion

. . . ' R T
region before passing the minimum. At 883 X no explesions were observed

undaer ény conditions. The attainment of explosive conditions is thus
seen as a complex halance between the rates of the branching and
t;}mination reacti%:z, each of which has 1ts own dependence on

temperature, total qc?ssure and concentration of reactants.

) . T
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PART ‘111

" RELATION OF THE GAS PHASE REACTIONS TO THE GASIFICATION OF CARBON

8
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In the last four chapters, the phenomenon pfrgas phase explosions
between carbon monoxide and oxygen during the gasification of thin films
of pyrolytic carbon was'cescribéd. As i]]ust%atec in séveral figu%es
(e.g. Figures B.k{77.18, 7.2), the explosion cauéed a dramatic increase
in the rate of gasification‘of carbon. For example, under the coﬁditibns
of the reaction described in Figure 6.1, there was approximately a
70-fola increase in the rate of gasification at the onset of explosion.

These results cle@rly show that the atomic and radical reactions

occurriny during the explesion affect the rate of the gasification

process.' In Part‘lII (Chapters 9 and 10), the relation between the
yas phase reactions and the gds-so]id reactions will be- examined with
reyard to both qualitative andg quantitat}ve aspects. in Chapter 9
gualitative effects of tHe pfesente of water and of inert gases in the

reactants on the gasification process under conditions where ekplosions

were ubserved will pe discussed. As a comparison, the effect of various

additives on the reaction will also be examined under cpnditions putside
the reyions where explosions occur. In Chapter lb the rateéxof:
'gasificat{on observed during 2 gas phase exp]osigp will be quantitatively
re]dted.to the.concentration of various reactants. THe results are

interpreted to indicate that gasification under theke conditions occurs
. I Feed . N .

“largely by reaction of oxygen atoms.
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CHAPTER 9
THE EFFECT OF WATER VAPOUR AND OF INERT GASES
ON THE CARBON-OXYGEN REACTION

9.1 Effect of water vapouf
The results described in the earlier chapters showed that-the
formation of a small quantity of water vapour played a key role in the
development of explosive conditions. The source of water in the products
of the oxidation wag the presence of tracés of hydrogen in the carbon
film. The film was prepared by pyro1ysﬁs of methane at 1223 K. ©
Pyrolytic carbons and carbon blacks prepared in this manner by ‘

decomposition of hycroéarbon gases and Gﬁpours and subject to heat-

treatment up to 100U K usually retain some hydrogen, not as adsorbed or

occluded hydrogen (since thg;e carbons are usually of low porosity), but

&5.L-H bdonds. Luriny the reaction with a large excess of oxygen, this

hydrogen is released into the system as water in the gas phase and in the
Qgegeht system was proaduced continuously throughout the course of the
-1

reaction. From the effect of added water vapour on the onset of

explosion (aescribed in Section 8.3), it was conciuded that the carbon

weiyht which, after complete gasificati'h of the fiim, gave a pressure of

" films used in the present study contaii:ijﬁppnpximately 0.35% hydrogen by

water of about G.2 Torr.

Since tqf:ffurce of water in the present system/ﬁg;/the hydrogen  #
T

.

present’in th&~Carbon, it may be.useful to mention the H-content of some

other varieties of carbon which are often used for the ox1dif1on studies.

Marsh, Taylor and Lanaer [1il] reported that the grapn1t1zab]e carbonk
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prepared from polyvinyl acetate retain 0.45%, 0.%;% and 0.07% of hydrogen
after heat-treatment to 1200 1500, and 1800 K respectively; the carbons
prepared from poﬁyfurfuryi alcohol and acenaphthylene heat treated to
1200 K retain 0.71% and 0.65% hydrogen respect1ve1y. Millet, H1T1Qt and
Yivares [112] reported a hydrogen content of carbonized polyacrylonitrile
of about 0.1% after heat-treatment to 1800 K. Mason énd Owen [115]
reported a value of aqu; 50 ppm (by weight) as a typical hydrogen
content for a U.K. nuclear graphite (PGA) heat-fg:ated to 3000 K and‘
Redmond and Walker [114] réportgﬂ-a value of about 7 ppm for an American
ndc1ear graphite kTSP) hggt-treated to about 2300 K. Gonzalei-?Vi]chez,
Linares-Solang, Lopez-G;;za1ez and Rodriguez-Reinoso LllS]\reported that
'the_activatéd carbons prqpared from almond shells and olive stones hav; a
H-content of about 0.65% and 0.63% reSpéctive]y. Recently, Deitz [116]'
reported phe é]emgntal anafysis of Qome commercial activated carbons
which Qhowed that come of the samples, particularly those'Srepared from
coconut shell and lignite, may retain about ﬁ??kjhydrogen. Thﬁs it is
quite possible that investigétions on the gasification of carbon were

-

often made with carbons conta1n1ng sufficient hydrogen to generate an

amount of water in the gas phase comparab]e to gkqi\éf the present

-

study. ‘
-The effects of minute quantities of water vapour, hydroggq_}ag;SFher

hydrogeneous substances onffhe,gSE???ZEZ?Eh\rates of the canbon-ciygen
%

reaction have recetved attention from time tP time. ‘Most authors
[40,117-122] observed an inhibiting act1on¥jf water vapour on the
oxidation of graphite. Lang, Magnier, G111es,~Po11et,and Brie [1191'

examined the pore structure of an oxidized electrode gréphite and

-

1
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ar1ffusion-controlied chemisorption of tMese substantes (or -CUO0H groups

‘ ® : .
surface within. A somewhat similar explanation was given earlier by Lang
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obgerﬁedézzi when oxidation was made with dry air all pores were
attacked, but with moist air only the large pores were attacked. Cang{
Blanchard and Magnier [120], and Lang, Blanchard and Fessler [121] a]sd}/"/Qhr -

R 2 :
obtained similar results with pure nuclear graphite. These results

”~

sugyested that in dry aifcoxjdation proceeded uniform]y on ﬁores of ail
sizes, but in moist air ox1dat10n was - 1nh1b1ted on m1cropores. About 10
yedrs ayo, Ty1er et al. [40] carefully exam1ned the effects of
hydrogeneous 1mpur1t1es 1n Ythe gas phase on the k1net1cs of the gxidation
‘of spectroscopic grade po]ycgista111ne graph1te. From the effects of
coo]1ng the “oxgyan supply to"90 K and 195 K‘before admission to the
reaction vessel, of previous ";oaking" of the graphité ;amp]es in,
nitFogen anc of cad1t1ons of small, discrete amounts of water vapour,
hj;:ﬂgen or hyOFOCerOn vapour to the gas.steam on the specific rate of
carbon loss on gasification, these authors conciuded that the presence of
these substances in oxygen inhibit the oxidation reaction. ‘It should be
emphasized that the carbons used in the studies déscribed above we?e all
porous. Un the other hand, during tﬁe’oxidation o% single-crystals pf
graphite, which provide exampie J\'non-ﬂorous carbon, contrary to the

rnn1b1t1ng 1nf1uence a catalytic influence of water vapour on the rate of

gas1f1cat1on was observed [121-125]. N0t1ng that the 1nh1b1t1on occurred

. with po]ycrysta]11ne‘graph1tes but not apparent]y with 1solated ¢rystals,

Tyler et al. [40] suggested that the inhidbition is due to fast, Lt

& -

gerived from tnese'sgpstanées) on the entrances of micropores of atomic

dgimensions thereby blocking the approach°of oxygen molecules. to the_ ’

+\
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Tinitiates.a series of radical reactions which cause the converiion

167 .

and Magnier-[122]. As™or the catalytic effect, Laprov [126] sugges ted
that it is due to the diséociation of water into hydrogen and oxygen
atoms and.h}droxy1 radicals which interferes with the nurmaf reaction .
invoTuing dissbciatidnipr u;igen molecules at the surface.

These interpretations 8mphasize that the action of water on the

: k1net1cs of the oxidation of carbon arises mainly from its adsorpt1on on
"~ the surface which is in turn related to the porous structure of the

carbon. These .interpretations all d1sregard any influence of water

*

through gas phase reactions of reactant .and products. Recently,

Sundaresan and Amundson [127] investigated, by model calculations, the

-

effect of a modest amount of water'vapour on the combustion of a carbon

- .
particle. Their calculations suggested that steam participates in the

combustion by accelerating homogeneous oxfdation of carbon monoxide (by
Ehe set of reactions described in Chapter 8) and through the carbon-steau
reacf%on'(théreby enhancing "the rate of carbon combustion}. In their
analysis of the comBustion of carbon, Auomeit, Mohiuddin and Peters E128j
have shown that there is negligible oxidation of carbon monoxide in dry
arr, while at relative humidities of 10% or higher it is enhanced by 1
factor of 5000 compared to the dry 2ir reaction rate. These analyses,
however, neglected the combustwon of carbon by reacsion with uxygen atom;
generated dur1ng honogeneous oxidation of carbon monoxide.
The present results have cleariy deuonstrated how severeag the
* ~

kinetics of the carbon-oxygen reaction may be affected by ~he.presence of

& : . ‘ :
a very small pressure®s water in the gas phase. {n particular, water

¢ ., . - L ] o ’
carbon monoxide’ to carbon dioxide. when this oxidation occurs
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explosion the concentration of radicals, and particularly oxygén atoms,

increases by many orders of magnitude, causing the dramatic increase

-

observed in the Tate of gasification. For exampgle, an increase of
10° was observég for a thick film at 90U K with 30 Torr of oxygen.
The product distripbution was, of colrse, drastically altered by the

explosion but in aadition, although tfe

. -~
xplosion Tasted for less than a

second, the effect on the rate of gasi#fcation and on the product ratio, -~

L
CU/CUp persisted during thg complete course of the reaction. This :
is itlustreted in Figure 9.1. Apart from illustrating the dramatic
increase in the rate of carbon removai and the reversal in the'product
distribution at the onéet of explosion, the figure shows thet during the
period following tne explosion carbon coﬁfinues_to react at rates -
. eppreciably higher than the rate preceding the onset of explosion anc
tnat carbon monoxice no longer builds up in the system, despite tne,féct
that nearly 70% of the initial amount of carbon in the film reacted
during this period. This behaviour after the explosion was analogous to
that observed in region I1l described in Section 7.1.

The effect of water vapour in region I11I was also interesting. It
was describsg that in this region the yield‘of carbon monoxide remained
low throughout thf course of the reaction becauée of rapid secqndary
oxidation to carbon dioxice. Under the conditions of the reactign.-
described gn Figure 7.}C, the rapid oxidation of carbon monoxide bégﬁn
when less than 25 ppm of water (0.U025%) had been formed (estimated from.
the carbon consumed). In many systems an ah0unt of this magnitude may

readily accumulate from various sources such as outgassing from reaction

vessels, apart from the oxidation of hydrogen present in the carbon.
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Product /10" mo|

O f _;;- ! N
1200 1320 1440 ' 1560

time/s

Figure 9.1. ¢tffect of exp?osi‘on on the rate of gasification and on the
proauct distribution guring the course of the reaction. The experiment
was performed on a thick film at 900 « with 45 Torr of oxygen.

QO : carbon consumed:; A CO.

iy
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9.2 Effect of inert gases

In the mia 1XVUs it was repoéped that the rates of a number of
heterogeneous and catalytic reactions were influericed by the presence of
inert, diluent gases [129-131] and this was c;Tled the diluent gas effect
{DGE). In the case of carbon gasificatioﬁ, the only study reporting a
diluent gas effect was by Walker, Pentz, Biedermen and Vastola [132].
They measured the rates of oxidation at a total pressure of 0.1 atm ang
at temperatures between 823 and 889 K with mixtures of oxygen with
nitirogen, argon and helium at three ratios of UZ: inert gas
(153,1:1,3:1). The weight decrease of the carbon during gasification was
followed by a quartz beam micFobaiaﬁce. They observed that the
gasificetion rates varied_in the order N,>Ar>He at 889 and 871 K.
They did not, however, compare these rates with those observed with pure
oxygen. The aUthors-critica11y examined the applicability of various
}mce1s‘ﬁroposea by Huagins ana-Silveston [129] concerning the ULGE 1in
catalytic surface reactions, té the effects observed in the carbon-
oxygen reactivn. briefly, these models include: (1) increased rates of
desorptfoﬁ of products carbon monoxide and carbon dioxide due to
collisions between the interﬁeaiate oxygen surface complexes and inert
gas ﬁo]ecu]es; (2) changes in the efficienCy of removal of heat (note the
carbon-oxygen reaction is exothermic} from the carbén surface site by
collisions with inert molecules; (3) changes in the mobility of reactant
and/or products on the surface due to the adsorption of inért gases on
the surfaces; {4) physical {van der Waals) adsorption of inert gas at ah
activated complex which weakens the bonds with the carbon surface, with

the consequence that the desorption is faciljtated in the presence of
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diluent gases. The degree of effectiveness of each of these processes
will depend upon the nature of the diluent gas and in each case an order
of reactivity in the rate of'gasification in the presence of diluent may
be predi&ted. Because their observed order was not consiséent with any
of these models, Walker-et al. [132] proposed an additional moqel for the
diluent gyas effect. This model was based on tﬁe idea of formation of
nascent or highly reactive sp3 sites by gasificgtion with subsequent
rehybridization to less reactive szpz sites. The inert gas
enters into the picture by infl uencing the rate % this rehybridization
process. . . f

in the present study, several interesting effects of'inért gases on
the kinetics of the carbon-oxygen reaction in régions Il and III were
observed. These were not due to the surface processes proposed by
Hudgins ana Silveston [129] but were due to gas phase reactions,
including stabjlization of radfcaTS and to retaradation of the diffusion
of oxygen atoms to the surface. It was Shown in Chapter 7 that below 973 K,
inert yases aelayea the onset of é&ﬁ]Bsion and with sufficiently Jarge
amounts explosion did not occur af all. At 973 ahd 1048 K inert gases
caused the e£p]osion to ocﬁur_at & lower extent of carbon conversion than
odserved with pure oxygen. In region 1T at all temperatures, the rapid
secondary oxidation of carbon monoxide was avoided by addition of
sufficient inert gas. Inert gases therefore caused significant effects
on both tHe rate of gasificatioq and the ratio of C0/C0,, solely by
effects on the ‘gas phase reaciions.

"Tne effects on the rate of gasification are illustrated in Figure 9.2

where the rate, defined as the maximum rate of gasification as
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log (P/torr)

Figure 9.2. Maximum rates of carson removal as a function of pressure
of oxygen. ' - |
O : pure 02 (gressures of oxygen correspond 0 initial pressure);
2 - .

X @ pure 02 (pressures of Oxygen correspond to tnose at the instant

of meximum rate of reaction);

. . &
O : pure O2 in region II1; 4 @ opure oxygen at explosion:

® : 0, - CO, mixtures.

Loy




illustrated 1n'Figure 7.1, 1s shown as & function of pressure-of oxygen.
. o " ’ - - - -.'

This figure shows the large increases in the rate of gasification indiced.

4 N -t

ﬂoy the exp]os1ons as we]] as the effect on the rate of ‘the presence of

r

.inert gases.. The open symbo]s represent the rate w1th pure oxygen as

reactant in reg1ons I- IV described ear]1er. The c1rc1es refer to regions

—

I and IV where eiplg&1ons did not occur. The triangles 1nd1cate region

Il and the squares, region I;I. Pressures below 30 Torr correspond to
_regfon I"where‘rates‘were easi]y measured. In this region‘the rates
increased with 1ncreas1ng pressure of oxygen with an order of about

u765. Between 40 and 100 Torr the rate was dramat1ca]1y 1ncreased -but
ecreaseq w1;h 1ncreas1ng pressure of oxygen, ]eve]l1ng off at about 200'-
Torr as the system' entered reg1on ITI. At higher pressures, in region

IV, the rate continugd the dependence on pressure of ‘oxygen observed in

v

-

regzon I with values corresponding to an extrapo]ation of the.rates from -
region I. Di]ution with inert gas in region Il .or IlI sHifted the
reaction into region lv, and the maximum rates are shown_as filled

) i ) ,

-

circles. These correspond exactly to the values ‘expected by
interpolation of the rates between region 1 and IV.ﬁ Inert gas therefore
prevented theiexplosion and allowed tne'“normal“ oxidation of carbon co
proceed. Since many studies of the gasification of'carbon were mede_in
the presence of inert gas explosions may often here been avoided. The
f%gureka]so shows that the rates of gasification in region III were
apprecjao]y higher than the interpoTated*ya]ues. As discussed in Seciion
B.S,Jthe concentration,of radica1s in this region is surficient to cause

_the increase in rate, but not sufficient to cause an explosion.

e
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9.3 Effects outs1de the explosion regzo: e o

The effects of the aad1t1&es water, hydrogeg, inert gases and 
carbqn monoxide on the rate_of gaslflcat1oq and on the product ratio 1n-;
regipn,lv were investiééted at 935K, and éq examp?é is gfven in‘Figure 9.3.

It is E]ear that addition of water vapour or carbon dioxide did not havé

any notable effect on the kinetics of the ga51f1cat10n 1n region IV.

Addition of hydrogen and carbon monoxide siightly reduced- the 1nduct1on
period but the maximum rate Qas not appreciably affec;ed. Similar ratios
of L0/C0, (U.8-1.0), were observed with oxygen and with the mixtures

with carbon aioxide, with water and with hydroyen, but with the miktbre-
with carbon moncxide the ratio was somewhat lower, 0.6-0.7. Thi;

suggests tHat some secondary oxjdation of carbon monoxide may have

occurred in the presence of added carbon monoxide, but this.did not

'appreciéb]y influence the over-all rate of gasification of carbon. It

should be pointed out that the additions of.&arbon monoxide, carbon

dioxide and water vapour in this series of experiments were at least 5,

-

50 and 6 times larger respectively than the amounts prodiced from the

“reaction.

This series of ekperiments'cTeariy-il1ﬁstrated that in the absence
af’explasion or of raﬁia oxidafion of carbon monoxide, these additives
had little influence on the kinetics of‘the oxidation of carbon. It mey
be coqcluded that in regions 1 and IV and in region Il (before the

occurrence of explosion), the gas phase oxidation of carbon monoxide is®

-slow and oxidation of carbon proceeds primarily as described in Part I.

Indeed, many stuaies in the Titerature suggested that secondary oxidation

of carbon monoxide was unimportant under most conditions
- - .

S
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Figure 9.3. Effect.of acditives, hydrocen, water, carbon monoxide and
inert gas, in region IV at 835 K. Initial precsure of dxygen: 400 Torr.
A1l curves represent removal of carbon.
O : 02; ® : .QZ + 0.2% Hy03 Q : 0, +0.12 Hys
©: 0, +4.0% Ca;, @®: 0, + (0, (2:1).
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{30,37,43-48,133;134]. For examp?e, Lewis, Dix and Murdoch [134]
observed that addition of 6000 ppm of water to oxygen-nitrogen mixtures .
at -1 atm (partial pressure of oxygen ranging from 20 to 15U Torr) had no
effect on the rates and on the activation energies of reaction of British
PeA nuclear graphite at 848 and 898 K. Although this partial pressure of
oxygeﬁ was inside region II, dilution with nitrogen caused a shift into
region Iv.and therefore no unusual behaviour was noticed. A similar
shift from region Il to region IV at 900 K was described in Section 7.2.
Also the results in Figure 9.3 represent a situation comparable to that
of Lewis et al. [134], where adadition of 2000 ppm water vapour'to 400
Torr of oxygen (Region IV} haa no appreciable influence on the rate, on
the induction period or on the product dig(ifbution.

Al

9.4 Conclusion

From this discussion, it is clear that interpretation of the effects
of water and of inert gases on the kinetics of the carbon-oxygen reaction
should not be confinea\to effects on the surface. Under certain
codcitions, rgdical reactions in the gas phase may drastically-alter the

rate of gasification as well as the ratio of products, C0/C0,.
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i\- CHAPTER 10
RELATION OF THE RATES OF CARBON GASIFICATION AT THE ONSET OF EXPLOSION TO
THE CONCENTRATION OF VARIOUS REACTANTS |

The purpose of this chapﬁer is to examine the order of the rate of
.Qasification at the explosion with respect to the concentration of carboﬁ
monoxide, water, oxygen and total pressure, and to interpret the results
in terms of the mechanism of gasification guring the explosion. From
traces such as shown in Figure 6.1, the rate of gasification at the
instant of explosion was measured under conditions described in Chapter 7,
coveriny a wide range of temperature, total pressure, concentrations of
carbon monoxide, oxygen and water. A summary of the measurements showing
the rate at and just before the gxp]osion is given in Tables  10.1 - 10.4.

The approximate order of the-rate with respect to each reactant was
first estimated by ;nodsing experiments for which the concentration of
only one reactant was altered while the others remained constant. For
example, in the series of experiments with pure oxygen at 900 K (fab]e
10.1A) the concentration of water vapour at the explosion was almost the
same and the concentrations of carbon monoxide in the 2nd and 3rd
experiments or in the lst and 4th experiments were aiso similar.
Lomparison of the rates of reaction between the experiments in each of
these pairs provided the dependence of the rate on the total pressure.

In this manner, a function was found at each temperature which
represented the dependence of the rate on the concentration of carbon

monoxide, water and total pressure and, where possible, oxygen. These
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Table 10.1. Effect of explosion on the rate of gasification at 00K

Pressure at explosion/Torr (~dC/dt) /10 mol s~

co 0, _ HD ) be He At explosion Just before explosion

A. Reactions with 02

. 5.3 0.14

3.7 3.4 - 790 5.1

3.1 85.2 0.12 2.8 - 320 4.7

3.2 112.2 0.14 3.5 - : 190 5.9
4.0 144 .8 0.15 3.8 - 160 7.8
B. Reactions with 02 + C0 mixtures

5.7 84.1 0.14 3.8 - 1250 5.1
8.3 8.7 0.17 4.9 - : 1600 5.4

6.9 117.9 = 0.16 4.0 - 600 5.7
i0.7. 116.2 _ 0.19 5.0 - Q00 4.3
C. Reactions with 02 + HZO mi Xtures =

1.5 41.8 0.21 2.3 - 190 3.8
0.9 86.6 0.12 0.5 - 45 2.8
D. .Reactions on thick films with 02

9.0 20.6 0.58 5.4 - 3500 3.0
5.0 3.4 0.23 1.0 - 1600 4.6

2.9 58.9 0.12 0 - 520 2.8
2.3 8.5 0.10 0 - 130 3.6
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Table 10.2. Effect of explosion on the rate of gasification at 935 K

Pressure at explosion/Torr (~C/dt)/10™S mot 57t

o Oy H0 0, He At expiosion Just before explosion
A. Reactions with O,

29 59 012> 31 - 700 6.4

1.5 430 0.0 1.4 - 290 5.8

0.9 . 88.9 0.0% 0.7 - 100 5.1
0.6 }(IJ.O 0.016 0.3 - 45 4.3
. B. Reactions with 02 + C0 mixtures

3.5 25.0 0.12 3.2 - 1020 6.3
4.1 25.5 0.11 3.0 - 1800 5.7
1.6 58.5 0.045 1.4 - 250 6.9
2.3 52.2 0.045 1.5 - 500 5.0

C. Reaction with 02 + HZO mi xture

1.2 29.7 .. 0.032 0.5 - 180 3.0
0. Reactions with G, + Inert gas mixtures ~
3.8 25.2 0.13 3 - 470 6.5
4.5 53.2 0.16 o4 - 120- 8.5
3.5 4.2 0.15 3.9 .30 560 5.8

1.6 57.0 0.074 2. 60 190 7.3
1.1 . 9.3 ,0_‘045 1.1 100 60 7.3

E. Reactions on thick films with 0,

23 2.9  0.045 0 - 490 3.5
0.6 60.1 0.013 0 - 47 1.5
F. Reactions on thick films with

0, + inert gas mixtures

3.7 2.4 0061 6 @ - 310 3.6

3.6 58.5 0.066 120 - 630 6.2
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Table 10.3.- Effect of e_xpTosion on the rate of gasification at 973 K

Pressure at explosion/Torr (-a/dt)/10 mot s
co 0, Ho0' co, He At explosion . Just before explosion
A. 4Reactions with 02
2.8 177 0.10 20 - a 1
1.2 27.8  0.043 1.0 - 3 7.7
0.7 40.9  0.023 0.5 - 250 5.8
B. Reactions with O, + CO mixtures
4.0 167  0.09 2.1 690 10
54 17.6  0.073 i.6 1080 10
C. Reactions with O, + Irert gas mixtures ~
0.9 291 003 10 - 200 6.5 -
0.7 27 002 X - 4.7
0.9 22 003 9l - 25 \ 5.3
1.4 287 0.080 12 - 19% | 6.1
32 %85 012 15 16*/ 11.2
63 2.9 0.9 18 - 10.8* 10.8
27 17.0 0.0% .18 20 420 8.5
0.9 8.2  0.037 0.9 30 250 . 6.0

f\

* Corresponds to the onset of a rapid axidation of carbm monoxide, rarher than of an
explosion, as explained in Section 8.6.
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Table 10.4. Effect of explosion on the rate of gasification at 1048 K

- ~
[ .

: . & 8 . -l
Pressure at explaosion/Torr {=aC/dt)/10 " mol s
o 0, HZO 002 He At explosion Ju;t before explosion
A. Reactions with 02
2.7 12.3  .0.083 1.5 - 670 37
1.5 18.4 0.048 11 - : 121 27
0.9 29.0 0.0 - 0.¢ - 115 24
B. Reactions with 02 + 0 mixtures
4.0 12.2 0.062 1.4 - 100 X
7.0 15.0 0.034 1.l - 290 - B
2.3 8.5 ..0.841 . 1.3 < 185 2
3.6 19.C 0.031 1.0 - 260 35
C. Reactions with 0, + Inert gas mixtures
1.4 10.8 0.041 12 - 440 14
0.6 11.3 0.021 3% - 240 4
0.9 15.0 0.034 15 - 560 35
0.4 14.5 0.014 45 - 250 8
¥
>
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functions are as follows:

-~

600 X: .[COJZ

_ (10.1)
o lm,0

2 -
935 K: - %C_ « __3[.5_21__
: [M]> €[H,0) (10.2)
[co]
973 ¥: -j—f: « —— . . 0.3
[M][H.,0]
2
' 1/2
- [0, ][co]
. rpza v dc 2 ,
1028 ¥ o (10.4)
(M3[H,0] 4

Tne functions are represented graphicélly in Figures 10.1 - 10.4. The
rates represented in these figures include results from experiments with
pure oxygen and with additions of water, carbon monoxide, carbon dioxide
and helium, and with both thin and thick films. Except for experiments
with added inert gases, the contribution of gases other than oxygen to
the total pressure was negligible. For mixtures of oxygen and inert
gases, 1t was assumed that carbon dioxide is 1.5 times as effective as
oxygen both as & guencher in a three-body collision and as a retarder to
the diffusion of oxygen atoms to the surface. Helium was assumed to be
V.25 times as effective as oxygen in slowing down the diffusion of oxygen
atoms to.the surface and to be 0.7 times as efficient as oxygen as a

third body. The term involving M in the function (10.2) was separated
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Figure 10.1. Dependence of the rate of gasification at the onset of
explosion on tne concentration of C0, KoU and total pressurevat
90U K. Symbdols correspond to reactions wi<h pure Oxygen and with
mixtures of oxygen with ¢ifferent additives. -

O : 0y; At 0y + CO0;
O : 0y + Kyd; ® : 0, (thick films).
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Figure 10.2. Depencence of the rate of gasificatien at tne onset of
explosiun on tne conceniration of €0, 4.0 and total pressure a:

935 K. Symbols correspond-to reactionswith pure Qxygen and with
mixtures of oxygen with differ;_e_n; additives.

Q 1 Oy, L 00y + 0 0102+C02
C : 0y + He; : Gy (thick films); ® 0 L0, (thick films].
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Figure 10.3. * Dependence of the rate of gasification at the onset of
explosion on the concentration of (0, HZO and total pressure at

973 K. Symbols cogrespond t0 reactionsSwith pure oxygen and with
mixtures of oxygen“with different additives.

-
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Figure 10.4. Dependence of the rate of gasification at the'onset of
explosion on the concentration of CO, H,0 and total pressure at

1048 K. Symbols correspond to reaction$ with pure oxygen and with
mixtures of oxygen with different additives.

O:OZ; A:02+CO; _.:024C02
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into two parts : , ’ .
| 1>% = [ x (2

The liqear dependence on [M] was éttributed to diffusién of oxygen atoms
to the surface ana the square root'dependence t0 a three body A
stabilization. In functions (10.3) and (10.4), only the diffusional
effect was important. The results may be summarized as follow3:
1. Carbon monoxide accelerates the rate of gasification and the order of
the rate change§ with temperatﬁreFfrom +2 at 900 K to 41/2 at 1048 K.
2. Hater vapour retaras the rate and the order is épproximate]y 1 over -
" the whole ranye of temperature of the present study.
3. Inert gas slows down the rate through its contribution to the tota)
pressure and the-order rises with‘temperature from -2 at 900 K to -1 at
1048 K.
4. Oxygyen affects the rate of gasification in two ways. At lower
temperatures {e.g. 90U K) where explosion occurs at relatively higher
pressures, oxygen priﬁariiy slows down the gasification process through
its contribution as a thirg bod}, whe}eas at higher temperatures (e.g.
1048 K) where explosion tekes place at relatively low pressures, it is
also important as a reactant.

According to reaction‘(7}.1n Chapter 8, the rate of disappearance of
carbon by ;eactio; with oxygen atoms is given by, ™

-dC/dt = k7[03g ' ‘

where [0:]g represents the £ncentrat1’on of oxygen atoms in the gas

phase and k7 tne diffusion-controlled surface termination rate

constant:



-~

It iS not poss1b1e to der1ve an exp11c1t expression for oxygen atoms

1ndependent of other rad1ca1s or atoms- from the steady-state treatment of

the reaction scheme described in Chapter. 8. Nevertheless, expressions

for the ratios O/H and H/OH may be aérived as follows:

. -

0. ky[0,]- _
B, In,00 + ko + kg[COI[M]

] k,{C0)
[0F] 300,] + kg[0,](M]

Therefore,
k ‘ k.10,]
- ! » i¢ - k2[C0J[0H)
- 20] * kg % kg[CO][M] k3[02] + vg[oz]fmj
~
or
X 1 f
S e % ok (25I0R]
R MT , - - — -k, [C0100n]
0T - kg s (g{COIMT kgT0,T + ig[0,]0K]

This adequately explains the observed dependence of ,the rate on tota)l
pressure (i.e. M} and water, but does not give 2 dependence on carbon
monoxide higher than one nor does it predict the dependence on oxygen.

Probably, the main weak:fss is the unknown dependence of [OH]. It should

-
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also be pointed out that the Eteadyrstate approxiﬁatipns for oxyggn and
. hydrogen atoms and hydfoxy] radicals may be legitimate only undér
" conditions removed frdmfthose of an explosion. An explosion occurs when
the concentration Sf the chain carriers suddenly increas;s’g& several
“orders of magnitude, causing breakdown of the steady-state
approximations; Although tne Steady-state solutions may be useful in
dssessing‘the_contrjbution of reaction of oxygen atoms {generated by thé
9as phase reactions) to the over-all gasification process under the
condittdn§ of a-normal reaction, they are probably of doubtful
significance in estimating oxygen atom concentrations during an actual-
explosion.

Within these limitations, it may be concluded ﬁhat the rate of
gasification during.an explosion is adequately accounted for by & rapnid
reaction Qith oxygen atoms éénerated by the gas phase chain branchiﬁg

reactions described in Part II.

A
2



190

Y

/ CLAIMS TO ORIGINAL RESEARCH
[

"1l. The kinetic gtudy of the oxidation of carbon hag 1ed_to a

definite characterization of the role of the strongly-bound complex
forméd on the\surface of the carbon in the gasification proceésﬂ The
simultaneous measurement of both tﬁe rate of formaéion of the complex on
the surface and the rate of gasification revealed that tﬁe formation of
the complex precedes the gasification process. Comparison of the
kinetics of the reaétioﬁ in the presence and absence of the compiex at
the”start of the reaction shoyeq that the presence of the complex
shortened the induction period of the gasification. These results were
“interpreted to indicate that the complex was an intermediate in the
series of surface reactions Teading to formation of the final products,

F-

carbon monoxide and carbon dioxide.

2. The role of the compiex as -an intermediate was further

i]iustrated through the measurements of the yields qf the complex and the
products as a function of time over a wide range of temperature and
pressure of oxygen. These measurements gave an improved definition of
the rate of product formation and hence of the aftivation energies for
the processes of adsorption and formation of carbon monoxide and carbon
dioxTde. The activation eneréy for formation of carbon monoxide was
similar to that measured for the desorption of the complex by TPD
measurements. A small drop {B the activation energy for formation of

carbon monoxide at high temperature was shown to be caused by depletion

of the saturation concentration of complex on the.surface.

of
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3. A mechanism for tﬂé oxidation was proposed involving steps for

the interaction of oxygen, either gaseou; or adsorbed, with the surface
complex.. This new type of surface process was shown to aééount for the
kinetics of the reaction, including the activation energy for the
formation of the products, and for results obtained by other authors.

4. Becausé the complex achiévés a Tow steady-state concentration on
—PZhe surface through continuous formation and reaction, it was suggested
that the active sites on the carbon sunfacé may be compared to those of a
. -~
catalyst in-a heterogeneous reagtion. Thus a turnoyer number for the

" oxidation may be defined as follows:

Rate of formation of product
Rate of gasification, -dC/dt =

Concentration of active site on the surface

Both terms in the ratio may be expressed in terms of mol of carbon and

hence the TON has the usual units of s L.

‘.

-

5. A new method, with distincf advantages over conventional methods,
has been developed for the study of ignitions in mixtures of carbon
monoxide and oxygen. The methﬁd involves the generation of an explosive
mixture of carbon monoxide, oxygen and a small quantity of water by the

-~ reaction of oxygen with carbon. In the static system the rate\of
formation of the products was monitored continuods]y and the

concentration of the reactants at the moment of ignition was known with

good accuracy.
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6. Measurements on ignitions in mixtures of carbop monoxide and
oxygen were extended to a realm of composition not previously studied,

illustrating that an explosion could ocFﬁr\aI a ratio of CO/Oé as

Tow as 5 x 10'3 or with less than 1 Torr of carbon monoxide.

7. A simple mechanism consisting of branching and homogeneous
'iermination reactions suggested in previous studies, together with
heterogeneous termination at the carbon surface, was shown to account
quantitatively for the occurrence of explosions under all conditions of
temperature, pressure and concentrations of réﬁctants,‘chain-brégthing
additives and inert gases. .
8. A reversal in the-effect of inert gas on the onset of an
. explosion, from an inhibiting effect at temperatures below 935 K to a
promoting effect at tempgratures aboGe 1000 K illustrated the transition
from the first explosion 1imit to the second explosion limit.

. /
9. It was shown that the high efficiency of carbon surface as a
terminating agent fﬁr oxygen atoms made the s}stem well suited to a study
of copditions for explosion near the first 1imit at temperatures absve
900 K. With the carbon surface, the first 1imit was considerably shifted
to higher pressures. The poor efficiency of quartz surface compared to
carbon surface as a heterogeneous chain kerminating agent was also

etoquently demonstrated.

Q.
S~
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10. The rate of carbon‘gonsumption as well as the product

distribution of the-carbon-oxygen reaction were severely affécted by
homogeneous reactions induced by the presence of small quantities of
water vapour. Previous interpretations of the effect of water vapour on
the oxidation had been confined to surface effects, such as preferential

“

adsorption.
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