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Abstract-—The reaction of highly crystalline graphite flakes at O, pressures between 0.1-6.4 MPa and
temperatures between 733-842 K is followed. The global activation energy for the reaction s 204 & 4 kJ/
mole and is independent of carbon burnoffand O pressure. The order of the reaction decreases from 0.83
10 0.51 as reaction temperature increases from 733 to 842 K. The results are considered on the basis of
the known existence of stable and fleeting oxygen complexes on the carbon surface and the possible exis-
tence of nascent carbon active sites during carbon gasification.
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1. INTRODUCTION

The C~O, reaction arguably is the most important re-
action known. Voluminous amounts of research
have been conducted in an attempt to elucidate the
mechanism of the reaction and to obtain fundamen-
tal rate constants, In drawing attention to the obtru-
siveness of this reaction Thomas[ 1] said in 1970, “It
has so far defied all efforts to unify it with the other
gasification reactions. We proceed well into the area
of theoretical, if not experimental, uncertainty. This
reaction is of rabbinical complexity.” Fortunately,
since 1970, excellent progress has been made in un-
derstanding the general framework of the reac-
tionf2]. This understanding has been aided by the
availability of high-purity graphite single crystals and
stress recrystallized pyrolytic graphite[3,4]. The com-
plexity of the reaction is understandable since it in-
volves dissociative oxygen chemisomtion, oxygen
surface diffusion, and desorption of surface oxygen
complexes[2]. Understanding of these steps, individ-
ually, is made difficult because of the combination of
« priori and induced surface heterogeneity[5}. Un-
derstanding the global resubt of these steps as they
occur simultancously presents still greater difficulty.

It is now generally accepted that all carbons have
a fraction of their total surface area comprised of ac-
tive sites[6]. It is on these sites, which exist at the
edges of the basal plane of graphite, where activated
chemisorption of oxygen first proceeds. The oxygen
complex formed under steady-state conditions dur-
ing carbon gasification is known to consist of two
broad types—a stable complex not directly under-
going desorption, and a fleeting complex resulting in
carbon gasification., The fraction of the total active
surface area (TASA) occupied by these two com-
plexes depends upon the temperature and O, pres-
sure at which the reaction is conducted.

*Present address: General Electric Ce., Cleveland, OH
44112, US.A.

This study has been extended to high (3, pressures
{up to 6.4 MPa) for at least two reasons. First, sur-
prisingly little kinetic data are available for the C-O,
reaction above 0.1 MPa pressure, Second, as pressure
increases, the amount of fleeting oxygen complex
participating in carbon gasification increases. This
enables the measurement of this complex even
though one works with a highly crystalline graphite of
low surface area,

1. EXPERIMENTAL

2.t Reactanis

The carbon used was spectroscopic purity SP-1
natural graphite powder from Union Carbide Corp.
it is comprised of flakes having diameters in the range
{200 um. The BET surface area (Kr, 0.195 nm?*, 77
K)is 1.8 m*/g. Typical flake diameter and thickness
are 30 and 0.5 gm, respectively, Microscopic exami-
nation of the powder after various periods of oxida-
tion reveal very few crystallite boundaries within the
flakes and negligible basal plane pitting. The fakes
do, however, exhibit extensive terracing in the basal
plane. Estimates for the active area, {100} and (110}
prismatic surfaces, range from 3% of the total area
{(based on simple unroughencd average geometry) {o
30% of the total area (based on the height of isotherm
steps using Kr at 77K and the Thomy and Duval
method[7.8}). Total impurity content of the graphite
is guaranteed Lo be under | ppm. The only impurities
detected in the lot used were §.1-ppm Fe, 0.1-ppm
Mg, and 0.2-ppm Si.

The O, was used as received. It had < 3-ppm H,0,
<(0.5-ppm total hydrocarbons, and >99.99% O,

2.2 Appararus

Apparatus details are given elsewhere[9]. Basi-
cally, the apparatus consists of a gas mixing system, a
furnace, and a monitoring system for pressure, flow
rate, CO, and CO, concenirations. Product gas con-
centrations were determined by nondispersive infra-
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red analyzers. Flow rate was determined by a thermal
lype mass flowmeter. Pressure was determined by a
strain gauge-type pressure transducer, The furnace
had three independent heat zones and was double
jacketed. A flowing ultra high-purity Ar atmosphere
was maintained between the jackets for desorption
experiments, For reactivity experiments, high-purity
oxygen was maintained between the jackets. The
sample was contained in a boat of high-purity
{>>99.99%) alumina in the central heat zone. A mi-
crocompuier controlied the furnace temperaures
and recorded the data. Instantaneous gasification
rates were determined from the total gas flow and the
product concenirations. Instantancous sample
weight was calculaied from the initial weight and the
inlegrated gasification rate. Calculated final sample
weights agreed with gravimetrically determined final
sample weights 1o within 0.5%.

Calculations show that, at reaction conditions
used, neglipible concentration gradients of O, existed
through the graphite bed[9]. Since the C~Q,; reaction
is very exothermic, the sample temperature will he
higher than the surrounding gastemperature, The dif-
ference in temperature (AT} will be determined by
the CO/CO, product ratio, the gasification rate, and
the heat transport mechanism. For all of the runs
conducted in this study, it is estimated that the max-
imum A7 is 1.0 K, which is equivalent 1o the mea-
sured rate being about 2.5% higher than the true
ratef9].

2.3 Procedure

The graphiic was first burned off to about {1 7% so
that the specific total active surface area would re-
main essentially invariant during the subsequent re-
activity measurcments, as previously observed[10-
12]. After this initial burnoll, a linear program
thermal desorption (LPTD) run was performed in
flowing high-purity Ar at 5 K/min to 1234 K. The
sample was held at maximum temperature for 4 h be-
fore cooling down in Ar to reaction temperature.

Each isobaric reactivity run consisted of a number
of measurements al selected temperatures, Data were
recorded at each temperature until steady-state con-
ditions were observed, but in all cases data were re-
corded for at least ten residence times after the tem-
perature had stabilized. Steady-state concentrations
were typically observed before one residence time
had passed once the temperature was stable. Resi-
dence times were dominated by the hot pressurized
sample chamber volume and ranged from about 0.3
minat 0.2 MPato |3 minat § MPaat 673 Kand 0.7
standard liter per minute {slpm). Gasification rales
were found to be essentially independent of the flow
rates used in this study, that is between 0.2 and 0.7
sipm.

For each isobaric series, the temperatlures were se-
lected in stepwise increasing order, with fina} repli-
cate determinations at some or all of the lower tem-
peratures. This was done in order to check for
changes in surface activity which may have occurred

during the isobaric series. Stepwise increases were
used in order to avoid the sample-gas temperature lag
associated with faster continual temperature in-
creases. The first isobaric series and the last isobaric
series were performed after a LPTD at low pressures
in order to check for overall changes in surface activ-
ity which may have occurred between the isobaric se-
ries,

3, RESULTS

Isobaric runs were made at nine pressures between
0.1 and 6.4 MPa, Arrhenius plots for selected runs at
1.0 and 6.4 MPa are given in Fig. 1. No significant
changes in rates were seen in the ascending and de-
scending temperature series at each pressure. Rates
are expressed as pmoles C lost per gram C remaining
per second, where the g C remaining is approximated
by the average weight of carbon during the isobaric
series. Some error is thus introduced for series in
which a significant burnoff occurred but not enough
to affect the interpretation of the resulls or an esti-
mation of the Arrhenius parameters. The activation
energy for the nine isobaric runs was 204 + 4 ki/
mole, with no significant effect of reaction pressure or
carbon burnoff on activation cnergy seen.

Results could be combined in an order plot (Fig.
2}, This order plot uses data extrapolated from the
Arrhenius plots for the two extreme temperatures
and the average temperature investigated during the
experiments. The order plot alsp gives the least-
square fits for the seven more reproducible higher
pressure data points, The + value after the order es-
timate is the estimate of the standard deviation.

4. DISCUSSION

It is now recognized that under steady-state car-
bon gasification conditions there exist two broad
types of oxygen complexes on the carbon active
sites[6]. One is a stuble complex which does not di-
rectly fead Lo carbon gasification. The other is a flect-
ing complex, The complexes form by dissociative
chemisorption of O; on to carbon active sites. If the
fraction of the active sites covered by the fecting
complex is 4, the rate of carbon gasification is pro-
portional to the product of #; and a rate constant. Al
a particular temperature, the order of reaction de-
pends upon the relationship between the change of 4,
and the change in pressure of the reacting gas. At one
extreme, if 0, approaches one throughout the range ol
pressure change investigated, the reaction will be zero
order. At the other extreme, if f), is small, the change
in #, will be directly proportional 1o the change in
pressure; and the reaction will be first order. At inter-
mediate values of 0, the order of the reaction will vary
from zero o one.

It is apparent that at a particular temperature,
where the values of the rale constants for the forma-
tion and conversion of the surface-oxygen complex
{by gasification) are fixed, the pressure of the reacting
gas can affect #,and, hence, the order of the reaction.
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Fig. 1. Arrhenius plots for isobaric runs at 1.0-MPa O; (open symbols) and 6.4-MPa O, (closed symbols).
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For exampile, at sufficiently higher pressures, ), ap-
proaches one and the reaction order approaches zero.
Reaction temperature can also affect the order of a re-
action. Since the rale constant for the conversion (or
desarption) of the surface-oxygen complex has a con-
siderably higher activation energy than the rate con-
stant for the formation of the complex[13,14], the
reaction order should decrease with decreasing tem-
perature and ulimately become zero order at suffi-
ciently low temperature, It was our intention in this
study to achieve a zero-order reaction by working at
elevated pressures (up to 6.4 MPa or 64 atm) and low
gasification temperatures, but this resull was not
achieved. Unexpectedly, as seen in Fig. 2, the reac-
tion order increased with decreasing reaction temper-
ature when the order was calculated over the pressure
range 0.2-6.4 MPa. It was not possible to conduct the
reaction at higher temperatures and remain in the
Zone I region of chemical reaction control due to
mass and heat transport eflects on the reactionsf 5],
Apparatus design limied our going {o significantly
higher pressures.

It is desirable to look more deeply into what we
know about the mechanism of the C-O, reaction. It
has been shown, by using O¥ ' and OF ¥ that CO
and COQ, are both primary products of the reac-
tonf 16} 11 has further been shown that the variation
of the product ratio, CO/CQs, with temperature is
given by A exp(— I/ RTY, where E equals 27 kl/mole
and is independent ol both the specific active surface
area {ASA) and the lraction of this area covered by
oxygen complex{171. On the other hand, the pre-ex-
ponential factor o, increases with increasing ASA
and decreasing surface oxide coverage[17]. Carbon
monoxide is thought Lo he derived. primarily, from
oxygen complexes existing as carbonyl groups on zig-
zag (100 and armchair (110) carbon sites; CO, 15
thought to be derived, primarily, from lactone[ 18]
and anhydride[ 19,20} proups on dangling carbon
sites. It is obvious that with increasing reaction tem-
perature, and constant ASA and its coverage, oxygen
becomes increasingly more efficient at gasification of
carbon atoms. This fact, in part, determines the mag-
nitude of the overall activation energy measured ex-
perimentally for the C-0, reaction.

Extensive studies have been conducted on the ki-
netics of oxygen chemisorption on carbon surfaces,
for example by Bansal er ¢l [13]. For runsat constant
temperature and constant O, pressure, piots of the ex-
tent of oxypen chemisorbed versus log {time) show
linear regions broken by sharp changes in slope.
Abrupt changes in slope occur at equal values of ox-
ygen chemisorbed at different adsorption {empera-
tures. Such kinetics are associated with the Elovich
equation[21] and is atiributed to a priori and/or in-
duced heterogeneity][5]. 4 priori heterogeneity is at-
tributed 1o the active surface area being terminated
by different configurations of carbon atoms. Sharp
changes in stope of the so-called Elovich plots are at-
tributed to the presence of different sets of sites on
which activation energics for oxygen chemisorption
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differ widely. Induced heterogeneity is thought 1o
occur if chemisorptlion of oxygen results in a signifi-
cant change in the Fermi level {or work function) in
the solid. If the chemisorption of oxygen on graphite
resulted in the participation and localization of a mo-
bile w-electron, for example, the Fermi level would be
lowered. In fact, such an effect has been found for the
chemisorption of oxygen on the graphite used in this
studyf22]. That is, increasing oxygen chemisorption
progressively reduced the nepative absolute thermo-
electric power of the graphite, eventually converting
it {o a positive value. Induced heterogeneity is ex-
pected to result in a linear increase in activation en-
ergy for adsorption (E,) and a linear decrease in heat
of adsorption (¢} with ingreasing coverage (#). 1 is
also expected to result in a linear decrease in acliva-
tion energy for desorption {£,} with increasing cov-
erage.

We recently reported on additional studies with
SP-I graphite which shed further light on the connec-
tion between gasification rate and O pressure[2]. Qur
approach was to react the graphile 1o a fixed level of
burnoff (about 20%) at essentially a constant temper-
ature (837-851 K} in different pressures of O, ranging
from 0.1 10 3.5 MPa. The rationale was that at the
completion of each reactivity run the amount of sta-
ble oxygen complex should be the same bui the
amount of fleeting complex should increase with in-
creasing O, pressure. Results are summarized in Fig.
3. Reactivities at 20% burnoff are plotted apainst the
total surface oxide (both stable and fleeting) recov-
ered at the completion of each run by heating to 1234
K. The lincar plot shows two important features.
First, there is a finite intercept &t 5.5-pmole O/gC at
a negligible (zero) pasification rate, Thisis interpreted
as the amount of stable oxygen complex existing at
the completion of the gasification runs; this amount
is independent of O, pressure. Second, there is a con-
stant proportionality between gasification rate and
the amount of flecting complex remaining,

The question isimmediately raised as to why there
is this direct proportionality between gasification rate
(desorption of a surface oxygen complex) and
amount of fleeting complex on the surface. As has
Just been discussed, for desorption involving induced
and/or a priori helerogeneity, as described by the
Elovich equation, the rate of desorption increases ex-
ponentially with increasing #, Direct proportionality
between desorption rate and 4, would only be cx-
pected if E,is independent of 4. Studies by Kelemen
and Freund[23] confirm experimentally, however,
that this independence does not exist for desorption
of oxygen from graphite. Using Auger electron spec-
troscopy, photoelectron spectroscopy, and low-en-
ergy eleciron diffraction, they measured thermal sta-
bilities of the oxygen chemisorbed on the edge surface
of stress recrystallized pyrolytic graphite at 573 K. At
very low oxygen coverages, CO formation energies
exceeded 334 kJ/mole; it decreased to 243 ki/moleat
maximum oxygen coverage achieved at 300 K,

A possible answer to the apparent inconsistency
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appears to evolve from a paper by Long and Sykes
written some years ago{24}, They say that the heat
generated through the dissoctative chemisorption of
O, onto the carbon surface contributes to overcom-
ing the activation energy required for the subsequent
desorption of the carbon-oxygen complex. Butin the
presence of induced andjor « priorf heterogeneity,
the heat of chemisorption (g} decreases linearly with
increasing . Therefore, the activation encrgy for de-
sorption as a function of # wiil be given by

Eyo = Egp — ot — f{g0 — 88},
where E,, ts the activation energy for desorption as ¢
— 0 g.q 15 the heat of oxygen chemisorption as 0
— 0.

Since af! increases with increasing ¢ and 3{¢g,0 —
&0} decreases with increasing 0, the change in £y, with
changing # will be modulated and could, in principle,
approach E,, in magnitude. Thus, even though Ey in
the absence of continuing gasification, will decrease
as 0 increases (as shown by Kelemen and Freund), in
the presence of continuing gasification E, need not
change as # changes. t means that £ measured for the
C-O reaction (204 kJ/mole in this study) should be
less than I, measured experimentally at comparable
i values.

The independence of I, of f,is a necessary but not
a sufficient condition for the gasification rate 1o be di-
rectly proportional to #,. As discussed earlier, Phillips
¢f al. find that the CO/CO, product ratio is given by
A exp(— E/RT)and that the pre-exponential term A

decreases with increasing . That is, the higher the
caverage of active sites with complex, the less eflicient
the complex is at removing carbon aloms in the de-
sorption {gasification) step. The production of a CO,
molecule requires two oxygen atoms, the production
of a CO molecule requires ong oxygen atom. There-
fore again the question is raised as to why Fig. 3 ex-
hibits a linear plot.

Sceveral more pieces of important information can
be extracted from Fig. 3. The first is that ¢, is ~P"¥.
Then since the desorption (gasification) rate di)/dt is
~4,, dii,fdr is also ~ P**'. Thus over the temperature
range 733 K {o ~844 K, the order of the reaction de-
creased monotonically from 0.83 to 0.51, The ques-
tion is again raised as to why the order is decreasing
with increasing gasification temperature when
straightforward elementary kinetics suggests that it
should be the opposite. As will be seen shortly, per-
haps the reason is that the gasification event instan-
taneously produces a nascent active site[2]. The na-
scent carbon site can be characterized as one having
an unpaired o electron and/or a geometric configu-
ration of high energy. In the case of the former sites,
they will rehybridize at some rate, following the gas-
ification event, to less active sites by forming in-plane
o pairsf25]. In the case of the latter sites, they will an-
neal to sites of jower energy via surface diffusion of
carbon atoms—{or example, a dangling site trans-
forming to a site in the (100) or (1 10} surfacef20]. De-
pending upon the O, pressure and the rate constants
for these conversions, O, will undergo collisions with
some fraction of the nascent sites resulting in the for-
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mation of an oxygen complex, before their conver-
ston 10 less active sites occurs.

The simplest set of reactions embodying a nascent
site concept is given below

C + %O, ii C(0), (1)
C* + 4O, — CLO), %)
C(0) = CO + ¢, 3)
o e (4)

Reactions{1) and (2) are not writlen in rigorous form
to make the mathematics more tractable. Although
accuracy is lost, the general features of these steps are
preserved. A nascent site, C¥, is crealed during the
gasification step, reaction (3). For simplicity, only CO
is considered as a product, and both regular and na-
scent active sites are assumed to form the same kind
of surface oxide. The total active surface is thus com-
prised of regular bare sites C, nascent bare sites C*,
and covered sites C(Q).

The assumption of steady-state values of these
parts of the TASA results in an expression for the
fraction of covered sites, 0, given below:

"= kP kP
T kdegth, + U + k)P I P

(5}

Since the gasification rate is proportional to #, the de-
pendences of the rate are also given by eqn (5). The
form of eqn (5) is very simitar 1o that of the Nagle~
Strickland-Constable rate equation[26], except that
P'7 replaced P. This is expected since the Nagle-
Strickland-Constable model assumes one site per O,
adsorbed versus {wo sites per O, adsorbed in equa-
tions (1) and (2). Nagle and Strickiand-Constable,
like us, assume that a more reactive site for oxygen
chemisorption is being thermally converted, at some
rate, 1o a less active site,

One limiting case of eqn (3) results for low values
of ¢ when k/k, is very large. Under these conditions,
eqn {3} simplifies to vield 6 = (k/k k) kP77 + kP
For low coverages then, the order will be between 0.5
and {.0 depending on the relative importance of na-
scent-site deactivation and nascent-site adsorption
with higher pressures favoring higher orders, Since
site deactivation is expected to have a higher £ than
nascent-site adsorption, the order wilt decrease from
| to 0.5 as the temperature is increased. If the tem-
perature increases to the point where k&, is compara-
ble to k.. then

k‘[ 1T

= kJefk, + (ko + kegpP?e

] (6}

and the order will vary between 0 and 0.3, with higher
pressures favoring the lower order, The order behav-
ior predicted from a nascent-site concept thus agrees,
gualitatively, with that observed experimentally.

J. M. Ranisst and P. L. WALKER, Jr.

Upon completion of the oral presentation of a
recent paper on the C-0, reaction by Radovic ¢
al f271, an interesting guestion was asked about the
Recting complex (Radovic ¢t a/{27] call it reactive
surface area). Following gasification of a Saran char
to different burnoffs in flowing O, at 823 K, the fleet-
ing complex was recovered upon switching o a pure
AT stream at seaction temperature. The question
raised by L.. Bonnetain was: “In the case of combus-
tion with O., have you observed the same CO/CO,
ratio during the desorption stage as that obscrved
during the combustion?” Radovic reported that the
CO/CO, ratio of the combustion products in 0.00]-
MPa O, was about 1.2 and stayed relatively constant
over the entire burnofl range. In contrast, the
CO/COx ratio of the total gas collected following de-
sorption was about 6,0 and again was relatively con-
stant over the entire burnofl range. Unfortunately,
Radovic ¢f ¢f. had no information on instantaneous
vajues of the CO/CO; ratio as §, went from an initial
value at the end of the combustion run to zero. Ra-
dovic attributed the lower ratio found during reaction
to the fact that higher surface coverage is maintained
under sicady-siate combustion conditions than dur-
ing desorption conditions when ¢, ultimately goes to
zero. He suppests that the more oxygen complex on
the surface the greater the probability of CQ, desorp-
tion.

Some of our results allow at least a qualitative
comparison of the CO/CO: ratio obtained {ollowing
desorption of the fleeting complex and that measured
during gasification, For gasification in 0.1- and 2.3-
MPa O, at 840 K, the CO/CO. ratios over wide
burnofl ranges were (.84 and 0.46, respectively,
These ratios were essentially independent of O, flow
rate in the reactor over a wide range and thus second-
ary reactions were minimal. Upon LPTD runs to
1234 K. the total surface oxide collected (stable plus
fleeting) was 7.0 and 13.0 pmoles/g following reac-
tion at 0.1- and 2.3-MPa O,, respectively. The
CO/CO, ratio of the gas collected following LPTD
runs decreased from 6.3 to 3.3 a8 reaction pressure in-
creased from 0.1 to 2.3 MPa. Since most of the oxy-
gen complex recovered following gasification at 0.1
MPa is derived [rom the stable complex (5.5
umoles/g compared 1o a total of 7.0 gmoles/g), the
CO/COs ratio derived from the stable complex, is ap-
proximated as thal derived from the total complex
for the gasification run at 0.1 MPa. It can then be es-
timated. knowing the weights of stable and fleeting
complex recovered following gasification at 2.3 MPa,
that the CO/CO, ratio for the fleeling complex is
cqual to or greater than 1.1 This is to be compared
with a CO/CO, ratio of 0.46 during gasification. Thus
we find, as did Radovic er a/[27], that the CO/CO,
ratio obtained following desorption of the fleeting
complex exceeds that produced during combustion
{gasification).

These results emphasize, as we discussed earlier,
that sieady-state carbon gasification in O, is a dy-
namic process, Pesorption of CO and COs in the ab-
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sence of continuing carbon gasification is a different

- phenomenon than desorption in the presence of gas-
ification, In the former case, the integrated amounts
of CO and CO, recovered following desorption are
obvicusly not set (predetermined) by the nature of
the complex existing just when carbon gasification is
terminated. Rather the nature of the complex ap-
pears 1o be changing as desorption proceeds and f,
goes to zero, This can probably be attributed, at least
in pari, to significant surface mobility of oxygen on
both the basal and prismatic surfaces of the car-
bon[2,28-30]. Induced and a priori heterogeneity
also will contribute to this phenomenon. The instan-
taneous CO/CO; ratio produced will be a function of
the value of §, at which it is being produced.

5, SUMMARY AND CONCLUSIONS

Under steady-state conditions for the gasification
of carbon in Q,, there exists on the carbon surfaces
two broad oxygen complexes—a stable complex
which cannot be removed from the surface at reac-
tion temperature and a fleeting complex 0, which is
continuousty desorbing to gaseous reaction products
CO and CO,. Gasification rates are found to be di-
rectly proportional to the amount of fleeting complex
existing under steady-state conditions. Consider-
ations are given, such as & priori and induced hetero-
geneity[5] and variation of CO/CO, product ratio
with #,{17], as to why a direct proportionality might
not be expected. Over the pressure range 0.1-6.4-
MPa O,, the order of the reaction is found to decrease
with increasing reaction temperatures between 733
842 K. Reasons are given, pro and con, as to why this
result should or should not be found. To support the
finding, the concept of nascent active site production,
following a desorption {gasification) event, is in-
voked.
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