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Kinetic data are presented for the decomposition of aqueous formic acid over
suspended palladium black catalysts. It is shown that the catalysts undergo con-
tinuous deactivation as a result of the absorption of a small but significant fraction
of the hydrogen which is formed as a product of the reaction. The rate of deactiva-
tion is accounted for quantitatively and a simple reaction mechanism is proposed
which gives a very satisfactory interpretation of the kinetic data. It is suggested that
formic acid is rapidly and reversibly adsorbed by the catalyst to yield a surface
formate and that it is the decomposition of this species which controls the overall
regetion rate This mechanism appears to be consistent with evidence from vapor
phase studies and values of the heat of adsorption calculated from the kinetic data
agree well with the value estimated from thermochemical data.

INTRODUCTION

Although slurry phase catalyst systems,
in which a reaction is catalyzed by a sus-
pended solid catalyst, have many practical
advantages and are therefore widely used
in the chemical industry, few fundamental
studies of this type of system have been
reported. In this paper kinetic data are
presented for the decomposition of an
aqueous solution of formic acid with sus-
pended palladium black as a eatalyst. This
reaction has been widely studied in the
vapor phase and the mechanism has been
fairly well established (1, 2). [t was, there-
fore, of some interest to see whether the
evidence from the vapor phase studies
could provide a consistent explanation of
the kinetics of the slurry catalyzed reaction.

Formic acid can decompose in three
ways (1):

H.COOH = CO, + H,, 1)
H-COOH = CO + H,0, 2
2H . COOH = CO, 4+ H,0 + CH,0. (3)

Only reaction (1) which is characteristic
of metal catalysts was observed in the
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present study. No traces of products other
than CO, and H were ever detected.

EXPERIMENTAL

The rate of the reaction was followed in
a closed system by measuring the rate of
evolution of CO, and H from the reaction
vessel which was maintained at a constant
temperature in a thermostat. The reaction
vessel was fitted with a magnetic stirrer
and the reaction products were collected
over water in a gas burette. The level of
the gas burette was raised continuously
during a run to maintain a constant pres-
sure of 1 atm and the composition of the
product gas was monitored at intervals
using a Fisher Gas Partitioner. Before the
start of each run the water in both the
reaction vessel and the gas burette was
saturated with carbon dioxide at a partial
pressure of 1% atm to avoid errors arising
from the appreciable solubility of carbon
dioxide.

Complications arise because hydrogen,
one of the primary products of the re-
action, is absorbed to an appreciable ex~
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tent by the palladium catalyst. The rate
of hydrogen absorption is quite high for a
fresh catalyst and gradually falls as the
reaction proceeds. This phenomenon, which
is discussed in detail later, is reflected in
the concentration of hydrogen in the prod-
uct gas which is low at the start of a run
and rises to 50% as the reaction proceeds.
The calculation of the formic acid concen-
tration at any time was, therefore, based
on the volume of CO, evolved. At the end
of each run, samples of liquid were re-
moved from the reaction vessel and the
formic acid concentration determined by
titration. The overall mass balance thus
provided a check on the aceuracy of the
volumetric method of following the
reaction.

Before the start of each run the catalyst
was subjected to a standard pretreatment
procedure which was developed to ensure
a constant initial activity. The weighed
sample of catalyst was placed in the re-
action vessel and purged with hydrogen for
1 hr to remove traces of oxygen from the
surface. The vessel was then evacuated
for 12 hr at 250-300°C. The vacuum was
released by purging with argon and the
required quantity of distilled water was
added while still maintaining the argon
purge. The vessel was then transferred to
the thermostat and purged with a 50:50
Ar-CO, mixture for 14 hr before the run
was started by adding the required quan-
tity of standard formie acid.

The reaction vessel contained 700 ml of
liquid with 1-5 g-catalyst. The range of
initial formic acid concentrations was
0.0475-0.875 M and runs were continued
for several hours to 70-809% completion.

Three different palladium blacks were
used as catalysts; the details are given in
Table 1. Surface areas were measured with
a Perkin-Elmer 212 D Sorptometer using
nitrogen as the adsorbate at liquid nitrogen
temperatures. The area occupied by a ni-
trogen molecule was taken to be 16.2 AZ
(3). The area of the catalyst was found to
be strongly dependent on the pretreatment
and the values quoted should therefore be
considered only as orders of magnitude
which ecould be in error by as much as 50%.

TABLE 1
Sercrric Areas OF CATALYSTS

Catalyst Specific.area m?/g
1 B.D.H. batch 36777 6.85
2 B.D.H. batch 36874 3.4
3 Matheson
batch 9832-PX2-7 2.7

ResunTs AND DiscussioN

Preliminary experiments showed that
the catalyst loses activity continuously
during the course of a run. Before useful
kinetic data could be obtained it was
therefore essential to determine the cause
of the deactivation and to devise a satis-
factory regeneration and pretreatment pro-
cedure which would give a consistent and
reproducible initial catalyst activity. The
procedure which was eventually developed
is described above but it is of interest to
consider briefly the steps by which this
solution was reached.

Bubbling carbon dioxide or hydrogen
through the reaction vessel prior to a run
did not affect the catalyst activity, sug-
gesting that these gases are not directly
responsible for the deactivation. It was ob-
served that the catalyst activity fell, not
only during the course of a run, but also
between runs. This raised the possibility
that the deactivation was caused by traces
of air in the system. In order to eliminate
oxygen from the surface, the dry catalyst
was purged with hydrogen for several
hours before the start of a run and great
care was taken to exclude air from the
system. An increase in activity was ob-
served. The temperature and time of the
hydrogen pretreatment were therefore in-
creased in an attempt to reach the upper
limit of catalyst activity. Contrary to ex-
pectation, catalyst which had been pre-
treated with hydrogen at elevated temper-
atures (200°C) for several days showed
searcely any catalytic activity. It thus ap-
peared that the initial increase in activity
caused by hydrogen pretreatment was due
to removal of traces of oxygen (formation
of moisture was observed) but that pro-
longed hydrogen pretreatment at elevated
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temperatures resulted in the formation of
palladium hydride which is evidently not
an active catalyst for this reaction.

Since hydrogen is formed on the catalyst
surface during the course of a run it be-
came evident that the continuous fall in
activity which was observed during the
course of a run could be due to the slow
formation of palladium hydride. This was
confirmed by analysis of the product gases
which showed that a significant amount of
hydrogen is in fact absorbed by the cata-
lyst. Runs were continued for a period of
12 hr after which the reaction rate became
very slow even though the formic acid con-
centration was still appreciable. The quan-
tity of hydrogen absorbed by the catalyst
was calculated from the mass balance. The
final atomic ratio H:Pd was thus found to
be ~0.7 for most runs, in agreement with
the hydride composition as given by the
equilibrium isotherm (4).

The observation that bubbling gaseous
hydrogen through the slurry prior to a
run had no significant effect on the catalyst
activity can be explained if it is assumed
that the rate at which a palladium slurry
absorbs hydrogen from the gas phase is
very low. This was confirmed by direct
experimental measurement of the rate of
hydrogen absorption in the absence of
formic acid. However, when hydrogen is
formed on the catalyst surface, presumably
as an adsorbed atom, some of the hydrogen
is never desorbed but is “permanently” ab-
sorbed as palladium hydride. The rate at
which the catalyst absorbs hydrogen is
therefore dependent on the presence of
formie acid and in the absence of formic
acid deactivation of the catalyst by ab-
sorption of hydrogen from the gas phase is
very slow. The hydrogen which is absorbed
by the palladium may be removed by evac-
uation at elevated temperatures thus re-
storing the activity of the catalyst to its
original level. This process is greatly facili-
tated by the presence of a trace of oxygen
in the system and in the complete absence
of oxygen the regeneration procedure was
found to be less effective.

The continuous deactivation of the cata-
lyst which was observed during a run

complicates the analysis of the kinetic data
since it is not possible to obtain the rate
constant and reaction order directly from
the concentration~time curve without due
allowance for the variation in catalyst
activity. The procedure which was followed
was to set up a mathematical model for
the system and then to caleulate the model
parameters from the experimental concen-
tration-time curves using the least~-squares
criterion.

Suppose that the decomposition of formic
acid is a reaction of order n,

—dec
a 4)

while the deactivation of the catalyst can
be represented by a zero-order process,
—dk’
T = a, (5)
where k' is the rate “constant” at any time
t. Combining Eqgs. (4) and (5) and inte-

grating with the initial condition ¢ = ¢, at
t = 0 gives

J— '
= k'c,

¢ —eth = (n— 1) <k'gt — %ﬁ)) (6)

where k', is the initial value of the rate
constant k.

The experimental data were tested
against this expression using the method
of least squares. The lack of linearity pre-
sented some computational problems but a
satisfactory computer program was de-
veloped to select the best values of the
model parameters n, k';, and « (5). The
model did not, however, fit the data well
as shown by large residual errors and
parameters which varied with the initial
formic acid concentration. The model was
therefore modified by assuming the de-
activation process to be first order so that
in place of Eq. (5) we have

—dk’

5 = ak’.

(7)

Integrating Eqs. (4) and (7) with the same
initial conditions gives

et — ¢ = (1 —n) Ko (1 —e=y (8

[o4
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The fit of the experimental data to this
expression was tested in the same way.
The model fitted the data well giving small
residual errors and consistent values for
the parameters which showed no significant
variation with initial formic acid concen-
tration. A value of n ~ 15 was obtained
for all runs. The program was therefore
modified by fixing the value of n — 14 so
that, in place of Eq. 8, we have

1 1 k,O —
Co? — C? = 5 (1 — € at). (9)
P03

The values of k', and « calculated from
this empirical rate equation are sum-
marized in Table 2 and the experimental
and theoretical concentration time curves
for two typical runs are shown in Fig. 1.
The reaction rate was shown to be directly
proportional to catalyst concentration and
the values quoted for %’y are therefore ex-
pressed on the basis of unit catalyst con-
centration [ (g-mole-liter)?/?/min-g-cata-
lyst]. It is apparent that, on this basis, the
rate constants are substantially the same
for all three catalysts and average values,
together with activation energies are sum-
marized in Table 3. There is no significant
variation in activation energy among the
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Fig. 1. Typical concentration-time curves.

catalysts. The values quoted for catalysts
1 and 2 are considered to be somewhat more
reliable as they are based on larger num-
bers of runs.

Kinetic parameters obtained for runs in
which the hydrogen ion concentration in
the solution was altered by the addition of
sulphuric acid are also included in Table
3. No significant change in reaction rate
was observed. Since formic acid is a weak
acid, addition of sulphuric acid causes a
large increase in the hydrogen ion concen-
tration and therefore a large decrease in
the formate ion concentration with rela-
tively little effect on the concentration of
undissociated formic acid. It thus appears
that the species which is active in the de-
composition reaction is the undissociated
molecule rather than either the hydrogen
or formate ion. This conclusion is confirmed
by the observation that the reaction ceases
in alkaline solution under which conditions
no undissociated formic acid is present.

REacTioN MECHANISM

Equation (9) provides a satisfactory
concise empirical correlation of the kinetic
data obtained in this study but it is of in-
terest to attempt to explain the form of
this rate equation in terms of a reaction
mechanism consistent with the evidence
derived from vapor phase studies. On most
metals formie acid is adsorbed dissociatively
and the presence of formate radicals on the
surface has been established by infrared
spectroscopy as well as from other evi-
denece (1, 2). Carbon dioxide and hydrogen
are both less strongly adsorbed than formic
acid and the rate of desorption of these
gases is apparently rapid (6). Depending
on the particular metal and the conditions,
the rate controlling step is either the rate
of adsorption of formie acid or the de-
composition of the surface formate (7).

Under the conditions of the present
study, owing to the high concentration of
water in the liquid phase, it would appear
reasonable to assume that the palladium
surface 1s always largely covered with ad-
sorbed water molecules. If it is also as-
sumed that the adsorption of formic acid
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TABLE 2
Kineric PARAMETERS FOR THE DEcomposiTioN of Formic Acip Accorping To Eq. (9)
ko X 108
[(g—mole . liter)llz]
Catalyst Temp (°C) ¢o (g-mole/liter) min - g-catalyst a X 10* min™!
No. 1 0.0475 39.8 17.6
[0.0705 32.5 9.3
0.0932 30.5 9.0
0.1032 29.1 6.7
64.0 0.137 33.0 6.0
0.221 32.5 7.2
pH =2.0 0.112 30.0 6.8
pH =1.29 0.112 27.0 5.4
pH = 0.89 0.112 24.5 5.0
0.221 7.45 4.0
32.6 ;0.442 5.95 2.7
No. 2 0.119 28.8 4.3
0.075 20.5 4.1
64.0 {0.075 22.2 4.5
0.224 34.6 9.3
0.223 5.12 2.3
31.2 %0‘875 5.4 4.8
No. 3 30.238 29.4 7.2
64.0 0.238 29.4 7.2
30.5 0.238 5.0 3.0

is rapid and reversible compared with the
rate at which formic acid decomposes, a
dynamic equilibrium will be established
so that, at any instant, a small fraction of
the surface sites is occupied by formic acid.
The dynamic nature of the equilibrium
will ensure that the molecules adsorbed on
the surface are continually exchanged with
molecules from the liquid phase and that
at any instant each surface site has the
same small probability of being occupied
by formic acid. In accordance with the evi-
dence from the vapor phase studies it is

further assumed that formic acid is dis-
sociatively adsorbed as a formate radical
and hydrogen atom, thus requiring two
neighboring surface sites.

H-COOH(aq) + 2M(s) = H + OOC -H
b
M M
rapid equilibrium. (10)
The adsorbed formate radical has a small

finite probability of decomposing by a
unimolecular process to form gaseous car-

TABLE 3

AVERAGE RATE CONSTANTS AND ACTIVATION ENERGIES FOR THE DECOMPOSITION OF Formic Acip
AccorpinGg To Eq. (9)

Average values at 64°C

Catalyst k' ko/A « E’; (kcal) E’, (keal)
1 3.08 x 10 4.5 X 107 0.008 9.6 5.4
2 2.64 X 10~ 7.8 X 108 0.006 9.5 2.8
3 2.94 X 10~ 11.0 X 107 0.007 10.6 5.1

2 I’y is defined by Eq. (9) [(g-mole - liter)*/2/min - g-catalyst]; A is specific area in m?/g (Table 1) ; Activa-
tion energies are defined by &’y = k', exp(—E';/RT) and « = a, exp(—E",/RT).
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TABLE 4
Kingric PARAMETERS FOR THE DxcoMpPosITION oF Fonrmic Acip Accorving To Eq. (21)
b X 10
b (g-mole) ( liter )1/2
Catalyst Temp *\'min - g a X 10° (min™) g-mole
1 /0.103 16.6 3.7
f( 102 8.8 3.1
‘0.100 9.3 3.1
)( .101 6.6 2.9
\ 0.102 5.4 3.2
64.0 0.009 7.3 3.3
0.097 6.3 3.9
0.099 7.2 3.1
0.10 5.3 2.5
0.109 4.9 2.3
e 0.036 0.93 1.3
32.6 30.()35 0.99 1.2
2 §0.0466 4.1 4.3
0.039 5.3 6.9
64.0 ]0.0465 8.8 6.1
0.0468 4.4 4.7
s 0.0205 4.5 2.6
31.2 go.0205 2.6 2.5
3 go‘ms 4.9 1.8
64.0 0.1 6.6 2.2
30.5 ). 059 3.2 0.8

bon dioxide and an adsorbed hydrogen
atom:

00C -H = H + COy(g)
| l
M M

slow rate controlling step (11)

If the formate radical decomposes in this
way, it will leave two adsorbed hydrogen
atoms on adjacent sites which will then
desorb rapidly:

H + H = Hy(g) + 2M

M M

rapid desorption. (12)

This is basically similar to the reaction
mechanism proposed by Fahrenfort ef al.
(2) to account for the decomposition of
formie acid vapor over nickel catalysts.
It is however assumed that, under the con-
ditions of the present study the catalyst
surface is only sparsely covered with ad-
sorbed formic acid so that the decomposi-
tion reaction proceeds by an intramolecular
mechanism. Under these conditions the

same fraction of surface sites will be occu-
pied by hydrogen atoms and formate
radicals. This 1:1 stoichiometric ratio
would not necessarily hold at high surface
coverages owing to the possibility of hy-
drogen desorption by an intermolecular
mechanism.

If the adsorption equilibrium according
to Eq. (10) can be represented by a Lang-
muir model, we have

koc(l — 20)2 = k- 6% (13)
where k, is the adsorption rate constant,
k, is the desorption rate constant, and ¢
is the formic acid concentration.

Hene>

_ b\/r
1—|—9’)\/C

where b* = k,/k, 1s the adsorption equi-
librium econstant for reaction (10). The
overall reaction rate will be controlled by
the unimolecular decomposition of the
formate radical according to Eq. 11 so
that the reaction rate may be written
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:@=k0=___kb\/£ .
dt 142 Ve

The experimental evidence indicates that
some of the hydrogen formed on the cata-
lyst surface is absorbed as palladium hy-
dride and that it is this process which is
responsible for the continuous deactivation
of the catalyst. The dynamic adsorption
equilibrium ensures that, at any instant,
each surface site has the same probability
of being occupied by a hydrogen atom. If
it is assumed that a hydrogen atom at the
surface has a small but finite probability
of being absorbed as palladium hydride,
and that the loss in ecatalytic activity is
proportional to the quantity of hydrogen
absorbed by the catalyst, the rate of cata-
lyst deactivation will simply be propor-
tional to the number of active sites:

—d.
= = all - 9),

(15)

(16)

where

¢ is the fraction of initially available sites
which have been deactivated at time ¢, and
« is a rate constant which represents the
probability of deactivation of any particu-

lar site. Integration of Eq. (16) with
¢ = 0att=0gives
1 —¢=e= (17)

The rate of formic acid decomposition
which is proportional to the number of
unpoisoned sites will therefore be given by

14 2bve
If the fraction of the surface sites occupied
by formie acid is small, as was assumed in
the derivation of the model,

2b Ve L1,
and Eq. (17) reduces to

—dc ot -
—dT = kobe '\/C,
which on integration with ¢ = ¢, at t =0

gives

—de
T = e

—at

(18)

(19)

kb

cod — o = 5=

(1 — e, (20

which is identical to the empirical rate
Eq. (9) with &/, = keb.

Integration of Eq. (17) with the same
initial condition gives

CO%__CJ} _k(] —at
b +co~—c—2a(1—e ).

(21)
The experimental data were fitted to this
equation using a least-squares computer
program designed to select the best values
of the parameters ko, @, and b. The model
fitted the data well and the values of the
parameters are summarized in Table 2.
Theoretical curves for two typical runs are
ineluded in Fig. 1.

It will be seen that the values of b
are all quite small (~10-%) in accordance
with the assumption that the surface is
only sparsely covered with formic acid.
Taking an average value of ¢ = 0.1 g-mole/
liter and b = 3.0 X 103 gives § = b+/c~
102, The condition b+/¢c<€ 1.0 for the em-
pirical rate equation to be a valid approxi-
mation is therefore fulfilled and it will be
seen that, for all runs, kb ~ K',.

The values of b and « show considerable
scatter which is not surprising considering
the indirect way in which these values
were calculated. However, the order of
magnitude is quite consistent and there
appears to be no significant trend with
initial formic acid concentration. The rate
constants k, appear to be quite consistent
for each catalyst although there is some
variation between the different catalysts.
Average values of the specific rate con-
stants, expressed on the basis of unit sur-
face area (k'o/A and k,/A) were calculated
using the specific areas given in Table 1.
These values, which are included in Tables
3 and 5, show about the same range of
variation between the catalysts as the rate
constants expressed on a weight basis. In
view of the uncertainty in the surface areas
these figures must be regarded only as
orders of magnitude and it is not possible
to state with certainty whether or not the
specific activity varies significantly among
the catalysts. Any such differences in spe-
cific activity must, however, be relatively
small.
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TABLE 5
AvERAGE VaLuks OF RaTe CONSTANTS AND AcTivaTioN ENERGIES FOR THE DECOMPOSITION OF
Formic Acip Accorping 1o Eq. (21)

Average values at 64°C

ko ko/A b
g-mole g-mo'e ( liter )1/2 IN:C Ep By

Catalyst min - g min - m? « (min™!) g-mole (keal) (keal) (keal)

1 0.107 0.0148 0.00768 0.0031 11.6 6.4 12.8

2 0.0448 0.0132 0.00565 0.0055 9.5 4.3 4.7

3 0.128 0.048 0.0057 0.0020 9.4 4.5 3.5
dlnbr  AH
e AH is defined by —— = —-
is defined by T R

b B, is defined by ky = ke~ F/ET,
¢ B, is defined by a = a ¢ %/BT,

The values of b, however, do show a
significant variation between the catalysts
since it is apparent from Table 4 that the
range of variation for a given catalyst is
considerably smaller than the wvariation
between catalysts. According to the pro-
posed mechanism b? is the adsorption equi-
librium constant for reaction (10). The
Van't Hog isochore oInb%/0T = AH/RT*
may therefore be used to calculate the heat
of adsorption of formic acid from the
temperature variation of b. Values of AH
calculated in this way are included in
Table 5. The values of AH {~ - 10.0 keal)
show no significant variation among the
catalysts implying that although the ad-
sorption equilibrium constant varies sig-
nificantly the heat of adsorption is sub-
stantially the same for all the catalysts.

The phenomenon of endothermic ad-
sorption is relatively uncommon although
it has been pointed out that when ad-
sorption is dissociative it may well be
endothermic (7). The present values also
refer to adsorption from an aqueous so-

H . COOH(aq)
AHQggfkca/l —908.0 (8)

+ 2Pd(s) =
0

lution rather than from the vapour phase
and there is a difference of approximately
11.0 keal between the enthalpy of formie
acid in solution and in the vapor phase
(8). The observed values of AH (~ 4 10.0
keals) thus suggest that the enthalpy of

adsorbed formic acid is approximately the
same as that of formic acid vapor, imply-
ing that adsorption from the vapor phase to
the catalyst surface would be thermoncu-
tral or even mildly exothermie.

The values of AH obtained from the
kinetic data may be compared with values
calculated from tabulated thermodynamic
data. Unfortunately accurate thermody-
namic data are not available for the pal-
ladium—formie acid system. An approxi-
mate estimate of the heat of adsorption of
formie acid may, however, be made from
standard enthalpy data if it is assumed
that the heat of formation of the chemi-
sorbed surface formate is approximately
the same as that of the bulk formate.

This assumption is to some extent justi-
fied by the work of Fahrenfort et al. (2)
who obtained good agreement between the
experimentally measured heats of adsorp-
tion of formie acid vapor on nickel and the
values estimated thermochemically.

On this basis the heat of adsorption is
estimated as follows:

H—Pd(s)
10 to —13.5 (9)

+ H - COO - Pd(s)
—78 (2)

There is some uncertainty as to the heat
of adsorption of hydrogen on palladium
which varies with surface coverage. The
above data however suggest that AH lies
between 6.5 kcal and +10.0 kecal in
good agreement with the value of approxi-
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mately +4-10.0 kecal obtained from the
kinetie data.

Since the overall rate constant ks = kb
it follows that the overall activation energy
E',=E,+AH/2. Both terms evidently
contribute approximately equally (~5.0
keal) to the overall activation energy of
~10.0 keal. The values of «, the rate con-
stant for catalyst deactivation, do not vary
significantly among the catalysts and at
64°C the mean value of approximately
0.006 min-! corresponds to a catalyst half
life of 2 hr.

CONCLUSION

The decomposition of aqueous formic
acid over suspended palladium black cata-
lysts proceeds at a rate which is propor-
tional to the square root of the formic
acid concentration. The activity of the
catalyst declines continuously during the
course of a run and the experimental evi-
dence suggests that this deactivation is
due to the absorption of hydrogen. On this
point the evidence is, however, circumstan-
tial since it is based largely on the observed
effect of hydrogen pretreatment. Other pos-
sibilities, such as the formation of a surface
carbhonyl, cannot be entirely ruled out since
any poisoning mechanism leading to a first-
order decline in activity (i.e., rate of de-
activation proportional to catalyst activ-
ity) would explain the kinetic data equally
well. The kinetics of this reaction may be
satisfactorily explained if it is assumed
that the catalyst surface is sparsely cov-
ered with dissociatively adsorbed formic
acid in equilibrium with the liquid phase
and that the overall reaction rate is con-
trolled by the intramolecular decomposi-
tion of the surface formate radical. Al-
though this mechanism must be regarded
as tentative as it is based only on kinetic

evidence, the assumptions involved appear
to be physically reasonable and consistent
with evidence from vapor phase studies.
Differences in the specific activity of dif-
ferent palladium blacks are relatively
small but there are significant differences
in the adsorption equilibrium constants.
The heat of adsorption calculated from the
kinetic data is approximately +10.0 keal
and is essentially the same for all the cata-
lysts studied. This value agrees well with
the heat of adsorption estimated from
thermochemical data thus providing ad-
ditional evidence in support of the proposed
reaction mechanism.
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