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The oxidation of formic acid to carbon dioxide and water in acetic acid-lithium acetate
solution with palladium(II) catalysts was studied. The reaction was carried out in the
presence of cuprie salts and oxygen to reoxidize elementary palladium: (1) HCOOH
+ PA(II) — CO, + Pd® 4 2H*; (2) Pd® + Cu(Il) » Cu{I) + Pd(ID); (3) 2Cu)
+ 2H* 4+ 40, — 2Cu(Il) + H,0. Under conditions in which the reaction represented
by Eq. (1) was rate-determining the reaction rate was directly proportional to formic
acid, palladium(IT) concentration and approximately directly proportional to lithium
acetate concentration. With excess lithium acetate the rate expression became zero
order in acetate: —d[HCOOH]/dt = k [Pd(IT)] [HCOOH] and % was found to be 0.12
1 mole™ sec™ at 112°C. From the variation of k with temperature, values of AHt = 22
keal mole and AS* = —6 cal mole? deg™ were calculated. The deuterium isotope
effect for DCOOH was determined to be k[H]/k[D] = 2.0 at 112°C.

A mechanism is proposed in which the rate-limiting step is the decomposition of a pal-
ladium(IT)-formate complex. This complex decomposes either via a two-electron transfer
from the coordinated formate ion coupled with proton loss, or via a palladium(II) hydride
complex which then decomposes rapidly. Similar mechanisms had been proposed by
other authors for the oxidation of formic acid with thallium(III}, mercury(II), and

mercury(I).

InTRODUCTION

The decomposition of formic acid, being
a simple reaction, has been studied by many
workers interested in the fundamental
aspects of heterogeneous catalysis (7). The
oxidation of formic acid in solution by many
different substances also has been investi-
gated extensively. The oxidation by pal-
ladium(IT) has been mentioned in the patent
literature (2). Also it has been reported that
some phosphine complexes of palladium(IT)
and other Group VIII metals decompose
formic acid in acetic acid solutions (3). The
kinetics of the reactions were not investi-
gated. In the course of our studies (4) of the
oxidation of olefins by palladium(II) we
became interested in the kinetics of the
reaction of formic acid with this metal ion
and in comparing our results with those

* This paper was presented at the Spring Sympo-
sium of the Southwest Catalysis Society held in
Houston, Texas, April 19, 1968.

reported for thallium(IIY) and mercury(IT)
(5, 6, 7). These three metal ions show some
similarities in their reactions with olefins
(8, 9, 10). In this paper, a kinetic study of
the oxidation of formic acid-catalyzed by
palladium(IT) in acetic acid-lithium acetate
solution is presented. The reaction was
studied in the presence of cupric salts and
oxygen which served to reoxidize elemental
palladium (4).

EXPERIMENTAL

Reagents. Palladous chloride was pur-
chased as a solution (about 1.8 M) in
aqueous hydrochloric acid (about 0.6 M in
HCI). The stock solution was prepared by
diluting 20 ml of the aqueous solution to
1000 ml with glacial acetic acid. It was
analyzed for palladium(II) (atomic absorp-
tion) and for total chloride (precipitation of
silver chloride). The composition of the
stock solution was (in mole per liter):
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palladium(IT), 0.0345; total chloride, 0.171;
hydrochloric acid (caleulated), 0.1025. Oxy-
gen was purchased from Big Three Industrial
Gas and Equipment Co. In the runs in which
the total formic acid and formate concentra-
tion was determined by radioanalyses, 1“C
sodium formate from New England Nuclear
was used; 0.8 g of sodium formate (500
uCi) was dissolved in 200 ml of reagent
grade formic acid. An aliquot of this solution
(1 to 5 ml) was used in each experiment to
obtain a catalyst solution with about 20.000
dpm/g. The deuteroformic acid (DCOOH)
was obtained from Merck, Sharp and Dohme
of Canada, Limited and it had a minimum
isotopic purity (atom 9, D) of 999,. All
other chemicals were reagent grade.
Equipment and experimental procedure.
The experiments were made using 500 ml of
the catalyst solution (the composition is
given in Table 1) at 40 psig of pressure
(02 + CO. produced) and in general at
112°C. The equipment used consisted of
a 700-ml glass-jacketed reactor (2 inches
in diameter) containing the catalyst solution
into which oxygen was bubbled through
a fritted glass sparger. The effluent gases
passed through a condenser and a trap
immersed in Dry Ice-acetone and were
metered and analyzed for carbon dioxide and
oxygen. The oxygen flow was adjusted to
obtain an effluent flow of about 100 ml/min.
Analyses of the formic acid in the reactor
liquid were made every hour on small
aliquots (<1 ml) and analyses of the vent
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gas were made every hour on samples of
1000 ml, collected during 10 min. The
catalyst solution was first prepared without
the addition of formic acid or palladium(IT).
Formic acid and the calculated amount of
palladium (IT) stock solution were added only
after all the salts had dissolved and the
solution was at a temperature of 112°C.
At this moment a sample was taken as
a reference for radioanalysis. The solution
then was introduced into the reactor (using
vacuum). The temperature was adjusted to
112°C and the pressure to 40 psig with
oxygen. At this moment, a sample was taken
from the reactor. This was considered to be
the starting time of the run. The composition
of the catalyst solutions used in the different
experiments is presented in Table 1. The
values of total chloride include the chloride
added with the stock solution of palla-
dium(1I). The values of lithium acetate are
corrected for the small amount that formed
lithium chloride by reaction with the hydro-
chloric acid of the stock solution of palla-
dium(IT). In the majority of the experiments
on formic acid decomposition the palla-
dium(IT) concentration of the -catalyst
solution was 0.5 X 10=® mole/liter. As
a consequence the contribution from the
palladium(II) stock solution to the final
catalyst solution was only 2 X 10~® mole/
liter of chloride and 1.5 X 1072 mole/liter of
hydrochloric acid.

Analytical procedures. The carbon diox-
ide and oxygen in the vent were de-

TABLE 1
ComposiTION oF THE CATALYST SOLUTION®

Initial concentration (mole I-1)

Experiments for the

Total
CH3;COOLi (CH:COO0):Cu chloride

determination of— H,0 Pd4(II) X 10~ HCOOH
Stoichiometry 2.0 0.3 0.12 1.1 0.5 1.2

Effect of formate concentration 2.0 0.3 0.12 1.1 0.5 1.2

Effect of palladium(II) 2.0 0.3 0.12 1.1 ariable 1.2

concentration

Effect of acetate concentration Variable 0.3 0.12 50 0.5and1.0 0.6and 1.2
Effect of chloride concentration 1.0 0.3 Variable 5.0 0.5and1.0 1.2

Effect of copper(Il) concentration 1.0to 1.6 Variable 0.12 50 0.5 1.2

Effect of temperature 1.0 0.3 0.12 50 1.0 0.6
Deuterium isotope effect 1.0 0.3 0.12 50 0.5 0.6

¢ In all the experiments the solvent was acetic acid, the total pressure 40 psig and the temperature 112°C

(except when the effect of temperature was studied).
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termined by mass spectrometry. The formic
acid in the liquid was determined by radio-
analysis of the #C-formic acid. The samples
were counted on a Packard-Tricarb liquid
scintillation counter. In the runs with
DCOOH its concentration was determined

HCOOH + Pd{II) — CO. + Pd° 4 2H*

Pde + 2Cu(Il) — Cu(I) + Pd(I)

2Cu(D) + 2H* + 10, — 2Cu(l) + H,0
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under conditions in which the reaction repre-
sented by Eq. (1) was rate-determining
(absence of elemental palladium and/or
cuprous chloride precipitation) it was pos-
sible to study the kinetics of this reaction
with only catalytic amounts of palladium:
Formie acid oxidation 1
@)
3

Palladium oxidation
Cuprous oxidation

HCOOH + 30, — CO; + H,0

by gas chromatographic analysis of the
methyl ester, which was formed by reaction
with 2,2-dimethoxypropane. This analytical
procedure was also used for some of the
samples from other runs. The results were in
good agreement with those obtained by
radioanalyses.

ResuLTrs AND DISCUSSION

Preliminary experiments with solutions of
palladium chloride in acetic acid (in the
absence of copper salts) showed that formic
acid reduced palladium(II) to elemental
palladium only when some acetate was
present (e.g., lithium acetate). In the absence
of lithium acetate (1.5 X 1073 mole/liter of
hydrochloric acid) the solution of palla-
dium(II) and formic acid was stable at
112°C for at least 3 hr. The experiments
indicate that as in the case of thallium(III)
and mercury(II) (7), formate ion rather than
formic acid was the reacting species. The
experiments also showed that elemental
palladium, which agglomerated rapidly, did
not have any significant catalytic effect on
the formic acid decomposition.

To avoid changes in the composition of the
solution during the experiments, the formic
acid oxidation was studied using palla-
dium(II) as a catalytic agent only. It is well
known (4) that elemental palladium can be
reoxidized rapidly by copper(II) salts (e.g.,
acetate) in the presence of some chloride ion
and also that the copper(I) salts formed can
be reoxidized to the copper(Il) state with
oxygen (11, 12). By carrying out the formic
acid oxidation with palladium(II) in the
presence of copper(II) salts and oxygen and

Overall reaction

@)

Control experiments in the absence of
palladium(II); showed that copper acetate
and lithium salts did not decompose formic
acid under the conditions studied.

Stoichiometry of the reaction. By com-
paring the rate of formic acid decomposition
with the rate of carbon dioxide formation it
was determined that about 1.1 mole of CO;
was formed per mole of formic acid decom-
posed. The 109, excess of CO, over the
stoichiometric amount can be attributed to
acetic acid decomposition. The rate of
carbon dioxide production by a similar
catalyst solution in the absence of formic
acid does not account for all of the excess of
carbon dioxide. However, the presence of
formic acid could induce acetic acid de-
gradation by producing copper(I) [Egs. (1)
and (2)], which must be reoxidized with
oxygen [Eq. (3)]. This reoxidation produces
peroxides and free radicals (71, 72) that
could attack the solvent. Production of
carbon dioxide from acetic acid during the
formic acid decomposition by complexes of
Group VIII metals has been observed before
3).

Effect of formic acid concentration,
In the presence of copper(Il), lithium
acetate, and lithium chloride a plot of the
log of total formate concentration (as de-
termined by radioanalysis) as a function of
time was linear, indicating a first order
dependence on total formate concentration.
From this plot the pseudo-first-order reaction
constant k¥’ was determined under different
conditions to determine the effect of the
other variables.

Effect of palladium(II), total acetate,
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total chloride, and copper(II). The effects
of these components of the catalyst solution
were studied by plotting the pseudo-first-
-order reaction constant &’ as a function of the
concentration of each of the components.
The results are presented in Figs. 1 through 4.
The reaction is first order in palladium(IT)
and approximately first order in acetate up
to a limiting case in which it becomes zero
order in acetate. In the study of these two
wvariables, the chloride and copper(Il) con-

centration as well as the oxygen pressure
were high enough to make some of the steps
of the reaction represented by Eq. (1) rate-
determining. As a consequence precipitation
of elemental palladium and/or cuprous salts
was never observed. The effect of palla-
dium(IT) and lithium acetate strongly indi-
cates the formation of a palladium(II)
formate complex as the reaction inter-
mediate. The smaller effect of copper(lI)
acetate on the rate of oxidation as compared
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to lithium acetate (indicated by the initial
part of the curves in Fig. 2) can be explained
by the stronger tendency of copper(Il)
to complex with acetate. Also, at a high
acetate level, either all of the formate is
present as the anion or all of the palla-
dium(I1) is present as the formate complex.
As a consequence, the reaction becomes
pseudo zero order in acetate, as indicated in
the last part of the curves in Fig. 2.

‘When the effect of chloride and copper(II)
ions was studied, the experiments presented
in the first ascending part of the curves
(Figs. 3 and 4) were characterized by pre-
cipitation of elemental palladium at the
beginning of the run. Addition of more
palladium(II) resulted in more precipitation
of elemental palladium without any sig-
nificant increase in rate. In these experi-
ments the palladium reoxidation [Eq. (3)],
probably was rate-limiting and elemental
palladium precipitated until the rate of
palladium formation [Eq. (1)], equaled the
rate of reoxidation [Eq. (2)]. As it is known
that the rate of palladium reoxidation with
copper(IT) salts increases with both the
copper(I1) and the chloride concentration
(4) one would expect an increase in the
overall rate (as shown in Figs. 3 and 4) when
increasing the concentration of these ions.
In the experiments represented in the second
part of the curves, palladium precipitation
was not observed and the reaction repre-
sented by Eq. (1) was probably rate-limiting.
This second part of the curve represents the
effect of these variables on the formic acid
acid oxidation by palladium(II) [Eq. (1)].
It can be seen that chloride ion has little
or no effect on the reaction. Copper(II)
decreases the rate slightly. This can be
explained by a decrease of the effective
formate ion concentration, due to copper(II)
complexation with formate or acetate ion or
both. The important fact is that, in the
formie acid oxidation by palladium(II),
copper(I1), has no synergistic effect such as
has been observed in other reactions in acetic
acid catalyzed by palladium(II) (4, 13).

Effect of temperature and experiments
with DCOOH. From the variation of k’
with temperature (from 100° to 125°C),
values of AH! = 22 keal mole™?! and ASt
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= —6 cal mole?! deg™' were calculated.
Experiments with DCOOH indicated a deu-
terium isotope effect of 2.0 at 112°C. The
enthalpy of activation is close to the values
reported for thallium(III) and mercury(IT)
oxidation of formie acid (5). The deuterium
isotope effect is also of similar magnitude to
those reported for these ions if one considers
the difference in temperature of the experi-
ments. The entropy of activation has been
shown to be associated largely with equilibria
prior to the rate-limiting decomposition of
the formate-thallium(III) ion (5). In the
palladium(IT) oxidation, the negative AS*
value could indicate that one of these
preequilibria involves the reaction of ions
of the same sign (14).

Mechanistic considerations, The pal-
ladium(IT) species present in glacial acetic
solutions are not known. For simplification
we will represent the predominant palladium
ion as monomeric, although dimeric species
cannot be ruled out. We will use the repre-
sentation Pdl,, in which L is any ligand
such as acetate, chloride, or acetic acid.
Since the charges on the individual species
will vary accordingly, we will not atterapt to
balance these charges in the equations used
in the mechanism. Also it is well known the
conductivity of electrolytes, even that of the
strong ones, is very low in acetic acid (15).
This indicates that they probably exist as
neutral molecules or ion pairs. For this
reason the species in solution should perhaps
be represented as undissociated. However,
we will use the ionic representation for the
sake of simplification.

The experimental data can be explained
using the following sequence of elementary
steps to represent Eq. (1):

HCOOH + CH,COO~ —=
HCOO- + CHsCOOH (5)

PdL, + HCOO-
HCOOPdL; + L (6)

AcOH
HCOOPdLs o

Pdo4- 3L + H* + CO, slow (7)

Probably the ligand replaced in the reac-
tion represented in Eq. (6) is acetic acid
solvent since no significant inhibition by
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chloride or acetate ion was found. Alter-
natively, instead of replacement of a ligand,
the reaction could be one in which formate
ion opens a bridge in a dimeric species. The
reaction represented in Eq. (7) in which
in the rate-limiting step a hydrogen—carbon
bond is broken is in agreement with the
experimental deuterium isotope effect. Also
it 1s easy to see that according to this mecha-
nism the reaction will be first order in
palladium(II}), formic acid, and acetate ion.
1t will become pseudo zero order in acetate
ion concentration when all the formic acid
is present as formate ion or all the palladium-
(IT) is present as the formate complex:
—d[HCOOH]/dt = k[Pd(1])] [HCOOH].
The value of k at 112°C was determined to
be 0.12 1 mole™ sec.

The formate complex may decompose
through a two-electron transfer from the
coordinated formate ion to the palladi-
um(II). This transfer is coupled with proton
loss to solvent or to an acetate of the eoordi-
nation sphere.

0
Hc?
k’\@\Zcm}——a-Pa" + 3L+ H 4+ co, (8)

In this reaction Pd® could be an unstable
zerovalent complex of palladium with the
ligands (4).

This mode of decomposition has been
proposed by Halpern and Taylor (5) for the
formic acid oxidation by thallium(III),
mercury(I1I), and mercury(I). Alternatively,
a hydride transfer to palladium(II) with
subsequent rapid decomposition of the
palladium hydride cannot be ruled out.
Hydride complexes of iridium have been
isolated when formic acid has decomposed in
acetic acid solutions by [Ir C1 CO(PPhy).] (3).
Successive one-electron transfer reactions
have been considered improbable (5) for
thallium(III), mercury(II), and mercury(I)
and it will be difficult to explain the kinetics
and deuterium isotope effect in the palla-
dium(II)-catalyzed reaction with this type
of mechanism. Finally we must mention
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that iridium(I1I) and rhodium(III) car-
bonyl complexes have been obtained by the
reaction of formic acid with iridium(IIT)
and rhodium(IIT) salts (3, 16). This type of
intermediate cannot be ruled out for the
palladium(II)-formate reaction, especially
since such complexes have been proposed as
intermediates in the palladium(I1)-catalyzed
oxidation of carbon monoxide (17).
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