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Three types of the retardation were found for the rate of oxidation of formaldehyde at a platinum electrode
in 0.5 mol dm=3 sulfuric acid. These rate retardations are attributed to the blocking of individual reaction sites
by strongly chemisorbed species, the inhibition of the pairing of adjacent sites indispensable for the oxidation of

formaldehyde, and the accumulation of oxidation intermediates.

The oxidation rate under conditions

excluding these rate retardations was independent of the potential in the potential range of about 0.4—0.6 V vs.
a reversible hydrogen electrode and corresponded to first-order kinetics with respect to the formaldehyde

concentrations. These kinetic data are explained in terms of a slow adsorption of formaldehyde molecules.

The elucidation of the mechanism of the formalde-
hyde oxidation helps to understanding the mecha-
nism of methanol oxidation, since formaldehyde is a
probable intermediate of the oxidation of methanol.1-4

A Tafel relationship have been observed for the
overall oxidation of formaldehyde5% and a strongly
chemisorbed adsorbate (SCS) such as CO.q"-? also has
been detected. Although the Tafel relationship has
been explained in terms of a consecutive mechanism,
the low reactivity of the detected adsorbate suggests a
parallel mechanism. According to the parallel mech-
anism, the overall rate approximately agrees with the
rate of a fast reaction not via SCS (this reaction is
hereafter called Reaction F), and the rate of Reaction F
is retarded by the formation of SCS. Hence, the
overall rate of the formaldehyde oxidation will vary
due to both the rate retardation and the kinetics of
Reaction F. In the present paper, the rate retardation
of the formaldehyde oxidation at a platinum electrode
in 0.5 moldm~3 sulfuric acid was examined, and the
rate equation for Reaction F was derived to explain
the reaction mechanism.

Experimental

The surface coverage, 8, with SCS was determined accord-
ing to the following equation.

6=(Qu°— Qun)/0x° (1)

where the Qu° and Qg are the electric quantities required to
cover fully the electrode surface with adsorbed hydrogen
atoms in the absence and the presence of SCS respectively.
These quantities were determined by the conventional hy-
drogen deposition method.

The solution of formaldehyde was prepared by heat
decomposition of chemical grade (Wako) paraformaldehyde
in deoxygenated water, the solution was cooled to about
0°C, and then dilute sulfuric acid was added until its
concentration became 0.5 moldm-3. In order to prevent
the formation of formic acid from formaldehyde by oxygen
oxidation, all the operations were performed under a nitro-
gen atmosphere.

The rate of the overall oxidation of formaldehyde, i, was
determined by stepping the potential to given potentials

from 0.03 V at which no oxidation occurred. Conse-
quently, the available concentrations of formaldehyde was
limited to about 0.02 mol dm=3, because at higher concentra-
tions a considerable amount of SCS was formed even at 0.03
V.

Other experimental conditions and procedures were
almost the same as those used in the previous studies.1011)
All the reaction rates and the charges were measured at 0 °C.
The potentials were referred to a reversible hydrogen elec-
trode (RHE) in 0.5 mol dm~—3 HsSOs.

Results and Discussion

Rate Retardations. Loucka® and other workers®
have proposed the parallel mechanism for the oxida-
tion of formaldehyde at a platinum electrode in an
acid solution.

I:scsﬂ CO»
HCHOs0 acti as
Reaction F (fast) COz, HCOOH

According to this reaction scheme, SCS blocks the sites
of the fast reaction, and consequently the overall rate,
i, decreases. When only the blocking effect of SCS is
exerted, the rate, ir, of Reaction F can be expressed by

ir = i/(1-0) @)
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Fig. 1. Variation in ér with surface coverage, 0.02
moldm~3 HCHO+0.5 moldm=3 H>SOs. Poten-
tials (V): O 0.400; @ 0.425; A 0.500; (1 0.650; X 0.800.
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In order to confirm the presence of the other rate
retardations, the relationship between the ir and the 0
was examined at a constant potential. As may be
seen from curves 1, 2, and 3 in Fig. 1, the rate retarda-
tion of the formaldehyde oxidation can be classified
into the following three types.

Rate Retardation A: i was roughly independent
of 0 as indicated by curve 1. This means a linear
decrease in the # with increasing 6, i.e., the rate
retardation was due to a simple blocking effect of SCS
on the sites of Reaction F. The 6 increased with
increasing time and decreasing potential at potentials
below about 0.6 V, as shown in Fig. 2. Conse-
quently, the i at the low potentials remarkably
decreased by increasing 0, even after the ir reached a
stationary value at each surface coverage. The sta-
tionary ir was realized a few seconds after the start of
the oxidation. At potentials higher than about 0.7 V,
no rate retardation A occurred, since 6 was small, and
decreased with increasing time.

Curve 1 was a straight line with a small slope, the
observed rate retardation A was more remarkable than
that due to the simple blocking effect. Mathemati-
cally, curve 1 can be expressed by an Elovich equa-
tion.1?

iF = ig=0- exp (—ab/RT) (3)
where 9= is the ;rat =0, and « 1.4 RT. The small o
value indicates a slight variation in the adsorption
heat with the 6.

Rate Retardation B: ¢k decreased remarkably as the
6 approached a limiting coverage, 6}, as indicated by
curve 2. Similar decrease in the ir was observed also
in the case of the methanol oxidation,!® and attributed
to a special blocking effect of SCS. In this effect, the
pairing of adjacent sites that is indispensable for the
oxidation of methanol is inhibited by the partial
occupation of the sites. Curve 2 in Fig. 1 had the
same shapes as the calculated curves which had been
derived®® from the blocking effect on the pairing of
the adjacent sites. Therefore, rate retardations B can
be attributed to the blocking effect of SCS on the
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Fig. 2. Variation in surface coverage with time, 0.02
moldm=3 HCHO+0.5 moldm~3 HsSOs. Poten-
tials (V): (1) 0.40; (2) 0.45; (3) 0.50; (4) 0.60; (5) 0.70.
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pairing of adjacent sites.

From the comparison of Figs. 1 and 2, the 0.! in the
kinetics of Reaction F agreed with the 6.2 in the SCS
formation from formaldehyde. Probable causes of
the 612 in the SCS formation are (1) a steric hin-
drance'¥ among adsorbate molecules and (2) the
blocking effect!314) of preadsorbed species on the pair-
ing of adjacent sites indispensable for the formation of
SCS. According to Loucka® and other workers,”8
the SCS is adsorbed carbon monoxide. This adsor-
bate will have explicitly no steric hindrance, because
6=1.0 is attained!® in the adsorption from carbon
monoxide gas. Therefore, a steric hindrance among
SCS molecules was excluded from the probable causes
of the limiting coverage. Abstruction of two hydro-
gen atoms from the formaldehyde molecule is neces-
sary for the SCS formation. Probably, the pairing of
adjacent sites is indispensable for this abstruction.

Rate Retardation C: The ir decreased at small
surface coverages, as indicated by curve 3. The causes
of the rate retardation was confirmed as follows. Fig-
ure 3 shows potentiodynamic i-E curves from 0.2 V
immediately after the preoxidation of formaldehyde at
0.8 V. The waves of the oxidation of adsorbed hydro-
gen and formaldehyde appeared in the potential
ranges of about 0.2—0.3 and 0.35—0.9 V respectively.
Although the hydrogen wave was little influenced by
the preoxidation, the wave height for the formalde-
hyde oxidation decreased with increasing time of
preoxidation. Since the 8 is almost zero at the preox-
idation potential of 0.8 V, no rate retardations A and B
explicitly occurred.

An addition of formic acid to the solution of formal-
dehyde caused some rate retardation of the formalde-

EvsRHE /7 V

Potentiodynamic i-E curves immediately
after preoxidation at 0.80 V, scan rate 0.3 Vs~-1, 0.02
mol dm~3 HCHO-+0.5 mol dm~3 HaSO4.
Preoxidation times (s): (1) 0; (2) 3; (3) 10; (4) 30; (5)
100, -———- in the absence of HCHO.

Fig. 3.
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Fig. 4. Effect of formic acid on potentiodynamic
i-E curves, HCOOH+0.02 moldm~-3 HCHO+0.5
moldm~3 HeSOs. HCOOH (moldm-3): (1) 0; (2)
0.005; (3) 0.01; (4) 0.02, --—- in the absence of
HCHO.
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E vs.RHE / V

Fig. 5. Potentiodynamic i-E curves immediately
after preoxidation at 0.8 V, 0.02 moldm3
HCOOH+0.5 moldm—3 H3SOs Preoxidation
times (s): (1) 0; (2) 1; (3) 10, -—-- in the absence of
HCOOH.

hyde oxidation at low potentials, whereas at poten-
tials higher than about 0.55 V it increased con-
siderably, as shown in Fig. 4. Since formic acid is
more slowly oxidized at low potentials than formalde-
hyde, the rate retardation and increase in the overall
rate in Fig. 4 can be explained in terms of the forma-
tion of retarding adsorbates from formic acid and the
further oxidation of formic acid respectively. Figure
5 shows the i-E curves for the oxidation of formic acid
immediately after the preoxidation at 0.8 V and the
potential step t0 0.2 V.  The effect of the preoxidation
on the i-E curve of formic acid was similar to the case
of formaldehyde. Kita et al.!® interpreted the rate
retardation in terms of formic acid molecules which
were stabilized in the vicinity of the electrode surface
by means of hydrogen bonding. Rate retardation C
also can be interpreted as similar stabilization of for-
mic acid molecules, though a further investigation is
needed to confirm this interpretation.
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Fig. 6. Variation in i; with formaldehyde concentra-
tion, HCHO+0.5 moldm=3 H2SOy, 0.50 V, oxida-
tion time 5 s.

Kinetics of Reaction F. In order to elucidate the
reaction mechanism, the rate equation of Reaction F
was examined. As described above, the ir was ap-
proximated by Eq. 2 at a constant potential and form-
aldehyde concentration. Moreover, the ir was almost
independent of the potential in the coverage range of
0.2—0.75. Outside this coverage range, the ir
deviated from curve 1 due to rate retardations B and C.
Therefore, the relationship between the ir and the
formaldehyde concentration was examined within the
coverage range. Concretely, the observed coverage
was within the coverage range when the potential, the
oxidation time, and the formaldehyde concentration
were 0.5 V, 55, and within the concentration range of
0.001—0.02 mol dm~-2 respectively. As shown in Fig.
6, reaction order with respect to the formaldehyde

concentration was explicitly first order. From these
findings, the ir can be expressed by
ir = i/(1—6) =k-C 4)

where C and k are the concentration of formaldehyde
and a constant respectively. The potential independ-
ence of the 7r means that the ir is determined by a non-
electrochemical step such as an adsorption of formal-
dehyde molecules and some surface reaction of ad-
sorbed intermediates. Several adsorbed intermediates
were presumed®® for the oxidation of formaldehyde
but none of these were detected. This may be due to
the fact that the amount of reactive adsorbate is too
small to be detected by the usual methods. From
these findings, it was concluded that the adsorption of
formaldehyde molecules is slow in the overall oxida-
tion without any rate retardation.
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