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Abstract

The electrooxidation current of methanediol (hydrated formaldehyde) at polycrystalline Pt and Cu decreases with
increase in the ionic strength of the solution at constant pH values but increases with increase in pH and formaldehyde
concentration. A linear dependence between the oxidation current and the concentration of methanediol anion is
obtained, whereas, a non linear dependence is observed between the oxidation current and the total concentration of
formaldehyde. The optimum conditions for formaldehyde oxidation were observed when NaNO,, Na,SO,, and K,SO,
were used as supporting electrolytes in the pH range down to 13.0 and the ionic strength up to 0.5 mol L™'.
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1. Introduction

The formaldehyde oxidation at Pt electrodes has
been studied since the middle of the last century,'™
because formaldehyde as a small organic molecule is
important in medicine,? development of fuel cells,®’ and
reduction of some metal ions in the processes of their
electroless plating.®'°

Formaldehyde reacts with water forming methane-
diol in the aqueous solutions:*

CH,O + H,0 & H,C(OH), (1)

The equilibrium constant of the reaction (1) was
found to be 2 - 10° ' and 2.3 - 10°." This fact suggests that
formaldehyde is fully hydrated in aqueous solutions. The
dissociation (deprotonization) of methanediol occurs in
alkaline aqueous solutions: '

Ka
H,C(OH), = H,C(OH)O + H* )
or
H,C(OH), + OH &2 H,C(OH)O + H,0 3)

Thus, formaldehyde exists in several forms in
aqueous solutions, i.e. free, hydrated (1), and dissociated

(2,3). Hence, it is important to know which form of for-
maldehyde takes part in the reaction of the anodic oxida-
tion at different metal surfaces since each form has a
different oxidation mechanism.

Methanediol and its anion have the different activity
in the various chemical and electrochemical reactions, i.e.
usually the methanediol anion is supposed to take place in
the oxidation reaction in alkaline medium.>31%13-18 The
final product of the formaldehyde oxidation is HCOO™ at
Cu'? and Au," however, it can be oxidised directly to CO,
in alkaline solutions at Au'® or Pt'* micro- or nanopartic-
les. Hence, the formaldehyde oxidation usually is going to
HCOO™ at various electrodes in acidic medium.*7'%2* All
formaldehyde forms, free,?” methanediol® or its anion,'>2*
might be oxidized at different electrodes depending on the
nature of the electrode and the structure of the metal sub-
strate.

Some interference can be observed at higher potenti-
als, for example from SO, in acidic medium.?*?’ However,
the formaldehyde oxidation occurs at significantly lower po-
tentials (from +0.2 to +0.6 V), especially in basic medium.

In general, the electrooxidation rate of formaldehy-
de depends on i) surface structure of the electro-
de;*'"1921.24 (ii) temperature;* (iii) concentration;*> and
(iv) solution pH.* The mechanism of the oxidation
reaction of formaldehyde depends on the potential

range,'*"5 and the oxygen concentration.>
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The equilibrium constant of methanediol deprotona-
tion K (2) depends on the ionic strength of the solution
and the nature of the cations of supporting electrolyte.?
Thus, the formaldehyde oxidation may also depend on
these factors, moreover, all previous studies were
performed either in acid or in hydroxide solutions without
respect to ionic strength of the solutions used. In this work
the anodic oxidation of formaldehyde at Pt and Cu has
been studied in various supporting electrolytes, contain-
ing monovalent cations, Li*, Na*, and K*, as well as diffe-
rently charged anions, CI", NOj;, SO;, and PO; . The
ionic strength and pH of supporting electrolytes were also
varied in order to clarify the influence of these parameters
on the electrooxidation of formaldehyde.

2. Experimental

2. 1. Chemicals and Solutions

Analytical grade chemicals (Reachim, Russia) and
triply distilled water were used to prepare all solutions.
The formaldehyde solution was standardised as described
elsewhere.”® The carbonate-free solutions of hydroxides
were prepared and standardised according to Brauer.?!

2. 2. Apparatus and Procedure

Cyclic voltammograms (CVs) were recorded using
a programming potentiostat PI-50-1 and a sweep
generator PR-8 (Russia) in thermostated three-electrode
cell. Either bare or coated with copper Pt plate served as a
working electrode; its geometrical area was 1 cm?. Poten-
tial was measured with respect to an Ag/AgCI/KCI_, refe-
rence electrode in the Lugin’s capillary, but the results
were recalculated and are presented below versus standard
hydrogen electrode (SHE). The other Pt plate served as an
auxiliary electrode and it was separated in the cell with a
glass-ceramic filter. The potential sweep rate was 50
mV s, and the error of current measurements was ca.
+5%. All solutions were deoxygenated by bubbling
Ar-gas through the solution, and all experiments were
carried out at 20 = 1 °C.

Galvanostatic copper deposition on Pt was perfor-
med from the solution containing 1.0 mol L™ CuSO, and
0.5 mol L™! H,SO, at a current density of 15 mA cm™ for
20 min.

3. Results and Discussions

3. 1. The Influence of the Supporting
Electrolyte on Formaldehyde Oxidation

The electrooxidation of formaldehyde was studied
at two metal electrodes, Pt and Cu, under the identical
conditions; in the most of the cases the concentration of

formaldehyde was kept constant and the supporting
electrolyte, the ionic strength and the solution pH were
varied. The formaldehyde oxidation occurred differently
at the both electrodes: the current peak was more positive
at Pt than that at Cu, as well as higher oxidation current
was observed at Pt (Fig. 1) due to a stronger catalytic
effect of Pt substrate on the electrochemical formaldehyde
oxidation,*1%13-17

£
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(3]
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Fig. 1. Cyclic voltammograms of formaldehyde oxidation at Pt
(solid line) and Cu (dashed line). Potential sweep rate 50 mV s™!;
supporting electrolyte Li,SO,; ionic strength 0.1 mol L™'; and pH
13.0.

It was hardly possible to observe a continuous effect
of the cation or the anion influence on the formaldehyde
oxidation rate (Fig. 2). However, the lowest currents were
obtained in the electrolytes containing Li* (at Pt) and Na*
(at Cu). Nevertheless, the stronger influence on the oxida-
tion peak current was observed from the anions than that
from the cations: the lowest oxidation currents were obta-
ined in the supporting electrolytes containing CI™ (at Pt) or
NO;j (at Cu) and the highest ones in the SOi’containing
supporting electrolyte (at Cu and partially at Pt) as seen
from Fig. 2. From one hand this could be explained using
Debye-Hiickel theory, i.e. the effect of the hydrated ion
radius of the electrolyte or so called the secondary kinetic
electrolyte effect.’? If compare the effect of the electrode
substrate, the cation effect was stronger expressed at Pt
than that at Cu but the influence of the anion was better
expressed at Cu electrode than that at Pt under the conditi-
ons described above (Fig. 2). From the other hand the
formaldehyde oxidation occurs at the potential where
formation of the Cu oxide starts and it decreases the
oxidation rate since prevents the adsorption of the metha-
nediol anion at the electrode surface.** Moreover, the
formation pathway and the thickness of the Cu,O layer
depends on the anions present in the solution as well as
ionic strength,** and pH.*** The formaldehyde oxidation
rate also depends on the Cu surface nature, i.e. Cu is
deposited using chemical or electrochemical plating.*
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Fig. 2. Dependence of formaldehyde anodic oxidation peak current density at Pt (A) and Cu (B) electrodes on electrolyte composition. Potential

sweep rate 50 mV s'; ionic strength 0.5 mol L™'; and pH 13.0.

The Pt surface oxide formation starts at significantly more
positive potentials than the formaldehyde oxidation,*>-161?
therefore, the oxidation current is higher at Pt than at Cu.
One more electrolyte, Na,PO,, was introduced to
clarify the influence of the charge of the anion of suppor-
ting electrolyte (since the anions had stronger influence
than the cations) on the anodic oxidation of formaldehyde.
The influence of the anions on the electrooxidation rate of
formaldehyde at Pt can be expressed by the following
sequence CI” < PO; < NO; < SO? (the sequence indicates
the growth of the electrooxidation rate in the presence of
these anions). In the case of Cu substrate the lowest
oxidation peak current was obtained in sodium phosphate,
and almost the same peak in chloride and nitrate, however,
the highest peak was observed in sodium sulphate. This
effect hardly can be related to an anion radius because
anhydrous radii of these anions are: 126 pm (CI"), 125 pm
(NO;3), 223 pm (SOi’), hence, the radius of a hydrated ion
is lower for CI” (123 pm) and larger for all other anions
studied (129 pm and 230 pm for NO; and SOj,
respectively).” The radius of the hydrated PO;™ is 250
pm.36 Thus, the anions show a lower influence on the
formaldehyde oxidation directly, and they influence the
formation of the surface oxide,>*** which further influen-
ces the adsorption of methanediol or its anion. Although
sulphate causes formation of a thick Cu,O layer at pH 7
but increase in pH conditions a thinner oxide layer,* and
probably therefore the formaldehyde oxidation rate is quite
high at pH 13.0 in supporting electrolyte containing SO; .

3. 2. The Influence of pH
and Formaldehyde Concentration
Fig. 3a demonstrates the dependence of the oxidati-

on current of formaldehyde at Pt on pH in various nitrate
solutions at the same ionic strength, 0.5 mol L™, The con-

centration of formaldehyde was kept constant and only
pH of the solution was varied. The oxidation rate rose
with increase in pH due to an augment of the concentra-
tion of methanediol.”” These results confirmed the data
obtained by the other authors that usually methanediol
anion takes place in the electrochemical oxidation
reaction:'**

CH,(OH)O™ + 20H" — HCOO™ + 2H,0 +2¢~  (4)

It should be noted that the reaction (4) is given in the
general form without adsorption steps and radical formati-
on as it is discussed elsewhere.*!® Interestingly, the hig-
hest peak currents were obtained when NaNO, was used
as a supporting electrolyte, in contrary to the probability
of the lowest cation size which is for Li*, and it would be
naturally to expect the highest currents in LiNO,.

A similar tendency was found at Cu electrode (not
shown) only the peak currents were lower than those at Pt.
Moreover, quite close oxidation peak current values at Cu
were obtained in all three nitrates used as supporting
electrolytes, differently form those obtained at Pt electro-
de (Fig. 3a).

The influence of the concentration of formaldehyde
has been investigated as well and the results are presented in
Fig. 3b. The ionic strength was kept constant, 0.5 mol L as
previously, and the measurements were performed at three
different pH values, 12.5, 12.75, and 13.0. The con-
centration of formaldehyde was recalculated into concen-
tration of methanediol anion using pK, 13.6.% As it was
expected the oxidation peak current increased linearly
with increase in the methanediol anion concentration;
moreover, this increase was non-linear versus the total
concentration of formaldehyde (not shown). This fact also
confirms the presumption that usually methanediol anion
takes place in the oxidation reaction.

Pauliukaite and Norkus: Influence of the lonic Strength and the Nature of Supporting Electrolyte ...

619



620

Acta Chim. Slov. 2007, 54, 617-622

12 + >

S, (mA cm®)

120
pH
30 . : ; ;
B
25t ]
20+t .
3
o 15 4
<
'g' m pH125
510 ® pH1275 y
4% pH130
05t 4
0.0 . . . .
0.00 0.01 0.02 0.03 0.04 0.05

c(CH_(0OH)0) (mol L)

Fig. 3. Dependence of the formaldehyde oxidation peak current
density at Pt electrode on pH (A) and concentration of methanediol
anion (B). Potential scan rate 50 mV s™'; supporting electrolyte (in
B) NaNO;; ionic strength 0.5 mol L formaldehyde concentration
(inA) 0.15 mol L™\,

3. 3. The Influence of the Ionic Strength

The electrochemical investigation of the influence of
the ionic strength on the anodic formaldehyde oxidation
was performed for the first time. Three ionic strength
values were chosen and they were applied to all supporting
electrolytes used (Fig. 4): lithium, sodium and potassium
chlorides, nitrates and sulphates, and sodium phosphate.

In the most of the cases the formaldehyde oxidation
current decreased with increase in the ionic strength of the
solution as seen in Fig. 4. However, there are some cases
where the oxidation peak current increased or remained
constant with increase in the ionic strength of the solution,
and the specific effect of some anion or cation was obser-
ved, e.g. the oxidation rate of formaldehyde was growing
with increase in the ionic strength in LiNO,-LiOH
solution. Such an influence of the ion nature could be
explained by the Debye-Hiickel theory or the secondary
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Fig. 4. Dependence of formaldehyde anodic oxidation peak current
density at Pt (A) and Cu (B) electrodes on ionic strength in
different electrolytes: KNO, (squares), LiCl (balls), and Li,SO,
(diamonds). Potential scan rate 50 mV s'; pH 13.0.

kinetic electrolyte effect based on the radius of an ion: the
larger radius of cation in the sequence Li*, Na* and K*, the
less increase in oxidation rate although the ionic strength
is increasing.*?

From the other hand, the influence of the ionic
strength on the formaldehyde oxidation current also
depended on a specific concentration, activity, which had
changed with the ionic strength due to changes in size of
the hydrated ions, according to the Debye-Hiickel theory.
The value of the activity coefficients usually (exceptions
LiCI and LiNO,) diminished with the increase in ionic
strength in the sequence of the increase of ion radius.*’
Thus, the influence of the ionic strength probably was
related to the secondary kinetic electrolyte effect:** appa-
rently, the electrolyte ions stopped the reaction of the
formaldehyde hydration (1), because the oxidation current
usually was higher at low ionic strength and it decreased
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with further increase in the ionic strength (Fig. 4). This
effect was most visible in the solutions were the support-
ing electrolyte was potassium nitrate, all chlorides and
sulphates at both electrodes. Hence, in other nitrates and
sodium phosphate electrolytes at Pt electrode the primary
kinetic electrolyte effect was more expressed and the oxi-
dation current of formaldehyde increased with increase in
the ionic strength (not shown).

From the other hand, the dependence of the formal-
dehyde oxidation current on the ionic strength of the solu-
tion at Cu electrode can be attributed to the simultaneous
formation of Cu oxides. As it was mentioned above, the
formation of the surface oxide layer depends strongly on
the anions of the supporting electrolyte as ionic strength.**
Nevertheless, the surface oxide hardly interfered the
formaldehyde oxidation at Pt because formaldehyde elec-
trooxidation occurs at lower potential than than of plati-
num oxides formation as described above. However, there
are some data reported in literature that the Pt surface oxi-
de can also interfere some oxidation process, for example
oxidation of sulphur dioxide in acidic medium.?*?’

The dependence of the formaldehyde electrooxidati-
on on the ionic strength of the solution can be used impro-
ving the development of fuel cells. Since formaldehyde is
a small molecule, which can be easy oxidised,? is used for
the development of the fuel cells like methanol, ethanol
and similar small molecules.®” The optimal ionic strength
value is up to 0.5 mol L™, the higher values lead to de-
crease of the oxidation currents.

4. Conclusions

A linear dependence between the oxidation current
and the concentration of methanediol anion was obtained.
In contrary, a non linear dependence was observed betwe-
en the oxidation current and the total concentration of
formaldehyde up to pH 13.0. Additionally, a linear increa-
se on the oxidation current was obtained with the increase
in solution pH at a constant formaldehyde concentration.
The CH,(OH)O™ oxidation rate depended on the cation
radius of supporting electrolytes studied: the larger cation
radius, the less increase in oxidation rate despite the
augmentation the ionic strength of the solution. The
formaldehyde oxidation rate diminished with the growth
of the ionic strength of the solution in most of the cases
studied of due the secondary kinetic electrolyte effects
related to the changes of a hydrated ion size at Pt and
additionally due to simultaneous formation of the surface
oxides formation at Cu.

The highest oxidation currents were obtained when
sodium nitrate, sodium and potassium sulphates were used
as the supporting electrolytes at Pt. Moreover, the oxidation
current rose up with the increase in the ionic strength of the
solution in these supporting electrolytes. However, the best
conditions of electrooxidation of formaldehyde were when

pH was down to 13.0 and a higher quantity of protonised
methanediol was present in the solution, and the optimal
ionic strength was up to 0.5 mol L™' when the kinetic
electrolyte effects had less influence. This information
might be advantageous for development of the fuel cells
and/or electroless copper plating baths.
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Hitrost elektrooksidacije metandiola (hidratiranega formaldehida) na polikristalini¢ni platini ali bakru pada z naras$¢ajo-
¢o ionsko mocjo raztopine pri konstantni vrednosti pH in narasc¢a z rastoco vrednostjo pH in koncentracijo metandiola.
Oksidacijski tok je linaerno odvisen od koncentracije metandiolnega aniona vendar odvisnost od celokupne koncentra-
cije formaldehida kaZe nelinearno zvezo. Optimalne pogoje oksidacije formaldehida doseZemo z uporabo NaNOS,
N ;12804 ali KZSO4 kot nosilnega elektrolita pri ionski moci do 0.5 in pH pod 13.

Pauliukaite and Norkus: Influence of the lonic Strength and the Nature of Supporting Electrolyte ...



