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Summary

The electro-oxidation mechanism of glyoxal on a polycrystalline gold
electrode in acidic solution has been studied. The oxidation takes place in
the potential range at which OH and oxide coverages are formed and
proceeds via a sequence of chemical and electro-chemical steps with the
formation of oxalic acid and finally CO, and water. The kinetic parameters
measured allow the formulation of a mechanism in which the formation of
OH coverage and glyoxal adsorption are followed by a rate determining step
in which OH and glyoxal molecules react with each other. At higher pH
values the oxide coverage starts to interfere, giving rise to a modification in
the reaction path.

1. Introduction

There have been many studies of the electrocatalytic activity of noble
metals with respect to the oxidation of organic substances. This is because of
the potential of organic substances for use as fuels in electrochemical energy
converters [1]. Further, the search for electrochemical means of enhancing
the rates and yields in specific products of economic importance using
organic reactions also constitutes an important reason for the interest in
these studies.

Gold has been reported to be a good electrode material for the
synthesis of some organic compounds. The oxidation rate of many organic
substances on gold electrodes, however, is usually lower than it is on
platinum. This is especially valid for the oxidation of saturated organic mole-
cules in acidic medium. On Pt, the oxidation of such substances is facilitated
by its previous dissociative adsorption, as in the case of aliphatic alcohols
[2]. This kind of adsorption does not take place on Au electrodes in acidic
medium, so that only very low oxidation currents can be detected [3]. The
coverage of the gold electrode with OH in an alkaline medium provides a
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new reaction path, since the OH radicals can react with H atoms of the sub-
stance in solution or adsorbed, and the oxidation currents can become rather
high [4].

Unlike aliphatic compounds, unsaturated organic molecules can be
adsorbed onto gold surfaces in acidic medium [5] and can oxidize on those
electrodes. The adsorption of unsaturated compounds on bare gold surfaces
seems to proceed through interaction between the 7* antibonding orbitals
of the organic molecule and the filled d-electron levels on surface sites in
polycrystalline gold [5].

We present below a study of the mechanism of electro-oxidation of
glyoxal on gold polycrystalline electrodes in acidic medium. This oxidation
takes place after adsorption of glyoxal molecules, which takes place because
a ¥ antibonding orbital is also present in glyoxal. The study allowed the
determination of reaction orders, Tafel slopes, apparent activation energy
and entropy and, by using diagnostic criteria, it was possible to establish
coherent reaction mechanisms. These experimental data were interpreted
using two different mechanisms, valid for low pH values and higher pH
values (up to about pH = 2.7) in which OH and oxide coverage, respectively,
played an important role.

2. Experimental

A three-compartment electrochemical cell was used in this study with
a 1 cm? rectangular plate of polycrystalline gold (99.99%-pure) working
electrode. The counter electrode was a 0.5 mm dia. gold wire rolled up to
form a spiral. The cell compartments were separated by sintered G-3 glass
frits, and a Luggin capillary placed 1 mm from the working electrode sur-
face minimised the resistance of the electrolyte. As a reference electrode
Hg/Hg,S0,/K,S0,/(MSE) was used in the same solution.

The solutions were prepared from AnalaR grade chemicals (Merck) and
water which had been distilled and doubly deionized by means of a Millipore
system (Mod. Milli Q.). The temperature was either maintained at 25.0
0.10 °C, or varied for the measurement of the apparent activation enthalpy.

The solutions were agitated by means of a nitrogen flow and the experi-
ments were carried out under an inert nitrogen atmosphere. Before each
experiment, the working electrode was activated by applying repetitive
triangular potentiodynamic scans at 200 mV s™! between the potential limits
corresponding to oxygen and hydrogen evolution, until a stationary voltam-
mogram was obtained.

3. Results

3.1. General aspects of the electrochemical behaviour of glyoxal on gold
Figure 1 shows a typical cyclic voltammogram recorded at a sweep rate
of 200 mV s™! for gold in a 0.5 M H,S0, acidic solution. The addition of
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Fig. 1. Cyclic voltammogram of a gold electrode in acidic medium (0.5 M H,S04, 25 °C,
v=200 mV s71); ———, cyclic voltammogram for a gold electrode in acidic medium in
the presence of 5 X 1072 M glyoxal under the same conditions.

5 X 1072 M glyoxal produces a change in the voltammetric i-E curve. When
the potential scan starts at potential values at which H, is evolved on the
gold electrode, a first current peak is now observed at —0.4 V. TWO more
oxidation peaks appear in the potential range between +0.7 and +0.9 Vg
corresponding to the electro-oxidation of glyoxal. The current-potential
curve starts to rise at potentials approximately 100 mV more negative than
the potential range at which gold oxides are formed (Fig. 1). In the case in
which the peak in the double layer region (at —0.4 Vygg) appears, an
enhancement of the double layer current is observed, as well as an increase
in the currents attributed to glyoxal oxidation.

A change in the sweep rate gives rise to an increase in the oxidation
current, as can be seen in Fig. 2(a). Figure 2(b) shows a plot of the oxi-
dation current density, i, versus v'/2. At low sweep rates the curve is
similar to that worked out by Wopschall and Shain [6] and was interpreted
as typical behaviour for the oxidation of a weakly adsorbed substance.
Furthermore, with potential scans carried out at slow sweep rates, no second
oxidation peak is detected. A second oxidation peak appears from a sweep
rate of 50 mV s7!.

Increasing the lower scan limit causes the double layer peak to
disappear but scarcely influences the oxidation peak of glyoxal.

Such oxidation peaks are not observed when studying the oxidation
of formaldehyde, or acetaldehyde on gold in acidic medium.

3.2. Influence of glyoxal concentration

Figure 3 gives the variation of i, as a function of glyoxal concentration,
Cs . The curve obtained presents the form of an adsorption isotherm, con-
firming the need of an adsorption step of glyoxal previous to its oxidation:.
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Fig. 2. (a) Influence of the sweep rate on the oxidation currents for glyoxal (0.5 M
H,S80,4 + 5 x 1072 M glyoxal, T =40 °C). Curves a, b, c, d, e, f correspond to the fol-
lowing sweep rates: a = 10, b = 20, ¢ =50, d = 100, e = 200, f = 500 mV s~ !. Cathodic
scan limit = —0.95 Vigg. (b) Plot of i, for the peak at less positive potentials vs. v!/2,
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Fig. 3. Plot of i, vs. glyoxal concentration in solution. The same conditions as before.

T=25°C,v=5mVs1

On the other hand, in Fig. 4 values of log i (i in mA) versus the
logarithm of glyoxal concentration are plotted at different potential values
(T =25 °C). The values were taken from quasistationary measurements at
v=>5mV s!ina0.5M H,S0, solution). The deduced value for the reaction
order with respect to glyoxal concentration is Zg ~ 0.75, and does not
change with the potential value.
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Fig. 4. Plots of log i vs. the logarithm of glyoxal concentration at different potentials,
0.5 MH,;804, T=25°Candv=5mVs~ Zg=0.75.
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Fig. 5. Modification of the Tafel slope values with different glyoxal concentrations. 0.5 M
H,S04,v=5mV s~ T=25°C.

Figure 5 shows the plot of a series of Tafel slopes obtained in the same
potential range by changing the glyoxal concentration. These values were
measured from linear voltammograms recorded at v =5 mV s™! (i.e., under
quasistationary conditions) in 0.5 M H,SO, and changing the glyoxal con-
centration from 5 X 1073 to 10! M. There is a slight increase in the Tafel
slope value with increasing glyoxal concentration from 94 to 112 mV.

3.3. Influence of the pH value

There is a linear decrease in the potential at half peak height (Ey,,;) and
an almost exponential decrease of i, with pH for the oxidation peak of
glyoxal, as illustrated in Fig. 6(a) and (b), respectively.
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Fig. 6. Plots of Ey; 5 vs. pH (slope = 97 mV) (a), and of i, vs. pH (b), 5 X 1072 M glyoxal.
T =25°,v=>5mVs~!, for the first current peak in Fig. 2(a).
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Fig. 7. Determination of the reaction order with respect to H' concentration in solution
at different potential values. 5 x 1072 M glyoxal. T=25°C,v=5mV s~ !, Zy+=—0.67.

Figure 7 shows plots of log i versus pH value for three different poten-
tial values. The pH was varied by changing the H,SO, concentration and
adjusting the ionic strength to a constant value by adding K,SO,. The
resulting reaction order with respect to proton concentration is —0.67, and
remains unmodified when changing the potential value.

Figure 8 shows a series of Tafel slopes obtained for 5 X 10~2 M glyoxal
concentration for various pH values. The variation in the Tafel slope with pH
is summarized in Table 1. It can be seen that a very rapid increase in the
Tafel slope takes place when the pH is increased.
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Fig. 8. 'I;afel slopes determined at different pH values: 5 x 1072 M glyoxal, T = 25°C, v =
5mVs™

TABLE 1
Variation of the Tafel slope (b) with the pH value. T = 25 °C, Cgjyoxa1 = 5 X 1072 M

pH b
(mV current decade™!)
03-04 94
1.14 120
1.41 120
1.94 194
2.58 304

3.4. Effect of temperature variation on glyoxal oxidation

Figure 9 shows plots of log i versus 1/T (K™!) at different potential
values. The currents at a given potential increase with increasing tempera-
ture. The plots of log i versus 1/T are linear and, from their slopes and inter-
cepts, values of the apparent activation enthalpy and entropy can be
deduced, which are summarized in Table 2.

The high value of the apparent activation enthalpy obtained, and its
independence of pH, are in agreement with a chemical rate determining step
in which no protons are involved.
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Fig. 9. Dependence between log i and 77! (K1) at different potential values. 0.5 M
H,S0, +5 X 1072 M glyoxal. v = 5 mV s71,

TABLE 2

Values of the apparent activation enthalpy (AH*) and entropy (AS*) measured at dif-
ferent potential values.

System: gold + 0.5 M H,S0,4 + 5 X 1072 M glyoxal

E AH* AS*
(mVyse) (kd mol™1y (J mol~! K~1)
400 57.6 158
500 59.8 173
560 53.6 162

Other observations made during the temperature variation study were:

(i) at 15°Cand v=5mV s™! in a 0.5 M H,80, + 5 X 1072 M glyoxal
solution, two oxidation peaks of glyoxal were detected. An increase in the
temperature gives rise to an increase in the current corresponding to the first
peak, whereas the current corresponding to the second peak gradually
diminishes to a limiting value at T ~ 40 °C;

(ii) the temperature increase gives rise to the appearance of a new peak
during the negative scan. This is situated in the potential range close to that
at which the first peak appeared and grows with increasing temperature.
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4. Discussion

4.1. Reaction mechanism at pH< 0.5

Since i, varies with glyoxal concentration (Fig. 3) (as in the case of an
adsorption isotherm), the oxidation of glyoxal on gold, in the potential
range at which the formation of gold oxide starts, must take place via the
adsorption of glyoxal on the electrode surface. Further, the plot of i, versus
v'’? (Fig. 2(b)) seems to confirm the requirement [6] of a weak adsorption
of the reactant previous to its oxidation. The oxidation reaction at pH < 0.5
also requires the presence of OH coverage, since it begins at potential values
close to that of gold oxide formation. The values of the reaction orders with
respect to glyoxal and proton concentrations are fractional, and this indi-
cates that glyoxal and OH adsorption play a role [1]. The apparent activa-
tion enthalpy is about 57 kJ mol™!, a rather high value, in agreement with a
rate determining step (RDS) in which chemical bonds are broken. The
invariance of AH™* with potential indicates an RDS chemical in nature
without charge transfer. Also, the positive value of the apparent activation
entropy indicates an activated complex more disordered than the reactants.
This can be true, since one of the postulated reactants is the OH coverage,
in which the linkage through hydrogen bonds between the OH radicals can
be considered as an ordered state [7] which is distorted by the reaction with
contiguous glyoxal adsorbed molecules.

Summarizing, the theoretical mechanism proposed for the oxidation of
glyoxal on gold at pH < 0.5 must account for the following experimental
rate equation:

C— 1 ("3/4 1 —2/3
i=kCqE" Cyg*’” exp RT
where & = a transfer coefficient ~2/3, and must be in agreement with the
other experimental facts observed.

On the basis of the points discussed above , the following reaction
mechanism for the oxidation of glyoxal on polycrystalline gold at pH< 0.5
is proposed:

Oy 0 (o% //0)
ads

&FE]

Step 1 c—C

c—C7  (sol) + Au=
Step 2 Au+ HOH <= Au-OH +H*+ e~
o) 0 0 o
7 N Vs
step3 | So—c? | +av-0H— So—c7 (sol)+ Au + HOH
20N ad
H H/. H

(rate determining step)

Only these first three steps will be taken into account for the deduction
of the theoretical rate equation although the following steps are postulated
to give the known end products: glyoxolic acid and CO,.
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o) 0 o) 0
N On. ~
stepa  Sc—c7  (sol) — c—¢7  (sol) + &
ad Pl
H H
o o) o o)
/ \S VY
Step 5 >c—c 7" (sol) + HOH —> >c—c< +HY
H * H OH
o o o) 0
NS 7 S 7
Step 6 Au—OH + >c—c< — Au+H,0+ \c_:—c<
H OH OH
o 0 o) 0
N, o N L
Step7 C—C —> Se-cl  +e
‘ OH OH
0 0 o o
NN o NS p/
Step8 C—CL +HOH—> >c—c< +H*
OH HO OH

and finally:
COOH-COOH — 2CO, + 2H" + 2e~

in subsequent steps.
From the rate determining step the following rate equation can be
derived:
i=nFuvy;=nFkifonbe exp[(l —7Yg) f_f_e_)_ : exp[(l ~You) f_(_0.) (1)
RT RT
where 0oy and O represent the surface coverages with OH and glyoxal,
respectively. The exponential terms indicate that step 3 takes place with a
desorption of glyoxal and OH coverages. f(8) represents an interaction coef-
ficient which is a function of the total coverage (with OH, glyoxal, and
oxide), and yg and yoy are two symmetry coefficients for the adsorption of
glyoxal and OH under Temkin conditions [8]. Step 3 in the proposed
mechanism is accomplished after the breaking of an Au—OH and C—H bond,
which explains the high value found for the apparent activation enthalpy.
It has been supposed that OH and glyoxal adsorption satisfy a Temkin
isotherm, i.e., the 85y and 0 values must range between 0.2 and 0.8. Thus,
by considering steps 1 and 2 in quasiequilibrium, the following equations can
be deduced:

0
xp[%}l] = K, Cg (2)

@ FE
exp [_I;_’_I_‘l} ~K, Cq} exp[;{;} (3)
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where K| and K, represent equilibrium constants for steps 1 and 2 and Cg
the glyoxal concentration in the bulk of the electrolyte.

Raising both terms in eqn. (2) to the power (1 — vg), and both terms in
eqn. (3) to the power (1 —vyou), and substituting the resulting eqns. in
eqn. (1), the following expression for the theoretical rate equation is
obtained:

FE ]

i=nF K Cgf—7on) c{-1® exp[(l —Yon) T4

AT (4)

where K = k30 500g K ~7OWK{!-76)

This expression coincides with the experimental rate equation when
You = 1/3 and v = 1/4. In that case the theoretical values for Zy- = —0.66,
Zg = 3/4 and b = 94 mV (current decade)™!, in complete agreement with the
kinetic parameters determined in the experiments.

4.2. Reaction mechanism at 0.5 < pH< 2.6

As previously described, increasing the pH produces a rapid increase in
the Tafel slope (Fig. 8 and Table 1) and a decrease in i,,, whereas the current
increases at potentials more negative than E,. The last effect of increasing
pH could be the consequence of an easier OH coverage formation. This starts
at more negative potentials, resulting in a higher OH coverage which, initial-
ly, would have a positive effect on the rate determining step. The decrease
of i, with pH indicates that the higher OH coverage can facilitate gold oxide
formation. This interferes with the glyoxal oxidation in two ways:

(a) when 8, grows, there is less room for glyoxal adsorption so that
0g = 0, and this adsorption can be supposed to occur, satisfying a Langmuir
isotherm;

(b) the oxide coverage interacts with glyoxal molecules, producing a
chemical oxidation in which the rate increases rapidly with temperature,
thus explaining the limiting current observed at 40 °C in the most positive
potential range. This interaction can be expressed as follows:

Au, O, + Glyoxal — xAu + Oxidation products

At 40 °C the diffusion of glyoxal molecules in the electrolyte could be
responsible for the limiting current obtained. At lower temperatures and
growing sweep rates a second current peak is observed, probably due to the
oxidation of an intermediate formed at less positive potentials (first oxida-
tion peak).

The effect of the higher pH and the increasing gold oxide layer are
more accehtuated on the Tafel slope values (Table 1) and on the Zy+ value
which gradually changes from —2/3 to —1/2, and the Z value which tends
to 1.

Thus, at pH> 0.5, a new experimental rate equation can be written:

xFE ]

i = nFk'Cg Ci* exp|—— (5)

RT
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where x can take values from 0.5 to 0.2 with decreasing pH values.
The following new reaction mechanism is proposed:

0] 0] (0] 0
Vi NS V
Step 1 ( \c—c< ) :-z( >c—c< )
H OHP H H ads
Step 2 Au+ HOH +—= AuOH + H" + 1e”
Step 3 xAuOH <= Au, O, + x/2H,0 wherey = x/2

Step 4 Gads + AuxOy _> H2O + C_C

O% 40 CO—_ _CO
Step b C—C —_> Au + Au

Step 6 Au—CO + Au,O, —> Au,O,_; + Au + CO,

From the rate determining step, the rate equation should be:
i4= an49(; 00 (6)

where the absence of exponential terms indicates that a Langmuirian desorp-
tion of OH and glyoxal have been supposed. This can be explained, since an
increase in pH makes 6oy = 0.8, so that:

6 K, C+# [FE] (7)
~ + expl——

OH 2Ly p RT

and

0g =~ K3Cg (8)

for the very low glyoxal coverages allowed by the high 8oy and 0 coverages.

From step 3 in quasi-equilibrium the following equation is obtained
either when interaction (Temkin behaviour) occurs, or when no interaction
in the oxide coverage (Langmuir behaviour) is assumed:

0= K,08y (9)

It is derived by equating the following forward and back rate equations
for this step:

vy = k3084 exp

a —von)f(eT)] ex [_ f(GT)J _
RT P70 "

0 o
v_3=Fk_300 exp[(l ~Yo) g;)] e"p[""’o“ fz(z;)]

Therefore, a substitution of eqgns. (7)-(9) in eqn. (6) leads to the
expression:
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i=nFK'Cg* Cg exp|——

xFE] 10
T (10)

which is identical to the experimental rate equation (5) and explains the
experimental values of the Tafel slope and reaction orders obtained at pH =
1.14 and 1.41 (for x = 0.5), pH = 1.94 (for x = 0.3) and pH =2.58 (forx =
0.2).

5. Conclusions

Unlike other saturated aldehydes and alcohols, glyoxal oxidizes on
polycrystalline gold electrodes in acidic medium. The reason for this dif-
ferent behaviour is postulated to be the adsorption of glyoxal molecules on
gold electrodes due to the possibility of adopting a planar shape with a 7*
antibonding region able to overlap with filled d orbitals on gold surface
sites.

Either surface OH or oxide groups take part in the oxidation mecha-
nism, depending on the solution pH. In both cases, mechanisms for glyoxal
oxidation were advanced which are consistent with the experimental
observations.
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List of symbols

o Anodic transfer coefficient

Ya Symmetry coefficient for activated adsorption of glyoxal on gold

You Symmetry coefficient for activated adsorption of OH on gold

06 Surface coverage with glyoxal

fou Surface coverage with OH

AH* Activlation enthalpy for the reaction mechanism studied (kJ
mol™)

AS* Activation entropy for the reaction mechanism studied (J mol™!
K™

b Tafel slope (mV (current decade)™)

Cqg Concentration of glyoxal in the electrolyte (mol dm™3)

Cyu- Concentration of H;O* in the electrolyte (mol dm™3)

E Potential value measured vs. MSE (V or mV)



F Faraday constant (964 867 X 10% C mol™!)
i Anodic current = reaction rate (mA)
ip Peak current (mA)
k Chemical rate constant = rate constant at £ =0
MSE Mercury sulphate reference electrode
rds Rate determining step
R Gas constant (831 434 J mol ' K™})
T Temperature (K or °C)
v Potential sweep rate (mV s™!)
Zg Reaction order with respect to glyoxal concentration
Zy+ Reaction order with respect to pH
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