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a b s t r a c t 

The oxidation of acetic, glycolic, glyoxylic, oxalic and formic acid has been studied on boron doped diamond 
electrodes. Our voltammetry study on rotating disk electrodes highlights clear differences between the carboxylic 
acids (formic, oxalic, glyoxylic and glycolic acid) that can be oxidized via a direct electron transfer (DET) and 
acetic acid which can presumably solely be oxidized by •OH radicals formed in the region where water oxida- 
tion takes place. In glycolic and glyoxylic oxidation oxalic acid is the main intermediate formed. Surprisingly, 
glyoxylic acid could not be detected as an intermediate in the glycolic acid oxidation. Chronoamperometric ex- 
periments confirm that all compounds except acetic acid react further to CO 2 , which could be deduced from the 
electron balances. It was shown that formic, oxalic, glyoxylic and glycolic acid can be selectively oxidized at 2.3 V 

vs. Ag/AgCl with high current efficiencies, below or close to mass transfer limiting rates. At higher potentials 
(2.4 V and 2.5 V) simultaneous water electrolysis results in lower current efficiencies. At these potentials the 
conversion rates can exceed the limiting rates, which might be attributed to effects related to water oxidation 
(i.e. O 2 evolution and •OH radical formation). 
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. Introduction 

The purification of wastewater in the chemical industry is important
o ensure future availability of clean water. The removal of organics
rom waste streams has been reported for many toxic compounds such as
henol [1] , 4-chlorophenol [2] and benzene [3] . The final stage of these
rocesses is often the oxidation of carboxylic acids to CO 2. For example,
1 and C2 carboxylic acids have been found as end-products and/or (ac-
umulating) intermediates in electrochemical and wet air oxidation pro-
esses [3–5] . Electrochemical oxidation on boron doped diamond (BDD)
lectrodes has shown to be an effective method to oxidize carboxylic
cids [ 6 , 7 ]. BDD electrodes have been proven to perform better than
ore common electrode materials such as Pt, because of its characteris-

ics such as a wide potential window and a high anodic stability [8] . For
xample, it has been reported that glycolic acid cannot be completely
onverted to CO 2 on platinum electrodes acid [9] . Given the impor-
ance of carboxylic acid removal in wastewaters it is needed to broaden
urrent knowledge of oxidation processes on BDD. This work extends
he research of the electrochemical oxidation of carboxylic acids, more
pecifically the oxidation of acetic, glycolic, glyoxylic, oxalic and formic
cid on boron doped diamond electrodes. An important research ques-
ion we want to answer is to see whether it is possible to oxidize these
∗ Corresponding author at: Eindhoven University of Technology, P.O. Box 513, 560
E-mail address: M.T.d.Groot@tue.nl (M.T. de Groot). 
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ompounds with a good current efficiency (hence avoiding water elec-
rolysis), while at the same time being close to mass transfer limitation.
f these two requirements are met, it should be possible to design the
lectrochemical oxidation wastewater oxidation process on an industrial
cale. 

Different oxidation mechanisms have been reported for the oxida-
ion of carboxylic acids on BDD. In the region prior to water oxidation,
ompounds can react via a direct electron transfer mechanism (DET).
his mechanism has been shown for the oxidation of different com-
ounds, such as phenol, oxalic acid and formic acid [10–12] . It has been
hown that carboxylic acids on BDD can also be oxidized by •OH rad-
cals formed via water oxidation [ 6 , 13 , 14 ]. In addition, alternative ox-
dation mechanisms have been proposed, such as the oxidation of car-
oxylic acids by (radical) species formed in the oxidation of sulphate
 7 , 15 ]. 

The electrochemical oxidation of formic on BDD electrodes has been
hown by several studies by means of cyclic voltammetry. In the pres-
nce of formic acid a (pseudo) plateau was observed close to the oxy-
en evolution region [16–18] indicating mass transfer limitations. In
ur previous work we showed that the reaction slows down during the
xidation process, as evidenced with chrono-amperometry experiments
19] . This difference was attributed to a surface modification at the elec-
0 MB Eindhoven, the Netherlands. 
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Fig. 1. Oxidation pathway of glycolic acid based on reaction mechanisms sug- 
gested in literature [22–25] . 
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rode. Furthermore, we found that formic acid and formate can be se-
ectively oxidized in a chrono-amperometry experiment with a current
fficiency of ~100% at 2.3 V vs Ag/AgCl while being almost completely
ass transfer limited. 

Oxalic acid showed an increased current before oxygen evolution
 6 , 7 ], but, no apparent plateau. These studies further showed low cur-
ent efficiencies ( < 35%) for the oxidation of oxalic acid in galvanostatic
xperiments [ 6 , 7 ]. No intermediates have been found in the oxidation
f formic and oxalic acid. It is generally accepted that oxalic acid and
ormic acid react in a 2-electron oxidation to CO 2 [ 7 , 12 , 20 , 21 ]. 

In the oxidation of glyoxylic and glycolic acid the formation of inter-
ediates should be taken into account to evaluate the efficiency of the
rocess. A number of studies suggest that photo-degradation, enzymatic
nd/or electrochemical oxidation of glycolic acid yields glyoxylic acid,
hich further reacts to oxalic and formic acid and ultimately to CO 2 

22–26] . Fig. 1 depicts this suggested reaction mechanism. The overall
eactions of glyoxylic acid and glycolic towards CO 2 are oxidations that
nvolve 4 and 6 electron transfers respectively. To our knowledge, no
yclic voltammetry of glyoxylic acid and glycolic acid on boron doped
iamond has been reported. 

A larger number of intermediates has been reported in the oxida-
ion of acetic acid. Kapalka et al. suggested that the oxidation of acetic
cid proceeds via the formation of methanol, methyl acetate and ethane.
Fig. 2. Oxidation pathway of acetic acid, based on reactio

2 
his suggested reaction mechanism is based on a DEMS study [27] and
s shown in Fig. 2 . The main product was found to be CO 2 , which is
n 8-electron oxidation from acetic acid. Additionally, the formation of
ormic acid was suggested despite the fact that the DEMS study was
nable to detect it [27] . Gandini et al. found low amounts of formic
cid and traces of oxalic acid during the electrochemical oxidation of
cetic acid on BDD [14] , which has also been suggested by other authors
 20 , 21 , 28 ]. Although these studies did not describe these pathways in
etail, others have shown that methanol oxidation proceeds via formic
cid towards CO 2 on electrodes such as PtRu and gold [29–31] . These
teps have been added to the reaction pathway in Fig. 2 . The galvano-
tatic oxidation of acetic acid on BDD has shown to be slower in com-
arison to formic and oxalic acid [6] . Voltammetry studies showed that
o peak is observed before the water oxidation region in the presence
f acetic acid [ 6 , 32 ]. 

Although reaction mechanisms for the oxidation of these C1 and
2 carboxylic acids have been suggested in literature and galvanostatic
lectrolysis has shown some intermediate formation during the scope of
he reaction, there is still considerable ambiguity with regard to the se-
ectivity and intermediate formation in the oxidation of carboxylic acids
t different potentials. Also, there has been limited research on the effect
f mass transfer. This study investigates the oxidation of acetic, glycolic,
lyoxylic, oxalic and formic acid on BDD and aims to further elucidate
he reaction pathways. In contrast to previously reported work on the
xidation of carboxylic acids on BDD, this study describes the oxidation
n rotating disk electrode experiments and chrono-amperometry exper-
ments in a two-compartment flow cell. Both set-ups were used because
f the well-defined mass transfer. 

. Materials and methods 

The following chemicals were used without further purification:
ormic acid (99–100%, VWR chemicals), oxalic acid (Acros organics,
8%), acetic acid (Sigma Aldrich, 100%), sodium sulphate (99.8%, VWR
hemicals), glycolic acid (Alfa Aesar, 98%), glyoxylic acid solution (50%
olution in water, Merck), sulphuric acid (95–97%, Merck) sodium phos-
hate dibasic ( ≥ 99.5%, VWR), sodium phosphate monobasic (100%,
WR), sodium hydroxide (0.1 M, Merck) and methylacetate (Alfa Ae-
ar, 99%). 

Buffer solutions of 0.5 M Na 2 SO 4 were prepared and adjusted to pH
 by the addition of sulphuric acid. The starting concentration of the
arboxylic acids was 5 mM. All experiments were performed at room
emperature. 

An Autolab PGSTAT 30 potentiostat was used for the electrochem-
cal measurements. All experiments were performed with an Ag/AgCl
eference electrode (Qm713X, Prosense) . 

DIACHEM 

R ○ (Condias) boron doped diamond electrodes were used
n the electrochemical experiments. These oxygen-terminated electrodes
33] have a boron content of 500–8000 ppm, which gives an electrical
n mechanisms suggested in literature [ 14 , 27 , 29–31 ]. 
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a  
esistivity of 0.1-0.05 Ω cm [34] . The diamond film thickness was ap-
roximately 5 𝜇m for the electrodes in the flow reactor. More details on
he characteristics of these electrodes and the characterization of BDD
lectrodes in general can be found in [35–37] . 

Experiments were performed with an electrode rotator (MSR, Pine
esearch instrumentation Inc.) and rotating disk electrodes (E4TQ
hange disk Tip, Pine research instrumentation). The rotation rate of
he electrode was varied between 50 and 1800 RPM. A boron doped
iamond disk (5 mm diameter, DIACHEM 

R ○, Condias) and a platinum
esh (8.0 ∙3.0 cm) were used as working and counter electrode respec-

ively. The working volume of the cell was 70 mL. 
A divided flow cell (Micro Flow Cell, Electrocell) was used to per-

orm chrono-amperometric experiments. The boron doped diamond
DIACHEM 

R ○, Condias) and nickel electrodes were separated by a Nafion
17 membrane (Electrocell) with an inter electrode gap of 8 mm (4 mm
n each side of the membrane). On both electrodes (9.5 ∙4.6 cm), a
quare of 10 cm 

2 was in contact with the solution. The anolyte (150 mL,
tarting volume) and catholyte (130 mL, starting volume) were pumped
hrough the reactor and recirculated to the vessels using a peristaltic
ump for the catholyte side and a gear pump for the anolyte side. The
eference electrode was connected to the flow path of the electrolyser to
inimize ohmic losses. Samples of 1.5 mL were taken from the anolyte

essel at 5 min intervals. 
To determine carboxylic acid concentrations, measurements were

erformed with high-performance liquid chromatography (HPLC) us-
ng a Shimadzu shim-pack C18 column (250 ∙3.0 mm, 5 μm) equipped
ith a pre-column. The temperature was 60 °C, the injection volume
as 1 𝜇L for oxalic acid and 5 𝜇L for acetic, glyoclic and formic car-
oxylic acids. The flow rate of the mobile phase (0.01 M H 3 PO 4 ) was
.5 mL min − 1 . The determination of glyoxylic acid was performed using
 RHM-Monosaccharide H 

+ (8%, 150 ∙ 7.8 mm) Phenonomenex column.
 mobile phase of 0.5 mM H 2 SO 4 was used (flow rate: 0.8 mL min − 1 ).
he oven temperature was set to 70 °C, and 5 𝜇L of each sample was

njected. 

. Data analysis 

.1. Conversion, selectivity and yield 

The conversion of the carboxylic acids in the chrono-amperometry
xperiments was defined as 

 𝑖 = 

𝑁 𝑖 0 − 𝑁 𝑖 

𝑁 𝑖 0 
(1)

n which Xi is the conversion (-) of compound i, N i and N i 0 are the num-
er of moles of compound i (mol) at time t and time t = 0 respectively.

The selectivity of the intermediates formed in the oxidation of car-
oxylic acids was calculated using: 

 𝑗 = 

𝑁 𝑗 

𝑁 𝑖 0 − 𝑁 𝑖 

(2)

n which S j is the selectivity of intermediate j and N j is the number of
oles of intermediate j (mol) formed. 

The selectivity and conversion were used to calculate the yield: 

 𝑗 = 𝑋 𝑖 ⋅ 𝑆 𝑗 (3)

here Y j is the yield of compound j . 

.2. Current efficiency 

The current efficiency is defined as the charge that is used in the
esired reaction over the total charge: 

𝐸 = 

𝑞 𝑗 

𝑞 𝑡𝑜𝑡 
⋅ 100% (4)

here CE is the current efficiency, q tot is the total charge (Coulomb)
nd q j charge in the reaction of compound i to j (q j ). The latter can be
3 
alculated using: 

 𝑗 = 𝑁 𝑗 ⋅ 𝑛 𝑗 ⋅ 𝐹 (5)

n which F is the Faradays constant (96,485 C/mol) and n j the number
f electrons in the formation of the intermediate. 

.3. Mass transfer 

To assess the effect of mass transfer on the oxidation of the carboxylic
cids, it was decided to compare the rate of mass transfer towards the
lectrode and the conversion rate of the carboxylic acids at the electrode.
he mass transfer rate of the carboxylic acids towards the electrode was
alculated using: 

𝑇 = 𝑘 𝐿 
(
𝑐 𝑖,𝑏 − 𝑐 𝑖,𝑠 

)
(6)

n which MT is the rate of mass transfer (mol m 

− 2 s − 1 ) k L , the mass trans-
er coefficient (m s − 1 ) and c the concentration of the oxidized compound
mol m 

− 3 ) in the bulk and surface (subscripts b and s respectively). The
ulk concentration was measured at set intervals (as described in the
revious section). In case of mass transfer limitations, the surface con-
entration is 0. The mass transfer coefficient was calculated using: 

𝑘 𝐿 = 

𝑆ℎ 𝐷 

𝑙 
(7) 

n which, Sh is the dimensionless Sherwood number, D the diffusion
oefficient (m 

2 s − 1 ) and l the characteristic length (m). 
The Sherwood correlation below has been established for the Elec-

rocell [38] used in this work: 

ℎ = 1 . 05 𝑅 𝑒 0 . 44 𝑆 𝑐 0 . 33 (8)

here Sh, Re and Sc are the dimensionless Sherwood number, Reynolds
umber, Schmidt number respectively. 

The mass transfer rate was compared to the conversion rate that was
ormalized to the surface area of the electrode, which was defined as: 

 2 = 

𝑚 

𝐴 𝑡 
(9) 

here r 2 is the conversion rate of the starting compound (mol m 

− 2 s − 1 ),
 the number of moles of compound converted (mol), A is the electrode

urface (m 

2 ) and t is the time (s). 

. Results 

.1. Formic, oxalic and acetic acid 

Fig. 3 shows the cyclic voltammograms in the presence of formic,
xalic and acetic acid on a rotating disk BDD electrode at 200 and 1800
PM. As we have previously reported, for formic acid a pseudo-plateau
an be observed at 2.1 V (vs Ag/AgCl), the height of which depends on
he rotational speed. Lower current densities are observed in the case
f oxalic acid, which slightly increase at higher rotational speed. Acetic
cid is not oxidized prior to water oxidation. The results suggest that
ormic and oxalic acid are oxidized by a direct electron transfer (DET)
echanism, because increased current densities are observed prior to
ater oxidation. It has previously been suggested that acetic acid can-
ot be oxidized via the DET mechanism [36] , which could explain the
bsence of current density measured before water oxidation. 

It is interesting to note that for formic acid and oxalic acid the current
ensities in the backward scan are lower than in the forward scan. In our
revious work we have suggested that this decreasing reactivity might
e related to a reversible change in surface groups at higher potentials,
hich influences the oxidation by the DET mechanism [19] . As a result,

he current densities observed in chrono-amperometry experiments are
ower than expected based on the forward scan in the voltammetry ex-
eriments. Fig. 3 suggests that a similar process could occur for oxalic
cid. For acetic acid this effect is not observed. 

The chrono-amperometry experiments of formic, oxalic and acetic
cid in a parallel plate flow reactor at different potentials are shown in
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Fig. 3. Cyclic voltammetry in the presence of 5 mM formic acid, oxalic acid and acetic acid on rotating BDD electrodes (0.2 cm 

2 ) at different rotation rates. Scan 
rate: 0.05 V s − 1 . Solution: 0.5 M Na 2 SO 4 + H 2 SO 4 (pH 2). 

Fig. 4. Oxidation of 5 mM formic, oxalic and acetic on a BDD electrode (10 cm 

2 ) in an Electrocell parallel plate flow cell at various potentials (vs Ag/AgCl): 2.3 V 

(x), 2,4 V ( ◊) and 2.5 V (o). Solution: 0.5 M Na 2 SO 4 + H 2 SO 4 (pH 2). Electrolyte flow rate: 20 L h − 1 . 
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ig. 4 . The current densities measured in these experiments can be found
n the supporting information. At 2.3 V vs Ag/AgCl similar conversions
re observed for formic and acetic acid, while the oxidation rate of ox-
lic acid is slightly higher. This is in apparent contrast with the cyclic
oltammetry experiments where acetic acid oxidation is much slower
nd confirms that the oxidation rate of formic acid and oxalic acid are
lowed down during oxidation. This is also in line with the observed
urrents, which are lower than in the forward scan in the cyclic voltam-
etry (see supporting info). At higher potentials the oxidation rates in-

rease more significantly for formic and oxalic acid than for acetic acid.
hese results are in line with previously reported experiments; for ex-
mple the galvanostatic experiments of Aquino de Queiroz et al., who
howed that the oxidation of formic and oxalic acid is faster in compar-
son to acetic acid oxidation [6] . 

No intermediates could be detected during the course of the reac-
ion for oxalic, formic and acetic acid. Based on the reaction mech-
nism in Fig. 1 it is assumed that both formic acid and oxalic acid
xidize directly to CO 2 without the formation of intermediates. Con-
rary to expectations, intermediates were also not found in the oxida-
ion of acetic acid. It is most likely that in the oxidation of acetic acid
ome intermediates are formed that were not found using HPLC. For
4 
nstance, according to the DEMS study of Kapalka et al. 43% of the
otal current (at 2.65 V vs Ag/AgCl) could be attributed to the oxida-
ion of acetic acid to CO 2 , whereas the remaining current was ascribed
o the formation of methanol, ethane and methyl acetate (as shown in
ig. 2 ). Although in our work we were capable of detecting methyl ac-
tate in the HPLC, we did not observe it. This makes the formation of
ethanol or ethane more likely (which could not be detected by the
PLC method used). This can be supported by the fact that in addi-

ional experiments at higher concentrations (0.2 M) of acetic acid, minor
mounts of formic acid have been detected (results can be found in the
upporting information), which is the product formed in the oxidation of
ethanol. 

The assumption that the carboxylic acids of interest are completely
onverted to CO 2 on BDD can be verified by examining the electron
alance of the experiments. Fig. 5 relates the electrical charge passed
ased on the measured current density and time with the conversion of
he reactant multiplied by Faraday’s constant. The slope of the graph is
qual to the number of electrons per molecule of reactant converted. 

It can be seen that in the oxidation of oxalic and formic acid at 2.3 V
2 electrons are used, which is equal to the number of electrons needed

or the conversion to CO . This implies that oxalic acid and formic acid
2 
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Fig. 5. Charge passed based on Faradays law ( q = m 

• F) versus the electrical charge passed ( q = i • t). The amount of mol oxidized (m) is based on the measured 
degradation of the carboxylic acid. Data based on oxidation of 5 mM formic, oxalic and acetic acid on a BDD electrode (10 cm2) in an Electrocell at different potentials 
(vs Ag/AgCl): 2.3 V (o), 2.4 V ( ∆) and 2.5 V ( ◊). Solution: 0.5 M Na 2 SO 4 + H 2 SO 4 (pH 2). Electrolyte flow rate: 20 L h − 1 . 
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re selectively oxidized to CO 2 and that water oxidation does not yet oc-
ur at a significant rate. It means that the current efficiencies are close
o 100%. Higher numbers of electrons are observed in the oxidation at
.4 V and 2.5 V, which can be explained by concurrent water oxidation.
t these potentials the current efficiencies decrease significantly to re-
pectively 61.6% and 22.3% for formic acid and 36.4% and 15.2% for
xalic acid. 

Although the oxidation of acetic acid to CO 2 is an 8-electron reaction
reaction 5), Fig. 5 suggests that only 2 electrons are involved per acetic
cid molecule in the oxidation reaction at 2.3 V. As suggested before this
s probably due to intermediates that are formed, but were not detected.
he reaction mechanism in Fig. 2 , suggests that these 2 electrons could

ead to the formation of methyl acetate, ethane or methanol. Given that
ethyl acetate was not detected, its most likely that ethane or methanol

re formed according to: 

 C H 3 COOH → C 2 H 6 + 2 C O 2 + 2 e − + 2 H 

+ 

 H 3 COOH + H 2 O → C H 3 OH + C O 2 + 2 H 

+ + 2 e − . 

he increasing numbers of electrons at 2.4 V (8.7) and 2.5 V (27.4)
ould be related to the formation of more intermediates, water oxida-
ion, or full oxidation of acetic acid to CO 2 . We can therefore not con-
lude whether full oxidation of acetic acid to CO 2 takes place or not and
ore detailed analysis is needed. 

An important aspect that needs to be considered in electrochemical
xperiments is the effect of mass transfer, which is generally evaluated
y calculating the limiting current density. This calculation requires a
umber of electrons that is involved in the oxidation of each carboxylic
cid. This is possible for formic and oxalic acid, which react in 2-electron
ransfers to CO 2 , as shown in the previous paragraph. However, for
cetic, glyoxylic and glycolic acid (which are discussed in the next sec-
ion), the formation of intermediates complicates the calculation of the
imiting current density. It has therefore been decided to compare the
imiting transfer rate of the carboxylic acids to the electrode ( Eq. (6) ) to
he conversion rate ( Eq. (9) ). 

Fig. 6 shows the comparison of the limiting mass transfer rate to
he conversion rate for the oxidation of formic, oxalic and acetic acid
t different potentials. At 2.3 V the theoretical mass transfer rates are
igher compared to the conversion rates for formic, oxalic and acetic
cid. This shows that the selective oxidation (close to 100% current ef-
ciency) that takes place at this potential is mainly limited by kinetics
nd not yet limited by mass transfer. At higher potentials the oxidation
5 
ates are closer to or even exceed the mass transfer limitation rates for
xalic (2.4 V and 2.5 V) and formic acid (2.5 V), but this comes at the
rice of decreased current efficiency (see Fig. 5 ). In our previous work
e have suggested that conversion rates that exceed the mass transfer

ate could be related to O 2 bubble formation or the diffusion of •OH rad-
cals, which are both linked to water oxidation. It can be speculated that
OH radicals formed could diffuse to the bulk of the solution [7] . In this
ituation the carboxylic acids react in the bulk of the solution as well as
n the electrode surface. On the other hand, the oxygen bubbles formed
t higher potentials might induce an increased mixing effect. Multiple
tudies have shown improved mass transfer at the working electrode as
 result of gas evolution at the counter electrode [39–41] . A similar ef-
ect could explain the improved mass transfer of the carboxylic acids in
his study. 

.2. Glyoxylic and glycolic acid 

Fig. 7 shows the cyclic voltammograms of glyoxylic and glycolic acid
t 200–1800 RPM. Both glyoxylic and glycolic acid show increased cur-
ent densities prior to water oxidation, which suggest DET mechanisms.
he observed current densities are higher compared to the oxidation of
cetic, formic and oxalic acid shown in Fig. 3 . The voltammograms show
 clear dependence on rotation rate suggesting mass transfer limitations.
imilar to formic acid, the current densities observed in the backward
can are lower compared to the forward scan, which is most significant
n the oxidation of glycolic acid. The comparison of glyoxylic and gly-
olic oxidation in the forward scan shows higher current densities for
lycolic acid. However, the backward scan shows comparable current
ensities for glyoxylic and glycolic acid (comparison can be found in
he supporting information). 

Fig. 8 shows the conversion of glyoxylic and glycolic acid and the
ormation of intermediates at varying potentials in a parallel plate flow
ell. The conversion of glyoxylic and glycolic acid is comparable at 2.3 V
t 2.4 V, which is in line with the current densities observed in the back-
ard scan of the cyclic voltammograms. The oxidation rate of glycolic
cid is higher at 2.5 V compared to glyoxylic acid. Oxalic acid was found
o be the main intermediate formed in all glycolic and glyoxylic acid ex-
eriments. Furthermore, minor amounts of formic acid are formed at
.5 V in the oxidation of glycolic acid, which is not observed in the ox-
dation of glyoxylic acid. Interestingly, glyoxylic acid formation is not
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Fig. 6. Comparison of the mass transfer limiting rates (MT, dotted column) to the initial conversion rates in the oxidation of formic, oxalic and acetic at various 
potentials vs Ag/AgCl (solid grey columns). Data based on oxidation on a BDD electrode (10 cm2) in an Electrocell. Solution: 0.5 M Na 2 SO 4 + H 2 SO 4 (pH 2). 
Electrolyte flow rate: 20 L h − 1 . Diffusion coefficients for acetic: 1.25 • 10 − 9 cm 

2 s − 1 [42] , formic: 1.52 • 10 − 9 cm 

2 s − 1 [42] and oxalic acid: 1.33 • 10 − 9 cm 

2 s − 1 

(estimated using a modified Wilke-Change equation [ 42 , 43 ], as shown in supporting information). Mass transfer based on starting concentration of the carboxylic 
acids (5 mM), Reynolds number: 259 and Sherwood numbers: 108, 113 and 115 for formic, oxalic and acetic acid respectively. The conversion rate is based on the 
initial datapoints ( t = 0 to t = 15). 

Fig. 7. Cyclic voltammetry in the presence of 5 mM glyoxylic (left) 
and glycolic acid (right) on rotating BDD electrodes (0.2 cm 

2 ) at 200 
and 1800RPM. Scan rate: 0.05 V s − 1 . Solution: 0.5 M Na 2 SO 4 + H 2 SO 4 

(pH 2). 
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bserved in the glycolic experiments, in contrast to what would be ex-
ected based on the reaction mechanism presented in Fig. 1 . 

The comparison of the formation of oxalic acid in the glyoxylic acid
xidation at different potentials shows that the selectivity towards oxalic
cid in the oxidation of glyoxylic acid is slightly higher at 2.3 V (51%),
ompared to 2.4 V (31%) and 2.5 V (37%). Comparing Figs. 8 –4 show
hat the oxidation rates of oxalic acid and glyoxylic acid are similar
or 2.4 V and 2.5 V, whereas the oxidation of oxalic acid is slower at
.3 V. This could explain the higher accumulation of oxalic acid at this
otential. Yet, we do not see the same effect in the oxidation of glycolic
cid, where the amount of oxalic acid after 40 min is respectively 37%,
1% and 28% at 2.3 V, 2.4 V and 2.5 V. It is further interesting to
ote the formation of formic acid at 2.5 V in the oxidation of glycolic
cid, which is not observed at lower potentials. It might be the case that
igher overpotentials are required for the C 

–C cleavage in glycolic acid
hat results in formic acid, which has for example been shown in the
xidation of ethylene glycol on Pt and Au [9] . 
6 
The fact that glyoxylic acid was not detected in the oxidation of gly-
olic acid cannot be explained by comparison of the individual oxida-
ion rates. The individual reaction rate at 2.5 V is lower for glyoxylic
cid in comparison to glycolic acid and therefore one would expect the
ccumulation of glyoxylic acid in the reaction. This suggests that if gly-
olic acid reacts via glyoxylic acid towards oxalic acid (the most logical
athway), the glyoxylic formed at the electrode directly reacts further
owards oxalic acid and does not enter the solution. Similar results have
een reported for the oxidation of glycolic acid on platinum electrodes
ith the difference that glycolic acid cannot be completely converted to
O 2 . The main intermediate of glycolic acid oxidation on Pt was found
o be oxalic acid and less than 2% of the intermediates was glyoxylic
cid [9] , which is in line with our results on BDD. 

Comparing the yield of oxalic acid to the conversion of the starting
ompound (glycolic or glyoxylic acid) shows that more moles of start-
ng compounds are oxidized than moles of oxalic acid are formed. This
ould be explained by the formation of CO 2 (which was not measured)
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Fig. 8. Conversion of 5 mM glyoxylic acid ( ■) and glycolic acid ( ♦) and formation of intermediates (oxalic acid: ∆ and formic acid: -) at various potentials (vs 
Ag/AgCl): 2.3 V (left), 2.4 V (center) and 2.5 V (right) on a BDD electrode (10 cm2) in an Electrocell. Solution: 0.5 M Na 2 SO 4 + H 2 SO 4 (pH 2). Electrolyte flow rate: 
20 L h − 1 . 
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r the presence of undetected intermediates. The former explanation
s most likely and consistent with previous findings in the literature.
ost studies report a minor formation of intermediates and suggest that

arboxylic acids completely convert to CO 2. For example, in the oxi-
ation of succinic acid (C 4 H 6 O 4 ) on BDD, minor mole fractions of ox-
lic (10%), formic acid and glyoxylic acid ( < 4%) were detected [22] .
imilarly, small amounts of formic acid and oxalic were formed in the
xidation of maleic acid (C 4 H 4 O 4 ) on BDD [44] . 

The assumption that glyoxylic and glycolic acid convert to CO 2 was
erified by the electron balances. The electrical charge passed based on
he measured current density and time was compared to the charge cal-
ulated based on the conversion. The latter is calculated using Faradays
aw based on the yield of oxalic acid ( n = 2 or 4 for glyoxylic and glycolic
espectively) and the assumption that the remaining part is converted
o CO 2 ( n = 4 or 6 for glyoxylic and glycolic respectively). Fig. 9 com-
ares the charge measured (i •t) to the charge based on the conversions
f glyoxylic and glycolic acid and the yield of oxalic and formic acid
m 

•n •F). 
The comparison shows that at 2.3 V the measured charge is compa-

able to the charge calculated based on the conversion for glyoxylic and
lycolic acid. This calculation confirms the assumption that the remain-
ng fraction at this potential can be attributed to CO 2 formation. The
ater oxidation is most likely still negligible at this potential, which
as also seen for formic and oxalic acid oxidation. This means that

hese compounds can be oxidized with close to 100% current efficiency
t 2.3 V. Increasing the potential shows that there is a significant gap
etween the measured charge and the charge calculated based on the
7 
onversion, which can be attributed to water oxidation at 2.4 and 2.5 V.
he current efficiencies at 2.4 V (20% and 19%, for glyoxylic and gly-
olic respectively) and 2.5 V (12% for both glyoxylic and glycolic acid)
ecrease as a result of significant water oxidation. 

Fig. 10 compares the conversion rates ( Eq. (9) ) to the limiting mass
ransfer rates ( Eq. (6) ) for glyoxylic and glycolic acid oxidation. At 2.3 V
he conversion rate is close to or above the limiting rates for both com-
ounds. It is interesting to note that Fig. 9 suggests that glyoxylic and
lycolic acid can be selectively oxidized, while the conversion rates are
lose to the mass transfer limiting values as shown in Fig. 10 . At higher
otentials the experimental values exceed the limiting current densi-
ies, similarly to formic, oxalic and acetic acid oxidation. These results
uggest that there is an enhanced mass transfer effect, which has been
iscussed in the previous section. 

In the context of industrialization of this process it is important to
elect the optimum potential for the oxidation of the carboxylic acids.
or a cost-effective process, one would like to operate at a potential
here the reaction has a high current efficiency, full conversion to CO 2 

nd is close to mass transfer limitation in order to be able to operate
he reactor at high current densities. This work has shown that formic
cid can be selectively oxidized at 2.3 V, although it is not completely
ass transfer limited at this potential. The selective oxidation of oxalic

cid takes place close to the mass transfer limiting value at 2.3 V. The
xidation of glycolic and glyoxylic acid can be oxidized with high cur-
ent efficiencies at 2.3 V. Although these compounds are not completely
onverted to CO 2 conversion, the oxalic acid that is formed should not
e problematic as its easily oxidized on BDD. Finally, the acetic acid
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Fig. 9. Comparison of the charge based on the observed current densities ( ●, q = i • t) to the charge calculated based on Faradays law (stacked columns, q = m 

•

n • F). The latter is a combination of the conversion to oxalic acid (dotted column, n = 2 or n = 4, for glyoxylic and glycolic respectively) and the assumption that 
the remaining fraction is converted to CO 2 (solid column, n = 4 or n = 6, for glyoxylic and glycolic respectively). Data based on oxidation of 5 mM glyoxylic and 
glycolic acid on a BDD electrode (10 cm 

2 ) in an Electrocell. Solution: 0.5 M Na 2 SO 4 + H 2 SO 4 (pH 2). Electrolyte flow rate: 20 L h − 1 . 

Fig. 10. Comparison of the mass transfer limiting rates (MT, dot- 
ted column) to the initial conversion rates in the oxidation of 
5 mM glyoxylic and glycolic at various potentials vs Ag/AgCl 
(solid columns). Data based on oxidation on a BDD electrode (10 
cm2) in an Electrocell. Solution: 0.5 M Na 2 SO 4 + H 2 SO 4 (pH 2). 
Electrolyte flow rate: 20 L h − 1 . Diffusion coefficients for glyoxylic 
acid: 1.23 • 10 − 9 cm 

2 s − 1 and glycolic acid 1.27 • 10 − 9 cm 

2 s − 1 (es- 
timated using a modified Wilke-Change equation [ 42 , 43 ], shown 
in supporting information). Mass transfer based on starting con- 
centration of the carboxylic acids (5 mM), Reynolds number: 259 
and Sherwood numbers: 116 (glyoxylic) and 115 (glycolic). The 
conversion rate is based on the initial datapoints ( t = 0 to t = 15). 
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annot be selectively oxidized to CO 2 on BDD. This might be related to
he fact that acetic acid solely reacts with •OH radicals, while the other
arboxylic acids can also react via the DET mechanism. 

. Conclusion 

We have presented the oxidation of formic, oxalic, glyoxylic, glycolic
nd acetic acid on boron doped diamond electrodes to gain better un-
8 
erstanding on the selectivity, intermediate formation and mass transfer
ffects. The cyclic voltammograms showed that formic, oxalic, glyoxylic
nd glycolic acid react via a direct electron mechanism that occurs prior
o water oxidation. Acetic acid is not oxidized prior to water oxidation,
ut seems to need •OH radicals to be oxidized. The backward scans of
he cyclic voltammograms show a decreasing reactivity, which might
e linked to a modification of surface groups on the electrode. This ef-
ect significantly decreased the oxidation rates of the carboxylic acids,
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specially formic and glycolic acid. Chrono-amperometry experiments
n a parallel plate set-up showed that formic acid and oxalic acid react
n 2-electron transfer reactions towards CO 2 without the formation of
ntermediates. The intermediate formed in the oxidation of acetic acid
s most likely methanol and/or ethane. The oxidation of glycolic acid
nd glyoxylic acid proceeds via the formation of oxalic acid. The car-
oxylic acids can be oxidized at a high current efficiency in the parallel
late flow reactor below or close to mass transfer limited rates at 2.3 V
vs Ag/AgCl). At higher potentials the current efficiencies significantly
ecrease due to simultaneous water oxidation. At these potentials con-
ersion rates exceed the mass transfer limiting values, which is most
ikely related to water oxidation effects; i.e. •OH radicals that diffuse to
he bulk of the solution and/or oxygen bubbles improving mixing near
he electrode. 
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