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The direct anodic conversion of alkali carbonates in aqueous media provides access to peroxodi-
carbonate, which is a safe to use and green oxidizer. Although first reports date back around 150 years,
its low concentrations and limited thermal stability have consigned this reagent to oblivion. Boron-
doped diamond anodes, novel electrolyser concepts for heat dissipation, and the mixed cation trick
allow record breaking peroxodicarbonate concentrations >900 mM. The electrochemical generation of
peroxodicarbonate was already demonstrated on a pilot scale. The inherent safety is ensured by the
limited stability of the peroxodicarbonate solution, which decomposes under ambient conditions to
oxygen and facilitates subsequent downstream processing. This peroxide has, in particular at higher
concentrations, an unusual reactivity and seems to be an ideal reagent when peroxo-equivalents in
combination with alkaline base are required. The conversions with peroxodicarbonate include the Dakin
Received 22nd May 2024, reaction, epoxidation, oxidation of amines (aliphatic and aromatic) and sulfur compounds, deborolative
Accepted 14th June 2024 hydroxylation reactions, and many more. Since the base equivalents also represent the makeup chemical
DOI: 10.1039/d4cc02501f for pulping plants, peroxodicarbonate is an ideal reagent for the selective degradation of lignin to
vanillin. Moreover, peroxodicarbonate can be used as a halogen-free bleaching agent. The emerging
rsc.li/chemcomm electrogeneration and use of this green platform oxidizer are surveyed for the first time.
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of the energy consuming, techno-economically insignificant
and sluggish oxygen evolution reaction is desirable and would
grant access to value-added products and intermediates.®’
Electrochemistry provides a favourable and sustainable alter-
native to conventional synthetic approaches, as electrons are
directly used, instead of stoichiometric reagents.®° This opens
the field of ex-cell oxidizers wherein usually peroxides are
applied. An on-demand electrochemical generation thereof
decreases the typical dangers associated with the storage and
handling of oxidizers on industrial scales.'®"” Typical electro-
chemically generated high performance oxidizers are perio-
date,"** peroxodisulfate,”®>* di(methanesulfonyl)-peroxide,**”
and peroxodicarbonate 1. The latter is a good and safe surrogate
for hydrogen peroxide combined with a base. This oxidizer has

Fiona Sprang received her Master
of Science degree in chemistry
from Johannes Gutenberg Univer-
sity (Germany). During her studies,
she conducted a research intern-
ship at the University of Toronto
(Canada) and worked at the Max
Planck Institute for Chemistry
(Germany).  Subsequently,  she
started to pursue PhD studies
under the supervision of Professor
S. R Waldvogel at the Johannes
Gutenberg University (Germany).
Her research interests include the
development of sustainable access to biologically relevant quinone
scaffolds and related motifs.

Fiona Sprang

Bernd Wittgens, born in Cologne,
Germany, obtained his PhD in
Chemical Engineering at NTNU
in 1999, Norway, under the super-
vision of Prof. S. Skogestad. From
1998 to 2005, he worked for
ENERGOS ASA on the design,
building and commissioning of
waste incineration plants. In
2005, he joined the SINTEF
Industry and worked initially
with microreactors for process
intensification and recently in
the area of green chemistry and
biorefineries, primarily on process design, piloting, technical and
economic evaluations.

Bernd Wittgens

This journal is © The Royal Society of Chemistry 2024

View Article Online

ChemComm

attracted attention in the past decade and is surveyed in this
review.

History

Peroxodicarbonate formally consists of two carbonate moieties
that are linked by a peroxide bond. This is constitutionally
different from commercially available percarbonate, which only
presents an adduct of hydrogen peroxide to carbonate. In
general, peroxodicarbonate can only be accessed via direct
electrochemical oxidation of aqueous carbonates (Scheme 1).
The limited solubility of carbonates in aqueous media and
the labile nature of peroxodicarbonate made it for a long time a
curiosity research in chemistry.”® In 1869, the first report on the
synthesis of peroxodicarbonate was given by Hansen and
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Scheme 1 Electrochemical oxidation of two carbonates to peroxodi-
carbonate.

Constam.”® An aqueous potassium carbonate solution was
electrolysed at —40 °C in a divided batch-type cell equipped
with two platinum electrodes. A couple of decades later, a method
to differentiate hydrogen peroxide adducts from factual perox-
odicarbonate by its redox behaviour was proposed.*®*' The
thermal sensitivity of peroxodicarbonate inhibits the complete
removal of water and more specific analysis of the peroxide
moiety.>>* In 2002, Jansen et al. synthesised potassium perox-
odicarbonate by electrolysis of a saturated potassium carbonate
solution at —20 °C on platinum electrodes under galvanostatic
conditions in a divided batch-type cell. The authors managed
to isolate a microcrystalline, light blue powder and subjected it
to high resolution powder X-ray diffraction at —123 °C.** This
analysis confirmed the previously attributed structure.*’ The
anion features a central C-O-O-C moiety with a dihedral angle
of 93°.

In between the initial reports and structural elucidation,
peroxodicarbonate faded into oblivion. In parallel, boron-
doped diamond (BDD) emerged as a novel electrode material
for the generation of oxidizers.>>” BDD features an outstand-
ing mechanical stability and a wide electrochemical window
due to its high overpotentials for oxygen and hydrogen
evolution.*®3° Moreover, BDD can be made from renewable
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carbon sources and is in contrast to platinum that id consid-
ered as a sustainable electrode material.®” In 2003, peroxo-
dicarbonate was brought back into focus by Nishiki and
co-workers (Fig. 1).>* The electrolysis of 1 M Na,CO; was
conducted at 0 °C in a divided batch-type cell applying a BDD
anode. Using this anode material over platinum improved the
Faraday efficiency from 16% to 82%, respectively. Noteworthily,
the peroxodicarbonate concentration increases at higher cur-
rent density, at the expense of the Faraday efficiency. Moreover,
the synthesis of peroxodicarbonate above 0 °C is feasible but is
accompanied by a decrease in Faraday efficiency. A maximum
peroxodicarbonate concentration of 0.045 M was achieved at
0.5 A cm 2. This seminal work attracted several groups per-
forming batch-type electrolysis to peroxodicarbonate with Fara-
day efficiencies of up to 98%. However, the peroxodicarbonate
concentrations remained rather low (<0.1 M).**™*3
Remarkable progress was accomplished in 2018 by Comni-
nellis and co-workers,*® who comprehensively investigated in
flow electrolysers the influence of the carbonate concentration,
temperature, current density, pH, and flow rate. An undivided
cyclic flow electrolysis cell was operated, equipped with a
stainless-steel cathode and a BDD anode. Since a sodium
carbonate concentration of 1.5 M turned out to be bene-
ficial,”® they had to operate at the edge of maximum solubility
at 18 °C. Moreover, high current densities of 0.72 A cm ™2, a pH of
11.4 and high flow rates were beneficial. Under these conditions,
the peroxodicarbonate concentration of 0.28 M became accessi-
ble for the first time at a satisfying Faraday efficiency of 76%.
With the same Faraday efficiency, Ziogas et al. were able to
increase the concentration to 0.38 M, operating two in-house
developed electrolyser cells in parallel mode.** Furthermore,
the stability of the obtained peroxodicarbonate solution was
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Fig.1 Summary of development of different peroxodicarbonate concentrations over time. The names mentioned in this figure refer to the

corresponding authors of referenced publications.
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investigated. While the tremendous potential of peroxodicarbo-
nate as a sustainable oxidant was recognized early on, reports on
applications up until 2022 have been sparse, since the challen-
ging synthesis and the low overall concentrations of peroxodi-
carbonate posed large obstacles.®® This changed with the
publication of the landmark paper by Waldvogel and Goofien.*®
One important aspect which was solved is the enhancement of
the carbonate concentration in aqueous media. When using a
mixture of sodium and potassium carbonate, a peroxodicarbo-
nate concentration of up to 0.337 M was obtained in a similar
setup to that of Comninellis and co-workers.*® By adding bicar-
bonate to the solution the concentration of peroxodicarbonate
could be further enhanced to 0.406 M. The authors assumed that
bicarbonate balances the hydroxide ions released over the course
of the electrolysis. Consequently, a composition of 1.125 M
K,CO3, 0.9 M Na,CO; and 0.225 M KHCO; provided optimal
results. To achieve even higher concentrations, not only was the
composition of the electrolyte crucial, but also the heat dissipa-
tion during and after the electrolysis event. It was found that
efficient cooling by addition of an in-line heat exchanger resulted
in a concentration of 0.588 M." Based on this finding, a new
electrolysis cell design with an elaborate heat-transfer system was
developed, enabling the production of peroxodicarbonate with a
concentration of up to 0.919 M. Replacing water in the electrolyte
with D,O finally afforded concentrations over 1 M. This can be
attributed to a solvent isotope effect, which has previously been
reported in the electrolysis of chloride salts and results from
weaker hydrogen bonds between anions and D,O compared to
H,0.%® Recently, Hamm et al. investigated the parallel paired
electrolysis of the green oxidizing agents, peracetic acid and
peroxodicarbonate. The latter was produced on BDD electrodes
at a concentration of 0.043 M, while peracetic acid was generated
from oxygen reduction through a gas diffusion electrode at a
concentration of 0.023 M, with a good Faraday efficiency of up to
56%."” A graphical summary of the history of peroxodicarbonate
including the respective concentrations achieved by the different
research groups is displayed in Fig. 1. It must be noted that work
published as patents has not been included herein.

Characteristics of peroxodicarbonate

Albeit a powerful oxidizer, peroxodicarbonate is not thermally
stable. However, this instability has a significant safety aspect
as it decomposes rapidly at room temperature (r.t.) and thus
becomes non-hazardous. The remaining residual alkaline
solution can be used as e.g., a makeup chemical in the paper
industry.*® The total content of oxidizing agents can be deter-
mined by adding H,SO, and converting all peroxodicarbonate
species into hydrogen peroxide. After that an iodometric or
cerimetric titration can be conducted. This is an established
method but does not allow differentiation between the original
types of oxidizing agent.** Unambiguous proof for the for-
mation of peroxodicarbonate can be found in the *C NMR
spectrum since its signal has been identified at § = 162 ppm.**
When peroxodicarbonate is produced at cooling temperatures
below 0 °C, carbonates will precipitate and form a sluggish
mass with high viscosity.*® Since no critical elements are

This journal is © The Royal Society of Chemistry 2024
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Table 1 Half-life of 1 at ambient temperature reported

Ziogas et al.** Chardon et al.*® Ruiz et al.”®

0.282 M
69 min

0.045 M
835 min

Initial concentration of 1 0.38 m
Half-life (r.t.) <60 min

involved in the generation of peroxodicarbonate, it is particu-
larly suitable for scale-up and use on a larger scale.*” The high
ionic strength might be a disadvantage that cannot be con-
cealed. However, its salty nature also provides options to
facilitate downstream processing. The salty character of per-
oxodicarbonate solutions makes it difficult, for example, to
convert lipophilic substrates, which is a challenge for synthetic
chemists. Regarding the limited thermal stability of peroxodi-
carbonate, there is differing information in the literature
(Table 1). For concentrations of 0.390 M and 0.282 M half-
lives of 60 min and 69 min were subsequently reported,
respectively.**** For a significantly lower initial concentration
of peroxodicarbonate of 0.045 M, 835 min were specified. It is
noteworthy that with decreasing concentrations the half-life
extends in a clear trend. Using a low-concentration solution,
Ruiz et al. carried out further investigations into the stability of
peroxodicarbonate using sodium metasilicate as the stabiliser.
The half-life increased significantly from 835 min to 6.5 days.*®
Interestingly, it was found that no degradation was observed
when peroxodicarbonate was shock frozen and stored below
-18 °c.*

Design of electrolysis cells

The design of electrochemical systems offers a multitude of
adjustments.'" In the history of peroxodicarbonate generation,
both divided cells*****® and undivided setups®>' have been
used. Increasing attention is also being paid to the use of flow
cells as a continuous process for later industrial applica-
tions.>***%348 Here, it is favourable to target a stacked elec-
trode setup in which the potential and current density are
evenly distributed between the electrode plates without each
of them having to be contacted individually.”> Besides these
individually developed flow electrolysers, there are also com-
mercially available setups like ElectraSyn Flow sold by IKA-
Werke GmbH & Co. KG or Synthesis StarterKit sold by
CONDIAS GmbH.

Heat dissipation as key. In addition to the conventional
standard setups on a lab-scale, several customized flow cells
specifically adapted to generate peroxodicarbonate have been
described in the literature. In all designs, particular emphasis
was placed on the development of the cooling system, primarily
on the cathodic side. Noteworthily, significant amounts of
electric energy are converted into heat which is disadvanta-
geous to the labile nature of 1.

Based on the highly modular flow cell concept of Giitz et al.,
Waldvogel and co-workers added an external cooling circuit to
the half-cell on the cathode side, which is made entirely of
stainless steel (Fig. 2).**** The BDD anode is embedded
in a Teflon™ half-cell, which allows a quick exchange of the

Chem. Commun., 2024, 60, 7136-7147 | 7139
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Fig. 2 Flow electrolyser developed by Zirbes et al.*® Copyright (2023)
Wiley. Used with permission from Zirbes et al. Peroxodicarbonate as a
green oxidizer for the selective degradation of kraft lignin into vanillin,
Angew. Chem. Int. Ed., Wiley.

electrode material if needed. The active anode area in this setup
is 12 cm’. Larger cells in this design exhibit even back-side
cooling of the anode.>**® However, the limited thermal con-
ductivity of Teflon™ limits its applications and requires more
dissipative systems.

A different concept was designed by Ziogas et al** The
authors developed an electrochemical micro-reactor with inte-
grated heat exchangers (Fig. 3). The reactor consists of two
milled cathode plates made of stainless steel, arranged in a
sandwich configuration with a double-sided BDD anode in the
middle. The geometric anode surface area per cell is 24.8 cm®
per electrode side, resulting in a total anodic area of 49.6 cm®.
The heat dissipation in this system was realized by means of a
thermostat at 7 °C, which was used for cooling both cathodes,
serving as heat exchangers, and for pre-cooling the electrolyte
solution.**

An electrolyser design in which the cooling of both the
cathode and anode has been implemented was described by
Seitz et al. (Fig. 4). The new cell layout, based on a copper casing
as a heat sink, significantly improved the efficiency of perox-
odicarbonate formation and enabled the production of high
concentrations. On the anodic side, a BDD anode on the Si
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Fig. 3 CAD image of the ECMR assembly.** Copyright (2023) Elsevier.
Used with permission from Ziogas et al. Peroxodicarbonate: Electrosynth-
esis and first directions to green industrial applications, Curr. Res. Green
Sustainable Chem., Elsevier.
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Fig. 4 Custom-developed electrolyser based on copper-based cooling
cell.*® Copyright (2023) Wiley. Used with permission from Seitz et al.
Concentrated aqueous peroxodicarbonate: efficient electrosynthesis and
use as an oxidizer in epoxidations, S- and N-oxidations, Angew. Chem. Int.
Ed., Wiley.

support was inserted into the copper casing, while on the
cathodic side, a stainless-steel plate was glued onto the copper
casing. The anode surface in this setup is 3 cm”. Additional
internal cooling channels were milled in the copper heat sink
including a so-called microchannel structure to enhance the
cooling efficiency further.*®

Applications

Oxygenation of carbon moieties. Epoxides are versatile syn-
thetic intermediates.’’ ®® These products exhibit enormous
importance as intermediates for synthesis and as monomers
for polymerisation reactions.®’ ®* Even before the publication
of Waldvogel and Goof3en, which achieved highly concentrated
1,% Bethell and co-workers published a procedure to asymme-
trically epoxidize double bonds with 1.°* A two-step, one-pot
protocol was applied, with electrolysis of a 1 M Na,CO; aqueous
solution in an undivided batch cell equipped with a BDD anode
and platinum cathode at 100 mA cm 2 for 1 h at 0 °C to obtain
1. The concentration of the resulting 1 was not determined in
this process. In the second step a cooled solution of an
iminium salt catalyst and the alkene substrate in acetonitrile
was added to the electrolyte solution and the mixture was
stirred for 1 h at 0 °C. The authors proposed the formation of
an oxaziridinium intermediate which results from interaction
of peroxide with the iminium catalyst. The oxaziridinium
species acts as an active oxygen transfer agent and epoxidizes
the double bonds. Since the iminium catalyst possesses a chiral
centre, a moderate enantiomeric excess of up to 35% is
obtained. In this manner, 5 examples with yields between
21 and 100% were demonstrated (Scheme 2).

Waldvogel and Goofden also explored a Weitz-Scheffer-type
epoxidation of unsaturated electron-deficient carbon double
bonds in enone systems (Scheme 3).*> Here, an ex-cell approach
was applied. This is of tremendous importance, since the

This journal is © The Royal Society of Chemistry 2024
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Bethell (2008):
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1 M NayCOj3, H,0,0°C, 1 h
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2a-c MeCN, 0 °C 3a-c
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79%
<1% ee
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Scheme 2 Epoxidation of alkenes with peroxodicarbonate. The amount
of applied charge is given in relation to carbonate.

synthesis of 1 is conducted at very high current densities which
would fragment organic molecules in an unselective manner.
First, highly concentrated 1 was synthesized according to an
established protocol. After determination of the concentration,
a defined amount of 1 solution was added to the enone in
ethanol and the mixture was stirred at room temperature until
completion of the reaction (1-3 h). The protocol was success-
fully applied to 12 substrates in yields between 50% and 96%.
The protocol is compatible with sensitive quinones, as well as
sterically demanding cyclic ketones. In contrast to the previous
protocol, highly concentrated peroxodicarbonate eliminates the
need for a catalyst (Scheme 3).

Waldvogel & GooRen (2022):

o o
R? >0.9 M C,04% (2-25.5 eq) R?
| EtOH, rt., 1-3 h o
R? R?
6a-c Ta-c
12 examples
Selected examples: 50-96%
0 o
R o
R
0
7a 7b 7c
R =H: 94% 70% R =H: 84%
R = Me: 96% R = Me: 94%

Scheme 3 Epoxidation of unsaturated a,f-enones with 1.
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Recently, Waldvogel and co-workers expanded the scope of
carbon oxygenations by introducing hydroxylation protocols.
Through treatment of aromatic boronic acids with highly
concentrated 1 in ethanol phenols are obtained.®® It is note-
worthy that in the majority of 22 examples, 1.1 eq. of 1 was
sufficient to ensure full conversion and a high yield of up to
97%. Moreover, a plethora of functional groups, including
various halo substituents, trifluoromethyl, esters, thioethers,
nitriles, silyl groups and heterocycles, was tolerated, under-
lining the high synthetic utility of this protocol. Scalability was
demonstrated on a multi-gram scale without a variation in
yield. Simple downstream processing was ensured through
purification by short-path distillation. In addition to boronic
acids, the protocol is also applicable to alkenes. Here, a hydro-
boration-oxygenation sequence was performed in a one-pot
fashion. Even challenging substrates, e.g. norbornene and
terpenes, were compatible with the approach and overall satis-
fying yields between 39 and 76% were found for these 8
examples (Scheme 4).

Another hydroxylation approach was introduced in 2024 by
Waldvogel and co-workers,*® where hydroxybenzaldehydes
served as starting materials. This is in particular attractive,
since such substrates can be sourced from biogenic feed-
stock.®”®® In a Dakin-type reaction sequence, these hydroxy-
benzaldehydes react with 1 to form hydroquinones and cate-
chols. For this application 1 solution fulfils a dual role as it acts
as an oxidant and the required base. Again, the reaction was
performed using an ex-cell approach. Interestingly, the actual
Dakin reaction step was performed in the peroxodicarbonate
solution circumventing the use of an additional organic sol-
vent. A broad scope of 20 substrates was successfully tested and
a diverse set of hydroquinone and catechol was obtained
in yields between 53 and 97% in swift reaction times of
20 minutes (Scheme 5). Noteworthily, the reaction with 1 is
very quick and the intermediate aryl formate is hydrolysed after
the peroxide is converted preventing over-oxidation to quinones.

Oxygenation of heteroatoms. The oxidation of various
heteroatoms is of commercial interest. For example, the
N-oxidation of amine N-oxide moieties is of interest for indus-
trial uses.®®’® Numerous applications use it in personal care,
cleaning products as well as in kitchen and laundry detergents.
N-Oxides also represent an important structure in organic
chemistry like precursors to several rearrangements as well as
metabolites in organisms.”' ">

Gooflen and co-workers established the N-oxidation of ter-
tiary amines using a 0.25 M 1 solution. It was found that
addition of 0.25 eq. of ethylenediaminetetraacetic acid (EDTA)
and 2,2,2-trifluoroacetophenone (TFAP) was crucial to obtain
high yields of 97%. The roles of EDTA and TFAP are attributed
to the promoted oxygen transfer of EDTA and the formation of
an activated oxygen-transfer intermediate from TFAP. Subse-
quently, the scope of 16 substrates with up to 98% yield was
established (Scheme 6). It should be noted that these protocols
are limited to aliphatic and benzylic tertiary amines which
are sufficiently water-soluble. This can be explained by the high
salt concentration of 1 solution.* By replacing the low
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Waldvogel (2023):
Hydroxylation of Arenes
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B” OH
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= =
8a-c 9a-c
22 examples
Selected examples: 51-97%

OH OH N
\/©/ /©/ @ ) : o
R N
9%a 9b P

h 9¢c
1 mmol: 94% R = SMe: 95% 84%
133 mmol: 99% R =CN: 97%
Hydroboration/Oxidation of Alkenes
R’ 1.1 M BH;- THF (0.8 eq) R’ _OH
l THF, 0°C—rit, 4 h I
R2” OR3 2.0.75-0.85 M C,04% (2.5 eq) R2” OR3
0°Ctort,2-16h
10a-c 11a-c
8 examples
Selected examples: 39-85%
OH
OH
SN O
HO
11a 11b 11c
76% 84% 54%

Scheme 4 Hydroxylation of organoboron compounds with 1.

Waldvogel (2024):
Dakin Reaction of Arenes
O

- OH
e 0.75-0.85 M C,04% (1.75 eq) SN
—R o, B —R
| _ 0 °C, 20 min | P
OH OH
12a-c 13a-c
20 examples
Selected examples: 53-97%
OH OH OH
HO
(0] R
| OH OH
13a 13b 13c
1 mmol: 91% 74% R =Br:97%
20 mmol: 88% R = t-Bu: 94%

Scheme 5 Dakin reaction with 1.

concentration peroxodicarbonate solution by a highly con-
centrated solution, above 0.9 M, N-oxidation was achieved in
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Goofen (2022):
0.25 M C,04% (3.4 €q)
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N J
[ j | o <N
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Waldvogel & GooRen (2022):
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~

7~
N
) e (O
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Waldvogel (2024):
0]
O
N 2.0-4.4
Ph)j;O ¢ eq)
/R3 ¢} (o} R3
L.
RT-N 0.7-0.8 M C,042 (3.0-12 eq) NY
\RZ R? R2
HoCly/H,0 (3:2), 0 ° 1,16 h
19a-c CH,Clx/H,0 (3:2),0°Ctort, soac
28 examples
— 0,
Selected examples: 16-98%
o
0} l\\l+
~ OEt
- N
N+
| N Y,
o
tBu 0]
O
20a 20b 20c
90% 58% 71%

Scheme 6 N-Oxidation with peroxodicarbonate. * Ethanol is used as a
co-solvent.

excellent yields without any additives.*> Moreover, non-water-
soluble compounds were successfully converted to the corres-
ponding N-oxide using ethanol as a co-solvent (Scheme 6).

To include aromatic, non-water-soluble amines, Waldvogel
and co-workers explored a new protocol, by choosing a biphasic

This journal is © The Royal Society of Chemistry 2024
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mixture of water and dichloromethane and introducing a new
set of activators derived from commercially available bleach
activators.®* After screening several activators phenyloxy succi-
nimide (POSI) 18 gave the best results (Scheme 6). The authors
stated that by introducing 1 to 18, a peracid is formed, which
oxidises the amines. It is further explained that there are two
important influences on the activator. First, the basicity of the
released leaving group and second, the oxidising strength of
the peracid. Of particular importance here is the ex-cell
approach for generating highly concentrated 1. The protocol,
using POSI as an activator and high peroxodicarbonate con-
centrations, was then successfully applied to 28 examples
containing quinolines, pyridines and naturally occurring com-
pounds for late-stage functionalisation.

Waldvogel and Gooflen also investigated the oxidation of
sulphur moieties.”> By adjusting the pH of the percarbonate
solution, the outcome of sulfide oxidation could be controlled
to sulfoxides or sulfones, with a pH of 11 or 12.5, respectively
(Scheme 7). In this manner, 6 examples with yields between
80-98% were demonstrated. Furthermore, Waldvogel and co-
workers explored the synthesis of sulfoximines from sulfil-
imines.®® Applying electrical current to sulfilimines did not
afford any sulfoximines. However, by using highly concentrated
peroxodicarbonate with over 0.8 M in combination with a small
amount of acetonitrile, sulfoximines were obtained in high
yields with a selection of 5 examples (Scheme 7). Interestingly, a
low concentration of peroxodicarbonate requires more equivalents.

Oxygenation of biogenic substances. Lignin is, next to
cellulose and hemicellulose, one of the three main components
of wood. It is an abundant natural source of aromatics and
occurs as a by-product in the pulping industry, which encom-
passes approximately 5 x 10° metric tons.®® Lignin consists of
mainly phenolic monomers like p-coumaryl, coniferyl and
sinapyl alcohols.®” A “green” and sustainable approach to
produce structures like vanillin from lignin is of special interest
for industrial applications.®® Several ways of extracting vanillin
or other value-added compounds from lignin have already been
described.®~%°

Waldvogel and co-workers published a protocol using 1 to
treat different types of lignin and achieved depending on lignin
between 5 and 6.2 wt% vanillin and up to 2.3 wt% acetovanil-
lone as a by-product.*®®” Therefore, they added a 0.18 M 1
solution to a solution of lignin dissolved in caustic soda and
treated it in a pressured vessel at temperatures of over 100 °C.
It is noteworthy that the solution of 1 is first combined with the
alkaline lignin solution at temperatures below 100 °C, followed
by post-treatment at a strongly elevated temperature. Note-
worthily, the remaining carbonate in the residual stream repre-
sents the makeup chemical for the pulping plant, enabling
technical implementation.”®®°

Oxidation of Kraft lignin towards vanillin has also been
demonstrated on a pilot-scale at technology readiness level 6
(Fig. 5). The ex-cell continuous production of 1 was combined
with a thermal depolymerisation plug flow reactor for kraft
lignin conversion. This plant was operated for more than 1200
hours. A final optimisation of the process resulted in a vanillin

This journal is © The Royal Society of Chemistry 2024
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Scheme 7 S-oxidation with 1. * 25a (X = H) is formed from 24a with
X = C(O)CF3, which is removed after oxidation by methanolysis.

yield of 8 wt%. Specific focus was put on a model comprising
steady-state operation and transient behaviour of the peroxo-
dicarbonate reactor.'® An accompanying study on techno-
economic profitability identified the high dilution rate and
the electrochemical production of 1 as the major bottlenecks
of the current process.*®*°

Bleaching and water treatment. Removal of undesired col-
ours or pollutants can be accomplished via chemical, mostly
oxidative, bleaching. Due to serious environmental and safety
issues associated with chlorine-based bleach, new halogen-free
bleaching alternatives are urgently needed. In household deter-
gents, oxygen-based bleaching agents, such as hydrogen per-
oxide, perborates, or sodium percarbonate (Na,CO;-1.5 H,0,),
are mostly used. However, these detergents need temperatures
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y
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Fig. 5 Technical reactor setup for the production of peroxodicarbonate
on a pilot-scale. PSU — power supply unit, HX cooler — heat exchanger.

above 60 °C or bleached activators. Electrogenerated peroxodi-
carbonate has shown great potential for improving existing
bleaching procedures as it is an oxygen-based bleaching agent,
active at ambient temperatures. Furthermore, the instability of
1 minimizes its impact on aquatic ecosystems as waste streams
are free of strong oxidizers and toxic chemicals.

The bleaching activity of 1 has been studied using indigo
carmine, a food colorant, as a test substrate. While 15%
hydrogen peroxide did not show any bleaching activity, 1 and
percarbonate discoloured the solution. Interestingly, 1 bleached
significantly faster and more efficiently than percarbonate.*®
A similar effect on bleaching activity was reported for bleaching
black tea. Furthermore, lignosulfonate was bleached using an
in-cell circular flow setup. However, as a mixture of carbonates
and lignosulfonate is electrolysed, it is not clear if 1 is involved in
the decolourisation step. In an ex-cell recyclable flow setup,
different types of wood veneer and pulp as well as cardboard were
bleached. In all cases, a clear bleaching effect was observed. The
physical properties and structure of the wood veneers did not
change significantly and 1 had a low penetration depth. Note-
worthily, the surface polarity of peroxodicarbonate treated wood
increased significantly.**

Shellac is obtained by processing Lac, a natural resin
excreted by lac insects on trees in Asia, mostly India and
Thailand. It is used in a plethora of applications, including
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food coatings, wood varnish and pharmaceutical coatings. Due
to the presence of lac dyes, the natural colour of shellac ranges
from yellow to dark brown. However, for most applications, this
colour is undesirable and is removed by oxidative bleaching
with sodium hypochlorite. Aside from the safety issues and
environmental impact of this process, the bleached shellac
suffers from severe bleaching damage and chlorination of
double bonds. This results in a short shelf-life and fast poly-
merization of bleached shellac as well as consumption of toxic
organochlorides in food and pharmaceutical applications.**
As mentioned earlier, oxygen-based bleach detergents need
elevated temperatures or relatively expensive activators, leading
to severe bleaching damage or economically unfeasible pro-
cesses. Recently, a novel bleaching process using 1 at room
temperature was developed using acetonitrile as an inexpensive
and atom-economical activator. Furthermore, the ionic
strength of the peroxodicarbonate buffer was used to facilitate
the dewaxing of seedlac. This process has great economic and
ecologic potential to replace the current bleaching with sodium
hypochlorite.'%*

Similar to bleaching, degradation of organic pollutants
or disinfection of wastewater has been accomplished by the
addition of strong oxidizers. Electrochemical technologies
have been developed for sustainable wastewater treatment.*?
Direct electrooxidation of pollutants at the anode suffers
from incomplete decontamination because of mass transport
limitations."®* Indirect electrochemical water disinfection is
based on the electrochemical production of disinfecting sub-
stances from electrolytes present in wastewater, mostly
chlorides.’® 1 has been suggested as an alternative to
chloride-deficient water. However, as the natural concentration
of carbonate in water is too low to efficiently obtain 1, disin-
fection of bacteria turned out to be incomplete."*®

Peroxodicarbonate as an intermediate in electrochemical
hydrogen peroxide production. In recent years, electrochemical
generation of hydrogen peroxide has been suggested as a green
alternative for the unsustainable anthraquinone auto-oxidation
process. Most of the research is based on two-electron oxygen
reduction. Alternatively, two-electron oxidation of water is
attractive as it uses water to form hydrogen peroxide and
hydrogen. However, this pathway is thermodynamically chal-
lenging, and the generated H,O, is easily further oxidized to
oxygen.'%” It was found that high concentrations of carbonate
salts have a positive effect on hydrogen peroxide generation.
As previously stated, quantification methods used to determine
H,0, concentration cannot differentiate between hydrogen
peroxide and 1 and are often based on acidification and
titration. Therefore, it is plausible that 1 is generated as an
intermediate. In this regard, hydrogen peroxide has been gene-
rated using WO,/BivVO,, 0810 fluorine-doped tin oxide, %111
Sb-containing mixed metal oxide anodes,"** and aluminium
porphyrin catalysts'"? in variable carbonate solutions. Further-
more, hydrogen peroxide has been generated in highly concen-
trated potassium carbonate solutions with a BDD anode."**
While a 1/peroxomonocarbonate intermediate is often proposed,
it is suggested that it hydrolyses quickly to hydrogen peroxide,

This journal is © The Royal Society of Chemistry 2024
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which accumulates."™ However, no clear proof has been given
that it is not the accumulation of 1 that hydrolyses under acidic
conditions.

Conclusions

Peroxodicarbonate as a green platform oxidizer has experienced
a renaissance in the past two decades. This can be attributed to
an improved accessibility of the boron-doped diamond anodes.
The disruptive electrochemical generation of 1 was achieved by
two major developments: first, optimized heat dissipation in
flow electrolysers. Second, the mixed cation approach that
enabled higher carbonate concentrations in the aqueous elec-
trolyte. Peroxodicarbonate solutions have been generated on a
pilot-scale. This peroxide has unique features and is safe for
handling, since upon standing under ambient conditions the
peroxide will slowly decompose. With these highly concen-
trated peroxodicarbonate solutions in hand, many applications
can be achieved in a superior way, wherein peroxide and
alkaline bases are required. In typical N- or S-oxidation perox-
odicarbonate can be employed. If the salty nature of aqueous
1 impedes direct conversion, activators or catalysts must be
used to obtain an optimal yield. In the Dakin-type transforma-
tion and deborolative hydroxylation reaction, almost quantita-
tive yields were achieved and robust scalability in the decagram
range was proven. The aqueous peroxodicarbonate is an ideal
reagent that can be implemented in pulping factories since the
decomposition products represent the chemical makeup of
these plants. Besides the selective degradation of kraft lignin
to vanillin on lab and technical scales, aqueous peroxodicarbo-
nate can be used for bleaching wood and shellac. For the latter
the salty nature is even beneficial since separation of the waxes
is facilitated. The use of 1 is currently emerging and many more
applications will come.
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