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Driven by the goal of a circular economy, the importance of renewable energies and sustainable sources of

raw materials is steadily increasing. The electrochemical conversion of biomass-based compounds into

liquid energy sources and basic chemicals enables the direct combination of renewable energies with sus-

tainable carbon sources. A variety of carboxylic acids are efficiently accessible from biomass and represent

important platform chemicals in a future bioeconomy. With the help of Kolbe and Non-Kolbe electrolysis,

these raw materials offer great potential for electrified value chains as part of bio-refinery concepts. This
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Introduction

In the light of the steady retreat from finite fossil resources
due to their contribution to the greenhouse effect and the rising
average global temperature, the search for sustainable alterna-
tive feedstocks for the supply of energy, fuels, and commod-
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contribution highlights current developments in these areas as well as the open challenges in order to gain
deeper scientific insights and to develop technically viable processes. Moreover, aspects of green chemistry
with regard to (Non-)Kolbe electrolysis are discussed. Last but not least, electrochemical conversions are an
attractive approach to implementing modular and dynamic production plants.

ities is in full swing. Electric power harvested from wind,
water, or the sun allows for a more sustainable energy
supply.” The use of abundant and renewable biomass feed-
stocks for the production of fuels and fine chemicals provides
a promising route avoiding the perturbation of the atmos-
pheric carbon cycle.>® The conversion of biomass into build-
ing blocks for chemical industries can be performed through a
broad range of technologies e.g. chemocatalytic, enzymatic,
and thermochemical reactions, starting from various poly-
meric and monomeric biomass feedstocks such as ligno-
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Fig. 1 Ecological and economic context of the (Non-)Kolbe bio-
refinery.

cellulose, and

acids.”™*°

saccharides, furans, alcohols, aldehydes,
In recent years the electrochemical conversion of
bio-derivable compounds has found growing implementation,
thus enriching the portfolio of available technologies for
biomass down-streaming."*™"* The growing interest in electro-
chemistry in the context of biomass utilization and renewable
electricity can be traced down to several advantages: due to
fluctuations in the increased share of renewable feeds,
efficient ways for the use and storage of over-produced green
electricity during peak hours are required in order to ensure a
steady supply. Here, electrochemistry shows great potential to
close this technological gap through the valorisation of excess
renewable electricity in bio-refineries. The efficiency and sim-
plicity with which electrochemistry can be conducted makes it
highly attractive (Fig. 1). Conventional catalytic hydrogenation
or oxygenation processes typically require elevated tempera-
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tures well above 100 °C and high pressures of hydrogen or
14-17

oxygen.
The corresponding electrochemical route, however, is

usually performed at ambient pressure and temperature in
aqueous or mildly hazardous solutions. Moreover, typically no
additional pressures are required and expensive noble metal
catalysts often can be avoided.'®*'®? Reduction or oxidation
takes place on an electrode surface where electrons are pro-
vided or taken up by a solid electrode. Another advantage is
the possibility of a direct integration of electrochemistry into
biotechnology.” Harnisch and co-workers have reported on
biotechnological fatty acid production with further electro-
chemical upgrading into alkanes after an integrated separation
step.”* Moreover, electrochemical conversions of biogenic
acids in fermentation broths to value added products were
demonstrated by our group.***°

One of the most relevant electrochemical reactions is the
Kolbe electrolysis. It comprises the anodic decarboxylation of
organic acids leading to the formation of prolonged hydro-
carbons and CO, as the co-product.’” For more than 150 years,
research groups have investigated the most important reaction
parameters and screened a broad substrate scope.>**7*" Many
of these studies were reviewed in detail by Schéfer in 1990
which is the last thorough description of studies regarding all
types of anodic decarboxylation of organic acids.>®> Most of
these scientific reports focused on gaining a more fundamen-
tal understanding i.e. mechanistic studies on (Non-)Kolbe elec-
trolysis and extending the substrate scope to more complex het-
eroaromatic acids.>*** Today, in view of climate change, the
motivation for further investigations has shifted; global research
activities target the transition to renewable energy systems as well
as alternative carbon feedstocks. In this regard, the renaissance of
(Non-)Kolbe electrolysis allows building a bridge between the use
of renewable electrical energy and the conversion of bio-derived
acids for the production of fuels and chemicals.

This perspective comprises three main parts. The first
section Background of (Non-)Kolbe electrolysis describes the
general mechanism and reaction conditions. Furthermore, a
review of the latest state of the art for (Non-)Kolbe electrolysis
in green chemistry is provided in the second part Green (Non-)
Kolbe electrolysis. Here, special attention is devoted to the
conversion of biogenic compounds and recent studies since
2000. Finally, the last section Perspective evaluates the econ-
omic feasibility and discusses current challenges besides
future research directions and opportunities for improved reac-
tion set-ups.

Background of (Non-)Kolbe
electrolysis

Although Michael Faraday discovered the Kolbe electrolysis in
1834 by studying the electrolysis of aqueous acetic acid solu-
tions - it was Hermann Kolbe who recognized 15 years later
that the electrolysis of acetic acid and valeric acid over Pt elec-
trodes yields ethane and octane besides CO, as the co-
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Scheme 1 Left: Two different proposed electrode mechanisms for Kolbe electrolysis. Right: Reaction mechanism for the formation of Kolbe, Non-

Kolbe and Hofer-Moest products.

product.”” Different theories for the mechanism of Kolbe reac-
tions have been proposed and discussed in the last 100 years.
Today, there is much consensus about the concept shown in
Scheme 1.”° It is supposed that the carboxylic acid is deproto-
nated by the base present. In the following the carboxylate
adsorbs on the anode surface.”*>° The critical potential for a
sufficient coverage of alkoxy or alkyl radicals on the surface lies
between 2.1 and 2.4 V vs. NHE (normal hydrogen electrode).
Below this value, water oxidation will mainly occur. Thus, it is
assumed that the coverage of the metal (oxide) surface with
alkoxy and alkyl radicals inhibits the oxygen evolution reaction
or solvent oxidation, while the Kolbe electrolysis is
promoted.*®™*? After the adsorption, an irreversible single elec-
tron transfer from the carboxylate to the anode takes place,
whereas the simultaneous decarboxylation leads to the for-
mation of an alkyl radical and CO,.***’

Subsequently, the formed alkyl radicals can follow four
different reaction pathways depending on the applied reaction
conditions:

The first pathway comprises the disproportionation of two
alkyl radicals leading to the formation of an alkane and
alkene. Moreover, the dimerization of the alkyl radicals will
yield the respective Kolbe-product. Furthermore, oxidation at
the anode through electron transfer may occur. The obtained
carbenium ion can either react with an alkene via -H-elimin-
ation or with an alcohol or ether (Hofer-Moest-product), in the
case of an aqueous or alcoholic solution. Additionally, the car-
benium ion may react with a deprotonated acid leading to the
formation of an ester as a side product. The experimental para-
meters that have been identified to impact the reaction
outcome include the pH, temperature, solvent, electrode
material, current density, electrolyte, and the shape as well as
functional groups of the substrate.”®

In order to achieve increased yields of the dimerized Kolbe-
products, high current densities and carboxylic acid concen-

288 | Green Chem., 2020, 22, 286-301

trations are favourable using an undivided electrolysis cell. High
current densities are necessary to overcome the aforementioned
critical potential. However, the dimerization of saturated car-
boxylic acids, e.g. valeric acid, does not occur on the electrode
surface which commonly consists of a Pt bulk layer. Several
studies state that only very weakly or non-adsorbed radicals
dimerize.***” Interestingly, for unsaturated and aromatic acids
a rather non-statistical combination of dimers is obtained, indi-
cating that these functional groups favour dimerization for their
respective adsorbed counterparts.**** However, detailed infor-
mation on the role of the interaction with the electrode surface
yet remains unexplained (Scheme 1).

Foreign anions should be avoided for the Kolbe coupling as
they can interfere with the alkoxy and alkyl radical layer.*”> The
same applies to foreign cations as they may form oxide layers
on the anode surface. Moreover, temperatures above 65 °C
seem to promote disproportion reactions while elevated press-
ures lead to more coupling of the intermediate radical. The pH
of the media should be between neutral and weakly acidic;
however, it is favoured to add small amounts of alkali metal
hydroxide or alkoxide in order to form a sufficient concen-
tration of deprotonated carboxylate reactants.

The quantity of the carboxylate ions will be constant during
electrolysis as the base is formed at the cathode while the car-
boxylate is consumed at the anode. This is usually confirmed
by a shift to more basic pH values with proceeding electroly-
sis.>® The most suitable solvent for Kolbe dimerization reac-
tions is methanol due to the widely inhibited oxidation
because of the carboxylate layer. Aqueous solutions and di-
methylformamide or acetonitrile may also be used as the
solvent, however, at the expense of lower conversions and
yields, respectively. The addition of water to organic solvents
leads to a decreased product yield e.g. already for amounts
below 5 vol%. Of note, few examples show that Pt, RuO,, PdO,
and RhO, on Ti can be used as electrodes in aqueous-organic

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Illustration of commonly used conditions for Kolbe electrolysis
(left) and Non-Kolbe electrolysis (right).

solutions although dimer yields are still much higher in pure
methanol.>>*® For cross-coupled Kolbe dimers, the use of acids
with antagonistic reactivities (nucleophilic vs. electrophilic)
appears to be essential.”” Additionally, ultrasonic mixing proved
to be advantageous which is assumed to enhance the adsorp-
tion of organic acids on the electrode surface also increasing
mass transport.”®* Nevertheless, studies elucidating the rate
determining step in Kolbe electrolysis are not available.

The standard Kolbe electrolysis set-up consists of an undivided
beaker cell, adequately cooled, using high currents over bulk Pt as
the working electrode preferably (Fig. 2). The optimal solution for
Kolbe electrolysis is methanol-based with small amounts of an
alkali metal hydroxide and high reactant concentrations.

If the carboxylic acid possesses a group that is prone to elimin-
ation such as SiMe;, SPh, COOH or hydrogen, the formation of
respective olefins (Non-Kolbe pathway) is favoured over dimeriza-
tion (Kolbe pathway). As depicted in Scheme 1, the formed radical
at the anode surface is further oxidized to a carbenium ion which
undergoes subsequent f-elimination yielding the olefin.

Depending on the solvent, the carbenium ion can react to
esters and alcohols in aqueous solutions or to olefins and
ethers in alcoholic solutions. The reactions leading to ethers or
esters are often referred to as Hofer-Moest reactions while the
production of olefins is called Non-Kolbe electrolysis.>***>*

Contrary to the Kolbe dimerization reaction, lower current
densities lead to the formation of carbenium ions and promote
the Hofer-Moest or Non-Kolbe electrolysis.”>>* The yields are
further shifted to Non-Kolbe and Hofer-Moest products when
using a carbon electrode. However, various studies reported that
the surface shape and functionalization of the electrode have a
crucial influence on the activity for Non-Kolbe reactions.>*°
Water/pyridine mixtures®”*® and also pure methanol with small
amounts of sodium perchlorate are the solvent mixtures of choice
for Non-Kolbe electrolysis.”® Similar to the Kolbe dimerization,
higher pH values favour carbocation formation.”® Nevertheless, a
high deprotonation degree of the organic acid facilitates the Non-
Kolbe pathway, most likely due to an increased ionization
strength of the electrolyte.”® Finally, the substrate is a further sub-
stantial factor: electron releasing and sterically shielding groups
at the a-position, for example, promote the Non-Kolbe pathway
while the opposite leads to Kolbe dimerization.>*>”>%°

The Non-Kolbe electrolysis is usually performed in a one
compartment electrochemical cell (Fig. 2) using rough or
porous carbon paper as the working electrode. The commonly

This journal is © The Royal Society of Chemistry 2020
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used solvent is methanol (similar to Kolbe dimerization) and
acidic pH values also promote the formation of carbocations.
Contrary to the dimerization reaction foreign anions, neutraliz-
ing the acid to a certain degree, increase the selectivity towards
esters, ethers, and olefins. However, the choice of the substrate
is the most important factor: a sterically demanding acid
which features an electron donor group at the a-position rep-
resents an optimal starting material.

Green (Non-)Kolbe electrolysis

Since depleting fossil resources and climate change were less
pressing issues before 2000 most scientific reports covering
(Non-)Kolbe reactions dealt with mechanistic concepts, the
possible scope of (Non-)Kolbe electrolysis and process optimi-
sation. However, this has significantly changed; today, a
growing number of studies focus on the necessary understand-
ing and applicability in bio-refineries."®?>>2¢61-63

This chapter aims to recapitulate the literature concerning
(Non-)Kolbe electrolysis since 2000, devoting special attention
to green and economical approaches, in particular the conver-
sion of biogenic acids into fuels, platform chemicals and
value-added compounds. The chapter will be organized with
respect to general feasibility e.g. economic electrode develop-
ment from expensive to low-cost. Furthermore, the ecological
impact will be taken into account e.g. the prevention of hazar-
dous additives. Table 1 summarizes selected contributions
and the respective reaction conditions.

In 2001 the influence of ultrasound on the Kolbe electroly-
sis of aliphatic acids over Pt and B-doped diamond working
electrodes was investigated by the group of Ryley in
cooperation with other institutes. For high faradaic equiva-
lents a yield of 75% of n-decane was achieved using a Pt disc
electrode. The reactions were conducted in aqueous solutions
with only low solubilities of the used organic acids. However,
the application of ultrasound led to the emulsification of the
organic acids and the formation of an alkane layer on the elec-
trode surface (Fig. 3). While this configuration allowed high
yields, insights with regard to surface coverage under reaction
conditions and rate determining steps appear to be essential
for further process optimization.

One of the few alternatives reported for Pt electrodes are
B-doped diamond (BDD) electrodes. They possess a higher resis-
tance to corrosion and surface erosion than Pt under the
demanding conditions of Kolbe electrolysis.®**> However,
Kapatka et al. employed a BDD electrode for the Kolbe reaction of
acetic acid to ethane in acidic media and only observed small
amounts of the desired product.®® Instead water is discharged at
the electrode surface and forms OH radicals which abstract the
hydrogen of the methyl groups mainly leading to a consecutive
formation of CO,, methanol and methyl acetate. Only at high
current densities the electrode surface is sufficiently covered by
acetic acid to enable Kolbe dimerization.®® In fact, the coverage of
the electrode surface by the carboxylate seems to be an essential
element for the reaction.

Green Chem., 2020, 22, 286-301 | 289
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Table 1 Literature data on (Non-)Kolbe electrolysis with regard to the highest yield and faradaic efficiency

Most important products Faradaic
Electrode (highest yield) eff. General set-up Conditions Ref.
Pt or B doped Ci (40 £ 5%), C1, (10 = 40 £ 5% Ultrasonic bath one Aq./org. solution, carboxylic acids, Marken®*
diamond 5%), C1g alkanes (Ce), 10 £ compartment cell 1 M NaOH, 293 K, 0.18 A cm > (Pt)
5% (C;) or 0.35 A cm ™2 B doped diamond,
ultrasonic frequency of 20 kHz
B doped diamond  Ethane, methanol, methyl  43.3% One compartment  Aq. solution, 0.5 M acetic acid, Comninellis®®
acetate acetic acid  cell 1 M HCIOy, 298 K, 2.85 V vs. RHE,
0.59 Acm™
Pt on Nafion® 117  Alkanes, aromatic 75% Polymer electrolyte ~ Using gaseous substrates, using an Law®’
compounds membrane reactor  electrode simultaneously as an
electrolyte and separator, 315 K, liquid
water between the electrodes
Pt electrode Several alkanes 45-95% n.a One compartment  Using thermomorphic systems with Chiba”™
(95% for Cy¢) cell pyridine : MeOH : MeCN and
cyclohexane as the electrolyte, different
organic acids as the substrate
(0.125 M), KOH saturated,
0.25-0.60 A cm ™
Pt electrode Several alkanes n.a Bio-membrane- Using an aqueous solution, different Harnisch®*
Kolbe reactor carboxylic acids mainly caproic acid,
pH 12 adjusted with NaOH, 0.6 farad
equivalents
Graphite Co-Oxygenates (alcohols, 70% One compartment ~ MeOH or MeOH/fermentation broth, Palkovits*®
esters, ketones, aldehydes cell 0.1 M model substrate 3-hydroxy
and acetals) decanoic acid, 0.1 M KOH, 0.1 A cm™>
Graphite, Ru,Ti,O,/ Diethyl adipate (57%) and ~ 57%, 50%  One compartment  Using different H,O-MeOH mixture Palkovits®!
Ti or Pt ethylacrylate (50%) cell with 0.1 M KOH or NEt; as the electro-
Iyte, 1 M hydrogen ethyl succinate,
0.1Acm’
Ru, Ti,O,/Ti or Pt Esters (42-61%) and 43-47%, One compartment  Using a different H,O-MeOH mixture Palkovits®
alkanes (42-52%) 39-44% cell with 0.1 M KOH or NEt; as the electro-
Iyte, 1 M hydrogen ethyl succinate,
hydrogen methyl methylsuccinate,
2,5-methylhexanoic acid, co-acid:
isovaleric acid, 0.1 A cm™>
Ir, Pt, glassy Various alkanes, olefins 15% One compartment  EtOH, 0.017-0.027 M 10-undeclenic Stepanov”’
carbon, and alcohols, and 3-methyl cell acid, 0.078-0.08 M acetic acid,
pyrographite, dodecane (58%) 0.0078 M sodium acetate, 323 K,
graphite, Pt-10% Ir 0.015-0.025 A cm™>
alloy
Pt Different linear or n.a One compartment  Different fatty acids (0.8-1.4 M), Dierker®®
branched oils (>50% cell 1-25 mol% base (regarding examples
regarding examples) sodium methoxide), 273-342 K,
0.1-1.0 Acm™
Pt or graphite Non-Kolbe products for n.a One compartment  Using a H,O-MeOH mixture (40 vol% Noel'?
sodium butyrate cell water), 0.66 M substrate, no additional
(21-21.5%), hexadecane for base was used, 0.2-0.6 A cm™>
sodium octanoate
(19.8-37.6%)
Pt Octadecane (conversion n.a One compartment ~ MeOH, 7.5-10.5% decanoic acid, Joshi®®
90-100% decanoic acid) cell 1.4-1.8% KOH (pH 6), 0.15-0.05 A
ecm™?, 10-60 min
Pt Ce—Cs4 (5-79.5%) n.a One compartment ~ MeOH, different fatty acids (9.4%) and  Joshi””
cell oleic acid (15.7-16.5%), co-acid: acetic
acid (0.1-6.7%), 0.2-0.3 A cm™>
Pt Different alkanes (hexane + n.a Two compartment ~ MeOH, sodium oleate, sodium Bhavaraju'"’
dodecane) micro reactor linoleate, 0.05-0.2 A cm™
Graphite Ethylene, propylene n.a One compartment  Fermentation broth (0.29 M propionic Pereira®®
cell acid) or 0.12 M butyric acid, 10 M
KOH (for butyric acid only), 298 K,
0.01Acm™>
Graphite Various alkanes and n.a Two compartment  Fermentation broth (C;-C,g linear Kuhry'!
alkenes, including micro reactor acids), 283-298 K, 0.06-0.08 A cm ™2,
branched alkanes (C;-Cy) pH adjustments
Pt Various alkanes and olefins n.a. One compartment  Mono and cross coupling of caproic, Dupre'®
(among others 90% cell valeric and butyric acids, 1 M NaOH,
decane, caproate pentyl)
Pt Decane (48% in MeOH), One compartment  Aqueous solution or MeOH, 1 M Haas”

dodecane

290 | Green Chem., 2020, 22, 286-301

cell hexanoic acid, heptanoic acid,

0.5 M KOH

This journal is © The Royal Society of Chemistry 2020
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Most important products Faradaic
Electrode (highest yield) eff. General set-up Conditions Ref.
Pt 1,4-Butanediol (80%), 80%, 80%, One compartment  MeOH, sodium 3-hydroxy propionate Mosby'?°
acetoin (80%), 2,3- 34% cell (10 wt%), sodium lactate (10%), NaOH
butanediol (27%) (10 wt%), 323 K, 0.009-0.0185 A cm ™2
Pt Various alkanes from fatty =~ 24-99% One compartment  Different solvents mostly based on Wang”?
acids (14-100%) cell MeOH, oleic acid, fatty acids, aromatic
acids, carboxylic tri or diacids bases:
sodium methoxide or triamines,
0.15-0.25 A cm >
Pt 2,7-Octanedione (68.3%) 32-83% One compartment ~ MeOH/H,O (0-100 mol%), 0.5 M levuli- ~ Yuan®®
and 5-acetyl-2,9- cell nic acid, 0.01 M Na leading to a pH of
decanedione (22.1%) 5,303 K, 0.25-0.4 A cm ™~
Pt, graphite sheet  2,7-Octanedione (28.2%), 4-86% One compartment ~ MeOH, H,0, 0.1-1 M levulinic acid, Schroder'®'?
or foil n-octane (n.a.) cell and valeric acid, 0.1-0.75 M NaOH, Na,SO,,
membrane- 0.1-1 M NaClO,
separated flow cell
Graphite Different isomers of 20-50% Ultrasonic bath one MeOH, EtOH, H,0, 0.025-0.25 M oleic  Schroder'®®
heptadecadiene, compartment cell acid, 0.025-0.25 M stearic acid,
heptadecene, different 0.025-0.25 M triglycerides, equimolar
ethers (conversion >95%) amounts KOH, 17 mA cm™> in MeOH
or EtOH, 3 V in H,O0, ultrasonic fre-
quency of 24 kHz
Pt Adiponitrile (78%) 29% One compartment ~ MeOH (acetone addition after the first ~ Fu®®
cell step 1:1), 0.4 M 3-cyanopropanic acid
methyl ester, 0.6 M KOH, 333 K,
0.18 Acm™
Pt foil Cs0, N-triacontane (69%) n.a. One compartment  Biphasic system (water/MeOH/ wu”’
cell petroleum ether (3 :3: 4, v/v/v),
0.085 mM palmitic acid,
0.068-0.128 mM KOH, 313-338 K
Graphite sheet Olefins (45% carbon yield), n.a. One compartment  MeOH, tall oil fatty acids (0.27 M), Waldvogel®®
ethers (36% carbon yield) cell sodium methanolate (0.27 M), 323 K,
and epoxy resins (99% 0.02 Acm™
carbon yield)
Pt 2,7-Octanedione (65%), 2,5- 65%, 60%  One compartment  MeOH, 0.4 M levulinic acid or Mascal**
dimethyladipate (60%) cell 2-methylsuccinic acid 1-methyl ester,
0.075 M KOH, 295 or 273 K, 0.178 A
cm™?
Pt n-Octane (40%) 75% NMR-tube cell MeOH, 1 M valeric acid, 0.2 M KOH, Bliimich”®
298 K, 0.046 A cm™?, in situ NMR study,
tube was placed in an 1 Tesla
spectrometer
R-CO," R-CO,” Nevertheless, not only the material is important for the suc-
cessful conversion of organic acids. The surface of the elec-
trode should be rather rough than smooth as this prevents the
A blocking of the electrode by large CO, bubbles that are formed
4 Electrode i by Kolbe electrolysis.®® Moreover, owing to the predominantly
e e

Fig. 3 Schematic illustration of the potential formation of an insoluble
product layer on the electrode surface and the transfer of the substrate
to the electrode surface supported by sono-emulsion.®* Reprinted from
ref. 64, Copyright (2001), with permission from Elsevier.

Another alternative for the use of neat Pt electrodes was
patented by Law et al. in 2001.%°” Nafion® 117 is coated with Pt
and phenylic and alkylic substrates with a maximum of six
carbon atoms, which are fed to the cell reactor in gaseous
form. These conditions lead to less erosion of the Pt particles
on the electrode. The system acts as a kind of membrane-elec-
trode-assembly and is connected via a liquid water phase.®”
Despite the absence of solvents or salts, current efficiencies of
75% could be obtained.

This journal is © The Royal Society of Chemistry 2020

hydrophobic properties of the formed Kolbe products, they are
prone to adhere on flat electrode surfaces e.g. on conventional
Pt electrodes leading to a gradual blocking of the active
material and full deactivation eventually.®® The incorporation
of multiscale structures on the Pt surface leads to rough sur-
faces with oil-repelling properties. Hence, the durability of the
Kolbe electrolysis can be significantly enhanced. Peng et al.
have recently shown that rough and surface modified supero-
leophobic Pt electrodes possess improved working times of up
to 12 000 s compared to the unmodified flat Pt electrode with
5000~7500 s for a multitude of organic acids.®® A rougher elec-
trode surface can also facilitate superior current densities. In a
recent study by our group Ru,Ti,O,/Ti was synthesised and
screened for Kolbe electrolysis. The electrode materials with
rather rough surfaces and different Ru loadings were com-
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pared to the commercial Pt electrode.®"*> Dimensionally stable
Ru,Ti,0, electrodes for Kolbe electrolysis were first described in
1980.%° However, in the latest study, they have been employed
for the conversion of biogenic acids and the Ru amount could
be further reduced by titania dilution without significant losses
in activity.°"®> Andreev et al. investigated Pt, Ir, pyrographite,
graphite, glassy carbon and a Pt-Ir alloy (1:9) in the Kolbe
mono- and cross-coupling reaction of 10-undecylenic and acetic
acid.”® The corresponding voltammograms of the different elec-
trodes for the electrooxidation of a mixture of 10-undecylenic
and acetic acid are shown in Fig. 5. All voltammograms possess
high current densities after reaching the critical potential (2.5 V).
However, for graphite electrode passivation for potentials
above 2.75 V can be observed. The highest current density vs.
voltage slope was observed for Ir electrodes with a maximum
of 45 mA cm™ at 3.0 V while the highest activity for Kolbe
dimerization was achieved over the Pt-Ir alloy.”®

With regard to the electrolyte, it is crucial to avoid costly addi-
tives and to enable a facile product separation after the reaction,
which will also make the process economically more attractive. A
recent study by the group of Harnisch suggests that electrolytic
basic additives like KOH do not promote Kolbe electrolysis but
rather the use of high substrate concentrations.” An application
described by Joshi et al recommends the use of acetic acid to
improve conductivity.”* An alternative way to improve conductivity
for Kolbe electrolysis was recently revealed for the model reaction
of valeric acid into n-octane. In case the reaction is conducted
in situ in a low-field-NMR spectrometer the intermixing can be
improved and the charge resistance is strongly reduced by the
interaction of the magnetic field with the electric field of the elec-
trolysis. This interaction leads to much higher current densities for
in situ experiments in comparison with ex situ experiments.
Clearly, a thorough understanding of the effects of mass (especially
charge) transport which is most probably strongly related to con-
ductivity as well as the electrode-electrolyte interface is required.”
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i, mA cm~2
45
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Fig. 5 Voltammograms of the electrooxidation of a mixture of
10-undecylenic and acetic acid and sodium acetate in EtOH on different
electrodes: (1) Ir, (2) pyrographite, (3) glassy carbon SU-2000, (4) graph-
ite, (5) Pt.”% Reprinted from ref. 70, Copyright (2013), with permission
from Springer Nature.

Another interesting aspect relates to applying thermo-
morphic solvent systems, which can change from biphasic to
monophasic as a function of temperature (Fig. 4) and thus allow
for a reduction of work-up steps.”* Considering that different
studies assigned major energy demands in chemical industries
in the US to thermal separation (10-15%), a facilitated separ-
ation and process intensification are of utmost importance.”>”®

The group of Chiba employed a thermomorphic solvent
mixture, in the dimerization of different organic acids.”* The
polar phase consisted of a pyridine/MeOH/MeCN (1:1:2)
mixture, while cyclohexane was used as the electrolyte (1:1).
At 48 °C, the biphasic mixture started to switch to monophasic
and with the support of a non-polar co-electrolyte a yield of up
to 95% was achieved. Using only the polar phase facilitated a
yield of 93%. Of note, in this case significantly lower substrate
amounts of only a tenth were used. Thermomorphic systems
provide two great advantages: the simple separation of non-

(o 0]

Heating o Cooling oo

i U O i o U L g

Monophasic condition
"Less-polar electrolyte solution”

Biphasic condition

Q- Q0-
= o L 4 2 8

7
Fig. 4 Illustration of the coupling of octanoic acid using a thermomorphic system.”® Reprinted from ref. 74, Copyright (2012), with permission from
Elsevier.
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polar products such as alkanes and the preservative conditions
which can prolong the electrode lifetime.”* The biphasic thermo-
morphic system could also be implemented for the Kolbe
electrolysis, leading to a maximum yield of >69%.”” Urban
et al. also demonstrated a separation of respective alkane pro-
ducts in their proof-of-concept study. A combined process con-
sisting of a bio-reactor, a membrane-module and an electro-
chemical cell was applied in order to produce drop-in fuels.**
The fermentation-derived acids were separated from the broth
via a liquid-liquid extraction (pertraction system). The par-
tition equilibrium of the protonated acids in the liquid phase
determines the extraction of the carboxylic acids. A transfer
facilitates extraction efficiently for non-polar medium-chain
acids such as caproic acid. In addition, only the protonated
acid is effectively extracted requiring a low pH of the fermenta-
tion broth (two hollow fibre modules). Direct Kolbe electrolysis
of the different acids in the fermentation broth is hampered
by intermediates formed during fermentation which might be
oxidized or reduced electrochemically lowering the faradaic
efficiency. The non-polar Kolbe dimers can be easily skimmed
off from the reaction mixture. Although other studies worked
at the interface of biotechnology and electrochemistry®>”%7°
the presented case study covers a feasible process design com-
bining microbial and electrochemical steps along the value
chain to fuels.”*

With regard to process development, the group of Wirth
demonstrated continuous electrochemical set-ups in the Kolbe
dimerization of di- and trifluoro acids as well as diphenylacetic
acid. Interestingly, the operated micro reactor enabled superior
yields compared to the corresponding batch experiments.*5!
Despite the potential of electrochemistry to operate at moder-
ate temperature and pressure, there are still challenges for
(Non-)Kolbe electrolysis related to both reducing waste and
preventing the use of toxic substances. Tajima et al. for
instance developed an alternative electrolytic system where
commonly used soluble bases e.g. NaOH or KOH were substi-
tuted by piperidine immobilised on silica.®” Using this electro-
lytic system not only Kolbe but also Non-Kolbe products could
be obtained in excellent yields.**®* In particular, the Kolbe
process enables alternative reaction routes which reduce or
prevent waste and toxic compounds for certain industrially
relevant products. In this regard, the group of Yadav found a
possibility to reduce the number of reaction steps in the pro-
duction of macrocyclic alkanones.®?***> Recently, we success-
fully reported that adipic acid is also accessible via an electro-
chemical coupling of the bio-derivable mono-ethyl succinic
acid, thus avoiding the use of toxic nitric acid which is used in
the classical route for the oxidation of cyclohexene
(Scheme 2).°! Adipic acid and hexamethylenediamine are valu-
able starting materials for the production of Nylon 66. The pre-
cursor for hexamethylenediamine is petro-based adiponitrile
and its industrial production requires external nitrogen
sources that are associated with serious environmental con-
cerns (e.g. NHz, NaCN or HCN). The Kolbe dimerization of
naturally occurring glutamic acid overcomes these issues in a
remarkable way (Scheme 2).5¢

This journal is © The Royal Society of Chemistry 2020
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The green potential of Kolbe electrolysis even goes beyond
the mere elimination of wastes and hazardous compounds. It
may also find application in the efficient degradation of per-
sistent toxic pollutants. Lin et al. used the decarboxylation
mechanism of Kolbe for the degradation of perfluorooctanoic
acid - a substance that is toxic to reproduction and carcino-
genic. However, in this case the target is not the dimerization
reaction but the decomposition of the entire acid into CO,.
Here, the usual electrodes like dimensionally stable anodes
(Ti/RuO,, Ti/IrO,, Ti/IrO,-Ti/Ru0,) and Pt do not work prop-
erly for degradation.’” Lin et al. employed Ti/SnO,Sb, Ti/
Sn0,Sb/PbO, and Ti/SnO,Sb/MnO, anodes while a very recent
study shows excellent decomposition rates for perfluorocar-
boxylic acids (C,~Cg) over Ce-doped porous nanocrystalline
PbO, electrodes.’® Furthermore, Ahad and de Klerk investi-
gated Kolbe dimerization for the processing of acidic waste
water accumulated during the Fischer-Tropsch synthesis.®
However, the current efficiency for the acetic acid conversion
to methane or ethane remained below 3%. Thus, the techno-
logy readiness level of Kolbe electrolysis for acid waste hand-
ling e.g. in small-scale remote Fischer-Tropsch facilities is still
considerably low. Nevertheless, Kolbe electrolyses ideally com-
bined with new oleophobic electrodes are expected to facilitate
applications in the treatment of surfactant contaminated dom-
estic wastewater streams.®’

Besides the reports on new electrocatalytic systems and the
potential of (Non-)Kolbe reactions for more environmentally
conscious chemistry, several patents and publications deal with
bio-derivable materials and their conversion into fuels, platform
compounds and value-added chemicals via (Non-)Kolbe.

Dierker patented the production of cosmetics and pharma-
ceutics through the dimerization of branched or linear fatty
acids (Cg_p6 OF respectively Cq_n,) in 2006.°° The synthesised
oils might find applications in skin and hair care. The electro-
lysis was conducted in a standard Kolbe cell with a current
density between 100-1000 mA cm™> and an alkaline solution
with high fatty acid concentrations.”® Furthermore, Bradin
claimed the production of fuels from sugars and
triglycerides.”"®* The latter originated from vegetable oil or
animal fat. After hydrolysis to fatty acids, subsequent Kolbe
dimerization to diesel products took place. Since the efficiency
of the Kolbe electrolysis is highly dependent on the conduc-
tivity of the system, the choice of the electrolyte and solvent
has to be considered with caution. In this regard, Bradin et al.
proposed the use of ionic liquids for the transformation of
acids via Kolbe electrolysis.”™?> Kolbe electrolysis is sensitive
to water due to potential oxygen evolution as the competing
reaction. Thus, substituting water with ionic liquids might
shift the dimerization to a higher efficiency. The alkane pro-
ducts from triglycerides can be used as fuel or lube base stock
oil. However, an alternative reaction route enables metathesis
in order to combine relatively short with longer olefins after
dehydrogenation of the alkanes. In this case, the resulting
product stream after metathesis has an averaged molecular
weight.”® Palmitic acid, which is a bio-derived compound pro-
duced through the saponification of its respective triglyceride
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Scheme 2 Petroleum- and bio-based routes for the production of adiponitrile and adipic acid. The renewable routes include Kolbe electrolysis
steps. Redrawn from ref. 86 (Copyright (2012), with permission from John Wiley & Sons Ltd) and ref. 61 (Copyright (2018), with permission from the

American Chemical Society).

found in palm oil, can be converted into wax in the form of
n-triacontane using Kolbe dimerization as recently reported by
Zhang et al.””

In addition to the production of fuels and waxes from trigly-
cerides, biodiesel might be purified from remaining free fatty
acids via Kolbe electrolysis as patented by Bradin.”>*
However, here no detailed description of the conducted Kolbe
electrolysis was provided. Nevertheless, a very similar approach
was published by Joshi et al. demonstrating the conversion of
triglycerides into fatty acids followed by Kolbe electrolysis to
produce fuels.”>?>

The inventors observed 90% conversion of decanoic acid in
methanol yielding octadecane as the only product. Moreover,
the production of heavy fuels like kerosene and aviation fuels
from fatty acids has been patented. In another work, Bradin
presented the production of n-hexane and gasoline com-
ponents from fermentable sugars. After delignification and
depolymerization of lignocellulosic materials, the as derived
glucose, xylose, sucrose and fructose can be fermented using
yeast bacteria predominantly producing butyric acid and CO,.
Butyric acid is Kolbe or photo-Kolbe electrolysed into
n-hexane, while the accumulated lignin may be converted into

294 | Green Chem., 2020, 22, 286-301

synthesis gas. Since n-hexane possesses insufficient gasoline
properties due to its low octane rating, reforming of the dimer
product is also included by Bradin, yet no experimental specifi-
cations concerning the Kolbe dimerization are mentioned.’”

In addition to the reports of Bradin et al. several other
groups claimed the fermentation of biogenic materials such as
carbohydrates, proteins or fat into short-chained organic acids
(butyric acid and propionic acid)’®°° or fatty acids'°>'*' and
their use in the (Non-)Kolbe conversion to fuel candidates
and fine chemicals (olefins and alkanes). The group of
Harnisch also reported the electrochemical production of
drop-in diesel fuels along with integration to a microbiologi-
cal fermentation process and pertraction of the herein syn-
thesised carboxylic acids.>® Another drop-in fuel can be pro-
duced from bio-derivable 3-hydroxy decanoic acid.>® The
long-chain acid can be obtained from bio-feedstocks after the
fermentation of glucose and xylose into 3-(3-hydroxy-alkanoy-
loxy)alkanoates (HAAs) and subsequent hydrolysis. The Non-
Kolbe electrolysis of 3-hydroxy decanoic acid or slightly modi-
fied fermentation broth leads to high amounts of Co-oxyge-
nates (95% yield) with excellent fuel properties (e.g. a cetane
number of 63).

This journal is © The Royal Society of Chemistry 2020
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Mosby and others reported the synthesis of diols and
dienes from oxygen containing acids (with two or more func-
tional oxygen groups) derived through the fermentation of
biomass. The produced diols might be used as solvents and
monomers, whereas the dienes might find applications as sub-
strates for elastic polymer materials. In addition to this brief
summary of publications and patents involving (Non-)Kolbe con-
version of fatty acids to petrochemicals and fuel candidates, at
this point reference to the review of Andreev et al. is made, who
have thoroughly reviewed the state of the art in this regard.”"

The group of Noel screened different alkane- and per-
fluoroalkane carboxylates for (Non-)Kolbe electrolysis.'®> The
authors also tested sodium butanoate over graphite and Pt
electrodes in aqueous methanol (40 vol%). However, they
could not identify the side product in both cases and only
obtained Non-Kolbe products mainly 3- and 1-propyl butyrate
(10% and 24% selectivity for Pt and 10% and 20% selectivity
for graphite). The electrochemical oxidation of perfluorobuty-
rate only gave heptafluorobutanol in low yields for aqueous
methanol irrespective of the electrode material. The yields of
the dimer could be increased when the electrolytic system was
changed to a MeOH-MeONa mixture. When using octanoic
acid and higher applied current densities (200-600 mA), the
conversion could be increased from 30 to 60%. However, when
Pt was used as the electrode the selectivity of Kolbe products
decreased from 66 to 57%. Interestingly, this trend was not
observed for perfluorooctanoic acid, where only the dimer was
formed.'?

A novel compound was synthesised via the Kolbe mecha-
nism starting from levulinic acid. Besides the coupling
product 2,7-octanedione, also an increased formation of
3-buten-2-one was observed which led to the formation of
5-acetyl-2,9-decanedione. This route was only possible when
using a water-methanol mixture as the solvent for Kolbe
dimerization. The 3-buten-2-one successively couples twice
with the 3-oxobutyl radical (Scheme 3). The obtained triketone
possesses a unique Y-structure which as a ligand can dissolve
Li salts and could be a solvent for Li-ion batteries. According
to computational studies, the solvation energy (AH®) reaches a
value of approximately 350 k] mol™" for 5-acetyl-2,9-decane-
dione while the values for conventional solvents such as propy-
lene carbonate or ethylene carbonate are clearly lower.”® The
group of BeMiller successfully decarboxylated biogenic
p-glucuronic acid and p-glucuronosides via the Hofer-Moest
mechanism into dialdehydes showing that sugar acids are suit-
able substrates for Kolbe electrolysis.'®

According to a recent study, the coupling product of levuli-
nic acid 2,7-octanedione (65% yield) can be hydrogenated into
2,7-octanediol (94% yield) - a potential monomer for the syn-
thesis of polyesters."® The copolyesters poly(2,7-octanediol)
terephthalate and poly(2,7-octanediol)-2,5-furanoate ~ were
obtained in fair yields (54-63%) with a medium chain length
(3978-8531 Da), showing sufficient stability and a low polydis-
persity index (M,,/My). The synthesised 2,7-octanedione can
also be further reacted in an aldol condensation to form
1-methylcyclopentyl ketone or 3-methylcycloheptanone. The

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Proposed synthesis pathways toward 5-acety-2,9-decane-
dione.®® Reprinted from ref. 96, Copyright (2012), with permission from
the Royal Society of Chemistry.

latter can be transformed into different cycloalkanes (85%
yield over two steps) after subsequent hydrogenation. The cal-
culated octane rating for a blend of the obtained cycloalkanes
is 86.8 (for comparison n-octane has an octane rating of —11).
The study also mentions the Kolbe electrolysis of methyl
hydrogen methylsuccinate into 2,5-dimethyladipate (60%
yield), which because of its similarity to adipic acid, might rep-
resent a promising monomer for polymer industries.'”* The
production of industrially relevant monomers via the Kolbe
electrolysis of bio-derived acids was also shown by Dai et al.
The synthesis of adopinitrile (78% yield) from glutamic acid is
an important intermediate step for the production of hexa-
methylenediamine which is the starting material of Nylon
besides adipic acid.®®

Moreover, very recently our group reported the direct pro-
duction of diethyl adipate starting from the renewable sub-
strate succinic acid in its monoethylester form.°* A new Ti/
(Ru,Ti;_,)O, electrode material with different Ru loadings was
developed to replace the expensive commonly used bulk Pt
material (Fig. 6).

The conversion of methyl hydrogen succinate was also con-
ducted by applying a transient wind-energy current density
profile. The obtained selectivities and faradaic efficiencies for
constant and fluctuating current densities were comparable
both lying between 65 and 75%. Furthermore, the separation
of the obtained ester could be achieved easily when water or a
methanol-water mixture was used as the solvent.®* Combining
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Fig. 6 (A) Solid Pt and (Ru,Ti;_,)O,-coated Ti electrodes in various
water—methanol solvent systems, (B) graph showing a constant and
simulated wind-energy current density profile and (C) comparison of
the efficiency and selectivity for the respective electrolysis using RuO,-
coated Ti electrodes.®® Reprinted from ref. 61, Copyright (2018), with
permission from the American Chemical Society.

the work of Dai et al® with our recent contribution,® the

electrochemical production of Nylon 66 via Kolbe is already
fully feasible from biogenic compounds. Additionally, the pro-
duction of yet another industrially relevant monomer was dis-
covered by using the same substrate methyl hydrogen succi-
nate using carbon as the electrode material under slightly
different reaction conditions. Thus, the unsaturated monomer
ethyl acrylate was obtained (50% yield and faradaic efficiency).
In both cases the use of NEt; instead of KOH is recommended
as the deprotonating electrolyte for (Non-)Kolbe. Due to its
high basicity KOH leads to the undesired hydrolysis of the
ester group in the product at high temperatures and thus to a
mixture of acid and ester increasing the expenditure for
product separation.®*

In 2012, the group of Schroder reported the synthesis of
renewable fuel candidates from levulinic acid. The authors
showed the efficient electrochemical hydrogenation of levuli-
nic acid into valeric acid and the possible use of this com-
pound for the production of n-octane in a second step. The
separation of n-octane was promoted by the use of aqueous
solutions."® Three years later, a more extensive study explained
different reaction pathways and tuneable conditions for the
dimerization and Non-Kolbe electrolysis of valeric and levuli-
nic acid. Furthermore, a reason for the reduced mass balances
during Kolbe reactions was given: a complete anodic degra-
dation of the carboxylic acid was contemplated. Moreover,
energetic considerations of the authors lead to the conclusion
that the sustainable synthesis of fuels or petrochemicals such
as n-octane or methyl vinyl ketone is also possible from renew-
able energy forms e.g. solar or wind power. The electrochemi-
cally synthesized compounds can be considered for energy

296 | Green Chem., 2020, 22, 286-301
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storage. An advantage compared to numerous conventional
processes relates to the use of ambient pressure, aqueous elec-
trolyte solutions, and room temperature following the prin-
ciples of green chemistry."® The work of Schroder,'®"?
Mascal,'** and Yuan®® shows that levulinic acid offers great
potential for electrochemical processes. The (Non-)Kolbe elec-
trolysis is especially suitable to convert levulinic acid into fuels
or fine chemicals. Scheme 4 shows a summary of the most
important products that can be obtained by Kolbe electrolysis
of levulinic acid itself or its derivative valeric acid which is
obtained by simple electrochemical reduction.

The group of Schroder also published the electrochemical
transformation of triglyceride rapeseed oil and stearic- and
oleic acids as model fatty acids into olefins and ethers. The
fatty acid conversion only worked in methanol, while triglycer-
ide only formed methyl esters of the corresponding fatty acids
in methanolic solutions. de Kruijff et al. reported a suitable re-
placement for the harmful bisphenol A resins (bisphenol A
diglycidyl ether) through the production of epoxy resins from
lignocellulosic biomass.®® The novel resins could be obtained
from tall oil fatty acids via Non-Kolbe electrolysis (81% ethers
and olefins) and subsequent epoxidation with oxone (99%).
The Non-Kolbe operation mode enabled a scale up of up to
three orders of magnitude (5 mL to 1.5 L). The obtained epoxy
resins exhibited good mechanical properties and storage
moduli, particularly if the curing was conducted with
MTHPA.*

When using an aqueous electrolyte in combination with
ultrasound, triglycerides were converted into olefins, glycerol,
and oleic acid. However, high conversions (>95%) of oleic- and
stearic acid could be only achieved when applying four equiva-
lents of Farad charge (20% faradaic efficiency) (Fig. 7). A
higher faradaic efficiency is achieved when applying only one
Farad equivalent leading to conversions of 40-70% and
efficiencies between 35 and 45%. Therefore, the authors
suggest that the decreasing substrate concentration over time
might lower the efficiency and could be overcome through the
application of a continuous set-up. For triglycerides the charge
transfer efficiency only reached 20%. The olefins obtained via
Non-Kolbe electrolysis may be suitable for biofuel applications
as e.g. heptadecene with a boiling point of 300 °C lies in the
boiling range of conventional diesel. Furthermore, the mixture
of heptadecene and heptadecane methyl ether has a higher
heating value (42.3 kJ g') than biodiesel (37 kJ g~') and is
close to that of fossil diesel (42.8 kJ g~*)."%

In a recently published study of our group potential diesel
or gasoline fuels have been synthesised by cross and mono-
coupling of different acids. In order to allow for a more econ-
omic process the previously described Ru,Ti,(O,)/Ti electrode
was employed as a cheaper alternative. The bio-based starting
materials ethyl hydrogen succinate, methyl hydrogen ethylsuc-
cinate and isovaleric acid were used to produce different esters
and alkanes aiming for tailored fuel structures. The monoester
diacids were cross-coupled with isovaleric acid and hydrolysed
afterwards. In a second step the obtained methylhexanoic acid
was cross-coupled again with isovaleric acid or with itself. By

This journal is © The Royal Society of Chemistry 2020
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Scheme 4 Synthesis possibilities starting from levulinic acid LA and valeric acid VA, based on the research results of Schroder'®*® Yuan®® and

Mascal.'®* The reaction conditions were selected according to the maximal

optimizing different process parameters such as electrolyte,
solvent, electrode and ratio of the acids, a tuneable product
distribution and a facilitated product separation was success-
fully achieved. The formed esters showed promising octane
ratings (71-99) for application in gasoline. Furthermore, the
calculated cetane numbers of the obtained alkanes (45-60) are
comparable or even superior to benchmark biodiesel fuels
(45-55). In conclusion, the different bio-derivable mono- and
diacids can be reassembled to a desired composition like
single bricks.®”

A selection of the most relevant types of bio-based car-
boxylic acids and their conversion into the respective main
products via the herein reviewed (Non-)Kolbe electrolysis is
summarized in Scheme 5.

Perspective

The bio-availability of several carboxylic acids as platform
chemicals and the potential of electrochemical transform-

This journal is © The Royal Society of Chemistry 2020

achieved yield.

ations to directly integrate renewable energy into chemical
value chains drive (Non-)Kolbe electrolysis to become an attrac-
tive tool in future electrified bio-refineries. Recent contri-
butions highlight the concept of electro-bio-refineries."*>**%°
Several studies on biofuel synthesis using (Non-)Kolbe electro-
lysis emphasize this approach as a pathway towards chemical
energy storage of renewable energies. Considering the
modular and flexible nature of electrochemical reactions,
dynamic operation is within reach. In addition to the versatile
product portfolio of (Non-)Kolbe electrolysis, both anodic dec-
arboxylations could be combined with important cathodic
half-cell reactions such as hydrogen generation or CO,
reduction to the so-called 200% reactions. They also offer
an ideal interface for biotechnological carboxylic acid pro-
duction potentially reducing the need for separation steps.
Interestingly, (Non-)Kolbe electrolysis also holds potential as a
technology in the purification of product streams through the
decompostion of undesired compounds. In the past, the use of
biotechnologically contaminated solutions has not necessarily
been a disadvantage in (Non-)Kolbe reactions. Through a
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Fig. 7 (A) Degree of the electrochemical decarboxylation of stearic acid
and oleic acid in MeOH and EtOH as a function of the applied charge.
(B) The faradaic efficiency vs. the flown charge.!®® Reprinted from ref.
105, Copyright (2015), with permission from John Wiley & Sons Ltd.

clever reactor design with an associated pertraction system>*
or the direct conversion of the fermentation broth in the elec-
trolysis cell,?® it was possible to achieve moderate yields and
selectivities despite high contamination of the substrate solu-
tion. Particularly Pt, the standard working electrode for Kolbe
dimerization, is known to be very resistant to electrochemical
deactivation. However, the presence of impurities in the reac-
tion solution can provoke undesired side reactions or increase
the solution resistance leading to a more energy intensive elec-
trolysis. In this regard, special attention should be devoted to
the counter electrode of (Non-)Kolbe reactions in one-compart-
ment cells. Depending on the type, the counter electrode may
lead to product decomposition or side reactions (reduction of
functional groups). In Non-Kolbe electrolysis, carbon is usually
employed as the working electrode. However, carbon materials
are much more prone to deactivation at high anodic potentials
(e.g via decomposition into carbonates) and therefore must be
replaced more frequently. A more stable substitute could have
a decisive influence on the service life in the processes.
Another potential drawback but also an opportunity relates to
CO, which is the principal co-product in (Non-)Kolbe electroly-
sis. CO, could be further valorized in case the process provides
a clean and pressurized stream.
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Scheme 5 Overview of reported classes of biogenic acids to corres-
ponding main products after upgrading via (Non-)Kolbe electrolysis.

A thorough understanding of the mechanism with special
regard to the reaction steps on the electrodes will allow for a
more rational design of tailored surfaces. Thus far, no consen-
sus on the exact (Non-)Kolbe mechanism could be established
in the literature.?°? Moreover, several studies have examined
the influence of the electrolyte on the reaction outcome.
However, especially the role of the solvent remains the subject
of current research. In previous studies, numerous organic
and aqueous solvents have been tested, establishing
methanol as the most suitable solvent for (Non-)Kolbe
chemistry.>®?%:61:104:105 The ytilization of less conventional sol-
vents e.g. ionic liquids or deep eutectic solvents remains
almost untouched. Future research devoted to the application
of these new solvents could reveal unprecedented activities
and selectivities. Two major issues that will determine the
future course of (Non-)Kolbe transformations are the economic
feasibility and the role of CO, which is formed as the co-
product. Hydrogen evolution presents the parallel reaction on
the cathode side. However, the second half-cell could also
serve for the reduction of bio-based platform chemicals con-
sidering the increased economic value of the resulting pro-
ducts (i.e. levulinic acid to y-valerolactone or furfural and
5-hydroxymethylfurfural to furans). This would enable the

This journal is © The Royal Society of Chemistry 2020
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electrochemical upgrading of bio-based compounds to value
added platform chemicals at both the cathode and anode.
However, the production of different products in one or two
half cells also requires efficient product separation from the
reaction solution. This circumstance favours the use of
aqueous systems over alcoholic solvents, as it allows direct
in situ separation of the commonly non-polar (Non-)Kolbe pro-
ducts (through the formation of two phases). The successful
separation has already been demonstrated in the past by sub-
sequent extraction with suitable non-polar organic
solvents.'®?1%2 Degpite several alternative half-cell reactions
with different valuable products, the high relevance of hydro-
gen for numerous industrial processes makes a parallel hydro-
gen production attractive. For instance, H, in combination
with the CO, originating from (Non-)Kolbe reactions can be
applied in molten carbonate fuel cells. Levy et al. published in
the report of the Department of Energy (DoE, USA) in 1980
that almost 50% of the necessary energy consumption of
Kolbe electrolysis could be recovered by using H, and CO, in
fuel cells.'”” The molten carbonate fuel cell approach also
directly addresses the further usage of the co-produced CO,.
Other possibilities involve the capture of CO, and further util-
ization as a C, building block.’*®'*" In this regard, the electro-
catalytic reduction of CO,''* or the thermocatalytic reverse
water-gas shift'"® display two promising paths.

Not yet well explored are challenges and potential opportu-
nities of an up scaling and continuous operation. Case studies
on both the techno-economic analysis and overall life cycle
assessment are urgently needed to evaluate the viability and
sustainability of these approaches, respectively. The key
enabler is certainly the fundamental understanding of the role
of electrode, electrolyte, substrate structure and process para-
meters on the (surface) reaction mechanism and overall reac-
tion outcome. Accordingly, tailored electrode materials -
especially noble metal free systems in the case of Kolbe electro-
lysis — are of utmost importance. In addition, specifically
designed electrolytes could add to reaction performance,
enable facilitated product recovery and reduce the environ-
mental foot print of (Non-)Kolbe electrolysis. Novel value
chains based on carboxylic acids readily available in the form
of plant based fatty acids®*'°*'°"'%% and via the fermentation
of various feedstocks such as biomass,?*2®'1*1® cO, and
even plastic wastes remain yet to be explored.
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