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Hetero-Coupling of Bio-Based Medium-Chain Carboxylic
Acids by Kolbe Electrolysis Enables High Fuel Yield and
Efficiency
Katharina Neubert,[a] Max Hell,[a] Micjel Chávez Morejón,[a] and Falk Harnisch*[a]

Mixtures of n-carboxylic acids (n-CA) as derived from microbial
conversion of waste biomass were converted to bio-fuel using
Kolbe electrolysis. While providing full carbon and electron
balances, key parameters like electrolysis time, chain length of
n-CA, and pH were investigated for their influence on reaction
efficiency. Electrolysis of n-hexanoic acid showed the highest
coulombic efficiency (CE) of 58.9�16.4% (n=4) for liquid fuel
production among individually tested n-CA. Duration of the

electrolysis was varied within a range of 0.27 to 1.02 faraday
equivalents without loss of efficiency. Noteworthy, CE increased
to around 70% by hetero-coupling when electrolysing n-CA
mixtures regardless of the applied pH. Thus, 1 L of fuel could be
produced from 12.4 mol of n-CA mixture using 5.02 kWh (<
1 EL� 1). Thus, a coupling with microbial processes producing n-
CA mixtures from different organic substrates and waste is
more than promising.

Introduction

In the endeavor of a sustainable and eco-friendly economy, bio-
based resources have to replace fossil feedstock for the
synthesis of chemicals and fuels. For establishing a circular and
bio-based economy, the sector of electric energy harvest and
storage needs to be intimately interweaved into the chemical
industry. Electrochemistry provides that connecting thread by
enabling storage of electric energy in form of chemical energy
carriers. Therefore, electro-organic reactions like cathodic CO2

reduction[1,2] and hydrogenations/hydrodeoxygenations[3,4] as
well as anodic coupling of biomolecules or decarboxylation[5–7]

have to be brought to the spotlight. One specific reaction
holding great promise for establishing electrobiorefineries[8] is
the anodic decarboxylation of n-carboxylic acids (n-CA), also
known as Kolbe electrolysis.

The Kolbe electrolysis, already discovered in the 19th
century,[9] can be performed at ambient temperature and in
aqueous solutions, making it environmentally friendly. Till now,
mainly the Kolbe electrolysis of short-chain n-CA at low
concentrations was studied.[9,10] For implementation in electro-
biorefineries, highly concentrated n-CA with a chain length
between 4 and 8 C-atoms, also called medium-chain CA
(MCCA), in alkaline aqueous solutions need to be
electrolysed.[11] The MCCA in alkaline solutions are gained from
the conversion of complex feedstock and waste by biological

processes, for example using acid whey[12] or corn beer.[13] Using
Kolbe electrolysis, MCCA can be converted into mixtures of
alkanes (Kolbe products) or oxygenates like alcohols or esters
(non-Kolbe products)[14] via different reaction pathways leading
to hydrocarbon mixtures (see Figure S1). For the electrolysis of
different MCCA towards Kolbe products in aqueous solutions
on monolithic platinum electrodes, a coulombic efficiency for
the products (CEproduct) around 50% and also a yield for the
products (Yproduct) around 50% was achieved in batch systems.[15]

Also, electrodes coated with Pt nano-particles showed good
results of CEproduct between 45–65% and Yproduct between 35–
50% using n-octanoic acid as reactant.[16,17] The CEproduct was
reported to be even increased up to 67% and the Yproduct to
75% when performing electrolysis in flow reactors.[18] In a
previous study, we provided proof of principle for a whole
process line for the production of a hydrocarbon mixture with
fuel-like properties starting from corn beer.[13] Biologically
synthesized MCCA were used as starting material for the Kolbe
electrolysis, achieving a CE of up to 80% and a n-CA conversion
rate per electrode surface area of 2.1×10� 3 molcm� 2 h� 1. The
total carbon efficiency (expressed in chemical oxygen demand
equivalents) of the entire process line was 0.5 gfuel gcornbeer

� 1.[13]

To gain fuel-like hydrocarbon mixtures in large quantities
and also to exploit other feedstock[19] that can provide different
MCCA mixtures using biological conversion, further electro-
chemical process engineering is required. Therefore, there is an
imperative for assessing and engineering reactor components
like the electrode material[20] as well as process parameters such
as pH and supporting electrolyte.[21] Also, the monitoring of the
products and not only the n-CA degradation, defined as the
amount of electrolytically converted acid, as well as providing
energy and carbon balances are of utmost importance for
bringing the Kolbe electrolysis to industrial scale. The MCCA
produced via biological conversion of biomass usually have to
be extracted from the fermentation broth using an organic or
aqueous extraction solution. Thus, investigations of process
parameters of Kolbe electrolysis can be performed in aqueous
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solutions using pure n-CA. Thereby, also current-controlled
(galvanostatic) and not potential-controlled operation is neces-
sary to allow scale-up as well as implementation into industrial
processes.[22–24] Performing the Kolbe electrolysis directly in the
fermentation broth would require intensive process engineering
and development as well as investigations regarding, for
example, possible inhibitors of the electrolysis stemming from
the biological process step, side reactions with media compo-
nents, or the influence of biomass.

This study describes the Kolbe electrolysis of single n-CAs at
high concentrations that are commonly gained from bioconver-
sion using reactor microbiomes (n-butanoic, n-hexanoic, and n-
octanoic acid). The electrolysis of the mixture thereof was also
performed since using mixtures is representative for scouting
the implementation of a combined biological–electrochemical
process. Thereby, the whole product spectrum was monitored
and the influence of the pH on the CE is assessed. Here, it is
important to mention that n-CAs with a chain length longer
than 4 C-atoms are only limitedly soluble in aqueous solutions.
Therefore, only neutral and alkaline pH were investigated,
allowing also n-hexanoic acid and n-octanoic acid to be fully
dissolved in the aqueous electrolyte. Additionally, the influence
of the carbon chain length and pH on the formation of micelles,
typically leading to electrode blocking,[25] was investigated. We
show that high yield and selectivity, as well as high CE for the
Kolbe electrolysis of different n-CA being relevant products of
the biological biomass conversion can be reached, especially by
hetero-coupling of the formed radicals when using n-CA
mixtures.

Results and Discussion

Influence of the degree of conversion

We previously performed Kolbe electrolysis of 0.5 m n-hexanoic
acid (C6) at 0.5 faraday equivalents (FE) yielding a CEdimer of
around 50%.[20] FE reflect the amount of charge required to
convert a defined share of the substrate assuming 100%
efficiency and selectivity of the corresponding reaction. Thus, in
the case of 0.5 FE the amount of charge that is necessary to
convert 50% of the substrate (here theoretically 52 mmol C6

and hence 5004 C for 200 mL solution) is used. In this study,
using the same conditions, a comparable product spectrum and
CEdimer was reached showing excellent reproducibility (see
Figure S2). Further, it was of interest, if the CEdimer could be
increased by decreasing or increasing the time of electrolysis,
meaning using different FE (see Figure S3). This is of particular
interest because a variable electrolysis time should allow easier
linking of the chemical industry and the energy sector. As
Figure S3 shows, the optimum for the electrolysis of C6 is
reached with CEdimer =51.2�14.7% at 0.43�0.02 FE that was
therefore further used in this study. Thereby, the highest Ydimer

of 76%, reported by Sanderson et al. that was achieved for the
electrolysis of 1.0m C6 is comparable to the results for the
optimized conditions presented here (Ydimer =68.6�18.6%, see
Table 1), especially when considering that a higher substrate
concentration is favorable for the formation of the Kolbe
product.[26] Remarkably, in the range of 0.3 to 1.0 FE the Kolbe
electrolysis of C6 also possess a high CEdimer, whereas exceeding
1.0 FE leads to a drastic decrease, because of reaching the
limiting n-CA concentration (see Section S7).

Kolbe electrolysis of individual n-CA

The use of n-CA with variable chain length obtained from
biological processes is of great interest for its conversion into
fuel-like hydrocarbons using Kolbe electrolysis. Therefore, the
optimized experimental conditions for the electrolysis of
hexanoic acid (C6) were used as comparison point to study the
Kolbe electrolysis of n-butanoic (C4) and n-octanoic acid (C8).

Figure 1 shows the results from the electrolysis of C4 and C8

compared to C6. Converting all three single acids via Kolbe
electrolysis is possible, but there are limitations when using C4

or C8 as substrate. The electrolysis of only C4 shows a low
CEaciddegradation. This is strongly supported by the low CECO2

of
9.1�5.1%, as CECO2

is directly linked to the conversion of n-CA
(Figure S1). As shown in Figure 1, no liquid organic compounds
and only gaseous products including the volatile dimer derived
from C4 (i. e., n-hexane) were formed during electrolysis of C4. In
addition to n-hexane with CEdimer =3.0�1.9%, only ΣProp (the
sum of propane and propene) with CEΣProp =8.6�3.4% and
SΣProp =85.5�3.6% was produced during electrolysis of C4,

Table 1. Selectivity (Sdimer) and yield (Ydimer) for the production of the Kolbe product (dimer) per converted n-CA for C4, C6, and C8 as substrate as well as
selectivity (Sfuel) and yield (Yfuel) for the sum of fuel-like compounds in the organic phase per converted n-CA for an artificial n-CA mixture as substrate.
Carbon balance, CEfuel, and CEoverall for the electrolysis of the individual n-CA and the artificial acid mixture.[a]

Substrate Carbon balance
[%]

Ydimer or Yfuel

[%]
Sdimer or Sfuel

[%]
CEfuel

[%]
CEoverall

[%]

n-butanoic acid (n=3) 42.1�24.5 11.3�7.5 14.4�3.7 – 11.5�5.3
n-hexanoic acid (n=4) 83.4�15.2 68.6�18.6 68.4�4.9 58.9�16.4 73.2�15.9
n-octanoic acid (n=3) 29.0�9.7*

(111.3�10.6)
24.0�9.0*
(92.0�10.4)

69.9�5.4 25.4�3.3 35.1�5.5

mix, pH=7.07�0.25 (n=3) 87.2�16.2 81.9�16.8 78.6�2.0 69.5�11.1 81.2�12.0
mix, pH=8.21�0.34 (n=3) 86.1�3.7 80.1�4.7 78.5�1.9 67.5�2.2 80.3�1.2

[a] – indicates that no liquid organic phase was formed. n provides number of replicates and � represents the 95% confidence interval. Please note that
values marked with * are not representative because of phase separation and low solubility of n-CA, which lead to an overestimation of acid consumption
in the aqueous phase. Consequently, values given in brackets are based on the acid consumption being calculated from CO2 and ester production (see
Experimental Section: carbon balance, yield, selectivity, and rates of the electrolysis).
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resulting in a ratio between dimerization and disproportiona-
tion of 1 :5.8, meaning disproportionation occurs about 6 times
more frequently than dimerization for C4. This indicates a
mechanism shift towards non-Kolbe products under the applied
conditions using C4 as substrate. Furthermore, the CEO2

increased significantly, up to 31.0�14.3% compared to C6 (CE

O2
=2.0�0.8%, Figure 1). This shows that the main share of the

electrons is used for the competitive reaction [i. e., the oxygen
evolution reaction (OER)] and not to the electrolysis of n-CA.
The results for Kolbe electrolysis of C4 presented here are lower
compared to literature values. Levy et al. could achieve a Ydimer

of 20.5%, and Lopez-Ruiz et al. reported a CEaciddegradation around
75% with a carbon selectivity of 35.1% for n-hexane.[27,28]

However, the experimental setup and conditions of both
studies differ from the ones used here that are relevant for
integration into electrobiorefinieries. Lopez-Ruiz et al. per-
formed the electrolysis potentiostatically at 5 V vs. Ag/AgCl, and
Levy et al. used a flow-through system with an n-CA concen-
tration of 1.4 m. This may explain the differences, as it is known
that both potential and acid concentration are critical parame-
ters and can have a major impact on the efficiency of the Kolbe
electrolysis.

On the other hand, the use of C8 acid as substrate requires
that the starting pH of the solution has to be increased, here
from pH=7 to pH=8.6, because of foam formation during the
electrolysis. This effect might be caused by the partly undis-
solved acid in combination with the formation of gases at the
electrodes. In the electrolysis at pH=8.6, the dimer n-
tetradecane is the main product with CEdimer =16.81�5.48% at
Sdimer of nearly 70%. This shows that dimerization is the
preferred reaction pathway using C8 as substrate, which can
also be seen by the ratio between dimerization and dispropor-
tionation of 1:0.1. The CEO2

for C8 (27.8�10.2%) is comparable

to that reached when using C4 as substrate. This implies that
the OER is also not as successfully suppressed over the whole
duration of the electrolysis of C8 as during electrolysis of C6

(Figure 2). This can be explained by the pH dependent behavior
of C8 solutions. Having alkaline pH at the beginning of the
experiment, C8 is fully soluble in the aqueous solution providing
the octanoate anion as substrate for the Kolbe electrolysis. But
already at neutral or slightly acidic pH, C8 starts to form
agglomerates in aqueous solution at these concentrations.[25]

This limits the availability of the octanoate anion at the
electrode surface that is required for the Kolbe electrolysis.
During electrolysis of C8 the pH of the anolyte decreases to 6.9,

Figure 1. Kolbe electrolysis of 0.5 m n-butanoic acid (C4), n-hexanoic acid (C6), and n-octanoic acid (C8) in a two-chamber electrochemical cell with 150 mAcm� 2

up to 0.45 FE at pH=7 (C4 and C6) or pH=8.6 (C8). CEi for substrate consumption and the formation of different products of the electrolysis are presented. The
shown values are averages of the replicates (n) and the error bars represent the 95% confidence interval. Note: The value for CEaciddegradation of C8 is not
representative because of phase separation caused by low solubility and agglomeration of the n-CA, leading to an overestimation of acid consumption in the
aqueous phase.

Figure 2. Oxygen evolution over the duration of the electrolysis for different
n-CA in a two-chamber electrochemical cell with 150 mAcm� 2 up to 0.45 FE
at pH=7 (C4 and C6) or pH=8.6 (C8). The shown values are averages of the
replicates (n) and the error bars represent the 95% confidence interval.
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leading to agglomerate formation and inhibition of the Kolbe
electrolysis, as well as a further increase in the OER at reaction
times longer than 180 min (Figure 2). At that point, the OER is
favored over the Kolbe electrolysis explaining the high CEO2

for
C8 as substrate. This agglomeration behavior of C8 is dependent
on pH and concentration, which is shown in Figure S6. For a
0.5 m C8 solution the conductivity starts to drop at pH�8,
reaching the minimum conductivity at a pH range from 6.8 to
6.2. On the other hand, a 0.1 m solution shows no conductivity
collapse. In comparison, neither 0.5 m C4 nor 0.5 m C6 are
showing any conductivity collapse due to agglomeration during
the conductometric titration (Figure S6). The results presented
here for the Kolbe electrolysis of C8 are comparable to literature
values. For a similar electrolyte composition and n-CA concen-
tration a CEaciddegradation of 57�0.4% could be achieved.[25] Yuan
et al. reported a CEhydrocarbons around 65% with an Yhydrocarbons

around 50% using electrodes coated with Pt nanoparticles.[16]

Hydrocarbons in this respect are the sum of n-tetradecane, n-
heptane, and n-heptene, with n-tetradecane and n-heptane
being produced in equal portions. Thus, the CEhydrocarbons and
Yhydrocarbons are high, but the use of these kind of tailor-made
specialized electrode materials is not applicable for a technical
process and comes with significantly higher costs than the
electrodes used here.[20]

The interaction and coverage of the electrode surface with
the respective n-CA differs depending on the carbon chain
length of the n-CA (Figure 3). Thereby it is of note that the
physical-chemical properties are different for the here used
concentrations in comparison to the ideal that is infinitely
diluted aqueous solutions. For C4, the surface coverage with
butanoate anions is relatively low in comparison to C6 and C8,
as due to its lower hydrophobicity C4 has a higher solubility in
the aqueous phase. This lower coverage of the electrode
surface with butanoate anions results in their lower availability

for the first oxidation step of the Kolbe electrolysis yielding the
C3-radical. Thus, insufficient radicals are formed closely enough
to allow dimerization with high efficiency. This explains the low
CEhexane =3.0�1.9% for electrolysis of C4. In addition, the low
hydrophobicity means that the formed radicals do not remain
on the electrode surface, preventing the second oxidation step
to non-Kolbe products formed from the oxidation of the
carbocation. Instead, the radicals disproportionate forming
propane and propene which can be seen in the higher CEΣProp =

8.6�3.4%. The highest CEO2
among the different single n-CA is

obtained with C4, which can also be seen in Figure 1. Due to the
low hydrophobicity of C4, no hydrophobic layer forms on the
electrode surface, which would prevent water electrolysis. Thus,
water molecules reach the electrode surface and are oxidized,
leading to a CEO2

=31.0�14.3%. This hypothesis is strongly
supported by the measured contact angles at the electrode
surface. The electrolyte solution without n-CA shows a contact
angle of θ=65.9�4.9°, indicating slight hydrophobicity of the
electrode surface. If C4 is added to the solution, the contact
angle increases even further to θ=72.1�1.9° (see Table S7).
This shows that the hydrophilicity even increases, supporting
that no hydrophobic layer consisting of butanoate anions forms
on the electrode surface.

In the case of C6 as substrate for Kolbe electrolysis the
coverage of the electrode with hexanoate anions can be
considered high, leading also to a high concentration of radicals
and therefore an efficient dimerization (CEdimer =51.2�14.7%).
Additionally, because of the higher hydrophobicity of C6 a
hydrophobic layer is formed on the electrode surface which
inhibits water oxidation nearly completely (CEO2

=2.0�0.8%),
which can also be seen in Figure 1. This formation of a
hydrophobic layer is strongly supported by the smaller contact
angle of the electrolyte solution containing C6 (θ=48.7�1.0°,
Table S7) at the electrode surface. Apparently, the fast dimeriza-

Figure 3. Representation of the electrode surface–molecule interaction during the Kolbe electrolysis of different single n-CA. (A) Kolbe electrolysis of n-
butanoic acid (C4). (B) Kolbe electrolysis of n-hexanoic acid (C6). (C) Kolbe electrolysis of n-octanoic acid (C8). The thickness of the arrows represents the
dominating reaction pathways as discussed.
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tion also prevents disproportionation to shorter-chain alkanes.
Since the dimerization after the first oxidation step is the
favored reaction pathway the CEi for non-Kolbe products
formed from the carbocation after the second oxidation step is
low. Overall, this leads to a high Ydimer and Sdimer (see Table 1).

Using C8 as substrate, the CEdimer of 16.8�5.5% is lower
than when using C6. For C8 as substrate for the Kolbe
electrolysis the coverage of the electrode with octanoate anions
can be expected to be at least as high as when using C6 (see
Figure 3), which is also very much in line with the low contact
angle of C8 electrolyte solution of θ=23.6�0.3°. This is even
lower than for the solution containing C6 suggesting an even
higher attraction of octanoate anions to the electrode surface.
However, the overall kinetics seem to be lower leading to a
lower concentration of C7-radicals at the electrode surface and
hence a less efficient dimerization. Further, this can be also
explained by the larger molecule size of C8. As a result, the
intermolecular distance of the C7-radicals is increased, and
hence dimerization is less efficient. Therefore, a higher portion
of the radicals undergoes disproportionation. Also, with C8 as
substrate a hydrophobic layer is formed on the electrode
surface, which inhibits the OER in the beginning of the
electrolysis. In line with the measured contact angle, a high
attraction of octanoate to the electrode surface is expected.
Therefore, a really dense hydrophobic layer can be assumed.
This hypothesis is further supported by the increased cell
potential (Ecell) and working electrode potential (EWE) during the
electrolysis of C8 compared to C4 or C6 (Figure S8). Due to the
dense hydrophobic layer the internal resistance increases,
leading to an increasing overpotential. However, with decreas-
ing pH in the solution C8 starts to form agglomerates, and this
hydrophobic layer detaches leading to an increasing oxygen
evolution over time (see Figure 2).

Overall, it becomes clear that C6 seems the best-suited
single substrate for Kolbe electrolysis among the tested n-CA.
Portions of C8 in an expected n-CA mixture can also be
converted to a potential drop-in fuel. However, the proportion
should be kept sufficiently low to avoid agglomeration of C8 at
higher concentrations. C4, on the other hand, can only be
electrolysed with low efficiency, and hence no liquid organic
phase forms that can be used as drop-in fuel. Another
important point to mention is the relative carbon loss due to
decarboxylation during the Kolbe electrolysis (see Figure S1).
For C4, 1 out of 4 C-atoms and for C8, only 1 of 8 C-atoms is lost
as CO2, meaning that depending on the chain length the
carbon loss ranges between 12.5 and 25%.

Kolbe electrolysis of a n-CA mixture

To achieve drop-in fuel/ fuel additive production from biomass
using an electrobiorefinery, Kolbe electrolysis of a mixture of n-
CA is necessary. Here a n-CA mixture that resembles the
solution gained by Xu et al. from a two-stage microbial
conversion of acid whey was used for the Kolbe electrolysis.[12]

Additionally, the influence of the pH was investigated to
decipher the impact of agglomeration that can be seen for C8

during single acid electrolysis. Thereby, the pH of 7 was chosen
to compare the results of the electrolysis of the n-CA mixture
with the results of the single acids (see above). The used pH of
8.2 resembles a possible cost-effective and direct combination
with the extraction by pertraction as is described by Xu et al.[12]

It can be expected that intermolecular interactions between
the different n-CA may have a weakening effect on the
agglomeration of C8 in a n-CA mixture. This, however, is only
the case to a limited extent as reflected by the contact angels
of θ=25.1�5.1° and 35.5�11.1° for pH=7 and 8.2, respec-
tively. For C4 these intermolecular interactions may improve the
efficiency of the process, because the C3-radical, formed from
C4, can combine with radicals formed from other n-CA leading
to longer chain alkanes than n-hexane, which are less volatile.[27]

Figure 4 shows a high CEaciddegradation>80% for both tested
pHs. Thereby, in line with the relative molar concentrations the
largest share is C6 conversion (CEaciddegradation,C6

�63%), followed
by the other two n-CA with CEaciddegradation,C8

�11.5% and CE

aciddegradation,C4
�8% (Figure 4B). As expected, compared to the

single acid electrolysis the product spectrum was more diverse
because of the greater variety of possible recombinations of the
formed radicals. Not only homo-coupling, meaning the recom-
bination of two radicals of the same chain length, takes place
but also hetero-coupling. Homo-coupling is the dominating
reaction pathway for C6, meaning that two C5-radicals form n-
decane. Since C6 shows the highest conversion, the highest CEi

among the products is CEdecane with above 40% for both pHs.
Noteworthy, the CEdecane is lower than can be expected for only
homo-coupling of C6, which strongly suggests that n-decane
formation via recombination of C3-radicals and C7-radicals is
very unlikely. Compared to the single acid electrolysis the CE for
the homo-coupled dimers from C4 and C8 decreases to CEhexane

and CEtetradecane below 1% at both pHs. Instead, the formed
radicals from C4 and C8 performed preferably hetero-coupling
with the C5-radical formed from C6. This leads to a high CEi for
n-octane with around 8%, produced via combination of C5- and
C3-radicals, and n-dodecane with around 10%, gained via
combination of C5- and C7-radicals,. The CEi of all produced
organic compounds in the liquid organic phase can be summed
up because the combined organic phase is a very likely to serve
as drop-in fuel/fuel additive. In total, an excellent CEfuel =69.5�
11.1% for pH 7 and CEfuel =67.5�2.2% for pH 8.2 was achieved.
This is well above the CEfuel =58.9�16.4% using only C6 as
substrate. This shows that using a n-CA mixture increases the
efficiency of fuel production via Kolbe electrolysis compared to
using single n-CA. Also, the OER is successfully suppressed at
both pHs using a n-CA mixture as substrate, as CEO2

was below
1% for both cases (see Figure 4).

Additionally, the selectivity and yield for the production of
the respective dimer were calculated (see Table 1). C6 shows the
highest combination of yield and selectivity for dimer produc-
tion with Ydimer =68.6�18.6% and Sdimer =68.4�4.9% among
the individually tested n-CA. Sdimer =69.9�5.4% for C8 is
comparable to that of C6. The Kolbe electrolysis of C4 shows
only a low yield as well as a low selectivity for dimer formation.
This confirms that C6 is the optimal substrate for Kolbe
electrolysis among the individually tested n-CA. Furthermore,
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Table 1 shows that the selectivity and yield for the sum of fuel-
like compounds, using a n-CA mixture, resembling the
composition gained by Xu et al. from a two-stage microbial
conversion of acid whey,[12] as substrate for the Kolbe
electrolysis, is around 80%. This demonstrates that most of the
products are in the liquid organic phase that could be used as

drop-in fuel and only a minor share are present in the gas
phase that may also serve as combustion fuel.

A schematic representation of the interaction and coverage
of the electrode surface with carboxylic acid molecules as well
as the selectivity for the different reaction pathways using a n-
CA mixture as substrate is shown in Figure 5. With a selectivity
around 70% dimerization is the preferred pathway. However, it

Figure 4. Kolbe electrolysis of a 0.47m artificial n-CA mixture containing n-butanoic acid (C4), n-hexanoic acid (C6), and n-octanoic acid (C8) in a molar ratio of
3 :8 : 1 in a two-chamber electrochemical cell with 150 mAcm� 2 up to 0.45 FE at two different pH (pH=7 and 8.2). (A) CEi for total substrate consumption and
the formation of different products of the electrolysis are presented. (B) CEi for the different n-CA in total substrate consumption. A detailed product
distribution is given in Figure S9. The shown values are averages of the replicates (n) and the error bars represent the 95% confidence interval.

Figure 5. (A) Representation of the electrode surface–molecule interaction with the thickness of the arrows representing the dominating reaction pathways
and the selectivity, Si, for the different reaction pathways. (B) Achieved product selectivity during the Kolbe electrolysis of a n-CA mixture. The shown values
are averages of the replicates (n=6, Mix pH 7 and Mix pH 8.2) and the error bars represent the 95% confidence interval.
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has to be distinguished between homo- and hetero-coupling.
Homo-coupling with Shomo =49.7�1.1% mainly takes place for
C5-radicals derived from C6 as already mentioned before.
Thereby, 66.1% of the converted C6 molecules undergo homo-
coupling of the C5-radicals while only 8–10% of the converted
C4 and C8 result in homo-coupled dimers of the resulting
radicals. The C3-radicals and C7-radicals, on the other hand,
preferably perform hetero-coupling with C5-radicals resulting in
Shetero =21.7�0.9%. Only about 7% of converted C6 can be
accounted for hetero-coupled products, but between 24–26%
of the converted C4 and C8. With a similar selectivity to hetero-
coupling also disproportionation takes place, mainly for C4 and
C6. The least likely pathway is the 2nd oxidation step to a
carbocation, which produces non-Kolbe products like esters
and alcohols. This has only a selectivity of around 10%. Here, it
is important to stress that biological conversions of bio-based
feedstock yield mixtures of n-CA and usually not solutions
containing single acids. This diversity of substrate can be
detrimental for other chemical conversions. This is not the case
here. Even further, using a n-CA mixture as substrate for the
Kolbe electrolysis can overcome the drawbacks of the electrol-
ysis of individual n-CA, which as single acids did not form any
liquid organic products or show agglomeration, and is therefore
a highly elegant way to produce bio-based fuel.

In addition, the operational expenditures (OPEX) of a
process similar to our previous study by Urban et al. without
the need of down-streaming and demonstrating the compara-
ble fuel-like properties of the gained product including a higher
heating value of around 46 MJkg� 1[13] were analysed (see
Section S13). The used n-CA mixture serves as model for a real
n-CA mixture (MCCA mixture) derived from bio-based feedstock
or even waste via a biological conversion.[12] Then, the
production costs of fuel additives via Kolbe electrolysis can be
simplified as follows: Per conversion of 1 mol of n-CA (average
for the mixture) from the mixture 80.4 mL of liquid fuel mixture
are produced. In order to obtain 1 L fuel, 12.4 mol of n-CA have
to be converted using 5.02 kWh (see Table S8). Considering the
electric energy price, this results in OPEX of 0.53 E (0.59 $) per
produced liter of fuel mixture. Although this calculation does
not consider agitation costs and other costs for drive periph-
erals, it conveys one important key message: the costs of fuel
produced via Kolbe electrolysis can compete with the costs for
traditional petroleum-based fuel and, in addition, governmental
funding for the development and expansion of such processes
is desirable.[29]

Conclusion

Using a n-carboxylic acids mixture as substrate for Kolbe
electrolysis results in improved yields of liquid fuels by hetero-
coupling of the derived radicals. A CEfuel of nearly 70% for the
n-CA mixture was demonstrated to be 10% higher than CEfuel

when using only C6, which is the most suitable single n-CA.
Thereby, the radicals formed from C4 and C8 mainly undergo
hetero-coupling with a selectivity of 21.7�0.9%, while the
radicals of C6 mainly homo-couple (Shomo =49.7�1.1%). This

performance, jointly with the economic consideration showing
an operational expenditure of less than 1 EL� 1, demonstrates
that n-CA mixtures can be successfully used for the production
of drop-in fuel via Kolbe electrolysis. Further, we shed light on
influencing parameters for an efficient formation of Kolbe
products that strongly depends on the chain length and the
concentration of the n-CA in the aqueous reaction solution.
There is a delicate balance between the need for the formation
of a hydrophobic layer on the electrode surface as well as the
need of relative proximity of the formed radicals at the
electrode.

Specifically, the Kolbe electrolysis enables the upgrading of
n-CA mixtures, originated from microbial conversions of a
variety of substrates such as corn beer,[13] acid whey,[12] or other
organic waste streams[30–32] to fuels or fuel additives. In general,
the combination of microbial and electrochemical conversion in
electrobiorefineries offers the potential to make an important
contribution to a circular and bio-based but also viable
economy.

Experimental Section

General remarks

All chemicals were of at least analytical grade if not stated
otherwise. All solutions were prepared with deionized water (Milli-Q
IQ 7000, Merck KgaA, Darmstadt, Germany). A list of all used
symbols and abbreviations as well as details to chemicals and
applied analytical methods can be found in the Supporting
Information.

Experimental setup

Electrochemical conversion of n-butanoic (C4), n-hexanoic (C6), and
n-octanoic acid (C8) by Kolbe electrolysis, as well as acidification
after the electrolysis, were performed in a three-neck 250 mL flask
(Schott AG, Mainz, Germany) already described in detail in our
previous study.[20] Briefly, the flask was equipped with the working
electrode (WE), the counter electrode (CE, 18 mm distance to WE)
with a CE chamber, the reference electrode (RE), two needle ports,
a pH electrode, and a conductivity electrode. The whole setup was
fabricated gas tight, except the two needle ports for gas inlet and
gas outlet.

All experiments were carried out under galvanostatic conditions by
a DC power source (2230-30-1 triple Channel DC Power Supply,
Keithley/Tektronix GmbH, Köln, Germany) using a three-electrode
setup consisting of a platinized titanium WE (Umicore, Schwaebisch
Gmuend, Germany) with a geometric surface area of 2 cm2, an Ag/
AgCl sat. KCl reference electrode (SE 11, Xylem Analytics Germany
Sales GmbH & Co. KG/Sensortechnik Meinsberg, Waldheim, Ger-
many), and a CE (Platinum foil, 1×1.2 cm, Goodfellow, Huntingdon,
UK). The DC power supply was connected to the WE serving as
anode and the CE serving as cathode. The cell potential (Ecell)
between WE and CE was measured using the DC power supply. The
anode potential was measured relative to the RE with an additional
multimeter (Autoranging Mini MultiMeter MN16, Extech Instru-
ments, Nashua, USA). The system was operated in two-chamber
configuration with the cathode chamber separated via a custom-
made glass tube interfaced via an ion exchange membrane
(fumasep FKS-PET-130, FUMATECH BWT GmbH, Bietigheim-Bissin-
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gen, Germany). The working volume of the anode chamber was
200 mL and that of the cathode chamber was 9 mL.

The aqueous n-CA solution in the anode chamber was purged with
nitrogen for at least 15 min before each electrolysis. For all
connections gas-tight Tygon tubes (Saint-Gobain, Charny, France)
were used. The pH, temperature, and conductivity were measured
continuously during the experiment using a SevenExcellence S470
(Mettler-Toledo, Greifensee, Switzerland) with an InLab Micro Pro
pH electrode and an InLab 710 conductivity electrode (both
Mettler-Toledo, Greifensee, Switzerland). Both electrodes were
calibrated with commercial buffer solutions (Mettler-Toledo, Grei-
fensee, Switzerland) directly before each experiment. After each
electrolysis the anode was cleaned with acetone and afterwards
rinsed with water. All other inlet parts of the setup were also
cleaned with water.

Kolbe electrolysis

500 mL aqueous n-CA solution for the anode chamber was
prepared as described in our previous study.[20] Briefly, for all
electrolysis experiments a 0.5 m n-CA solution was prepared by
adding the corresponding amount of n-CA into a flask with water.
Afterwards Na2SO4 was added up to 0.25 m. Finally, the pH for C4

and C6 was adjusted to pH=7 and for C8 due to solubility reasons
to pH=8.6 by adding NaOH pellets or H2SO4 (3m or 50%). For the
electrolysis of the n-CA mixture, the acids were added in a molar
ratio of 3 : 8 : 1 (C4/C6/C8) to result in an overall acid concentration of
0.47 m. The pH of the solution was adjusted to pH=7 or pH=8.2
using NaOH pellets and H2SO4 (3m or 50%). The solution for the
cathode chamber was prepared to a similar pH and conductivity as
the used n-CA solution by adding NaOH pellets and Na2SO4 to
water.

200 mL of the n-CA solution was used for the electrolysis and
100 mL as blank solution (200 mL remained unused). The 200 mL
for the electrolysis were filled into the electrochemical reactor
described above and the reactor was weighed. Thereafter, the
cathode chamber was filled with 9 mL of the cathode chamber
solution and the complete experimental setup was assembled. The
gas outlet was connected to a N2-mass flow meter/controller (MFM;
LOW-ΔP-FLOW F-101D, 60 mLnmin� 1, Bronkhorst High-Tech B.V.,
Ruurlo, Netherlands) controlled via a Flow-Bus (Bronkhorst High-
Tech B.V., Ruurlo, Netherlands) with a microGC (3000 Micro GC,
INFICON, Cologne, Germany) in by-pass in order to determine the
composition and the volume of the produced gas. The electrolysis
was carried out for different times reaching FE of 0.27�0.002,
0.43�0.02, 0.75�0.04, 1.02�0.01 and 2.05�0.10 with a constant
current density of 150 mAcm� 2 at room temperature (Ø=23.7 °C)
and 1000 rpm stirring. The average temperature of the anolyte at
the end of the electrolysis was 32.9 °C (C4, C6, n-CA mixture) or
36.1 °C (C8).

After the electrolysis, the system was kept gas tight and the stirring
was stopped to allow phase separation between the aqueous
electrolyte solution and the formed organic products. First, 0.6 mL
of the aqueous solution was taken and discarded as dead volume
of the needle. Afterwards, a 1 mL sample for high-performance
liquid chromatography (HPLC) analysis was taken from the aqueous
phase of the reactor. The N2-mass flow meter/controller was
changed to a CO2-mass flow meter/controller (EL-FLOW Select F-
201CV, 500 mLnmin� 1, Bronkhorst High-Tech B.V., Ruurlo, Nether-
lands) and the stirring was turned on again. Through the needle
port 50% H2SO4 was added to the anode chamber to adjust the
solution to pH=2. Thereby, the CO2 dissolved in the anolyte was
gassed out and its volume was measured in order to calculate the
carbon balance. Here, it is important to mention that due to the

combined gas phase of anode and cathode chamber partially CO2

was also dissolved in the (highly) alkaline catholyte but not
quantified by the aforementioned approach. This leads in general
to an underestimation of the formed CO2.

GC–MS for quantification of liquid organic electrolysis
products

To quantify the amount of reaction products in the liquid organic
phase, first the reaction mixture as well as the blank solution (pH=

2) were left to settle for at least 2 h in a separating funnel for phase
separation. 15 mL of n-hexane was added to the blank to enhance
phase separation. Both phases (aqueous and organic) were
separately collected into flasks. 5 mL of n-hexane was used to rinse
the separating funnel of the blank and was added to the organic
phase. The weight of both phases was determined. The density of
the phases was determined by weighing 1 mL. Samples from the
organic phase were prepared for analysis by in parallel diluting
aliquots in n-hexane and dichloromethane. Dilutions of 1 :10,
1 :100, and 1 :1000 were analysed. The aqueous phase was analysed
via HPLC.

Both dilutions series of the organic phase were analysed via gas
chromatography–mass spectrometry (GC–MS) (GC 7890A and MSD
5975C InertXL, Agilent, Santa Clara, USA), using a DB-FATWAX
capillary column (30 m ×250 μm ×0.25 μm, Agilent, Santa Clara,
USA) with helium as carrier gas and undecanoic acid methyl ester
as internal standard for the organic phase. The initial temperature
was 50 °C (held for 2 min) and it was increased to 250 °C with a
temperature ramp of 15 Kmin� 1. n-CA, n-alkanes, alcohols, and
esters were identified using retention times and mass spectra of
pure reference compounds. n-CA (C4–C10, 4 levels), n-alkanes (C5–C7

and C8–C18, each 4 levels), alcohols (C3–C8, 3 levels), and some esters
(C10–C11, 3 levels) were quantified using external standards. The
concentration of esters that were not calibrated (being a very minor
share) was estimated using an average response factor of all
calibrated esters.

HPLC for quantification of n-CA

Samples from the blank solution and after the electrolysis (before
acidification) were subjected to HPLC analysis. Furthermore, the
aqueous phase after phase separation from the electrolysed
solution as well as from the blank solution was analysed by HPLC.
Samples were diluted in water to 1 :5 or 1 :20 depending on the
expected acid concentration. All samples containing C4 were
adjusted to pH=2. Samples of pure C8-electrolysis were adjusted to
pH=12.

HPLC analysis was performed at 208 nm with the gradient shown in
Table S3 with a constant flow of 0.8 mLmin� 1. Measurements were
carried out at room temperature for 30 min. Between each sample
the column was re-equilibrated for 5 min to the starting measure-
ment conditions. n-CA were identified using retention times of pure
reference compounds and quantified with external standards. Thus,
an 8-point calibration in the range 0.1–5 mgmL� 1 was performed
based on a mixture of n-CA with a chain length ranging from C2 to
C10.

Gas phase analysis

During electrolysis the gas composition was monitored with a four-
channel microGC equipped with a thermal conductivity detector,
which was calibrated to analyse the experimental gas profile (see
Table S4). Details on the method can be found in Table S5.
Measurements were carried out at the beginning of the electrolysis
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(t0) and every 10 min during the first 90 min of the experiment.
During the remaining time of the experiment the gas composition
was measured every 30 min.

From the mass flow controller, the measured volume vnorm
measured [mL]

was gained and the mole fraction yi of each individual gas
component i [%] was obtained from the microGC-TCD (thermal
conductivity detector) measurement.

Data processing and calculations

Quantification of gas components: For quantification of individual
components in gas mixtures data from the MFM and the microGC-
TCD measurements were combined. This allowed to calculate the
absolute amount of each gaseous component that was produced
during electrolysis. All gas phase calculations were based on our
method paper by Neubert et al.[33]

Coulombic efficiencies: The CE for each component i, CEi, for
electrochemical n-CA decarboxylation and the formation of differ-
ent products (Table S1), was derived from the charge Qi calculated
for each reaction in relation to the total charge (Qtotal) measured
during electrolysis according to Equation (1). Qi was calculated from
the consumed or produced amount of substance ni within the
electrolysis solution (the volume was assumed to be constant):

CEi ¼
Qi

Qtotal
� 100 % (1)

with Qi determined according to Equation (2):

Qi ¼ ni � zi � F (2)

Where ni is the amount of each substance in mol, zi is the number
of transferred electrons per molecule (see Table S1), and F=

96.485 Cmol� 1 is the Faraday constant. For n-CA, ni equals the
difference of the amount of n-CA before and after electrolysis
determined via HPLC.

Qtotal can be derived from the integrated current (i) that was set
over time [Eq. (3)]:

Qtotal ¼

Z

i tð Þ dt (3)

Additionally, the CEfuel of the electrolysis was calculated according
to Equation (4) from the sum of Qi of all fuel-like compounds
(alkanes, esters, and alcohols in the liquid organic phase):

CEfuel ¼

P
Qi; fuel� like products

Qtotal
� 100 % (4)

Similarly, CEoverall of the electrolysis was calculated from the sum of
Qi of all organic products in the liquid and gaseous phase
(excluding H2, CO2, and O2).

Carbon balance, yield, selectivity, and rates of the electrolysis: The
carbon balance for the electrolysis was calculated as the ratio of the
molar amount of carbon that was found in all formed products (
P

nC;products) and the molar amount of carbon that was consumed
from the substrate (nC,CA), as depicted in Equation (5). The
consumed amount of carbon from the n-CA equals the difference
of n-CA before and after electrolysis determined via HPLC.

carbon balance ¼
P

nC;products

DnC; CA
� 100 % (5)

The yield of the dimerization product, Ydimer, was determined
according to Equation (6) as ratio of the amount of formed dimer
and the amount of consumed CA.

Ydimer ¼
2 � ndimer

DnCA
� 100 % (6)

For n-octanoic acid (C8) a corrected carbon balance and Ydimer are
calculated due to its limited homogeneous solubility. For the
corrected values ΔnCA equals the sum of produced CO2 and all
esters since for each acid molecule converted one molecule of CO2

is cleaved off and for ester production also an additional
(unconverted) acid is required.

In order to assess the selectivity of the dimerization pathway of the
electrolysis, Sdimer, the molar amount of n-CA was related to the
amount of all products formed (excluding CO2, H2, and O2), as
shown in Equation (7):

Sdimer ¼
ndimerP
nproducts

� 100 % (7)

Statistical analysis

All experiments were done in at least three independent replicates
(n�3). In this regard independent replicates means that the n-CA
solution, the following electrolysis of the solution, and finally the
sample preparation was performed fully independent for each
single replicate. All values are given as the mean � confidence
interval (CI, α=0.05) if not stated otherwise.
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