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The industrial-scale microbial conversion of waste carbon into medium-chain carboxylic acids (MCCAs) has
become feasible, and their subsequent utilization for hydrocarbon production via the Kolbe reaction as

a bioenergy source represents a highly promising route. However, controlling the concentrations of

MCCAs, pH, and electrode potential during the coupling of these reactions to ensure efficient elongation
and improve Kolbe reaction efficiency is crucial for reducing bioenergy production costs. Our study
demonstrated that the Kolbe electrolysis of n-caproic acid exhibits a concentration threshold of
800 mM; beyond this concentration, the Faraday efficiency stabilizes, reaching a peak of 51.2%. The
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Kolbe electrolysis at higher substrate concentration could reduce the energy consumption required to

produce the same amount of biofuel by approximately 87%. Both acidic and neutral conditions
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1 Introduction

Over the past 50 years, the world's energy consumption has
been continuously increasing. The petroleum consumption had
increased to 756 million tons in 2024, with a year-on-year
growth of approximately 9.1%." Nevertheless, fossil fuels are
non-renewable, and their use is constrained by extraction
capacity and finite reserves. Therefore, there is an urgent need
to develop alternative energy sources or produce more energy
substances to address the scarcity of conventional fossil fuels
and mitigate their environmental and climate impacts.”> In
recent years, the development of technologies for the produc-
tion of renewable chemicals and liquid fuels from sustainable
resources has attracted considerable attention in both
academia and industry.

Amid recent advances in microbial production of medium-
chain carboxylic acids (MCCAs) from waste carbon, Xu et al.’
developed a temperature-phased anaerobic fermentation
process, in which acid whey was first converted to lactic acid by
a thermophilic Lactobacillus-dominated microbiome and
subsequently upgraded to MCCAs via chain elongation under
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effectively promote the Kolbe reaction. In terms of electrode potential regulation, a voltage of 3.5 V
generally yields better electrolysis results.

mesophilic conditions, achieving a maximum n-caproic acid
production rate of 81 mmol C L " day . The resulting n-caproic
acid was recovered by continuous liquid-liquid extraction and
retained in extraction solution (Fig. 1A).* The MCCAs in the
extraction solution serve as substrates for Kolbe electrolysis
(carboxylic acid electrolysis) to generate hydrocarbon with
phase separation (Fig. 1). Although low acid concentrations and
alkaline conditions favour liquid-liquid extraction selectivity,*
they are not optimal for Kolbe electrolysis. Therefore, eluci-
dating the effects of MCCA concentration and pH in the
extraction solution on the efficiency and energy consumption of
the Kolbe reaction provides essential data support for inte-
grating liquid-liquid extraction to improve overall process and
energy efficiency, as well as for the subsequent utilization of the
gaseous by-products (e.g., H,, CO,, and O,, Fig. 1B and C)
generated.

Recent research on Kolbe electrolysis has focused on key
areas including electrode material selection, the use of sup-
porting electrolytes, optimization of electrolyte flow rate, and
reactor design improvements.® However, critical parameters
such as electrolyte concentration, electrode potential, and pH
remain insufficiently studied. Among these, the concentration
of MCCAs plays a critical and dual role: as a product, it modu-
lates microbial chain elongation efficiency and associated
toxicity, while as a substrate, it dictates the rate of the Kolbe
electrolysis reaction.”® Therefore, maintaining a balanced
concentration of MCCAs is essential to ensure the efficient
extraction efficiency and the subsequent formation of
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Fig.1 Schematic representation of the integrated bioprocess-electrolysis system for in situ conversion of biogenic carboxylic acids into biofuels.
(A) Bioreactor with pH-controlled fermentation coupled to in-line extraction through hollow-fiber membranes,** where the extraction solution
is subsequently directed to the Kolbe electrochemical reactor for biofuel production (Fig. S1 and S2). (B) Kolbe and non-Kolbe electrolysis

pathways showing oxidative decarboxylation and product formation.
alkanes, CO,, H, and O,.

downstream alkane products. Moreover, pH in the extraction
significantly impacts liquid-liquid extraction efficiency, micro-
bial activity, equipment corrosion.” Thus, understanding the
effect of pH on Kolbe electrolysis impacts on the efficiency of
microbial fuel production system.

This study employed n-caproic acid—a widely studied
MCCAs in biomass energy research—as the substrate for
Kolbe electrolysis, examining the effects of its concentration,
electrolysis potential, and pH on the process. Meanwhile,
we developed a sealed Kolbe electrolysis device (Fig. S1) to
accurately measure the yield and composition of the
generated gases, providing data support for their subsequent
utilization. By analyzing the multi-dimensional data, the
optimal conditions for n-caproic acid Kolbe electrolysis in
a platinum electrode system were derived, providing key gui-
dance for both academic research and engineering
applications.

2 Materials and methods
2.1 Materials

All chemical reagents used are of analytical grade or above. All
solutions are diluted or dissolved with deionized water of the
same type. n-Caproic acid (99%), n-hexane (for dilution, 95%), n-
decane (analytical standard, 99.5%), sodium hydroxide (for
adjusting pH), absolute ethanol (95%), formic acid (99%).
Further chemicals used as analytical standards such as acetic
acid (0.01 M), propionic acid (0.01 mM), isobutyric acid (0.01
mM), butyric acid (0.01 M), isovaleric acid (0.01 M), valeric acid
(0.01 M), isocaproic acid (0.01 M), n-caproic acid (0.01 M) and n-
heptanoic acid (0.01 M), were purchased from Thermo Fisher
Scientific, Inc. (Waltham, MA, USA).

7460 | RSC Adv, 2026, 16, 7459-7468

(C) Electrolysis cell illustrating electron transfer and the generation of

2.2 Electrode selection

Platinum (Pt) electrodes are favorable for the single-electron
oxidation of carboxylate ions, leading to the formation of alkyl
radicals. Owing to their weak adsorption affinity toward radical
intermediates, the generated radicals readily desorb from the
electrode surface and undergo coupling reactions in the solu-
tion phase. This characteristic effectively promotes the Kolbe
reaction pathway while suppressing Hofer-Moest type
secondary oxidation processes.'® Accordingly, a Pt plate (10 x 10
x 0.1 mm) was employed as the working electrode, while
a titanium plate of identical dimensions was used as the
counter electrode, and an Ag/AgCl electrode served as the
reference electrode.

2.3 Electrode cleaning

To remove surface oxides that may form on the electrodes
during electrolysis, a standardized ultrasonic cleaning proce-
dure was applied after each experiment. Specifically, the elec-
trodes were ultrasonically cleaned in anhydrous ethanol for
15 min, followed by ultrasonic cleaning in deionized water for
an additional 15 min.

2.4 Electrochemical tests

The electrochemical experiments were conducted in a 100 mL
five-hole electrolytic cell (Fig. S1). The anode and cathode were
secured using polytetrafluoroethylene sealing plugs. A reference
electrode was connected via a Luggin capillary (salt bridge) to
minimize the electrolyte contamination. During Kolbe elec-
trolysis, gases produced by electrolysis were collected using
a Teflon-lined hose, and stored in a dedicated Teflon gas
sampling bag (BKMAM Biotech). Prior to electrochemical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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experiments, the pH meter was systematically calibrated with
standard buffer solutions (pH = 4.01, 7.01 and 9.80) following
manufacturer protocols. The electrochemical experiments were
performed using a multi-channel electrochemical workstation
(Bio-Logic VMP-300, France) with 10 independent channels
capable of simultaneous potentiostatic control.
Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out using a conventional three-electrode
configuration, consisting of a Pt working electrode, a Pt (or Ti)
counter electrode, and an Ag/AgCl reference electrode. Prior to
each measurement, the electrochemical cell was allowed to
stabilize at open-circuit potential (OCP) for at least 5 min to
ensure a steady electrochemical state. EIS spectra were recorded
at the OCP by applying a sinusoidal AC perturbation with an
amplitude of 5 mV. The frequency range was restricted to the
high-frequency region from 1 kHz to 50 kHz, as the primary
purpose of the EIS measurements in this study was to deter-
mine the solution resistance (R;) for iR correction. Low-
frequency processes related to charge transfer and mass trans-
port were therefore not investigated. The impedance data were
presented in Nyquist plots, and the Rs was obtained from the
high-frequency intercept on the real axis. All measurements
were repeated at least three times to ensure reproducibility.

2.5 Influence of concentration on the Kolbe electrolysis

A series of n-caproic acid solutions with a volume of 500 mL
were prepared at different concentrations, as detailed in Table
1. For the electrolysis electrolyte, no additional supporting
compounds other than n-caproic acid were introduced, in
which n-caproic acid was served as both the reactant and the
electrolyte. The pH of each solution was adjusted to 6.8-7.1 by
titration with 3 M solution NaOH. Subsequently, 100 mL of the
electrolyte was accurately measured using a volumetric flask
and transferred into the electrochemical cell. Electrolysis
experiments were then conducted under identical Faraday
equivalent (FE) conditions at a constant voltage of 3.5 V, with
the corresponding charge input (Q) required for each electrolyte
concentration at different FEs summarized in Table S1.

2.6 Influence of pH variation on the Kolbe electrolysis

To investigate the effect of pH on the Kolbe reaction, n-caproic
acid electrolytes were prepared and adjusted to three pH levels
(5.86, 6.92, and 9.60) using NaOH solution. The electrolysis was
controlled by constant potential with a voltage of +3.5 V vs. Ag/
AgCl sat. (Fig. S3). The selection and treatment of electrodes can
refer to the Sections 2.2 and 2.3. In view of the problem of
organic phase loss caused by frequent sampling during batch
electrolysis (including the escape of volatile components and
the disturbance of the liquid-liquid interface), this study opti-
mized the measurement method of faradaic efficiency (FEff).
Specifically, the continuous electrolysis mode was adopted.
After inputting the full charge amount of 1.00 FE in a closed
electrolytic cell, the n-decane in the organic phase was directly
quantitatively analyzed. By eliminating the systematic errors
introduced by intermittent sampling, this method ensured the
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product recovery rate and significantly improved the calculation
accuracy of FEff.

2.7 Influence of potential level on the Kolbe electrolysis

The input potential exerts a significant influence on the
electrochemical reaction. The synergistic mechanism between
the electrode potential and the current density decisively
impacts the efficiency of the Kolbe electrolysis, as presented in
Fig. S4. Ideal operation requires maintaining an optimal
current density to balance mass transfer rate and charge
transfer efficiency.""> However, achieving stable constant
current operation is challenging in practice due to spatiotem-
poral heterogeneity in electrode polarization effects and
concentration overpotential. Furthermore, accurately calcu-
lating the electrical energy consumption under constant current
mode is difficult. Therefore, this study employed a constant
potential operation strategy. Three distinct potential values, all
significantly above the critical potential for the Kolbe reaction
(2.4 Vvs. Ag/AgCl), were selected to ensure the dominance of the
Kolbe dimerization pathway and to systematically investigate
the effect of applied potential. Electrolysis of the electrolyte—an
800 mM n-caproic acid solution at pH 6.92 was performed until
a charge corresponding to 1.00 FE was passed at each potential.

2.8 Analysis of the electrochemical products

2.8.1 Aqueous phase. After completion of the experiments,
the collected samples were diluted. The diluted samples were
acidified with 5% formic acid, filtered through a 0.22 pum
membrane filter, and then transferred into 2 mL Agilent vials
for gas chromatography (GC) analysis. GC analysis was per-
formed using an Agilent 7890A system equipped with a flame
ionization detector (FID). Separation was achieved on a DB-
FFAP capillary column (30 m x 250 pm ID, 0.25 pm film
thickness; Agilent, Santa Clara, USA), with nitrogen used as the
carrier gas at a constant flow rate of 1.5 mL min . The injector
temperature was maintained at 240 °C, and a split ratio of 30: 1
was applied. The column oven temperature program was as
follows: the initial temperature was held at 80 °C for 1 min,
ramped to 115 °C at 15 °C min~" and held for 3 min, then
increased to 130 °C at 3 °C min~ ", followed by a final ramp to
230 °C at 15 °C min~'. The FID detector temperature was
maintained at 300 °C.

Carboxylic acids (CAs) were identified and quantified using
the external standard method. The retention times of individual
CAs were calibrated using fatty acid standard mixtures. Quan-
titative analysis was conducted based on peak areas, and the
concentration profiles of CAs were subsequently used to calcu-
late the coulombic efficiency (CE) of n-caproic acid.

2.8.2 Organic phase. First, 10 mL of n-hexane was added to
the electrolytic cell. The mixture was stirred using a magnetic
stirrer for 5 min and then allowed to stand for 10 min. After the
solution became homogeneous and stable, 1 mL of the upper
organic phase was withdrawn using a disposable syringe,
filtered through a 0.22 pm organic membrane filter, and
transferred into a 2 mL vial for gas chromatography-mass
spectrometry (GC-MS) analysis. Subsequently, an additional

© 2026 The Author(s). Published by the Royal Society of Chemistry
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5 mL of n-hexane was added to the electrolytic cell, followed by
stirring for 5 min and standing for 10 min. Then, 1 mL of the
upper clear organic phase was collected for GC-MS analysis. GC-
MS analysis was performed using an Anyeep 7700 GC-MS
system (Suzhou, China). Separation was achieved on an HP-
5MS UI capillary column (30 m x 0.25 mm ID, 0.25 um film
thickness; Agilent, Santa Clara, USA), with helium used as the
carrier gas at a constant flow rate of 1.0 mL min . The injector
temperature was set at 250 °C, with an injection volume of 0.2
puL and a split ratio of 60:1. The column oven temperature
program was as follows: the initial temperature was set at 50 °C
and held for 2 min, then increased to 60 °C at a rate of 2 ©
C min ', followed by a ramp to 200 °C at 50 °C min~*, and
finally increased to 280 °C at 60 °C min~'. The mass spec-
trometer was operated with an ion source temperature of 240 °C
and a transfer line temperature of 250 °C. Selected ion moni-
toring was conducted using characteristic m/z fragments of
57.1, 71.1, and 85.2.

2.8.3 Gas detection. For gas-phase product analysis,
a curved gas outlet interface was connected to a Teflon-lined
hose, and a Teflon gas collection bag was attached to the
other end. After completion of electrolysis at a total charge of
1.00 FE, the collected gas was analyzed by gas chromatography.
The instrument used for the analysis is an Anyeep 7700 gas
chromatograph analyzer equipped with a TCD (Thermal
Conductivity Detector), and argon (Ar) is used as the carrier gas.
The GC measurement conditions are as follows: the tempera-
ture of the injection port is 250 °C, a 1 uL quantitative valve is
configured, the detection temperature of the TCD is 250 °C, the
temperature of the valve box is 80 °C, the temperature of the
independent small valve box is 100 °C, and the temperature of
the chromatographic column is set at 90 °C and maintained for
13 min at a constant temperature. Since the thermal conduc-
tivity coefficients of Ar and CO, are too close, the measurement
of the CO, content is inaccurate during gas phase detection.
Following the analysis of other gas components, the CO,
concentration was finally determined using a dedicated CO,
detector. The CO, detector uses a smart carbon dioxide module
(SGA-700 series, Shenguoan, Shenzhen). The calibration
procedure for the CO, detector is described in detail in the SI.

2.9 Data processing and calculation

2.9.1 Ionization of molecules. When preparing the n-cap-
roic acid solution, the ionic distribution in the solution was
estimated based on the Henderson-Hasselbalch equation.*
The relationship between the distribution of dissociated
carboxylic acid (A7) and undissociated carboxylic acid (HA)
molecules in the aqueous solution and pH was calculated

according to eqn (1) and (2).**
C(A*))
1
Com 1)

G = CaHy * Cua (2)

pH =pK, + logl()(

where C(4-) represents the concentration of the corresponding
carboxylate ion, (Cga)) is the concentration of the CA molecule

© 2026 The Author(s). Published by the Royal Society of Chemistry
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form, and Cj; is the total concentration of the CA containing
this carbon atom in the solution. Consequently, eqn (1) and (2)
can be joined to give eqn (3) which gives the concentration of
dissociated CA molecules in dependence of the pH. Relating
Cia) to C(ca) equals the share of dissociated CA molecules:

C; x 10(PH-pK)
Cay = 1 + 100H-pKy) (3)

2.9.2 Faraday equivalent. To ensure that the amount of
charge input is relatively consistent each time, 1.00 FE is used as
the experimental cycle throughout this experiment. FE is
defined as the ratio of the charge quantity transferred over time
(Q¢) to the charge quantity theoretically required to convert all n-
caproic acid (Qotal), assuming a CE of 100%, and is calculated
as follows:"

idt
_ 0 _ J ’
FE= Qlotal B Zni 2< FxZ (4)
Qo =Y mxFxZ (5)
0 = JO ide (6)

In the equation, n; represents the amount of substance of n-
caproic acid, and Z denotes the number of electrons transferred
per molecule of n-caproic acid during the reaction. In the
present reaction system, one electron is transferred for each
molecule of n-caproic acid consumed; therefore, Z is taken as 1.
The Faraday constant (F) is taken as 96 485 C mol .

2.9.3 Coulombic efficiency. In this experiment, the CE is
used to define the ratio between the amount of electric charge
consumed for the oxidation of n-caproic acid and the actual
input charge as presented in eqn (7).**

_ Qi ZHCAJXFXZ
= ===
& Jidz

0

CE )

In the equation, nc,_ represents the change in the amount of n-
caproic acid in the aqueous phase of the electrolyte before and
after the reaction. This value was determined by GC following
appropriate dilution and acidification of the samples.

2.9.4 Faradaic efficiency. In the experiment, we also
calculated the FEff of n-decane production, which is used to
define the ratio between the amount of electric charge required
for the production of n-decane (Qgecane) and the amount of
electric charge input (Q,) as shown in eqn (8):

FESff = Qdccanc — anCcanc x FxZ [8)

& Jt idt

0

In the formula, ngecane refers to the content of n-decane in the
organic phase of the electrolyte after the reaction, which is
determined by GC-MS after dilution. In this reaction system, the
number of electrons transferred for the production of 1 mole-
cule of n-decane is 2, so Z = 2.

RSC Adv, 2026, 16, 7459-7468 | 7463
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2.9.5 Selectivity of electrolysis products. The selectivity of
electrolysis products is used to determine the occurrence of the
Kolbe electrolysis reaction by calculating the ratio of the
amount of substance of n-decane produced to that of n-caproic
acid consumed using the following equation:

Ndecane
Sdecane E— (9)
N

2.9.6 Amount of n-decane produced per unit of electrical
energy. This item is aimed at evaluating the electrical energy
consumption required for the production of n-decane using eqn
(10) as reported Urban et al.**

Mgecane

W (10)

Egecane =
In the formula, Mgecane represents the mass of n-decane
measured by GC-MS after the electrolytic reaction is completed.
Since the n-decane produced comes entirely from the anodic
reaction, only the energy consumption of the working electrode,
that is W, needs to be calculated.

2.10 Statistical analysis

All experiments were performed with at least three independent
replicates (n = 3) for each condition. In this regard independent
replicates means that the electrolysis of the n-caproic acid
solution and the post electrolysis sample preparation and
measurement were performed fully independently for each
single replicate. All values are given as the mean + Student ¢
confidence interval (CIL, & = 0.05).

3 Results and discussion

We investigated the reaction coefficients of n-caproic acid in
Kolbe electrolysis and explored the synergistic effect of
concentration on n-decane conversion rate and CE using eqn
(7). As shown in Fig. 2 and Table S2, the CE decay rate in the

95.60

88.76

54.56

(/0 RoURIO}R QWO

Fig. 2 3D surface plot illustrating the dependence of CE on different
Faraday equivalents and concentration (mM) for the Kolbe electrolysis
reaction.
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0.50-1.00 FE stage is only 4.82% in the low-concentration
(50 mM n-caproic acid) system, while the CE decay rate in the
high-concentration (800 mM n-caproic acid) system is as high as
40.06%. Additionally, when the concentration increases from
50 mM to 700 mM n-caproic acid and 0.25 FE is input, the CE
surprisingly reaches 96.82 + 2.70% (n = 3), indicating that the
charge can be efficiently converted into free radicals within this
concentration range. However, when the concentration of n-
caproic acid reaches to 800 mM, the CE under the same
conditions drops to 66.70 + 9.08%. Within this concentration
range.

Based on the iR-corrected electrochemical data and product
analysis, a significant increase in FEff was observed with
increasing initial caproic acid concentration, indicating that
higher substrate concentrations favor electron utilization
toward the Kolbe electrolysis reaction. When operated within
the n-caproic acid concentrations of 50-700 mM under 0.25 FE
conditions, the CE exhibited a positive correlation with
substrate concentration (Fig. 2), suggesting a surface-controlled
process in which the density of electrochemically active sites on
the electrode surface constitutes the rate-limiting factor.'®
Further EIS analysis revealed that when the n-caproic acid
concentration exceeded 800 mM, the iR increased markedly
(Table 1), indicating a substantial rise in solution. This obser-
vation provides quantitative electrochemical evidence for the
performance deterioration observed at high substrate
concentrations.

Beyond this concentration threshold, the increased resistive
losses are likely to contribute to reduced electrolysis efficiency
and may be accompanied by mass-transfer limitations."” In
particular, elevated electrolyte viscosity at high substrate
concentrations has been reported to hinder reactant diffusion
toward the electrode-electrolyte interface, which could further
exacerbate transport limitations under such conditions.*®

Analysis of the liquid products showed that the carbon was
primarily composed of n-decane, with a minor fraction of pentyl
pentanoate. The abundance of pentyl pentanoate was signifi-
cantly lower than that of n-decane, confirming that n-decane is
the dominant product in the electrolysis process. The corre-
sponding gas-phase mass spectra are provided in Fig. S5.

The FEff using eqn (8) and product selectivity (Sgecane, €qn
(9)) were determined for the Kolbe electrolysis conducted at
a total charge corresponding to 1.00 FE (Fig. 3 and Table 1). As
shown in Fig. 3A, the key kinetic parameters showed that within
the n-caproic acid concentrations from 50 to 800 mM, the FEff
showed a significant concentration dependence (from 3.3% to
51.2%), while the consumption of n-caproic acid always
remained within the range of 48.9-68.8%, without showing
significant concentration dependence. This kinetic decoupling
phenomenon indicates that when the substrate concentration
is lower than 800 mM n-caproic acid, the reaction is controlled
by the coupling reaction kinetics, and the main reaction
occurring in the solution currently is:

_ e coupling

R-COO" R ——=R-R

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparative analysis of Kolbe electrolysis performance under
varying reaction parameters. (A) Effect of initial n-caproic acid
concentrations on faradaic efficiency (FEff), product selectivity, and n-
decane yield. (B) Influence of n-caproic acid solution pH on FEff,
selectivity, and coulombic efficiency (CE). (C) Effect of applied voltage
on FEff, selectivity, and CE in the electrolysis of n-caproic acid.

When the substrate concentration is higher than 800 mM, the
concentration of free radicals exceeds the critical value, and the
excessive free radicals begin to be further oxidized into carbo-
cations, resulting in the plateauing of FEff:

R —R* by-products

On this basis, the relationship model between the n-caproic
acid concentration and the n-decane yield/electrical energy
efficiency was also considered as shown in Table 1. Since there
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are significant differences in the input charge amount required
for different concentration systems to reach 1.00 FE (50 mM:
0.47 Wh vs. 800 mM: 7.51 Wh), the specific energy consumption
shows a non-linear evolution pattern. The data shows that
within the concentration range of 50-800 mM, the yield per unit
of electrical energy (g kWh ™, eqn (10)) increased from 24.98 to
386.82. This indicates that initiating the Kolbe electrolysis at
higher substrate concentrations could reduce the energy
consumption required to produce the same amount of biofuel
by approximately 94%. Previous research on electrocatalytic fuel
production has shown that using lower concentrations of n-
caproic acid (400-500 mM) results in higher energy consump-
tion.*" In contrast, by employing 800 mM n-caproic acid in this
study, we achieved a notable reduction in energy consumption,
from 6.25 or 4.73 Wh g~ * to 2.59 Wh g . This finding under-
scores the advantages of optimizing electrolyte concentration
for improving energy efficiency in the production of renewable
fuels. However, when the concentration of n-caproic acid
exceeds 800 mM, the selectivity and yield of n-decane reach
a plateau (Fig. 3A). Specifically, the yields at n-caproic acid
concentrations of 1000 mM and 1500 mM are 351.57 g kWh™"
and 390.72 g kWh ™" respectively (Table 1), and this phenom-
enon is coupled with the FEff stagnation mechanism. This
phase change behaviour of the energy-matter conversion effi-
ciency reveals that there is a critical economic concentration
window (700-800 mM) in the Kolbe electrolysis process, and
increasing the concentration beyond this window cannot ach-
ieve energy efficiency gains. The improvement can be attributed
to a higher availability of reactive carboxylate ions near the
electrode surface, which promotes more efficient electron
transfer and suppresses side reactions such as oxygen evolu-
tion. Consistent with this observation, our experimental results
showed that at the concentration of 500 mM n-caproic acid, the
oxygen content was 4.81%, whereas in the 600-1000 mM range,
the oxygen content decreased markedly to 0.91-1.97% (Table 1),
further confirming the suppression of side reactions at higher
concentrations.

To evaluate the carbon utilization and validate the reaction
pathway, a carbon balance analysis was performed based on the
quantified carbon-containing species as described by Neubert
et al.*® The carbon input was calculated from the consumed n-
caproic acid, while the carbon output was determined from the
measured n-decane in the liquid phase and CO, in the gas
phase. As shown in Table 1, the majority of the converted
carbon was recovered in n-decane, confirming that the Kolbe
electrolysis pathway dominated under the investigated condi-
tions. Also, CO, accounted for a smaller but measurable frac-
tion of the carbon output, consistent with the decarboxylation
mechanism of the Kolbe reaction. Besides this, GC-MS analysis
of the organic phase revealed that n-decane was the predomi-
nant liquid product, accompanied by a minor amount of pentyl
pentanoate as the main organic by-product (Fig. S5). It should
be noted that the apparent carbon recovery obtained in this
study did not reach 100%, remaining at approximately 60%
under most experimental conditions (Table 1). This incomplete
carbon closure may primarily arise from the intrinsic charac-
teristics of Kolbe electrolysis systems as well as experimental
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limitations. During anodic decarboxylation, a fraction of carbon
is converted into volatile hydrocarbons and radical-derived by-
products, which are likely partitioned into the headspace but
were not quantitatively analyzed in this study. In addition,
although gaseous CO, was detected, a substantial portion of the
generated CO, is expected to dissolve in the electrolyte and
therefore could not be fully captured by gas-phase analysis.
Minor carbon losses may also originate from incomplete
extraction efficiency and the formation of trace oxygenated by-
products via secondary oxidation pathways; however, the
concentrations of these compounds were below the detection
limit of GC-MS. Similar observations have been reported in
previous studies on Kolbe electrolysis systems.*

In addition, in order to elucidate the charge distribution
behavior and product selectivity of Kolbe electrolysis under
different pH conditions, a series of pH-controlled experiments
were conducted at a fixed n-caproic acid concentration. The
dissociation behavior of n-caproic acid was quantitatively eval-
uated using eqn (1) (the pK, of n-caproic acid is 4.88). As the pH
increased from weakly acidic (pH 5.86) to alkaline (pH 6.92)
conditions, the proportion of dissociated CAs increased mark-
edly. Specifically, the molar ratio of HA to A~ shifted from
approximately 1:10 at pH 5.86 to 1:110 at pH 6.92 and further
to 1:52500 at pH 9.60, indicating a pronounced change in
electrolyte speciation. These changes in species speciation were
directly reflected in the electrochemical characteristics of the
system. iR measurements revealed pronounced differences in
the ohmic voltage drop among the electrolytes at different pH
values (Table S3), indicating that the ohmic energy loss asso-
ciated with charge transport was effectively minimized at pH
6.92. Correspondingly, under constant-voltage operation at
3.5 V, the system exhibited distinct current responses. The
resulting current densities were 119.33 + 1.52 mA cm™ 2, 137.22
+ 0.35 mA cm™ %, and 129.20 & 1.15 mA cm ™~ at pH 5.86, 6.92,
and 9.60, respectively (Fig. S3).

Moreover, the effects of pH on the charge distribution,
electrochemical efficiency, and product selectivity in Kolbe
electrolysis reaction were investigated as depicted in Fig. 3B and
Table S3. Although neutral and alkaline conditions provide
higher ionic conductivity and enable larger current densities,
GC-MS analysis revealed that FEff did not increase accordingly.
The alkaline system (pH 9.60) exhibited a significantly lower
FEff (44.5 + 3.2%) compared with the neutral (pH 6.92, 52.9 +
0.1%) and weakly acidic (pH 5.86, 52.5 + 1.9%) systems
(Fig. 3B). A similar decreasing trend was observed for CE, which
declined from 69.3% at pH 5.86 to 68.2% at pH 6.92, and further
to 66.85% at pH 9.60. These results indicate that, despite the
lower intrinsic solution resistance under neutral and alkaline
conditions, a progressively larger fraction of the current was
diverted toward parasitic reactions. Consistent with the trends
in FEff and CE, the energy-normalized yield of n-decane also
exhibited a pronounced dependence on pH (Table S3). The n-
decane yields reached 392.64 ¢ kWh ™" at pH 5.86 and 386.82 g
kWh ™" at pH 6.92, whereas a substantial decrease to 317.01 g
kWh ™" was observed under alkaline conditions (pH 9.60). These
results indicate that, despite the higher current densities
achievable under neutral and alkaline conditions, the effective
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conversion of electrical energy into the target hydrocarbon was
most favourable under weakly acidic and neutral environments.

Based on these observations, the present results are in strong
agreement with previously reported studies that Kolbe elec-
trolysis achieves optimal efficiency under weakly acidic to
neutral pH conditions.'®*>** Mechanistically, under alkaline
conditions, CAs predominantly exist as carboxylate anions,
accompanied by a high concentration of hydroxide ions.
Hydroxide ions compete with carboxylate anions for anodic
discharge sites and can undergo anodic oxidation to generate
oxygen,” thereby diverting part of the applied current away
from the Kolbe reaction and reducing the effective FEff for
target products. Moreover, the increased hydroxide concentra-
tion may enhance steric hindrance among alkyl radicals,
rendering radical-radical coupling less favorable.”* Because the
Pt electrode is in direct contact with the electrolyte, weakly
acidic and neutral environments facilitate the formation of an
electrode surface state that favors carboxylate adsorption and
electron transfer.?® In contrast, under alkaline conditions, the
excessive presence of hydroxide ions may induce the formation
of an alkaline surface layer or trigger surface chemical trans-
formations on the Pt electrode,””?® altering surface properties
and hindering effective electron transfer. These combined
effects ultimately lead to increased iR losses, reduced charge
utilization efficiency, and a decline in FEff.

Headspace gas analysis showed a slightly higher O, content
under alkaline conditions (2.53 vol%) than in neutral
(0.91 vol%) and weakly acidic (1.05 vol%) systems, but overall O,
yield remained low (Table S3), consistent with literature
reports.*?° Notably, CO, solubility significantly depends on
electrolyte pH, leading to a non-linear relationship between
detected gas-phase CO, and actual production. Thus, the lower
CO, proportion under alkaline conditions (12.97 vol% vs.
15.66 vol% at pH 6.92 and 22.77 vol% at pH 5.86) mainly reflects
higher solubility in basic media rather than lower CO, genera-
tion.** Additionally, alkaline conditions may promote the
formation of a hydroxide layer or surface reactions on the
electrode, altering its properties and hindering contact between
carboxylate ions and the electrode, thereby reducing electron
transfer efficiency and FEff.””

By testing the Kolbe electrolysis of n-caproic acid at anodic
potentials from 3.0 to 4.0 V (vs. Ag/AgCl), the influence of
potential on FEff and selectivity was examined. As shown in
Fig. 3C and S4, increasing the anodic potential raised the
current density, while n-decane selectivity first increased and
then decreased. Optimal performance occurred at 3.5 V at our
setup, with FEff reaching 52.9 & 0.1% and n-decane selectivity at
49.5 + 1.8%, significantly higher than at 3.0 Vor 4.0 V. At 3.0 V,
low energy input resulted in insufficient decarboxylation acti-
vation energy, limiting radical generation below the coupling
threshold and promoting non-Kolbe side reactions.**** At 4.0 V,
high energy input accelerated the reaction but caused severe
anode polarization, excess radical generation, side reactions,
reduced FEff, and Pt electrode oxidation, increasing charge
transfer resistance.®* At 3.5 V, the energy input matched the
decarboxylation activation window, enabling efficient charge
transfer and high selectivity. This voltage balances high FEff

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with reduced energy waste and simplifies product purification,
offering valuable guidance for industrial application.

4 Conclusions

The results indicate that Faraday efficiency increased with
concentration up to a threshold of 800 mM, beyond which no
further improvement occurred. Coulometric efficiency was
influenced by both electrode activity and concentration, with an
anomalous initial decrease above 700 mM that stabilized after
1.00 FE of charge passed. Acidic and neutral pH conditions were
more favourable for high FE than alkaline conditions.
Regarding electrode potential, FE initially increased and then
decreased, with an optimum at 3.5 V. These findings not only
provide critical insights into optimizing the Kolbe electrolysis of
caproic acid but also hold significant practical implications. By
coupling with microbial chain elongation technologies, the
optimized electrolysis parameters can effectively reduce the
overall production cost of biofuels derived from renewable
feedstocks. Furthermore, the established optimal conditions
pave the way for future large-scale process development by
enhancing energy efficiency and reducing operational energy
consumption.
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