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ABSTRACT

Efficient electrochemical hydrogenation (ECH) of organic compounds is essential for sustainability, promoting chemical feedstock circularity and synthetic fuel
production. Yet in bio-oil, phase separation in aqueous media restricts ECH to the aqueous fraction and leaves the hydrophobic oily phase comparatively inaccessible.
Herein, we test whether methanol catholytes can directly engage the hydrophobic oily phase of pinewood and wheat-straw pyrolysis oils in an H-type cell. Using a
PtRu/ACC cathode with NaCl or TBAHFP dosed by mass, we tracked composition as internal-standard-normalised GC-MS responses with qualitative FTIR support
and assessed cathode condition by SEM/EDS. Phenolic responses decreased preferentially; FTIR indicated reduced aromatic character with condition-dependent O-H
and aliphatic C-H envelopes, and additive choice set a trade-off with surface condition. This paper establishes chemical tractability of oily-phase ECH in methanol
under mild conditions and identifies additive-dependent degradation as a dominant practical constraint.

1. Introduction

Upgrading pyrolysis bio-oil matters because its high oxygen content,
acidity, and instability limit direct use [1,2], whereas electrochemical
hydrogenation (ECH) offers a mild, electrified route to stabilise and
deoxygenate organics [3,4]. Yet in bio-oil, aqueous electrolytes favour
the aqueous fraction: phase separation leaves the hydrophobic oily
phase comparatively inaccessible despite its phenolic and aromatic
richness. Efficient ECH of organic compounds is therefore both a sus-
tainability opportunity and a phase-compatibility problem.

Beyond ECH, conventional upgrading includes hydrotreating/
hydrodeoxygenation with pressurised Hy at elevated temperature and
pressure, catalytic cracking or catalytic pyrolysis over acidic zeolites,
and stabilisation via derivatisation [5-9]. ECH is attractive because it
operates at low temperature and ambient pressure and can be powered
by renewable electricity.

Early ECH work established fundamentals using model compounds,
ranging from phenolics to simple acids and alcohols, across a variety of
electrode materials and solvents, mapping intrinsic reactivity and
selectivity under controlled, single-phase conditions [5,10-14]. Build-
ing on that, researchers then tackled whole condensates in the aqueous
phase at low temperature and ambient pressure, achieving partial
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stabilisation of water-soluble fractions but leaving the hydrophobic oil
largely unaddressed [15-17]. Only more recently has the field attemp-
ted direct treatment of the oily phase itself, and those demonstrations
have relied on elevated temperature and pressure to overcome phase
transfer and mass transport limits [18]. In this paper, we close that gap
by directly engaging the hydrophobic oily phase under mild conditions,
without resorting to high temperature or pressure, showing that it can be
selectively engaged in situ. This matters because it preserves the low
energy, low complexity advantages that make ECH attractive, while
targeting the fraction rich in aromatics and associated with instability,
thereby moving ECH closer to direct engagement of the oily phase under
mild conditions, while identifying electrode durability as a key
constraint to be resolved for practical deployment.

We frame the study around two coupled aims: to maximise upgrad-
ing of the oily phase under mild conditions and to minimise electrode
degradation. Degradation matters because it drives operating costs and
limits scalability through shorter electrode lifetimes and downtime for
maintenance. In media relevant to oily phase work, chloride and other
ions can adsorb or participate in side reactions at metal surfaces, and
solvent-salt combinations can alter the reaction environment in ways
that jeopardise durability. 1°.

This study targets that gap with three aims: to test whether a
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methanol catholyte can solvate and bring the oily phase of wheat-straw
and pinewood bio-oils into electrochemical contact in an H-type cell; to
compare an inorganic (NaCl) and a bulky organic (tetrabutylammonium
hexafluorophosphate, TBAHFP) supporting salt under otherwise similar
conditions; and to relate compositional change to cathode condition so
that reactivity can be weighed against surface stability. Methanol is
chosen to solvate the oily fraction while remaining electrochemically
compatible with typical bio-oil constituents. 8.

Here we evaluate composition by internal-standard-normalised
GC-MS with FTIR support and assess cathode condition by SEM/EDS.
The results identify additive-dependent trade-offs and establish that
oily-phase ECH in methanol is feasible under mild conditions, while
flagging conductivity-additive corrosion as a practical constraint.

2. Experimental
2.1. Materials

Sulfuric acid solution (5 M), methanol (for HPLC), and guaiacol
(99%) were purchased from Thermo Fisher Scientific. Sodium chloride
(ACS reagent, >99.0%) and tetrabutylammonium hexafluorophosphate
(purum, >98.0% (CHN)) were purchased from Sigma Aldrich. All
chemicals were used as received without further purification.

A Nafion 117 membrane (from Ion Power Inc. PA, USA) was used as
the cation exchange membrane to separate the cathode and anode
chambers. To ensure the activation of the membrane and optimise its ion
transport capability, it was pretreated according to Peng et al [20]. It was
treated in hydrogen peroxide (HO32) at 80 °C, followed by deionized
water and 1.0 M HySO4 at the same temperature. Each step duration was
1 h, and the membrane was washed with deionised water after each step.

2.2. Electrochemical hydrogenation

A two-chamber electrochemical cell, separated by a cation exchange
membrane (CEM) was selected for the ECH process (See Fig. 1). The
selected catalytic cathode was 4 mg/cm? platinum ruthenium black-
carbon cloth electrode and the counter electrode was a platinum plate
(1x1 cm, Ossila). For all experiments, the anode chamber was filled with
90 mL of 1.0 M sulfuric acid and the catholyte was 90 mL of methanol,
and 1.5 g of either NaCl or TBAHFP was added to the cathode chamber,
to increase the conductivity of methanol. Under the mass-based dosing
used here, NaCl ~ 0.29 M whereas TBAHFP ~ 0.04 M in methanol (1.5 g
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per 90 mL). Therefore, observed differences reflect both ion identity and
ionic strength. Matching molar concentrations would introduce prac-
tical constraints: 0.29 M TBAHFP would require ~10 g per 90 mlL,
approaching the solubility limit and increasing the cost of the process,
while 0.04 M NaCl would reduce conductivity approximately sevenfold
in methanol, a solvent whose ionic conductivity is already limited by its
low dielectric constant (¢ ~ 32.7), potentially compromising galvano-
static control 2!, The mass-based dosing used here therefore reflects a
practical choice to compare both additives under workable conditions,
and the present results provide a first indication of how additive class
influences both conversion and electrode condition.

The tests were run under galvanostatic control (25.0 mA/cm?) at
55 °C, conditions optimised for ECH of phenolic substrates in our pre-
vious work [22]. These parameters were held constant here to isolate the
effects of the methanol solvent and supporting-electrolyte identity on
oily-phase conversion and cathode stability, which are the primary
variables under investigation. The cell was pre-polarised for 10 min
without the bio-oil. The potentiostat maintained the set current
throughout all runs without reaching its compliance voltage limit. After
that, 1 mL of the oily phase was added to the system. Geometric cathode
area = 4.0 cmz; Total charge per run was calculated according to Eq.(1),
where J is the current density, A is the geometric cathode area and t is
time.

Q=j*A%t )

Considering a Faradaic efficiency (FE) of 100%, and an average
compound concentration of 0.125 mol/L, to achieve 100% conversion,
the duration (t) would be equal to 18.01 h (2). Where F is the Faraday
constant (96 485C/mol), i is the current and n is the number of electrons
needed for the hydrogenation of one molecule (n = 6 for the conversion
of phenol into cyclohexanol, for example).

FE(%) = M o)
1"t

The experiment was run in triplicates for 20 h to ensure the avail-
ability of enough charge in the system for the conversion of the com-
pounds. Immediately after electrolysis, 1.00 mL of catholyte was
withdrawn and diluted in 2.00 mL of dichloromethane. Guaiacol inter-
nal standard (IS) was added post-sampling (0.10 mL of a 1.12 g/mL
stock) to the mixture, yielding a final IS level of 0.036 g/mL (x0.29 M)
in 3.10 mL total volume; the same IS level was used for all injections.
The IS level was chosen to keep all target responses within the detector’s
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Cathode chamber
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T

Bio-oil
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Fig. 1. Schematic representation of an H-type cell for ECH. The cell is composed of two chambers separated by a cation exchange membrane.
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linear range under split 1:25; no IS saturation or detector overload was
observed.

After each experiment, the electrolyte was discarded, the cell cleaned
and the cathode was soaked in 5 mL dichloromethane (DCM) for 15 min,
to ensure the desorption of any molecules on its surface.

2.3. Supporting electrolytes

Neat methanol was used as the catholyte to solvate the hydrophobic
oily fraction while maintaining electrochemical compatibility with
typical bio-oil constituents. The operating temperature was held at
55 °C, well below methanol's boiling point (64.7 °C at atmospheric
pressure), to minimise solvent loss. The cell was sealed and any meth-
anol vapour condensed on the interior walls, returning to the catholyte;
no appreciable volume change was observed over the 20 h runs.

Sodium chloride (NaCl), a commonly used supporting electrolyte,
provides high conductivity in methanol but introduces chloride, which
under some conditions can adsorb at metal surfaces and may accelerate
corrosion; PtRu/ACC is not entirely immune to chloride-assisted pitting
and crevice attack [19,23]. Conversely, quaternary ammonium salts
such as tetrabutylammonium hexafluorophosphate (TBAHFP) are often
regarded as relatively benign towards noble metals in alcohol media,
including Pt and Ru; the PFg anion is typically weakly coordinating and
not considered inherently corrosive [19,24]. We therefore evaluated
both additives at comparable practical loadings (dosed by mass), hold-
ing all other conditions constant, and assessed composition and elec-
trode surface condition alongside cell performance.

2.4. Biomass pyrolysis

Slow pyrolysis experiments were conducted in a screw auger reactor
with a capacity of 100-200 kg/h, depending on feedstock density. The
system included a feeding unit, pyrolysis reactor, vapour condensation
and collection system, and char cooling and outlet. Pinewood and wheat
straw were processed at average temperatures of 500 + 5 °C and 550 +
5 °C, respectively, with a 20-minute residence time. Vapours and gases
exited the reactor via heated pipes to a spray quench column using
ISOPAR™ as the quenching medium. Condensed products were
collected and separated into organic and aqueous phases, while aerosols
were coalesced in an electrostatic precipitator.

2.5. Analysis

The samples were taken for analysis in the GC-MS Shimadzu
TQ8040. The GC used a Restek Rtx-5 capillary column, 28.5 m x 0.25
mm with a 0.25 pm film thickness, a 1.18 mL/min helium carrier gas
flow rate, and a split ratio of 1: 25. The injector temperature was set at
250 °C. The GC oven program started at 34 °C and was held for 2 min.
Then, it was heated at 50 °C/min to 300 °C. Mass spectrometry was
operated with m/z ranging from 50 to 500. Species associated with each
chromatographic peak were identified by comparing their observed
mass spectrum with the NIST library. Results are normalised response to
internal standard (IS). Change of analyte i was calculated according to:

A;/Ars)g;
( / IS)Fuml *100 (3)

Change;(%) =1 — ———~1¢
NV W S

where A, is the peak area of analyte i, and Ajg is the peak area of guaiacol
added post-sampling. The absolute change in IS-normalised response is
reported to capture effect size on the same measurement scale. For an-
alyte i

AResponse; = (Ai/Ars)gina — (Ai/A1s) mitiar 4

Negative values denote decreases; positive values denote increases.
AResponse has the same (dimensionless) units as the table entries and
complements ‘Change (%)’ by reflecting the magnitude of movement for
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abundant species.

The morphology of the electrodes and EDS (Energy-Dispersive X-Ray
Spectroscopy) were acquired by TESCAN VEGA 3 Scanning Electron
Microscope. Fourier transform infrared spectroscopy was carried out in
a Shimadzu IRTracer-100 and scanned in transmittance mode. The scans
were made 10 times from 500 to 4000 cm ™! with a resolution of 4 cm ™
with Happ-Genzel apodization. FTIR spectra were baseline-corrected
and normalised.

For orientation, the electrical charge passed in a typical run was Q =
25.0 mAcm 2 * 4.0 cm? * 20 h = 2.00 Ah. Under PWyaq, using the
tabled IS-normalised responses for phenol (Before = 0.049; After =
0.033), the conversion is X = 100*[1—(0.033/0.049)] = 32.7%. This
corresponds to 32.7%/2.00 Ah = 16.3 Ah™!. Whereas under PWgaprp,
responses were 0.0385 — 0.0205, i.e. X’=46.8% or 23.4% Ah~!. This
single worked example places the semi-quantitative metric on an elec-
trochemical footing; because ionic strengths differ and iR was not
measured.

3. Results
3.1. Electrochemical hydrogenation

Bio-oils are complex mixtures containing up to hundreds of com-
pounds, therefore, only the largest peaks were identifiable and quanti-
fiable via GC-MS. Tables 1 to 4 show the main peaks before and after the
ECH of PW and WS with NaCl and TBAHFP, respectively, and will be
referred to as PWNaCl: PWTBAHFP’ WSNaCl and WSTBAHFP~ The full
composition tables can be found in the supplementary information
(Tables S1-S4). Responses were normalised such that Ajg = 1.00. Due to
the heterogeneous nature of the oil, the composition of each sample may
vary in both concentration and compound distribution, which is re-
flected in the identifiable compounds in this study.

The IS-normalised response decreases reported here track substrate
consumption rather than product formation. Most identifiable com-
pounds showed decreases under the tested conditions, with phenolic
species decreasing preferentially over ethers, ketones, and carboxylic
acids, aligning with known reactivity trends in ECH [16,22,25]. This
selectivity pattern, corroborated by independent FTIR evidence of
reduced aromaticity and increased aliphatic character, is consistent with
the ring hydrogenation pathway established for ECH of phenolics on Pt-
group metals under mild conditions, and would be difficult to account
for through physical losses such as evaporation or surface adsorption.
Longer runs or parameter adjustments could increase the magnitude of
the observed changes. The preferential decrease in phenolic responses
over other oxygenated species has implications for bio-oil upgrading:
increased saturation and deoxygenation correlate with higher heating
value (HHV) and improved storage stability [26-29], both desirable
outcomes from this process.

Hydrocarbons are mainly associated with the oily phase; in the
aqueous phase they appeared at low levels [30]. For example, 2-methyl-
naphthalene and naphthalene were identified in PWyyc, while 3,7-
dimethyl-decane was present in both WSy,c) and WStpayrp. The pres-
ence of these hydrocarbons highlights the chemical diversity of the oily
phase and its potential as a precursor for the production of valuable
chemicals.

Electrochemical hydrogenation of aromatic compounds proceeds via
chemisorption of the n-system onto the metal surface in a near-planar
geometry, followed by transfer of surface-adsorbed hydrogen (H*) to
the ring [22,25,31,32]. Substituents adjacent to the reactive site steri-
cally impede this flat-on adsorption, reducing the frequency and prob-
ability of surface contact. This effect is apparent when comparing
structurally similar compounds, such as 2,5-dimethylphenol and 2,6-
dimethylphenol (Fig. 2). Shifting a methyl group from the para to the
ortho position reduced the response change from 46.03% to 36.59%
(Table 1), consistent with increased steric obstruction of ring—surface
interaction. A similar trend is seen in the ECH of PWygaprp (Table 2),
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Table 1
Semi quantitative composition of the main compounds in pinewood pyrolysis bio-oil oily phase with the addition of 1.5 g of NaCl before and after ECH. AResponse and
Change (%) are calculated from IS-normalised responses (Ai/AIS). Values indicate the mean of triplicated experimental results. Values in brackets indicate the IS.

Compound Before ECH (A;i/Ass) After ECH (A;i/Ass) AResponse Change (%)
2,5-dimethyl-Phenol 0.063 0.034 0.029 46.03
Methyl propionate 0.05 0.028 0.022 43.64
2-methylnaphthalene 0.059 0.034 0.025 42.37
2,6-dimethyl-Phenol 0.123 0.078 0.045 36.59
p-Cresol 0.1 0.068 0.032 32.28
Phenol 0.049 0.033 0.016 31.53
Cyclopentanone 0.088 0.06 0.028 31.25
Naphthalene 0.099 0.072 0.027 27.27
Catechol 0.137 0.119 0.018 13.14
2-methoxy-Phenol (1.000) (1.000) — —
Table 2 Table 4

Semi quantitative composition of the main compounds in pinewood pyrolysis
bio-oil oily phase with the addition of 1.5 g of TBAHFP before and after ECH.
AResponse and Change (%) are calculated from IS-normalised responses (Ai/
AIS). Values indicate the mean of triplicated experimental results. Values in
brackets indicate the IS.

Semi quantitative composition of the main compounds in wheat straw pyrolysis
bio-oil oily phase with the addition of 1.5 g of TBAHFP before and after ECH.
AResponse and Change (%) are calculated from IS-normalised responses (Ai/
AIS). Values indicate the mean of triplicated experimental results. Values in
brackets indicate the IS.

Compound Before ECH After ECH AResponse  Change Compound Before ECH After ECH AResponse  Change
(Ai/Ass) (Ai/Ass) (%) (Ai/Ass) (Ai/Ass) (%)
Methanesulfonyl 0.0045 0.0013 0.0032 71.11 2-ethyl-Phenol 0.01651 0 0.01651 100.00
fluoride 3,7-dimethyl- 0.06032 0.0378 0.02252 37.33
Phenol 0.0385 0.0205 0.018 46.75 Decane
p-Cresol 0.0766 0.0414 0.0352 45.95 p-Cresol 0.39409 0.3385 0.05559 14.11
2-methyl-Phenol 0.0475 0.0298 0.0177 37.26 Phenol 0.31048 0.2947 0.01578 5.08
2,4-dimethyl-Phenol 0.0424 0.0349 0.0075 17.69 2-methyl-Phenol 0.19801 0.2115 —0.01349 —-6.81
Trimethyl phosphate 0.0263 0.091 —0.0647 —246.01 2-ethyl-4-methyl- 0.00002 0.0074 —0.00738 —100.00
2-methoxy-Phenol (1.000) (1.000) - - Phenol
Trimethyl 0.00007 0.5485 —0.54843 —100.00
phosphate
2-methoxy- (1.000) (1.000) - -
Table 3 Phenol

Semi quantitative composition of the main compounds in wheat straw pyrolysis
bio-oil oily phase with the addition of 1.5 g of NaCl before and after ECH.
AResponse and Change (%) are calculated from IS-normalised responses (Ai/
AIS). Values indicate the mean of triplicated experimental results. Values in
brackets indicate the IS.

Compound Before ECH After ECH AResponse  Change
(Ai/Ass) (Ai/Ass) (%)

3,7-dimethyl- 0.0431 0.033 0.0101 23.43
Decane

2-methyl-Phenol 0.2162 0.176 0.0402 18.59

2,6-dimethyl- 0.0453 0.038 0.0073 16.11
Phenol

Phenol 0.3145 0.264 0.0505 16.06

Catechol 0.0979 0.085 0.0129 13.18

p-Cresol 0.3448 0.309 0.0358 10.38

2,3-dimethyl- 0.0362 0.034 0.0021 6.08
Phenol

2-methoxy- (1.000) (1.000) - -
Phenol

where phenol exhibited the highest percentage decrease (46.75%)
compared to more branched phenolic compounds (Fig. 2), such as p-
cresol (45.95%), 2-methylphenol (37.26%), and 2,4-dimethylphenol
(17.69%). These results indicate that while methyl substitution does
not completely prevent hydrogenation, increased steric hindrance can
significantly reduce reactivity, consistent with previous observations 1°.

The effect of molecular complexity is evident when comparing
phenol and catechol in Table 1. Catechol, which has a second ~OH group
in the ortho position, showed a lower percentage decrease (13.14%)
than phenol (31.53%), likely due to stronger intermolecular interactions
and additional electronic effects that make hydrogenation more chal-
lenging. The same trend was observed for WSnyc (Table 3), where
phenol showed a larger percentage decrease in IS-normalised response
(16.06%) than catechol (13.18%). These results further suggests that the

number and position of functional groups influence the efficiency of
ECH, with simpler phenolic structures undergoing hydrogenation more
readily (See Fig. 2).

The observed changes (Table 1) in the response of methyl propionate
(43.64%), 2-methylnaphthalene (42.37%), and cyclopentanone
(31.25%) indicate the capability of the ECH process to upgrade not only
phenolic compounds but also esters, hydrocarbons, and ketones. These
results suggest that while phenolics are the most commonly reacted
species under these conditions, other functional groups are also active,
broadening the potential applications of ECH in bio-oil upgrading.

With TBAHFP, we observed fluorine- and phosphorus-containing
species such as trimethyl phosphate (TMP) and methanesulfonyl fluo-
ride. It is important to note that GC-MS analysis was not performed in
situ; thus, interactions between the salt, electrolyte, and bio-oil com-
ponents over time may have contributed to the formation of these new
species. Additionally, the presence of these side products, relative to the
main bio-oil components, may have caused peak overlap, reducing the
number of identifiable compounds compared to PWy,¢.

We treat TMP-mediated methylation as a working hypothesis rather
than a confirmed mechanism, alongside alternatives such as meth-
anolysis or transesterification. Within this context, increases in aliphatic
C-H bands (~2960/2850 cm’l; Fig. 3) are consistent with alkylation of
aromatic substrates, but ex-situ GC-MS and FTIR are not uniquely
diagnostic [33].

From a processing standpoint, electrolyte-derived P-species repre-
sent secondary salt-solvent chemistry. Depending on the application,
such species could add value or complicate purification; equally, their
presence may contaminate product streams and necessitate additional
separation or treatment. Here we treat these as system responses rather
than desired products and discuss selectivity alongside electrolyte
choice.
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OH OH OH OH
Phenol p-creosol 2-methylphenol Catechol
OH CH3 OH OH
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H3C
CH3

Fig. 2. Structures of some of the compounds present in pinewood and wheat straw bio-oils.
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Fig. 3. FTIR spectra of (a) PWyac), (b) PWrpaurp, (€) WSNac and (d) WSrpanrp and the main identified organic functions, before (in black) and after (in red) the
electrochemical process. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Consistent with the proposed methylation pathways, we observe
formation of 2-ethyl-4-methylphenol and a 6.81% increase in the 2-
methylphenol GC-MS response (Table 4; Fig. 4). Under TMP-promoted

conditions, phenol and 2-ethylphenol undergo electrophilic aromatic
substitution in which the phenolic ~OH directs methylation to the ortho/
para positions; methylation of phenol furnishes 2-methylphenol, while
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b)
OH OH
CH3 CH3
T™P
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2-ethylphenol
CH3

2-methyl-4-ethylphenol

Fig. 4. Schematic representation of (a) the methylation of phenol and 2-methylphenol in the presence of TMP and the alternative hydrogenation path. (b) The

methylation of 2-ethylphenol in the presence of TMP.

para-methylation of 2-ethylphenol yields 2-ethyl-4-methylphenol, as
reported for lignin-derived phenolics. 3 In the same network, 2-methyl-
phenol can act as both product and intermediate: a portion is diverted
from hydrogenation to 2-methylcyclohexanol and instead undergoes
further para-methylation to give 2,4-dimethylphenol (Fig. 4). The net
effect is an apparent rise in the 2-methylphenol signal alongside accu-
mulation of para-methylated products, consistent with TMP-driven
methylation competing with aromatic ring hydrogenation.

3.2. FTIR analysis

FTIR spectroscopy was employed to characterise the chemical
transformations occurring during the electrochemical hydrogenation of
the oily phase. The spectra (Fig. 3) provided insights into functional
group modifications, complementing the GC-MS findings and revealing
trends in the broader chemical composition. Band assignments follow
standard lignin/bio-oil literature (See Table 5); where bands overlap (e.
g., 1657-1640 cm™ 1), we report them as ‘conjugated C=0/alkenic C=C’
rather than assigning specific structures.

Reductions in the concentration of phenolics do not necessarily
imply a decrease in total alcohol content, because mild ECH can hy-
drogenate the aromatic ring to cyclohexanols while conserving the hy-
droxyl group. In that case, the number of ~OH groups (and thus the O-H
FTIR envelope) may remain broadly unchanged. Where FTIR shows O-H
growth, we ascribe it to concurrent pathways (e.g., methanolysis or
formation of new alcohol environments) operating alongside ring
hydrogenation.

The most prominent observation in Fig. 3 was the increase in the

Table 5

Assignment of FTIR bands.
Observed Peak Band Specification Ref.
(em™) assignment
625-900 C-H Aromatic 37-39
1030 Cc-0 Primary alcohol 34-36
1264 C-0-C Ether 34,36
1407 COO Carboxylate 34
1508 Cc=C Aromatic ring 35
1640 C=0/C=C Unsaturated ketones, aldehydes, 37,40

alkenic C=C

3000-2800 C-H Methyl 34
3200 O-H Alcohol (broad) 34

peak intensity within the 3200-3400 cm ™! region, which is indicative of
O-H stretching vibrations in alcohols and phenols and was present in all
four samples [34]. This is compatible with formation of additional O-H
environments via hydrogenation of ketones, ethers, esters or carboxylic
acids (Fig. 5) and/or alternative pathways such as methanolysis. The
reduction of C-O alcohol groups was also observed in both mixtures with
TBAHFP, where the peak at 1030 cm ™! decreased, likely due to dehy-
dration reactions [34,35]. Both pyrolysis oil mixtures with NaCl pre-
sented a slight reduction in the peak related to C-O vibrations in ethers
(1264 cm_l) [34,36]. The hydrogenation of ethers could form -OH,
contributing to the increase in alcohol content.

A further observation was the reduction of peaks corresponding to
C-H vibrations in aromatic rings at 900 to 650 em 1.[37-39] The
observed decrease is representative of reduced aromatic character and
compatible with partial ring hydrogenation. These band changes are
consistent with reduced aromaticity/increased aliphatic character,
trends typically associated with higher energy density and stability
[26-29].

Increases at 2960/2850 cm™! are consistent with added aliphatic
character and compatible with methylation, possibly promoted by TMP
[34]. These are present in the mixtures with NaCl but only underwent a
significant change with the addition of TBAHFP. A stronger peak near
1640 cm™! appears post-ECH in PWy,cl, WSnacl and WStgagrp. This

o Chi3 CH3
- v H, HO
R %cohol
Ether
H,
H, |Dehydration
© CH3 HO CH3
R17 H, H CH3
Dehyd |/
i
Ester 0 Carboxylic ehydration I Ketone
Acid ©)
H.
Hzl
HO CH3
Alcohol
HO

Fig. 5. Simplified schematic of the hydrogenation of several organic func-
tional groups.
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region can reflect alkenic C=C or conjugated C=0 and is an indicator of
changing unsaturation [37,40].

Table 6 shows all the observed changes in response for each func-
tional group, assessed by either GC-MS or FTIR. Notably, the FTIR peak
corresponding to the C-O bond in alcohols (1030 cm ™) remained un-
changed in mixtures containing NaCl. In contrast, it increased in
WSrpanrp and decreased in PWrpagpp, underscoring the complexity of
the electrochemical hydrogenation process.

Fig. 6 summarises the proposed reaction network, distinguishing
pathways supported by compound-level GC-MS data from those infer-
red from FTIR functional-group trends.

4. Catalyst degradation

Scanning electron microscopy was utilised to understand the effect of
both additives (NaCl and TBAHFP) on the corrosion of the catalytic
cathode. Fig. 7 shows that, even in pristine conditions, that is, before any
usage, the surface of the cathode already presented some black spots.
Elemental mapping (by energy-dispersive X-ray spectroscopy) revealed
that black spots correspond to sites where the coverage of deposited
metals (platinum and ruthenium) was low, and the bare surface of the
cathode (carbon) was visible. Our previous results [22] demonstrated
that corrosion was not noticeable when the catholyte was sulfuric acid
with model compounds, a more acidic media. Methanol is generally
considered less aggressive than sulphuric acid and the observed degra-
dation is consistent with salt effects under these conditions, though
other contributions are possible.

After four ECH cycles (two with each oil) with NaCl as the additive,
the catalyst surface exhibited signs of degradation. The SEM images
(Fig. 8) revealed an increase in the blackened regions, and elemental
mapping indicated a marked reduction in the platinum map intensity,
accompanied by chlorine on the surface (in pink). Na is also visible;
however, it was already present in the cathode before usage. In
elemental mapping, the peaks for Cl and Ru are quite similar (at 2.622
keV and 2.559 keV, respectively) [41,42], suggesting that the high
concentration of chlorine may have caused peak overlap with ruthe-
nium; however, ruthenium remains present, as evidenced by its peak in
the EDS spectrum (Fig. S1).

The co-occurrence of surface chlorine with reduced platinum signal
is consistent with chloride-mediated degradation, but the present
characterisation cannot distinguish between chemical attack and phys-
ical detachment of the catalyst layer with subsequent chloride adsorp-
tion on exposed carbon. The absence of comparable degradation in
sulphuric acid under otherwise similar conditions [22] implicates the
salt-methanol environment as a contributing factor. Such degradation
could impair practical lifetimes, as it can compromise catalytic

Table 6

Every observed change in signal intensity/trend for organic functional groups
(FTIR) and in IS-normalised responses (GC-MS). A “-“ sign denotes ‘not
observed’ in the respective bio-oil.

Content WSnaci PWnact WSrpaure  PWrpanre

Phenolic content Decreased Decreased Decreased  Decreased

Ketones - Decreased Decreased  —

Ethers - Decreased Decreased  —

Esters Decreased Decreased - -

Carboxylic Acids - - Increased Increased

Aromatic C-H Decreased Decreased Decreased  Decreased

C-O bands (alcohol ~ 1030  Nochange Nochange Decreased Increased
em ™)

C-O bands (ether ~ 1264 Decreased Decreased Decreased  Increased
em™h)

Hydroxyls (-OH) Increased Increased Increased Increased

C=0/ alkenic C=C Increased Increased Increased Decreased

Hydrocarbons - Decreased Decreased  —

Aliphatic C-H (2960,/2850 Nochange Nochange Increased Increased
cm ™)
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efficiency and raises concerns about the long-term economic viability of
NaCl as an additive.

TBAHFP, often considered relatively benign toward noble metals in
alcohol media, also caused surface damage after four cycles. Fig. 9 shows
cracks and reduced platinum and ruthenium coverage, where only a few
spots maintained PtRu deposition. It is worth noting that the cathode is
built in layers, and SEM is representative of only the first layer. The
cracks show that beneath the surface there is still metal coverage.
However, the ECH process is a surface reaction dependent on direct
contact of the metal with the unsaturated molecule, therefore this
degradation would most likely result in the need for substitution of the
material, however, long-term real-life studies would be necessary to
confirm the extent of the damage.

The retained metal signal on the cathode surface was lower with
TBAHFP than with NaCl. However, in PWTBAHFP/WSTBAHFP the FTIR
data showed stronger O-H growth and reduced unsaturation, trends
consistent with diminished aromaticity and increased aliphatic char-
acter. Literature links such shifts to higher HHV and improved storage
stability across multiple upgrading routes [26-29]. Under these ionic
strengths, supporting-electrolyte identity therefore sets a three-way
trade-off among conversion, electrode stability, and product cleanli-
ness (i.e., electrolyte-derived species).

These findings show that engaging the hydrophobic oily fraction by
ECH is feasible under mild conditions, addressing a recognised gap in
bio-oil upgrading. In practical terms, supporting-electrolyte choice be-
comes a process variable to be optimised: conductivity gains must be
balanced against electrode durability and any effects on selectivity,
framing the problem as multi-objective rather than single-metric.

Several of these findings are expected to generalise beyond the PtRu/
ACC system. The finding that the oily fraction can be upgraded under
mild conditions in methanol, the preferential reactivity of phenolics
(consistent with their established adsorption thermodynamics on a
range of transition metals), and the trade-off framework linking con-
version, electrode stability, and product cleanliness provide transferable
design principles for oily-phase ECH. Product selectivity and degrada-
tion kinetics, however, will be catalyst-dependent and should be map-
ped for alternative electrode materials in future work.

4.1. Comparison with the aqueous-phase system

A comparison with our previous aqueous-phase study [16] con-
textualises the present results and highlights the distinct challenges of
oily-phase ECH. In the aqueous system (1 M H,SO4, 55 °C, 5 h), phenol
decreased by 29.57%, p-cresol by 62.10%, and 2-methylphenol by
55.73%. In the oily phase under PWrgappp (methanol, 55 °C, 20 h) the
values were 46.75%, 45.95%, and 37.26% while under PWyjyc, the
corresponding decreases were 31.53%, p-creosol was not detected, and
36.59%. For most shared compounds, the aqueous phase achieved
higher percentage decreases in a quarter of the run time, reflecting
fundamental differences in the electrochemical environment.

Several factors contribute to this performance gap. First, the ionic
conductivity of 1 M HySOy4 is substantially higher than that of NaCl or
TBAHFP in methanol, where the low dielectric constant of the solvent
limits ion mobility and dissociation [21]. Second, the local proton
concentration at the cathode surface differs markedly between the two
systems. In the aqueous system, the catholyte itself provides a high
concentration of H* directly at the electrode surface; as protons are
consumed by reduction to adsorbed hydrogen (H*), they are immedi-
ately replenished from the bulk acid. In the methanol system, the
catholyte contains no acid, so protons must migrate through the mem-
brane from the acidic anolyte. The local H* concentration at the cathode
is therefore governed by the membrane transport rate, which may limit
the rate of H* formation and, consequently, substrate hydrogenation.
Third, the aqueous-phase study was conducted in strong acid, which did
not cause noticeable corrosion of the PtRu/ACC cathode 22, whereas
both NaCl and TBAHFP caused progressive surface damage in methanol,
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Fig. 6. Competing reactions scheme, where the hydrogenation pathway is highlighted in blue, the sources of O-H are in green, hydrogen evolution reaction is in red
and the TPM-derived methylation is in orange. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 7. Scanning Electron Microscopy of the cathode before the ECH process at three different magnifications (a-c) and elemental mapping of (d) platinum (in
yellow), (e) ruthenium (in teal) and (f) carbon (in red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 8. Scanning Electron Microscopy of the cathode after four reruns (twice with PWy,c) and twice with WSy,¢) of the ECH process at three different magnifications
(a-c) and elemental mapping of (d) platinum (in yellow), (e) chlorine (in pink) and (f) carbon (in red). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

likely reducing catalytic activity over the course of each run.

Despite these kinetic disadvantages, the organic co-solvent approach
achieves measurable and selective compositional changes in a fraction
that is entirely inaccessible to purely aqueous ECH. The oily phase
separates from aqueous electrolytes on contact and cannot be processed
in conventional aqueous H-type cells. The only prior demonstration of
oily-phase ECH [18] required elevated temperature and pressure to
overcome this barrier. The present results show that a methanol-based
catholyte can engage the oily fraction under mild conditions, at the
cost of lower conversion rates and the need to manage additive-related
degradation. While methanol was selected here for its electrochemical
compatibility and miscibility with oily-phase constituents, other organic
solvents or solvent-water mixtures could serve the same function and
may offer improved conductivity or proton availability. A methanol—
water co-solvent system could potentially enable simultaneous pro-
cessing of both bio-oil fractions in a single cell, an approach worth
investigating in future work. Additive selection and electrode durability
remain the key variables to optimise for practical implementation.

5. Conclusion

This study explored the electrochemical hydrogenation of the oily
phase of wheat straw and pinewood pyrolysis bio-oils using a PtRu/ACC
catalyst and methanol-based catholytes with NaCl and TBAHFP as
conductive additives. The findings provide insights into optimising ECH
processes to address the solubility and conductivity challenges associ-
ated with bio-oil upgrading.

The results demonstrated that phenolic compounds, which dominate

the composition of the oily phase, are preferentially consumed during
ECH, with GC-MS and FTIR trends consistent with ring saturation,
changes typically associated with higher energy density and stability
2629 Methanol served as an effective catholyte for dissolving the hy-
drophobic oily phase, enabling the direct electrochemical conversion of
its compounds. However, its low conductivity required the addition of
conductive salts, highlighting a fundamental trade-off between
enhanced conductivity and electrode stability. NaCl at ~ 0.29 M raises
ionic strength but introduces chloride-linked degradation. TBAHFP at ~
0.04 M avoids chloride yet can promote side reactions (e.g., P-contain-
ing species) and still led to notable surface damage. Accordingly, addi-
tive choice should be tailored to the desired balance between
conversion, stability and product cleanliness.

From a broader perspective, the insights gained in this study inform
the feasibility of ECH as a green and scalable approach for bio-oil
upgrading. By operating under mild conditions, this process operates
under conditions compatible with the principles of green chemistry,
offering a sustainable alternative to high-pressure catalytic hydrogena-
tion methods. However, the observed trade-offs between efficiency and
material stability emphasise the importance of developing novel addi-
tives and electrode materials tailored for the specific demands of bio-oil
conversion.

Future research should focus on designing conductive additives that
minimise degradation while maintaining reaction efficiency, screening
alternative electrode materials for improved durability, and investi-
gating solvent-water co-solvent systems that could enable simultaneous
processing of both bio-oil fractions. By addressing these challenges, ECH
has the potential to contribute to renewable fuel production from
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Fig. 9. Scanning Electron Microscopy of the cathode after four reruns (twice with PWrpaprp and twice with WSrpaprp) of the ECH process at three different
magnifications (a-c) and elemental mapping of (d) platinum (in yellow), (e) ruthenium (in teal) and (f) carbon (in red). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
biomass.
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