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Electrocatalytic hydrogenation of the formyl group
and heteroaromatic ring in furfural on activated
carbon cloth-supported rutheniumt

*ab

Meheryar R. Kasad, ¢22° James E. Jackson 2 ¢ and Christopher M. Saffron

Electrocatalytic hydrogenation (ECH) was explored as a mild technique (=50 °C under atmospheric
pressure) to produce valuable products from furfural, a promising biomass-derived platform chemical. In
situ hydrogen equivalents made by water splitting were used to reduce the formyl group and saturate
the heteroaromatic ring of furfural on an activated carbon cloth-supported ruthenium electrocatalyst. A
systematic study was conducted to understand the relationship between the reaction conditions and the
products. The factors analyzed include catholyte solution organic co-solvent content, catholyte solution
acid content, and temperature. Acidity of the catholyte solution had the most significant effect on the
yield of tetrahydrofurfuryl alcohol (THFA). The highest THFA yield was obtained in mildly acidic catholyte
solutions (0.02 M HCl and 0.002 M HCl-0.02 M NaCl). The low carbon mole balance closure in the
experiments was attributed to the side reactions of the reactants, intermediates, and products. The
effects of current density on faradaic efficiency and of the functional groups attached to the furan ring
on the formation of saturated heterocyclic products were also explored.

Production of carbon-based chemicals from agricultural residues provides a pathway for displacing fossil-derived products. In this context, the use of elec-

trochemistry for achieving the required chemical transformations offers potential advantages such as operation at mild conditions, in situ production of

reducing/oxidizing equivalents by harnessing renewable electricity, and amenability towards small-scale, localized applications. The present study investigated

the electrocatalytic conversion of furfural that is commercially derived from pentosans in agricultural wastes such as corn cobs, to tetrahydrofurfuryl alcohol,

a specialty solvent and intermediate, using a carbon-supported ruthenium electrocatalyst in a one-pot reactor. Importantly, this approach avoids utilization of

hydrogen gas, derived from fossil resources in today's markets, and can be extended to saturation of heteroaromatic rings in several furanic compounds. Thus,

the present study seeks to advance utilization of agricultural residues and electrification of processes within the chemical industry conforming with UN SDGs 9

(industry, innovation, and infrastructure) and 12 (responsible consumption and production).

Introduction

Lignocellulosic biomass is a promising feedstock for sustain-
able production of biofuels, chemicals, and polymers that
would reduce dependence on fossil resources. Furfural,
commercially produced by acid catalyzed transformation of
pentosans in agricultural residues such as corn cobs and
sugarcane residue, is an example of a versatile chemical plat-
form derived from lignocellulosic biomass." It has served as the
basis for development of furan chemistry® and is an important
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raw material for the derivation of several commercial furan
compounds.® Approximately 300 kton of furfural is produced
globally per year* and it has been identified by the U. S.
Department of Energy as one of the ‘Top 30’ building block
chemicals from sugars.” Also found at 1-4 wt% in bio-oils,* this
widely studied model compound contains a carbonyl (formyl)
group attached to a heteroaromatic (furan) ring. The formyl
group, considered a source of bio-oil's chemical instability,” is
found in several other compounds, including formaldehyde,
acetaldehyde, hydroxyacetaldehyde, glyoxal and methylglyoxal,
that constitute 10-20 wt% of bio-oil.

Hydrogenation is used to produce a range of useful (tetra-
hydro)furanic products from furfural including furfuryl alcohol
(FA), tetrahydrofurfuryl alcohol (THFA), 2-methylfuran (2-MF)
and 2-methyltetrahydrofuran (2-MTHF). Among these, FA,
THFA and 2-MTHF have been identified as furfural derivatives
having considerable market size (>50 kton per year),® which
serves as a driving force to study the one-pot hydrogenation of
furfural to these products. However, the conventional catalytic
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hydrogenation processes used to manufacture these products
suffer from drawbacks such as the requirement for high
hydrogen (H,) pressures and high temperatures. Furthermore,
the hydrogen gas required by these processes is presently
manufactured from fossil resources such as natural gas (via
energy intensive reforming reactions) and coal, referred to as
“grey” and “brown/black” hydrogen respectively.” Electro-
catalytic hydrogenation (ECH) is proposed as a mild alternative
(<80 °C under atmospheric pressure) in which the required
hydrogen equivalents are produced in situ by water splitting.
Importantly, application of renewable electricity to generate
“green” hydrogen equivalents during ECH circumvents utiliza-
tion of fossil-derived hydrogen. Moreover, it enables storage of
intermittently produced renewable electricity as chemical
energy."’

A typical ECH setup involves an electrolytic cell with two
chambers separated by a membrane. Application of an electric
potential splits water into oxygen gas, protons (H' ions), and
electrons (e”) at a catalytic anode under acidic conditions; the
H' ions then migrate across a proton exchange membrane (e.g.,
Nafion™) under the influence of the applied electric potential
to a catalytic cathode where they combine with the electrons
that migrate through the external circuit, driving cathodic
reactions that produce the hydrogenated products.

Several investigators have studied the ECH of furfural using
a variety of electrocatalytic cathode materials including sup-
ported and non-supported, base and noble metals such as
Cu,10_24 Ni,10,11,13,14,18,20,21
Rh,11‘17‘18 Ru,11,18,31 Pb,10‘13’19‘21’22 Fe,1°'13'2° A1,10,20 ZI’1,32 Au,”’ Ag,33
and Co''® as well as alloys such as stainless steel,"** oxides
such as TiO,,* In,03,* C03;04,*> Pb,Ru,0,_,* and La-doped
TiO,,* phosphides such as CuzP and Ni,P,”” bimetallics such
as NiCu,"*” PtCo,* and PdNiB,* and carbon.'®*>'%13334% Many
of these studies have reported furfural transformation to FA, 2-
MF and hydrofuroin by ECH, while only a few have reported
conversion to the saturated heterocyclic (oxolane) products.
Green et al. reported electrocatalytic conversion of furfural to
THFA and 2-MTHF on a Pd/C electrocatalyst in a continuous
flow cell at 1.75 V. The respective selectivities were 26% and 8%;
however, only 6% of the furfural was converted to products.”
Furthermore, it was found that at 1.45 V the current density
increased as temperature was raised from 30 °C to 70 °C.
However, a decrease in current efficiency for furfural hydroge-
nation was noted signifying an increase in hydrogen gas
production. Green et al. also reported conversion of furfural to
THFA on a Pt/C electrocatalyst. Carl et al. reported conversion of
furfural to 2-MTHF and THFA along with products such as
tetrahydrofuran on hybrid cathodes composed of Pdpjack and
various loadings of Pd supported on alumina.”® Vapor phase
experiments were conducted in a single-pass proton exchange
membrane reactor. The highest selectivity for the oxolane
products, THFA (~9%) and 2-MTHF (~50%), was obtained on
an electrocatalyst comprised of Pdpj,cc and 5 wt% Pd/Al,O;.
Delima et al. investigated ECH of furfural in a flow reactor
consisting of a Pd catalyst electrodeposited on a palladium
membrane with an additional catalyst layer sputter-deposited
on it.”® The requirement for dissolution of furfural in protic

10,13,14,21-23,25-27 11,17,18,25,26,28-30
Pt, Pd,

3002 | RSC Sustainability, 2024, 2, 3001-3013

View Article Online

Paper

electrolytes was avoided by using a design where the electro-
chemical hydrogen generation and furfural hydrogenation were
physically separated by a palladium membrane that also served
as the cathode. The highest selectivities for FA (84%), THFA
(98%) and 2-MTHF (14%) was obtained using Pt/Pd/Pd
membranes albeit at different current densities, run times
and sputter-deposited Pt layer thicknesses. More recently,
Stankovic et al. used the same approach to demonstrate that
high 2-MTHF selectivity (76%) was obtained at higher current
densities (=200 mA c¢cm™?) when using Pd/Pd membranes.*
Lenk et al. demonstrated conversion of furfural to THFA on Pd,
platinized Pt and glassy carbon cathodes coated with Pd and Pt
inks.?® The highest THFA selectivity (15.3%) from furfural was
observed for coated glassy carbon cathodes with Pd to Pt ratio of
5:1. Chamoulaud et al. reported conversion of furfural to THFA
and 2-MTHF at low flow rates and/or high currents using a flow
cell in which the cathode was prepared by plating copper on
graphite felt.”® A few studies have also noted furfural conversion
by ECH to ring-opened products: pentane-1,5-diol on Cu** and
Pb** cathodes, and glutaraldehyde on a carbon cathode,*
although the yields were not quantified.

The present study investigates the electrocatalytic conver-
sion of furfural to the saturated heterocyclic products, THFA
(and 2-MTHF), on ruthenium supported on activated carbon
cloth (Ru/ACC). Activated carbon cloth (ACC) was selected as an
electrocatalyst support for the present study due to its high
surface area and electrical conductivity.*! THFA is convention-
ally manufactured by hydrogenation of FA on supported Ni
catalysts at moderate temperatures (50-100 °C) in both liquid
and vapor phase processes.*” It is used as a solvent, particularly
for stripping and cleaning formulations, agricultural chemicals,
dyes, and printing inks.** An important application of THFA is
in the manufacture of 3,4-dihydro-2H-pyran, a specialty chem-
ical.** DFT studies have shown that the flat > (C-O) configu-
ration is favored for adsorption of furfural on ruthenium (Ru)
surfaces, which activates pathways for both formyl group
reduction and heteroaromatic ring saturation.**¢ Furthermore,
Ru presents a cheaper alternative to both Pd and Pt that have
been used in earlier studies on electrochemical transformation
of furfural to saturated heterocyclic products. Conversion of
furfural to THFA by catalytic hydrogenation on carbon-
supported Ru (Ru/C) catalysts has been demonstrated previ-
ously by other groups.*”~** Moreover, ECH on Ru/ACC has been
used by the Saffron group to successfully upgrade lignin-related
phenolic model compounds®*** and model lignin dimers* to
saturated compounds such as substituted cyclohexanols.
Further, an ECH study in 2014 on the aqueous fraction of bio-oil
using Ru/ACC noted conversion of its furfural content to
THFA.>®

In the present study, three factors were varied to assess
furfural conversion and selectivity towards THFA by ECH:
catholyte solution organic co-solvent (propan-2-ol) content,
catholyte solution acid content, and temperature. A factorial
experiment design was implemented to investigate the effects of
individual factors as well as their interactions on THFA yield.
Propan-2-ol, widely used as a solvent for furfural hydrogena-
tion,> was expected to affect product yields by influencing the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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distribution of reactants and products between the cathode
surface and the catholyte solution. Moreover, an influence of
solvents on product selectivity has been reported for catalytic
hydrogenation of furfural.®*®” The acidity of the catholyte
solution was expected to vary the yields of different hydroge-
nation products via both cathode surface effects and promotion
of side reactions in the catholyte solution, while higher
temperatures would enhance conversion and product yields due
to more rapid surface reaction kinetics. The carbon mole
balance, faradaic efficiency for the desired transformation and
THFA yield were also determined under different conditions in
follow-up experiments to enable derisking of the electrocatalytic
route for conversion of furfural to THFA. Finally, production of
saturated heterocycles by ECH of 2-substituted furans (2 MF, FA
and 2-furoic acid) was investigated.

Experimental
Electrocatalyst preparation

The Ru/ACC electrocatalyst was prepared using the technique
described by Li et al.>® Briefly, activated carbon cloth (Zor-
flex®~Double Weave Activated Carbon Fiber Cloth, Charcoal
House, Crawford, NE) was cut into 1.5 cm x 3.0 cm pieces. The
pieces were immersed in deionized (DI) water overnight and
then oven dried at 150 °C for 1 hour. Subsequently the dried
pieces were soaked in a 3 : 20 (volume fraction) solution of aqua
ammonia (28.0-30.0% NH;) and DI water containing 6.4 wt%
hexaammineruthenium(im) chloride [Ru(NHj3)sCl;] for 1 min to
saturate the pores. The soaked pieces were dabbed against
Kimwipes® to remove the excess solution. The ACC pieces
impregnated with Ru were dried overnight at ambient condi-
tions and subsequently vacuum dried for 24 h. The vacuum
dried Ru/ACC was then reduced using the electrochemical
reduction technique described by Garedew.*® The reduction was
carried out in a divided H-cell, in which the two chambers were
separated by a Nafion™ 117 membrane (Chemours, Wilming-
ton, DE). 0.2 M hydrochloric acid (HCI) solution was used as the
electrolyte in both compartments. The vacuum dried Ru/ACC
was the cathode, while a platinum wire (99.95%; Strem Chem-
icals Newburyport, MA) served as the anode. The H-cell
assembly was immersed in a heated water bath that was
maintained at a temperature of 60 °C. The current was turned
on immediately after immersing the Ru/ACC in the catholyte
solution. The Ru/ACC was reduced using a current of 150 mA for
approximately 1.5 h. The catholyte solution turned pink upon
immersion of the Ru/ACC indicating leaching of the Ru salt.
Under the influence of the reduction potential, the color
initially changed to light yellow in the first few minutes and
subsequently changed to dark blue. The blue color of the
catholyte solution then gradually cleared resulting in a silver-
grey deposition on the ACC which represented the end point
of the electrochemical reduction. The color changes of the
catholyte solution are attributed to the different oxidation states
of Ru as it undergoes reduction and deposition on the activated
carbon cloth fibers. The reduced Ru/ACC (referred to as Ru/ACC
more generally) was then stored in a drying cabinet (~55 °C)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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before being used for ECH experiments. A photograph of the
Ru/ACC is provided in Fig. S1 of the ESI (ESI).t

Electrocatalyst characterization

The surface area and pore volume were determined by nitrogen
physisorption at 77 K (Micromeritics® 2020 ASAP). The samples
were outgassed for 24 h at 130 °C prior to the analysis.

Scanning electron microscopy (SEM) was used to determine
the morphology of the support (ACC) and the electrocatalyst
(Ru/ACC). The images were collected on a JSM-6610 LV (JEOL
Ltd) scanning electron microscope. Energy dispersive X-ray
spectroscopy (elemental analysis) was performed using an
Oxford Instruments AZtec system (Oxford Instruments, High
Wycomb, Bucks, England), software version 3.3 using a 20 mm”
Silicon Drift Detector (JSM-6610LV) and an ultra-thin window.

X-ray photoelectron spectroscopy (XPS) was performed on
a Physical Electronics PHI 5600 instrument equipped with
a monochromatic Al source. The spectra were calibrated using
the C 1s peak at 285 eV. Data analysis was performed with the
CasaXPS software.

The Ru content of the Ru/ACC electrocatalyst was deter-
mined by Inductively Coupled Plasma-Optical Emission Spec-
troscopy (ICP-OES). The analysis was conducted on an Agilent
5800 ICP-OES instrument equipped with AVS 6/7 and SPS 4
Autosampler. The samples were digested in concentrated nitric
acid using the CEM Mars 6 Microwave Digestion System. Cali-
bration solutions were prepared from a ruthenium(u) chloride
(RuCl;) standard solution (Inorganic Ventures, Christiansburg,
VA).

ECH setup

ECH experiments were conducted in batch mode using a glass
H-cell fabricated by the Chemistry Glass Shop at Michigan State
University (East Lansing, MI). The two chambers were separated
by a Nafion™ 117 membrane (Chemours, Wilmington, DE). Ru/

O
0, H,
e~ flow
TB & Nafion™ ‘1'8 A
membrane (o)

4H,0 () oH H,

8 H* (o) "
F+ 2 02 (\j/\\o +6 H* 2H
Pt wire Ru/ACC

\1:) H* flow \, \/

Fig. 1 ECH of furfural in a divided H-cell. The reactions and flow of
electrons and protons are depicted. Rubber stoppers with needles
were placed on top of the anode and cathode compartments to allow
continuous venting of the gases produced at the electrodes. The
solutions in both compartments were agitated using magnetic stir
bars.
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ACC was the cathode, while a platinum wire was the anode.
Fig. 1 is a schematic representation of the ECH setup.

An aqueous HCI solution with or without the organic co-
solvent, propan-2-ol, was used as the catholyte solution while
the anolyte solution consisted of an aqueous phosphoric acid
(H3PO,) solution with the concentration of H;PO, adjusted to
match the pH of the catholyte solution. The H-cell assembly was
immersed in a heated water bath to maintain the desired
temperature. The Ru/ACC electrocatalyst was subjected to pre-
electrolysis at 80 mA for 10 min, after which the requisite
amount of the substrate stock solution was added to the
cathode compartment resulting in a catholyte solution with
a furanic substrate concentration of 0.02 M at the start of a trial.
Both compartments contained 13 ml of electrolyte solution. A
Xantrex XHR 300-3.5 DC power supply provided constant elec-
tric current throughout the trial.

Factorial experiment design

A duplicated factorial experimental design with three replicates
at the center point was implemented to study the effects and
interactions of three factors, catholyte solution organic co-
solvent (propan-2-ol) content [A], catholyte solution acid
content [B] and temperature [C], on the THFA yield from
furfural ECH on the Ru/ACC electrocatalyst. Two levels of the
propan-2-ol concentration in the catholyte solution, 0% and
20% (volume fraction), were arbitrarily selected. Prior studies
on ECH of furfural have reported that the catholyte solution
acid content, particularly at very low pH values, significantly
affects the yield of different ECH products.”** Two HCI
concentrations, 0.02 M and 0.16 M, and two temperature levels,
25 °C and 50 °C, were selected for investigation. The experi-
mental conditions corresponding to each factor and relevant
levels are summarized in Table 1.

Sample analysis

Catholyte solution samples collected at the end of each trial
were saturated with sodium chloride (NaCl) and extracted into
dichloromethane (DCM). 1.00 ml of catholyte solution was
saturated with 400 mg NaCl and extracted with 2.0 ml DCM. The
cathode (Ru/ACC) was also extracted in DCM (5.0 ml) and the
extracts were analyzed using gas chromatography-mass spec-
trometry (GC-MS) on a Shimadzu QP-5050A instrument. Stan-
dard solutions of furfural, FA, THFA, 2-MTHF, d-valerolactone,
2-furoic acid and tetrahydro-2-furoic acid in DCM were used to
construct calibration curves to quantify the sample concentra-
tions. The sample concentrations were then used to compute
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the reactant conversion, yields of different products, and fara-
daic efficiency, and to check closure of the carbon mole balance.

Calculations

{Reactant}, — {Reactant},

Conversion of reactant = x 100%
{Reactant},
. Product
Yield of product k = {Productc}, x 100%
{Reactant},

{Reactant}, + > ({Product, },)
X

Carbon mole balance = x 100%
{Reactant},
F x Y ({Product }, x ny)
Faradaic efficiency = k x 100%
Ixt
1

Current density, i = Geometric Area, GA

where, {Reactant}, is the amount of reactant at the start of a trial
(time, ¢ = 0) (in mol). {Reactant}, is the amount of reactant that
remains unreacted at the end of a trial (in mol). {Producty}, is
the amount of product k formed at the end of a trial (in mol).
Faraday's constant, F = 96 485.3 C mol . n; is the number of
electrons (e~) required to form product k. I is the current. ¢ is the
trial run-time.

Results and discussion

Electrocatalyst characterization

The washed and dried ACC and Ru/ACC were characterized by
nitrogen (N,) physisorption at 77 K. BET surface area (Sggr) was
computed in the relative pressure range (p/p° < 0.06; where p is
the equilibrium pressure and p° is the saturation vapor pres-
sure) determined using the criteria developed by Rouquerol
et al.*® for microporous adsorbents. The total pore volume (V)
was estimated from the amount of vapor adsorbed at relative
pressure close to unity based on the Gurvich rule.® The
micropore volume (Vypore) Was determined using the Dubinin-
Radushkevich equation® in the following relative pressure
range: 10 * < p/p® < 0.02. The average pore width (D,) was

Table 1 Experimental conditions corresponding to the levels of the independent variables in the factorial design

Level

Factor [code] Low (—1)

Center (0) High (+1)

Catholyte solution propan-2-ol content [A]
Catholyte solution acid content [B]
Temperature [C]

0.02 M HCI
25 °C

3004 | RSC Sustainability, 2024, 2, 3001-3013

0% (volume fraction)

10% (volume fraction)
0.06 M HCl
37 °C

20% (volume fraction)
0.16 M HCI
50 °C

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Textural characteristics based on N, physisorption
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Sper (m* g7") Ve (em® g™ Vipore (cm? g77) Dp (nm)
Washed and dried ACC 1090 0.476 0.414 1.74
Ru/ACC 928 0.412 0.352 1.78

calculated using the equation: D, = 4V,/Sggr. The results are
summarized in Table 2 and the N, physisorption isotherm for
Ru/ACC is shown in Fig. S2.7 The comparatively lower BET
surface area, total pore volume and micropore volume of Ru/
ACC indicates that some of the pores on the ACC were
blocked due to electrochemical deposition of Ru.

SEM images of the washed and dried ACC and Ru/ACC are
shown in Fig. 2. It was observed that electrochemical reduction
resulted in the deposition of a uniform Ru coating on the
activated carbon cloth fibers, as seen in Fig. 2(b) and (c).
However, there were some regions, close to the edges of the Ru/
ACC sample, where the Ru coating appeared to have peeled off
from individual fibers, as seen in Fig. 2(d). This effect may be
attributed to the non-uniform current in these regions. The
elemental map acquired by EDS (Fig. S31) revealed a uniform
dispersion of Ru on the activated carbon cloth fibers.

XPS was used to probe the surface chemistry of the Ru/ACC
electrocatalyst. The Ru 3d and C 1s core level spectra are shown
in Fig. 3. Deconvolution of the Ru 3d and C 1s spectra revealed
the presence of Ru’ and Ru*’. The peaks at 279.8 eV and
284.0 eV were assigned to Ru® (metallic state), while the peaks at
280.6 eV and 284.7 eV were associated with Ru*" (in Ru0,).®> The
peaks at 284.4 eV and 285.9 eV corresponded to C-C and C-O,
respectively. Overall, the XPS analysis demonstrated that

X170 100 s—

Fig. 2 SEM images of (a) washed and dried ACC and (b)—(d) Ru/ACC.

© 2024 The Author(s). Published by the Royal Society of Chemistry

a major fraction of Ru deposited on the ACC support was in the
metallic state, which indicated that Ru in the precursor salt
[Ru(NH;)sCl;] was reduced by the electrochemical treatment.
The re-oxidation of reduced Ru in catalytic materials upon
exposure to air has been reported®* and might explain the
presence of Ru*" (RuO,). Further, it is possible that RuO, may
undergo reduction to the metallic form under the influence of
the reduction potential applied during ECH.

The Ru loading on the ACC support was determined by ICP-
OES. Ru/ACC samples were subjected to microwave digestion in
concentrated nitric acid (HNO3) at 230 °C. A solid residue was
obtained upon digestion of the Ru/ACC samples indicating that
the samples were not completely dissolved in the acid. A solid
residue was also obtained after digestion of the Ru/ACC
samples in HCI-HNO; mixtures. However, no solid residue
was observed upon digestion of the washed and dried ACC (with
no Ru) samples in HNO; indicating that the residual solids
obtained upon digestion of Ru/ACC contained Ru. These
observations are consistent with the reported literature where it
has been shown that Ru (particularly, Ru metal and anhydrous
RuO,) is not completely recovered by acid digestion, even in
aqua regia.®®®” Nonetheless, analysis of the HNO; solutions
obtained after separating the residual solids revealed a Ru
loading of 1.39 wt% (+0.04 wt% std. error). Note that the

RSC Sustainability, 2024, 2, 3001-3013 | 3005
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Fig.3 Ru3dand C 1s core level spectra of the Ru/ACC electrocatalyst.
reported loading does not account for the Ru present in the
residual solids. The vacuum dried Ru/ACC samples that had not
been subjected to electrochemical reduction were also digested
in HNO; at 230 °C. Importantly, no residual solids were
observed upon digestion of the unreduced, vacuum dried Ru/
ACC samples. The Ru loading determined by analysis of the
HNO; solution was 4.30 wt% (40.70 wt% std error). Even
though the reported Ru loading for the unreduced, vacuum
dried Ru/ACC does not account for losses during electro-
chemical reduction, it represents an upper bound for the ex-
pected Ru loading on electrochemically reduced Ru/ACC.
Digestion of Ru/ACC by a fusion method®® could be considered
for more accurate determination of Ru loading in future
investigations.

ECH of furfural on Ru/ACC

Hydrogenation of both the formyl group and the hetero-
aromatic ring in furfural to produce THFA (and 2-MTHF) by

gH" +8e° O
-H0 Q/

2-MTHF
Route 3 Route 3'
6H" + 6e™ |-H,0
X OH
@0\“2 (o]
(o]
o /
\ /)

Furfural

QOU{SQ

Tetrahydrofurfural

Scheme 1 Summary of reactions observed during furfural ECH on Ru/
ACC. Route 1 for THFA formation proceeds via hydrogenation of the
formyl group, while route 2 proceeds via saturation of the hetero-
aromatic ring. Products not observed are depicted in grey. Trans-
formation of tetrahydrofurfural to THFA by ECH was not investigated in
the present study.
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ECH was successfully demonstrated on an Ru/ACC electro-
catalyst. The hydrogenation of furfural to THFA may proceed via
two pathways as shown in Scheme 1: first, hydrogenation of the
formyl group (-C(H)=0) to form FA followed by heteroaromatic
ring saturation; or second, heteroaromatic ring saturation to
tetrahydrofurfural followed by hydrogenation of the formyl
group. DFT calculations by Banerjee and Mushrif (B&M) have
indicated that for vapor phase reactants and products, the
reaction may proceed via either pathway on Ru since the free
energy barriers of the rate limiting steps along both pathways
are comparable.* Significant quantities of FA and no tetrahy-
drofurfural were observed after passage of 100 mA of current for
2 h under different conditions, suggesting that ECH of furfural
on Ru/ACC proceeds via the former pathway. Studies by Merat
et al.* and Ordomsky et al.®® have proposed a similar pathway
for formation of THFA during liquid phase furfural hydroge-
nation on Ru/C catalysts. The B&M DFT calculations also indi-
cated that vapor phase hydrodeoxygenation of furfural to 2-
MTHTF in the presence of a Ru catalyst proceeds via formation of
2-MF; importantly, this transformation is unlikely to involve an
FA intermediate.*” No 2-MF was detected by GC-MS although
traces of 2-methyl-4,5-dihydrofuran (identified by matching the
mass spectrum with the built-in NIST library) were detected in
experiments with significant 2-MTHF formation. Information
on the conditions required to produce significant quantities of
2-MTHF from furfural is included in the ESL ¥

Factorial experiment design

Nearly complete conversion of furfural, =95%, was obtained
under all conditions after passing 100 mA of current for 2 h
(~29 mol e~ per mol furfural). The results are summarized in
Fig. S4.1 FA and THFA were the major products under all condi-
tions. Trace amounts of 2-MTHF and the ring-opened products
pentan-1-ol and pentane-1,2-diol were also formed under all
conditions. The ring-opened products were identified by match-
ing their mass spectra with the built-in NIST library. The yields of
the products produced in trace quantities were not quantified.
The carbon mole balance and faradaic efficiency were
computed based on three compounds, the reactant furfural and
the two major products, FA and THFA, which were quantified
using GC-MS. The highest carbon mole balance closure, 60%,
was obtained at the —1,—1,—1 conditions while the lowest
closure, 27%, was obtained at the +1,+1,+1 conditions. Low
faradaic efficiencies, <12%, were obtained under all conditions.
It is noted that carbon mole balances and faradaic efficiencies
would be marginally higher than the reported values if the
yields of trace products such as 2-MTHF had been quantified.
Other investigations on ECH of furfural in batch mode®*** have
also reported similarly low carbon mole balance closures. The
low carbon mole balance closures may be attributed to three
major factors, namely, undesired side reactions, losses due to
migration of a species to the anode compartment, and evapo-
ration. Jung and Biddinger identified two types of undesired
side reactions that occur during ECH of furfural: acid promoted
homogeneous reactions and electron transfer mediated poly-
merization reactions.*** The higher molecular weight products

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(polymeric compounds) expected from both these reactions are
not detected by GC-MS. It is noted that in the context of the
present investigation the term ‘acid promoted side reactions’
includes acid catalyzed degradation/polymerization reactions of
both substrates adsorbed to Ru/ACC (or ACC) and the Nafion™
membrane and substrates present in the catholyte solution.

Analysis of the DCM extracts of the anolyte solution at the
end of the experimental runs confirmed that small quantities of
reactant and products migrated to the anode compartment,
though the low levels suggested that other loss mechanisms
were dominant. Moreover, the hydrodeoxygenated products, 2-
MF and 2-MTHEF, have low boiling points at atmospheric pres-
sure, 63.2-65.6 °C and 80.2 °C, respectively,* which suggests
that their evaporative loss from the system could be significant,
especially in the experiments run at 50 °C.

The yield of THFA served as the basis for analysis of the
factorial design. The analysis of variance (ANOVA) in Table S17
identified only one statistically significant factor, catholyte
solution acid content, at a 95% confidence level. None of the
other factors or higher order interactions significantly affected
the yield of THFA. Furthermore, it was determined by the center
point analysis that curvature was insignificant, confirming the
absence of a maximum for the THFA yield within the ranges of
the factors analyzed. Based on the results presented, to maxi-
mize yield of THFA, ECH of furfural must be carried out at low
temperature (25 °C) in a catholyte solution with low acid
content (relatively high pH) and no organic co-solvent (propan-
2-ol). The experimental conditions that resulted in the highest
yield or selectivity of THFA (or 2-MTHF) in various studies are
summarized in Table S2.1 Although the temperature does not
significantly affect the yield of THFA, operating at lower
temperatures at commercial scale would reduce both costs
associated with heating and lowered yields due to evaporative
losses. The decision regarding use of the organic co-solvent,
propan-2-ol, is more complicated. For example, in experi-
ments run at 25 °C in 0.16 M HCI solution without propan-2-ol,
the reaction products, FA and THFA, were equally distributed
between the Ru/ACC and the catholyte solution, but when the
catholyte solution contained 20% propan-2-ol (volume
fraction), more than 90% of the products were present in the
catholyte solution. At larger scales, using a co-solvent adds costs
associated with its downstream separation and recovery.
Further, the faradaic efficiency would be reduced if active sites
are blocked by the organic co-solvent. However, when co-solvent
is not used, a greater fraction of the products would remain
adsorbed to the cathode, presenting a significant challenge with
respect to product recovery for processes operating in contin-
uous mode. In such situations, the electrocatalyst would have to
be periodically regenerated to recover the products. Addition-
ally, the adsorbed products may occlude active sites over long
operation times reducing electrocatalyst performance.

Control experiments

To establish the role of electric current and the catalytic effect of
Ru supported on ACC in furfural ECH, control experiments were
run for 2 h in 0.02 M aqueous HCI solution at 25 °C. The results
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Fig. 4 Comparison of control experiments (zero current and no Ru)
with furfural ECH on Ru/ACC. Experimental conditions: 0.02 M
furfural; 0.02 M aqueous HCl solution (cathode compartment); 25 °C;
0 mA or 100 mA and 2 h. Error bars represent standard errors.

are summarized in Fig. 4. No furfural hydrogenation products
were detected when the experiment was carried out in the
absence of electric current (i.e., no potential difference was
applied across the electrodes) even though an Ru/ACC cathode
was immersed in the catholyte solution; thus, electric current
was necessary to generate the hydrogen equivalents required for
furfural reduction. The incomplete carbon mole balance
closure, 90%, in the absence of current flow supports the
hypothesis that acid promoted side reactions decreased furfural
availability for the desired reaction. The acid catalyzed degra-
dation of furfural has been a subject of
investigations.”®”> A recent study by Almhofer et al. proposed
two distinct acid catalysis pathways for furfural polymerization
based on the site of proton attack, i.e., C2 and C5.” Although
the high temperature (>100 °C) conditions of these studies were
not replicated in the present investigation, the accumulation of
furfural on the Ru/ACC surface by adsorption may have accel-
erated the degradation reaction kinetics.

ECH of furfural on ACC without Ru (washed and dried ACC)
produced FA, yield 43%, along with hydrofuroin and trace
amounts of 2-MTHF. The formation of hydrofuroin was
confirmed by matching the GC retention time and mass spec-
trum for the product obtained by reagent-based reduction of
furoin with sodium borohydride (NaBH,). The result for furfural
electroreduction on ACC is consistent with the non-catalytic
electroreduction of furfural to FA on carbon cathodes re-
ported by others'**>*** and confirmed that Ru active sites were
essential for heteroaromatic ring saturation to form THFA. Jung
and Biddinger have suggested that promotion of FA polymeri-
zation by an electron transfer mediated process could explain
the lower carbon mole balance closure under conditions where
FA is the primary product.> Additionally, Shang et al. found that

several
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in aqueous electrolytes (pH 0, 7 and 13), carbon paper cathodes
showed higher selectivity towards hydrofuroin formation
compared to copper foam cathodes which showed higher
selectivity towards FA formation.' Nilges and Schroder'® and
Diaz et al.*® also identified hydrofuroin as the major product of
furfural ECH on carbon cathodes in acidic media. Shang et al.
attributed the difference in product selectivities to the less
negative potential required for formation of an adsorbed
hydrogen atom on copper as compared to carbon. Thus, on
copper cathodes the ketyl radical [(C,H;0)C-(H)(OH)] under-
went hydrogenation to produce FA whereas on carbon cathodes
it underwent radical dimerization to produce hydrofuroin. The
pathways for formation of FA and hydrofuroin are shown in
Scheme 2.

FA and THFA were also subjected to individual control
experiments involving no passage of electric current through
the H-cell for 2 h in 0.02 M aqueous HCI solution at 25 °C. The
results are summarized in Fig. 5. An incomplete carbon mole
balance closure, 72% and 68% respectively, was observed for
both species. Similar to furfural, acid catalyzed polymerization
of FA has also been the subject of several investigations.”””
Thermochemistry calculations by Kim et al. indicate that acid
catalyzed FA polymerization proceeds via protonation of the
hydroxy group in FA leading to the formation of a carbenium
ion [(C4H;0)C'(H),] and water.”® An attack on the carbenium
ion from the C5 position of FA with simultaneous removal of
a proton resulted in the formation of a dimer containing a -
CH,- bridge. Chain propagation involved reaction of carbenium
ions with the oligomers. The formation of colored species was
explained by a hydride ion shift from the oligomer to the car-
benium ion followed by removal of a proton yielding a conju-
gated diene. Importantly, these polymerization reactions were
shown to occur at room temperature in the presence of mineral

— OH
+e
( ) 2 O
Route |. \ /
FA
/O . OH
O O
Route Il.a
OH
Furfural Ketyl radical Hydrofuroin
Route Il.b
Y
OH o
o o !
\ / N/
FA Furfural

Scheme 2 Furfural conversion pathways to FA and hydrofuroin via
a ketyl radical intermediate. It is proposed that route | is dominant on
catalytic cathodes (e.g., Ru/ACC) where the ketyl radical is readily
reduced to FA. Route Il is dominant on non-catalytic cathodes (e.g.,
ACC) where a pair of ketyl radicals undergo dimerization (route Il.a) to
form hydrofuroin. Alternatively, a pair of ketyl radicals may undergo
disproportionation (route Il.b) to form FA and furfural.
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Fig. 5 Control experiments (FA and THFA)-zero current on Ru/ACC.
Experimental conditions: 0.02 M substrate (FA or THFA); 0.02 M
aqueous HCl solution (cathode compartment); 25 °C and 2 h. Results
account for extraction efficiency of THFA from the catholyte solution.
Error bars represent standard errors.

acids. It was anticipated that THFA, being more stable due to its
saturated nature, would not undergo such degradation/
polymerization in the presence of mineral acids.*® Therefore,
extraction efficiencies for furfural, FA and THFA from 0.02 M
aqueous HCI solutions into DCM were computed to determine
what fraction of the incomplete carbon mole balance closure
was due to extraction losses from the catholyte solution. FA and
THFA are completely miscible with water, while furfural has
a finite solubility in water.® Furfural and FA were completely
recovered by extraction into DCM, but THFA was only partially
recovered. However, even after accounting for the average
extraction efficiency of THFA, 71% (+2% std error), the carbon

Carbon Mole Balance
Yield FA

m Conversion
m Yield THFA

100%

80%

60%

40%

20%

0%

Furfural

FA THFA

Fig. 6 ECH of furfural, FA and THFA on Ru/ACC. Experimental
conditions: 0.02 M substrate (furfural, FA or THFA); 0.02 M aqueous
HCl solution (cathode compartment); 25 °C; 100 mA and 2 h. Results
account for extraction efficiency of THFA from the catholyte solution.
Error bars represent standard errors.
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Fig.7 ECH of furfural on Ru/ACC in different aqueous catholyte solutions. Experimental conditions: 0.02 M furfural, aqueous 0.16 M HCl, 0.02 M
HCL, 0.02 M NH4CL, 0.02 M NaCland 0.002-0.02 M NaCl solutions (cathode compartment), 25 °C, 100 mA and 2 h. The corresponding anolyte
solutions were composed of HzPO4, HzPO4, NH4Cl, NaCl and HzPOy. Error bars represent standard errors.

mole balance could not be closed. It is noted that the extraction
efficiency for THFA from the catholyte solution was used to
correct only the relevant values reported in Fig. 5 and 6; similar
corrections were not applied to values reported elsewhere.

The furfural hydrogenation products, FA and THFA, were
subjected to ECH on Ru/ACC in 0.02 M aqueous HCl solution by
passing 100 mA current for 2 h at 25 °C. The results as
compared to furfural ECH are summarized in Fig. 6. FA
underwent nearly complete conversion, and THFA, yield 49%,
was the primary product. No reduction products were observed
following THFA ECH. Even after accounting for the THFA
extraction efficiency, incomplete carbon mole balance closure
was observed in both cases, 60% and 77% respectively. These
losses were greater than those observed in control experiments
involving no current passage indicating the occurrence of
electrochemically caused side reactions. The control experi-
ments on FA and THFA demonstrate that losses due to both
acid promoted side reactions and electron transfer mediated
side reactions were greater for FA than THFA. Furthermore,
a purple coloration of the Nafion™ membrane in the region
contacting the catholyte solution, as shown in Fig. S5, is noted
for experiments where FA was the reactant. This coloration
indicates that FA interaction with the Nafion™ membrane
likely represents another FA loss mechanism.

The mechanism for the electron transfer mediated side
reactions is not well defined. However, a study by Staker
provides some insights on the likely mechanism of such reac-
tions during electrolytic reduction of furfural.” Staker observed
formation of a non-pinacolic dimer on a lead amalgam cathode,
that has a high overpotential for hydrogen evolution. The
proposed mechanism for dimer formation involved proton
addition to the carbonyl oxygen in furfural leading to the

© 2024 The Author(s). Published by the Royal Society of Chemistry

formation of a carbenium ion [(C,H;0)C'(H)(OH)] which was
then attacked from the C5 position of FA. Concomitant removal
of a proton resulted in the formation of a dimer containing a -
CHOH- bridge. It is hypothesized that in the present study such
reactions occur on portions of the Ru/ACC electrocatalyst with
no Ru deposition. Further investigation is required to establish
detailed mechanisms for depletion of the compounds (furfural,
FA and THFA) by electrochemical and acid promoted processes.
Overall, based on the control experiments, the order of
susceptibility to both acid promoted side reactions and electron
transfer mediated side reactions is summarized as: FA > furfural
~ THFA.

Effect of catholyte solution acid content

ECH of furfural was carried out in two different aqueous solu-
tions, 0.02 M NH,CI and 0.02 M NaCl, and the results were
compared to those for ECH in 0.16 M HCI and 0.02 M HCI to
further investigate the effects of catholyte solution acid content
on the yields of different hydrogenation products. The results
are summarized in Fig. 7. The conversion of furfural (initial
concentration 0.02 M) was greater than 95% in all four elec-
trolytes when 100 mA of current was passed for 2 h. The highest
carbon mole balance closure, 60%, and THFA yield, 48%, were
obtained in the 0.02 M HCI solution. THFA was also the major
product in both 0.16 M HCIl and 0.02 M NaCl solutions,
although its yields, 28% and 30% respectively, were lower than
those obtained in the 0.02 M HCI solution. Interestingly in the
0.02 M NH,CI solution the major product was FA, yield 22%,
and the carbon mole balance closure, 38%, was comparatively
lower. The low yield of THFA in the NH,CIl solution may be
attributed to electron transfer mediated side reactions which
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are likely favored by the more negative potential of the cathode
and the relatively lower availability of protons in the NH,CI
solution as compared to the HCI solution. Furthermore, trace
amounts of furfural amination products were observed in the
Ru/ACC DCM extract following furfural ECH in the NH,CI
solution. Nishimura et al. have reported the reductive amina-
tion of furfural in aqueous ammonia on supported Ru catalysts
under pressurized H,.*° The amination mechanism proposed by
Nishimura et al. involved formation of a hydrofuramide inter-
mediate that produced monomeric and dimeric amine
compounds upon hydrogenolysis. However, other investigators
have proposed that the amination reaction progresses via
formation of a 2-furylmethanimine intermediate.**> The lower
yield of THFA in the NaCl solution may be the result of an
alternative mechanism for generation of the reactive hydrogen
species. The reactive hydrogen species in neutral and basic
electrolytes are produced by reduction of water that requires
a more negative cathode potential which in turn may favor the
electron transfer mediated side reactions. The lower carbon
mole balance closure in 0.16 M HCI on the other hand may be
attributed to the acid promoted side reactions that are likely to
occur at significant rates in the more acidic catholyte solutions.

The results of the above experiments suggest that there may
exist a catholyte solution with an optimal pH obtained by using
aqueous HCI solutions of concentration lower than 0.02 M
where the rate of the side reactions is reduced, improving the
yield of desired THFA. Therefore, ECH of furfural in a 0.002 M
aqueous HCI solution was investigated. The high cell potential
required due to the low conductivity of the 0.002 M HCI solution
was avoided by addition of NaCl, concentration 0.02 M, as
a supporting electrolyte in the catholyte solution. The concen-
tration of H3;PO, solution in the anode compartment was

m Yield THFA
Carbon Mole Balance

u Conversion
Yield FA
= Faradaic Efficiency

100%

80%

60%

40%

20%

0%

100 mA (11.11 mA/cm?)

25 mA (2.77 mA/cm?)

Fig. 8 ECH of furfural on Ru/ACC using different current densities
(computed with respect to the geometric surface area). Experimental
conditions: 0.02 M furfural; 0.02 M aqueous HCI solution (cathode
compartment); 25 mA or 100 mA; 25 °C and 2 h. The reported faradaic
efficiencies are computed with respect to the formation of FA and
THFA. Error bars represent standard errors.
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adjusted to match the pH of the 0.02 M HCI solution. The
results obtained were very similar to furfural ECH in the 0.02 M
HCI solution suggesting that the electron transfer mediated
side reactions were the primary cause for low carbon mole
balance closures.

Effect of current density

The faradaic efficiencies for the factorial design experiments,
reported earlier, were less than 12%. Low faradaic efficiencies
are a significant bottleneck for commercialization of ECH
processes. Lowering the current density is one of the strategies
used to suppress the hydrogen evolution reaction on the
cathode. It was observed that decreasing the current from 100
mA (11.11 mA cm™?) to 25 mA (2.77 mA cm™?) led to a nearly
three-fold increase in the faradaic efficiency, from 11% to 32%
as shown in Fig. 8. The conversion of furfural was greater than
95% after 2 hours in both cases; however, the THFA yield was
significantly lower and FA yield was only slightly higher at the
lower current density. The lower carbon mole balance closure
and THFA yield is attributed to the acid promoted side reactions
and electron transfer mediated side reactions highlighted
earlier. The rates of these side reactions may be enhanced due
to the slow rate of FA hydrogenation to THFA at the lower
current density. Thus, operating at the lower current density
improved faradaic efficiency, but decreased the yield of desired
THFA.

Effects of functional groups attached to furan ring

As an extension of the parametric studies, the effect of different
functional groups (i.e., carboxyl, formyl, hydroxymethyl and
methyl) attached to the furan ring on the formation of saturated
heterocyclic products was investigated. The results for 2-furoic
acid, FA, and 2-MF ECH were compared to those for furfural
ECH. The experiments for 2-furoic acid, furfural and FA were
carried out at 25 °C in a 0.02 M aqueous HCI solution; however,

(o] + _ o]
fo) 4H" +4e fo)
\ // OH OH
2-Furoic acid Tetrahydro-
2-furoic acid
6H" + 6e o
-Hx0 Q/
2-MTHF
OH + _ OH
o 4H" +4e - fo)
\W/
FA THFA
o 4HY + 4e” o
wr o
2-MF 2-MTHF

Scheme 3 Reactions observed during ECH of 2-furoic acid, FA and 2
MF.
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Fig. 9 ECH of 2-furoic acid, furfural, and FA on Ru/ACC. Experimental
conditions: 0.02 M substrate (2-furoic acid, furfural, FA or 2 MF);
0.02 M aqueous HCl solution (only for 2 MF: 0.02 M HCl solution with
20% propan-2-ol (volume fraction)) [cathode compartment]; 25 °C;
100 mA and 2 h. The grey portion of the stacked column for furfural
represents FA yield. Error bars represent standard errors.

due to its low solubility in aqueous solutions, ECH of 2-MF was
carried out in 0.02 M HCI solution with 20% propan-2-ol
(volume fraction). Conversion greater than 85% was obtained
for all substrates after passing 100 mA of current for 2 h. The
observed transformations are shown in Scheme 3 and the
results are summarized in Fig. 9. FA was primarily converted to
THFA, yield 49%, with trace amounts of 2-MTHF, pentan-1-ol
and pentane-1,2-diol. The low carbon mole balance closure
was attributed to the acid promoted and electron transfer
mediated side reactions highlighted earlier. ECH of 2-MF
primarily produced 2-MTHF, yield 50%, along with trace
amounts of pentan-1-ol and pentan-2-ol. Acid promoted side
reactions of 2-MF are believed to be the primary cause for poor
carbon mole balance closure.* In fact, Ishigaki and Shono have
demonstrated formation of a tetramer by treatment of 2-MF
with phosphoric acid.*® Tetrahydro-2-furoic acid, yield 28%, was
the major product of 2-furoic acid ECH. A small quantity of &-
valerolactone (3VL), yield ~1%, was also produced indicating
the occurrence of ring opening reactions. Asano et al. proposed
that VL formation during 2-furoic acid hydrogenation on Pt/
Al,O; occurs via a mechanism involving furan ring opening by
C-0 dissociation at the 1,2 position followed by saturation of
the carbon-carbon double bonds on the open chain and
intramolecular dehydration to form the ester product.** The
recalcitrance of the carboxyl group to reduction during ECH is
consistent with the study by Fukazawa et al. that demonstrated
transformation of 4-substituted benzoic acids to cyclo-
hexanecarboxylic acids by ECH on Ketjenblack supported noble
metals (Pt, Rh and Ru) and bimetallics (PtRu).** The poor
carbon mole balance closure in 2-furoic acid ECH experiments
could be attributed to side reactions that produce higher
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molecular weight products that are not detectable by GC-MS.
However, due to the limited literature available on this topic
we are unable to speculate on the mechanisms of these side
reactions. The transformation of 2-furoic acid to tetrahydro-2-
furoic acid by an electrocatalytic pathway has not been
demonstrated previously to the best of our knowledge. More
importantly, the conversion of 2-furoic acid to tetrahydro-2-
furoic acid demonstrates that reduction of the oxygenated
functional group attached to the furan ring is not a pre-
condition for saturation of the heteroaromatic ring.

Conclusions

Electrocatalytic conversion of furfural to THFA was successfully
demonstrated on an activated carbon cloth-supported ruthe-
nium electrocatalyst. Acidity of the catholyte solution had
a significant effect on the yield of THFA. The highest yields of
THFA were obtained in mildly acidic catholyte solutions (0.02 M
HCI and 0.002 M HCI-0.02 M NacCl), while a strongly acidic
catholyte solution (0.92 M HCI) and higher temperature (50 °C)
were necessary to produce a significant amount of 2-MTHF. Low
carbon mole balance closures were obtained at all conditions
indicating the significant extent of side reactions involving the
reactant, furfural, the intermediate, FA, and the product, THFA.
Notwithstanding the improvement in faradaic efficiency for
experiments run at lower current density, it is recommended
that relatively higher current densities be applied to maximize
the yield of the desired product, THFA, by minimizing the
amount of intermediate, FA, available for participation in the
side reactions. Finally, the reduction of 2-MF, FA and 2-furoic
acid to 2-MTHF, THFA and tetrahydro-2-furoic acid, respec-
tively, demonstrated the activity of Ru towards catalyzing the
heteroaromatic ring saturation by ECH. Overall, the modest
desired product yields indicate that investigation of the side
reactions, particularly electron transfer mediated reactions, is
important future work.
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