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Abstract

Levulinic acid (LA) is a biomass-derived feedstock that can be converted to a wide
array of value-added products; several of these can be accessed efficiently by
electrochemical conversion. Herein, we present a study of factors governing LA
conversion in electrochemical environments. Most notably, we identify an
unprecedented pathway forming 4-hydroxyvaleric acid (HVA), a valuable monomer
that can be used for production of bio-polyesters—specifically, poly(hydroxy
acids)—as well as y-valerolactone (GVL) (a green fuel/solvent) and other fine
chemicals. This method shows >99.9% selectivity and >80% faradaic efficiency for
conversion above 80%. Production rates higher than 40 g L' h-* (or 200 kg L' m-
24eom. ') were achieved; these are substantially higher than reports for compatible
biochemical methods. We further identify mechanistic insights regarding the steering
of selectivity toward this new pathway in comparison to known electrochemical
routes toward valeric acid (VA) or to GVL. Finally, we provide a fast, sequential one-

pot synthesis route to transform electrochemically-produced HVA to GVL with higher
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overall selectivity and faradaic efficiency than can be achieved by direct aqueous
electrochemical conversion of LA to GVL (96% conversion and >99.9% selectivity,

giving a total yield of 93% from LA).

Keywords: Biomass, 4-hydroxypentanoic acid, valeric acid, y-valerolactone,

electrosynthesis, biopolymer.

1. Introduction

Levulinic acid (4-oxopentanoic acid, LA) has been identified as a highly
versatile biomass-derived platform molecule, as highlighted by the U.S. Department
of Energy' and a number of reports on biorefining for a sustainable chemical supply
chain.># LA is produced at industrial-scale via acid-catalyzed hydrolysis of
lignocellulose?* and can be upgraded to several commodities and fine chemicals
that are platforms for production of fuels and fuel-additives (e.g. 2-methyl-
tetrahydrofuran, 5-nonanone, alkyl levulinates, y-valerolactone), polymers (e.g.
hydroxyvaleric acid, diphenolic acid), herbicides and pesticides (e.g. a-
aminolevulinic acid), pharmaceuticals and food additives (e.g. alkyl levulinates,
hydroxyvaleric acid, y-valerolactone), and other materials and products.5 LA
upgrading toward an assortment of these products has been demonstrated by
thermo-, bio-, and electro-chemical routes®?® Advantages of electrochemical
valorization (both oxidative and reductive) over thermochemical methods can often
include operability at near-ambient conditions and compatibility with aqueous
feedstocks. In comparison to biochemical/enzymatic routes, electrochemistry

generally offers much faster conversion rates and simple separations®-'" It is also
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worth mentioning that electrochemical methods are in many cases scalable and
have been used for the production of a variety of compounds in several chemical
industries.?13

Scheme 1 shows the major electrochemical transformations presently known
to be accessible from LA; electro-oxidation and electro-reduction routes are
organized, respectively, at the left (red arrows) and right (blue arrows) sides of the
Scheme, with exemplary references for each also noted. It has been previously
demonstrated that, through engineering of reaction conditions, LA can be reduced
predominantly into valeric acid (VA) or y-valerolactone (GVL); conversely, it can be
oxidized into 4-hydroxybutanone, 3-butenone, or 2,7-octanedione. Octane can also
be accessed in a second step via Kolbe oxidation of valeric acid or electro-
hydrodeoxygenation of 2,7-octanedione.’® The present work now adds 4-
hydroxyvaleric acid (HVA, also known as 4-hydroxypropanoic acid, valued as a
green monomer) to the list of tunable reduction products. We show >99.9%
selectivity and >80% faradaic efficiency (FE) for >80% conversion and further
provide a one-pot synthesis route to transform the HVA to GVL (96% conversion and
>99.9% selectivity, giving a yield of 96% from LA). This route avoids nonaqueous
mediated conditions previously required to generate GVL efficiently by
electrosynthesis®

Focusing on the reductive paths, selectivity between VA and GVL has been
observed to depend on the pH of the supporting electrolyte. Strongly acidic media
(0.5-1.0 M H,SO,) tend to favor the formation of VA, 415 while GVL has been mainly
observed in neutral or alkaline conditions (pH 7.5 phosphate buffer'* or 0.1 M

NaOH"). For the acidic electrolyses, several works have shown high selectivities for
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VA (> 85% amongst organic products) with high faradaic efficiencies (44 — 65%, for
conversion > 70%).13-17 At elevated pH, the highest FE for LA reduction to GVL in
aqueous solutions was demonstrated by Schroder at al'® (20% FE, with 70% GVL
selectivity) on an Fe cathode, while higher selectivity (amongst the organic products)
was found by Li et al.’* using a PbS cathode, albeit with lower FE (6.2%, with GVL
selectivity 100%). Recently, Han et al.8 also showed complete selectivity to GVL at
much higher FE (79%), though conversion values were not mentioned, and the
reaction was performed in an organic solvent with ionic liquid as supporting
electrolyte  (1-butyl-3-methylimidazolium  tetrafluoroborate in  acetonitrile).
Concerning the cathode material, carbon, Al, Ti, Fe, Ni, Cu, Zn, Ga, Ag, Cd, In, Sn,
Sb, and Pb have been tested, but Pb (or Pb-based) cathodes consistently show the
highest combined FE and conversion.’™' Until now, HVA has only been
proposed—not shown—as an intermediate in the electrochemical reduction of LA to

GVL, and it has not before been generated as a product.814.16.17
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Scheme 1. Electrochemical routes for levulinic acid upgrading. Data from Han et al.,® Schréder et
al.,'®>'8 and this work. Abbreviations are E: potential, FE: faradaic efficiency, S: selectivity, X:

conversion.

Selective routes to HVA are desirable as this hydroxycarboxylic acid is a
versatile compound that can be used as a monomer for production of biodegradable
and biocompatible polyesters—poly(hydroxy acids), PHAs—as well as other diverse
commodities, fine chemicals, pesticides, and pharmaceuticals.®2° Focusing only on
the biopolymers and bioplastics industry, the projected global market will reach USD
~28 billion by 2025 and HVA-derived polymers have the potential to fill a significant
fraction of this demand with a variety of homopolymers and co-polymers that exhibit
outstanding physico-chemical properties for biomedical use, packaging, and other

technological applications.?’-25> Several companies including Metabolix, P&G, and
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TEPHA already manufacture PHA products,26 but the application of these polymers
is still limited due to absence of technology to produce the HVA monomer efficiently
on a large scale. Polymerization routes are discussed elsewhere, but focusing on
HVA monomer,?” it has been previously produced via chemical depolymerization of
intracellular PHAs (polyhydroxyalkanoates, which are synthesized by some types of
bacteria)?” and by direct biochemical reduction of LA."® The former method suffers
from the use of harsh conditions, expensive catalysts, and toxic solvents. Low yields
from incomplete depolymerization are also common—typically, only 30 — 50% of the
carbon source fed to the bacteria is converted into PHAs, while the recovery of
converted hydroxyacid monomers after hydrolysis has also not been reported above
88%. In contrast, the direct biochemical methods are generally performed under
milder conditions (closer to neutral pH, aqueous solution, room-temperature).
However, they still have shown relatively slow rates of production, hindering
industrial-scale prospects for this method. Two of the most efficient biochemical
demonstrations were by Sathesh-Prabu at al.20 and Kim at al.?8 Sathesh-Prabu at
al. showed HVA production of 50 g L-! from LA (with 97% conversion) in 100 h (i.e.
0.5 g L' h), using a 250 mL bioreactor containing a genetically modified
Pseudomonas putida KT2440 strain culture.20 Kim at al.?® developed a large-scale
method for production of HVA via enzymatic reduction of LA using an engineered 3-
hydroxybutyrate dehydrogenase (3HBDH) from an Escherichia coli strain. With this
method, 4.2 g L' h-" of HVA could be produced (titer 100 g L' in a 5-L bioreactor),
with 92% LA conversion.?®

Herein, we discuss a number of mechanistic insights regarding LA reduction

(LAR) into VA, GVL and HVL, and we show a batch electrochemical method for

6
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conversion of LA into HVA at a production rate higher than 40 g L-' h' (i.e., 200 kg
L' m2geom. h') with >99.9 % selectivity, and conversion and faradaic efficiency both
above 80% for one stoichiometric equivalent of charge (2e/LA) passed. This rate is
more than nine times higher than the highest recorded biochemical methods, 19.20.27.28
and it is expected that this can be increased by further reaction engineering
(optimizing mass transport, reactor area/volume (A/V) ratio, etc). Complete LA
conversion could also be achieved, albeit with decreasing rate and FE toward the
end of electrolysis. We also present an easy one-pot synthetic method to convert

HVA into GVL that proceeds in 15 min with 100% selectivity and 96% conversion.

2. Experimental Methods
2.1. Materials and Chemicals

All chemicals were of analytical grade and were used directly without further
purification: Levulinic acid (Sigma-Aldrich, >99.5%), Valeric acid (Sigma-Aldrich,
>99.5%), y-valerolactone (Sigma-Aldrich, >99.5%), Pb plate (Goodfellow, 99.99+%),
LiClO,4 (Sigma-Aldrich, >99.9%), NaClO, (Sigma-Aldrich, >99.9%), KCIO, (Sigma-
Aldrich, >99.9%), CsCIO, (Sigma-Aldrich, >99.9%), LiIHCOj; (Sigma-Aldrich,
>99.5%), NaHCO; (Sigma-Aldrich, >99.5%), KHCO; (Sigma-Aldrich, >99.5%),
CsHCO; (Sigma-Aldrich, >99.5%), NaH,PO, (Synth, >95%), Na,HPO, (Synth,
>95%), Suprapure H,SO, (Sigma-Aldrich, >99.999%), Suprapure HCIO, (Sigma-
Aldrich, >99.999%), Acetic acid (Sigma-Aldrich, >99.5%), Potassium acetate
(Sigma-Aldrich, >99.5%), 0.05 wt.% sodium 3-(trimethylsilyl)-2,2,3,3-

tetradeuteropropionate (TMSP) in D,O (99.9 at. % D, Sigma-Aldrich), Argon (UHP,
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Airgas Inc.). Solutions were prepared using ultra-pure deionized water with a specific

resistance of >18.2 MQ cm (purified by a Milli-Q, Milipore Inc.).

2.2. Electrochemical experiments

Electrochemical experiments were carried out using a conventional three-
electrode H-type cell, with cathodic and anodic compartments (10 mL each)
separated by a proton- or anion-exchange membrane (Nafion® 117 or Fumapem®
FAA-3-50, Fuel Cell Store), depending on pH. A 3 cm? Pt-plate and a leak-free
Ag/AgCI/Clsat. kcry Were used as auxiliary and reference electrodes (AE, RE),
respectively. The RE was calibrated against a reversible hydrogen electrode (RHE),
and all potentials in this work are referenced to RHE. A 2 cm? Pb (C-shaped) plate
was used as the working electrode (WE). The WE was cleaned in 30 % v/v HNO3
and rinsed in deionized water immediately before each experiment. The
electrochemical cell was degassed with Arg and the temperature was controlled by
a thermostatic bath (Fisher Scientific). Electrochemical measurements were
performed with a potentiostat/galvanostat (Gamry Instruments, Reference 3000).
Uncompensated resistance (R,) was measured by electrochemical impedance
spectroscopy (EIS) and/or current interrupt mode, and all electrochemical
measurements were R, corrected. Electrolysis experiments were performed by
chronocoulometry, controlling the exact equivalent charge for each experiment (2F

or 4F per LA mol) and under constant magnetic stirring (1500 rpm, if not specified).

2.3. Product identification and quantification
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Products of electrolysis were identified and quantified by '"H NMR and liquid
chromatography (LC); procedure details are organized in the Supporting
Information. For NMR analysis, a Bruker AVANCE-IIl 400 MHz NMR spectrometer
was used, and LC analyses were performed in an Advion 2000 HPLC equipped with
a 300 mm x 6.5 mm sulfonated polystyrene gel column (Hi-Plex H, Agilent), a UV
diode array detector (DAD), and an Advion Expression Compact Mass Spectrometer
(S Series). The experiments for optimization of mobile phase, elution rate, and
column temperature, as well as the external calibration curves for levulinic acid (LA),
valeric acid (VA), y-valerolactone (GVL), and 4-hydroxyvaleric acid (HVA) are
described in the Supporting Information. The chemical and analytical distinction
between GVL and HVA was based on the chemical shift signature and molecular ion

fragment of their '"H NMR and mass spectra, respectively.

2.4. in-situ ATR-FTIR

A Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific) with VeeMAX™
[Il (PIKE Technologies) ATR configuration chamber was used for in-situ ATR-FTIR
experiments. The spectroelectrochemical experiments were performed in a J1W
Jackfish cell (PIKE Technologies) with a PTFE/PEEK base, and IRUBIS Si(100)
specialized 1-ATR element (single-bounce ATR crystal). A polycrystalline Au
electrode was chemically deposited (electroless deposition) based on a procedure
first established and demonstrated by Osawa et al.2® The experiment consisted of
two stages: electrodeposition of Pb onto the polycrystalline Au electrode, followed
by demonstration of Pb-H, formation with electrochemical ATR-FTIR. The Pb film

was electrodeposited from a 1 mM Pb(CIO,), solution, at -0.4V vs Ag/AgClsat. kc) for
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70 mC cm2. The spectroelectrochemical experiment was then done as a differential
potential step scan in 0.1 M KCIO, electrolyte. The FTIR background (64
interferograms) was taken at 0.1 V vs RHE, and spectra were taken at different
sequential potential steps from -0.05 to -1.90 V vs RHE, with incremental steps of -
150 mV. To allow stable behavior resulting in a quasi steady-state (at each potential
during the potential step scan), spectrum collection was begun 10 seconds after
each new bias application. For each potential measurement, the electrode was kept
polarized under the potential applied in the prior measurement (without relaxation)
to exclude double layer charging/discharging effects. Each measurement in the
series consists of 128 interferograms averaged by the instrument software

(OMNIC™ Specta Software).

3. Results and discussion
3.1. Effect of pH on selectivity and mechanistic implications

Product distributions and rates of levulinic acid reduction (LAR) were first
evaluated under a range of controlled pH conditions in order to assess their impact
and to gain some mechanistic insight. These initial electrolyses were performed at a
constant temperature of 20°C, with an initial LA concentration of 0.1 mol L' and a
total charge of 4F per mol of LA passed (~1.5 — 2.0h of electrolysis). Pb was used
as the working electrode, and a potential of -1.9 V vs. RHE was chosen, as
exploratory studies revealed this condition to balance high rate and faradaic
efficiency against the propensity of Pb toward cathodic corrosion (disintegration) at

more extreme negative potentials—similar observations have been made in other

10
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studies of LAR using Pb.'3-'7 For intermediate pH solutions, 0.1 M KCIO4 (a neutral
salt) was added to buffer solutions as a co-supporting electrolyte to maintain
sufficient conductivity without impacting the pH. At the end of each electrolysis, the
final pH of the solutions was also measured, and it was observed that all strongly
acidic/basic and buffered conditions were stable.

Figure 1 shows faradaic efficiencies for the different LAR products, along with
LA conversions, for electrolyses performed across various pH conditions.
Corresponding selectivities (S%, organic conversion basis) can be seen in Figure
S4, and additional electrolysis conditions with other supporting electrolytes can be
seen in Table S1 (Entries 1 — 10). Mass balances for all electrolyses were above
95%, meaning that LA and its reduction products do not easily cross the ion-
exchange membranes and all major products were identifiable. For bicarbonate- and
carbonate-containing electrolytes, a small portion of the current (< 3%) was lost
through the formation of formic acid (FA) from electrochemical reduction of CO,. This
comes from a slow equilibrium conversion of carbonate species to CO,—cells were

always thoroughly purged before electrolysis.?®
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Bl GcV. B HVAVALC_JH, I FA © Conversion (%)

I 0.1M KOH (pH 13.0)

| 0.1MK,CO,+
0.1M KCIO, (pH 10.0)
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0.1M KCIO, (pH 7.0)
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Figure 1. pH effects for electrolyses performed with 0.1 mol L-" LA, at-1.9 V vs. RHE, with passage
of 4 F/mol LA. Conversion and faradaic efficiencies are shown for each product (VA: valeric acid,

HVA: 4-hydroxyvaleric acid, GVL: y-valerolactone, and FA: formic acid).

In 1.0 M HCIO4 (pH ~0), the FE toward VA was nearly 70%, with trace GVL
production and overall conversion above 80%. For comparison, similar electrolyses
with 0.5 M H,SO, (pure, and with a perchlorate containing co-supporting electrolyte:
0.5 M H,SO,4 + 0.1 M KCIO,4) showed virtually identical results (Figure S5 and Table
S1, Entries 1-3). This suggests that the anions have a low impact on the mechanism
for the formation of VA and GVL and that alkali cations do not strongly compete with
H* and LA for Pb surface sites (at this pH). When the pH was increased to 3.8, the
total faradaic efficiency for LAR decreased, and the selectivity shifted dramatically

to just 18.7% VA, with 17.9% GVL production and 63.4% HVA appearing ("H NMR

12
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Scheme 2. Levulinic acid (LA) reduction reaction: proposed routes for the formation of valeric acid
(VA), 4-hydroxyvaleric acid (HVA), and y-valerolactone (GVL). Mechanisms are shown for pH below
(a) and above (b) the LA pKa ~4.6. Very low pH and weakly acidic pH are shown with blue and white
backgrounds, respectively, while pH above the pKa has a red background. M"*= electrostatically

adsorbed cation.
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spectrum shown in Figure S6). At pH 7 and above, VA and GVL were not detected,
and, using MS and 'H-NMR, it was possible to prove that each neutral-to-alkaline
condition produces HVA with >99.9% selectivity (Figure S7). These results also
exclude the presence of HVA dimer (Pinacol-HVA).

Since HVA has not previously been observed in this reaction, it is prudent to
consider the likely mechanistic pathways governing LA reduction selectivity. Based
on the observed pH trends, we propose that the formation of VA and GVL occurs
through a surface-mediated mechanism, while HVA is formed mainly via an outer
sphere electron transfer (OSET) route, favored at higher pH (above the pKa of LA),
as presented in Scheme 2. An electromediated mechanism involving solution phase
Pb-species is also possible (discussed further below). The first discriminating factor
to be considered is that, near pH 0, a portion of LA molecules will be protonated at
the ketonic-carbonyl oxygen. Neutral LA (and/or its enol form) may also react, but
evidence has been presented by several authors'®30 that the cationic form of
aliphatic ketones (here LA-H*) promotes electrostatic adsorption on the cathode
surface (intermediate a*) under the influence of the electric field below the potential
of zero charge (PZC). The local concentration of protons at the surface may also be
enriched and drive equilibrium toward LA-H*, though this depends on the rate of
reaction and presence of other cations (here K* addition did not impact the rate, as
noted above). Even if the population of LA-H* is very low, the mechanism can in
principle proceed due to rapid acid-base equilibrium being maintained as this
protonated form is consumed. The rate of adsorption of these species effectively
balances with the adsorption of protons and allows good competition against the

14
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parallel hydrogen evolution reaction (HER), making the total FE for reduction of LA
the highest across all pH conditions.

Thus, it is expected that intermediate a* is electrochemically reduced to
chemically adsorbed intermediate b* (bound by the former carbonyl carbon), which
can further be reduced to HVA or protonated at the alcohol group to form
intermediate c*. The alcohol protonation will be much more favorable than carbonyl
protonation, and thus regardless of whether LA-H* or neutral LA initially react, the
predominant pathway in strong acid is apparently through intermediate c*, as it
should terminate with hydrodeoxygenation to form VA under a well-known
Clemmensen reduction mechanism (several steps are not shown in the scheme).3’
Any HVA that forms (from b*) should be immediately converted to GVL via acid-
catalyzed, homogeneous, intramolecular esterification (lactonization), explaining
why HVA is not detected in strong acid but appears alongside GVL at pH 3.8. Under
the milder acidic conditions, cationic LA-H* species will cease to be present, but the
neutral LA molecule can still adsorb and form intermediate b* (by 1e- reduction).
Since VA formation should still require acid-catalyzed hydrodeoxygenation of
intermediate c¢*, this pathway is diminished at less acidic pH. Combined with slower
homogeneous conversion of HVA into GVL, all three products are detected in weak
acid with HVA predominating.

Shifting to the pH window from 7 to 13 (above the pKa of LA, 4.6), it is not
expected that levulinate ions (LA-) can adsorb on the electrode since it bears a
strong negative charge—the operating potential of -1.9 Vvs. RHE atpH 7is > 1.6 V
more negative than the PZC for lead electrodes (about -0.7 V vs. SHE)3?, and even

more so at higher pH. Since reduction does in fact proceed, it can be expected that
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either neutral LA—continually restored near the surface by acid-base equilibrium—
adsorbs, or alternatively, the charge screening by alkali cations present in the
Helmholtz layer is sufficient to permit LA~ a close enough approach to the surface to
be reduced via OSET. We suggest predominance of solution phase reduction for
two reasons: (i) unlike the case of LA-H*, the minority neutral molecule is not actively
driven to the surface by the electric field, and (ii) no dimeric species are formed.
Reduction and protonation of LA- would yield a 4-hydroxycarboxylic radical
(intermediate d*), which can be further reduced and protonated to HVA. It is common
in the electrochemical reduction of ketones and aldehydes for radicals such as
intermediate d* to dimerize in neutral or alkaline environments, forming a pinacol
product (vicinal diol);'® however, the anionic and solvated nature of intermediate d*
can create repulsion, whereas neutral adsorbed intermediates would be expected to
show some dimer yield. We thus attribute the reactivity to solution-phase LA-. Extra
non-electrochemical  control  experiments  (cf.  Supporting Information,
“‘Homogeneous hydrolysis of GVL”, Figure S11) were also used to verify that GVL
cannot be hydrolyzed to HVA under the experimental conditions used for these
electrolyses, confirming that HVA is formed directly and terminally.

Interestingly, increasing the pH in the neutral-to-alkaline regime caused a
continual decrease in FEpya, favoring the HER via H,O reduction. In principle,
several effects could play a role, and their relative importance likely varies with
increasing pH. It should first be noted that even with the highest practical stirring
rates, the reaction operated in a regime with significant influence from mass transfer
with respect to LA under most experimental conditions (see Figure S8 for

characterization with variable stirring rates and discussion of mass transfer). This

16
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was always the case for pH conditions that were selective to HVA, and thus we
emphasize that the reported data should be interpreted in this context. The rate of
HER is well known to increase moving from neutral to alkaline pHs for a given
potential vs. RHE (overpotential thus increasing on an SHE scale) and to remain
controlled by kinetics due to water acting as the proton source in these
conditions.33:34 This reaction becomes increasingly predominant as pH rises, while
we find the partial current to LAR stays roughly constant moving from pH 7 to 10
(consistent with reaching mass transfer limitation), lowering the FE. However, the
total current and LAR current both decrease at pH 13 (c.f. Table S1), and it is critical
to recall that under these extremely cathodic conditions, Pb electrodes can undergo
several additional side reactions.

First, alkali cations can be electrodeposited onto/into Pb surface, forming Pb-
alkali amalgams (Eq. 1). This is a century-old phenomenon known as implantation3%-
37 and is also observed for electrodes such as In, Ga, Hg, and Sn, among others.38
Second, Pb electrodes can form hydrides at these very negative potentials (Eq. 2).3¢
Both phenomena (alkali implantation and hydride formation) further cause electrode
lixiviation or disintegration35-37, schematized in Egs. 3, 4, and 5. These processes
consume 1F per mol of Pb-alkali amalgam or 2F per mol of PbH, and generate an
equivalent amount of H, (still accounted in total FE); this can contribute to decreases
in FE_ar as pH rises, although a drop in total current at high pH suggests that all
pathways are altered and the parasitic pathways are not simply additive with the
main faradaic reactions. We found that disintegration was accelerated with visible
colloidal Pb forming when the concentration of alkalis was increased at pH 13 by

adding 0.1 mol L-' KCIO, to the 0.1 M KOH electrolyte (cf. Entry 10 — Table S1). This
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supports the suggestion that the FE becomes significantly influenced by parasitic

pathways mediated by Pb-electrolyte interactions at high pH.

M*@aq) + Pb) + 1€ > (M)Pb) (eq. 1)
Pby) + 2H20() + 26 > PbHaq + 20H-mq) (€4, 2)
2(M)Pbs) + 2H,0 > 2Pbs, colividal) ¥ 2M (aq) + 20H"(aq) + Ha(g) (€Q. 3)
PbHzq) = Pbs, colioidaly + Haz(g) (€Q. 4)

PbHa(aq) + 2H20() 2 Pb(OH)xs, colloical) + Hzg) (€4. 5)

Aside from mediation of HER, it is possible that PbH, molecules would also
mediate the reduction of LA (as shown in Scheme 2). After formation of Pb(lIl) hydride
from PbO (2e- per mol, Eq. 2), each hydride moiety (H-) would promote the reduction
of LA to HVA (forming 2 HVA molecules by transfer of 2e- each). The resulting Pb?*
ions would then be electrodeposited back as Pb?, closing the electromediation cycle.
The formation of two HVA molecules would involve a total transfer of 4e- and remain
accounted in the FE. To understand the possible interplay with such effects at more
practically-relevant conditions, we next discuss the potential dependence at neutral

pH in the following Section.

3.2. Potential effects

Focusing on the most ideal pH condition for HVA formation (pH 7), the effects
of potential were evaluated to further understand and optimize the factors governing
faradaic efficiency (Figure 2a). Cyclic voltammetry studies in 0.1 M KHCO3; + 0.1 M

KCIO,4 with and without 100 mM LA (shown in Supporting Information, Figure S9)

18

Page 18 of 29



Page 19 of 29

Green Chemistry

showed that LA reduction becomes significant at potentials more negative than c.a.
-0.9 V vs. RHE. The presence of LA also appeared to have a partial inhibitory effect
on disintegration, as continued cycling to -1.9 V was stable in LA, but without LA led
to formation of a white colloid (possibly lead hydroxide, Eqg. 5), which eventually
became dark-gray (lead hydroxide conversion to PbO, or colloidal Pb formed from
PbH;). When extending to more negative potentials (lower than -1.9 V) the
disintegration products were observed regardless of the presence of LA. Thus,
operating potentials from -1.1 V to a limit of -1.9 V vs. RHE were focused on to
evaluate the influence on FEyya and rate of HVA production (igya)- This is shown in
Figure 2a (now, using 2F/mol_a since HVA is the only major product).

It was observed that FEjya and iyya both linearly increased toward more
negative potentials, though with an almost constant total average current (total
including HER) from -1.3 V out to -1.9 V (cf. Table S1). A similar trend was also
observed at 50 °C (Figure S10). Given that the transition toward mass transfer
limitation of LAR is already observable at small overpotentials and lower temperature
conditions (Figure S8), this collective behavior suggests some additional effects that
are not captured in a typical reaction-diffusion framework with Butler-Volmer type
kinetics. We suggest there to be a mixture of effects, possibly related to implantation
and hydride formation reactions changing the surface and electronic structure of the
electrode and/or leading to increase of the electro-mediated path in parallel.
Changes to double layer structure and solvent dynamics influencing HER are also
possible, though these are less likely to influence the LAR if it is already fully

transport-limited.
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Concerning the possibility of an electromediated path for LAR, it is known that
the standard thermodynamic potential for formation of PbH, (i.e. at unit activity) is -
1.92 V vs. RHE in pH 7.40 Per the Nernst equation, it could be expected that PbH,
may begin forming under significantly less negative potentials. To assess the
electrochemical formation of PbH, at the relevant conditions, in situ ATR-FTIR
spectra were collected for a Pb thin film electrode sequentially polarized from -0.05
to -1.90 V vs. RHE in the absence of LA (Figure 2b). This experiment shows the
formation of (detectable) lead hydride starting around -1.60 V vs. RHE, evidenced
by the appearance of a peak at about 1620 cm-! associated with a Pb-H stretch.
Based on the abrupt growth in IR intensity, it might be inferred that if PbH, mediation
were becoming the main route for reduction of LA, an abrupt increase in rate and FE
would also be expected toward more negative potentials. On the other hand, mass
transfer effects could obscure such behavior. We suggest that, since the formation
of HVA is already observed at 0.5 V smaller overpotential than PbH, is observed
(corresponding to orders of magnitude slower PbH, production), that the
electromediation mechanism represents at most a parallel contribution to HVA
formation, alongside the OSET path. Decomposition and/or hydrolysis of PbH, would
likely be faster than mediated LA reduction (a second order process), and thus we
would not expect continual improvement in the FE at larger overpotentials if this path
accounted for the dominant portion of current. Conversely, a final possibility could
be that the presence of Pb?* formed in solution during mediation events could make
complexes with LA~ (e.g. [LA-Pb]*) and thus drive an additional LA toward the

electrode for reduction by OSET.
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Figure 2. a) Effect of potential for electrolyses carried out in 0.1 M KHCOj3; + 0.1 M KCIO, at 20 °C,
and with total charge of 2 F/mol of LA. Since HVA is the only organic product, conversion for LA and
faradaic efficiency for HVA are numerically equal. b) In-situ ATR-FTIR spectra for Pb film polarized
at different potentials from -0.05 V to -1.90 V vs. RHE, with steps of 150 mV, in 0.1 M KHCO3 + 0.1

M KCIO,4 at 20 °C.

3.3. Impact of temperature, cation, and initial concentration

Several additional operating variables were investigated and found to have
notable, though less decisive effects on the production of HVA (holding optimized
pH and potential fixed). First, the impact of temperature was investigated. Upon
increasing temperature from 20°C to 50°C, it was observed that both reaction rates
(LAR and HER) increased by roughly a factor of two (Figure 3), with the LAR
increasing slightly more and raising the FE to HVA from 55% to 70%. Given an array
of competing effects, the source of improved FE can presently only be speculated.
The apparent activation barrier associated with HER kinetics is evidently lower than
that associated with the mass transfer coefficient of LA. This could make sense in
the context that the rate of water reduction far below electrode PZCs has been

suggested to become governed by the dynamics of solvent reorganization rather
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than the rate of electron transfer.4! Other effects related to double layer structure or
the local permittivity may also be involved but are beyond the scope of the present
study.

Next, the influence of cations on LAR was evaluated. As can be seen in Figure
3, the rate of HVA formation increases in inverse proportion to the size of hydrated
cation in the order Cs* > K* > Na* >> Li*. The effect is small but is noteworthy as the
FEnva does not follow the same trend—a slight maximum is instead found with Na*
and K* cations. Recalling that virtually all LA molecules are deprotonated at this pH,
screening effects or more specific interactions in the double layer may play a role (to
the small extent that kinetics may still be relevant). It is known that Cs*, having the
smallest hydrated radius (and thus the highest surface density of cations), creates
the most compact double layer potential profile, while Li* screens the electrode
potential least effectively;*?43 levulinate ions may thus be electrostatically stabilized
closer to the electrode in the presence of Cs*. Similar effects are also commonly
observed and understood for OSET reactions between two anionic complexes.*3 At
the same time, smaller hydrated cations are also generally associated with
suppression of HER,** and thus the decrease observed in FEyya when moving
toward Cs* suggests an additional competing effect. The leveling off of FE for K* and
downward shift with Cs™ is likely caused by their implantation in Pb, which we earlier
established to decrease FE and which is known to be preferred with the trend Cs* >
K* ~ Na* > Li*.3537 Cs* implantation is particularly favorable due to the large
difference in electronegativity between Cs and Pb, as well as their similar atomic
radii.45 Formation of PbH, and subsequent mediated mechanisms may also be

promoted on heavily implanted electrodes.
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Figure 3. Temperature and cation effects. Faradaic efficiencies, product distribution, LA conversion,
and partial current density for HVA formation (iyys). Electrolysis performed in 0.1 M MHCO3 + 0.1 M
MCIO, (pH 7, where M = Li*, Na*, K*, and Cs*), at 20 or 50 °C, and with total charge of 2 F/mol of LA

Since HVA is the only organic product, conversion for LA and faradaic efficiency for HVA are

numerically equal.

Finally, having roughly optimized the other operating conditions to produce
HVA, the effects of the initial concentration of LA ([LA]initial) Were investigated to see
if the rate of HVA production could be further improved. Electrolyses were carried
out on 0.1, 0.2, and 0.4 M LA (close to the solubility limit of potassium levulinate)
solutions at 50°C. The production of HVA (quantified by HPLC) was followed after
passing electric charges of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 F / mol of LA. Just as a
proof of concept, we also found the consumption of LA could be followed by simple
in-line UV-vis spectrometry (cf. methodology in Supporting Information, Figure S12),
since this reaction has ~100% selectivity toward HVA; this could be used as a simple
method for operando characterization of HVA production, even at industrial scale.
The time profiles of the electrolyses are shown in Figure 4, and as could be expected,
FEnva increased as a function of [LA]iniia- It Was also notable that even at high
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conversion, the FE remained higher for equivalent concentrations of LA—in other
words: comparing the more concentrated trials at higher conversion to the less
concentrated trials at lower conversion, it can be concluded that higher HVA product
concentration was also beneficial to the FE toward LAR. Speculatively, since
coulombic effects likely prevent adsorption at this pH, the concentration effect may
relate to a decrease (as conversion rises) in the transference number of the
levulinate ion, for which migration and diffusion cause competing driving forces for

transport to the electrode.

b)
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Figure 4. Effect of initial concentration of LA ([LA]intia))- @) Faradaic efficiency and concentration of LA
vs. charge passed for [LA]nitia = 0.1 mol L, 0.2 mol L', and 0.4 mol L' during electrolyses carried
outin 0.1 M KHCO3 + 0.1 M KCIO,, at-1.9 V vs. RHE and 50 °C. b) Current density and rate of HVA
production for same trials as a function of time (batch reaction rates based on the electrode geometric

area and reactor size).

Thus, amongst the evaluated conditions, it was possible to achieve HVA
production rates from ~40 (for [LAJiital = 0.1 mol L") to ~200 kg L' m2geom H (for
[LAJinitial = 0.4 mol L) with conversion above 75% while maintaining an FEpya of 70

— 85% (stopping at 2F / mol of LA). Taking into account the reactor geometry (0.01
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L divided-electrochemical reactor with electrode area/reactor volume (A/V) ratio of
0.02 m? L"), this maximum rate of 200 kg L' m23e,m h-' (obtained with conversion
and FEnya of 85% for [LA]initia = 0.4 mol L") gives a titer of 40 g L' in one hour. This
rate is more than nine times higher than that obtained for the most efficient reported
biochemical methods'9-20.27.28 gnd could be further increased by optimizing the mass

transport and reactor A/V ratio.

3.4. Conversion of HVA to GVL

Given the new route to make HVA efficiently, a one-pot electrochemical-
chemical method of conversion of HVA into GVL is proposed as an alternative
method of upgrading LA into GVL under aqueous conditions. Using the electrolysis
carried out with [LA]initia = 0.4 mol L= and 3F / mol_a (which gives 97% conversion,
FE of 65%, and HVA production rate of ~32 g L' h-"), we found a fast method of
converting HVA into GVL by simply adding 30 pL of H,SO,4 per mL of electrolyte
(resulting in 0.55 M), as depicted in Scheme 3. As can be seen by 'H-NMR (Figure
S13), in 15 min, 96% of HVA was converted into GVL with >99.9% selectivity. The
resulting 0.37 mol L' GVL solution contains only 4 mol % HVA and 3 mol % LA as
impurities, illustrating this as a promising method of upgrading LA to GVL. Up to now,
the most efficient aqueous electrochemical method for producing GVL from LA
shows only 75% selectivity with FEg, and conversion of 20% and 25%,
respectively.’® While a full technoeconomic analysis is beyond the present scope, it
may be noted that conventional thermochemical methods of LA hydrogenation to

GVL generally involve high temperature and hydrogen pressure (70 — 270 °C, and
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0.5 — 150 MPa, respectively) and different precious metal-based catalysts

(commonly Ru or Pt-based materials).46-48

o HVA o]

HyC 0.1M KHCO; + 0.IMKCIO,  HyC One-potreaction  Ox O\ _~CH,
OH  "E 19V s RHE, at50°C OH 1055 M H,50,conc) 16 min v
o Cathode: Pb OH GVL
Levulinic acid For [LAJjnitial = 0.4 M and Q = 3F/molj V S: 100%, Xpya: 96%

Overall: X1 97%, FE: 65%, Ygyi: 93% (traces: 4% HVA and 3% LA)

Scheme 3. One-pot electrochemical-chemical method of upgrading LA into GVL.

Conclusion

The impacts of pH, potential, temperature, cations, and concentration of
reactant were studied to understand their influence on the selectivity and efficiency
of electrochemical levulinic acid reduction (LAR). At very acidic conditions, the
formation of valeric acid (VA) and y-valerolactone (GVL) occur through surface-
mediated and acid-catalyzed steps, while 4-hydroxyvaleric acid (HVA) is formed via
an outer sphere electron transfer (OSET) route at higher pH (above the pKa of LA),
with possible participation of a parallel electromediation path involving PbH,. The
pH-dependent charge states of the reactant molecule, coupled to possible collective
effects of other evaluated parameters on double-layer structure, solvent dynamics,
and side reactions (hydrogen evolution reaction, implantation, and hydride
formation), led to a maximum faradaic efficiency for HVA production—amongst the
tested conditions—being achieved at near-neutral pH, large negative potentials

(staying above Pb cathodic corrosion limits), elevated temperature and reactant
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concentration, and in the presence of K* ions. An HVA production rate higher than
40 g L' h" with >99.9 % selectivity, and conversion and faradaic efficiency both
above 80% were shown. The rate is more than nine times higher than the highest
recorded biochemical methods. Finally, an easy one-pot synthetic method to convert

HVA into GVL with 100% selectivity and 96% conversion was also demonstrated.
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