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Aiming toward a scalable continuous electrochemical production of valeric acid, the mutual
insolubility of valeric acid with the agqueous reaction medium of levulinic acid and the
aqueous electrolyte are investigated in order to assess the possibility for an integrated
product separation based on the liquid-liquid equilibrium of the system. The influence of
the electrolyte concentration in the mixture and the mixture temperature on the liquid-liquid
equilibrium is studied. Based on these results, the possibility for a batch and a continuous
product separation process is developed and discussed.

Keywords: valeric acid, phase separation, continuous product removal, electrochemical hydrogenation,
liquid-liquid equilibrium

INTRODUCTION

The increasing scarcity of fossil resources and associated climate change force society to shift from
fossil-based to renewable energy sources and sustainable raw materials for the production of
platform chemicals and fuel components (Corma et al., 2007). Hereby, organic electrosynthesis
that is based on the electrochemical conversion of biogenic feedstocks into high-value products and
fuels by using renewable electricity represents a promising approach (Frontana-Uribe et al., 2010). A
major benefit of electrochemical syntheses results from the compliance with the rules of green
chemistry. Corresponding reactions exploit electrons as an immaterial agent, avoiding the use of
additional chemicals. Hereby, waste generation is minimized, leading to high atom efficiency.
Additionally, electrochemical transformations can be performed at ambient temperature and
pressure, avoiding the need of expensive equipment such as pressurized reactors and reducing
energy consumption compared to traditional chemical methods. Furthermore, electrochemical
reactions can be performed using water as an environmentally friendly solvent, and
electrochemical reactors can be operated dynamically, making them an interesting possibility to
store electrical energy from fluctuating renewable energy sources (Frontana-Uribe et al.,, 20105
Schifer, 2011; Goldmann et al., 2018).

Abbreviations: ¢; (molL ™), concentration of component i; CE (%), Coulombic efficiency; DF, dilution factor; EL, aqueous
electrolyte solution; LA, levulinic acid; LLE, liquid-liquid phase equilibrium; m; (kg), mass of component i in the sample; M;
(gmol™"), molar mass of component i; Vg (mL), volume of the sample; VA, valeric acid; w; (8i8iora ')> mass fraction of
component i; Xy (-), conversion of levulinic acid
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Levulinic acid (LA) is an interesting biomass-based feedstock,
which is being produced in high yields from carbohydrates by
acid-catalyzed hydrolysis (van de Vyver et al., 2011; Kamm et al.,
2012; Teong et al., 2014). The presence of a keto and a carboxyl
functionality, and its simple accessibility make LA a versatile
chemical. Therefore, LA is considered as one of twelve high-
potential biogenic platform chemicals (Werpy and Petersen,
2004; Gallezot, 2012; Kamm et al., 2012; Filiciotto et al., 2018).
In the future, LA could be involved in many industrial processes
because the conversion of LA enables the fabrication of
industrially relevant products such as polymers, solvents,
antifreeze agents, biofuels, pharmaceuticals, and herbicides
(Leonard, 1956; Kamm et al, 2005; Huber et al, 2006).
Besides the diverse traditional uses, LA can also be reduced to
valeric acid (VA) via an electrochemical reduction, see Figure 1.
By employing indium as an electrode material, it is possible to
reach a selectivity for VA of > 99 % (Bisselink et al., 2019).

VA is utilized as a precursor for odor materials and synthetic
lubricants or as an intermediate product for the electrocatalytic
production of biofuels via Kolbe electrolysis (Nilges et al., 2012;
Xin et al., 2013). Despite being first published as early as 1911 by
Tafel and Emmert (1911), there is still great interest in the
investigation of this reaction to develop novel sustainable
industrial products and processes (Xin et al., 2013; Qiu et al,
2014; Isikgor and Becer, 2015; Pileidis and Titirici, 2016; Bisselink
et al., 2019).

In our previous work, we examined the electrochemical
conversion of LA to VA as a route to regenerative chemicals
and fuel components (dos Santos et al., 2015). We determined
that an increase of the initial educt concentration not only leads to
improved Coulombic efficiency (CE) as well as a higher reaction
rate of VA but also enables an elegant product separation due to
the lower solubility of the product VA in the aqueous electrolyte
than the starting material. This effect of a lower product solubility
is applicable for a number of electrochemical reactions and was
also shown during the Kolbe coupling of VA to n-octane (Nilges
et al,, 2012).

The product insolubility opens the door for continuous and
easy product removal by liquid-liquid phase separation.
Consequently, this could allow for a completely continuous
production process of VA, including continuous reaction and
product separation. Continuous processes are in general assumed
to provide increased process safety and control and ultimately
better product quality (Kirschning, 2009; Kirschning, 2011;
Movsisyan et al, 2016). Only few studies deal with the
product separation of LA and VA. Bisselink et al. and Tafel
suggest an extraction of VA; however, introducing additional
extraction agents like hexane or ether will require subsequent
separation of the latter—adding additional downstream effort
(Tafel and Emmert, 1911; Bisselink et al., 2019).

In order to design continuous product separation based on
mutual insolubility, this work aims toward the characterization of
the ternary liquid-liquid equilibrium (LLE) of the substances
involved, namely, LA, VA, and the aqueous electrolyte (EL). In
the first section, the influence of electrolyte concentration
(sulfuric acid) and temperature on the LLE is examined, while
the second part discusses the possibility to develop a continuous

LLE of Valeric Acid in Electrosynthesis
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FIGURE 1 | Electrochemical reduction of levulinic acid to valeric acid.

production process with integrated phase separation, aiming for
high product purity.

EXPERIMENTAL SECTION

Chemicals
All chemicals used in this study were of analytical grade. For

qualitative and quantitative analyses, reference materials and
solvents were used as purchased (Sigma Aldrich), without
further purification. LA was used in 98% purity, and VA was
used in 99% purity.

Liquid-Liquid Equilibrium Measurement
Mixtures of VA, LA, and H,SO, (0.5, 1, 2, and 4 M in deionized

water) of defined composition in the 2-phase region were
prepared and equilibrated using a shaking incubator (model
3032, GFL, Gesellschaft fiir Labortechnik mbH, Burgwedel,
Germany) at n = 200 rpm and the desired temperature for at
least 12 h. Phases were allowed to settle for at least 1 h before
phase separation. The separated organic and aqueous phases were
kept in separate vials for at least 1 h at the given temperature
before sample preparation for high-performance liquid
chromatography (HPLC) analysis. An appropriate volume of
the organic and the aqueous phase was weighted to determine
the mass of the sample, mg. Afterward, the samples were diluted
by the dilution factor DF, and the concentration ¢; was
determined via HPLC for LA and VA. Masses m; of LA and
VA in the sample volume Vs were calculated according to

m,’:C,"Mi'VS'DF (1)

where M; is the molar mass of the corresponding component. The
mass of the electrolyte in the sample volume was then calculated
via the mass balance:

Mg = Mg — Mpa — My (2)
Mass fractions of the components are defined as
m

wi = (3)
Mg + Mpa + Mya

Analysis

Routine substance quantification was obtained by HPLC, with a
refractive index detector (Agilent 1260 Infinity II LC system)
equipped with a BioRad Aminex HPX 87-H (9 ym, 7.8 mm x
300 mm) column. Sulfuric acid (2.5 mM, flow rate 0.6 ml min™")
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FIGURE 2 | Liquid-liquid equilibrium data of the system valeric acid (VA), levulinic acid (LA), and aqueous H,SO, (EL) at (A) different molar concentrations of the
electrolyte (T = 40°C) and (B) at T = 30, 40, and 60°C for an EL concentration of 1 M.

served as the eluent. The column was operated at 60°C and the
refractory index at 40°C.

DISCUSSION
Liquid-Liquid Equilibrium

In order to evaluate the possibility of an integrated product
separation via the formation of a second organic phase, LLE
data of the system VA/LA/aqueous H,SO, (EL) for different
H,SO, concentrations (0.5-4 M) are determined and displayed in
Figure 2. As a general trend, the size of the 2-phase region
increases with increasing H,SO, concentration. This might be
due to the increase in the H* concentration in the aqueous phase,
which results in a shift of the protonation/deprotonation
equilibria of VA and LA toward their neutral, non-dissociated
state, reducing their water solubility. Furthermore, the reduced
water solubility could be explained by a salting-out effect, in
which the VA is displaced from the aqueous phase. This results in
a lower organic acid content in the aqueous phase and, therefore,
in a broadened 2-phase region. Regarding product separation via
LLE, a high EL concentration would therefore be beneficial.
Increasing temperature typically increases the mutual
solubility of liquids, resulting in a narrower 2-phase region.
This behavior can also be observed for the system under
investigation; however, temperature influence is small. In
Figure 2B, this trend is clearly visible for the aqueous phase
in the system, where the area of the 2-phase region decreases with
increasing temperature. For the organic phase, the EL solubility in
VA seems to slightly increase with temperature and maximizes at
60 °C. However, differences between 30 and 40°C may be masked
by measurement uncertainty. Compared to the influence of the

electrolyte concentration, temperature has only a minor influence
on the phase equilibrium of the system under investigation.

Process Concept
In the following, the determined LLE data shall be examined in

the light of a potential continuous production process with
integrated product separation. Different process concepts and
their applicability to an efficient production of VA are discussed,
also taking into account the electrolyte concentration and starting
concentration of the educt of LA. Information on methods and
equations used for the unit conversions can be found in the
Supplementary Material.

Batch Processing

Typically, in lab experiments, batch processes are employed,
where a given starting concentration of the reactant is
processed for a given time. In Figure 3, the progression of
such a reaction is displayed for different starting
concentrations of LA (0.1-2 M) and for an EL concentration
of 0.5 M. The reactant mixture only consists of LA and EL, so the
starting points are situated on the EL-LA axis. In an ideal case,
assuming full conversion of LA and 100% selectivity to VA, the
final reaction mixture only consists of EL and VA, and thus rests
on the EL-VA axis. Red lines connect the start and end points and
therefore depict the reaction path for this ideal case. As one
molecule of LA converts to one molecule of VA, the reaction path
is a straight line.

For 0.1 M, the reaction system cannot reach the 2-phase region
since the concentration of VA, even after complete conversion of
LA, is below the solubility limit. For 0.5 M and higher initial LA
concentrations, the reaction path reaches the 2-phase region and,
dependent on the overall LA conversion, an organic product
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FIGURE 3 | Reaction path for batch reactions with different starting concentrations of the reactant (0.1-2 M) in 0.5 M electrolyte.

phase is formed eventually, which can be separated and used for
further workup.

Examining the LLE data for different EL concentrations
together with the respective reaction pathways, the required
conversion of LA to VA that is necessary to form a second
phase may be determined, depending on the starting
concentration of LA and the molarity of the electrolyte. The
resulting curves are given in Figure 4. Here, the minimum
conversion required for a phase separation is plotted over the
initial LA concentration for the four EL concentrations, 0.5-4 M.
Phase separation is only achieved above the respective curve,
opening the window for direct product removal.

It becomes apparent that a lower and an upper initial LA
concentration for the formation of a second organic phase exist.
The second phase forms earlier, that is, at lower conversions of
LA, with increasing EL concentration. The minimal initial LA
concentration is between 0.115M for 4 M EL and 0.3 M LA for

min. initial LA conc.
to form two phases

TN 1 1 1 1 1
1.0 4 Cié‘l —0— 0.5 M electrolyte|-
\ O0— 1 M electrolyte
£&—2 M electrolyte
' 084 < 4 M electrolyte
— .
< e
52 max. initial LA conc.
< | | to form two phases L
bm 067 o O\\ s i ~
S kel e N
5 AN : ! :
= L o O | i |
@ 044 N _—0 i | B
b5y NN, B H \ 2phases |
> SN DNo——o—0! A .
g o A : b
A : | |
© 021 ¢ o L oo v -
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Initial concentration of LA / mol L™!

FIGURE 4 | Operating range of the electrochemical conversion process
derived from liquid-liquid equiliorium measurements and range of initial
Levulinic acid (LA) concentration where a second organic product phase is
formed upon reaction.

0.5 M EL. For concentrations below these limits, the product VA
cannot be removed via LL separation. The upper limit represents
the area near the critical point of the binodal curve, where the
composition of organic and aqueous phases approaches each
other and separation becomes more difficult or inefficient,
respectively, due to the high content of EL and LA in the
product phase.

Considering the different EL concentrations, the respective
curves exhibit a similar trend; however, with increasing EL
concentration, the phase separation occurs for
conversions. This behavior represents the width of the 2-phase
region in Figure 2. A minimum for the required conversion can
be observed around 1.5 M initial LA concentration.

Taking the reaction data of our previous work into
consideration, it becomes obvious that such an electrochemical
production process is ideally operated at elevated reactant
concentrations, to maintain high conversion rates and CE and
to also enable phase separation (dos Santos et al., 2015). Thereby,
the CE describes the charge efficiency by which electrons are
transferred in the reaction products. However, such conditions
are only the case for the starting phase of a batch process where
overall conversion is low. With increasing conversion, reactant
concentration decreases, slowing down rate and diminishing CE.
It would thus be beneficial to continuously replenish the
consumed educt and electrolyte to maintain high
concentrations and to also continuously remove the product
phase in order to keep driving forces up. A respective process
concept is discussed in the following.

lower

Continuous Process Concept

To aim for a feasible continuous production process that exploits
the above findings, the following concept, based on batch reaction
data and LLE data, is suggested (see Figure 5).

From a storage vessel, the feed solution, containing LA and the
aqueous electrolyte, is passed through the electrochemical
reactor. The reactor is designed to only partially convert LA to
the desired product VA at a typical conversion of X; 5 = 10-20%.
The high reactant concentration and partial conversion assure
high reaction rates and a high CE, as well as a high selectivity to
the desired product VA. However, in the start-up phase,
conversion in a single pass through the reactor will not be
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FIGURE 5 | Concept for the continuous production of valeric acid (VA) in an electrochemical flow reactor with integrated product separation and reactant recycle.

sufficient to form the organic product phase. An immediate
recycle to the feed vessel will be required to enrich VA
concentration after multiple reactor passages. Upon sufficient
formation of VA, the organic product phase appears according to
the measured LLE data (see Figure 2), which can be separated
from the aqueous reactant phase in the following LL separator.
For the formation of an organic phase with a high VA
concentration resulting in minimized effort for further workup
and purification of VA, a high electrolyte concentration in the
aqueous reaction phase is beneficial. The remaining aqueous
reactant phase with the unreacted LA is recycled, ensuring
high resource efficiency regarding LA. Since LA concentration
in the recycle loop will decrease over time due to the
electrochemical reaction, fresh feed solution containing a high
concentration of LA or even pure LA has to be dosed constantly
in the feed vessel to maintain a sufficiently high and also constant
LA concentration in the process.

The separated organic product phase can then be further
purified, for example, via rectification to obtain pure VA. The
organic phase will consist of mainly VA and LA with the addition
of water and a small amount of the electrolyte H,SO,. For the
purification of VA, a strategy using two rectification columns
should be sufficient (see Figure 5). In the first column, light
boiling constituents (such as water) in the organic product phase
will be separated via the head product stream and recycled into
the reaction process. Employing the second column, VA is
obtained as the head product, while high-boiling LA and
H,SO, remain in the bottom stream and can be recycled as
well. Due to the high normal boiling points of VA (184-186°C),
LA (244-246°C), and H,SO,4 (290°C), this should be conducted at
reduced pressure to limit thermal stress to the components and
corrosivity of the sulfuric acid containing the bottom product.

Figure 6, left, displays the expected reaction pathway and
operation points for the continuous process concept for initial LA
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FIGURE 6 | Left: hypothetical process pathways and resulting organic and agueous phase composition in steady-state continuous operation for different initial
levulinic acid (LA) concentrations. Right: purity of the obtained organic product phase by means of valeric acid (VA) mass fraction and coulombic efficiency of the
electrochemical conversion (CE data from dos Santos et al., 2015) as a function of the initial LA concentration in a 0.5 M EL solution.
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concentrations of 0.5, 1, and 2 M, and an EL concentration of
0.5 M. Starting with the two-component mixture LA/EL, the
reaction first proceeds in the single-phase region (red arrows).
When a sufficient amount of LA is reacted to VA, the reaction
mixtures becomes saturated with VA, and its composition is
represented by the intersection of the reaction path and the
binodal curve (red circles). From now on, every pass through
the electrochemical reactor will produce additional VA
molecules, which will separate according to the LLE, resulting
in the formation the organic phase (red squares).

Since the reactor is operated under low partial conversion, the
amount of organic phase produced per cycle is relatively low.
Consequently, the respective composition of the 2-phase mixture
before separation is close to the binodal curve inside the 2-phase
region, and it can be concluded that the flow rate of the organic
product stream will be much smaller than that of the aqueous
recycle stream.

Keeping the composition of the aqueous recycle phase
constant at the respective operating point (red circles) by
dosing a feed solution consisting of LA and EL to replenish
the consumed LA is essential for a stable operation over the
course of the process with a constant composition and flow rate of
the organic product phase.

By employing different initial LA concentrations, different
operating points can be selected. As seen from Figure 6, right, the
mass fraction of the desired product VA in the organic product
phase decreases with increasing LA starting concentration. This
will increase the effort for further purification, for example, by
distillation, to gain pure VA. In contrast, CE benefits from a
higher initial LA concentration (dos Santos et al, 2015).
Consequently, LA concentration for the operation of the
reaction and separation step in a continuous process requires
optimization, which will be addressed in future investigations.

Higher concentrations of EL increase the purity of the organic
product phase. The 2-phase region is becoming wider with
increased EL content (see Liquid-Liquid Equilibrium), which
will result in a better separation and therefore in a higher
purity of the organic product phase. The impact of a higher
EL concentration on selectivity, conversion, and CE will also be
investigated in further experimental studies.

CONCLUSION

Aiming for a continuous electrochemical synthesis process with
the integrated separation of VA from the aqueous reaction
medium based on the mutual insolubility of the species
involved, the liquid-liquid phase equilibrium of the LA/VA/EL
system has been studied in detail. The VA content of the organic
product phase after phase separation benefits from increased
electrolyte concentrations in the aqueous phase, while
temperature has only a minor effect in the range considered.
As a result of the investigations, a continuous production concept

LLE of Valeric Acid in Electrosynthesis

with partial conversion, recycle of the unreacted educt, and
continuous product removal via liquid-liquid phase separation
based on the LLE data is designed and hypothetically assessed.
Operating the continuous process at partial conversion and with a
high electrolyte concentration is beneficial both for the selectivity
and CE of the reaction as well as for the liquid-liquid phase
separation. Regarding the reactant concentration, an optimization
problem between CE and purity of the organic product phase is
present, which will be investigated in future experiments.

The principle of integrated product separation for continuous
electrochemical production was shown for the system LA/VA in
this work. However, many interesting systems exhibit similar
characteristics, where product solubility is reduced due to the
electrochemical conversion compared to the starting materials.
Therefore, the presented approach is generalizable and might also
be used for the continuous electrochemical production of octane
from VA or 2-methylfuran from furfural in the future.
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