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Abstract

The consumption of fossil resources as the carbon feedstock for the chemical industry
is @ major source of the global CO, emissions that can be counteracted by replacing
fossil carbon with sustainable sources such as hemicellulosic biomass. However, the
replacement requires novel processes and, in part, products that have been proposed
with the concept of the biorefinery. Yet, these processes do not include electrochemical
conversion methods, as research on electrochemical reactions has mostly been limited
to the catalyst and reactor levels. Their implementation into process chains still needs
to be demonstrated.

This work aims to integrate electrochemical processes into two process chains to
yield 2,5-furandicarboxylic acid (FDCA) and 2-butanone. It reveals the possibility of
eradicating intermediate purification steps when integrating electrochemical conversion
with the preceding chemocatalytic or microbial processes. Additionally, a structured
approach towards paired electrolysis for biomass valorization is presented and imple-
mented to combine the two reactions and show the potential to increase the energy
efficiency of paired electrolysis.

For the reduction of acetoin to 2-butanone, the fermentation supernatant from the
microbial synthesis of acetoin was directly used as the electrolyte without intermediate
purification. The pH in the electrochemical cell was adapted to the fermentation super-
natant, which resulted in a yield of 45%. To increase the yield further, the fermentation
was carried out in a minimal medium, leading to a yield of above 50% 2-butanone in the
electrochemical conversion step. Similarly, for the synthesis of FDCA, hydroxymethyl-
furfural (HMF) was supplied to the electrochemical cell via the organic product mixture
of its synthesis. In the cell, it was oxidized to FDCA in the biphasic electrolytic system
with a yield of over 70%. A so-called swiss roll reactor increased the space-time yield
by more than one order of magnitude compared to a planar reactor at only very little
loss of yield. Lastly, a structured approach to pair the two electrochemical reactions
was developed. A a stable process could be established through the choice of a bipo-
lar membrane and appropriate reaction conditions. The product concentration could be
increased to industrially relevant values of up to 0.5 mol L' FDCA and 2-butanone at a
yield above 90% for FDCA and 35% for 2-butanone at a current density of 150 mA cm’@.

With the integration of the electrochemical processes with chemocatalytic and micro-
bial process steps, this work demonstrates that electrochemical reactions can be inte-
grated into process chains to valorize biomass. Moreover, electrochemical processes
offer the possibility to mitigate intermediate purification and increase the efficiency of
the process chain. The intensification of these reactions through paired electrolysis
can further increase process efficiency so that the products and processes based on
sustainable carbons can contribute to the defossilization of the chemical industry.






Zusammenfassung

Fossiler Ressourcen als Kohlenstoffquelle der chemische Industrie sind eine der Haupt-
ursachen der weltweiten CO,-Emissionen. Der Austausch von fossilen durch nachhal-
tigen Kohlenstoffquellen wie hemizellulosehaltige Biomasse kann diese drastisch redu-
zieren. Dafir sind neuartige Verfahren und Produkte notwendig, die sich im Konzept der
Bioraffinerie bindeln. Darin finden sich aber keine elektrochemischen Umwandlungs-
methoden, da die Forschung zu elektrochemischen Reaktionen bisher auf Katalysator-
und Reaktorebene beschrankt ist.

Diese Arbeit beschreibt die Integration elektrochemischer Prozesse in zwei Prozess-
ketten zur Herstellung von 2,5-Furandicarbonsédure (FDCA) und 2-Butanon. Sie zeigt,
dass durch die Integration mit vorangehenden chemokatalytischen oder mikrobiellen
Prozessen Aufreinigungsschritte in den Prozessketten eliminiert werden kénnen. Dar-
Uber hinaus wird ein strukturierter Ansatz fir die gepaarte Elektrolyse zur Verwertung
von Biomasse entwickelt und umgesetzt. Diese demonstriert das Potential zur weiteren
Steigerung der Energieeffizienz der elektrochemischen Prozesse.

Far die elektrochemische Reduktion von Acetoin zu 2-Butanon wurde der Fermentati-
onslberstand aus der mikrobiellen Synthese von Acetoin direkt als Elektrolyt verwendet.
Der pH-Wert im Elektrolyseur wurde an den Fermentationsiberstand angepasst, womit
eine Ausbeute von 45% erreicht wurde. AnschlieBend wurde die Fermentation in ei-
nem Minimalmedium durchgefihrt, um die Ausbeute der elektrochemsichen Reduktion
weiter zu erhdhen, die daraufhin auf tGber 50% gesteigert werden konnte. Zur Synthe-
se von FDCA wurde Hydroxymethylfurfural (HMF) CGber die organische Produktphase
aus der HMF Synthese ohne Aufreinigung genutzt. In der Zelle konnte einem zwei-
phasigen Elektrolysesystem eine Ausbeute von Uber 70% erreicht werden. Ein Swiss-
Roll-Reaktor erhéhte die Raum-Zeit-Ausbeute um mehr als eine GréBenordnung im
Vergleich zu einem planaren Reaktor bei sehr geringen Ausbeuteverlusten. Schlief3lich
wurde ein strukturierter Ansatz zur Paarung der beiden elektrochemischen Reaktionen
entwickelt. Nach der Etablierung eines stabilen Prozesses durch die Wahl einer bipo-
laren Membran und geeigneter Reaktionsbedingungen konnte die Reaktantenkonzen-
tration auf industriell relevante Werte von bis zu 0.5 mol L' FDCA und 2-Butanon bei
einer Ausbeute von Uber 90% fir FDCA und 35% fur 2-Butanon bei einer Stromdichte
von 150 mA cm™ erhdht werden.

Durch die Integration der elektrochemischen Prozesse mit der Synthese der Eduk-
te zeigt diese Arbeit, das Potential von elektrochemische Reaktionen in Prozessketten
zur Verwertung von Biomasse. Darlber hinaus konnte diese Arbeit zeigen, dass elek-
trochemische Prozesse die Mdglichkeit bieten, Zwischenreinigungen zu umgehen und
so die Effizienz der Prozesskette zu erh6hen. Die Prozessintensivierung durch gepaar-
te Elektrolyse kann die Energieeffizienz weiter erhdhen, so dass die auf nachhaltigen
Kohlenstoffen basierenden Produkte und Prozesse zur Defossilisierung der chemischen
Industrie beitragen kdnnen.

Vil






1 Introduction

Climate change is among the mayor threats for our society today and the
chemical industry is a major contributor to the still rising CO, emissions
that fuel the man-made increase in global temperatures [Meys2021]. To
reduce the CO, emissions, fossil carbon and energy sources have to be
replaced with net-zero alternatives. This can be achieved by harvesting
renewable energy sources such as wind and solar and replace the fossil
carbon feedstock with sustainable carbon sources [Wint2022]. While
current research is often focused on carbon capture and utilization tech-
nologies (CCU) for the future, the utilization of biomass poses a readily
available carbon alternative as biomass binds CO, from the atmosphere
through photosynthesis. As depicted in Figure 1.1, the ultimate release of
the carbon from biomass as CO, does not contribute to an increasing CO,
concentration in the atmosphere since the carbon cycle is closed. Notably,
the prospective demand for renewable carbon in the chemical industry
surpasses the availability of biomass, so that CCU will be inevitable in the
future. In the meantime, conversion of biomass in efficient processes that
provide a high yield and conversion of the renewable carbon available is
required [Shin2020]. Additionally, supply of renewable energy remains a
limiting factor for the near future so that energy efficiency is crucial for
biomass conversion processes [Bidd2023]; [Meys2021].

Electrochemical processes have the potential to achieve efficient
biomass conversion. They utilize electrical energy directly as the driving
force for the conversion and can operate at ambient temperature and
pressure, which leads to a potentially low energy demand. Additionally,
they have the potential for highly selective reactions through catalyst
design and power control [Schm2003]. A further increase in efficiency




Chapter 1. Introduction
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Figure 1.1: Closed carbon cycle based on renewable carbon from biomass val-
orization powered by renewable energy.

can be achieved through process integration and intensification. On the
one hand side, process integration can be conducted on a horizontal level
to mitigate energy intense and loss-associated intermediate purification
steps. On the other hand, process intensification can be introduced on a
vertical level, interlinking two complementing processes, in case of electro-
chemical processes via paired electrolysis of an oxidation and a reduction
reaction. Yet, research in the field of electrochemistry often focuses on
catalyst development and reaction optimization in ideal systems under
ideal conditions [Tanb2020]. While fundamental research is invaluable, it
leaves a wide gap towards its application. To bridge this gap and drive
electrochemical biomass valorization towards its application, findings
from research need to be incorporated in processes and process chains.
Therefore, they need to be operated under realistic conditions and feature
a high degree of integration, ideally coupling consecutive process steps.
Further, downstream processing has to be considered when arranging
these reactions, which calls for high product concentrations and high
degree of conversion.
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Figure 1.2: Outline of this thesis with its respective chapters.

Scope and Outline of the Thesis

This thesis aims to push electrochemical processes for biomass val-
orization towards their application in highly integrated and efficient pro-
cesses along the process chains from fructose to 2,5-furandicarbioxylic
acid (FDCA) and glucose to 2-butanone, as depicted in Figure 1.2.

Chapter 2 presents the governing principles in an electrochemical cell
and presents the characteristics of biobased carbon sources in the context
of the biorefinery. It closes with an overview on the reactions and processes
within the biorefinery concept, and the process chains and products FDCA
and 2-butanone, this thesis is concerned with.

Chapter 3 presents the horizontal process integration of the microbial
fermentation from glucose to acetoin and its electrochemical reduction to
2-butanone. The chapter showcases how the integration can mitigate the
need for intermediate purification from the complex fermentation broth.
Subsequently, it highlights how the fermentation can be modified to in-
crease the overall process yield and efficiency.

Chapter 4 demonstrates horizontal process integration of the synthesis
of 5-hydroxymethylfurfural (HMF) from glucose and its subsequent electro-
chemical oxidation to FDCA in a biphasic process. The biphasic process
mitigates intermediate purification and simultaneously protects the reactive
intermediate from degradation. Subsequently, two different tubular reactors
with different electrode geometries are introduced to increase mixing and
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active surface area in the reactor.

Chapter 5 presents a structured approach to integrate the individual
electrochemical reduction and oxidation reaction to 2-butanone and FDCA
in a paired electrolysis process. It showcases the impact of the membrane
on the paired electrochemical process and subsequently moves the pro-
cess towards industrially relevant conditions.

Chapter 6 summarizes the results of the previous chapters and under-
lines the most important findings. It gives a perspective on how electro-
chemical reaction engineering can be integrated successfully into the toolkit
of the biorefinery towards the efficient valorization of biomass in a closed
carbon cycle.



The content of this thesis and the results presented therein originate in
part from student theses that have been supervised by Tobias Harhues
within in his position as a research assistant and PhD candidate at the

Chair of Chemical Process Engineering:

Lukas Portheine, bachelor thesis, 2021, Continuous synthesis of ace-
toin to 2-butanone from a fermentation broth - an integrated approach

Cathleen Plath, master thesis, 2021, Electrochemical bio-hybrid fuel
production — from batch to continuous synthesis of acetoin to 2-
butanone

Prasath Paskaran, bachelor thesis, 2022, Integrated electrochemical
synthesis of the bio-hybrid fuel 2-butanone from fermentation super-
natants - Characterization of the influence of different fermentation
media

Johanna Giittler, bachelor thesis, 2021, Biphasic reaction system for
the electrochemical synthesis of 2,5-furandicarboxylic acid

Katharina Weis, bachelor thesis, 2022, Scale-up of the bipha-
sic electrochemical synthesis of 2,5-Furandicarboxylic acid from 5-
Hydroxymethylfurfuran

Benjamin Zemlin, master thesis, 2022, Design and performance anal-
ysis of a tubular reactor for the biphasic electrochemical oxidation of
5-hydroxymethylfurfural to 2,5-furandicarboxylic acid

Max Horn, bachelor thesis, 2022, Parameter study of a bipha-
sic electrochemical reaction system for the synthesis of 2,5-
furandicarbooxylic acid from hydroxymethylfurfural

Saskia Inge Sabine Fischer, master thesis, 2022, Reactor design for
the simultaneous electrochemical production of 2-butanone and 2,5-
furandicarboxylic acid

Hasan Erguvan, master thesis, 2023, Simultaneous electrosynthesis
of 2-butanone and 2,5-furandicarboxylic acid from biobased resources
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Chapter 2. Fundamentals in Electrochemical Biomass Valorization

2.1 Electrochemical Processes

Electrochemistry describes the phenomena that revolve around the con-
version of electrical energy into chemical energy and vice versa. One
way to classify electrochemical processes is by the direction of energy
transfer. When chemical energy is converted into electrical energy as for
example when discharging batteries, these processes are called galvanic
processes. When electrical energy is converted to chemical energy,
these processes are called electrolytic [Schm2003]; [Pere2016]. This
thesis describes the refinement of biobased chemicals with the utilization
of electrical energy. Therefore, only electrolytic reactions, also called
electrolysis, and the accompanying processes are elaborated further. This
chapter presents the fundamentals of electrochemical reactions, reactors,
and the governing phenomena within. A separate section is reserved for
membranes in electrochemical reactors as they are of particular interest in
this thesis.

2.1.1 Electrochemical Reactions

Electrochemical reactions are the centerpiece of electrochemical pro-
cesses. The conversion of electrical into chemical energy in these reac-
tions requires the transfer of charge, which comprises an electron and an
ion transfer. The transfer of electrons is conducted by an external conduc-
tor circuit and ions are transferred through an electrolyte. In electrolytic
reactions, the driving force necessary for this reaction is supplied via the
electrons as a voltage, ions close the electrical circuit. In contrast to con-
ventional redox reactions, the distinct charge transfer spatially separates
the oxidation and the reduction reaction. Nevertheless, the oxidation and
the reduction reaction are still coupled by the amount of charge transferred.
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The equation for such a reaction pair is given below:

Reduction: Ox + ze — Red (2.1a)
Oxidation: Red — Oz + ze (2.1b)

Here, Red is a reduced component, Oz is an oxidized component, and =
is the number of electrons exchanged in the individual reaction. Obviously,
the real species are usually different in the oxidation and the reduction re-
action. Each reaction exhibits a change in Gibbs free energy. lIts relation
to a potential in the equilibrium state, in which no current is flowing, can
be expressed through the Nernst equation [Schm2003], presented for the
reduction reaction from 2.1a:

RT l ARed

Epea = Epeao = S = n(5 =) (2.2)

Ereq is the resulting potential of the reduction reaction and Eg., is the
standard potential of the reaction at standard conditions. R is the universal
gas constant, T the temperature, and F the Faraday constant. The activities
ar.q ANd ap, are the activities of the oxidized reactant and the reduced
product. The equilibrium potential £ for the coupled oxidation and reduction
reaction is the sum of the two half-cell potentials E,, for the oxidation and
Er.q for the reduction reaction in Equation 2.1a. When no current is flowing,
it is also called the open circuit potential (OCP).

E = Eoy + ERed (2.3)

In case of electrolytic reactions, the overall potential is negative, which
describes a non-spontaneous reaction with a positive change in Gibbs en-
ergy. While the potential of an individual reaction can be calculated the-
oretically, it can only be measured to a reference. To compare different
potentials measured, half-cells with defined potentials have been devel-
oped [Smit2007]. The most prominent example is the Standard Hydrogen
Electrode (SHE), which describes the potential of the hydrogen evolution
reaction (HER) in equation 2.4 at an hydrogen pressure of 1013 hPa and a




Chapter 2. Fundamentals in Electrochemical Biomass Valorization

proton concentration of 1 mol L ona platinum electrode.
2H +2¢ «—— H, (2.4)

However, these standard conditions are hard to realize in a practical
setup. Therefore, the normal hydrogen electrode (NHE) is defined with
a concentration of HCI of 1 mol L™ and ambient conditions. The difference
can be calculated via the Nernst equation but is negligible for most appli-
cations. A common alternative is the reversible hydrogen electrode (RHE),
which describes the potential of the HER at ambient conditions and the ap-
parent pH of the electrolyte. Thus, the potential is pH dependent. At 25 °C,
the Nernst equation for the RHE can be simplified to:

ERHE = ESHE - 0059V - pH (25)

Calculations from the Nernst equation are valid for the equilibrium, when
no current is flowing. However, when a current is applied, the measured
potential deviates. The relation of the potential difference to the cur-
rent density can be calculated via the Bulter-Volmer or the Tafel equation
[Schm2003]; [Tafe1905]. It is particularly relevant when modeling electro-
chemical reactions but as such, it is beyond the scope of this thesis.

Apart from the electrical approach, electrochemical reactions can be de-
scribed analogously to conventional chemical reactions. Figures of merit
for the efficiency of reactions can be derived from reactant concentrations.
Analogue to conventional reactions, the efficiency of electrochemical reac-
tions can be evaluated by similar key indicators. These are the conversion
of the reactant (X), the selectivity of a specific reaction (S), and the yield of
a reaction or process (Y).

0 — Ny
x = 2.6a
i (2.62)
Sp = N Product __nProduct,O . |VReactant| (26b)
nReactant,O N Reactant | VProduct |
V=x. SP _ |VReactant| . N Product — " Product,0 (26C)
|VProduct | N Reactant,0

10



2.1. Electrochemical Processes

Additionally, a key indicator to describe the selectivity of the charge sup-
plied to the reaction can be derived. Therefore, Faraday’s law relates the
amount of substances to the charge exchanged in the reaction in Equa-
tion 2.7. Here, nis the amount of product, Q is the amount of charge, z
the number of electrons involved in the reaction according to the reaction
equation, and F the Faraday constant [Schm2003]; [Bard2000].

Q
z - F

(2.7)

n =

The comparison of the charge (Q,,.q4..:) that would have been necessary
for a certain amount of product (n,,.4..:) to the overall charged passed in
the reaction (Q;...;) Yields the Faraday efficiency (FE) :

FE = Qproduct _ Z* Nproduct * F
Qtotal Qtatal

(2.8)

Faraday’s Law further allows to calculate the amount of charge neces-
sary to potentially convert all reactants submitted in a batch reaction. When
a constant current [ is applied, Equation 2.8 can be rearranged to yield the
time ¢ ¢, at which sufficient charge for a full conversion has been supplied:

c'V)-z-F
tpo = L2 E 29)

In the batch reaction, c is the initial concentration of the reactant, V is the
electrolyte volume, = is the number of electrons transferred in the reaction
according to the reaction equation, and F the Faraday constant.

All figures of merit described above are heavily influenced by various
parameters beyond the reaction. Many of these, such as kinetics, mass
transport, and stability are governed by the conditions in the electrochemi-
cal reactor, which is subject of the following section [Schm2003].
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2.1.2 Electrochemical Reactors

Electrochemical reactions take place in electrochemical cells, the center-
piece of every electrochemical reactor. Figure 2.1 depicts the sketch of an
electrochemical cell and its key components.

+ |~ Power Supply
| I
.
T (0) |
e o/
M
Red N s ox [
o s
J —
e’ Cocens
Ox Red
- Anolyte Catholyte —
Anode § Cathode
Separator

Figure 2.1: Schematic of a divided electrochemical cell and the main components
depicted with the reaction from Equation 2.1. The electrolyte is divided by a sep-
arator into the anolyte at the anode and the catholyte at the cathode site. C*
represents cations and A represents anions present in the solution with their re-
spective direction of migration. Adapted from [Schm2003].

The reactions occur at the interface of the electron-conductive electrodes
with the ion-conductive electrolyte. Per definition, the oxidation takes place
at the anode, while the reduction takes place at the cathode. The electrons
are transferred through the outer conductor circuit, where the cell poten-
tial can be measured; in electrolytic reactions, a power supply provides the
electrical energy necessary. Accordingly, ions transfer the charge in the
electrolyte, corresponding to the electrons in the outer circuit, to maintain
electroneutrality. When a separator divides the electrolyte in the anolyte
and catholyte, the ions have to migrate through the separator. Within the
scope of this thesis, different membranes are considered as separators and
their influence on the process will be discussed in Chapter 2.1.3. Evidently,
the oxidation and reduction reaction are coupled by the charge transferred.
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One way to categorize coupled reactions is by their respective reactants
and the products, displayed in Figure 2.2.

a b
B D C
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A C A B
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¢ d
B C B
®— —O @ —O
A A
Ar:de Cat;)de Ar:de CatE;de

Figure 2.2: Schematic of the four different categories of paired electrolysis, cat-
egorized by the relation of product and reactant. a: parallel paired electrolysis;
b: convergent paired electrolysis; c: divergent paired electrolysis; d: linear paired
electrolysis without the display necessary intermediate reactions. Adapted from
[lban2016]

A parallel paired electrolysis is displayed in Figure 2.2a, where the re-
actants are not interconnected. Such coupling is often used in research,
when only one reaction is of interest and, in aqueous electrolytes, it is
mostly complemented by water splitting on the counter electrode. How-
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ever, a parallel paired electrolysis can yield two value added products, as
Chapter 5 demonstrates. In a convergent electrolysis, a single product is
formed in two different reactions (Figure 2.2b and a divergent electrolysis
reduces and oxidizes the same reactant to two different products (Figure
2.2c. Lastly, the linear paired electrolysis yields the same product on the
anode and the cathode (Figure 2.2d. This can be achieved through inter-
mediate redox mediator reactions, a detailed description can be found in
literature [Ilban2016].

Electrolytic reactions convert electrical energy into chemical energy. The
electrical power (Pg;) supplied is the product of current (I) and the voltage
(U) in Equation 2.10a. Further, the voltage relates to the current and the
resistance of the total resistance (R7.,;) via Ohms Law in Equation 2.10b.

PEl=U'I (2108.)
U= Rygyar - 1 (2.10b)
RTotal = RReaction + RElectrolyte + RMembrane (21 OC)

Rt IN Equation 2.10c is comprised of the resistance of the reaction,
RReaction, the resistance from ion transfer in the electrolyte, Rgcciroiyte, and
through the membrane, Ry cirane- 1he ohmic resistance in the electrodes
and the outer circuit can often be neglected [Schm2003]. R/emprane 1S gOV-
erned by the material’s property. The resistance of the electrolyte is pro-
portional to the distance of the electrodes and inversely proportional to its
conductivity, which is a result of the mobility and concentration of ions in the
electrolyte [Schw2022]. Next to the ion conductivity, aqueous electrolytes
often serve as proton and hydroxide ion donors. They constitute the pH in
the electrolyte, which often governs a reactions performance and the sta-
bility of reactants and products [Venn2019]. Buffered systems can stabilize
the pH during the operation. Additionally to aqueous electrolytes, this the-
sis deals with biphasic electrolytes that consists of an aqueous phase and
an organic phase. These can influence the solubility and distribution of the
reactants between the two phases [Di M2017].

Mass transport in the electrolyte serves to supply reactants to and trans-
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ports products from the electrode. The general nature and boundaries of
mass transfer is governed by the electrochemical reactor, similar to conven-
tional reaction engineering. Beakers or H-cells are similar to stirr-tank re-
actors, while flow-cells resemble plug flow reactors, in which the electrolyte
is constantly pumped through the electrolyte compartments. The govern-
ing mass transport principles are convection and diffusion for all species,
and migration for charged species. Convection can be controlled by stirring
in the batch reactor or manipulation of the volume flow in a flow cell. It
is caused by a pressure gradient which results in a flow of the electrolyte
and can be described according to Equation 2.11b, where J; is the con-
vective flux, « is the velocity of the electrolyte and ¢; is the concentration
of a species i [Schm2003]. There are two governing flow-regimes: laminar
and turbulent flow. They can be distinguished by the apparent Reynolds
number Re in Equation 2.11a, where v is the velocity of the electrolyte, pg;,
is the density, L the characteristic length and 7z, the viscosity of the elec-
trolyte [Schm2003].

. . L
Re= L PEL" & (2.11a)
NEL
Ji,convection =ucG (21 1b)
dc;
Ji,diffusion =D; - d_; (21 1C)
dFE
Ji,migration =—F-u;-c- E (21 1d)

Diffusion, based on Brownian molecular motion is dependent on the re-
actant concentration gradient, the diffusive flux can be described by Fick’s
law in Equation 2.11¢c, where D, is the Diffusion coefficient and fz—cx is the
spatial concentration gradient of a species i [Schm2003]. In electrochemi-
cal reactors, the Nernst diffusion layer with the thickness é, describes the
boundary layer on the surface of an electrode, in which diffusion is the gov-
erning mechanism.

Migration describes the movement of charged species due to an exter-
nally applied electrical field in Equation 2.11d, where F' is the Faraday con-
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stant, u; is the mobility, ¢; is the concentration of the species i and %
is the gradient of the electrical field. In an electrochemical cell, the field
forms between the electrodes and the ion migration closes the electrical
circuit [Schm2003]. Additionally, migration is accompanied by the so-called
electro-osmotic drag, which describes the co-movement of the hydration
shell of an ion through a membrane [Drio2016]. This is especially relevant,
when an ion moves through an ion-exchange membrane (IEM). The IEMs
further govern the direction of migration, which is elaborated further in the
following chapter.

2.1.3 Membranes in Electrochemical Reactors

IEMs are used as separators in electrochemical cells, when a separation
of anolyte and catholyte is beneficial for the process. |IEMs can either
be selective for cations, so-called cation exchange membranes (CEMs)
or for anions, so-called anion exchange membranes (AEMs). Further,
bipolar membranes (BPMs) exist as an assembly of an AEM and a CEM.
These IEMs are dense membranes and inhibit convective mass transport
between the analoyte and the catholyte. Thus, different electrolyte compo-
sitions and reactants at the anode and cathode are possible, and products
from the cathodic reduction reaction can be protected from a possible
reoxidation on the anode and vice versa. This drastically increases the
freedom of design for electrochemical processes and for example enables
parallel paired synthesis in Figure 2.2. However, IEMs can exhibit diffusive
mass transport, depending on the membrane thickness, backbone poly-
mer, solubility of the diffusing species in the membrane phase etc.. The
selective permeability for cations in CEMs and anions in AEMs governs
the overall ion transport in the electrochemical cell, as displayed in Figure
2.3 for ideal membranes.

When a CEM is used as in Figure 2.3a, anions cannot permeate the
membrane, which enforces the exclusive migration of cations. In turn, this
enforces the overall water dissociation on the anode side, either through
auto dissociation in the anolyte or within the anodic oxidation, since only
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Figure 2.3: Autodissociation of water and ion migration in electrochemical cells
when a: a CEM is used, b: an AEM is used, or c: a BPM is used. Reaction equa-
tions are given above. K" represents cations and A" represents anions present in
the solution.

protons can permeate the membrane to react on the cathode surface.
However, if other cations are present in the anolyte, they can also migrate
through the membrane, depending on their mobility and their charge.
Some membranes show selectivity towards the ion’s valency [Drio2016].
The AEM in Figure 2.3b reverses the direction of charge transfer, so that
hydroxide ions and, if present, other anions can permeate the membrane.
Equation 2.11d shows the dependence of migration flux of a species on
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concentration and mobility of the ion. While the mobility of protons and
hydroxide ions is higher than that of other ions, their concentration is
often smaller, as electrolytes require dissolved ions to ensure sufficient
conductivity. Electrolyte concentrations often range between 0.05 mol L
and 1 mol L™ [Schm2003]. Thus, the majority of charge is often trans-
ported by these ions instead of hydroxide ions or protons. However, most
reactions in electrosynthesis and all reactions within the scope of this
thesis consume protons or hydroxide ions. If other ions resupply the
charge to the electrolyte compartment, this leads to a drastic change in
the concentration of hydroxide ions and protons. Thereby, the pH changes
in both compartments and needs to be accounted for when designing a
process [Xu2023]. In contrast to AEMs and CEMSs, bipolar membranes
offer a possibility to inhibit the crossover of anions or cations. As depicted
in Figure 2.3c, they are an assembly of AEM and CEM. The excerpt depicts
the ion migration within the membrane in the so-called reverse bias: Water
diffuses into the membrane where it dissociates, facilitated by a catalyst.
The protons and hydroxide ions migrate towards the cathode and anode,
respectively. In forward bias, hydroxide ions and protons migrate into the
membrane and form water, which diffuses out of the membrane. However,
other ions in the electrolytes also migrate into the membrane in forward
bias, where they can accumulate and lead to its deterioration [Parn2021].
In both cases, a fully selective BPM would inhibit the crossover of cations
and anions from one compartment to another. Yet, real bipolar membranes
exhibit ion crossover with an increasing impact of migration over diffusion
at higher current densities [Blom2020]. Commercially available BPMs
suffer from a high resistance at elevated current densities due to the
limitation of water dissociation sites within the membranes and resupply of
water [Xu2023]. A detailed overview on BPMs, the transport phenomena
within and their applications can be found in literature [Parn2021].

So far, CEMs and AEMs are readily available for large-scale commer-
cialization in the field of electrolysis [Parn2021]. In contrast, BPMs are only
readily available for application in electrodialysis (ED), coining the term
bipolar membrane electrodialysis (BPMED), where they are operated at
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low voltage and current [Parn2021]. For application in electrolysis, BPMs
are still under development [Xu2023]. They often exhibit a higher voltage
drop over the membrane due to a higher thickness of the individual layers.
Further, the charge transport can be limited by the dissociation rate of
at the interface of AEM and CEM or the diffusive transport of water to
the interface at current densities that can lead to membrane degradation
beyond 600 mA cm™ [Blom2021]; [Krol1998].

2.2 Biomass Valorization

Biomass can be utilized as a sustainable carbon source, with carbon bound
from atmospheric CO, by photosynthesis as depicted in Figure 1.1. How-
ever, CO, neutral utilization is only possible if additional materials and en-
ergy for the cultivation and processing are not associated with CO, emis-
sions [Wint2022]. Such processing is especially challenging since biomass
is structurally more diverse and oxygen-rich than fossil resources.

This section characterizes the different biobased carbon feedstock. Sub-
sequently, it gives an overview on current and perspective products and
processes from biobased carbons within the concept of the biorefinery and
elaborates its current state.

2.2.1 Feedstock

Biomass is the umbrella term for a wide variety of plant matter from for
example crops or trees, but also marine organisms and plant-based waste
from food production, households or animals. [Shin2020] Obviously, the
wide spectrum of sources is composed of different molecular structures
with different functional groups in various quantities, of which some are
more suitable as a feedstock for the chemical industry than others. Most
accessible for the conversion to value added products are crops with
either a high starch content, which can be readily converted to ethanol or
methane, or with a high content of fat, which can be converted to biodiesel.
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These substrates are called first generation substrates and were mainly
harvested for their energy content and their convertibility to biofuels.
However, they compete directly with food supply [Kiat2022]; [Aziz2020].
Processes that use 2nd generation feedstock from non-edible plants do
not resolve the conflict per se as the competition is often merely shifted
from a competition for the edible plant to a competition for land and water
usage [Aziz2020]. To resolve this conflict, current research is focused on
lignocellulosic biomass, which is a byproduct from biomass processing,
e.g. the wood industry, as the feedstock for biorefineries. Lignocellulosic
biomass consists of three mayor components: 40 - 50% cellulose, 20 -
30% hemicellulose and 10 - 25% lignin, with their molecular structures are
displayed in Figure 2.4 [Cher2010].
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Figure 2.4: a: Chemical structure of cellulose; b: exemplary structures of hemi-
cellulose and c: lignin. [[Sun2020]; [Shin2020]

Lignin is prospected to be the largest source of biobased aromatics
and specialty chemicals such as vanillin. Despite extensive research on
electric and conventional lignin depolymerization to value-added products,
no selective catalysts and efficient processes were established and
the majority of lignin is still burned despite its rather low heating value
[Shin2020]; [Sun2020]; [Du2020]. In contrast, processes for the conversion
of hemicellulosic and cellulosic biomass have been established and are
ready to be employed. Both are naturally polymerized structures; cellulose
is composed of D-glucose monomers, while hemicellulose consists of
various C5 and C6 sugars with more functional groups than cellulose
[Shin2020].
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Compared to fossil based carbon sources, especially naphta and natural
gas, biomass is a highly diverse feedstock, with the varying composition
and diverse structure of hemicellulose and lignin. They can differ in
functional groups, chain length of the polymerized units and even nature
of the polymerized units [Rait2022]. These depend on the plant, but
can also show a time dependency from climatic conditions, which makes
processing challenging and requires robust and flexible processes. On
the other hand, the variety of functional groups constitutes a potential
for their selective extraction and utilization. Independent of the source,
biomass and hemicellulosic biomass in particular, exhibit a far greater
oxygen content than fossil based carbon sources, that are nearly de-
prived of oxygen. These different properties require different processing
methods but also translate to different products that can be generated
efficiently in terms of energy input and carbon efficiency. The potential
of this diverse biobased feedstock is undisputed, if efficient processes for
the conversion of biomass to novel products can be established [Shin2020].

2.2.2 Processes and Products from Biomass Valorization

Bioethanol and biodiesel are the most prominent products from biobased
resources; yet, they exhibit a strong competition to the food industry, as
elaborated above. Other products have the potential to utilize biobased
resources beyond their energy content, such as biopolymers or biobased
solvents. Several prospectful biobased platform chemicals have been
identified as early as 2004 [Werp2004]; [Shin2020]. For an efficient
production of such products, the different biomass fractions need to be
converted in an holistic approach that minimizes waste production. Such a
holistic approach constitutes the biorefinery as a concept to process and
valorize complex substrate to a wide spectrum of products [Cher2010];
[Thon2022]; [Jong2012b].

In a first step, the substrate is mechanically processed and the shredded
pulp is subsequently hydrolyzed and fractionated, mostly in aqueous me-
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dia, catalyzed by a base, acid or by microorganisms [Bhow2018]. Here, the
reaction conditions, such as temperature or a degree of acidity or alkalinity
determine the degree of hydrolyzation. An additional organic phase can
be introduced to either extract the far less polar lignin, which is mostly
insoluble in water, or valuable intermediates such as hydroxymethylfurfural
(HMF). The biorefinery aims to assign different products to each fraction
so that the overall efficiency of the multi product process is optimized
and all fractions can be valorized. Several concepts that link the different
prospected platform chemicals to the different biomass fractions can be
found in literature [Cher2010]; [Thon2022]; [Wint2022].

Depending on the desired product and the quality of the feedstock,
the process chains feature multiple processing steps, combining various
unit operations and disciplines with intermediates such as C5 and C6
sugars or other platform chemicals. Yet, the matrix of products and
processes is still changing, as new processes are developed or products
with superior characteristics emerge. Lately, several electrochemical
reactions have emerged in the field of biomass valorization, inspiring the
term "e-refinery" [Tang2021]. They use electricity directly as the driving
force for the reactions and enable for example the conversion of carboxylic
acids in (Non-)Kolbe-electrolysis [Holz2020] or highly selective oxidation
and reduction reactions [Bend2022]. The incorporation of these reactions
in the concept of biorefineries will further refine the fraction and product
matrix [Luo2023]; [Meys2021].

Figure 2.5 gives a schematic overview on two possible processes from
hemicellulosic biomass to Polyethylene furan-2,5-dicarboxylate (PEF) and
2-butanone. 2-Butanone is a widely used solvent, produced from fossil re-
sources; the production from biobased carbon could extend its usage into
the carbon neutral era. A more detailed analysis of its potential is given in
Chapter 3. PEF, on the other hand, is a novel, biobased polymer, capable
of replacing polyethylene terephthalate (PET) and has the potential to be
employed as a high performance polymer. A more detailed description is
given in Chapter 4.
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Figure 2.5: General value chains for 2-butanone and FDCA from hemicellulosic
biomass without display of purification steps and accompanying substances.

Both require the hydrolysis of hemicellulosic biomass to C6-sugars,
fructose or glucose, and diverge in the subsequent processing. For PEF
synthesis, fructose is further hydrolyzed to HMF and subsequently oxidized
to FDCA, which serves as a monomer for a wide spectrum of biobased
polymers, such as PEF. For 2-butanone synthesis, glucose is processed
to acetoin in a microbial process, which is reduced to 2-butanone. All the
individual process steps are conducted with different techniques, catalysts,
solvents, and oxidizing or reducing agents. These consecutive steps re-
quire different intermediate and product purification. Often, they determine
the economic feasibility and energy intensity of the production cascade
[Shol2016]. This is especially true for electrochemical reactions and
microbial processes. Both take place in aqueous environments with limited
product concentrations. Further, research on electrochemical applications
often suffers from low reactant concentrations and is conducted with ideal
solutions without impurities or fluctuations in reactant purity, as it would be
expected from biobased resources.

The limited or non-existent experimental data from research that in-
corporates these non-ideal but realistic conditions limits model based
approaches to asses these value chains. Therefore, experimental assess-
ment of entire process chains from biobased substrates to sustainable
products needs to be conducted to extend the promising concepts of
biorefineries beyond the existing products and efficiently valorize all
biomass fractions.
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2-Butanone from Fermentation
Supernatant
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Carolin Grintering, Tobias Harhues, Fabian Speen, Robert Keller, Mar-
tin Zimmermann, Peter R. Jensen, Matthias Wessling and Lars M.
Blank Acetoin production by resting cells of Lactococcus lactis for di-
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3.1 Introduction

Solvent production and utilization strongly contribute to the CO, footprint of
the chemical industry. It can be reduced by replacing the basis of abun-
dantly used solvents from the current fossil to a biobased feedstock and
implementing a sustainable energy-efficient production pathway. The exist-
ing guidelines for green chemistry offer a basis for the evaluation of these
processes [Anas2010].

2-Butanone, commonly known as methyl ethyl ketone (MEK), is a com-
monly used solvent with an over 1.3 million metric tons market size
in 2015 that is expected to grow up to 1.754 million tons by 2020
[Kim2016]; [LIU2006]. It is an environmentally friendly solvent due to its
low acute toxicity and eco-toxicity compared to other commonly used sol-
vents [Hege2018]; [Hege2021]. Applications are in the paint industry or as
a plastic wielding agent [Thio2017]; [Mehr2019]. Further, 2-butanone has
shown good properties as a possible energy carrier or biofuel [Dahm2016];
[Hopp2016]. Today, more than 92% of 2-butanone is produced from fossil
resources via reduction of 2-butanol, mainly from butylene which originates
from C-4 oil cuts [Hoel2011]; [Torr2020]. Azapagic et al. [Azap2013] sum-
marized the global warming potential in CO,-emission equivalents of fossil
2-butanone from different life cycle assessment(LCA) tools, which showed
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an average CO,-equivalent of 1.47 ton CO,-eq per ton 2-butanone. The
carbon footprint can be decreased to 0.798 ton CO,-eq per ton 2-butanone,
if 2-butanone is recycled. The report only covers cradle-to-gate emissions,
so that emissions from, e.g., thermal recycling are not covered. The large
scale production and application of this solvent come with a strong lever
to decrease CO,-emissions when replacing its feedstock and production
route with a sustainable alternative.

Several routes for the sustainable production of 2-butanone from a bio-
logical feedstock are possible. Production based on microbial processes
has been theoretically investigated [Toki2018] and experimentally con-
ducted with, e.g., modified E. coli with glucose [Mult2012]; [Yone2014]
or levulinic acid as substrate [Mehr2019], and with Klebsiella pneumoniae
[Chen2015] with the substrate glucose. However, with a maximum titer of
160 mg L', 900 mg L and 450 mg L™ respectively, the product concen-
tration remained low and did not move towards a quantitative production.

More promising results were achieved on a different route via 2,3-
butanediol (2,3-BD) fermented from biomass, where titers of the fer-
mentation already reach up to 150 g L™ [Ma2009], with a subsequent
chemical conversion [Mult2012]; [Wang2014]; [Penn2017]; [Ronc2017];
[Main2021b]; [Cui2018]. Yet, the high boiling temperature and affinity to the
aqueous fermentation broth of 2,3-BD lead to a demanding and highly com-
plex intermediate purification. The intermediate purification of highly polar
and low vapor pressure platform molecules such as 2,3-BD or 3-hydrox-
2-butanone (acetoin) has been identified as one of the key challenges in
biomass utilization [Deli2014]; [Penn2017].

Different approaches for an efficient purification of 2,3-BD from a fermen-
tation medium, such as distillation, pervaporation, solvent extraction and re-
verse osmosis have been analyzed [Xiao2014]; [Main2021a]. Lately, even
more complex processes such as anionic extraction based on the formation
of reversible complexes [Drab2017], extraction and subsequent purification
with ionic-liquids [Dai2021] or liquid-liquid extraction coupled with a thermal
approach [Sanc2021b] were analyzed and further optimized to increase the
efficiency [Sanc2021a). In the process models, the environmental impact
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of the separation could be decreased by 14%.

Recently, the acid-catalyzed dehydration of 2,3-BD to 2-butanone in an
aqueous environment has been investigated [Main2021c]. While the study
showed promising results, the catalytic reaction did not move beyond a sim-
ulation, based on model solution experiments from literature [Emer1982].

A different route to produce 2-butanone has been presented in 1984: In
a two stage process, 2,3-BD was first electrochemically oxidized to acetoin,
which was subsequently reduced to 2-butanone [Baiz1984]. However, this
route was not pursued to technical maturity, because of the competing cost-
efficient synthesis of 2-butanone from fossil-based 2-butanol. In search for
a sustainable production route, Ochoa-Goémez et al. [Ocho2019] reintro-
duced the reductive electrochemical production route in 2019: Building on
the advances in the microbial production of acetoin, they reduced acetoin
to 2-butanone using different electrode materials [Ocho2019]. Promising
figures of merit were achieved with an overall 2-butanone yield of 60% at
an acetoin conversion of 72% and a Faraday efficiency (FE) of 77% for an
initial concentration of 200 g L' on a lead electrode with a selectivity of
more than 80% toward 2-butanone. Unfortunately, the study did not show
the feasibility of the process chain but worked on synthetic model solutions
from purified acetoin.

The electrochemical synthesis route was only of interest through the ad-
vances in acetoin fermentation. For the microbial synthesis of acetoin, var-
ious microorganisms, wild types as well as genetically modified have been
employed. Among them the B. Subtilis, the Bacillus Licheniformis and the
L. Lactis. A wide variety of substrates have been utilized as feedstock,
such as glucose [Heym2020] and galactose, mannitol and xylose as carbon
sources [Xiao02012], but also less valuable compounds such as hemicellu-
lose/cellulose in a SSF (simultaneous saccharification and fermentation)
process [Jia2017]. From glucose, the highest reported titer known to the
author reached 100.1 g L™ acetoin [Bae2016], with 2,3-BD as a substrate,
165.9 g L was reported [Zhou2018]. Acetoin was also synthesized from
mixed sugar substrates and oil palm fiber, or lignocellulosic hydrolysate
[Mohd2017]; [Zhan2016a]; [Zhan2016b], lactose [Kand2016] and bakery
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waste with a titer of up to 65.9 g L [Main2021a]. A more detailed overview
on different microorganisms forming acetoin can be found in the literature
[Xiao2014]; [Main2021c]; [Yang2017].

These advances in substrate range, microbial productivity, and scalabil-
ity of the fermentation process, paired with the promising results of Ochoa-
Gomez et al. [Ocho2019] with synthetic model solutions, indicate the high
potential of a sustainable production route for 2-butanone via acetoin. Yet,
an efficient synthesis of 2-butanone via acetoin requires a highly efficient
intermediate purification from the fermentation media. With the rather sim-
ilar physicochemical properties of acetoin and 2,3-BD (high miscibility with
water and boiling point), the separation is similarly challenging [Xiao2014];
[Main2021b]. Further, the fermentation to acetoin takes place in a complex
fermentation medium, which includes trace metals, proteins, cellular matter
and salts. Further, most of the fermentations yield not one, but a spectrum
of intermediate and final products, often including acetoin and 2,3-BD.

In other systems, the separation of intermediate products from a fer-
mentation broth has also been identified as crucial, and different strate-
gies were demonstrated. For carboxylic acids, for example, a sequence of
fermentation and subsequent electrochemical conversion with intermediate
membrane purification has been presented [Urba2017]. Other approaches
couple electrochemical reactions into the fermentation in so-called bioelec-
trochemical systems [Schr2015]. For the production of methylsuccinic acid
from itaconic acid, Holzhauser et al. showed a electrochemical reduction in
the fermentation medium [Holz2017]. They reported a nearly unchanged
selectivity and yield compared to a model solution in small scale batch ex-
periments at a decreased FE, which they mainly attributed to reduction re-
actions with residual sugar. Recently, de Smit et al. [Smit2023] showed that
trace metals from fermentation media facilitated the parasitic HER, which
might also decrease the FE for an electrochemical conversion in the fer-
mentation medium.

This chapter shows the coupling of the biotechnological synthesis of ace-
toin with the subsequent electrochemical 2-butanone production. It circum-
vents the complex intermediate separation of acetoin as the acetoin-rich
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Step 1: Fermentation Step 2: Electrocatalytic reduction
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Figure 3.1: Process scheme of the coupling of biotechnological and electrochem-
ical conversion. Glucose is fermented to acetoin in step 1 by two different organ-
isms in different fermentation media and subsequently reduced electrochemically
to 2-butanone in step two. The fermentation broth is not elaborately purified. Only
solids are removed and a salt is added as supporting electrolyte prior to the elec-
trochemical conversion.

fermentation supernatant with added salts is directly employed as the elec-
trolyte for the electrochemical conversion of acetoin to 2-butanone as de-
picted in Figure 3.1. To assess the feasibility of the integrated process,
two catalyst materials are screened for their catalytic activity with a model
solution and the supernatant from fermentation with the robust B. Licheni-
formis in linear sweep voltammetry (LSV). Next to lead, known from Ochoa-
Gomez et al. [Ocho2019], indium is proposed as a non-toxic alternative.
After assessing the activity, quantitative acetoin conversion is conducted
in an electrochemical flow cell. The reaction pathway is displayed in Fig-
ure 3.2. The influence of the initial acetoin concentration and pH value is
analyzed with a model solution and the supernatant from B. Licheniformis
fermentation, revealing the different effects of the pH in the model solution
and the supernatant. While the B. Licheniformis is a very robust organism
that yields a high acetoin titer, the carbon efficiency from glucose to acetoin
is inherently limited by the intermediate 2,3-BD. It consists of two isomers,
of which only one can be converted to acetoin [Heym2020]. To explore
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Figure 3.2: Reaction mechanism observed on lead and indium cathodes in this
work. Acetoin is reduced to 2-butanone and can be further reduced to 2-butanol.
2,3-BD is formed as side product from acetoin.The hydrogen evolution reaction
(HER) occurs as a parasitic reaction.

a potentially more carbon efficient route, a genetically modified strain of
Lactococcus Lactis is used to produce acetoin. The fermentation is con-
ducted different complex media and the influence of these media on the
subsequent electrochemical conversion is analyzed. To increase the over-
all process efficiency, the amount of dissolved species in the fermentation
supernatant is reduced by conducting the L. Lactis fermentation in a rest-
ing cell essay. Finally, the supernatant is employed for the electrochemical
conversion to assess the advantages of this approach for the integrated
process.

3.2 Experimentals

3.2.1 Materials

Indium and lead electrodes were purchased at Evochem and Alfa Aesar,
respectively, with a purity of 99.99%. Counter electrodes were titanium
mesh electrodes, coated with iridiumoxide, purchased from Umicore
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Electroplating.  All experiments were conducted with a PGSTAT302N
from Metrohm Autolab. Fumapem F-14100 cation exchange membranes
were used for flow cell experiments. Acetoin and potassium dihydrogen
phosphate (K,HPO,) were purchased from Sigma-Aldrich (purity 96% and
>98% respectively), potassium hydrogen phosphate (KH,PO,) and 1 M
H,SO, were purchased from Carl Roth (purity >99%).

3.2.2 Fermentation
Fermentation with B. licheniformis

Fermentation with B. licheniformis was carried out according to Heyman
et al. [Heym2020] in Nakashimada medium [Naka1998]. The substrate
was glucose. To increase the acetoin yield, fermentation was prolonged
to 110 h. The resulting broth was centrifuged at 11000 rpm for 10 min to
ensure a solid-free supernatant. High performance liquid chromatography
(HPLC) analysis revealed a complex mixture of different products (acetoin,
2,3-butanediol, and 2-butanone).

Fermentation with L. Lactis

Fermentation with a modified strain of L. Lactus was carried out according
to Gritering et al. [Grit2023] in M17, Herstrin Schramm (HS), Lysogeny
Broth (LB), and Yeast Extract Peptone (YEP) complex medium. The
substrate in all complex media was glucose. Further, fermentation was
conducted in a so-called minimal medium in a phosphate buffer. A
pre-culture of L. Lactus was cultivated for cell-growth, then the medium
was exchanged to a minimal medium consisting of a phosphate buffer and
glucose as substrate. The resulting broth was centrifuged at 11000 rpm
for 10 min to ensure a solid-free supernatant. The supernatants were
subsequently analyzed via HPLC.
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3.2.3 Electrochemical Experiments
Electrolyte Solutions

Experiments were conducted with model solution and fermentation broth
supernatant. The model solution was prepared from DI water by adding
salt (7 g L™ K;HPO, and 5.5 g L KH,PQO,) and acetoin with the desired
concentrations from 5 to 759 L. The acetoin concentration of the fermen-
tation broth was adjusted by diluting the original fermentation broth with
the K,HPO,4-KH,PO, containing electrolyte solution. The same phosphate
buffer was added to the fermentation broth to ensure sufficient conductiv-
ity. H,SO, (1 M) was added dropwise to adjust the pH value whenever
necessary.

Electrochemical Characterization

Measurements were performed at different acetoin concentrations for both
the model solution and fermentation broth. All LSV measurements were
compensated for 80% of the iR drop, which was measured via EIS prior to
each experiment. Electric impedance spectroscopy (EIS) was measured
at the respective open circuit potential (OCP) from 1 mHz to 1 Hz with an
amplitude of 10 mV. LSV measurements were performed with a scan rate
of 0.05Vs'. A HgE11 (Hg/HgSO, with sat. K,SO,) reference electrode
from Meinsberg was used as reference electrode.

Product Analysis

Liquid samples were analyzed via Agilent 1200 HPLC, equipped with an or-
ganic acid resin column (CS - Chromatographie Service GmbH, Germany)
at 70°C, with 0.5 mL min™' flow rate of 2.5 mmol H,SO, in H,O at a pres-
sure of 45 bar. Detection was done via a refractive index detector (RID)
for 2,3-BD, 2-butanone and 2-butanol. Acetoin was analyzed with a vari-
able wavelength detector (VWD) at 190 nm wavelength. Gaseous samples
were analyzed for some experiments to account for the residual charge that
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liquid products cannot account for with HER as the parasitic reaction. The
analysis was conducted on an Agilent 8860 GC equipped with two consec-
utive Haysep Q and a mole-sieve MS5A from Agilent. Helium was used as
the carrier gas with a flow of 5.745 mL min”. The oven temperature was
held at 50 °C for 7 min and increased to 150 °C with 15 °C min”".

3.2.4 Flow Cell Experiments

Flow cell experiments were conducted with the commercial flex-E-cell (flex-
X-cell, Germany). The active electrode area was 35 cm? for experiments
with the supernatant from B. Licheniformis fermentation and 25 cm? for
experiments with the supernatant from L. Lactis fermentation. The elec-
trolyte gap was 2 mm. Electrolytes were pumped by gear pumps (MCP-
Process, Colepalmer) with a flow rate of 100 mL min” and recycled in the
electrolyte tank. Samples were taken from the anolyte and catholyte tanks
periodically and analyzed via HPLC. All experiments with supernatans from
fermentation with B. Licheniformis were conducted at a current density of
50 mA cm@. Due to the lower acetoin concentration, the current density for
experiments with supernatants from fermentation with B. Licheniformis was
adjusted to 10 mA cm™ when the acetoin concentration was below 10 g L
and 25 mA cm™ when it was above. This was done to avoid mass transport
limitations. The apparent voltage on the working electrode was measured
with a mini HydroFIex® reversible hydrogen electrode (RHE) from Gaskatel.

Experiments were evaluated for conversion of acetoin, selectivity toward
2-butanone, 2,3-BD and 2-butanol, as well as FE. Because the individual
experiments were conducted with varying initial amounts of acetoin, all re-
sults were compared at the time of 100% theoretical conversion of acetoin.
Here, the 100% theoretical conversion is defined as the time tgc, when suffi-
cient charge has passed the electrode to convert all acetoin to 2-butanone
according to Faraday’s law. tgc is calculated from Equation 2.9, with the
process specific parameters in Equation 3.1. Here c is the initial concentra-
tion of acetoin, V the Volume of the electrolyte, M 4.0, the molar mass of
acetoin, z the number of transferred electrons (2), F the Faraday constant,
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and I the applied current.

(c-V) zF
tFC - MAcetoin . T (31)

Reactants crossing the membrane during the experiments were included
in the experiment’s evaluation, so that e.g., 2-butanone in the anolyte
is included in selectivity and yield. Conversion, selectivity and yield
were calculated after Equations 2.6a-c. Changes in electrolyte volume
due to osmotic drag were measured and accounted for when evaluating
concentrations in the electrolyte.

3.3 Results and Discussion

3.3.1 Catalyst Analysis

Two different catalysts were characterized for electrochemical 2-butanone
synthesis: lead has yielded promising results in a study by Ochoa-Gomez
et al. [Ocho2019] and indium was additionally chosen due to its high over-
potential for the hydrogen evolution reaction. Figure 3.3 displays LSV mea-
surements with varying acetoin concentrations in the model solution and in
the fermentation broth.

As expected, the LSV measurements show a remarkable onset potential
difference with and without acetoin in the solution. The onset potential de-
creases from about -1.5 V vs SHE (standard hydrogen electrode) for HER
to -1.25 V vs SHE when acetoin is present in the solution with a lead elec-
trode in the model solution in Figure 3.3a. It decreases further with 50 g L
initial acetoin concentration. Additionally, the current density increases sig-
nificantly with increasing acetoin bulk concentration after the onset potential
is surpassed. Similar results are visible for LSV measurements with the in-
dium electrode in Figure 3.3c. The onset potential decreases from the HER
at -1.4 V vs SHE to -1.1 V vs SHE when acetoin is present in the solution,
and it decreases further with increasing acetoin concentration. The high
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Figure 3.3: LSV on a lead electrode in a: the model solution and b: the fermen-
tation broth. LSV on an indium electrode in c: the model solution and d: the
fermentation broth with increasing acetoin concentration at pH 3.2. The scanrate
was 50 mV's™.

overpotential of lead for the HER opens a potential window for acetoin re-
duction.

LSV measurements were also conducted with the supernatant from fer-
mentation with the B. Licheniformis. The results are displayed in Figure
3.3b and 3.3d for lead and indium, respectively. The general course of
the current is similar for measurements conducted with the model solution.
However, a notably lower onset potential is visible on both electrodes in
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the fermentation broth. At this onset potential, the initial increase in current
is less steep compared to the model solution and a plateau-like region is
apparent. This behavior can be attributed to side-reactions of species in
the fermentation broth, which are not present in the model solution. Also,
the HER can be catalyzed by the various trace metals from the fermenta-
tion medium. The composition of the fermentation broth prior to the fer-
mentation with the various trace components can be found in the literature
[Naka1998]. Nevertheless, beyond this plateau-like region around the on-
set potential in the model solution, a steep increase in current can be seen.
The apparent current density is similar to the respective current density in
the model solution, which indicates similar reaction rates in the model solu-
tion and the fermentation broth. This is attributed to a predominant reduc-
tion of acetoin on both electrode materials. Quantitative product analysis
needs to be conducted in flow cell experiments to give insight into product
selectivity and to asses the catalyst’s suitability.

3.3.2 Flow Cell Experiments with Supernatant from B.
Licheniformis Fermentation

Quantitative analysis of the conversion, selectivity, and FE was conducted
in flow cell experiments. To assess the influence of an increasing acetoin
concentration, experiments were initially conducted with diluted fermenta-
tion broth and model solution. The degree of dilution was subsequently
decreased, until the non-diluted fermentation broth was employed. Figure
3.4 depicts the concentrations of acetoin, 2-butanone, 2-butanol, and
2,3-BD over time for the model solution and fermentation broth with
59 L™ initial acetoin concentration on indium electrodes. The reaction
pathways including the side products 2-butanone, 2-butanol, and 2,3-BD
are displayed in Figure 3.2. The qualitative trends are similar for other
initial acetoin concentrations and the lead electrode.

In both experiments, the conversion of acetoin is apparent. In Figure
3.4a about 37% of the initial acetoin is converted in the model solution at
100% theoretical conversion tgc, as indicated by the dashed line. Bubble
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Figure 3.4: Concentration of reactants over the reaction time in a: the model so-

lution and b: the fermentation broth at 50 mA cm™ with an indium electrode. The
dashed vertical line indicates the time of 100%. theoretical conversion (tgc).

formation was observed on the cathode, indicating the HER as a parasitic
reaction. Due to the low initial acetoin concentration, side reactions
dominate and the FE is low (26%). The reaction yields predominantly
2-butanone with a selectivity of 71% and the side product 2-butanol. The
2,3-BD concentration remains close to zero over the entire time course.

In the diluted fermentation broth, the conversion of acetoin is 31% at tg¢
and lower as compared to the model solution. The main product of the
acetoin reduction is again 2-butanone. Its selectivity of 61% is close to the
selectivity in the model solution experiment. 2,3-BD is present from the
start of the experiment as a byproduct of the fermentation. In contrast to
the model solution, 2,3-BD is formed as the secondary product at a low
rate. As in the model solution experiment, bubble formation indicates the
HER as a parasitic reaction. Acetoin is depleted linearly over the course
of the experiment in the model solution while the conversion decreases
over time in the fermentation broth. Generally, the findings from these
experiments at a low acetoin concentration match indications from LSV
experiments, especially the more pronounced HER or sidereactions in the
experiments with the fermentation broth.
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Influence of the Acetoin Concentration

Further experiments were conducted at higher acetoin concentrations of
upto 50 g L. Al experiments are benchmarked for conversion, selectivity,
yield, and FE at the tr¢c, so that the FE equals the yield. These indicators
are displayed for indium in Figure 3.5 and for lead in Figure 3.6.
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Figure 3.5: Conversion (@), selectivity (0), and yield (W¥) of acetoin reduction to 2-
butanone at different initial acetoin concentrations in 7 g L' K,HPO, and 5.5 g L™
KH,PO, at pH 3.2 in a: model solution and b: fermentation broth experiments on
an indium electrode. Characteristic values are given at 100% theoretical conver-
sion (tgc).

Figure 3.5a displays the influence of an increasing acetoin concentration
on the selectivity, conversion, and yield (FE) of model solution experiments
with an indium electrode. All indicators benefit from an increasing acetoin
concentration in the model solution. At an initial acetoin concentration of
50 g L7, experiments show a selectivity of 64.5% and a yield and FE of
57.5% at a conversion of 87.5%. A further increase in concentration to
759 L™ further increases selectivity to 77.5% and yield to 66.5%, while the
conversion ratio of acetoin slightly decreases to 86%.
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butanone at different initial acetoin concentrations in 7 g L KoHPO,4 and 5.5 g L
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a lead electrode. Characteristic values are given at 100% theoretical conversion

(trc)-

The results of conversion from the gradually less diluted fermentation
broth are depicted in Figure 3.5b. The trend of increasing efficiency with
an increasing reactant concentration does not extend to the fermentation
broth, so that the highest selectivity, conversion, and yield are achieved at
17 g L. At 50 g L the yield is as poor as 5%. Figure 3.6 shows the cor-
responding measurements with lead as the cathode and display a nearly
identical trend.

On both electrodes, the acetoin concentration on the electrode’s surface
seems to be the limiting factor for a concentration below 50 g L at the
given current density in the model solution without impurities. Next to the
process indicators, a decreasing selectivity and FE over the course of the
experiments has to be noted, as acetoin is gradually depleted.This fits find-
ings from LSV-experiments, which show an increasing activity with increas-
ing reactant concentration.

In the fermentation broth experiments, the low overall conversion rate of
acetoin at a concentration above 17 g L™ indicates more pronounced par-
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asitic reactions, most likely a predominant HER. This is further supported
by the increased bubble formation on the cathode, which further increased
formation of foam. Above 25 ¢ L, the selectivity decreases drastically,
diminishing the overall process yield. At 50 g L', more than 80% of the
electrical charge can be attributed to the HER, which is apparent from gas
phase analysis for the model solution at a pH of 3.2 in Figure 3.8c. Next
to the decreased product yield, the resulting foaming makes process con-
trol complex. Most likely, the increased HER in the fermentation broth can
be attributed to the increased catalytic activity of various trace metal com-
ponents in the mixture. The Energy-dispersive X-ray spectroscopy (EDX)
images in Figure 3.7 show copper and zink on the electrode after the ex-
periments Therefore, the reaction conditions chosen here seem to be un-
favorable for conversion in a non-diluted fermentation broth.

Figure 3.7: SEM (a) and EDX (b-d) analysis for lead (b), zinc (c) and copper (d) of
the lead electrode after acetoin reduction in the non-diluted FB.

Influence of the pH Value

Originally, the pH was chosen in accordance with Ochoa-Gdémez et al.
[Ocho2019] from model solution experiments. To suppress the undesired
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HER in the fermentation broth, the pH adjustment was omitted and exper-
iments were continued at the original pH of the fermentation supernatant
of 6.5. This decreased the intermediate treatment steps further. To show
the influence of the pH on the model solution, experiments with the model
solution were conducted accordingly.
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Figure 3.8: Conversion (@), selectivity (0), and yield (W¥) of acetoin reduction to
2-butanone at different pH values in 7 g L' K,HPO, and 5.5 g L' KH,PO, in
a: model solution and b: fermentation broth experiments on a lead electrode at
50 g L™ initial acetoin concentration. Characteristic values are given at 100%
theoretical conversion (tgc). ¢: Current efficiency for the undesired HER on a lead
electrode.
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Ochoa-Gomez et al. [Ocho2019] describe the pH as a minor factor for
the characteristic performance indicators and find the best performance at
pH values between 3 and 5.5. Below a pH of 3 HER increases significantly
[Ocho2019] and above a pH of 7, aldol condensation is reported in litera-
ture [Zhu2016]; [Ocho2019]. Results for the model solution in Figure 3.8a
show, that reaction at a pH of 6.5 does not impair yield or selectivity on the
indium electrode, while the selectivity on the lead electrode is slightly lower
than at a pH of 3.2.

The influence of the pH on the reaction in the fermentation broth is dis-
played in Figure 3.8b. In contrast to the model solution, the pH has a major
impact on the performance in the fermentation broth. All characteristic val-
ues, especially on the lead electrode, increase dramatically at this elevated
pH, resulting in a yield and FE of 47%. For indium, the increase in per-
formance is less pronounced but still notable, with a yield and FE of 30%.
Figure 3.8c also shows the decrease in hydrogen evolution at pH of 6.5.
The reduced gas evolution also results in a dramatically decreasing bubble
formation, which simplifies the process control significantly by decreased
foaming.

As discussed before, the HER was far more pronounced in the fermenta-
tion broth than in the model solution at the pH of 3.2. This might be due to
active sites that might stem from deposited trace metals in the fermentation
broth with a low overpotential for the HER. The pH dependence appears to
be stronger for the HER than for the acetoin reduction. The concentration
of acetoin is significantly larger than the proton concentration, which leads
to an increased acetoin reduction compared to the HER. The impact of
trace metals promoting the HER seems less pronounced at the higher pH.
This enables an enhanced conversion of acetoin in the fermentation broth
at elevated pH values. The selectivity towards 2-butanone in the fermen-
tation broth is again higher than in the model solution. Hereby, the high
selectivity appears independent of the current acetoin concentration and
remains more or less constant over the course of the experiment. The HER
increases with decreasing acetoin concentration over the course of the ex-
periment and the FE for 2-butanone drops from nearly 80% after 15 min to
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47% at the trc and further to 25% after 240 min. At tgc, the conversion of
acetoin is lower with 85% in the fermentation broth compared to 89% in the
model solution on lead. Next to the pH, this could be further tackled by the
adjustment of other reaction parameters such as a lower current density,
for example, or better mixing by an increased flow rate. A removal of metal
ions via ion exchange or electrodeposition could also prevent the HER due
to the elimination of active sites from trace components. Nevertheless, with
a not yet optimized process resulting in a yield of 47% and a high selectivity
of 78%, these results demonstrate the feasibility of the electrolysis directly
in the fermentation broth.

Prolonged Experiments

Experiments with the model solution with acetoin concentration in the
range of the fermentation broth were additionally conducted until acetoin
was converted completely. The resulting concentrations are depicted in
Figure 3.9.
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Figure 3.9: Course of the concentration of reactants over the reaction time from
the model solution on a: indium and b: lead at 50 mA cm™. The dashed vertical
line indicates the time of 100% theoretical conversion (tgc).

When prolonging the experiment well beyond trc, the 2-butanone
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concentration decreases and 2-butanol is formed. This appears slightly
more pronounced on the indium electrode in Figure 3.9a than on lead in
Figure 3.9b. Both show a previously unreported electrochemical reduction
of 2-butanone to 2-butanol, rather than a direct reduction from acetoin to
2-butanol. In Figure 3.4a 2-butanol was also formed. However, at this low
concentration, acetoin is depleted over the length of the electrochemical
cell, which enables reduction of 2-butanone to 2-butanol. No 2-butanol is
apparent in experiments with the fermentation broth, as the lower overall
conversion prevents the reduction of 2-butanone because acetoin is not
depleted during the experiment, even at lower initial concentration.

The unwanted reduction of 2-butanone could be prevented by continu-
ous product removal. It could be achieved by gas-stripping, as 2-butanone
has a far higher vapor pressure at ambient conditions than acetoin,
2,3-butanediol, or water, or by other separation techniques such as liquid-
liquid extraction or simulated moving bed chromatography. The choice
should be guided by the influence on the electroreduction and economic
feasibility. Alternatively, a lower current density and higher flow rate of
the electrolyte could decrease the formation of 2-butanol until nearly all
acetoin is depleted. However, a full conversion of acetoin at a reasonable
current density would not be possible without continuous product removal.

3.3.3 Flow Cell Experiments with Supernatant from L.
Lactis Fermentation

To increase the potential carbon efficiency of the process chain, the B.
Licheniformis was exchanged with the more carbon efficient L. Lactis. The
modified organism was kindly provided by Kandasamy et al. [Kand2016].
A detailed evaluation of the acetoin production of the organism is reported
in Literature [Grt2023]. Fermentation supernatants from different complex
media and a resting cell fermentation were used as the electrolyte for
subsequent 2-butanone synthesis after the removal of solids without
further purification. Figure 3.10 shows the resulting yield for 2-butanone
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synthesis. The current density was adjusted to the acetoin concentration
in the different fermentation supernatants.
The yield in the different complex media (M17, HS, LB and YEP) is

; ; — ; ;
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Figure 3.10: 2-butanone yield after electrochemical reduction on the lead cathode
of supernatants from fermentation with L. Lactis in different complex media: (M17,
Herstrin Schramm (HS), Lysogeny Broth (LB), and Yeast Extract Peptone (YEP))
and the resting cell cultivation. The current density was adjusted to the acetoin
concentration in the fermentation supernatant, which is indicated in white in g L

around 40 to 45% in most cases. Only the yield of the conversion in
M17 complex media at a low acetoin concentration is lower at 20%, most
likely due to the low initial concentration. The reproducibility of the results
indicate that conversion in the different complex media is not hindered by
specific components, unique to a specific complex medium, but by the
overall amount of ions and organic substances in the complex media. This
observation is underlined by the similar yield in the fermentation broth in
Figure 3.8 on the lead cathode at pH 6.5.

In contrast, 2-butanone synthesis in the supernatant from the resting
cells reaches a yield well above 50%. It surpasses the yield from conver-
sion in the different complex media, as well as the yield of the synthesis in
the fermentation supernatant from B. Licheniformis fermentation, displayed
in Figure 3.8. This indicates that the lower concentration of dissolved
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species in the supernatant from the resting cells benefits the subsequent
electrochemical conversion, which is in agreement with the recent findings
from de Smit et al. [Smit2023]. The improved yield in the electrochemical
conversion step in combination wit a more efficient microorganism for the
initial acetoin synthesis showcase the potential of the integrated process.
Further, the result illustrates that experimental assessment of process
chains under realistic conditions is essential, to efficiently coordinate
subsequent processes and determine the feasibility of process integration.

3.4 Conclusion and Outlook

This chapter demonstrated a promising sustainable production route
for 2-butanone from glucose in a two-stage process: a fermentation
with subsequent electrochemical reduction of the supernatant without
further intermediate purification. Acetoin was directly converted in the
fermentation broth supernatant after the addition of a supporting elec-
trolyte in an electrochemical cell. Lead and indium were analyzed for
their activity in a model solution and the supernatant from fermentation
with a B. Licheniformis in LSV experiments. Then, labscale experiments
with 35 cm® electrode area at 50 mA cm™ current density yielded a
quantitative analysis of the 2-butanone production. There, the influence
of the acetoin concentration was analyzed in a model solution and by
gradually decreasing the dilution of the fermentation supernatant. Reaction
conditions that proved suitable for reduction in the model solution initially
showed a poor yield in the fermentation supernatant. By adjusting the pH
in the electrolysis cell to the pH of the fermentation supernatant, selective
reduction was achieved with a yield and FE of 47%, and a selectivity of
79% from a non-diluted fermentation supernatant on a lead electrode.
While indium showed a better performance in model solution experiments,
it showed a lower conversion and selectivity in experiments with the
fermentation broth. On both electrodes, the HER appeared to be the
predominant competing reaction, likely due to trace metal components in
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the complex fermentation medium.

While fermentation with the B. Licheniformis is robust and yields high
acetoin titers, the maximum carbon efficiency is limited intrinsically. There-
fore, a genetically modified strain of L. Lactis was employed for acetoin
synthesis. Acetoin conversion in the supernatants from different complex
media showed a nearly identical yield to those from the B. Licheniformis
supernatant. Then, the supernatant from a resting cell fermentation with
a lower amount of dissolved ions was employed. The 2-butanone yield
was above 50%, outperforming all previous electroreductions in fermen-
tation supernatants. The result underlines the hypothesis that dissolved
ions and organic species have a detrimental effect on the subsequent
electrochemical conversion. Further, it highlights the importance of experi-
mental process coupling under real conditions to coordinate subsequent
processes towards a feasible process chain. The resulting combination of
the highly efficient acetoin production with the L. Lactis and the improved
yield of the subsequent electrochemical conversion in the supernatant of
the resting cell essay supernatant showcases the potential of such an
integrated process.

Future work should assess the entire process chain to analyze the en-
ergy input and the resulting CO,-equivalent for 2-butanone synthesized via
this route. This should include the feedstock for the fermentation and the fi-
nal product separation after the electrochemical conversion. Subsequently,
a techno-economic assessment (TEA) can reveal the market potential
of this production route. To further increase the energy efficiency of the
process, the oxidation of water to oxygen that accompanies the reduction
reaction to 2-butanone in the electrochemical cell could be replaced by
a value adding reaction, such as the oxidation of hydroxymethylfurfural
(HMF) to 2,5-furandicarboxylic acid (FDCA).
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4.1 Introduction

Production of polymers accounts for a significant amount of CO, emis-
sions, and is expected to increase from 380 million metric tons (Mt) in
2015 to approximately 1100 Mt per year by 2050 [Geye2017]; [Meys2021].
Further, it led to the emission of 1.8 billion tons of CO,-equivalent in 2019,
and will reach up to 4.3 billion tons in 2060 [Fuhr2019]. This environmental
impact can be decreased significantly, when sustainable carbon sources
like biomass are employed to produce so-called biopolymers in efficient
processes [Meys2021]; [Anas2010]; [Zhen2019]. Monomers for the syn-
thesis of such biopolymers can be produced in electrochemical processes.
These monomers often are oxygenates and their electrochemical synthe-
sis has been identified as a key factor to decrease CO, emissions in the
chemical industry [Leow2023]. 2,5-Furandicarboxylicacid (FDCA) is such
an oxygenate and a promising biobased platform chemical and monomer
for the chemical industry [Werp2004]. It was among the twelve top value
added chemicals, selected by the US Department of Energy as early
as 2004 [Werp2004]. FDCA can be polymerized to different polyesters,
polyamides or other polymers [Zhan2021]; [Jong2012b]; [Shen2022], with
polyethylen furonat (PEF) as the most prominent example [Jong2022].

FDCA can be synthesized from C6-sugars, mainly fructose, via different
routes, for example via 5-(hydroxymethyl)furfural (HMF) [Rose2020]. To
synthesize HMF, fructose is dehydrated with an acid-catalyzed reaction in
aqueous environment. However, HMF is highly reactive and its stability
is the main limiting factor of the HMF yield during fructose dehydration
[Mukh2015]. The in situ extraction of HMF into an organic phase stabi-
lizes the product and increases the HMF yield [Mukh2015]; [Saha2014];
[Aign2020].

Different routes exist to subsequently oxidize HMF to FDCA, for exam-
ple chemocatalytic, biocatalytic and electrochemical routes [Jens2020];
[Saji2018]. Due to the toxic nature of higher HMF concentrations, no
robust bio-catalytic route exists to date and chemo-catalytic oxidation
requires elevated temperature and pressure [Yuan2020]; [Hame2020]. In
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contrast, electrochemical oxidation of HMF to FDCA is possible at ambient
conditions and can reduce the specific carbon footprint of the oxidation
significantly [Pate2022]; [Mass2022]. For the electrochemical oxidation,
catalysts have been researched extensively [Jens2020]; [Ge2022]. Tran-
sition metal catalysts such as Ni(OH),/NIOOH exhibit good selectivity
[Grab1991]; [Tait2019] and have been researched in depth [Bend2022].
Latsuzbaia et al. [Lats2018] demonstrated the potential of the synthesis
route with a Ni(OH),/NiOOH catalyst in a lab-scale pilot plant with a yield of
70%. For an overall process from the raw material (fructose) to the desired
product (FDCA), the purification of HMF and the stability of HMF during
oxidation are the most limiting steps [Pate2022]; [Mass2022]; [Bell2019];
[Al G2021]. An approach to integrate these processes has been proposed
by Liu et al. [Liu2020]. However, it requires dilution of the organic product
phase from HMF synthesis to a single aqueous phase, which impairs
subsequent product separation and limits the reactant concentration. An
alternative could be the direct application of the organic intermediate
phase in a biphasic electrochemical reactor.

Biphasic electrochemical synthesis has been successfully employed to
extract the product in-situ into a second phase to protect it from further
oxidation [Stie2015]; [Di M2017]. However, biphasic systems can be
accompanied by additional drawbacks such as reactions of the organic
solvent and the decreased conductivity of the electrolyte. Therefore, these
complex electrolytes have been subject to in depth analysis in the literature
[Liu2017]; [Deng2016]; [Dick2014].

Outside of electrochemical applications, biphasic processes are well
known in thermal processes, such as extraction, and are mostly carried
out in tubular reactors. They offer more favorable flow conditions and are
generally easier to scale up towards industrial applications. To decrease
mass transport limitations in tubular structures, static mixer elements are
employed and have been thoroughly researched [Armb2020]. Recently,
additive manufacturing of metal enabled Limper et al. [Limp2022] to deploy
a metal static mixer as the working electrode for improved mass transfer in
a tubular electrochemical reactor. In a different approach, a high packing
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Figure 4.1: a: Process scheme of the integrated two-step synthesis. Fructose is
dehydrated and extracted in-situ into an organic phase (2-methyltetrahydrofuran
(2-MTHF)), which is fed into the electrochemical reactor, where HMF is oxidized to
FDCA. b: Schematic of the in-situ extraction of HMF into the aqueous phase in the
electrochemical cell and the oxidation mechanism on the electrode. c: Different
reactor geometries tested for this process.

density of the electrodes was achieved in a tubular so-called swiss roll
reactor [Bawa2018].

This chapter studies the biphasic electrosynthesis to couple the electro-
chemical oxidation of HMF to FDCA and the hydrogenation of fructose to
HMF to mitigate intermediate HMF separation as depicted in Figure 4.1. It
focuses on the biphasic electrochemical oxidation, where the raw organic
product phase of a HMF synthesis is fed directly into an electrochemical
flow-cell which mitigates the need for intermediate separation processes.
In the reactor, HMF is continuously extracted into the aqueous phase and
oxidized with a Ni(OH),/NiOOH-coated nickel-foam electrode. After the
synthesis, FDCA is only found in the aqueous phase, from which it can be
separated via different crystallization techniques [Lats2018]; [Gaus2020].

This chapter demonstrates the feasibility of the process and subse-
quently analyzes the influence of the flow rate and current density for
the biphasic electrochemical oxidation with a synthetic model solution in
the planar flex-E-cell. Subsequently, it focuses on the energy efficiency
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of the electrochemical oxidation by reducing the gap width of the planar
flow-cell. The concept is transferred to a tubular reactor geometry to
exploit the benefits of the flow distribution in a tubular structure and enable
the prospective scale up in the tubular geometry. 3D-printed static mixer
electrodes with different structural properties introduce passive mixing to
improve the process yield. Further, a swiss roll reactor with an unprece-
dented volume-specific electrode surface explores the feasibility of such
a reactor concept for a future scale up of the biphasic FDCA synthesis.
Closing, both concepts are compared to the conventional planar reactor
geometry.

4.2 Experimentals

4.2.1 Materials

Nickel foam (grade 4753) was purchased from Recemat NL, HMF (>99%)
from AVA-Biochem.  Nickelnitrate hexahydrate (Ni(NO3),-6H,O) and
titanium foil (thickness 0.89 mm, 99.7% purity) were purchased from
Alpha Aesar. Sulfuric acid (H,SQO,4, 1 mol L'1), nitric acid (HNO3, 65 wt%),
hydrochloric acid (HCL, 1 mol L'1), FDCA (97%), 5-Hydroxymethyl-2-
furancarboxylic acid (HMFCA) (>95%) and Furan-2,5-dicarbaldehyde
(DFF) (97%) were purchased from Sigma-Aldrich. Acetone (technical),
2-MTHF (>99%), trifluoroacetic acid(TFA) (=99.9%) and Acetic Acid
(glacial, 100%) were purchased from CarlRoth. 2-formyl-5-furancarboxylic
acid (FFCA) (<98%) was purchased from TCI chemicals. Nickelsulfate
hexahydrate (Ni(SO,4),:-6H,0) (99%) was purchased from Thermo Scien-
tific. All chemicals were used as received without further purification.
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4.2.2 Preparation of Electrodes for the Planar Reactor

Electrodes for the planar electrochemical cell were cut to a geometrical
surface area of 35 cm®. Prior to the deposition of the Ni(OH),/NiOOH
catalyst, nickel foams were etched according to the procedure from Grden
et al. [Grde2012] to remove any contamination or oxide layers and increase
the adhesion stability of the catalyst coating. After rinsing with deionized
water (Dl-water), the nickel foam electrodes were immersed in the etching
solution for 10 min. The etching solution consisted of 40 mL Dl-water,
50 mL 65 wt% nitric acid, 60 mL 1 mol L™ sulfuric acid and 50 mL acetic
acid. Subsequently, electrodes were rinsed with DI-water and cleaned in
1 mol L™ hydrochloric acid and aceton in an ultrasonic bath for 15 min
each and dried.

Ni(OH),/NiOOH catalyst coating was deposited following a procedure
from Aghazedeh et al. [Agha2014]. The cleaned electrodes were wetted
with DIl-water and subsequently immersed in a 1 mol L' solution of
Ni(NO3),. Then, a constant current of 4.29 mA cm? was applied for
15.5 min. A platinized titanium mesh (Umicore, Germany) with a surface
area of 35 cm® was used as the counter electrode.

4.2.3 Preparation of Electrodes for the Tubular Reactors

Electrodes for the tubular mixer electrode reactor were prepared from
3D-printed stainless steel and nickel foam. The 3D-printed electrodes were
produced with a MySint 100 PM, (Sisma, Italy) from stainless steal (AlSI
316L) with a particle mean diameter below 60 m, after [Limp2022]. The
electrodes were designed as so-called twisted tape static mixer electrodes
with a length of 100 mm and a pitch length of 40 mm. The nickel foam
based electrodes were shaped by hand, accordingly. All electrodes had
a similar outer shape but featured a different structure and porosity. The
electrodes are presented in Figure 4.3a, the respective cross sections in
Figure 4.3b. The 3D-printed electrodes had to be printed as two separate
pieces due to the height limitation of the 3D-printer. The electrodes
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produced feature a geometrical surface area of 48 cm?

To coat the catalyst layer, the electrochemical method used for the
planar electrodes was not feasible, as it led to a non-uniform coating. This
can be attributed to the non-planar shape which causes shadowing effects
during the coating procedure. Instead, a chemical bath deposition known
from literature was applied to the electrodes, after etching according to the
procedure described for the planar electrodes [Alne2013]. The electrodes
were then immersed in the coating bath of 90 mL DI-water, with 10.4 g
NiSO, - 6H,0, 2 g K;S,05 and 10mL NH; (30-33%) for 2 h. They were
subsequently dried at 60 °C for 1 h.

In addition to the mixer electrodes, electrodes for the swiss roll reactor
were prepared. For this purpose, nickel foam sheets of 96 mm x 100 mm
were cut and subsequently etched and coated according to the mixer
electrodes.

4.2.4 Setup of Planar Reactors

For all experiments with planar geometries, the commercially available
flex-E-cell (flex-X-cell GbR, Germany) was used. The flex-E-cell was
assembled the following way: Two layers of catalyst coated foam with a
geometrical area of 35 cm? each were placed in the flow cell and contacted
on the backside with a titanium plate. The electrolyte gap between anode
and cathode was filled with a poly-propylene mesh spacer with a width
of 0.8 cm. The counter electrode was a platinum coated titanium mesh
(Umicore, Germany) on a titanium plate. Unless stated otherwise, the
gap-size was 3 mm. If necessary, the electrolyte gap-size was adjusted via
the number of spacers and flow-frames.

4.2.5 Setup of Tubular Reactors

The reactor for the mixer electrodes is displayed in Figure 4.2. It had
an active length of 100 mm, an outer diameter of 40 mm, and an inner

55




Chapter 4. Integrated biphasic electrochemical oxidation of HMF to FDCA

100 mm

40 mm

PTFE Tube

Pt coated CE

Figure 4.2: Schematic of the mixer electrode reactor and its dimensions.

diameter of 30 mm. It was made of poly(tetrafluoroethylene) (PTFE). The
caps were 3D-printed on an EDEN 260V (Stratasys). The mixer electrodes
were centered in the reactor, the counter electrode was a platinum coated
titanium felt (Fuel Cell Store, US). The working electrodes had a geometric
surface area of 49 cm®. A 3D-printed spacer was used to separate the
electrodes. One electrode that was hand crafted from nickel foam (NF) and
three 3D-printed electrodes (E01-E03) with different geometric features
were used. They are displayed in Figure 4.3a, their respective cross
sections are shown in Figure 4.3b.

The swiss roll reactor is displayed in Figure 4.4, the working electrode
and counter electrode were separated by a polypropylene mesh spacer
with a thickness of 0.8 mm. The active length of the reactor was 100 mm,
with an inner diameter of 20 mm and an outer diameter of 22 mm. The
electrodes are rolled up to 2.5 windings and contacted with soldered
wires. The reactor had a geometric surface area of 192 cm®. The counter
electrode was the same as in the mixer electrode design.
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20 mm

EO1 J 1 1,6 mm

Figure 4.3: a: Images, and b: schematic representation of the cross sections of
the different mixer electrodes employed in the reactor, prior to catalyst coating.
E01-E03 were 3D printed from stainless steel and the NF electrode was hand
crafted from nickel foam. All electrodes were designed with similar outer dimen-

sions.

100 mm PTFE Tube
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Figure 4.4: Schematic of the swiss roll reactor and its dimensions. The nickel
foam is the anode, the platinum coated mesh is the cathode, and the spacer layers
establish a constant electrode distance and prevent short circuits.
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4.2.6 Flow Cell Experiments

Flow Cell
Reactors

)

Power Supply

Figure 4.5: Experimental setup used for all flow cell experiments in this work. Dif-
ferent flow cell reactors (planar, tubular mixer electrode reactor and tubular swiss
roll reactor) are employed in the setup.

Flow-cell experiments were conducted as single phase (aqueous phase)
and biphasic (aqueous and organic phase) systems. The aqueous phase
was 0.1 mol L' KOH in Dl-water for experiments in the planar setup
and 1 mol L' KOH in DI-water for experiments in the tubular reactors.
The organic phase was 2-MTHF. All experiments were conducted in an
undivided cell because of the challenging chemical environment of highly
alkaline and organic media where no ion exchange membrane was stable.
For the process validation experiments in the planar cell, 300 mL of
electrolyte were used, all subsequent experiments were conducted with
450 mL of electrolyte. Reference experiments with the purely aqueous,
single-phase electrolyte were conducted with an HMF concentration of
16.66 mmol L', which corresponds to the average HMF concentration in
the biphasic mixture with a phase ratio of 1:2 (Vorganic 10 /Vagueous)- The
setup is depicted in Schematic 4.5.

In the biphasic experiments, HMF was supplied via the organic phase
with a concentration of 50 mmol L in the organic phase (2-MTHF). The
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aqueous phase was mixed with the organic phase at a phase ratio of
1:2 (Vorganic 10 Vaqueous)- The mixture was continuously stirred during all
experiments with a propeller stirrer (C378-17-A, BOLA, Germany) and a
ground clearance of 2 cm?, powered by a stirrer motor (EUROSTAR 40
from IKA, Germany) at 250 rpm. The emulsion was then pumped through
the reactor by a gear pump (MCP-Z-Standart, Ismatec, Germany) at flow
rates between 150 and 1000 mL min™". Although the flow rate did not show
an impact on the FDCA yield, the flow rate is increased for experiments at
increased current densities to prevent possible mass transport limitations
at higher current densities. The electrolyte was recycled during all flow
cell experiments. pH and temperature were continuously monitored at the
outlet of the flow cell with a pH sensor (SE554, Knick, Germany). Constant
current was supplied by a potentiostat (VMP150, VMP 3B-20 (20A/20V),
Biologic) and the cell voltage was recorded. A use of a reference electrode
was not feasible, most likely due to the discontinuous nature of the biphasic
electrolyte leading to highly instable signals. All experiments were carried
out at room temperature. At current densities of 45 mA cm? and above, the
reservoir temperature was controlled with a thermostat (CORIO CD-900F).

All experiments were evaluated for conversion (X), yield (Y), selectivity
(S) according to Equations 2.6a-c and Faraday efficiency (FE) according
to Equation 2.8, when sufficient charge for the complete oxidation of HMF
to FDCA was transferred. The reaction time (tgc) was calculated according
to Eq. 2.9 with 6 electrons necessary for the oxidation from HMF to FDCA.
Consequently, this results in a shorter duration for experiments with higher
current and a longer duration for experiments with a higher HMF content.

To evaluate the influence of the electrolyte gap on the cell voltage,
the gap width between the anode and the cathode was adjusted via the
number of spacers. When the cell voltage is reported as a single value,
it is the average value of the experiment, disregarding the first 10% of
the duration of the experiment to eliminate the influence of the initial
polarization.
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4.2.7 Degradation Experiments

HMF-degradation experiments were conducted in a beaker on a stirring
plate at room temperature. The mixture was stirred continuously with
300 rpm and samples were taken and processed similarly to the flow-cell
experiments. Degradation experiments with the biphasic mixture were con-
ducted with a phase ratio of 1:2. Single phase degradation (aqueous and
organic) were conducted with an HMF concentration in the overall system
of 16.66 mmol L, corresponding to the average concentration in a biphasic
mixture with a phase ratio of 1:2.

4.2.8 Preparation of Raw Feed Solution from Fructose
Dehydration

HMF synthesis was carried out using the batch reactor used in Aigner et al.
[Aign2020]. The reaction was prepared according to the following protocol:
0.1 mol of fructose are dissolved in 0.2 L of 0.2 mol L H,SO,. In addi-
tion, 2.75 mol 2-MTHF were added to the system. The reactor is heated
from room temperature to 155 °C over a period of 125 min and the veloc-
ity of the lower stirrer is set to 400 rpm. The temperature is maintained
for 30 min and quenched directly afterwards to stop the reaction. The or-
ganic and the aqueous phase were separated and stored at 4 °C. The
HMF-rich product solution used for this work had a HMF concentration of
close to 60 mmol L. To compare the results of the model solution con-
ducted with 50 mmol L, the raw product solution was diluted with 2-MTHF
to 50 mmol L. In addition to HMF, the organic product solution contained
small amounts of levulinic acid (< 0.5 mmol L™).

4.2.9 High Performance Liquid Chromatography
(HPLC)-Analysis and Sampling

Samples were taken via a 3-way valve at the outlet of the flow cell in
intervals of 15 min or 7.5 min in experiments with current densities of
60 mA cm? and above, and for experiments with the swiss roll reactor.
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Samples were taken via 3 mL syringes, which were left upright for 5 min to
allow for phase separation. Then, the phases where separated, separately
diluted and prepared for HPLC analysis. Samples of the aqueous phase
were diluted tenfold, and samples from the organic phase were diluted by
a 20-fold to ensure full dissolution of the organic phase within the aqueous
phase. For the dilution, a phosphate buffer (7.5 g L K;HPO, and 5.5 g L
KH,PQ,) was used to neutralize the pH and stabilize HMF. As the HPLC,
an Agilent 1100 HPLC system with an organic acid resin column at 35 °C
with a flow rate of 1 mL min” at 90 bar column pressure was employed.
The eluent was 2 mmol L™ TFA in purified water. Reactant concentrations
were analyzed via diode-array detection: HMF and DFF were detected at
300 nm wavelength, FDCA, FFA and HMFCA were detected at 254 nm
wavelength.

4.3 Results of HMF Degradation

Costs associated with HMF degradation are one of the critical parame-
ters when processing HMF [Mass2022]. The degradation properties are
influenced by the electrolyte, Figure 4.6 shows the degradation of HMF in
different solvent mixtures relevant for this work.

In the agueous medium at pH 13, HMF is degraded nearly linear over the
course of the experiment. After 10 hours, more than 20% of the initial HMF
is degraded, which is in agreement with literature [Lats2018]. Contrarily
in the organic phase, 2-MTHF exhibits no significant degradation over the
course of two weeks. In the biphasic mixture, HMF degeneration reduced
by more than 50% compared to the single aqueous phase. This shows
that storage of HMF is feasible in an organic phase, e.g. the organic prod-
uct phase of the HMF synthesis. The degradation of HMF in the aqueous
phase will limit the performance of the process. Especially in larger plants,
where longer retention times in larger tanks and columns are common,
degradation will be more prominent, and thus, the forming humins will be
even more problematic. In this regard, biphasic electrolytes are attractive
as they increase the HMF stability.
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Figure 4.6: Degeneration of HMF in the aqueous electrolyte (0.1 mol L KOH)
(m), the organic phase (2-MTHF) (o) and a biphasic mixture with a phase ratio
of 1:2 (Vorganic 10 Vaqueous) (©) as used in future experiments. The initial HMF

concentration was 16.66 mmol L.
This graph is identically used in the dissertation of M. Padligur.

4.4 Results and Discussion of Experiments in
the Planar Cell

4.4.1 Process Validation

To show the applicability of the biphasic electrochemical oxidation, Figure
4.7a compares the results of an experiment with the biphasic model
solution to an experiment with an aqueous electrolyte with similar reaction
conditions. The phase ratio in the biphasic experiment is 1:2 at a current
density of 15 mA cm? and a flow rate of 150 mL min™". Interestingly, the
reaction rate of HMF is similar in both systems. The rate of formation and
yield of FDCA is nearly identical, which demonstrates the high potential of
the biphasic system. Full HMF conversion is not reached in the biphasic
system, when sufficient charge for a full conversion of HMF to FDCA
is transferred after 105 min. This is most likely due to mass transport
limitations, as HMF needs to diffuse from the organic to the aqueous
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Figure 4.7: a: Comparison of the relative amount of HMF (left y-axis) and yield
of FDCA oxidation (right y-axis, blue) in a purely aqueous electrolyte (O, A) and a
biphasic model solution (m, A).

b: Comparison of the oxidation in the biphasic model solution (m, A) and with
HMF supplied via the raw HMF/2-MTHF solution from HMF synthesis (O, A). The
phase ratio for all biphasic solutions is 1:2 (Vorganic 10 Vagueous) @and the initial HMF

concentration in the organic phase is 50 mmol L

phase before it can react at the electrode. Especially at low remaining
HMF concentrations, mass transport will be low. Further, the electrode
surface is always partly in contact with the organic phase, which limits the
available surface for the aqueous oxidation. This effect has been described
in literature in different systems [Liu2017]; [Zhan2017].

While HMF can be found in both phases with a ratio of 1.4
(NHMForg/NHMFaq), FDCA is exclusively present in the aqueous phase
due to its ionic form, resulting from deprotonation of the two carboxylic
acid groups in the alkaline environment. This effect eases the separation
task significantly. Moreover, close to full conversion of HMF, enables a high
solvent recovery rate of 2-MTHF.

Figure 4.7b compares the biphasic model solution to an experiment
with the raw HMF/2-MTHF solution from biphasic HMF synthesis. The
raw HMF/2-MTHF solution from HMF synthesis was used without any
purification and contained impurities, recognizable by its brown color.
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When comparing the results, the HMF conversion is very similar to that of
the model solution, but the FDCA vyield is decreased by about 10%. The
impurities from HMF synthesis could be the main cause for the decreased
selectivity, as the synthesis yields a broad spectrum of byproducts which
cannot be detected in full, let alone quantified. The brown color of the
raw HMF/2-MTHF solution suggests a notable amount of humins, which
can have various functional groups. These could interact with the HMF or
the intermediates of the oxidation. The amount of humins could not be
quantified with the available measurement methods. The results with the
raw feed solution show that a direct conversion of HMF from the biphasic
synthesis is possible at a high yield. This enables the direct use of the
raw feed solution without intermediate purification and establishes a very
promising concept for an integrated synthesis of FDCA.

4.4.2 Influence of Process Parameters

Different parameters influence the performance of the electrochemical pro-
cess. In the following section, the impact of the flow rate of the electrolyte,
the current density, and the gap width in the flow cell are analyzed with a
synthetic biphasic system.

The flow rate of the electrolyte in Figure 4.8a does not show a distinct
impact on the process performance, the yield remains more or less
constant around 80%. Likewise, the conversion remained above 90%,
which indicates that no mass transport limitation is present at the current
density of 15 mA cm™.

An important parameter for electrochemical process development is the
current density as it defines the production rate. Figure 4.8c shows the
influence of the current density on the FDCA yield, the HMF conversion
and the resulting cell voltage at a volume flow rate of 500 mL min”. With
an increasing current density, the conversion drops from nearly 100% at
15 mA cm® to 70% at 75 mA cm™. In alkaline media, Ni(OH),/NiOOH
is also a potent catalyst for the oxygen evolution reaction (OER), so
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Figure 4.8: a: FDCA yield (m) at different flow rates at a current density of
15 mA cm®. b: Course of cell voltage over the duration of three experiments for
different gap widths of the flow channel at 30 mA cm? at flow rate of 500 mL min™".
c: HMF conversion (A), FDCA yield (m) (both on left y-axis) and cell voltage (O)
(right y-axis, blue) at different current densities and a flow rate of 500 mL min™ .
All experiments in the biphasic model solution with a phase ratio of 1:2 (Vyganic to
Vaqueous) after trc.

that at an increasing current density, the OER will become a competing
reaction. This is in accordance with a visibly increased gas evolution
with increased current density. At 15 mA cm? and 30 mA cm?, the yield
remains nearly unchanged between 75% and 80%. This can be attributed
to the decreased reaction duration, which reduces the extent of the HMF
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degradation. At higher current densities, this effect is superimposed by
the decreased conversion, resulting in a lower overall yield. In addition
to the decreased conversion, the selectivity decreases at higher current
densities. The cell voltage increases with the current density, so that HMF
could form additional reduction products, as the HPLC analysis detected
2,5-Bis(hydroxymethyl)furan (BHMF) in the aqueous product solution.
BHMF has also been detected by Latsuzbaia et al [Lats2018]. In this
study, however, the concentration of BHMF was only around 1% of the
FDCA concentration. Thus, unidentified products must be present, e.g.,
oxidation products. In the current experimental setup, a current density of
30 mA cm? appears to offer a good trade-off between sufficient conversion
and short reaction duration.

Further, it can be seen that the cell voltage increases with increasing
current density to over 9 V at 75 mA cm, which is a consequence of the
ohmic resistance of the electrolyte. The overall high cell voltage will impair
the economic viability of this process but can be lowered by means of cell
design. The gap width of the electrolyte channel is a main factor for the
resulting cell voltage.

Figure 4.8b shows the course of the cell voltage over the experiment
duration with different gap width at a current density of 30 mA cm?,
Independent of the gap widths, the cell voltage increases over the duration
of the experiment. This is partly due to the depletion of HMF, while FDCA
accumulates in the system. Further, with decreasing HMF concentration,
OER is likely to increase. However, most of the increase in voltage
appears to be of an ohmic nature, as it shows a near linear relation to
the overall cell voltage. It is far more pronounced at a gap width of 3 mm
than at 1.5 mm. This increase likely stems from the acidic nature of
the product FDCA. The deprotonation of the two carboxylic acid groups
leads to a decrease in hydroxide ions and, in turn, the pH. Yet, due to the
logarithmic nature of the pH scale and the difficult measurement of the pH
of biphasic electrolyte, the decrease is not visible in pH measurements
within the electrochemical experiments. Nonetheless, measurement of
the purely aqueous 0.1M KOH solution with and without the addition of
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20 mM FCDA confirms the assumption. The pH and conductivity in the
solution decreases significantly when FDCA is added. The conductivity
decrease by approximately 33% will significantly increase the cell potential
as observed in the experiments.

For the gap width of 3 mm, the average voltage is around 6.5 V, which is
most likely too high for an economically feasible process. The cell voltage
could be decreased tremendously by reducing the gap width, while yield
and selectivity remain unaffected. The lowest cell voltage was achieved at
a gap width of 1.5 mm which, in turn, leads to a decrease in direct energy
consumption by over 50%. A further decrease of the gap width was not
possible due to swelling of the ethylene propylene diene rubber (EPDM)
frames, used to seal the flow channel. The swelling ultimately lead to
blocking of the flow channel at lower gap widths.

4.5 Results and Discussion of Experiments in
Tubular Reactors

4.5.1 Static Mixer Electrodes

As an alternative to the conventional planar design, two different tubular
reactor concepts are developed and employed in this thesis, the mixer
electrode and the swiss roll reactor. Figure 4.9 presents the performance
of the four different electrodes employed in the mixer electrode reactor at
different applied current densities and flow rates.

At 15 mA cm™ in Figure 4.9a, the conversion is well above 90%, inde-
pendent of the electrode. However, the yield of the nickel foam electrode
(NF) surpasses that of the 3D-printed stainless steel electrodes with a
yield of 65% compared to yields between 45% and 50%. Of the 3D-printed
electrodes, electrode E02 shows the best yield. When the flow rate is
increased to 1000 mL min™ in Figure 4.9b, the yield decreases to 60%
for the NF electrode compared to 50% to 55% for the mixer electrodes.
The conversion is close to 100%, independent of the electrode. At the
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elevated flow rate, the mixer electrodes seem to benefit from their ability to
induce mixing, which is in agreement with literature [Limp2022]. The more
open nickel foam electrode does not benefit from the elevated flow rate, as
the open foam structure will lead to more flow-through instead of directed
mixing. It was not possible to increase the flow rate beyond 1000 mL min’”
as the increasing shear forces caused detachment of the catalyst.

At elevated current densities in Figure 4.9c, yield and conversion
diminish. A decreased yield was also observed in the planar reactor in
Figure 4.8c; yet, it is more pronounced here, already at 30 mA cm®. The
main reason for the decline is most likely the increased oxygen evolution,
indicated by the decreased conversion of HMF.

While there is an increasing yield with increasing flow rate, the overall
reaction does not benefit from the tubular mixer electrode concept. The
enhanced mixing is superimposed by a dominant drawback: the irregular
distance of the electrodes. While mixing is generated by the mixer elec-
trodes in the irregular design, it has an adverse effect on the homogeneity
of the electric field. In turn, the irregular electrical field results in an
inhomogeneous distribution of current so that some areas exhibit a far
greater current densities than the average current density. A higher current
density is unfavorable for the reaction and leads to more oxygen evolution
and side reactions. This is in line with the results of the planar setup, where
increasing current density leads to a decreased conversion and selectivity,
as shown in Figure 4.8c. Ultimately, the detrimental effect of the irregular
distance in the mixer electrode reactor outweighs the benefits of additional
mixing, which deems the concept unsuitable.

4.5.2 Swiss Roll Reactor

As an alternative tubular reactor concept, the so-called swiss roll reactor
is employed, as depicted in Figure 4.4. Here, the electrolyte flows through
the coiled electrodes and the winding arrangement of electrodes leads to
a uniform distance between the two electrodes and allows for a higher
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volume-specific electrode surface than in the mixer electrode reactor.
Figure 4.10a shows yield and conversion at different current densities in
the swiss roll reactor at a flow rate of 500 mL min”". The yield remains
at 70% up to a current density of 30 mA cm’® with a conversion of over
90%. Both indicators decrease at current densities above 30 mA cm.
The course of the yield over the current density is similar to that of the
planar reactor in Figure 4.8c. This is consistent, as in both reactor types,
the electrolyte can flow through the nickel foam electrode in contrast to the
mixer electrode reactor design.
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Figure 4.10: a: FDCA yield (m) and HMF conversion (A) of the swiss roll reactor
(SR) over different current densities at 500 mL min". b: Comparison of FDCA
yield (gray bars, left y-axis) and specific electrode area (blue bars, right y-axis) of
the different reactor types at 500 mL min” and 30 mA cm.

Figure 4.10b compares the different reactor designs with respect to the
process yield at 30 mA cm? and 500 mL min”" and their volume-specific
electrode surface. The comparison shows that the swiss roll reactor
ranks slightly below the planar reactor in terms of FDCA yield, with 69%
compared to 77.5%. However, it excels with respect to the volume-specific
electrode surface, where it surpasses the other reactors by more than one
order of magnitude at 4.24 cm® cm™® (geometric electrode area per reactor
volume) compared to 0.06 cm? cm™ in the planar reactor. In applications
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where a high conversion per pass through the reactor is necessary,
e.g. for single-pass electrolysis, the high specific surface constitutes a
tremendous advantage. Additionally, the scalability of the reactor can be
achieved rather simple by increasing the length of the reactor, especially in
comparison to the complex stacking of multiple cells in a planar module.

4.6 Conclusion and Outlook

This chapter demonstrated an integrated process combining the biphasic
chemo-catalytic synthesis of HMF from fructose with the subsequent bipha-
sic electrochemical oxidation to FDCA to eradicate intermediate purifica-
tion. Further, it compared three different reactor concepts for the electro-
chemical oxidation.

The HMF-rich organic product phase was fed directly into the electro-
chemical flow-cell reactor where HMF was continuously extracted into the
aqueous phase and oxidized to FDCA on a Ni(OH),/NiOOH anode. FDCA
accumulated in the aqueous electrolyte, enabling a high degree of recy-
cling of the organic phase. The biphasic electrochemical oxidation showed
a yield of 85% with the model solution and close to 80%, when the raw
HMF/2-MTHF solution from HMF synthesis was fed to the reactor without
any purification. The concept showed an identical yield, compared to con-
ventional, single phase oxidation in the aqueous electrolyte as known from
literature, thus, demonstrating the feasibility of the integrated concept.

With a model solution, the influence of different process parameters was
analyzed in the electrochemical flow cell. The flow rate did not show a
significant influence on the process at a current density of 15 mA cm?.
An increased production rate was subsequently achieved by increasing the
current density. However, at higher current densities above 30 mA cm? the
process suffered from an increased cell voltage and decreased FDCA yield.
This chapter also showed that the reaction time influences the yield sig-
nificantly, due to the constantly ongoing degradation of HMF. This demon-
strates the trade-off between yield and space-time yield in the electrochem-
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ical cell, which leaves room for process optimization. Initially, the biphasic
process suffered from poor energy efficiency due to high ohmic resistance
in the electrolyte, which resulted in a high cell voltage. In this chapter,
the cell voltage was successfully decreased with smaller electrolyte gaps
which, in turn, decreased the direct energy input by over 50%.

Additionally, two different tubular reactors for the biphasic electrochem-
ical synthesis were employed to determine if mass transport could be im-
proved by controlling mixing and flow conditions in the reactor and to in-
crease the volume-specific electrode area. The first concept focused on
intensifying mixing with mixer electrodes as the working electrodes, formed
from nickel foam or 3D-printed from stainless steel. Ultimately, the irregu-
lar distance between the working electrode and the counter electrode had
a detrimental effect on the process which outweighed the potentially im-
proved mixing. In contrast, the swiss roll reactor excelled with an unprece-
dented ratio volume-specific electrode surface. It retained a yield of close
to 70% at a current density of 30 mA cm?, which is only slightly decreased
compared to the planar design. The main benefit is the production rate,
which was more than 10 times higher then the planar design in a compa-
rable reactor volume. With the highest yield in the planar design and the
highest space time yield in the swiss-roll reactor, both reactor designs are
promising concepts to advance the integrated process for FDCA synthesis.

This chapter delivers data which could be used to optimize the process
on a process level and identify most favorable operation conditions. The
process chain could be expanded from glucose as a substrate to hemicel-
lulosic biomass. Further, a single-pass electrolysis might be possible with
the swiss roll reactor design, which could pave the road towards a contin-
uous process. The flow conditions could be optimized, when grasping the
promising opportunity to scale up the design.

Additionally, the reaction mechanism in the biphasic electrolyte could be
examined on a mechanistic level, starting with the identification of byprod-
ucts from FDCA synthesis from the raw HMF/2-MTHF solution. These
could be unidentified oxidation products from e.g. ring-opening reactions
but also unwanted products from a reduction reaction on the platinum cath-
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ode. The separation of the reactants from the cathode could be done via
an ion exchange membrane that is stable under these harsh conditions.
Further, insight into the influence of the organic phase fraction on FDCA
yield could enable a high yield at higher organic fractions in the reactor.
On a process level, catalysts for the oxidation that exhibit a high activity at
less alkaline pH would also be beneficial. On the one hand, degradation
of HMF would be reduced by less harsh conditions. On the other hand,
a subsequent pH-shift crystallization for FDCA purification would require
lower amounts of acid.
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Chapter 5. Paired Electrolysis for Electrochemical Biomass Valorization on the
Example of 2,5-Furandicarboxylic acid and 2-Butanone

5.1 Introduction

The continuously rising CO, emissions fuel climate change with dramatic
global consequences. Defossilization of carbon sources for the chemical
industry can enable the sustainable production of chemicals and decrease
CO, emissions. Renewable carbon sources are imperative, especially
for the production of polymers and solvents, where the carbon molecules
are indispensable for functionality in many cases [Wint2022]. Sustain-
able carbon can, for example, be supplied directly from atmospheric CO,
or biomass [Meys2021]. Polymers based on biomass, so-called biopoly-
mers, are often structurally different from conventional polymers as they
consist of different monomers than their fossil counterparts [Reic2020].
One prominent example of a bio-based monomer is 2,5-furandicarboxylic
acid (FDCA), which can be polymerized to polyethylenfuronate (PEF)
[Jong2012a]; [Pand2021]. PEF and other FDCA co-polymers have been
researched extensively and are potentially critical building blocks and poly-
mers for the future of the polymer industry. [Eerh2012]; [Zhan2021];
[Jong2012a].

Next to bio-based polymers, widely used and established solvents, such
as ethanol or 2-butanone (also known as methyl ethyl ketone (MEK)), also
depend on carbon. They can be produced via sustainable pathways from
renewable carbon sources, which enables their usage in a fossil-free future
[Ocho2019]; [Gray2006]; [Harh2022]. Independent of the product, carbon
from biomass must be utilized as efficiently as possible as renewable car-
bon will be a limited resource in the future [Bidd2023]; [Meys2021].

The biorefinery established a concept to efficiently use all fractions
of biomass while aiming for efficiency in highly integrated processes
[Cher2010]. Advances in the field of electrochemical reactions and engi-
neering, especially for the synthesis of FDCA, allow for the introduction of
electrochemical conversion into the biorefinery, which coined the term e-
refinery [Tang2021]. The interest to move from catalyst research towards
process integration and intensification has recently gained momentum, es-
pecially for the synthesis of FDCA [Lats2018]; [Harh2023]. Simultaneously,
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process integration for the sustainable synthesis of 2-butanone from glu-
cose via the coupling of fermentation and electrochemical conversion has
been advanced [Harh2022]. Nevertheless, process conditions such as cur-
rent density and reactant concentration often remain far from the required
values for an economical feasible process [Pate2022]; [Mass2022].

To close the gap towards economical viability, efforts to increase en-
ergy efficiency have been employed to decrease the cell voltage and direct
energy consumption [Qian2023]. Additionally, process intensification has
moved to couple two value-adding reactions via paired electrolysis to uti-
lize both the reduction and the oxidation reaction in an electrochemical cell
to generate value-added products. The resulting paired electrolysis can de-
crease power consumption in electrochemical processes and has been ex-
tensively discussed in research [Ilban2016] and illustrated for biomass val-
orization [Liu2021]. Pairing an electrochemical oxidation reaction with the
HER has been identified as a substantial hydrogen source in the future and
has been demonstrated for FDCA experimentally [Leow2023]; [Yang2021];
[Gao2023]. However, electrochemical hydrogen generation must be con-
ducted at very low overpotential and in vast quantities to be economically
competitive, which impairs HER as an efficient paired reaction for the val-
orization of biomass. Therefore, other reaction couples for the oxidation of
HMF to FDCA have been investigated. HMF can yield value-added prod-
ucts on both the anode and cathode in divergent electrolysis. This has been
demonstrated with the reduction of HMF to 2,5-bis(hydroxymethyl)furan
(BHMF), for example [Chad2019]. Further, other reduction reactions, such
as nitrate reduction to ammonia [Yang2023] or the oxygen reduction re-
action (ORR) to operate in fuel cell mode [Qian2023] have been demon-
strated as an example of parallel paired electrolysis. Recently, the reduc-
tion of CO, to CO has been paired with HMF oxidation utilizing a bipo-
lar membrane (BPM) [Hauk2023] and with glycerol oxidation with a cation
exchange membrane (CEM) to decrease power consumption and replace
the rather sluggish oxygen evolution reaction (OER) [Vehr2023]. The lit-
erature provides a more detailed overview [Gao2023]; [Yang2021]. While
these studies showed remarkable yields and paired Faraday efficiencies
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of up to 190%, most focus on catalyst design and demonstrate the reac-
tions in small cells and low overall reaction rates. Therefore, the pressing
issue of process stability considering the often inherently unstable condi-
tions through ion migration that strongly influence the pH, electrosmotic
drag through the membrane [Parn2021]; [Baes2023], and charge balance
remains mostly unaddressed. These challenges are heavily influenced by
the choice of the ion exchange membrane (IEM) [Xu2023]; [Parn2021].
IEMs determine the migration of ions in an electrochemical cell - anion
exchange membranes (AEMs) allow the migration of anions from cathode
to anode. In contrast, CEMs restrict the migration of anions and allow the
migration of cations from the anode to the cathode [Jian2021]; [Drio2016].
The ion migration heavily influences the process as it is not restricted to pro-
tons and hydroxide ions participating in the oxidation or reduction reactions.
It extends to the co-migration of other ions, for example from the back-
ground electrolyte with a typical concentration between 0.1 and 1 mol L.
The concentration exceeds that of protons and hydroxide ions by several
orders of magnitude in neutral pH. Additionally, diffusion or co-migration
through the membrane can result in reactant crossover or drastic changes
in pH, which can heavily influence process economics or lead to unsta-
ble process conditions [Xu2023]; [Salv2021]; [Venn2019]. Further, IEMs
do not exhibit a selectivity of 100%, so that co-ions also migrate through
the membrane. Next to process stability, the crossover of ions and reac-
tants can heavily influence subsequent downstream processes for product
purification and recycling of the electrolyte. BPMs can mitigate ion migra-
tion through the membrane as water diffuses into the membrane, where it
dissociates into protons and hydroxide ions, which migrate to the respec-
tive electrode [Xu2023]; [Blom2020]. BPMs are known for their application
in electrodialysis (ED) or capacitive deionization (CDI) [Drio2016]. BPMs
consist of laminated pairs of AEM and CEM, which frequently employ a
catalyst in the junction layer to facilitate water dissociation. Yet, BPMs suf-
fer from disadvantages, such as additional water diffusion and dissociation
resistance, which increases the required voltage [Blom2021]. This detri-
mental overvoltage increases with increasing current density so that the
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Figure 5.1: Reaction mechanisms in the paired electrolysis. On the anode, HMF
is oxidized to FDCA via two possible routes. On the cathode, acetoin is reduced to
2-butanone or the side product 2,3-butanediol. 2-butanone can be reduced further
to 2-butanol.

existing applications are limited in current density [Xu2023]; [Parn2023].
Co-ions, especially multivalent ions that migrate into the membrane where
they accumulate, are another challenge for BPMs, especially in long-term
operations. Another challenge is the non-ideal separation performance of
BPMs that leads to unwanted ion migration between the compartments has
been the subject of extensive research [Blom2021].

This work develops a paired electrolysis process for the efficient valoriza-
tion of HMF and acetoin. A schematic of the paired electrolysis process
with the respective reaction mechanisms is displayed in Figure 5.1. In the
first step, the three different types of IEMs are explored, and the resulting
direction of migration and implications for the reactions are assessed. Sec-
ondly, the BPM as the most promising option is studied in more detail to
develop a stable process. Once a stable process is established, it is driven
towards higher current densities with increasing reactant concentrations to
achieve industrially relevant conditions. Subsequently, the feasibility to ex-
change the potassium-based with a sodium-based electrolyte to decrease
the direct costs is discussed. The impact of the different electrolyte systems
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is assessed with respect to their influence on yield, Faraday efficiency (FE),
and resulting cell voltage.

5.2 Materials and Methods

5.2.1 Materials

Nickel foam (grade 4753) was purchased from Recemat NL, HMF
(>99%) from AVA-Biochem. Nickelnitrate hexahydrate (Ni(NOs),-6H50),
titanium foil (99.7%, thickness 0.89 mm) and lead electrodes (>99%,
thickness 1.12 mm) were purchased from Alpha Aesar. Sulfuric acid
(HoSOy4, 1 mol L'1), nitric acid (HNO3;, 65 wt%), hydrochloric acid (HCL,
1 mol L'1), FDCA (97%), 5-Hydroxymethyl-2-furancarboxylic acid (HMFCA)
(>95%), acetoin (>96%), potassium dihydrogenphosphate (K;HPO,)
(>98%), and Furan-2,5-dicarbaldehyde (DFF) (>97%) were purchased
from Sigma-Aldrich.  Acetone (technical), 2-MTHF (>99%), ftrifluo-
roacetic acid(TFA) (299.9%), potassium hydrogen phosphate (KH,PO,)
(>99%), and acetic acid (glacial, 100%) were purchased from CarlRoth.
2-formyl-5-furancarboxylic acid (FFCA) (98%) was purchased from TCI
chemicals. All chemicals were used as received without further purification.

5.2.2 Preparation of Electrodes
Anode

Electrodes for the planar electrochemical cell were prepared as described
in chapter 4.2.4. Here, they were cut to a geometrical surface area of
25 cm®. The etching procedure remained unchanged, for the coating, the
current density was adjusted to the smaller electrode area. The counter
electrode was a platinized titanium mesh (Umicore, Germany) with 35 cm?
surface area.
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Cathode

A lead plate was used as the cathode as described in chapter 3.2.4 with
an electrode area of 25 cm®. It was cleaned before each experiment by
polishing with sandpaper and immersed in 1 mL HCL in an ultrasonic bath
for 10 min. Subsequently, it was rinsed with DI-water.

5.2.3 Flow Cell Composition

For the flow cell, the commercially available flex-E-cell (FXC Engineering
GmbH, Germany) with a geometrical electrode surface area of 25 cm?® was
used. The interior design is displayed in Figure 5.2.

Cathode Anode

Housing Membrane

Lead Cathode Nickel Foam

Flow Frame Anode Titanium

Current Collector

Figure 5.2: Design and setup of the electrochemical flow cell.

The anode side was designed as a zero-gap-assembly; a titanium
current collector contacted a stack of two nickel foam electrodes (grade
4753, Recemat NL, Netherlands) through which the anolyte was pumped.
The foam electrodes were directly in contact with the IEM.

On the cathode side, a 3 mm electrolyte gap was present between
the IEM and the lead plate electrode. The flow channel was filled with
a polymeric 3D-printed spacer to keep the electrolyte gap constant.

81




Chapter 5. Paired Electrolysis for Electrochemical Biomass Valorization on the
Example of 2,5-Furandicarboxylic acid and 2-Butanone

For sealing all compartments, ethylene propylene diene rubber (EPDM)
frames were used. The cell was assembled with 4 screws and tightened
to a compression ratio of 10% of the original thickness of the EPDM frames.

5.2.4 Experimental Setup

The experimental Setup is depicted in Figure 5.3. The electrolyte was cir-
culated by two gear pumps (MCP Standard, Ismatec, Germany) at a flow
rate of 500 ml min"'. The pH of the anolyte and the catholyte was mon-
itored continuously by a pH sensor (SE 555, Knick, Germany). Manual
pH control was done by feeding of 10 mol L' KOH on the anode side
and 10 mol L phosphoric acid on the cathode side via a multichannel
peristaltic pump (Reglo ICC, Ismatec) into the reservoir. At a current den-
sity of 100 mA cm? and above, the electrolyte was cooled to 25 C° us-
ing a cryostat (Julabo, Germany). Power was supplied by a potentiostat
(GSTAT302N, Metrohm Autolab, Germany) below 100 mA cm?, and by a
power supply (HMP4040, Rohde & Schwarz, Germany) for experiments
at 100 mA cm® and 150 mA cm. When the potentiostat was used, a
four electrode setup with two reference electrodes (Hydroflex RHE, Gaska-
tel, Germany) were used to determine the half-cell voltages. All experi-
ments were conducted at constant current with an initial electrolyte volume
of 125 ml. Samples were taken from the respective electrolyte reservoirs
in intervals of 30 min with duplicates at the start and the end of the ex-
periment. Samples from the anolyte were diluted with a phosphate buffer
(7.5g L' K,HPO, and 5.5 g L' KH,PO,) to stabilize the pH, samples from
the catholyte were diluted with DIl-water. The added electrolyte volume
through pH control was taken into account to evaluate of the experiments.

Experiments to show the effect of increased reactant concentration in
Section 5.3.3 and the influence of the electrolyte in Section 5.3.4 were
evaluated for conversion (X), selectivity (S), yield (Y) according to Equa-
tions 2.6a-c and Faraday efficiency (FE) according to Equation 2.8. The
evaluation always refers to the time of full theoretical conversion (trc), when
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Figure 5.3: Experimental setup with the flow cell in the center and circulating elec-
trolytes on the anode and cathode side.

sufficient charge for the reaction sequence from HMF to FDCA on the an-
ode and acetoin to 2-butanone on the cathode was supplied, calculated
after Equation 2.9. The charge transferred couples the reaction on the an-
ode and the cathode, and an identical tr¢ is desired. The stoichiometric
ratio is determined by the respective amount of electrons transferred in the
reaction:

CHMF _ ZAnode _ 1 (5.1)
CAcetoin Zcathode 3 ’

The initial concentration was varied in the experiments. To identify a suit-
able membrane and reach a stable process in Figure 5.4 and Figure 5.6,
For experiments, the ratio between initial reactant concentration and cur-
rent density is kept constant at 3 % and 9 % to minimize
the influence of mass transport limitations. The ratio of 1:3 (CHmr tO Cacetoin)
is determined by the stoicheometry of the electron transfer in the respec-
tive reaction (see Figure 5.1). For example, this results in an initial acetoin

. -1 -1
concentration of 90 mmolgetoin L @and 30 mmolgetoin L -

83




Chapter 5. Paired Electrolysis for Electrochemical Biomass Valorization on the
Example of 2,5-Furandicarboxylic acid and 2-Butanone

5.2.5 Sample Analysis

Quantification of reactants was done via high performance liquid chro-
matography (HPLC) analysis for the anolyte and the catholyte, separately.
The anolyte was analyzed as described in chapter 4.2.9 for the aqueoues
samples. The catholyte was analyzed as described in chapter 3.2.3. Ad-
ditionaly, the anolyte and catholyte were analzyed for reactants from the
respective other side after each experiment to identify possible crossover
of reactants through the membrane.

Further, ion chromatography (IC) (930 Compact IC Flex, Metrohm,
Swiss) was used to reveal ion crossover through the BPM. Cation
concentration was determined with the eluent 1.7 mmol L™ pyridine-
2,6-dicarboxylic acid and 1.7 mmol L' nitric acid with a flow rate of
0.7 mL min". Anions concentration was determined with the eluent
3.6 mmol L sodium carbonate and 1.7 mmol L sulfuric acid with a flow
rate of 0.9 mL min™.

5.3 Results and Discussion

5.3.1 Membrane Selection

The three different membranes commonly used in electrochemical applica-
tions were tested in the paired electrolysis process. For an analysis, the
pH of the anolyte and catholyte is displayed in Figure 5.4a and 5.4c, re-
spectively. The resulting amount of FDCA in the anolyte in Figure 5.4b,
and the resulting amount of 2-butanone are displayed in Figure 5.4d. The
initial amount of HMF in the system was 2.5 mmol, while the initial acetoin
amount was 7.5 mmol so that tg¢ for the two conversions is identical.

The pH in the anolyte drops substantially throughout the experiments
when an AEM or a CEM is employed, while it rises in the catholyte simul-
taneously. The change in pH is caused by migration through the respective
IEM; a schematic for the different membranes is displayed in Figure 5.5. In
the case of a CEM in Figure 5.5a, the positively charged potassium ions
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Figure 5.4: Course of the pH and amount of products over the course of the ex-
periment in a, c: the anolyte and b, d: the catholyte with the different types of
membranes (BPM, AEM, and CEM) at a current density of 10 mA cm.
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Figure 5.5: lon movement by migration in the flow cell and through the membrane
during the paired reaction with a: a CEM, b: an AEM, and c: a BPM. The move-
ment is displayed for a potassium-phosphate buffer in the catholyte and KOH in
the anolyte.

from the anolyte migrate to the catholyte, while hydroxide ions are con-
sumed in the reaction on the anode. At the beginning of the experiment,
the concentration of potassium ions in the catholyte exceeds the concen-
tration of protons by more than ten orders of magnitude, so that potassium
ions will transport the majority of charge. This interplay strongly decreases
the pH of the anolyte so that FDCA synthesis ceases after 60 minutes, as
apparent from Figure 5.4b. Additionally, the nickel foam electrodes deteri-
orated massively due to the decreasing pH, and the acidic interface of the
CEM [Pour1974]; [Parn2021]. The green color of the anolyte indicates dis-
solved nickel species that migrate through the membrane and precipitate
on the cathode and on the spacer in the catholyte. Therefore, only very
small amounts of 2-butanone can be detected in the catholyte as shown in
Figure 5.4d.

With an AEM, the direction of charge transfer is reversed, and anions mi-
grate from the catholyte to the anolyte, as depicted in Figure 5.5b. The ma-
jority of charge is transported via the negatively charged phosphate ions.
This leads to a pH drop in the anolyte and a rising pH in the catholyte,
which is even more pronounced in the beginning than with a CEM. The
course of the pH reflects well in the amount of FDCA in the anolyte in Fig-
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ure 5.4b. In the catholyte, more 2-butanone is produced than with a CEM
since nickel migration through the membrane is mitigated, and the reaction
to 2-butanone is less sensitive to the pH than the oxidation to FDCA.

With a BPM, the pH is much more stable and decreases to 12.66 in
the anolyte throughout the experiment, while no change in the pH in the
catholyte is visible. Almost all HMF is converted to FDCA during the exper-
iment with an FDCA yield close to 1. The synthesis of 2-butanone synthesis
in Figure 5.4d does not benefit from BPM compared to the AEM as the re-
action from acetoin to 2-butanone is not pH-sensitive and a more alkaline
pH can suppress the competing HER. However, an alkaline pH can lead
to condensation reaction acetoin, causing a loss of reactant [Zhu2016].
The nature of the BPM mitigates migration across the membrane, as wa-
ter dissociates in the middle at the interface of the membrane and only the
resulting protons and hydroxide ions can migrate into the respective com-
partments as depicted in Figure 5.5c. Nevertheless, the pH decrease from
13 to 12.7 throughout the experiment, which will be further investigated in
the following section.

5.3.2 Stable process conditions

The most stable process can be established with a BPM. However, the pH
still drops from 13 to 12.66, which is a significant decrease by more than
50% on the logarithmic pH scale. Considering the relatively short duration
of the experiment and rather low current density, this result questions the
stability of the process. The effect becomes even more pronounced when
reactant concentration and current density are increased in Figure 5.6. The
gray line serves as a reference to the result presented before. When the
reactant concentration is increased to 60 mmol '1HMF and 30 mA cm?, the
pH drops significantly throughout the experiment. IC samples show only
minimal amounts of phosphate below 1 mmol L in the anolyte. However,
the concentration is too low to cause such a drastic change in pH. Instead,
the pH decrease is caused by the two carboxylic acid groups of the pro-
duced FDCA that deprotonate under the alkaline conditions and decrease
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Figure 5.6: pH in the anolyte over the duration of the experiment at increasing
reactant concentration and current density as in indicator for the process stability.
The blue lines show the course of the pH with a starting pH of 14 and a pH of 13
with applied pH control, respectively.

the electrolyte’s pH and conductivity [Harh2023]. Two strategies to counter-
act this effect can be employed. Either, the initial pH can be increased by
increasing the concentration of KOH to 1 mol L7, as depicted by the blue
line in Figure 5.6. However, this approach limits the maximum reactant
concentration and does not counteract the instable nature of the process.
Further, the increased pH leads to increased HMF degradation, as demon-
strated in literature before [Coum2022]; [Lats2018]; [Harh2023].

Alternatively, the pH can be controlled continuously by feeding a base
to the electrolyte, as shown in Figure 5.6. The pH control enables a sta-
ble process at a more moderate pH of 13. However, it increases the pro-
cess complexity. To achieve a stable process in subsequent experiments,
10 mol L.y KOH is dosed to stabilize the pH in the anolyte. Since the BPM
does not inhibit 100% phosphate or potassium crossover, pH control is also
installed for the catholyte and conducted with 10 mol L™ phosphoric acid
for future experiments.
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5.3.3 Increased Production Rate

The production rate and product concentration need to be increased to
increase space-time yield, enable efficient downstream purification, and
move the paired electrolysis of FDCA and 2-butanone process towards
industrial relevance. The production rate is coupled to the current den-
sity, while the initial reactant concentration limits the product concentration.
Figure 5.7a shows the resulting yield on the anode and cathode while in-
creasing the reactant concentration and current density.
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Figure 5.7: a: Yield of FDCA (Y anode,®) and conversion of HMF (Xanode,O) ON the
anode side, yield of 2-butanone (Y cathode, ®), and conversion of acetoin (Xcathode,O)
on the cathode on the left y-axis at increased current density. The resulting cell
voltage (UceA) is displayed on the right y-axis. b: Absolute cell voltage (Uge,m)
and voltage drop over the membrane (Uyoitage,®) ON the left y-axis and half-cell
voltage of anode (Uanoge, V) and cathode (-Ucathode, 2A) OVer the current density up
to 80 mA cm®. The initial reactant concentration was increased linearly with the

current density (3 %). Dashed lines serve to increase readability.

The oxidation of HMF shows a high conversion of nearly 100% at any
current density, and the yield remains well above 90%, independent of the
current density. The reduction of acetoin to 2-butanone shows less favor-

able reaction metrics. While the conversion remains high between 80% and
90%, the yield remains close to 70% until the current density of 55 mA cm’@.
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Here, the paired process has a combined yield and Faraday efficiency of
close to 170%. When the current density is increased further, the yield de-
creases below 40% at the highest current density of 150 mA cm. Never-
theless, the combined yield and Faraday efficiency is 130% at this elevated
current density. The overall lower yield of 2-butanone is in agreement with
previous findings in Chapter 3.3.2, where an over-reduction of 2-butanone
to 2-butanol is apparent. It is most likely caused by the rather unspecific
lead catalyst [Ocho2019]; [Harh2022]. As the over-reduction occurs promi-
nently at higher 2-butanone concentration, it could be circumvented by in-
situ product separation or through operation at a lower acetoin conversion.

In addition to the increased production rate and product concentration,
limiting the cell voltage is necessary to drive an electrochemical process
towards industrial feasibility. In Figure 5.7, the cell voltage increased sig-
nificantly from 3.4 V at 10 mA cm? to over 11 V at 150 mA cm™®. The
additionally energy dissipates into thermal energy. The overall cell voltage
is comprised of the half-cell potentials and the additional ohmic resistance
of the membrane and the electrolyte.

Figure 5.7b shows the individual contributions to the resulting cell voltage
of the two half-cell reactions and the membrane. It reveals that both half-cell
voltages increase linearly with the increasing current density with a compa-
rable slope. However, the absolute voltage drop over the membrane on the
left y-axis shows a far steeper slope than the half-cell voltages. Therefore,
the detrimental impact of the resistance of the BPM is outweighs that of the
individual reactions at elevated current densities. This is in agreement with
Literature [Xu2023] where the high overvoltage is attributed to limited water
diffusion into the membrane [Xu2023]; [Blom2021]. Next to the membrane,
the electrolyte exhibits an ohmic drop that is regarded in more detail in the
following section.
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5.3.4 Adapting the Electrolyte

Ohmic losses in the electrolyte increase the cell voltage and the direct en-
ergy consumption of the reaction. Additionally, the electrolytes are associ-
ated with with direct costs, especially when the reactants and products are
dissolved within the electrolyte, so the entire aqueous phase is subject to
downstream processing. This is even more pronounced in the production
of FDCA, as the produced organic acid complexes with cations from the
electrolyte and the electrolyte need to be dosed continuously, as shown in
Figure 5.6. Possibilities to recycle the electrolyte are subject to research but
need to be adjusted and trialed for any specific case [Rabi2020]. The num-
ber of different ionic species in the electrolyte should be limited as much
as possible to simplify downstream processing. Therefore, an additional
background electrolyte should comprised the same species as the original
electrolyte.
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Figure 5.8: Yield of FDCA (Y anode,®) and conversion of HMF (Xanoged) ON the
anode side, yield of 2-butanone (Ycathode ®) and conversion of acetoin (Xcathode ©)
on the cathode on the left y-axis for different compositions of anolyte and catholyte.
Cell voltage (Uce A) on the right y-axis. The current density was 100 mA cm? and
the inital reactant concnetration was 0.3 mol L' HMF and 0.9 mol L™ acetoin.
Values were recorded at trc. Dashed lines serve to increase readability.
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In the case of FDCA synthesis, the substitution of potassium with
sodium has been identified as beneficial for economic feasibility [Pate2022];
[Mass2022]. Figure 5.8 shows the effect of substituting potassium with
sodium and the introducing a background electrolyte on yield and conver-
sion on both electrodes and the resulting cell voltage. Replacing potassium
with sodium at constant electrolyte concentrations does not influence the
reaction specific figures of merit for either of the paired reactions. How-
ever, the cell voltage increases by more than 25% to over 10 V, which is
caused by the decreased conductivity of the electrolyte, due to the lower
mobility of sodium compared to potassium ions. Especially in the catholyte,
the conductivity decreases by more then 25% from 15.7 mS cm™ in the
potassium phosphate buffer to 11.4 mS cm” in the sodium-based buffer,
before the addition of acetoin. The increasing cell voltage decreases the
economic prospect of the cheaper electrolyte through the increased energy
consumption. Yet, this can be counteracted by the addition of a background
electrolyte. Na,SO, was added as an additional background electrolyte
with a concentration of 0.5 mol L to the catholyte. The voltage decreased
significantly to below 7 V, substantially lower than the cell voltage with the
potassium-based electrolytes, limiting the detrimental effect of the reduced
conductivity.

Adding the background electrolyte to the anode side only slightly impacts
the cell voltage. Due to the zero-gap assembly on the anode side, the con-
ductivity of the anolyte is less critical for the overall cell voltage than that of
the catholyte. The additional sulfate in the anolyte does not impact the cat-
alyst’s performance throughout the experiment. However, if a background
electrolyte is desired on the anode side, the effect of sulfate on the long-
term performance of the catalyst should be assessed in long term experi-
ments.

5.4 Conclusion and Outlook

This work developed a structured approach for the paired electrochemical
valorization of biomass on the example of the oxidation of HMF to FDCA
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and the reduction of acetoin to 2-butanone in a flow cell with an electrode
area of 25 cm®. The evaluation of the different types of IEMs revealed
that a stable process is possible only with a BPM. Due to the non-ideal
nature of the BPM and the carboxylic acid groups of the oxidation product
FDCA, pH control is necessary in both the anolyte and the catholyte. With
the established, stable process, the current density and reactant concen-
tration were increased to move the process towards industrial applicability.
The oxidation of HMF to FDCA excelled with a yield of above 90% even
at the highest current density of 150 mA cm™? and a reactant concentra-
tion of up to 0.45 mol L HMF, resulting in a final FDCA concentration of
0.4 mol L. Synthesis of 2-butanone was less efficient, with a yield of 65%
up to a current density of 55 mA cm@, which then dropped to below 40% at
150 mA cm, mainly due to overreduction of 2-butanone to 2-butanol. Ac-
cordingly, the combined Faraday efficiency was 160% at 55 mA cm®? and
decreased to 130% at 150 mA cm™. Subsequently, we showed that it is
possible to replace the potassium-based electrolyte with a cheaper sodium-
based electrolyte without impairing the yield of the reaction. Adding a back-
ground electrolyte relieved the detrimental effect of the lower conductivity
of the electrolyte on the cell voltage. Finally, the paired synthesis showed
promising figures of merit, such as a yield of above 90% for FDCA and
close to 50% for acetoin at a current density of 100 mA cm with a sodium-
based electrolyte and a cell voltage of around 6 V.

While this work showed a structured development of a paired synthesis
process, it revealed an imbalance between the oxidation and reduction re-
action. The synthesis of FDCA runs at a very high yield, independent of
the current density, while the reduction of acetoin to 2-butanone deterio-
rated at the elevated current density, which could be counteracted by the
in-situ separation of 2-butanone from the electrolyte. Future work should
apply the structured approach presented herein to pair a different reduc-
tion reaction to the oxidation of HMF to FDCA. In addition to the practical
aspects discussed in this work, reactions performing well at similar current
densities should be considered, such as the reduction of CO, to formic acid
or CO.
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6 Conclusion and Perspective

This thesis presented the integration of electrochemical reactions into
two process chains, from glucose to 2-butanone and fructose to 2,5-
furandicarboxylic acid (FDCA). It demonstrated the integration on a
horizontal level to mitigate intermediate purification steps by combining
biocatalytic and chemocatalytic reactions with the subsequent electro-
chemical reduction and oxidation, respectively. Additionally, a structured
approach to establish a paired electrolysis was developed and carried out
to integrate the electrochemical reduction and oxidation reaction vertically
to increase energy efficiency.

The horizontal process integration for the synthesis of 2-butanone
from glucose showed how process integration can mitigate purification
of the intermediate acetoin from the complex fermentation medium of the
microbial conversion. With the complex fermentation supernatant from
B. Licheniformis as the electrolyte, the electroreduction showed close to
50% yield for 2-butanone. The adaptation of the fermentation to a minimal
media fermentation with the highly efficient L. Lactis increased the yield of
the subsequent electrochemical conversion to above 50% without interme-
diate purification. These results highlight the importance of experimental
evaluation of consecutive processes within their process chain. The exper-
imental assessment provided results that cannot be supplied by process
models, since these usually do not account for the complex mixture of
species in the fermentation broth. In the future, experimental evaluation
could move beyond the integration of two processes and incorporate the
extraction of 2-butanone from the product mixture. Likewise, the substrate
could be extended to hemicellulosic biomass instead of glucose for the
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microbial fermentation, in which the titer of acetoin should be increased to
achieve higher overall product concentrations.

The biphasic integrated synthesis of FDCA from fructose presented
an approach that mitigates the need for intermediate purification through
horizontal process integration and simultaneously stabilizes the highly
reactive intermediate hydroxymethylfurfural (HMF). This could be achieved
through the novel biphasic electrochemical process in which the raw
organic product phase of HMF synthesis was used without any interme-
diate purification. The electrochemical conversion with HMF from the raw
organic product phase resulted in a yield of 70% FDCA from HMF, which is
only slightly lower than with a model solution. The high yield demonstrates
the feasibility of the biphasic electrochemical oxidation. Further, this chap-
ter explored different reactor geometries for the biphasic electrochemical
oxidation. Especially the high specific surface to volume ratio of the swiss
roll reactor showed promising results for a future continuous and scaleable
single pass process. Future work could develop a continuous, biphasic
process that physically interlinks the two unit operations of HMF synthesis
and its oxidation to FDCA in a continuous production on a pilot plant scale.

The paired electrolysis of FDCA and 2-butanone showed the pos-
sibility for vertical process integration of two different value chains.
This work developed a structured approach towards the development
of such a paired reaction. A stable process using a bipolar membrane
BPM was established. The results demonstrate a combined yield of
above 150% at a current density of 55 mA cm?, which decreases to
130% at higher current densities of 150 mA cm?. Further, in a product
concentration of 0.4 mmol L™ was achieved, which is a reasonable starting
concentration to investigate the efficiency of downstream processes in the
future. Additional, economical considerations were extended to the used
electrolyte and potassium was replaced with more economical sodium.
The detrimental effect on the cell voltage from the inherently lower ion
mobility could be more than compensated by the addition of a background
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electrolyte.

The structured approach to design a paired process presented herein
provide guidelines to establish paired electrolysis processes which can
readily be applied to other reactions. The oxidation of HMF to FDCA
could, for example, be coupled to other value added reactions, such as the
reduction of nitrate to ammonia or the reduction of CO,.

All three approaches showed the successful integration of electrochem-
ical reactions into value chains based on sustainable carbon sources.
Techno-economic analysis (TEA) and Life cycle assessments (LCA) of the
processes in their respective arrangement based on experimental results
in this thesis and other work will reveal the most promising approaches to
be pursued. Their demonstration in pilot plants will encounter challenges in
up-scaling of the respective processes and will reveal if biomass will pose
additional challenges in larger electrochemical reactors. This work showed
that electrochemical processes are ready to move towards their application
in the toolbox of the biorefinery.
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