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Abstract

The value chains of the chemical industry face a transformation from
linear business models built on the utilization of fossil resources towards
circular economy approaches. In this pivot, biotechnological processes
and bio-based resources play a central role to replace the carbon losses in
the material cycle. Carboxylic acids like succinic acid play a central role
in microbial metabolism and are regarded as the tier-one group of next-
generation platform chemicals. The implementation of such processes
requires technological advances that ensure sustainable production of
these chemicals at a large scale. Electrochemical separation technologies
overcome waste emissions and enable clean and sustainable processing of
carboxylic acids. The mitigation of environmental footprints is a crucial
requirement to develop the process technologies which make industrial
biotechnology successful and sustainable at the industrial scale.

The electrochemical stability of mid-chain carboxylic acid enables
cation recovery by direct pH swing electrolysis which introduces the
driving force for subsequent separation by reactive extraction. The uti-
lization of both electrode reactions makes closed-loop downstream pro-
cess layouts viable. A proof of concept demonstrated the recovery of
crystalline succinic acid with 94 w% from the electrolyte-containing so-
lution.

The integration of electrochemical pH swing reactive extraction and
high-yield succinic acid fermentation has the potential to enable low
carbon and potentially carbon-negative production of an important base
chemical that can become a central building block for a circular chemical
industry and create synergies by the integration of sustainable chemical
production with renewable energy generation.






Zusammenfassung

In der chemischen Industrie findet eine Transformation der Wertschop-
fungsketten statt. Bei dem Wandel zu einer Kreislaufwirtschaft spielen
biotechnologische Verfahren und Rohstoffe eine tragende Rolle, um Ver-
luste im Materialkreislauf mit erneuerbaren Kohlenstoffressourcen zu er-
setzen. Carbonséduren wie Bernsteinsiure sind zentrale Zwischenstufen
in mikrobiellen Stoffwechselprozessen und sind die vielversprechendste
Gruppe zukiinftiger Plattformchemikalien. Elektrochemische Trennver-
fahren sind in der Lage bisher anfallende Abfallstrome in der Aufar-
beitung von Carbonséuren zu eliminieren und eine nachhaltige Herstel-
lung im grofen Mafistab zu ermoglichen. Die elektrochemische Stabilitdt
von mittelkettigen Carbonséuren erlaubt die Nutzung einer pH swing
Elektrolyse zur Riickgewinnung der im Prozess zur pH Kontrolle einge-
setzten Kationen. Der elektrochemisch erzeugte pH Gradient liefert die
notwendige Triebkraft fiir die anschliefende Abtrennung der Sdure in
einer Reaktivextraktion. Durch die Nutzung beider Elektrodenreaktio-
nen konnen Aufarbeitungsprozesse mit geschlossenen Kreislaufstromen
zur Riickfilhrung der eingesetzten Hilfsstoffe entwickelt werden. Die
Machbarkeit des Verfahren wurde gezeigt und kristalline Bernsteinsédure
mit einer Reinheit von 94 % aus einer elektrolythaltigen Losung gewon-
nen. Die Integration der elektrochemischen pH swing Reaktivextrak-
tion mit einer prokaryotischen Fermentation hat das Potential, die Her-
stellung von Bernsteinsdure mit minimalem Prozessemissionen zu er-
moglichen. Die Elektrifizierung von Aufarbeitungsverfahren liefert den
Grundstein fiir die nachhaltige Produktion von erneuerbaren Plattform-
chemikalien und bietet durch intelligente Sektorenkopplung Synergieef-
fekte zwischen der Chemiekalienherstellung und der Nutzung erneuer-
barer Energien.
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1. Introduction

The course of the chemical industry has been determined by the available
feedstock and energy resources. Although biomass feedstock has been
used even before industrialization, modern chemical production is based
on fossil carbon resources such as coal, oil and natural gas, and biomass-
based products only fill niche or specialty applications [11]. Until today,
large-volume chemicals are sourced from fossil feedstock [12, 13].

1.1. The transformation of the Chemical
Industry

In the early 2000s, the peak of crude oil prices raised the interest in
alternatives to fossil-based platform chemicals fig. A.1. Studies like the
U.S. Department of Energy report on chemicals from biomass-screened
molecules and biotechnological production pathways to identify those
that had the prospect of becoming the platform chemicals of a biobased
chemical industry[1].

Of 300 initial candidates, 12 molecules were selected. Members of this
tier one group are displayed in fig. 1.2. Of the 12 selected molecules,
six are carboxylic acids. This highlights the extraordinary importance
of carboxylic acids for industrial biotechnology. Together with the two
amino acids aspartic acid and glutamic acid 75% of the highlighted
potential platform molecules exhibit a molecular structure that makes
the compounds sensitive towards the pH value of its surrounding.

Compared to fossil-sourced products, biobased chemicals provide the
advantage that they are in principle carbon neutral toward the atmo-
sphere, and any carbon emission caused by the incineration of a product
at the end of its life is bound by the biosphere during the growth phase of
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Figure 1.1.: Top 12 value added chemicals from biomass [1]

the plants. In addition to this ecological advantage, prices for biobased
raw materials were historically less volatile compared to crude oil. That
makes biobased chemicals an interesting option from both the ecological
and economic point of view [14].

Some of the biobased platform chemicals are the same molecules that
are currently produced from petroleum. Exemplary biobased succinic
acid (bio-SA) can replace succinic acid produced by partial oxidation
of butane to maleic anhydride followed by hydrogenation and hydrol-
ysis to succinic acid [15]. This makes succinic acid a highly attractive
candidate, as it enables the development of new purely biobased pro-
duction networks but also provides linking points to connect biobased
production with existing processes [16].

The biobased production of carboxylic acids such as succinic acid has
made great progress in the past 20 years. Genomics and other high-
throughput technologies developed in the field of industrial biotechnol-
ogy enabled the rapid identification and optimization of microbial bio-
catalysts [17, 18, 14]. Despite the progress achieved with upstream de-
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Figure 1.2.: Fossil-based chemical production and biobased route for chem-
icals and drop-in intermediates.

velopment, downstream processing, and product recovery after fermen-
tation, it was found that it was cumbersome and eventually prevented a
large-scale application of bio-SA. The extensive use of additives for pH
control produced equimolar amounts of waste with succinic acid [19].
An equimolar waste production makes the sustainability claim of bio-SA
production questionable and also compromises the economic perspective
of such a process, especially if waste disposal becomes a cost issue or is
limited by legislation [20].

The industrial standard for carboxylic acid purification is the calcium
precipitation process. A detailed introduction and discussion will be
given in chapter 9. However, new technologies have been researched to
overcome the issue of waste production. Crystallization, ion exchange,
reactive extraction, and membrane processes were tested for succinic
acid separation [21, 22, 23, 24, 25|. The following shortcomings and
development needs were identified:

e In-situ product removal enables continuous fermentation and alle-
viates performance losses caused by inhibition of the product. But
extraction from fermentations operating at a neutral pH value is
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limited in its yield.

e Reactive extraction with tertiary amines is a promising recovery
technology for succinic acid from low-pH solutions.

e The conversion of carboxylates to carboxylic acid requires a cation
recovery technology in order to avoid salt waste production.

e Electrochemical separation technologies can overcome salt waste
production, but in order to achieve good operational practice,
sources of inefficiencies and bottlenecks of current technologies
must be addressed.

1.2. Electrification of Separation

Technologies

Electrochemical separation technologies such as electrodialysis are
known but are only applied on a small scale [26]. The reason for the lim-
ited application is likely found in the lack of low-priced electricity in the
past combined with limited operational experience and high equipment
costs. Electrodialysis was successfully applied to recover succinic and
other short-chain carboxylic acids from diluted aqueous solutions [27].
The high costs of bipolar membranes have been identified as one obstacle
for large-scale application [28]. In addition, low current efficiencies|[27]
and effects such as "proton poisoning"[29] reduce the effectiveness of
electrochemical separation and cause high electricity consumption.
Recently, the decrease in electricity generation costs from renew-
able sources such as wind and solar[30] opened a new perspective for
the introduction of electrochemical technologies. Progress in renew-
able electricity generation has the potential to accelerate the electri-
fication of the chemical industry. Furthermore, the reduction in elec-
trolyzer costs expected with the commercialization of large-scale hy-
drogen production projects[31] will also provide a supply chain for
the key equipment needed in electrochemical separation processes. In
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the last few years, successful applications of electrochemical separa-
tion have been published. Nasrollahnejad et al. demonstrated the
electrochemically induced crystallization of fumaric acid [32]. Exten-
sive research on integrated bioelectrochemical processes was conducted
[33, 34]. They demonstrated electrochemical recovery of ammonia from
digestate[35, 36], recovery of carboxylate from biorefinery side streams
[37], recovery of carboxylic acid from stillage fermentation[38, 39] and
succinic acid fermentation with removal of the product by electrodialytic
anion extraction [40]. These applications showed great potential but re-
quire anion exchange membranes, which are known to suffer from a low
selectivity of carboxylates over OH |, which limits the current efficiency
[41].

1.3. Synopsis, development needs and
Outline

The development of improved electrochemical separation technologies
requires the identification of inefficiencies that limit the performance of
existing technologies. A key challenge is the development of robust and
cost-effective ion exchange membranes [42]. In addition, the following
development needs are identified:

e Thorough understanding of the limiting operational conditions in
the upstream fermentation and downstream process to enable ef-
fective integration of the electrochemical processing steps.

e Improvement of current efficiency and current density to enable
economic operation.

e Models and engineering concepts to scale electrochemical separa-
tion from the lab-scale to the pilot and industrial scale.

e Adaption of electrochemical processes to the supply of intermittent
renewable energy sources.
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With the current status of electrochemical separation technologies in
mind, the objective of this thesis is guided by the following research ques-
tion: Does the integration of electrochemical pH swing induced by water
splitting combined with reactive extraction provide a feasible downstream
technology to overcome salt waste production and enable sustainable suc-
cinic acid separation?

To answer this question, chapter 2 introduces the fundamentals of the
electrochemical pH swing created by water splitting and the reversible
pH extraction mechanism that is applied for succinic acid extraction. It
also discusses the electrochemical stability of selected biobased platform
chemicals at the water-splitting catalysts. Chapter 3 presents a design
of experimental assessment supported by experiments and identification
of factors relevant to the yield and selectivity of succinic acid extraction
from electrolyte-containing solutions. In chapter 4 the proof of concept
for electrochemical pH swing extraction and purification of succinic acid
is demonstrated. In order to assess the viability of electrochemical pH
swing extraction and better understand the complex interaction of the
dissociation equilibria, which constitute the pH value of the aqueous
phase, with the electrolytic pH shift and the reactive extraction equilib-
rium of succinic acid, a dynamic model 0D of electrochemical pH swing
extraction is developed in chapter 5. The model is also used to analyze
operational limits and provide a better understanding of mechanisms
that may result in operational inefficiencies. The validity of the model
is evaluated by comparison with experimental data.

Based on this model, a spatially structured model is derived in chap-
ter 6. The objective herein is to assess limiting conditions caused by
inhomogeneous spatial concentration and gas holdup distribution inside
an electrolysis cell. Transfer of electrochemical pH swing reactive extrac-
tion to other carboxylic acids is presented in chapter 7 for itaconic and in
chapter 8. The work closes with a techno-economic assessment in chap-
ter 9, which compares the electrochemical pH swing extraction with sep-
aration technologies established for succinic acid separation. The results
of this thesis confirm the promising ecological and economic perspective
and thus this work seeks to contribute to the progress of electrochemical
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separation technologies to establish them as "a platform for sustainable
recovery of carboxylic acids" [43].

1.4. Previous publication and contribution

This thesis is the result of the research performed by the author during
his time as a full-time researcher and doctoral candidate at the Chair
of Fluid Process Engineering (AVT.FVT) from November 2017 until
September 2021.Throughout his doctoral studies, the author has worked
in the Kopernikus Project Synergy and gratefully acknowledges the fi-
nancial support of the Kopernikus project SynErgie (03SFK3L1-2 by the
Federal Ministry of Education and Research (BMBF) and the project
supervision by the project management organization (PtJ). Parts of the
thesis have already been published in different journals. In particular,
parts of the following publications are reused and integrated into the
chapters of the thesis as stated below. Unless otherwise indicated, the
journals consented to the use of the previously published content in this
thesis.

e Chapter 3 has been published in Gausmann et al. "Reliable
Identification of Relevant Factors for the Reactive Extraction of
Succinic Acid from Electrolyte Containing Solutions" 2023 SOL-
VENT EXTRACTION AND ION EXCHANGE

e Chapter 4 was published in a slightly modified version as: Gaus-
mann et al. "Recovery of succinic acid by integrated multi-phase
electrochemical pH-shift extraction and crystallization" 2020, Sep-
aration and Purification Technology

e A previous version of the model described in Chapter 5 has bee
published in Gausmann & Jupke "Dynamic Modeling of Electro-
chemical pH-Swing Extraction" 2020, Chemie Ingenieur Technik.
The content of this chapter is a revised version of the original
model extended by a more rigorous modeling approach for the
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dissociation equilibrium constituting the pH value of the aque-
ous solution. The revised model was published as: Gausmann,
& Kiefel, & Jupke "Modeling of electrochemical pH swing extrac-
tion reveals economic potential for closed-loop bio-succinic acid
production" 2022, Chemical Engineering Research and Design)

e The content of Chapter 7 and parts of appendix G.2 have been
published in a joint publication with Angelo Géssi as: Gausmann
& Gossi et al. "Electrochemical membrane-assisted pH swing ex-
traction and back-extraction of lactic acid" 2022, Separation and
Purification Technology. Parts of this chapter are also used in
the Dissertation of Angelo Géssi, " Membrane supported reactive
extraction using membranes with enhanced stability".

e Chapter 8 has been published in parts in: Gausmann & Kocks
et al. "Electrochemical pH-T-Swing Separation of Itaconic Acid"
2021, ACS Sustainable Chemistry & Engineering

e Chapter 9 is intended for publication as: Gausmann & et
al. "Techno economic assessment of downstream technologies for
CO2-negative biosuccinic acid production" (2023), (Manuscript in
preparation)

During the time at AVT.FVT the author supervised or co-supervised
student theses that contributed to this work and formed the basis of
some chapters. In particular, Till Kénigs, Dominik Schaefer, and Daniel
Skarplik diligently collected the experimental data presented in chap-
ter 2. The master’s theses of Robert Kiefel, Julius Hausmann, and
Johannes Krings laid the foundation for chapter 5 by contributing sig-
nificant parts of the presented modeling code and carrying out the val-
idation experiments. The master’s thesis of Kerstin Brokelmann pro-
vided the basis for Chapter 6. The master’s thesis of Franziska Bertram
co-supervised with Angelo Go&ssi formed the basis for chapter 7 and
the corresponding publication. The experiments presented in chapter 8
were carried out as part of the VIT student project supervised by the au-
thor and Christian Kocks. The execution of the aforementioned student
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projects was carried out under the author’s guidance for good scientific
practice and accompanied by intensive subject-specific supervision and
data revision. Results from these student projects have been utilized in
accordance with the student’s consent for the present doctoral thesis.
The aforementioned contributions are highly acknowledged.






2. Fundamentals of pH swing

separations

This chapter compiles the fundamentals required for the development
of electrochemical pH swing extraction processes. While a focus is set
on succinic acid, the presented methodology is considered to be applica-
ble to other carboxylic acids as well. Section 2.1 starts by introducing
the weak acid equilibrium of carboxylic acids, followed by section 2.2
where the basics of the electrochemical pH swing are presented. Then,
section 2.3 highlights the importance of the bulk pH value for microbial
metabolism and discusses the thermodynamic limits for industrially fea-
sible end concentration of the fermentation process. In section 2.4 the
reactive extraction mechanism of amine-based extractants is introduced.
The dependency of the extraction efficiency on the pH value of the aque-
ous phase is derived from the mass action law governing the extraction
equilibrium. The binding mechanism of tertiary amines is found to be
reversible with regard to the aqueous pH value. With the knowledge
of the feasible operating conditions for fermentation and extraction, a
miss match in the operating windows with regard to the pH value is
found. In this chapter, the electrochemical pH swing process for the
separation of succinic acid is conceptualized to overcome the need for
pH-adjusting agents in the downstream process. When electrochemi-
cal processing steps are applied to adjust the pH value, the presence of
background electrolytes is likely. However, coextraction of inorganic an-
ions is a known phenomenon that compromises the yield and selectivity
of reactive extraction [44]. Although the phenomena of anion coex-
traction are known, it is unclear whether the impact of aqueous pH or
the coextraction of anions is more relevant to the overall performance.
To quantify both effects while taking into account other operational
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2. Fundamentals of pH swing separations

conditions, an experimental screening plan is developed by applying a
design of experiments method combined with statistical analysis. The
applied method allows the statistically verified identification of factors
that have the most relevant impact on extraction performance with a
minimal number of experiments. The fundamental part is completed
by an extensive experimental assessment of the electrochemical stability
of biobased products with cyclic voltammetry (CV) measurements in
section 2.5

2.1. The pH equilibrium of weak acids

Carboxylic acids, such as succinic acid, dissociate in an aqueous solution
into protons and carboxylate ions.

HA «— H" + A~ (2.1)

The equilibrium constant K, of the dissociation reaction is calculated
from the equilibrium concentrations and often tabulated as the negative
logarithm of K, [2].

[H']-[A7]

Ko = "THa]

(2.2)

With the equilibrium constant, the degree of protonation « at a given
pH value can be calculated.

"= EAT 23
[HA]
= [HAT+[A ] 24

For a monoprotic acid like lactic acid, this results in the following ex-
pression for a:
[H']
=——= 2.5
o [H+] + Ka ( )

12



2.1. The pH equilibrium of weak acids

And for polyprotic acids like succinic acid or itaconic acid, this expres-
sion extends to:

[H']?
o =
[H']? + K [H" ]+ K1 Koo

(2.6)

Applying eq. (2.6) yields the acid species distribution for a given pH
value shown in fig. 2.1. Above a pH value of six, virtually all succinic

-
o

o
o

o
o

o
N

Fraction of acid species [-]
o
N

012 3 456 7 8 9 10
PH [-]

o
o

Figure 2.1.: Fractions of succinic acid species calculated for a pKa;=4.21
and pKay=5.64 [2]

acid is present in ionic species of the succinic acid, either hydrogen
succinate (HSuc ) or succinate (Suc® ). The same applies to itaconic
acid fig. A.2 and lactic acid fig. A.3, which were investigated in this work
in addition to succinic acid. As a consequence, the recovery of succinic
acid with high yield is only viable below a pH value of three. If succinic
acid is not produced at this pH, the addition of protons is required to

13



2. Fundamentals of pH swing separations

shift the pH value of the aqueous solution to conditions at which succinic
acid is present.

2.2. Electrical generation of the driving force
for pH swing separation

The concept of electrochemical water splitting by electrolysis is well
known [45]. At pH=7 The overall reaction is constituted by the oxidative
oxygen evolution reaction (OER)

4H,0 — Oy +4H +4e” Ey=0.817V (2.7)
and the reductive hydrogen evolution reaction (HER)
4H,0 +4e — 2H, + 40H ™ Ey = 0413V (2.8)

The sum of HER and OER yields the overall reaction for water electrol-
ysis:

QHQO — 02 + 2H2 E0=123V (29)

The reversible electrode potential of both reactions depends on the pH
of the electrode. For conditions deviating from the reference state the
electrode potential can be calculated with the Nernst equation [46]:

k

T V.
AE = AE" - f‘Flnﬂal (2.10)
i=1

In electrochemical reactions, the reaction rates ‘j—;’ relate to the electric

current according to Faraday’s law of electrolysis. In addition to the
differential formulation,
dn I
dt = z-F

(2.11)

14



2.3. The role of pH for succinic acid production

the integral formulation
I-t
z+-F

n =

(2.12)

is also used frequently. With eq. (2.12) the number of protons (H'),
respectively, hydroxide ions (OH ) can be calculated. If the electric
circuit between the anodic OER and the cathodic HER is not closed by
protons or hydroxide ions but by other ions, such as sodium or potas-
sium, the OER and HER generate a pH swing between the anodic and
the cathodic reactions.

2.3. The role of pH for succinic acid
production

The feasible operational conditions for succinic acid fermentation are
closely related to the microbial metabolism that produces the succinic
acid. Therefore, the most important aspects of the production of mi-
crobial succinic acid and the export of cell products will be introduced
in this section. Thermodynamic considerations for feasible operational
conditions are based on the work of Taymaz-Nikerel et al. [47] which is
extended by taking into account active product export.

Succinic acid is produced in the tricarboxylic acid (TCA) cycle. There
are two paths in TCA that lead to succinic acid. One oxidative and one
reductive route. To maintain a leveled reduction balance, both routes
are used by microorganisms that produce succinic acid as the single
major product [3]. A detailed overview of known succinic acid producing
microorganisms and the substrate utilized is given in chapter 9.

15



91

Glycerol Glucose

Glycerol-3-Phosphate Glucose-6-phosphate

Glycolysis C3 side product path

/y Ethanol

‘ \ Pyruvate Acetaldehyde
TCA reductive path /— Oxaloacetate j

Lactate
Phosphoenolpyruvate

. Acetyl -CoA
Malate S
Y
Oxaloacetate Malate
Acetate
Glyoxolate Glyoxolate path
Fumarate TCA Cycle Citrate cycle
) Glyoxolate
Isocitrate
Succinate

co2 2
a-Ketoglutarate Succinate

Succinyl-CoA
co2

TCA oxidative path
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2.3. The role of pH for succinic acid production

Starting with a carbohydrate substrate (e.g. glucose), die C-source
is converted to oxaloacetate and thereof converted via the reductive or
oxidative path of the TCA to succinic acid. On the reductive path, two
additional molecules of NADH and CO, are consumed for the production
of two moles of succinic acid.

CeH1206 + 2NADH + 2COy — 2Suc” +4H" (2.13)

The oxidative path yields additional reduction equivalents (NADH),
CO, and also provides the microbial energy source ATP .

CsH206 — 1Suc”™ + 2H" + 2ATP + 5NADH + 2C0O,  (2.14)

Unless significant amounts of other side products are produced, the over-
all NADH balance of the succinic acid production must be leveled. As
a consequence, the oxidative and the reductive paths are used, yield-
ing the following overall reaction for selective microbial succinic acid

production:

2

7CsH1206 + 6COy — 12Suc”™ +24H' + 4 ATP (2.15)

Meaning that with the production of each molecule of succinic acid, the
microorganism receives 1/3 mol of ATP for its maintenance metabolism.
The amount of ATP produced by the product-forming pathway becomes
especially important when product export is taken into account. Fig-
ure 2.3 shows the two export mechanisms available. Passive export
is driven by a gradient in the electrochemical potential across the cell
membrane, whereas the ABC transporter obtains the required energy for
succinic acid export from ATP hydrolysis. The existence of the active
export mechanism was not yet confirmed, but is considered likely be-
cause a succinate export-associated decrease in ATP yield was observed
[48].

Inside the cell a constantly neutral pH is maintained [47]. Thus, suc-
cinic acid is present as anionic succinate inside the cell and in order to
maintain the inner cell pH homeostasis protons must be exported with
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(a) (b) (c)

N passive active
H+ H
H+ uniport symport antiport
H+ |} H*
H*-ATPase * ! t t ¢ t +
1
i =0 n=1]"n=-1 ABC
ATP ! ATP
S N N R
ADP g+ ! ADP
' succ?- H*  Succ?™ Succ?”
Succ?~

Figure 2.3.: (a) Proton export by H*-ATPase and possible transport mech-
anisms for the export of succinic acid from the cell. (b) Passive transport is
driven by a gradient in the electrochemical potential. (c) Active transport
by ATP binding transport proteins like the ATP-Binding-Cassette (ABC).
Adapted from [5]

the produced succinic acid as well. Depending on ratios of succinic acid
concentration and pH between the outside and inside of the cell, succinic
acid is either exported together with protons (symport) alone (uniport)
or exchanged with protons (antiport). Considering the industrially de-
sired succinic acid concentrations found in the range of 0.1 mol L' up to
2molL™" and taking into account that the concentration of succinic acid
within the cell will unlikely exceed 0.001 mol L~ it becomes evident that
an additional driving force is needed to transport succinic acid against
the resulting concentration gradient.

The energy supply needed for the export of the product is found in the
ATP available inside the cell or in the proton motive force (pmf) result-
ing from the proton gradient and the difference in the electric potential
on the membrane that is shown in fig. 2.4. By balancing the energy, the
microorganism obtains from the product formation and the energy re-
quired for product export the thermodynamic limits of microbial growth
conditions are found. For a detailed discussion of the biological aspects
of carboxylic acid export and the background of the thermodynamic
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2.3. The role of pH for succinic acid production

H* H*
H+
H* O.
pmf Ag
.
Ht i

Figure 2.4.: The pmf is constituted by the concentration gradient of pro-
tons and the difference in the electric potential across the cell membrane

calculations, the reader is referred to [5] and [47]. The electrochemical
potential F originating from the difference in the concentration of pro-
tons outside (pH,,;) and inside (pHj,) the cell is calculated with the
Nernst equation eq. (2.10) yielding

RT [ H,
AFE = “F ln(—qut ), (2.16)
RT
«— AF = —ﬁln 10 (pHout _sz'n)~ (217)

The electrochemical potential of the proton gradient and the difference
in the electrical potential ¢ constitute the pmf:

RT
pmf = A‘)O - Z_F In 10 (pHout - szn) . (218)

The microorganism maintains a constant pmf at a value between 120-
150 mV while the electric potential changes with the outside pH. This
affects the Gibbs energy available for product export. Including the
electric potential, the balance of Gibbs energy for the product export of
a dicarboxylic acid like succinic acid becomes:
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2. Fundamentals of pH swing separations

AG =RT (InAy2, +InHy,) = RT (In A;7 + In Hy, ) -

(2.19)
ApF(n —2) + mArGarp,

with A*~ being the anion of the carboxylic acid and n the number of
protons transported with the carboxylic acid. In the case of active trans-
port m denotes the number of ATP molecules consumed per mole of
succinic acid exported. The thermodynamic limit of product export is
found when AG becomes zero. By inserting eq. (2.18) in eq. (2.19) and
reformulating the equilibrium equation an expression for the feasible
concentration difference (A2, /A’ ) is found.

A%\ F(-pmf)(n-2)
log( Az ) ~ RTIn10 +2- (pHour = pHin) (2.20)
_m-ArGarp 221)

RTIn10

By including the acid dissociation equilibrium, the anionic concentra-
tion ratio is translated to the total acid concentration ratio, which is of
more practical interest.

F(-pm§)(n-2) ARG AT P
M :10( wrinto 2 (PHour=pHin )+ —R77490 ) (2.22)
Ain

10_2pHout+pka.1+pku.2 + 10pku.2_pHout +1

. 10_2;0Hm+pka1+pka2 + 10pka2_pHin 1 (223)

At a neutral pH, the export of succinic acid is possible by the n = 1
uniport mechanism leaving behind one proton with each molecule of
succinic acid, which must be exported in addition to the succinic acid.
Export of H -ATPase-driven proton requires approximately 1/3 mole
additional ATP per mole H' in prokaryotic cells, causing the net ATP
yield of product metabolism to decrease when approaching the n = 1

20



2.3. The role of pH for succinic acid production
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Figure 2.5.: Thermodynamic limits for succinic acid export mechanisms
with regard to the concentration difference inside and outside the cell
(Aout/Ain) and the pH outside the cell. The gray box indicates the indus-
trially desirable concentration range of 0.1-2 molL ™", Export of products
is possible below the curve.

21



2. Fundamentals of pH swing separations

line [47].

Unless the microorganism can obtain the ATP required for product
export from other metabolic activities, its ability to produce succinic
acid is limited to neutral pH conditions for the industrially desired con-
centrations. This finding allows two conclusions:

1. Fermentation of succinic acid at low pH requires the utilization of
additional ATP for product and proton export. This ATP must
be provided either by ATP-generating coproduct formation or by
aerobic respiration.

2. Metabolic engineering and inclusion of ABC transporters can en-
able fermentation at a low pH value at the expense of additional
substrate consumption.

3. The highest substrate yield is expected for a fermentation run at
neutral pH. This requires the addition of a base to maintain a
constant pH during the fermentation and the conversion of succi-
nate anions obtained in the fermentation to the free acid in the
downstream processing.

The conclusions are underlined by experimental observations that suc-
cinic acid production at acidic conditions shows lower substrate yields
than production at neutral pH [49].

As a consequence, acidic fermentation has the disadvantage that a
lower extracellular pH is sustained at the expense of an increased en-
ergy demand for product export. Concentrations and pH values required
for technical operations seem only feasible if additional metabolic en-
ergy is available, for example, from aerobic respiration or side product
formation. In addition, the backdiffusion of protonated succinic acid
becomes more severe at low extracellular pH and high concentrations
of extracellular succinate [50, 51]. Hence, the development of low-pH-
tolerant strains has the potential to reduce the separation effort, but the
metabolic energy gain imposes operational limits which must be taken
into account in order to not compromise the metabolic carbon yield.
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2.4. Reactive extraction of succinic acid

Wahl et al. [50] reported that the recycling rate of succinic acid
back to the cell of Sacharomyces cerevisiae at low pH (pH=3) was 46
times higher than the actual production rate. Taking into account the
ATP demand for product export under these conditions the theoretical
yield for glucose-based fermentation is limited to 0.40 gsue/gqie- This
is consistent with the yields reported for succinic acid production with
yeast hosts [49]. The costs for chemical pH-shift can be estimated by
adding the costs of sulfuric acid (0.06 EUR/kggy.), Ca(OH), base addi-
tion (0.10 EUR/kggyc), and the disposal costs of co-produced solid salt
waste (0.16 EUR/kgg,.), which add up to (0.32 EUR/kggy.). Assuming
a glucose price of 330 EUR/t the acidic fermentation must achieve at
least an overall yield of 0.54 gg,c/gq1u to break even.

2.4. Reactive extraction of succinic acid

Reactive extraction of succinic acid is based on the formation of com-
plexes between succinic acid and an extractant [52, 53]. The formed
complex has a higher affinity for the solvent phase, and thus extracts suc-
cinic acid from the aqueous phase. Beyond succinic acid separation[54],
reactive extraction was studied intensively for the separation of other
carboxylic acids as well. The most prominent are citric acid[55], lactic
acid[56], itaconic acid[57], and tartaric acid[58]. Therefore, extraction
methods are considered the most popular methods for the primary re-
covery of carboxylic acids [23].

There are different types of extractants that can be used for the extrac-
tion of succinic acid. The most commonly used are aliphatic amines or
phosphoric solvents [53, 59]. Amino acid extractants exhibit higher ex-
traction capacity, while phosphoric extractants are considered less toxic
to microorganisms [55].

In the case of aliphatic amines, two possible extraction mechanisms
exist. Quaternary amines work as liquid anion exchangers and extract
the acid by an ion exchange mechanism, as illustrated in fig. 2.6 [60].
This has the advantage that extraction is possible at high pH values.
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However, the toxicity and difficult backextraction limit the usability of
this extraction mechanism in practice [55, 54].

Figure 2.6.: Quaternary amines extract succinic acid by an ion exchange
mechanism.

Figure 2.7 shows the second mechanism, which is based on the for-
mation of hydrogen bonds between the nitrogen atom of the amine and
the hydrogen atom of the carboxylic acid group [61, 62]. Depending
on the diluent, different complexes are formed. In general, diluents are
divided into two classes I) active diluents such as alcohols, ketones or
halogenated hydrocarbons can interact with the acid-extractant complex
and tend to stabilize the formation of 1:1 complexes, and II) inactive
diluents such as alkanes or aromatic hydrocarbons that exhibit only lit-
tle interaction and low solubility for the acid-extractant complex [53].

The complexation by a hydrogen-bond-mediated mechanism has the
advantage of being reversible with respect to the aqueous pH. The addi-
tion of hydroxide ions cleaves the complex and the hydrogen succinate
anion can be easily recovered in the aqueous phase as illustrated in
fig. 2.8

The pH-dependent complexation mechanism enables a pH-swing ex-
traction process. However, when acid and base are used to induce the
pH swing concurrently, salt waste is formed. This production of salt
waste is a major challenge and must be overcome by recycling acid and
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Figure 2.7.: Tertriary amines form complexes with succinic acid by hydro-
gen bonds or proton-transfer reactions.
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Figure 2.8.: Back-extraction of succinic acid by hydroxide ion addition

base [63].

The pH-dependent extraction behavior originates from the fact that
in the case of tertiary amines only the protonated form of the carboxylic
acid eg. HoSuc acts on the extraction equilibrium:

KSX
H,Suc + TAM == [H,Suc—TAM]. (2.24)

This results in a mass-action-relationship governing the succinic acid
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extraction by amine-based extractants[64, 65, 62]:

[HySuc—TAM]

RKex =", Suc - TAM

(2.25)

which is coupled to the aqueous pH-equilibrium of the carboxylic acid:

K, _
H,Suc = H* + HSuc (2.26)

pKa2

HSuc™

H' +Suc”. (2.27)

Another way of inducing the pH shift which results in the driv-
ing force for the succinic acid extraction is enabled by coupling the
pH shift created by the water-splitting electrode reactions of wa-
ter electrolysis with the reactive extraction. If the electric cir-
cuit is closed not by protons H' nor hydroxide ions OH but by
other cations such as Li+,NsJL+,I(+,Mg+,C{f,NH4+ or anions like
SO427 , PO437 ,CL—, 00327 the pH of the anolyte and catholyte changes
with the progress of the water electrolysis. In order to differentiate this
kind of electrolysis from proton exchange membrane electrolysis[66] or
alkaline electrolysis[67, 68] this kind of electrolysis is denoted pH shift
electrolysis in the following.

The pH gradient induced by the pH-shift electrolysis can be used
to drive the extraction and back-extraction while the acid and base
are produced and recycled internally. From a process perspective, this
creates an internally closed loop and eliminates salt waste production.
Compared to other electrochemical separation techniques used for the
separation of carboxylic acids[42] the pH shift electrolysis requires fewer
membranes, but the carboxylic acid must exhibit sufficient electrochem-
ical stability to avoid product degradation at the electrodes. In a recent
study investigating the electrochemical degradation of lignin carboxylic
acids, the largest group of products was found, indicating a compara-
tively high resistance to electrochemical degradation [69].
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2.5. Electrochemical stability of bio-based products

2.5. Electrochemical stability of bio-based
products

Electrochemical stability is a prerequisite for the application of pH shift
electrolysis coupled with a pH swing extraction process for carboxylic
acid recovery. Known electrochemical degradation reactions are oxida-
tive C-C bond cleavage|[70], decarboxylation via kolbe-electrolysis[6, 71]
or electroreductive hydrogenation of unsaturated side chains|72].

In addition to carboxylic acids, other relevant bio-based products or
components are sugars, alcohols, amines, and amino acids. Carbohy-
drates are essentially the most commonly used substrate in industrial
biotechnology [1]. Glycerol is an abundant by-product of the biodiesel
industry [73] and amines and amino acids are highly functional biobased
products [18]. The molecules tested for their electrochemical stability
are shown in fig. 2.9.

The electrochemical stability is examined by cyclic voltammetry (CV)
measurements. During a cyclic voltammetry measurement the electrode
potential E of the working electrode is linearly raised and then reversed.
The electric current is recorded and plotted against the working elec-
trode potential. Peaks in the cyclic voltammogram indicate electro-
chemical reactions. Symmetric peaks observed in both the forward and
backward part of each cycle indicate a reversible reaction whereas a
missing peak in either the forward or the backward part indicates an
irreversible reaction [74, 75].

2.5.1. Materials and Methods

CV measurements were conducted in a corrosion test cell from Methrom,
Germany. The working electrode potential was recorded against a mer-
cury/mercurous Sulfate (Hg/HgSO,) HgE10 reference electrode, Sen-
sortechnik Meinsberg, Germany. A reference 3000 potentiostat, Gamry
instruments, United States, was used to record CV data at a scan rate
of 100mV /s. The concentration, the initial pH value, and the supplier
of each compound are stated in table B.1 and table B.2. All solutions
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Figure 2.9.: Bio-based products or substrates

were prepared with 0.2 mol/L Nay,SO, as background electrolyte. The
resolution of the CV scan was also tested with scan rates of 50mV /s
and 20mV /s, which revealed results comparable to the scan rate of
100mV/s. The potential measured in the CV experiments Eoyp was
recorded against the Hg/HgSO, reference electrode and converted first
to the potential against the standard hydrogen electrode (SHE):

Esyp = Fexp + EHg/Hgs0, (2.28)
FEsug = Eexp + 0.66V (229)
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Figure 2.10.: Peaks in the current potential curve indicate electrochemical
reactions.

In order to take the effect of the aqueous pH value into account the
potential vs. SHE is converted to the reversible hydrogen electrode
potential (RHE) that is displayed in the CV curves according to:

Erug = Esug + 0.059 - pH (2.30)

All potentials of the CV curves in the following section are stated in
terms of RHE potential. In the context of this thesis, a component is
considered "electrochemically stable" when the CV curves do not indi-
cate additional peaks or significant deviations from the reference curves
recorded with the electrode in the supporting electrolyte. It does not
necessarily implicate that the tested component is electrochemically in-
ert and does not participate in any electrolytic reaction. But electro-
chemical stability in terms of the targeted pH swing electrolysis means
that the OER and HER are the dominant electrochemical reactions and
that the respective compound does not undergo a significant degrada-

tion.

2.5.2. Results and Discussion

Figure 2.11 displays the CV curves of the respective electrode material
in the 0.2mol/L Nay,SQ, supporting electrolyte.

29



2. Fundamentals of pH swing separations

o
o
®
o
o
®

o
o
>

o o

o o

B

o

o

[N]
®

o
o
[N]

Current density [A cm?]
g
8
S
o
S

Current density [A cm?]
g

o
o
>
o
o
>

0.08 T T 0.08 T T T
-1.5-1.0 -05 00 05 10 15 20 25 -1.5 -1.0 -05 0.0 05 1.0 15 20 25
Potential [V, ] Potential [V, €]
(a) Pt (b) Ir

=4
o
®
o
o
®

=4
o
=3
T
o
o
=

&« &

€ 004 £ 004}

o o

< o02f < 002 4
2 2 a

2 0,00} 2 0.00} -
3 3 b

« -0.02 4 -0.02 4
c C

o g

S-004f 5-004

(&) O

=4
1=
&
T
S
o
=

0,08 bt 10,08 bt
-15 -1.0 05 00 05 1.0 15 20 25 -1.0 05 00 05 10 15 20 25
Potential [V, el Potential [Vl
() Ru (d) Ni

Figure 2.11.: CV scan of sodium sulfate at pH 5.5. Potential recorded vs.
Hg/HgE and corrected for RHE

These curves reveal the features and peaks characteristic of each elec-
trode material. All scans show the beginning of the HER at the negative
potential as well as the (OER) at the anodic potential. The Pt curve also
displays two distinct regions. The peaks close to zero potential (a,b) are
attributed to the adsorption, respectively desorption of hydrogen atom
on the platinum surface [76]. The other peak pair (c,d) indicates the
ad- and desorption of oxygen at anodic potentials [77]. Ir has a small
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2.5. Electrochemical stability of bio-based products

shoulder (a) before the anodic OER likewise attributed to the formation
of adsorbed oxygen species at the electrode surface [78]. Ruthenium has
a multitude of redox equilibria[79] with its oxides and hydroxides that
cause a significant current in the intermediate potential regions between
HER and OER. Lastly, Ni shows small currents indicating the forma-
tion of nickel oxide and hydroxide species in the anodic potential range
(a)[80] and a cathodic peak (b) characteristic for the reduction of the
oxide/hydroxide layers [81].

The CV curves recorded for succinic acid show a pattern similar to
that recorded for the electrodes in the supporting electrolyte. The shoul-
der indicating the formation of the oxide layer on the Ir electrode is more
pronounced in the presence of succinic acid (fig. 2.12b) compared to the
pure supporting electrolyte.

The formation of the nickel oxide /hydroxide layer seems to be affected
by the pH value of the test solution. While it is likewise visible at neutral
pH fig. 2.12d the peak vanishes under acidic conditions fig. 2.13d.

This observation corresponds to the stability diagram of nickel [80].
At pH values below 3 the formation of NiO, /Ni(OH), species is inhib-
ited and Ni/ Ni*" becomes the active redox reaction competing with the
reduction of proton to hydrogen, which is kinetically favored. In addi-
tion to these observations, no significant differences are visible between
the neutral fig. 2.12 and acidic pH fig. 2.13 and the reference curves
recorded in the supporting electrolyte alone. For that reason, succinic
acid is considered to be electrochemically stable.

Like succinic acid, CV scans recorded with dicarboxylic acids itaconic
acid figs. B.3 and B.4 and adipic acid figs. B.1 and B.2 show no strong
indication of electrochemical degradation. (Di-)carboxylic acids poten-
tially undergo electrochemical decarboxylation followed by kolbe and
non-kolbe reactions [6, 82|, electrochemical reduction of side chains [72]
or the oxidative cleavage of C-C bonds [70].

Although the electrochemical conversion of carboxylic acids is known,
the medium-chain length acids exhibit some degree of electrochemical
stability. This finding is supported by reports that identified carboxylic
acids as stable intermediates in the electrochemical decomposition of
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Figure 2.12.: CV scan of succinic acid at pH 6.85. Potential recorded vs.
Hg/HgE and corrected for RHE

organic matter [69, 83].

Lactic acid (figs. 2.15 and 2.16), acetic acid (figs. B.7 and B.8) and
formic acid (figs. B.5 and B.6) reveal less stability against electrochemi-
cal degradation than succinic, itaconic or adipic acid. The most distinct
indications of electrochemical degradation are observed for lactic and
formic acid at platinum and iridium. Formic acid is an active intermedi-

ate in electrochemical reduction CO, and is therefore prone to partici-
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Figure 2.13.: CV scan of succinic acid at pH 2.52. Potential recorded vs.
Hg/HgE and corrected for RHE

pate in electrochemical reactions [84, 85] and likewise, the mechanisms of

electrochemical reactions for lactic acid were reported [86]. Among the

short-chain carboxylic acids, acetic acid revealed the least signs of elec-

trochemical decomposition. Furthermore, acetic acid was identified as

an electrochemically stable intermediate in other studies[69] and could

be considered stable under the conditions tested here.
The CV curves of ethanol fig. 2.17 and glycerol fig. B.9 show distinct
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Kolbe reactions

(b)

Figure 2.14.: Electrochemical decarboxylation of carboxylate anions (a)
[6] and proposed mechanism for the inhibition of the carboxylate radical
formation (b) (own work). In the active buffer range of the carboxylic acids
protons from the OER lower the local pH at the anode surface and prevent
carboxylate adsorption due to protonation.
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Figure 2.15.: CV scan of lactic acid at pH 6.5. Potential recorded vs.
Hg/HgE and corrected for RHE

signs of electrocatalytic activity. Pt and Ni show a strong indication
for reactions at anodic potentials. Ir and Ru do not show indications
for reactions to the same extent, but it is possible that the reactions
are masked by the large surface-associated current. The peaks visible in
fig. 2.17a are similar to the potentials reported for ethanol oxidation [87].
Oxidation of higher alcohols, such as glycerol, is reported to be more
difficult, but also possible, and is used, for example, in direct alcohol
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Figure 2.16.: CV scan of lactic acid at pH 2.12. Potential recorded vs.
Hg/HgE and corrected for RHE

fuel cells [88].

The electrochemical oxidation of alcohols is affected by the pH value
of the supporting electrolyte. A known mechanism that promotes the
electrochemical reactivity of primary alcohols is the deprotonation of the
—OH group at alkaline pH values. The alcoholate anion formed readily
reacts under anodic potentials and forms oxidation products such as
aldehydes, ketones, or carboxylic acids [87].
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Potential recorded vs.

Glucose and fructose are common carbon substrates of industrial
biotechnology [1]. Electro-oxidation reactions of fructose and glucose
are known and could compromise the carbon conversion efficiency of
the overall process if significant fractions are degraded in the separation
process. Reactions are exploited for the qualitative and quantitative
analysis of sugers[89], which is a useful tool for determining the glucose

level in blood samples [90]. With regard to electrochemical pH-swing
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2. Fundamentals of pH swing separations

separations, a degradation of residual sugars is likely. This expecta-
tion is confirmed by the CV curves recorded for glucose fig. B.10 and
fructose fig. B.11. The Pt and Ni curves reveal the characteristic fea-
tures of oxidation reactions at anodic potentials of 1.2 V. With Ir and
Ru the features are less distinguishable and potentially masked by the
capacitive current. Electrochemical oxidation of sugars also produces
carboxylic acids[83] and therefore is a potential source of side products
that must be taken into account in the design of the separation pro-
cess. Consequently, a low residual sugar level would be desirable for a
selective electrochemical pH swing separation process. Otherwise, the
contact of the sugars with the electrode must be prevented by measures
such asmultichamber setups or careful control of the feed flow patterns
in order to prevent sugar-containing broth from direct contact with the
proton-producing anode.

Although the electro-oxidation of both fructose and glucose is known,
fructose revealed more distinct peaks, which indicates a higher reactiv-
ity compared to glucose. This finding corresponds to the higher elec-
trochemical sensitivity reported for fructose on electrochemical sensors
[91, 89]. The higher electrochemical activity of fructose means that with
regard to substrate stability, a glucose-based fermentation would be the
preferred choice.

Whether the degradation of sugars is a relevant reaction, strongly de-
pends on the fermentation efficiency. If no substrate is left after the
fermentation, the electrochemical stability is not relevant. However,
complex substrates often contain non-fermentable sugars that could po-
tentially undergo similar reactions [92]. If electrochemical pH swing
extraction is to be applied in the downstream processing of such fer-
mentation processes, the electrochemical stability of the constituents in
the fermentation broth should be assessed with representative samples.

In addition to carboxylic acids, Amino acids, and bio-based amines
are other important bioproducts of industrial interest and possess pH-
dependent solubility and extraction behavior [93, 94, 95]. For that rea-
son, electrochemical pH swing separation could be applicable to these
classes of molecules as well. Since the separation of amino acids or di-
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amines is not in the scope of this work their results are discussed briefly
in the appendix appendix B.2.

Table 2.1 summarizes the results of this chapter for the electrochem-
ical stability of the investigated bio-products. The dicarboxylic acids
showed no distinct signs of electrochemical degradation. Overall, the
electrochemical stability of the carboxylic acids seems to depend on the
length of the carbon chain. Short-chain acids are less stable than those
with a longer carbon chain. Among the catalysts tested, Ir and Ni ap-
peared to be the most promising anode materials, while Ni and Pt are
considered suitable cathode materials.

The use of noble metal catalysts comes with the issue of high mate-
rial costs. But the development of advanced non-noble metal catalysts
currently in the development for water electrolysis may provide promis-
ing alternatives [96, 70]. Exemplary Ni and Ru-based catalysts could
be an interesting alternative if the operational pH value of the pH shift
electrolysis matches the stability region of the catalyst [80]. In contrast
to PEM electrolysis, pH swing electrolysis does not require the acid sta-
bility of the catalyst normally needed with PEM electrolysis. Ni and
Ru are generally not stable at acidic conditions with pH values of the
electrolyte < 4, respectively < 2 [80, 97] but recently pH universal water
splitting catalysts based on nickel and ruthenium nanostructures were
reported [98].
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2.6. Conclusion

2.6. Conclusion

This chapter introduced the fundamentals of the pH swing induced by
electrolytic water splitting. It discussed the relevance of the aqueous pH
for the reactive extraction equilibrium of tertiary carboxylic acids with
the succinic acid example. The combination of both electrochemically
induced pH swing and the pH value-responsive extraction equilibrium
of carboxylic acids and tertiary amines constitutes the basis of the elec-
trochemical pH swing extraction.

The electrochemical stability of the components targeted in the sepa-
ration is a prerequisite for this concept to work. The electrochemical sta-
bility of twelve components common in bioprocesses was assessed by CV
for four different electrode materials. Although sugars, alcohols, amino
acids, and diamines showed signs of degradation, especially at anodic
potentials, long-chain carboxylic acids did not reveal clear indications
of degradation. Consequently, electrochemical pH swing extraction is
considered a suitable method for succinic, itaconic, and, with potential
limitations, lactic, and acetic acid separation.

The stability classification derived from CV curves provides a valu-
able and fast indication of whether a constituent is electrochemically
stable under the tested conditions. However, it should not be inter-
preted as a rigorous assessment of electrochemical stability, since minor
side reactions can be masked by high capacitive currents or occur at
electrode potentials higher than those tested. However, the presented
method is a valuable tool to quickly assess the processability of more
complex mixtures, such as fermentation broth or product streams with
high concentrations of impurities. The characteristic potentials at which
peaks occur can help to resolve the side reaction and identify potentially

critical impurities.
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3. Factors affecting the reactive

extraction of succinic acid

3.1. Motivation

In section 2.4 the basic principle of the reactive extraction of suc-
cinic acid with tertiary amines from aqueous solutions was intro-
duced. Although the principle has been known for more than 30 years
[62, 99, 100, 101]. The application for downstream processing of bio-
based succinic acid appeared to be challenging. A severe reduction
in extraction performance has been reported for electrolyte-containing
solutions[44], the relevance of the initial aqueous pH value is often dis-
cussed [52, 65, 102] and much attention is paid to extractant and solvent
selection[44, 61, 103].

On the basis of the knowledge about succinic acid extraction with
tertiary amines, the aqueous pH should have extraordinary importance
with regard to the overall extraction yield. However, a systematic anal-
ysis of the parameters affecting the reactive extraction of succinic acid
from electrolyte-containing aqueous solutions in terms of yield and se-
lectivity is currently missing.

This chapter aims to provide a systematic analysis, comparison, and
identification of parameters that have a relevant influence on the reactive
extraction of succinic acid from electrolyte-containing solutions. For this
purpose, a statistically supported design of experiments method (DoE)
is applied to minimize the necessary experimental effort while ensuring
statistically quantified reliability of the results [104].
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3.1.1. Design of Experiments

! Reactive liquid-liquid extraction is considered a key enabling technol-
ogy for the sustainable separation of biobased carboxylic acids such as
succinic acid [105, 106, 61]. It is based on the utilization of reactive
extractants, which are able to form reversible complexes with succinic
acid. These complexes exhibit a higher affinity for the solvent phase
and thereby increase the extraction efficiency [107]. In the case of suc-
cinic acid extraction, tertiary aliphatic amines and phosphorous-based
compounds like tri-n-ocytlamine (TOA) or tributylphosphate (TBP) are
extractants studied intensively [55, 61, 53, 108]. Reactive extraction was
successfully applied for the separation of various other carboxylic acids
such as citric acid [55, 109] lactic acid {110, 111] and purivic acid[112],
as well. However, reports on the successful large-scale applications of
reactive extraction for succinic acid separation are still limited to a few
cases|[113], despite the promising economic potential identified in techno-
economic evaluations [114, 115]. The studies conducted in the past
focused mainly on the selection of extractants and diluents to obtain
high yields or distribution coefficients for the extraction of succinic acid
from artificial aqueous solutions [103, 116, 44]. It was observed that the
extraction yield decreased significantly when extractants and diluents
developed in artificial systems were applied for the recovery of succinic
acid from aqueous solutions containing significant amounts of side com-
ponents such as inorganic anions [44]. Although extraction yields up
to 100% were achieved with artificial aqueous solutions[108|, the maxi-
mum extraction yield reported for extraction of fermentation broth was
70-85% [117, 44]. Product losses of this magnitude are unacceptable, as
they increase the substrate demand and simultaneously the raw material
costs and make the process questionable with respect to sustainability
standards. The presence of salts, respectively, anions was found to be
responsible for the reduction of the extraction efficiency [118, 44, 102].

tParts of this chapter have been published in Gausmann et al. "Reliable Identi-
fication of Relevant Factors for the Reactive Extraction of Succinic Acid from Elec-
trolyte Containing Solutions" SOLVENT EXTRACTION AND ION EXCHANGE
(2023)
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This is a significant drawback since many succinic acid-producing or-
ganisms require a neutral pH during fermentation.

As a consequence of the neutral pH required for fermentation, the
fermentation broth must be acidified prior to extraction. If this is
done by adding strong inorganic acids such as hydrochloric or sulfuric
acid, equimolar amounts of inorganic anions such as SO427 or Cl are
added, limiting the feasible extraction efficiency. In addition, ions from
the nutrient salts and metabolic coproducts may be present after fer-
mentation. Typically, nutrients include NH, ", Na' /K‘ , Ca®' /Mgz‘ ,
HCOg*,CO?)27 and traces of sulfur and phosphorus [19, 119, 120].
Formic acid, acetic acid, lactic acid and ethanol are common side prod-
ucts found in succinic acid fermentation [105, 121|. Although the pres-
ence of coproducts can be reduced by means of microbial engineering,
the presence of inorganic anions is inevitable and is a severe issue for re-
active extraction with tertiary amines like TOA. The underlying effect is
the competitive coextraction of anions by TOA [65]. This co-extraction
is known to depend on concentration, aqueous pH, and the selection
of the diluent. Depending on operational conditions, co-extraction can
completely inhibit the extraction of carboxylic acid [44, 122]. Although
the effect of anion coextraction is known to limit the extraction perfor-
mance, it is rarely considered during the optimization and selection of
suitable extractants and diluents.

3.1.2. Materials and Methods

Screening experiments have the objective of identifying the important
factors with the highest relevance for the considered performance indica-
tors. The straightforward approach of testing all possible combinations
fails when multiple factors have to be studied. Even if only two states
are tested for each factor, the number of possible combinations increases
with a power of 2 for each additional factor. The reactive extraction
of succinic acid is known to be affected by pH, temperature, succinic
acid concentration, type and concentration of diluent, and obviously the
choice of the extractant [123, 124, 125]. Adding the concentration and
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type of anions amounts to a total of eight factors that could influence
the yield and selectivity of succinic acid extraction. This results in 256
experiments required if all combinations are to be tested. Due to the
multitude of possible extractants and diluents, testing only two of each
would yield limited insights into the true impact and prone the experi-
mental study to fail if the selected diluents and extractants are by chance
unlucky choices. Furthermore, strong indications were reported that not
only concentration but also type of anion were relevant for yield and se-
lectivity [44]. Taking the additional factors into account would easily
amount to many hundreds or thousands of experiments required. The
total number of experiments is significantly reduced by applying the DoE
approach. In the design of the experiment approach, the test points are
systematically distributed in the factor space according to plans based
on mathematical considerations. Depending on the type of experiment,
different design plans are available. In the past quadratic design, plans
were already applied to optimize the extraction of carboxylic acids using
response surface methods [126, 127, 128, 56, 129, 130]. In contrast to
the quadratic plans used for optimization, screening plans like fractional
factorial designs or general orthogonal arrays focus on identifying the
main effects. They are not able to cover the factor interaction, but they
have the advantage of drastically reducing the amount of experiments
required. The workflow applied in this study is presented in fig. 3.1 and
is briefly described in the following.
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3. Factors affecting the reactive extraction of succinic acid

1 Scope definition

The scope of this work is to identify operational factors that have an
effect on the yield and selectivity of the reactive extraction of succinic
acid in the presence of inorganic anions. The extraction yield F is
defined as the fraction of succinic acid extracted from the solvent phase
divided by the total amount of succinic acid present in the aqueous phase
prior to extraction:

Morg

Maq,0

E = - 100. (3.1)

The selectivity of reactive extraction is calculated by the mass of suc-
cinic acid extracted divided by the sum of the components extracted. As
the phase volume is constant, the formulation based on concentrations
is equivalent:

Morg,x

S, = -100. (3.2)

Morg,x + Morg,y
The mass of succinic acid, respectively, the anions extracted, was calcu-
lated by mass balance from the concentration measured in the aqueous
phase:[131]

Morg = Maq,0 =~ Mag (3.3)

= Vaq’ocaq,o - Vanaq. (34

2 Factor selection

A total of eight influencing factors were chosen for the study. The se-
lection is based on factors that were reportedly considered in similar
studies, with the addition of the type of salt and electrolyte concen-
tration. Inclusion of factors with known effects also enables quantifica-
tion of practical relevance if a significant effect is observed. The factor
ranges were chosen according to conditions that are practically feasible
for succinic acid extraction. The temperature range is selected between
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25°C and 80°C. 80°C is a likely temperature if heat sterilization is
used to inactivate the biocatalyst prior to extraction and 25°C would
be the minimal temperature obtainable by cooling with cooling water.
The concentration of 60 g L™ is taken as a reasonable upper limit, as a
higher concentration would allow direct crystallization of succinic acid.
20gL_1 is the lower limit expected, for example, in in situ product
removal applications [132]. The extractants (Tri-octylamine (TOA),
Tris-ethylhexylamine (TEHA) and Tri-hexylamine (THA) and solvents
(1-Octanol (Oct) , Methyl isobutyl ketone (MIBK) , 1-Dodecanol (Do-
dec) and n-Hexane (nHex) are chosen as commonly used candidates.
Alternatively, phosphorous-based extractants like trioctylphosphine ox-
ide (TOPO) can also be used for succinic acid extraction [122]. How-
ever, in order to keep the chemical nature of the extraction mechanism
comparable, the investigation is limited to the family of tertiary amine
extractants. The pH is included with two stages at three and five, re-
spectively, as its importance is well known and thus gives a benchmark
for the highest effect expected. The anion effect is tested by the type of
anion (chloride, sulfate, and phosphate) and the total salt concentration
in the range of zero to 1 M covering the range between the absence of
salt and the conditions equivalent to the equimolar acidification by a

strong inorganic acid.

3 Design of experiments

Before conducting the experiments, a suitable design plan must be se-
lected. Depending on the desired outcome and the experimental prac-
ticability, different options are available. Figure 3.2 illustrates the most
popular options for design plans. Two-level fractional factorial or general
orthogonal array designs are well suited for screening experiments. The
quadratic design plans possess the advantage of accounting for interac-
tions and nonlinear relations between the tested factors, which enables
model-based optimization. However, they are impractical to employ
with discrete factors such as the type of solvent, extractant, or anion.
The last group of randomly selected design plans such as Monte Carlo
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3. Factors affecting the reactive extraction of succinic acid

Table 3.1.: Factor settings for screening experiments

- + S} @
Temperature ["C] 25 80
Concentration SA (9L} 20 60
Extractant TOA TEHA THA
Concentration extractant [moZL;; ]10.5 1
Diluent Oct MIBK Dodec nHex
pH § 3 5
Anion SO, POy Cl
Concentration electrolyte [molL;; 11 0.0 0.5 1.0

or space-filling designs requires more experiments to obtain a satisfy-
ing coverage and even distribution of test points in the factorial space.
These designs are only practical for experiments with a high degree of
automation [104]. In conclusion, a general orthogonal design is selected
for the screening experiments.

The design was optimized and evaluated with the R-based DoE pack-
age RemdrLugin.DoE [133]. With the selected design, the 1728 possible
combinations of factor levels are reduced to a set of 72 experiments. The
factor settings were randomized and aggregated in order to minimize the
influence of systematic errors. Each factor setting was tested in dupli-
cate in the equilibrium experiments. Table 3.2 shows a segment of the
experimental plan for factor levels in experiments 47-56. The complete
plan with the factor settings and results is given in table 3.2.

4 Execution ot experiments

Materials: Succinic acid (>99 %) 1-Dodecanole (98%) and TOA
(95%) were obtained from Alfa Aesar, USA. 1-Octanol (>99%),
MIBK (>99 %), and TEA (>99 %) were purchased from Merck KGaA,
Germany. n-Hexane (98 %) and Sulfuric acid (95%) and Sodium
sulfate (99.4 %) was purchased from VWR, Germany. Sodium chloride
(>99.5%), and Di-potassium phosphate were supplied by Carl Roth,
Germany, while Sodium hydroxide (98 %) and TEHA (>97%) were
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3.1. Motivation

Figure 3.2.: lllustration of a design plan for three factors and the fac-
tor setting of each test point. a) Screening plan made up of orthogonal
combinations of the minima and maxima of each factor. b) Quadratic de-
sign plans for polynomial optimization, central-composite design (left), and
Box-Behnken design (right). c) Random approaches Monte Carlo (left) and
space-filling design (right).

supplied by Sigma Aldrich, Germany.

Equilibrium measurements: Aqueous and organic stock solutions
were prepared according to the settings in the design plan. The organic
phase was preliminarily saturated with water to minimize changes in
phase volume during extraction. 10 ml of the separately prepared aque-
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3. Factors affecting the reactive extraction of succinic acid

Table 3.2.: Exemplary segment of the orthogonal design plan for experi-
ments 47-56 with factor settings.

47+

+ - o ©
8 - + - - @ + e +
9 + - - + e - + -
50 - - -+ @ - © +
51 -+ + - @& - e -
52 - + - - 4+ - + e
5 + + e + - - e e
54 - + + - e + + +
5 - - 4+ + + + - e
56 + + + - @ - - ©

ous and organic phases were filled into PTFE tubes, sealed, and thor-
oughly mixed by shaking at 350 rpm in an HLC Thermomixer MHR
23 thermoshaker for 4 hours at the selected temperature. The sam-
ples were then centrifuged for 15 minutes at 2250 rpm to separate the
phases. Next, the aqueous phase was extracted, and samples were drawn
for concentration measurement by HPLC, and the density and pH were
measured. Density was measured in a DAS 48 analyzer from Anton
Paar KG and for pH measurement, a pH 1100L pH analyzer from VWR
was used. After the removal of the aqueous phase, the solvent phase
was extracted twice again by adding sodium hydroxide solution 10 mL
5M. For both back extractions, 10 ml of 5 molar sodium hydroxide
solution is added to the organic phase and the sample is shaken for two
and twelve hours at 350 rpm in the thermoshaker. Phase separation and
sample analysis were performed with the same procedure as extraction
experiments. With the measured concentration and phase volumes, the
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3.1. Motivation

overall mass balance was calculated.

mgy = Mgeq + MBE

mpg =Mpgp1t+tMpBgE2 (3.6)
mo—Mmpg —M
Mepy = mo - (37)

The second back extraction step was considered the control to check
whether all succinic acid was completely recovered from the solvent
phase.

Analytical methods: The succinic acid concentration was deter-
mined by an Agilent 1100 series HPLC (Ratingen, Germany), equipped
with an Organic Acid resin column (250 x 8 mm, CS Chromatography,
Langerwehe, Germany). The succinic acid signal was recorded with a
refractive index detector(RID) G1362A. 10mM sulfuric acid solution
10mM was used as eluent at 0.5mlmin~" flow rate and a column tem-
perature of 60 °C. All concentrations were determined in grams per liter
of solution. The concentration of succinic acid in the aqueous phase was
determined by HPLC Agilent 1100. Each HPLC sample was analyzed
twice.

5 Statistical data evaluation

The data recorded for extraction yield and selectivity are given in ta-
ble C.1. It was first evaluated by an analysis of variance (ANOVA) to
identify factors with a statistically significant effect on the succinic acid
extraction yield and on the selectivity toward anion co-extraction. Fol-
lowing the identification of factors with statistically significant effects,
a multilinear regression is used to quantify the relevance of each factor
in the results. The basis of the statistical analysis is the null hypothesis
that says that the investigated factor has no effect on the results. If the
null hypothesis is true, a deviation from the factor level would not cause
any change in the results [104]. However, if a deviation in the results is
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3. Factors affecting the reactive extraction of succinic acid

observed, the F-value and p-value determined by the ANOVA give the
significance level of the observed effect. The principle is illustrated in
fig. 3.3 An effect is considered statistically significant when the p-value

+ - +

Factor A Factor B

Figure 3.3.: Factor A does not have an effect on Y as results are evenly
distributed independently of the factor level. For factor B a statistically
significant trend is observed between the levels.

is < 0.05 [126]. With a p-value < 0.05 the probability of falsely verifying
an effect while there is in fact none is below five percent. The codes for
the significance level of an effect is given in table 3.3.

Table 3.3.: Significance codes

|0 < p < 0.001
**1.0.001 < p<0.01
* 0.01 < p<0.05
’ 0.05<p=<0.1
ns 0.05<p=s1

3.2. Results and discussion

The experiments are evaluated with regard to the yield and selectivity of
succinic acid extraction. The objective of ANOVA is to identify factors
that show a statistically significant effect on the results. Identifying the
factors with the largest impact on the results is beneficial in directing the
focus of future studies on extraction behavior to the important factors.
The maximum yields measured in the experiments are shown in fig. 3.4.
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3.2. Results and discussion

The highest yield of 76 % was observed for experiment no. 3 with THA
and MIBK as solvents. The highest yield recorded for the commonly
used TOA in the 1-octanol extraction system was 63 %. It should be
noted that at the lower pH level, which was selected at 3, a major fraction
but not all succinic acid was available for extraction. The higher pH
probably explains the lower extraction yield compared to values in the
range of 78 %-95 % which are reported in the literature [44].

100

8ol MIBK i
o\: Oct
o Dodec
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Figure 3.4.: Maximum yields observed in the DoE experiments

3.2.1. Main effects on yield

A statistically significant effect was observed on the yield of succinic acid
extraction for pH, anion type, and extractant and diluent type (fig. 3.5).
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3. Factors affecting the reactive extraction of succinic acid

On the other hand, no statistically significant effect was observed for
the concentration of amine in the organic phase, the concentration of
succinic acid in the aqueous phase, the concentration of ions in the
aqueous phase, and the temperature (fig. 3.6). The orthogonal design
plan also enables the investigation of effects within a group of one-factor
factors, for example, the different types of anion present or the kind of
extractant used.

Strong significance was found for the effect of the aqueous pH. This is
in line with the known extraction mechanism for succinic acid extraction
[134, 65, 108]. Only protonated succinic acid or hydrogen succinate
with a proton is available for extraction; therefore, at pH 5 only a small
fraction of the succinic acid can bind to the extractant. The significance
level determined for the pH effect is the highest of all factors. This
highlights the extraordinary importance of closely monitoring pH during
the extraction of succinic acid. The results demonstrate that at an
unfavorable pH, the extraction is easily limited by the equilibrium of
succinic acid.

The limitation of the equilibrium of the aqueous pH cannot be over-
come by the variation of other factors. The choice of the extractant
has a significant effect on extractants with a steric hindrance like TEHA
[65]. The difference between TOA and THA is small and not significant.
Comparison of the results for extractant and diluent reveals a trend that
more polar extractants or diluents tend to foster higher extraction yield.
This trend was also reported before and is attributed to the ability of the
diluent to stabilize the extractant-acid complex [62, 44]. The reduced
yield observed with dodecanol is likely due to the formation of a third
phase that occurs in the experiments. Active diluents with long alkyl
chains and alkane extractants such as n-hexane show a poor solubility
for the acid amine complex and tend to form a third phase [44, 57, 53].
Furthermore, the solubility of water in the organic phase is considered
relevant as it also stabilizes the complex [135]. For both amine and
extractant, the known effects were correctly identified by the screening
method.

Interestingly, the type of anion has a significant effect on the extrac-
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Figure 3.5.: pH (a), anion (b), extractant (c), and diluent (d) show a
significant effect on the extraction yield.

tion yield as well. While there is no difference between sulfate and
phosphate, chloride ions have a significant negative effect on the extrac-
tion yield. The negative impact of chloride ions was also reported by
Kurzrock et al [44]. It may be attributed to the different charge densities
and ion sizes. Sulfate is present mainly as bivalent SO427 at the inves-
tigated pH and phosphate, although present in its monovalent HoPO,
form, is a larger ion compared to chloride. Consequently, the small chlo-
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3. Factors affecting the reactive extraction of succinic acid

ride ion may bind more easily to a protonated amine and form stable
ion-amine complexes. Therefore, the number of chloride ions in the aque-
ous phase should be limited if reactive extraction is employed to recover
succinic acid from aqueous solutions. This leads to two conclusions:
First, the use of hydrochloric acid for acidification before extraction
should be avoided if amine-based extractants are to be used. Second,
the use of chlorine-based nutrient salts during succinic acid fermenta-
tion should be minimized or preferably completely avoided. Phosphate-
or sulfate-based nitrogen sources appear to be the better choice in this
case. Especially when reactive extraction is intended for in-situ product
removal during the fermentation [57, 132, 136].

The extractant concentration and the initial concentration of succinic
acid do not reveal a significant effect on the yield fig. 3.6. This confirms
that the experiments were conducted below the capacity limit, just as
intended. Exceeding the stochiometric ratio of 1:1 succinic acid per
amine causes the formation of acid-base complexes of higher order, like
2:1 [64].

Surprisingly, the total concentration of ions only has a small effect on
the yield at the level of 0.5 M. By increasing the ion concentration to
1M the yield increases simultaneously. This effect is likely caused by
salting-out phenomena at high ion concentrations. The characteristics of
the salting-out effect could also explain the smaller effect of sulfate and
phosphate ions on extraction yield, as they exhibit a stronger salting-
out behavior compared to chloride ions [137]. However, the presence of
anions always reduced the maximum extraction yield fig. 3.7.

In contrast to previous studies, no significant effect of temperature is
observed [100]. According to other reports[125, 112], we conclude that
the effect of temperature is negligible for the extraction of succinic acid
by tertiary amines. The results of Sprakel et al [138]. confirm the limited
effect of temperature on the extraction equilibrium, as poor performance
was found for temperature-swing extraction processes.

The identification of factors with insignificant effects and the differ-
entiation from factors with significant effects allows one to focus on the
important parameters that actually have an impact on the results in
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Figure 3.6.: Concentration of extractant (a), succinic acid (b), electrolyte
(c), and temperature (d) have no significant effects on SA extraction yield.
Siginificance code for p = 0 "***' 0.001 **' 0.01 '*' 0.05"." 0.1 " "1

future studies. As long as overload conditions are avoided, the results of
extraction experiments are unlikely to be affected by the concentration
of amines in the organic or succinic acids in the aqueous phase. The low
significance of the effect of electrolyte concentrations can be partially
explained by salting-out phenomena.
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Figure 3.7.: The presence of anions reduces the achievable extraction yield
for all active diluents. # denotes experiments with similar settings as the
reference but with additional anions.

3.2.2. Main effects on selectivity

Maximizing extraction yield is an obvious objective when designing re-
active extraction systems. But considering the latter application a se-
lective separation is mostly always desired, too. Especially when the
intended application is for product recovery in the field of biotechnolog-
ical downstream processing. Although the coextraction of anions with a
carboxylic acid is a known phenomenon, knowledge about the underlying
factors that actually influence the selectivity is limited. Identification
of these factors enables the targeted optimization of reactive extraction.
Therefore, the results from extraction experiments containing 0.5 M or
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3.2. Results and discussion

1M electrolytes were analyzed for selectivity as well. ANOVA revealed
that the extractant, the diluent, the concentration of amines in the or-
ganic phase, the temperature, and the type of anion present in the aque-
ous phase do not show a statistically significant effect on the selectivity
of succinic acid extraction fig. 3.8. There is a minor indication that selec-
tivity might improve with MIBK compared to n-hexane, but significance
is at the upper limit of becoming insignificant fig. 3.8 (c). However, since
the highest yield for succinic acid extraction was obtained with MIBK,
it could be a possible alternative to the commonly used TOA in the
l-octanol extraction system. Interestingly, the type of anion does not
show any significance for the selectivity, as expected from the results
for the yield fig. 3.5. This can be caused by the lower number of data
points available for the evaluation of the selectivity. The design plan also
considers experiments with no electrolyte concentration, which cannot
be evaluated for selectivity. In contrast to the 144 data points from
72 factorial combinations available for the evaluation of the yield, only
94 data points are available for the evaluation of the selectivity. This
may not provide a sufficient data set to differentiate the effect of the ions
species on the selectivity. Comparing only results from extraction exper-
iments with elevated ionic strength against each other has the drawback
that only extraction experiments with already compromised extraction
performance are considered. This can further mask the anion-specific
effect. The striking finding for selectivity is that both the extractant
and the diluent do not show a significant effect fig. 3.8 (a) and (b). As
a consequence, the feasible improvement of the extraction selectivity by
extractant and solvent optimization is likely limited by the number of
mong extractants of similar chemical nature. In this study, only tertiary
amines were considered to keep the extraction mechanism comparable.
It should be taken into account that this finding cannot be generalized
to extractions that differ in their extraction chemistry. For example,
phosphine-based extractants such as trioctylphosphine oxide reportedly
showed a much different extraction behavior and are a promising class
of extractants for recovering carboxylic acid from solutions containing
large amounts of inorganic anions [122, ?].

61



3. Factors affecting the reactive extraction of succinic acid

For three of the investigated factors, a significant effect is identified
on the selectivity of extraction. The highest level of significance was
found for the concentration of succinic acid fig. 3.9 (¢), followed by the
ion concentration fig. 3.9 (b), and the pH fig. 3.9 (a). The effect of the
pH appears consistent with the findings for the yield, as at lower pH a
larger fraction of the succinic acid is available for extraction.

The significant effects identified for both the electrolyte concentration
and the succinic acid concentration give an indication of where optimiza-
tion efforts focused on selectivity should start. The high significance of
the effect caused by pH and concentration also requires a careful de-
termination of these measures when conducting extraction experiments.
Any inaccuracy in the experimental execution or measurement of these
parameters will likely cause erroneous results.

The differentiation between factors with and without a statistically
significant effect allows us to focus on important factors for future opti-
mization efforts. Factors that show only insignificant effects are unlikely
to provide a major potential for the improvement of yield or selectivity.
However, a statistically significant effect does not require that the factor
have practical relevance.

3.2.3. Identification of main impact factors

An indicator of practical relevance is the t-value obtained from a mul-
tilinear regression. The t-value can be interpreted as a polynomial co-
efficient for each factor. A high t-value causes a high sensitivity of the
result toward changes in the factor level. As a consequence, high t values
indicate high practical relevance of the respective factor. The identifi-
cation of factors with statistically significant effects followed by ranking
the factors considered by their t value identifies the main factors that
actually have a significant impact on the results.

The absolute t-values obtained from the regression are presented in
fig. 3.10. It is obvious that factors with highly significant effects are
prone to have a relevant impact on the results, as well. However, a
significant effect does not require a relevant impact and vie versa. This
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is the case for the electrolyte concentration with regard to yield and the
extractant with regard to selectivity. In order to draw solid conclusions,
both statistical measures should be taken into account.

With regard to the yield fig. 3.10 (a) an outstanding relevance of the
aqueous pH is confirmed [64, 111]. Next, the type of diluent and extrac-
tant shows a relevant impact and a significant effect. This means that, in
order to good extraction yields, controlling the aqueous pH is a manda-
tory task, and selecting the right extractant and diluent can improve the
overall extraction performance. The presence of electrolytes has a mi-
nor, but non-negligible, impact. As indicated by the low significance, no
practical relevance of the temperature was found. The practical conse-
quence thereof is that precise control and measurements of the aqueous
pH are crucial in order to get meaningful and reliable results in succinic
acid extraction experiments. However, controlling the temperature is
not as critical, and due to the low significance and relevance of its effect
may allow extrapolation of the results determined at one temperature
to other temperatures within the tested temperature range. As a con-
sequence, the much stronger dependence of the extraction yield on the
pH value of the aqueous phase compared to the temperature suggests
that the stripping of succinic acid from the extractant by pH-swing is
expected to work much better than stripping by temperature swing. A
study by Sprakel et al. confirms that solvent regeneration by temper-
ature swing alone was insufficient and the addition of an anti-solvent
was required to achieve satisfactory removal of succinic acid from the
extractant [138].
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Figure 3.10.: Ranking of the factors according to the absolute t-values for
yield (a) and selectivity (b).

Although the selection of extractant and diluent provides an optimiza-
tion parameter with feasible potential for improvements in the extrac-
tion yield, the viable improvements on the selectivity appear limited.
Extraction selectivity is mainly affected by the concentration of succinic
acid and the electrolyte in the aqueous phase.

The high significance and relevance of the concentration and the ratio
of succinic acid and electrolyte concentration is an indication that the
co-extraction of inorganic anions also follows a mass-action relationship.
In addition to the commonly used mass action relationship eq. (2.25)
used to describe carboxylic acid extraction with tertiary amines[111, 64]
the competing mass-action relationship for mineral acid extraction must
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be taken into account.
Eyal and Canari suggested that mineral acid extraction by amine-
based extractants is caused by proton transfer to the amine:

K?’I
TAM + H® &= H-TAM", (3.8)

followed by an ionic complexation of the mineral acid anion:[65]

Ka~ BEx

H-TAM" + A~ [H-TAM -A"] (3.9)

Thereof, the mass-action relationship for anion extraction by ion-pair
formation with the protonated fraction of the amine
[H-TAM" -A7]

Ka- gy = , 3.10
ABX T TH-TAM* - A- (3.10)

follows. The protonation of the amine is pH dependent and amine pro-
tonation eq. (3.8) also follows a dissociation equilibrium

H-TAM"
K,=——. 3.11
" TAM-H* (3.11)
The fraction of protonated amine 3 is calculated as
H-TAM"
8= AN (3.12)
_ H-TAM" (3.13)
~ H-TAM* + TAM’ '
(3.14)
which results with eq. (3.11) in
K, -H"
=" 3.15
b K, -H"+1 (3.15)

Inserting eq. (3.13) into eq. (3.10) yields the mass-action relationship
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3. Factors affecting the reactive extraction of succinic acid

for anion extraction with regard to anion concentration, pH, and total
amine concentration.
[H-TAM" —A7]

KA~ px = 1
AT G TAM, g - A” (3.16)

The proposed mass-action relationship can explain the trend observed
in the experiments but is based on an idealized model of the extraction
equilibrium. Especially the assumption of 1:1 stochiometry between
amine and succinic acid only holds for conditions where the total suc-
cinic acid to amine ratio is below that value and no overloading of the
amine occurs. At a higher acid-to-amine ratio, the stoichiometry of
the carboxylic acid-amine interaction becomes more complex as the for-
mation of 1:2 and 2:1 complexes can occur [111]. But especially with
active diluents, the 1:1 complex is the most prominent and thus the
most relevant one [64]. A rigorous quantitative description of the ex-
traction equilibrium requires more detailed considerations of the exact
stoichiometry, but the simplified model can already be used to derive
some practical recommendations. The identified mass-action relation-
ship has three consequences for the application of reactive extraction for
the separation of succinic acid from ion-containing aqueous solutions.
First, anion extraction requires prior protonation of the amine. As pro-
tonation of the amine depends on the amine basicity and the aqueous pH
it is expected that the co-extraction of inorganic anions is more severe
at a low aqueous pH. For this reason, the often found recommendation
that reactive extraction requires acidification of the aqueous solution to
low pH[113, 139] should state more precisely that reactive extraction
requires the pH of the aqueous phase to be as low as possible in order
to have as much protonated succinic acid as possible, while the pH of
the aqueous phase must also be as high as possible to avoid protonation
of the extractant. Both limits would frame a pH window where efficient
operation of the reactive extraction of succinic acid is possible. Second,
high concentrations of inorganic anions should be avoided in the feed of
the extraction step, as they would inevitably compromise the feasible ex-
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traction performance. Therefore, it is recommended to avoid the direct
addition of inorganic acids for acidification prior to reactive extraction
and preferentially uses ion exchange processes[108] or electrochemical
methods[42, 140] to adjust the pH of the aqueous phase. Third, the se-
lection of the diluent enables adjustment of the protonation propensity
of the extractant. Active diluents such as 1-octanol or 1-decanol pro-
mote proton transfer to the amine [134]. Although this feature yields
good performance in artificial systems[44, 141, 142| the application of
reactive extraction to real fermentation broth requires diluents that are
less prone to promote proton transfer.

3.3. Conclusion

The presented DoE method enabled rational screening and identification
of main factors with a relevant impact on the yield and selectivity of a
reactive extraction that features tertiary amines for the separation of
succinic acid from aqueous solutions in the presence of inorganic anions.
Aqueous pH was identified as the most significant and relevant factor
for the extraction yield. The factor ranking obtained from the screen-
ing experiments revealed that a limitation caused by the aqueous pH
cannot be compensated by other factors. For this reason, careful con-
trol and determination of the aqueous pH become crucial aspects when
conducting reactive extraction experiments. Minor errors in aqueous
pH will probably outweigh the effect caused by other factors. Likewise,
the process performance of a reactive extraction used to recover succinic
acid will be readily compromised by improper control of the aqueous pH
value. Beyond that, the strong impact of pH indicates that pH-swing
methods are well suited for stripping succinic acid from the extractant
to regenerate the solvent.

The notable sensitivity of the selectivity toward concentration levels
is interpreted as the result of a mass-action relationship describing the
co-extraction of anions by tertiary amines at low aqueous pH. An impli-
cation of the derived mass-action relationship is that efficient reactive
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extraction of succinic acid is expected within a pH range framed by the
succinic acid dissociation equilibrium and the protonation of the extrac-
tant. In accordance with previous studies, chloride ions were found to
have the most negative impact on extraction yield. Furthermore, a high
concentration of any anion had a negative impact on the extraction yield.
For this reason, anion-free methods are required for the acidification of
pH-neutral fermentation broth prior to reactive extraction.

Electrochemical pH-swing processes are potential solutions for that
purpose. The electrochemical pH-shift induced by water electrolysis
enables acidification without adding more anions to the system. For
that reason, electrochemical pH control is regarded as a promising tool
for enabling efficient reactive extraction processes for succinic acid sep-
aration. The next chapter demonstrates the proof-of-concept for the
electrochemical pH-swing extraction of succinic acid.
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4. Electrochemical pH-swing

separation of succinic acid

¢ Chapter 3 highlighted the importance of the aqueous pH value for the
reactive extraction of succinic acid. The experimental results showed
that in order to obtain high extraction yields acidification without the
addition of further anions is required. In this chapter, the concept of
electrochemical pH-swing separation is developed and demonstrated as
a proof-of-concept experimentally with the example of succinic acid.

The newly developed separation process enables the recovery of crys-
talline succinic acid from diluted aqueous solutions while overcoming
the need for acid and base addition so far required for controlling the
pH and thus eliminating the issue of equimolar production of salt waste
with the processed succinic acid [19, 63]. The electrochemically oper-
ated pH-shift is coupled with separation steps and thus produces the
required acid and base by integrated water electrolysis. Thereby the
suggested process allows the operation of the fermentation at optimal
pH for maximal space-time yield. In the long-term perspective, elec-
trochemical unit operations provide a way to utilize electricity for the
purification of carboxylic acids.

4.1. Motivation

As discussed in section 2.3, maintaining thermodynamically favor-
able conditions for product export is crucial for maintaining a well-
performing succinic acid fermentation. However, the excessive use of

fParts of this chapter have been published in Gausmann et al. "Recovery of
succinic acid by integrated multi-phase electrochemical pH-shift extraction and crys-
tallization" (2020), Separation and Purification Technology
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4. Electrochemical pH-swing separation of succinic acid

base and acid in the downstream processing of succinic acid compro-
mises the competitiveness of the bio-based production route [143]. The
reactive extraction of succinic acid is considered a favorable separation
method but also requires acidification before the extraction step if the
fermentation is operated at near neutral pH [54, 61].

Bio-electrochemistry can overcome these difficulties by merging tradi-
tional fermentation with electrochemical methods [144]. Promising stud-
ies were conducted for the electrolytic extraction of fatty acids whereby
the pH of the fermentation was controlled without additional base [38].
Also electrolytic extraction of short-chain carboxylic acids with subse-
quent esterification showed the potential to obtain bio-based fine chem-
icals by bio-electrochemical methods [37]. Direct electro-membrane ex-
traction was also demonstrated for succinic acid production with promis-
ing results, yet process performance was limited by membrane-fouling
[40].

In the following, an electrochemically driven pH-shift separation tech-
nique for the recovery of crystalline succinic acid from initially pH-
neutral aqueous solution by a sequence of electrochemically operated
extraction, back-extraction, and crystallization steps is presented. The
separation process is founded on three main functionalities, spatially sep-
arated generation of pH gradient by water electrolysis and ion exchange
fig. 4.9(a) [45], reactive extraction / back-extraction fig. 4.9(b), and
fig. 4.9(c) pH-dependent solubility of succinic acid species and thereby
pH-shift crystallization [21].

In order to close the electric circuit, ion transport between the
anode and cathode chamber must be possible. In the most frequently
employed setup, the ions transferred are either OH in alkaline
electrolysis or H' in acidic proton exchange electrolysis [45]. In
contrast, when the electric circuit is closed by the transport of ions
like K™, Na", SO427, PO437,C17, the formed H and OH  ions remain
in the respective compartment and thus alter the pH value of the
solution near the electrode. The production of chlorine and sodium
hydroxide solution from sodium chloride via chlorine-alkali electrolysis
is a well-known example of a process featuring this principle [145].
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4.1. Motivation

The electrochemical pH-swing extraction utilizes the H™ and OH
to trigger the reversible binding of the succinic acid with the tertiary
amine as presented in fig. 2.7 and fig. 2.6. The efficiency of the
electrochemically triggered pH-swing separation of succinic acid is
defined as the molar ratio of separated succinic acid An. and the
number of ions (H™ /OH") produced in the electrolysis as calculated
with faraday’s law eq. (2.12).
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Figure 4.2.: Region of operational pH values for succinic acid fermentation
and separation

H" and OH produced in the electrolytic half-cell reaction act on
the aqueous pH equilibrium and shift the dissociation state of the
succinic acid fig. 4.2. This enables the conversion of succinic acid
from the succinate form present at neutral pH to the protonated
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4. Electrochemical pH-swing separation of succinic acid

succinic acid form which is then available for extraction [54, 118]. In
addition, the protonated form of succinic acid has a lower solubil-
ity than the ionic species, which enables electrochemically induced
crystallization of the acid [21, 146]. The principles of pH-swing reac-
tive extraction and back-extraction are described in detail in section 2.4.

4.2. Materials and Methods

In order to provide an experimental proof of principle, extraction, back-
extraction and crystallization of succinic acid were investigated sepa-
rately based on artificial aqueous solution.

4.2.1. Chemicals & Materials

Succinic acid (99 %) and tri-n-octylamine (TOA) (95%) were sup-
plied by ThermoFisher, Kandel, Germany. Sodium hydroxide (NaOH,
97 %) and di-sodiumsuccinate (for synthesis) were provided by MERCK,
Darmstadt, Germany. Sodium sulfate (Na2S04, 99 %) was obtained
from Sigma Aldrich, Darmstadt, Germany. An EA-PS8360-10T power
source from Elektro-Automatik GmbH & Co. KG, Viersen, Germany
was used for electrolysis. In reactive extraction experiments anode and
cathode chamber were separated by a porous glass membrane obtained
from Robu Glasfilter, Hattert, Germany, measuring 25mm in diame-
ter and 3mm in thickness with porosity grade 4 (10-16 ym). In or-
der to prevent anion migration in back-extraction and crystallization,
a cation exchange membrane Fumapem 14100 provided by Fumatec,
Bietigheim-Bissingen, Germany was used as separator for the electrol-
ysis chambers in these experiments. Platinum coated titanium anodes
and ruthenium mixed metal oxide coated titanium anodes were provided
by MAGNETO special Anodes B.V., Schiedam, Netherlands. Stripes of
nickel sheet with 99 % metal purity were used as cathodes. The active
side of all electrodes measured 25 x 40 mm. Nickel electrodes were se-
lected because of their recent successful employment for electrochemical
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4.2. Materials and Methods

production of carboxylic acids [69]. Ruthenium oxide and platinum are
known highly active catalysts for the OER, whereas ruthenium oxide
exhibits high catalytic activity and platinum is considered to be more
stable catalyst compared to ruthenium oxide [147]. Because TOA is able
to extract ruthenium from acidic aqueous solutions[148| Platinum was
selected for extraction and back-extraction experiments and the appli-
cation of ruthenium oxide electrodes was limited to crystallization.

4.2.2. Analytical Procedure

Samples were drawn from the aqueous phases of the anode and the
cathode chamber, filtered by a syringe filter with pore size of 20 pm
supplied by Macherey Nagel, Diiren, Germany. Concentrations of suc-
cinic acid were determined by Agilent 1100 series HPLC, equipped with
an organic acid resin column (250 mm X 8 mm, LC-OrganicAcid-CS-E,
CS Chromatography) operated at 40 °C. A diode-array detector (DAD)
G1315A was used to record the succinic acid signal at 210 nm wave-
length. 2.5 mM aqueous sulphuric acid at a flow rate of 0.7 mL min "
was used as eluent and sample injection volume of 5pL was selected.
pH was measured with a VWR pHenomenal pH1100L pH-meter. Error
bars in the figures indicate analytical accuracy. Crystal size distribu-
tions were measured with the Camsizer X2 by Retsch technology using
the free fall method. Pictures of crystal morphology were taken with an
OLYMPUS DP25 microscope.

4.2.3. Experimental Procedure

Extraction: Electrochemically induced extraction was conducted in
batch-mode electrolysis. The initial experiment (exp. 1) was repeated
with similar settings in exp. 2. In both experiments, electrolysis was
run for 6h under amperostatic conditions. A nickel cathode (-) was
paired with a platinized titanium anode (+), both having an active
electrode surface of approximately 10 cm®. The anode and cathode
chambers were separated by a porous glass membrane. An aqueous
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4. Electrochemical pH-swing separation of succinic acid

Figure 4.3.: Experimental two electrode setup used for the pH-swing sep-
aration experiments comprised by H-cell type glasses connected via an ion
conducting separator (1). (2) magnetic stirring bars, (3) electrodes and (4)
dispersed extractant.

solution containing approximately 47 gL_1 of succinic acid and 0.4M
NaySO, as background electrolyte was prepared. The initial pH was
adjusted to pH 7(1) by the addition of sodium hydroxide. 115mL of
this solution were filled into the anode chamber and 155mL to the
cathode chamber. 40mL of an organic solvent containing 50 w/w% of
1-Octanol and 50 w/w% TOA were added as extractant to the anode
chamber. Prior to the electrochemically induced extraction, phases
were equilibrated by rigorous stirring for 30 min. The temperature was
held at 25°C by a water bath. Electrochemically induced extraction
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4.2. Materials and Methods

was carried out under amperostatic operation at a current of 0.3 A
and thorough stirring throughout the 6h experiment. Every hour
pH was measured and a sample was drawn from each chamber and
analyzed by HPLC. Subsequent to electrolysis, succinic acid was back
extracted from the organic phase by the addition of 3.7 g solid sodium
hydroxide. After back-extraction, concentration in the aqueous phase
was determined by HPLC in order to close the mass balance and
quantify any loss of succinic acid.

Back-Extraction: Electrochemically induced back-extraction was
demonstrated in exp. 3 and repeated with similar settings in exp. 4.
For back-extraction, a ruthenium oxide anode was paired with a nickel
cathode, while back-extraction was conducted in the cathode chamber.
Both chambers were separated by a cation exchange membrane, which
was exchanged after each run. Again, an aqueous solution initially
containing approximately 50 gL_1 succinic acid and 0.4M NaySOy
as background electrolyte was prepared as catholyte. 115mL of this
aqueous electrolyte and 40 mL organic solvent containing 50 w/w% of
1-Octanol and 50 w/w% of TOA. Both phases were thoroughly stirred
at 25°C overnight to establish extraction equilibrium. Afterward, the
mixture was filled into the cathode chamber, and 155mL aqueous
electrolyte containing 0.4 M NaySO4 was filled into the anode chamber.
The same operating temperature, electrical current load, and sampling
procedure, as stated for extraction experiments, were used. Wetting
of the nickel cathode by the organic solvent was prevented by stirring
thoroughly.

Crystallization: Electrochemical pH-shift crystallization experi-
ments (exp. 5 and exp. 6) were conducted using a ruthenium-coated
titanium anode paired with a nickel cathode. The anode and cathode
chambers were separated by a cation exchange membrane. The cathode
chamber was filled with 0.5 M of Nay,SO, as background electrolyte.
The anolyte additionally contained 125 gL_1 succinic acid and pH was
adjusted by sodium hydroxide addition to an initial value of 4.15. Both
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4. Electrochemical pH-swing separation of succinic acid

cells were tempered to 20°C and stirred by magnetic stirring bars.
Electrolysis was run under amperostatic conditions at 0.5A for the
duration of the experiment. Every thirty minutes a sample was taken
from each chamber. The pH was measured at the beginning and at the
end of the experiments. The course of the pH was calculated assuming
the H' production correlates linearly with the applied current. After
terminating the electrochemically induced crystallization, the white
crystalline product was filtered by a paper filter with retention size
8-12pm, dried and the crystal size distribution was determined by the
Camsizer X2. Crystal purity was determined by dissolving defined
amounts of dried crystals in bi-distilled water and comparing the
concentration determined by HPLC with the initially weighed portion.

Simultaneous Crystallization and Back-Extraction: Exp. 7
and 8 demonstrate the coupling of back-extraction and simultaneous
crystallization. The anolyte was prepared by adding di-sodiumsuccinate
and succinic acid at a molar ratio of 2:1 to a 0.4 M NaySO, electrolyte,
which yielded a succinic acid solution with an initial pH of 4.11 and
a total succinate concentration of approximately 120 gL_l. In order
to demonstrate that an increase of concentration can be achieved by
electrochemical back-extraction, an organic solvent loaded with succinic
acid was prepared by equilibrating an aqueous solution containing 0.4 M
NayS0,4 and 50 gL_1 succinic acid overnight. For back-extraction, a new
aqueous catholyte was prepared from NaySOy (0.4 M) and succinic acid
as well as di-sodiumsuccinate at a molar ratio of 1:1 yielding a solution
with approximately 50 gL_1 total succinic acid at pH 4.54. 20 mL of the
loaded solvent were added to 96 mL of this freshly prepared aqueous
catholyte and electrolysis was started. During the experiment, both
cells were tempered to 20 °C and stirred by magnetic stirring bars. The
current was kept constant at 0.3 A for the duration of the experiment.
Every hour a sample was taken from each chamber and the pH was
measured. The obtained crystals were filtered, dried, and purity was
assessed as stated before.
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4.3. Results and Discussion

4.3. Results and Discussion

4.3.1. Extraction

Figure 4.4 shows the concentration of succinic acid and the pH value in
the aqueous phase over the electrical charge introduced to the system
in two experimental runs. With increasing electrical charge, the initial
loading of 47 gL_1 succinic acid in the anode chamber decreases linearly
to 33 gL_l. This decrease is due to the advancing extraction of succinic
acid into the organic phase. The extraction rate is independent of the
initial succinic acid concentration and initial pH. Besides, it correlates
well to the linear turnover of protons produced by electrolysis, which
can be calculated from Faraday’s law eq. (2.12). The Faraday efficiency
for both runs varied between 31-36 % under the assumption that
two protons were needed for succinic acid protonation (z=2). The
succinic acid concentration in the cathode chamber slightly decreased,
likely caused by the migration of ionic succinate species to the anode
chamber. Extraction of succinic acid started at bulk pH above the
pK 41 of succinic acid.

Current literature states that extraction of succinic acid was only
observed for initial pH below the pK,; [113, 149, 22]. Figure 4.4
depicts that electrochemically induced extraction starts instantaneously
after applying an electrical current. Thus, acidification of the bulk
phase to pH below pK,; is not required for extraction. Here, two
explanations seem plausible: First, extraction is initiated by local pH
gradients around the anode that cause sufficient protonation and enable
subsequent extraction. Second, by continuously providing protons
and shifting the acid-base equilibrium, a fraction of succinic acid is
always present in its protonated form and thus available for extraction.
Independent of the exact mechanism causing extraction in pH ranges
previously not reported we want to highlight the fact that electrochemi-
cally induced extraction started at neutral pH. As no prior acidification
was necessary, this approach would enable the direct separation of
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Figure 4.4.: Extraction of succinic acid and course of anolyte pH over
electrical charge in exp. 1 (m,0) and exp. 2 (®,0) for anode (+) and
cathode (-) chamber. Error bars indicate analytical accuracy. Lines are
only visual help.

succinic acid from a pH-neutral aqueous solution like fermentation
broth. Subsequent to the electrochemical extraction, the organic phase
was back-extracted, and succinic acid concentration was measured to
close the mass balance. Mass balance error was determined at —3 % in
exp. 1 and —4.9% in exp. 2. The missing succinic acid is likely caused
by handling issues with the viscous organic phase. The absence of any
additional peaks in the HPLC data fig. E.1 and fig. E.2 suggests that no
significant electrochemical decomposition of succinic acid occurred [140].
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4.3.2. Back-extraction

Figure 4.5 shows a linear increase in succinic acid concentration in the
cathode chamber during back-extraction, while pH remains between
5 and 6. From initially 23-25 gL_1 after equilibration, the succinic
acid concentration increases to 37.29 gL_lin exp. 4 and 34.23 gL_lin
exp. 3. Again, the linear trend of concentration change suggests that
back-extraction is driven by the OH -ions produced by water electrol-
ysis. Assuming that a double negative charge of (z = 2) is required
for splitting the succinic acid-TOA complex, the Faraday efficiency
of electrochemically driven back-extraction is calculated to be 22.2%
in exp. 3 and 23.6% in exp. 4. The assumption that two electrons
are required per mole of succinic acid for back-extraction is supported
when taking into account the acid species present at the respective
pH. At a pH above 5 the fraction of SA; increases. Therefore, suc-
cinic acid back-extracted from TOA must be stripped of its two protons.

For extraction and back-extraction the observed change in concentra-
tion can be well explained by the number of protons respectively hydrox-
ide ions produced by water electrolysis during the experiment. Because
immediate extraction was observed at pH values compatible conditions
found in succinic acid fermentation[22; 48] applicability of this concept
for in situ separation of succinic acid from fermentation broth should be
investigated. Also by overcoming the need of adjusting bulk pH prior to
extraction, the consumption of inorganic acid and thereby salt forma-
tion during the recovery of succinic acid could be reduced significantly
[22].

4.3.3. Crystallization

The final objective in the downstream process is to recover succinic acid
in a solid crystalline state[150, 119], which can be achieved by electro-
chemically induced crystallization [146]. Figure 4.6 displays the course
of succinic acid concentration during electrochemically induced crystal-
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visual help.

lization in the anode chamber for exp. 5 and exp. 6 over the electrical
charge. Starting at an initial pH of 4.15 the pH in the anode chamber
decreases during both experiments, while initially, the concentration re-
mains constant. After a charge transfer of about 3 kC, the concentration
of succinic acid in solution decreases due to nucleation and growth of
succinic acid crystals. It was optically observed that nucleation occurs
at the electrode surface and in the direct surrounding of the anode. This
supports the assumption that crystallization is induced by protons pro-
duced from water electrolysis. The highest proton concentration, thus
the lowest pH is obtained directly at the anode surface. Therefore, the
anode surface is also the area of the highest supersaturation. By decreas-
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ing the pH, the fraction of protonated succinic increases, and eventually
saturation of dissolved succinic acid is reached. As protonated succinic
acid has a lower solubility in water compared to the ionic species, local
supersaturation can be created by electrolysis. This local supersatura-
tion induces nucleation and subsequently crystal growth. At a high pH
gradient between the vicinity of the anode and the bulk solution, all
nuclei formed at the anode dissolve as soon they are transported to the
bulk phase. After a charge turnover of 3kC the nuclei appear to be sta-
ble in the bulk phase. Thus, small crystals that nucleated near the anode
grow in the bulk phase resulting in the decrease of succinic acid concen-
tration. Exp. 5 and 6 yielded each about two grams of solid crystals
with an average purity of 94.3 % with a median of about X5y=468 pm.
In the final purity assessment, no traces of other components besides
succinic acid were found. The remaining fraction was likely water or
traces of the background electrolyte that could not be quantified in the
analytical method. The Faraday efficiency was calculated to 26.2 % and
32.3% for exp. 5 and 6 respectively. However, it should be noted that
efficiency would increase when the feed solution is closer to saturation.
In this case, the produced protons would directly induce supersatura-
tion. fig. 4.7 shows the crystal size distribution of commercial succinic
acid and the crystals obtained in exp. 5.

Even under not optimized conditions, the electrochemical pH-shift
crystallization process yielded a crystal size distribution with its maxi-
mum at 248 pm, which is comparable to the maximum of the commercial
product at 200 pm. However, about 25 % of the produced crystals ag-
glomerate to a size larger than 1500 pm. It was observed, that most of
these agglomerates grew directly on the anode. Although large particles
ease solid-liquid separation, narrow size distribution is generally more
desired with regard to product quality. Therefore, measures like peri-
odic mechanical scratching, ultrasonic cleaning, polarity reversal, seed-
ing or current pulsation in order to reduce agglomerate formation are
suggested to avoid the formation of large agglomerates [151, ?]. Addi-
tionally, the influence of gas bubble-induced nucleation should be inves-
tigated. Microscopic images fig. 4.8 reveal that despite the agglomerate
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Figure 4.7.: Crystal size distribution of the commercial product (grey) and
crystals obtained by electrochemical crystallization in exp. 5 (black). 50 %
of crystals are <500 pm, while 25 % form agglomerates >1500 pm the later
fraction corresponds to the fraction of crystals which grow at the anode.
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formation, single crystals from electrochemical pH-shift crystallization
exhibit a similar size and shape as the commercial product. With the

Figure 4.8.: Commercial succinic acid 99 % purity (left a),c) ) from Ther-
moFisher and crystals obtained from electrochemical pH-shift crystallization
(right b), d) ) with the purity of 94.3% based on HPLC analysis.

electrochemical separation, oxygen and hydrogen are produced from wa-
ter electrolysis as “side products of separation”. Oxygen can be supplied
to aerobic fermentation and the hydrogen can be utilized for further pro-
cessing steps [152]. Based on the presented electrochemical separation
steps, an overall process for the recovery of succinic acid from aqueous
fermentation broth is suggested fig. 4.9 [153]. Fermentation of succinic
acid runs at neutral pH [16]. Thus, pH of the produced broth is above
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pK,1 and pK,o. The clarified broth is fed to the first anode chamber,
where water electrolysis decreases the pH and thereby increases the frac-
tion of protonated succinic acid. Then, succinic acid is extracted from
the acidified broth into the organic phase. Following phase separation,
the remaining broth is passed to the cathode chamber which is coupled
to the previously mentioned anode chamber. Here, the OH ions from
water electrolysis raise the pH and the stream can be recycled towards
the fermenter also providing a base for pH control. This enables pH-shift
extraction without detrimental salt production by acid and base addi-
tion. The loaded organic phase from reactive extraction is pumped into
another cathode chamber, where the acid is back-extracted by OH -ions
from water electrolysis. By adjusting the phase ratio the concentration
in the aqueous phase can be increased to enable crystallization. After
phase separation, the unloaded organic phase is recycled into the reac-
tive extraction step. The concentrated aqueous succinic acid solution
obtained after back-extraction is passed to an anode chamber where
crystallization is induced by the H " -ions, eventually yielding solid suc-
cinic acid. Since the aqueous phase is recycled, a constant concentration
of salt is maintained in the process. By pairing the electrode reactions
in the presented way, each electrode reaction is utilized for separation.
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The pairing of anodic crystallization and cathodic back-extraction was
demonstrated in exp. 7 and 8 fig. 4.10. Again, the pH in the anode
chamber decreases while the cathodic pH increases. Concentrations fol-
low the same trend as in the separately conducted experiments. The
crystallization runs coupled to back-extraction yielded 4.85g and 5.57 g
succinic acid crystals with a purity of 97 % and 99 %, respectively. It
should be noted that the initial pH in these experiments was selected
near the pK,; of succinic acid. Thus, most of the protons produced by
water electrolysis were efficiently utilized in pH-shift crystallization.
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Figure 4.10.: Succinic acid concentration and pH during electrochemically
coupled back-extraction at the cathode (-) and crystallization at the anode
(+) in exp. 7 and 8. Lines are only visual help.
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4.4. Conclusion

This chapter presented the experimental proof-of-concept for succinic
acid downstream processing by electrochemical pH-swing separation. It
was demonstrated that succinic acid could be extracted, back-extracted,
and crystallized solely by means of an electrochemical pH-swing. The ex-
traction was observed in a pH range compatible with conditions of known
fermentation processes, while no pH adjustment by inorganic acid was
necessary. Thereby, the co-production of salt waste was avoided during
the recovery of the succinic acid. As electrochemically induced extrac-
tion runs at pH compatible with fermentation, this approach should be
tested for continuous in-situ product removal.

Although this work shows the principle feasibility, future work must
address the geometric design of devices for electrochemically induced
separation steps to reduce the ohmic resistance to improve energy ef-
ficiency and align the electrochemical generation of protons with the
throughput of the succinic acid, to achieve high Faraday efficiencies. Be-
sides, the concept must be tested with real fermentation broth in order
to evaluate the impact of co-products from fermentation on the sep-
aration performance and identify potential side reactions in long-term
operation. However, the results already demonstrate that with non-
optimized settings the recovery of succinic acid crystals with a purity
>94 % from electrolyte-containing mother liquor is possible.

The technical realization of electrochemical pH-swing separation pro-
cesses requires engineering tools to design and evaluate the unit opera-
tions with regard to the overall process. A relevant design question is,
whether the direct integration of the electrochemical pH-swing with the
reactive extraction step is mandatory. The proof-of-concept experiments
showed that the advantage of short mass transfer distances comes at the
expense of membrane degradation by the organic solvent. Beyond that,
the electrolysis was identified as the rate-limiting step in the integrated
setup. Next, a modeling approach is developed to facilitate the transfer
from batch operation in an H-cell to continuous flow-cell operation.

92



5. Modelling of pH-swing electrolysis

and reactive extraction kinetics

5.1. Motivation

The transfer from proof-of-principle experiments to technically applica-
ble solutions requires a detailed understanding of the underlying physic-
ochemical mechanisms. In the previous chapter, batch experiments were
used to demonstrate the principle viability of electrochemical pH-swing
extraction.

In this chapter, a 1D-dynamic model for the electrochemical pH-swing
extraction of succinic acid is developed to provide an in-silico tool for
model-based process analysis. The objectives of the 1D model are to:

e Enable model-based identification of rate-limiting steps and desir-
able operational conditions,

e Resolve potential sources of inefficiencies in terms of electricity
usage,

e And facilitate design decisions for the transfer from batch experi-
ments to continuously operable flow cells.

Key performance indicators for electricity usage in electrochemical
processes are the Faraday efliciency ng

N = = (5.1)

and the specific energy consumption w:
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_ U(;'e” cz-F 1
B M 3600

[kWh/kg] (5.2)

calculated from the cell voltage U [V], number of electrons z [—],
Faraday’s constant F [Cmol '] and the molar mass M [gmol ']. The
Faraday efficiency denotes the number of protons produced from the
transferred electric charge and is affected by the selectivity of the
electrode reaction. It is an indicator of the selectivity of the electrode
reaction and can be regarded as the "electric current efficiency"
[45, 154]. The specific energy consumption is directly related to the cell
voltage Ucey- A cell voltage above the reversible cell potential U,., is
an indication of irreversible losses in the electrochemical system. The
specific energy consumption can be regarded as a measure of "voltage
efficiency".

Two different layouts are considered. The integrated approach fig. 5.1a
and the sequential layout fig. 5.1b. In the integrated layout, the organic
phase flows with the electrolyte through the electrolysis cell. Thus pro-
tons, respectively hydroxide ions produced in the electrolysis can imme-
diately act on the extraction equilibrium. Accordingly, a high utilization
rate of the electrochemically produced protons, respectively hydroxide
ions is expected.

However, the contact of organic solvent with the ion exchange mem-
brane was observed to accelerate the membrane degradation which even-
tually may compromise the advantage of direct proton utilization. A
central question to be answered in this chapter is: Has the integrated
approach operational benefits in terms of electricity usage, which out-
weigh the observed membrane degradation?
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(a) Integrated design of pH-swing electrolysis and reactive extraction. The ex-
tractant is in direct contact with the electrolyte inside the electrolysis.
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(b) Sequential design of pH-swing electrolysis and reactive extraction. pH-Swing
electrolysis and reactive extraction are conducted in separate process steps.

Current

L Cathode

Current|
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Figure 5.1.: Conceptual designs for electrochemical pH-swing reactive ex-
traction processes: (a) integrated, (b) sequential layout.

5.2. Modeling approach and model structure

The 1D model for electrochemical pH swing electrolysis and extraction
is constituted by a set of differential and algebraic equations forming
a differential algebraic system (DAE). This system was implemented as
level-2 Sfunctions in a MATLAB (R2019b) Simulink simulation environ-
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5. Modelling of pH-swing electrolysis and reactive extraction kinetics

ment and solved with the odel5s solver.
The following simplifying assumptions were made:

e Constant thermodynamic properties and standard conditions
(25°C, 1bar)

Ideal solution chemistry

Negligible cross-solubility between the aqueous and organic phase

Stages are ideally mixed

Change of volumetric flow rates are negligible

The general model structure is illustrated in fig. 5.2. The electrolysis
cell is composed of two modeling domains. One is representing the
anode, the other is representing the cathode compartment.

The state vector x' denotes the states of the concentration in the
aqueous phase and yT lists the concentrations of the solvent phase.

x" = [H",OH™,Na*, HySuc, HSuc™, Suc’™, H,804, HSO, ™, 50,7
(5.3)

y' = [TOA, HySucyor, HSOy w01, TOAH" | (5.4)

In an aqueous solution containing up to 1 mol L' carboxylic acid change
in concentration of the water content due to electrolysis is below 5 %.

For that reason, constant volumetric flow rates are assumed:

96



L6

d
Aode(ﬂ Ig Anode

1
. 1

aq Mo u+ I
1

1

b %,

I — salvent phase
1

Ry

T -d pTmTTT T s T T T T I T T b Membrane

Cathode (-) Cathode

Modeling domain

Figure 5.2.: General modeling domain of Sfunction blocks for the electrochemical pH-shift electrolysis and
extraction model. The anode and cathode are modeled in separate domains connected by the electric current
and an exchange term for the transferred electric charge.

aIngonIys ppowr pue yoeoirdde Suipopojy “z'¢



5. Modelling of pH-swing electrolysis and reactive extraction kinetics

5.2.1. Submodel: pH Equilibrium

The pH equilibrium of aqueous solutions is constituted by the dissocia-
tion of the weak acids present. In simple cases with few acid species, the
dissociation state of each acid can be calculated from the mass-action
law of the acid dissociation reaction section 2.1. For multi-species equi-
librium systems solving the algebraic set of equations becomes more
complex as each species adds another mathematically correct solution
to the solution space that does not necessarily reflect a physically mean-
ingful solution. Kip et al. [155, 156, 157| suggested a numerical method
to solve complex pH equilibrium calculations.

A model applying a modified version of this approach was developed
and published in [158]. The published model revealed the close inter-
connection of the pH equilibrium and the extraction equilibrium and
suggested that the rate-limiting step of the electrochemical pH-swing
extraction is the electrolysis kinetic. However, the algebraic model is
limited in its ability to account for complex aqueous pH equilibria, con-
stituted by more than one acid. The limitation comes from the al-
gebraic approach used in the calculation of the weak acid equilibrium
in the aqueous phase. In this approach, each acid-base equilibrium is
transformed into a polynomial the set of all polynomials is then solved
numerically for the proton concentration that fulfills all equilibrium con-
ditions [159, 160]. In multi-equilibria systems, this approach is sensitive
to numerical errors and was found to be often unreliable. Especially due
to the fact that there can be more than one solution for the given sets
of polynomials [161].

To overcome the limitations of the algebraic approach for pH and dis-
sociation state calculations a dynamic approach, or rate-based model,
was suggested by Glaser et al.[161]. The dissociation reactions of the
weak acids are evolved into a set of ordinary differential equations
(ODEs). The dissociation reactions of water and the dissociation re-
actions for each acid are included.
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% = Kup =~ ku[H JLOH"] 57)
+hki f[HA] = ki p[HT][A7]
% = kg = kup[H J[OH"] (5.8)
d[flItA] =~k s [HA] + ki [H][A7] (5.9)
d[;{] =tk j[HA] = ki p[H][A7] (5.10)

The forward and backward reaction rates k; ; and k, ;, are related by
the equilibrium constant
k;

Ka,i = k. b
2

(5.11)

In a steady state, the solution of the ODEs is equivalent to the equilib-
rium concentration. Advantageously, the ODEs can be easily extended
to incorporate other reaction or mass transfer rates in the model. But
in order to yield physically meaningful results, the reaction rates of the
dissociation reactions must be known or selected in a way that the disso-
ciation can be considered independent from other kinetic effects. Since
the dissociation reactions are known to be fast, but the true reaction
rate is not always known, Glaser et al. suggest selecting a value of 10
for k; ; [161].

5.2.2. Submodel: Electrolysis

The electrolysis is modeled with an amperostatic approach [162]. In
comparison with the potentiostatic approach where a constant potential
is set and the migration of ions is calculated with the Nernst-Planck
equation [163, 9], the amperostatic approach sets the electric current,
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5. Modelling of pH-swing electrolysis and reactive extraction kinetics

and the cell potential is calculated based on the current state of the
electrolysis cell. As illustrated in fig. 5.2 the cell voltage is constituted
by the difference of the reversible cell potential U,., the activation po-
tential U,.; and the potential to overcome ohmic losses in the electrolyte
Uyhm- In non-ideally mixed systems concentration polarization can add
additional potential losses U,,,. which are negligible for ideally mixed
conditions.

Uceit = Urev + Uget + Uopm + Uconc (5.12)

The reversible cell potential difference is calculated from the electrode
potential E, ; obtained by the Nernst equation 2.10.

Urev = EO,an - E(J,cat (513)

At standard conditions the Nernst equation for the water splitting re-
action simplifies and the electrode potential can directly be calculated
with the pH.

Ey on = 1.229 — 0.059pH (5.14)

and
Eg.cat = —0.059pH (5.15)

The activation potential considers losses at the electrode-electrolyte in-
terface accounting for the "activation" of the charge transfer from the
electrode to the reactive species and calculated with the Butler-Volmer
equation [9, 164, 162].

T azF (1-a)zF
1= g+ i, =g [exp(ﬁUact) —exp(—TUact)] (5.16)
In case |Uget| >> %7 the counter-reaction becomes negligible [9] and

eq. (5.16) reduces to:

RT

v ., = ——
act
aan/catZF

. 1
arsmh(%) (5.17)
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5.2. Modeling approach and model structure

with ¢y being the exchange current density and cqy/cq: the charge
transfer coefficient of the anodic or cathodic electrode reaction. The
parameters for platinum electrodes are listed in table table 5.1.

Table 5.1.: Charge transfer coefficients and exchange current densities for
platinum electrodes [9]

Reaction ‘ Electrode ‘ a[—] ‘ 19 [Acm_l]
O,/H" Anode 0.25 10°°
H,/OH~ | Cathode 0.5 107°

The potential loss due to the ohmic resistance of the cell can be calcu-
lated from the cell geometry, the conductivity of the electrolyte solution
and the applied current.

s

Uohm = RI = A_F.; - I (518)

The electrolyte conductivity is related to the concentration c¢; and the
ion mobility u; of the charged species present in the electrolyte [165].

K = FQZz?uici (5.19)
i=1

The single ion mobility is related to the equivalent ion conductivity by
the Nernst-Einstein relation eq. (5.20).

N D
2~ RT

(5.20)

U; =

Inserting eq. (5.20) into eq. (5.19) yields an expression for the electrolyte
conductivity based on the ion concentration and the ion specific conduc-
tivity [166].

KR = Zzz)\zcz (521)
i=1

The specific ion conductivities used in this model are given in table F.1
in the appendix. eq. (5.21) is based on the assumption of infinite di-
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5. Modelling of pH-swing electrolysis and reactive extraction kinetics

lution. The total electric current corresponds to the molar flow rate of
protons produced at the anode, which can be calculated by faraday’s
law eq. (2.12)

NCB,Total = NElek,H* (5.22)

The electric current in the electrolyte is distributed among the available

ionic species, namely protons and sodium ions.

: Al AR 5.23
ng+ = K+ + Rnar NCB,Total (5.23)
. RKNa* .
NCB,Nat = NC B, Total (5.24)

KeB,H* T KNa*

5.2.3. Submodel: pH-Swing reactive extraction

The kinetics of the reactive extraction are modeled with a simplified
film theory [167]. It is assumed that the apparent concentration in
the boundary layer of the organic phase [Y]bhsol equals the equilibrium
concentration of the aqueous succinic acid species with the organic phase
[XT]".

[Y]bl,sol = [Y]* (525)

For the succinic acid complex with TOA this expression becomes:
[HySA-TOA]y so1 = [HaSA - TOALpuik ol (5.26)

T B H,54 = Ape kpesa- ([HySA-TOAly so1 — [H2SA - TOApuin, sor)

(5.27)
This assumption implies that the diffusion of the complex in the organic
phase is the rate-limiting step. It should be noted that the complex
formation can also be the rate-limiting step [10]. A clear identification of
the rate-limiting step is so far not possible and for this reason a diffusion-
limited process is assumed in the following. The apparent concentration
in the boundary layer is calculated by a mass-action relationship between
the free TOA concentration in the organic phase and the concentration
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5.2. Modeling approach and model structure

of protonated succinic acid in the aqueous phase.
[TOA ‘ HQSA]bl,sol = Ke:c * [TOAfree] * [HQSA] (528)

With the data from table G.1 the mass transfer coefficient of the succinic
acid complex with TOA in the organic phase can be estimated.

2/3 -1/6
_ DC’omplem/1—octanol’yl—octanol
kComplew/l—octanol = hodine/kerosene 2/3 ~1/6

Iodine/kerosenevkerosene

=4.738-107°

’ (5.29)

The equilibrium constant of the mass-action relationship K., can be
calculated from correlations [111, 64] or fitted to experimental data.

5.2.4. Modeling domain: Anode

The dynamic pH-shift model of the anode chamber (AC) is constituted
by the differential equations of the dissociation reactions, which are
listed in the following. The electrolytic current is introduced as a molar
flux of proton in the proton balance (Ngjek 1+ )-
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5. Modelling of pH-swing electrolysis and reactive extraction kinetics

Proton balance:

Ak~ kol TOH]

+kgy [ HySuc) = kay y[H [ HSuc ]+
ko, ([ HSuc™ ] = kg y[ H* [ Suc®]
+kg1,f[H2904] = ke o[ H 1[HSO; 1+

(5.30)
koo, ([HSO, ]~ kﬁz,b[H+][SOi_]
. 1 .
+mnElek H* — mnCB HT
M
—_— - —[H"
U D = ]
Hydroxide ion balance:
d[OH~ ' S
Sodium ion balance:
d[Na* 1 M S
i icn e eIV Ty - Ve (53)
Dissociation reactions of succinic acid:
d[ HySue _
% = —kg1 s[HaSuc] + kg1 o[ H [HSuc” ]+
W g (5.33)
Vio ——[HySuc]y — WC[HQSUC]
d[ HSuc _
% = ka1 f[HoSuc] — ks1 o[ H J[HSuc” ]-
g, fLHSuc™ ] + kg b [H " 1[Suc™] (5.34)
M S _
+WC|:HSUC ] —WCEHS’LLC ]
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5.2. Modeling approach and model structure

d[ Suc®” B )
[ dt ] = kgo f[HSuc ] - k32,b[H+][SuC2 1+
M g (5.35)
Ve [Suc® 1ur = m[Suc 7]
Dissociation reactions of the sulfate background electrolyte:
d[HyS0 )
% = —ke1, f[H2S04] + kg1 y[H J[HSOL 1+
M S (5.36)
VAC[H2SO4] Vic ——[H3S0,4]
d[HSOy4 )
% = ]ﬂ61,f|:HQSO4] - kﬁl,b[H+:|[HSO4 ]_
koo, f[HSO4 ] + kea o[ H 1[SO3] (5.37)
M S
Vo 80 Jar = 37— [HS0,]
d[SO;~ ) i
[ dt4 ] = ko2, s [HSO, ] - kﬁz,b[HJr][SOi 1+
y (5.38)

M 2- S 2-
—[SO - —[S0
1% C[ 4 ]]W VAC[ 4 ]

5.2.5. Modeling domain: Cathode

The dynamic pH-shift model of the cathode chamber (CC) developed
analogously to the anode chamber. Here, the electrolytic current is
introduced as a molar flux of in the hydroxide ion balance (Ngjek 1*)-
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5. Modelling of pH-swing electrolysis and reactive extraction kinetics

Proton balance:
d[H"]
dt

+kgy [ HySuc) = kay y[H [ HSuc 1+

ko, ([ HSuc™ ] = kg p[ H* [ Suc”]

+lig1,t[H2804] — kg1 y[H " I[HSO; ]+

koo, [HSOL ] = kg o [H 1[SOL~

M $

1 +
t—tiop g+ e -2 [H

= kw,f - kw,b[H+][OH_]

Hydroxide ion balance:

d[OH™] + _
Q- kw = kos[H J[OH ]+
1 M _ S _
—fpekon- + ——[OH 1y — —[OH
Voo NElek,OH VCC[ ]M Vcc[ ]
Sodium ion balance:

d[Na"] 1

S
_ L Ly + P
dt - VCCnCB,Na + VC’C [Na’ ]M

N+
Voo Vel

Dissociation reactions of succinic acid:

% = —ksy ([ HySuc] + kg1 o[ H" J[HSuc” ]+
%[HzSuc]M - %[HgSuc]

IS T~ oy [ HaSue] ~ ks o[ H T HSue 1
ko ([ HSuc™] + kgo [ H ][ Suc™]
+%[H5uc_]M - %[HSuc_]
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d[ Suc®” B )
[ dt ] = ka, p[H Suc ]_k32,b[H+][SUC2 1+
M g (5.44)
Voo [Suc - %[Suc ]
Dissociation reactions of the sulfate background electrolyte:
d[H5SO )
% = ko1, s [H2SO4] + ko1 [ H JLHSO; ]+
M IS (5.45)
Voo [H250alar = 37— [H504]
d[HSO, B
[ o 4] = kﬁl,fl:HQSO4] - kﬁl,b[H+:|[HSO4 ]_
koo, f[HSOF 1 + koo o[H1[SO;] (5.46)
M S
Voo —=—[HSO4 1 ~ Voo — [HSO; ]
d[SO;~ ) i
[ dt4 1_ kﬁz,f[HS(m —kGQb[Hj[goj 1+
(5.47)

[504 I =y 21507

5.2.6. Modeling domain: pH-dependent reactive
extraction

The pH-dependent reactive extraction is modeled by combining the
aqueous pH equilibrium model with the constituting equations of the
organic phase. In the following the constituting equations of the se-
quential model fig. 5.1b are presented. The mathematical formulation
of the integrated approach fig. 5.1a is derived by integrating the extrac-
tion terms into the anode chamber model.
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Proton balance:
d[H"]
dt
+kgy [ HySuc) = kay y[H [ HSuc ]+
ko f[HSuc™ ] = kgo y[H* 1[Suc®™]
+hig1, [ HaSO4] — ko1 o[H I[HSO; ]+
Koz, )[HSO5 1 = kea [ H 1[SOF™

= kw,f - kw,b[H+][OH_]
(5.48)

- R
+E[H ]S_TW[H]

Hydroxide ion balance:

d[OH] _ + S - R -
S = b = ol MO T+ [0 Js = 7 [0H ] (5.49)
Sodium ion balance:
dl:Na+] _ S + R +
di —Wq[Na ]S—m[Na ] (550)

Extraction and dissociation reaction of succinic acid:

d[ HySuc - 1,
% = —kgy s[HySuc] + ka1 y[H " 1[HSuc ] - 77 DEx H,Suc
aq
S R
+Wq[HQS’LLC]S - E[HQSUC]
(5.51)
d[ HSuc™ -
MBS ] _ g, yUHaSuc) - ko o[H I HSue )-
ko, LH Suc™ ] + ko o [H' [ Suc®™] (5.52)

S - R _
+WQ[HSUC ]S - m[HSUC ]
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5.3. Sensitivity of dynamic pH-equilibrium calculations

d[ Suc®” B )
[ dt ] = ka, p[H Suc ]_kBQ,b[H+][SUC2 1+
R R (5.53)
2- o
Tw[suc Is = Wq[Suc ]
Dissociation reaction of the sulfate background electrolyte:
d[H5S0O )
% = koo j[H250,] + ko1 o[ H* TLHSOF ]+
S R (5.54)
E[H2SO4JS - E[HQSOLL]
d[HSO, )
% = k61,f|:H2504] - kGl,b[H+:||:HSO4 ]_
k62f|:HSOzI] +k62b[H+][SOi_] (555)
S . R _
+Vaq[HSO4]S - Wq[Hsod
d[SO;~ ) i
[ dt4 ] = k2, [ 5O, ] _k62,b[H+][SOi 1+
S R (5.56)
2_ 2_
Wq[SQ; ls = Wq[soéL ]
Organic phase:
d[TOA] 1 i i
= -t x uc+_ TOA — TOA 5.57
at 7 e asue + - [TOAL = = [TOA] - (557)
d[HZSucsol] 1 . L K
g Ty REx we + = [ HaSucey )1, — H,Suc,,
dt Vvsol 1E H2S ‘/sol[ 20UC l]L ‘/sol[ 20UC l]
(5.58)

5.3. Sensitivity of dynamic pH-equilibrium
calculations

The implementation of the dynamic modeling approach presented in
section 5.2 enables the handling of complex dissociation equilibria. It
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5. Modelling of pH-swing electrolysis and reactive extraction kinetics

overcomes the limitation of the algebraic approach [155, 156, 159, 160],
whose applicability is limited to conditions where only succinic acid
species dominate the aqueous dissociation equilibrium [158]. The disso-
ciation reactions are generally considered to be fast reactions [168, 169].
Since the forward dissociation reaction rate is not known, an arbitrary
but high enough value must be chosen in order to yield valid results
[170]. Dissociation reactions are proton transfer reactions with a half-
life of less than a millisecond which makes them fast compared to elec-
trolysis or extraction kinetics [171, 10]. Consequently, the dynamic of
the dissociation reactions does not interfere with the kinetic effects of
the extraction or electrolysis when the aqueous dissociation equilibrium
is reached within a few milliseconds. This is validated by a step-wise
examination of the sensitivity imposed by different forward dissociation
rates.

0.11 T T T T T T

010 f-—e—me—m = =

0.09 -
0.08
0.07
0.06

0.05 |

H,Suc [mol/L]

0.04 |
0.03

0.02 |- H,Suc,,

0.01 -

0.00
1E-10  1E-8 1E-6 1E-4 0.01 1 100 10000
Time [s]

Figure 5.3.: Progression of the dissociation reaction towards equilib-
rium conditions with varying forward dissociation rates k; ; starting at

non-equilibrium conditions: H,Sucy=0.1 mol L, NaOH0=O.1m01L_1,
H*=1x10""molL™" and OH =1 x 10"  molL™"

Figure 5.3 presents the progression of the dissociation reactions start-
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ing from non-equilibrium conditions. At dissociation rates larger than
157" it takes seconds for the reaction to attain equilibrium. With disso-
ciation rates of 100s™" or below the dissociation equilibrium is reached
within milliseconds as expected. Therefore, a forward dissociation rate
of at least 100s™ " should be selected to yield reasonable results. This is
in line with the recommendation by Glaser and Zars [161, 170].

Dissociation reactions are fast compared to extractive mass transport
or electrolysis kinetics. Table 5.2 shows an exemplary comparison of rate
constants for operational conditions typically encountered in reactive
extraction or electrolysis. While the difference between the dissociation
equilibrium and the reactive extraction as the second fastest reaction
is about seven orders of magnitude the expected difference between the
reactive extraction and electrolysis kinetic is still about three orders
of magnitude. Consequently, the electrolysis kinetic is expected to be
the rate-limiting step in an electrochemically driven pH-swing reactive
extraction.

Table 5.2.: Comparison of rate constants for dissociation, extraction and
electrolysis

Reaction ‘ Rate constant ‘ Reference
Dissociation acetic acid 2.9%x10°s ™" [168]
Reactive extraction succinic acid | 5.69 x 1072s™* *
Electrolysis 9.85x 10 °mols™" | **

*Comparable rate constant calculated from éE :

so

6k .
. kg = d:;”” assuming a mass

transfer constant of 4.74 x 107° ms_l[lo] and a sauter mean diameter of
d32 =0.5mm.
**Calculated from faraday’s law with 10 A.

An analysis of all kinetic effects lumped together is difficult to evalu-
ate due to the intrinsically dynamic nature of the electrolysis reaction.
While dissociation and extraction reactions progress toward equilibrium,
this is not the case for electrolysis. Therefore, the interaction between
the aqueous pH equilibrium and the reactive extraction equilibrium with
regard to the forward dissociation constant is analyzed first.
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5. Modelling of pH-swing electrolysis and reactive extraction kinetics

fig. 5.4 denotes the difference in the equilibrium conditions attained
with varying forward dissociation constants. If k; ; = 0.01 slis selected,
the simulation yields obviously unrealistic results as an intermediate pH
above 12 would occur due to the H' deficiency caused by the removal
of protonated succinic acid. At k; y =1 s! the dissociation attains its
equilibrium together with the reactive extraction, which implies that
both reactions might interfere with each other. With values of 100 st
or higher the dissociation equilibrium is attained before the extractive
mass transport begins. Since pH-shift electrolysis is an intrinsically dy-
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pH Equlibrium s
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~ " ~ 4
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\
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kig= 10 ki =100 !
0.02 |- % .
el -3
001 / N
0.00 ) ) ) \TL
1E-10 1E-8 1E-6 1E-4 0.01 1 100 10000
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Figure 5.4.: Progression of the dissociation reaction and extraction towards
equilibrium conditions with varying forward dissociation rates k; . At k; 5 >
100 the pH equilibrium is reached more than three orders of magnitude faster
than the extraction equilibrium.

namic process without a defined equilibrium condition, the sensitivity
of the results is analyzed by simulating an electrolysis pulse fig. 5.5.
Initially 2000s were simulated to ensure the pulse is applied at equilib-
rium conditions. Then a 10s pulse of 100 A is applied. The remaining
deflection from equilibrium ApH and the deviation in the final proto-
nated succinic acid concentration indicate whether the kinetic limitation
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5.3. Sensitivity of dynamic pH-equilibrium calculations

imposed by the dissociation reaction causes a deviation of the final re-
sults. Figure 5.5a shows an obvious deviation for the lowest kinetic
constant. Again, for any rate above 100 st only small deviations are
observed. This is confirmed by a log-log representation of the resid-
ual difference between the endpoint of the electrolysis pulse compared
to the corresponding equilibrium concentration which is obtained when
the electrolysis is stopped. The residual deviation is found to be below
1x 1072 for a dissociation constant above 100s™ . As a consequence,
the deflection of the aqueous dissociation equilibrium is readily com-
pensated and no artificial kinetic limitations are expected with a k; ; >
100s~'. The selected pulse conditions match the current upper limit
for the current density feasible with commercially available electrolysis
equipment [172, 66].

The selected kinetic values should therefore enable the correct mod-
eling of the pH-shift during the electrolysis. The presented model thus
enables the simulation of different operational conditions to identify suit-
able operating points. It also provides insights into inefficiencies occur-
ring during operation. These insights are not accessible experimentally.

113



5. Modelling of pH-swing electrolysis and reactive extraction kinetics

0.10 T T T T T T T T T T T T T T

0.08 |-

o

o

&
T

H,Suc [mol/L]
=3
I
T

0.00 L L L I L 1 L I L L I L L L
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time [s]

(a) Species distribution during electrolysis pulse for 10s. Before-

hand 2000 s were simulated to ensure the electrolysis to start from
equilibrium.

0.01 ; . . :

T
k.= 0.01

1E-4

m
)

) o o o e e = — — — — —-

AH,Suc [mol/L]
m
[e<]

1E-10

1E-12

14
1E-10 1E-8 1E-6 1E-4 0.01 1 100
ATime [s]

1E

(b) log-log representation of the remaining deviation after the
electrolysis pulse. pH refers to the endpoint of the 10s pulse.

Figure 5.5.: Sensitivity of different forward dissociation rates k; ; on the fi-
nal equilibrium pH (a) and the deflection from equilibrium during electrolysis
(b) after the application of a 10's pH-shift electrolysis pulse of 10 000 Am™.
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5.4. Model extension for selectivity

The statistical analysis presented in chapter 3 revealed a significant effect
of the electrolyte concentration on the extraction yield. Although the
effect was found to be most prevalent for Cl the negative impact of high
anion concentrations was reported for other ions as well [55, 102, 54].
In this thesis, sodium sulfate is used as a model component to represent
the ionic load typically found in fermentation broths appendix F.0.1.

Although the extraction of inorganic anions from acidic solutions with
TOA is known [173] the exact mechanism is not completely understood,
yet. In principle, two binding mechanisms are plausible as presented in
fig. 5.6.

Both mechanisms would be in line with the observed trend, that acidic
conditions are required for the sulfate extraction to start. As the ionic
complexation is known from metal extraction applications the mecha-
nism suggested by [55] is selected for modeling the sulfate extraction in
this work. First, the equilibrium conditions for the protonation of the
amine and the extraction of sulfate species with protonated forms of the
amine are added.

[TOAH+]bl,sol = Kn * [TOAfree] * [H+] (559>

[TOAH* - SOF 1yt.so1 = Kear - [TOAH*]-[SO3] (5.60)

In addition to the molar extraction flow rate of succinic acid, the ex-
traction rate for sulfate extraction,

fpe,502 = Apz-kps,soa-([TOAH* - SO 1y st~ [TOAH™ - SOT™ lyuik,so1)
(5.61)
and the protonation of the amine is added to the set of constitutive

equations.
Npe,at = Apy ke roa-n ((TOAH |y 5o = [TOAH™ lyuik,s01) (5.62)

With this modification, the amount of free amine becomes the basis for
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Figure 5.6.: Possible extraction mechanisms for the extraction of sulfate
species with TOA.

the calculation of the kinetic driving force. It is obtained from the mass
balance for all TOA species according to:

[TOATota1] = [TOAf, oo J+[TOA - HySAJ+[TOAH* - SO 14[TOAH™]
(5.63)
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_ TOA ot
[TOAfree] — |: Total] —
1+ Kez : [HQSA] + Kn . [H+](Ksalt : [SO4 ] + 1)
(5.64)
The differential mass balance equations for each species are adjusted
accordingly.
d[HyS0 -
W50 _ gy 112504 + ke o[ ILHSOT )+
g B (5.65)
HyS504]s — =——[H250
Vcol,aq[ 2 4]5 Vcol,aq[ 2 4]
d[HSO, -
% = ko1, /[ H2S04] = ko1 o[H ' I[HSO; ]~
Koz, ([ HSOL ] + ez, [H [0} ] (5.66)
S - R _
+ HSO - HSO
chol,aq [ 4 ]S ‘/col,aq |: 4 ]
d[SOF~ _ 1
501 1 koo, f[HSO4] — ko o[H'1[SOT ]~ T NEz,50%
dt Vagq
g B (5.67)
+——[S07 15 - SOi
Vcol,aq |: 4 ]S ‘/col,aq |: 4 ]
Organic phase with TOA protonation and sulfate extraction:
d[TOA] 1 . 1, L K
T at Y, MEeHysue T Mpnn t E[TOA]L ~ v [TOA]
(5.68)
d[TOAH'] 1 . L N K N
A - . - 5.69
dt Vsol nELH * Veol [TOAH ]L Vsol [TOAH ] ( )
d[SOF Jew 1 . L , K .
% = Y, E=.s0y + V—l[SOi 1L = v l[SOi 1 (5.70)

The extended set of equations now enables accounting for the compet-
itive protonation of the amine and the co-extraction of sulfate species,
once acidic pH values of the aqueous phase cause the protonation of the
amine. The phase interface area is the last variable to be determined in
order to calculate the molar flow rates. It is calculated from the volume
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5. Modelling of pH-swing electrolysis and reactive extraction kinetics

of the organic phase V and the Sauter mean diameter dz;. The extraction
mechanism for sulfate implemented in the model assumes that overall
hydrogen sulfate is extracted. In order to maintain a neutral charge
balance of the organic phase the co-extraction of cations is inevitable.
This implication should be validated in future experiments.

_ 6‘/sol

Apy = oo (5.71)

5.5. Experimental methods for model
validation

In this section, the previously presented model for the pH-shift elec-
trolysis and the reactive extraction of succinic acid under consideration
of the weak acid equilibria of succinic and sulfuric acid is validated by
comparison to experimental data. First of all, the pH-dependent extrac-
tion equilibrium of TOA and succinic acid is measured by titration and

simulated cross-flow experiments.

5.5.1. pH dependent extraction equilibrium

As highlighted in chapter 3 the liquid-liquid extraction equilibrium of
succinic acid is highly pH dependent. The pH reversible complexa-
tion is an elemental aspect of the successful implementation of electro-
chemically driven pH-swing extraction processes. A dispersion titration
method was developed to study the extraction equilibrium in the pH
range of interest.
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Figure 5.7.: Experimental procedure for dispersion titration.

The dispersion titration enables the recording of the LLE for the reac-
tive extraction of succinic acid over a wide pH range in one experimental
run. This is especially useful if dissociating background electrolytes are
present. A schematic illustration of the experimental procedure is shown
in fig. 5.7. An aqueous solution containing 35gL_1 succinic acid and
0.5M Na,SO4 was prepared. For the extraction experiments NaOH was
added in an equimolar amount to the succinic acid to the solution. 60 mL
of this solution was filled in a beaker and the extractant was added. The
extractant was constituted by TOA and diluent (eg. 1-octanol) at a mass
ratio of 1:1. The amount of the extractant was selected such that a mo-
lar surplus of TOA compared to succinic acid was maintained in order
to avoid loading limited conditions in the extraction. The titration was
conducted using 2M sulfuric acid supplemented with 35gL_1 of suc-
cinic acid for the extraction and 3M sodium hydroxide supplemented
with 35 gL_1 for the back-extraction. The supplementation of succinic
acid to the acid and base used for the titration prevents the dilution of
the aqueous phase over the course of the experiment. The samples drawn
from the aqueous phase were used to calculate the extracted amount of
succinic acid from the overall mass balance. In the extraction experi-
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5. Modelling of pH-swing electrolysis and reactive extraction kinetics

Table 5.3.: Experiment parameters LLE-experiments

Extraction Back-Extraction
Set-No. | initial pH | nroaingogue | initial pH | nroaingoguce
1 12 1.6 2.6 1.6
2 12 1.2 2.6 1.2

ments, the titration was stopped at a pH of approximately 3. After the
last sample was drawn in the titration, a back-extraction was performed
by adding sufficient sodium hydroxide to shift the pH to above 12. This
enabled us to confirm the data calculated from the mass balance after
each titration step by checking the overall mass balance. All experi-
ments were carried out at an ambient temperature of 25°C + 2. Two
sets of LLE measurements were conducted (table 5.3) and each set was
repeated in a duplicate in order to minimize experimental error. FEach
sample was measured twice in the HPLC by the method described in
table G.4.

Cross-flow extraction

Five-stage cross-flow extraction experiments were used to determine the
maximally feasible recovery of succinic acid in a multi-stage extraction.
In each stage, the aqueous phase from the previous stage is mixed with
fresh solvent. This enables tracking the pH-shift during each stage of
extraction fig. 5.8
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org.

aq. 1 2 3 4 5

Figure 5.8.: Cross flow extraction scheme. In each stage, the aqueous
phase (dark grey) is mixed with a fresh solvent (light grey) and brought
into equilibrium by thorough mixing followed by phase separation.

Table 5.4.: Characteristic parameters for cross-flow-extraction experiments

Exp.-No. | initial pH | ny,sa : nNa,sA NaQSO4molL_1
CFE-06 2.6 100:0 0.5
CFE-03 4.6 50:50 0.5
CFE-04 7.7 0:100 0.5
CFE-07 2.6 100:0 0
CFE-08 4.6 50:50 0
CFE-05 7.7 0:100 0

The same succinic acid concentration 35 gL_1 as used in the titration
experiments was applied. Three different initial pH values were set by
adjusting the ratio between succinic acid and sodium succinate. In order
to test the effect of background electrolyte each pH set was recorded with
0.5M and without 0 M NaySO, as stated in table 5.4. 70g of aqueous
succinic acid solution were mixed with 26 g solvent (TOA and 1-octanol
1:1) in a 100 mL glass separating funnel for 30 min and afterwards sep-
arated by sedimentation. Samples were drawn from the aqueous phase
and pH and temperature were recorded. The aqueous phase was then
used for the next stage of the cross-flow extraction. Using this setting,
a molar surplus of at least 1.6 TOA over succinic acid was maintained
in all stages. The organic phase from each stage was collected for a final
back-extraction by 70g of 3M NaOH to check the mass balance of the
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5. Modelling of pH-swing electrolysis and reactive extraction kinetics

extraction. The values are reported as average from duplicates.

Results of titration experiments

The titration experiments revealed details of the pH dependency of the
liquid-liquid extraction equilibrium as displayed in fig. 5.9. At neutral
pH, no succinic acid is extracted into the organic phase. Once the pH
is lowered, the extraction begins at pH values below 6. The extraction
yield reaches a maximum at around pH 4.4 and decreases again in the
acidic region. While the extraction shows a strong dependence on the
aqueous pH, no significant difference is observed for different molar ratios
between succinic acid and TOA fig. 5.9. The calculated yield of 42 %-
52% is in line with the values reported by Kurzrock et al. [44] for
electrolyte-containing solutions.
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Figure 5.9.: The pH-dependent LLE is independent of the molar surplus of
TOA. 1.2:1 (a,c) and 1.6:1 (b,d).

While the extraction of succinic acid is reversed at low pH values, the
extraction of sulfate species continues. This is strong evidence that the
sulfate species is preferred at low pH over the extraction of succinic acid.
Consequently lowering the pH will not always yield more succinic acid
extraction but increase the unwanted extraction of sulfate. The findings
are in line with the mass-action law proposed in chapter 3. The displace-
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5. Modelling of pH-swing electrolysis and reactive extraction kinetics

ment of succinic acid from the organic phase at low pH is the result of
two mechanisms acting against the desired succinic acid concentration.
At low pH values, more TOA molecules become protonated, while suc-
cinic acid is practically completely protonated at pH values below 3.
As a result, the protonated form of TOA and the protonated form of
succinic acid cannot form the hydrogen-bond-based complexes necessary
for the extraction. However, the protonated form of the TOA can form
ionic complexes with anionic species e.g. sulfate. The results demon-
strate that in order to achieve efficient utilization of protons in reactive
extraction, the operational pH must be carefully controlled. It is likely
that the best performance can be achieved within a certain pH range
between 4 and 6 instead of the commonly propagated acidic regions [23].
The recorded data for the liquid-liquid equilibrium is used to obtain the
equilibrium constant for TOA protonation K,,, and the equilibrium con-
stants for succinic acid Kg, and sulfate extraction Kgp,,-. Figure 5.10
shows the fitting results obtained for the equilibrium constants and the
degree of protonation for succinic acid and TOA calculated from the

equilibrium constants.
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Figure 5.10.: Data points from titration experiments fig. 5.9 used to fit
K?’I,, KEJ: and Ksoi*.
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Below an aqueous pH of 4 a deviation of Kg, and K,, from the fitted
value is observed. This deviation begins with the depletion of succi-
nate ions. It could be caused by the interaction of protonated TOA
and hydrogen succinate, which are simultaneously present between pH
4 and pH 6. The ionic complexation of hydrogen succinate by proto-
nated TOA would be indistinguishable from the hydrogen-bond-based
complexation of fully protonated succinic acid with TOA. An operation
at acidic pH values is outside the focus of this work and most likely not
desirable. For this reason, the obtained values are considered to be accu-
rate within the targeted operational conditions. Nonetheless, resolving
the underlying mechanisms that cause the deviation of the equilibrium
constants at low values of the aqueous phase could be the objective of
future fundamentals-oriented studies.

The obtained equilibrium constants were used to parameterize the
competing sulfate extraction in the implemented model. This enables
the model-based analysis of operational conditions for the reactive ex-
traction of succinic acid with a competing extraction of sulfate species.

5.5.2. pH-shift Electrolysis

In order to assess the validity of the derived model pH-shift electroly-
sis experiments were executed and the results were compared with the
results from the model. A 100cm electrolysis cell with an electrolyte
gap of 14mm was operated in galvanostatic mode with 15A. A more
detailed description of the cell and the experimental setup is given in
the application note chapter 8. The aqueous feed solution contained the
equivalent of 35 gL_1 succinic acid adjusted to neutral pH with sodium
as the cation. The required residence time to obtain complete protona-
tion was calculated with faraday’s law. From this set-point, the residence
time was varied by 50 %. In addition, an increased background elec-
trolyte concentration of 0.5 M NaySO, was tested at the initial residence

time.
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5.6. Model validation with experimental
results

5.6.1. pH-shift Extraction

The results from the cross-flow extraction experiments were compared
with the results predicted by modeling the same conditions. Figure 5.11
presents the course of the succinic acid concentration and pH at the equi-
librium of each stage. With the extraction of succinic acid, the pH of
the aqueous phase raises. The modeling results for sulfate concentration
and pH are well in line with the experimental data. The prevention of
succinic acid extraction at elevated pH is well represented by the model.
At lower pH values the succinic acid extraction is overestimated in cases
where sulfate is present and underestimated for electrolyte-free condi-
tions. This is likely caused by the deviation of the extraction constant
from its original value, which causes a larger error at low pH conditions.
However, these conditions would be below the desired operational pH
for the succinic acid extraction which is 4.5. The model is therefore
regarded to be sufficiently accurate in the operational region of interest.

126



5.6. Model validation with experimental results

60 — . . . . T [°} T T T T T
\\\CNaZSOA
50 1% 60 1%
j gm0
X g
s4r 19 2 49
=] =4
e — 240r =
.% 30+ T % 5
5 16 & @ 18
5 g
O 20} o
5 O 20
o 13 13
10}
ol . . . \ A Y
0 0 0 1 2 3 4 5
Stage [-] Stage [-]
(a) pHO 2.7, CNasSOy 0.5 M (b) pHO 2.7, CNasSOy oM
60 — . . . . T Q\' T T T T
c 9 Qe Qe OO0 112
50 112 60 Na2s04
= g
o g
Z40t s 1
& 19 & 9
% — ¢4t C =
S ol T § SA
= T £ ! .
[ ) le & & 16 &
g e :
[$) 1s o 13
10}
. . . . . L ol L . . L o
R 1 2 3 4 5 ° 0 1 2 3 4 5
Stage [-] Stage [-]
(C) pHO 46, CNasSOy oM (d) pH() 4. 6 CNasSO4 0.5M
60 — : : . . r 3 T
Ot G Qe Qe Y S
[C ] —1
o CNaZSO4
142 {12
50 | 65
= )
¥ §60 |
£40r 19 5 19
(=] 2
2 — © 85 OO -
§ sl = 9 T
® 5 8ol S
5 16 £ C 18
% S SA
S 20+ g 451
8 o
13 ol 13
10}
351 g »»»»»»» g »»»»»»» Q »»»»»» B PR u]
R 1 2 3 4 5 0 0 i 2 3 4 5
Stage [-] Stage [-]
(e) pHO 77, CNapSOy4 oM (f) pHO 77, CNasSOy 0.5 M

Figure 5.11.: Concentration of succinic acid during cross-flow extraction
without (a,c,e) and with(b,d,f) background electrolyte. Dashed lines show
modeling results.
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5.6.2. pH-shift Electrolysis

In fig. 5.12 the course of the pH in the electrolysis experiments is com-
pared with the modeling results. The comparison was made without
further tuning of the model parameters. After the run-in time, the pH
of the anolyte calculated by the model is well in line with the experi-
mental data. The pH of the catholyte is systematically overestimated
by the model. The negligence of the water migration with the sodium
ions may be a reason for this mismatch. For the over-protonation case,
no simulation data is available as the simulation failed to converge with
these settings.

Besides the pH, the calculated and measured degree of protonation
as well as the cell voltage were compared. Figure 5.13 displays the
results. The results calculated for the cell voltage at the reference set-
point are close to the experimentally observed value. In the case of
under-protonation and increased electrolyte concentration, the cell volt-
age is underestimated. The over-protonation did not achieve a stable
operation as visible by the sharp increase of the cell voltage at 30 min
run time. The maximal deviation observed in the calculated cell voltage
was 29 % in the under-protonation case. For the reference set-point, the
deviation in the cell voltage was around 4 % which is remarkably low
taking into account that non-idealities were neglected in the model. It
is therefore concluded that the derived model yields valid results at the
technically desired operating point. The quantitative accuracy outside
this region may be lower.

5.7. Model-based identification of
inefficiencies

The validated model is used to analyze the sensitivity of operational
parameters on the separation efficiency and the specific energy con-
sumption. This enables the identification of desired operational con-
ditions and potential sources of inefficiencies. The best performance is
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Figure 5.12.: Comparison of modeling results for the pH at the anode
(black) and cathode (blue). Horizontal lines indicate the resulting pH value
calculated by the model. (a) Reference setpoint, (b) under-protonation, (c)
increased background electrolyte of 0.5 M.

expected when all protons produced in the electrolysis yield completely
protonated succinic acid which is also extracted in most parts. Any
loss of protons or incomplete protonation would reduce the efficiency
eventually. This idea leads to the concept of proton flux unity which is
illustrated in fig. 5.14. The molar flux of succinic acid in the feed stream
(dashed arrows) requires a certain flux of protons to become completely
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Figure 5.13.: Comparison of modeling results for the cell voltage and degree
of protonation with experimental values. (a) Reference setpoint, (b) under-

protonation, (c) over-protonation, (d) increased background electrolyte of
0.5M.

protonated (o = 1). The formulation in terms of flux mol m~?s™" instead
of flow mols™" is preferred, since the kinetic properties of the electroly-
sis and extraction are largely determined by the active surface area. In
addition, the electrode area and current density, which are important
design measures for the electrolysis are thereby explicitly obtained.
Each proton produced by the electrolytic water splitting reaction
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Figure 5.14.: lllustration of the proton flux model. Arrows indicate the flux
of protons with succinic acid through the pH-shift electrolysis and reactive
extraction. Dashed arrows indicate required protons to achieve complete
protonation of the fermentation product.

should yield protonated succinic acid:
’h‘H*,el = ’hH*,pr (572)

which yields the following expression when reformulated in terms of

molar flux:
. 6 * Ae
NH* el = jz—Fl (5.73)
fupre e = AaceV - 10° g+ (5.74)
h
= Aacg=2= 10+ (5.75)
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Thereof the first proton flux unity number Ju; is formulated:

Teljﬁ
Juy = ———— 5.76
“ AacohzF - 103 ( )
> 1 : Overprotonation
Jur = {=1: Desired operational condition (5.77)

< 1 : Insufficient protonation

The proton flux unity number Ju; can be regarded as the ratio of the
proton flux from electrolysis and the convective flux of protons carried
along the electrode with the succinic acid. Equation (5.76) indicates that
the residence time of the electrolyte 7; is a crucial operational parameter
that must be controlled carefully, as concentration cg, cell gap h and
current density j are likely fixed by external boundary conditions. As
a consequence, deviations from the optimal residence time are expected
to lower the efficiency of the electrolytic pH-shift.

The optimal residence time 7.; for given operational conditions can be
calculated with eq. (5.76). The dimensionless residence time 6 is then
calculated as follows:

g="d (5.78)

Tel

The model-based approach now enables to study of the sensitivity
of key performance indicators like the specific energy consumption, the
electrochemical efficiency of protonation and extraction, and the cell
voltage towards variations in the residence time. Figure 5.15 displays
the results of this sensitivity study.

In general, an operation close to the § = 1 set-point is expected to
yield the best results. The lowest specific energy consumption for proto-
nation is found just below this set-point fig. 5.15 (a). At lower residence
time the electrolytic pH-shift is insufficient to yield adequate protonation
results. At higher residence times the specific energy demand increases
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Figure 5.15.: Influence of a variation of the residence time from its optimal

set-point.

again. This is mainly caused by the sharp increase of the cell voltage
when approaching complete protonation fig. 5.15 (c).

The same trend is observed when analyzing the efficiencies of the

electrochemical pH-shift extraction. The protonation efficiency 7,0

indicates the fraction of the protons produced in the water electrolysis
that causes a shift of the dissociation equilibrium of succinic or sulfuric

acid.
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5. Modelling of pH-swing electrolysis and reactive extraction kinetics

NH* Sprot
The-

(5.79)

Nprot =

Below the designated residence time, this number is close to 1 mean-
ing that almost every proton produced in the electrolysis goes into the
pH-shift. At higher residence times the succinic acid is completely pro-
tonated and additionally produced protons are lost by the effect known
as "proton poisoning" [29]. When reaching the point of complete proto-
nation, additionally produced protons accumulate in the anolyte. As the
specific ionic conductivity correlates with the ion concentration, the frac-
tion of the electric charge transported by proton conduction increases.
Below an anodic pH of 3, the proton conductivity dominates over the
conductivity contributed by the sodium ions. Operation in that region
should be avoided in order to minimize the loss of protons.

Another potential source of proton losses are competing dissociation
reactions. In this case, the sulfuric acid dissociation may compete with
the succinic acid for protons at low pH values. Protons that are trapped
by another dissociation reaction are not lost but lower the efficiency of
the electrolytic pH-shift, since more protons are required to obtain com-
plete protonation. This effect accounts for the protonation selectivity
Nsel,sA- The protonation efficiency relates the fraction of protons that
go into the desired protonation of the succinic acid with all protons that
cause a shift of the aqueous dissociation equilibrium of any acid present
in the anolyte.

Nsel,SA = —T;H+_)H2SA (5-80)
H*—prot

Figure 5.15 (B) shows that the highest selectivity is achieved within
the buffer range of succinic acid just before complete protonation is
reached. At this point 96 % of the produced protons are utilized for
the pH-shift. At higher residence times the protonation of sulfuric acid
begins and reduces the selectivity. However, the loss of protons to the
sulfuric acid protonation is not as dominant as the loss of proton con-

duction over the membrane. Nonetheless, the extraction yields 7e, 54
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gets compromised by the competitive extraction of sulfate fig. 5.15 (d).

hSA,eac
NSA in

New,5A = (5.81)

Although the competitive sulfate extraction is undesirable a small
amount of background electrolyte like sulfuric acid with an active buffer
range just below that of succinic acid has the potential to prevent the
loss of proton to the electrolytic conduction.

In order to evaluate the best overall operating point the efficiencies
and selectivities are multiplied and yield the overall current efficiency n

= Nprot * Nsel,SA * Nex,SA (5.82)

A maximum in the current efficiency indicates the best molecular
utilization of the electric current. In addition with the specific energy
demand the best set-point for 6 is found just below one.

The specific energy demand strongly depends on the cell voltage. A
major contributor to the overall cell voltage is the loss caused by the
ohmic resistance eq. (5.12). High ion concentrations increase the conduc-
tivity of the electrolyte and thereby reduce the ohmic losses. Despite the
negative impact on the selectivity and the extraction yield increased elec-
trolyte concentration thus may improve the specific energy consumption
of the electrolytic pH-shift. Figure 5.16 presents the effect of increased
electrolyte concentration.

The specific energy consumption is drastically lowered with the pres-
ence of background electrolyte fig. 5.16 (a). The most significant de-
crease is found for concentrations of 0.1 to 0.2molL™". At higher con-
centrations, no further improvement is observed. The decrease of the
specific energy consumption is associated with the expected decrease of
the cell voltage fig. 5.16 (b).

As expected, the addition of background electrolyte prevents the loss
of protons to the electrolytic ion transport which can be seen by the
increase of the protonation efficiency with increasing background elec-
trolyte concentration fig. 5.16 (b). However, the protonation selectivity
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Figure 5.16.: Effect of the electrolyte concentration on the protonation
and extraction performance for 6 = 1

is reduced with increasing electrolyte concentration. Beyond that, the
extraction efliciency of succinic acid is reduced due to the competitive
sulfate extraction. Because the extraction of sulfate also follows a mass
action law, increasing sulfate concentration increases the competing sul-
fate extraction and thus shifts the competing extraction equilibrium
towards an undesired direction.
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5.8. Conclusion

In this chapter, a model-based approach for the pH-shift electrolysis
and the pH-sensitive reactive extraction of succinic acid was presented.
The model is based on a set of differential and algebraic equations de-
scribing the electrochemical properties, the dissociation reactions in the
aqueous phase, and the reactive extraction equilibrium. The aqueous
pH equilibrium is modeled by a dynamic approach which enables the
straightforward implementation of additional weak acid species. In ex-
tension to a previous version, the important competitive extraction of
sulfate species was parameterized and incorporated in the model and the
updated model was compared to experimental data. The derived model
was able to describe the pH-shift electrolysis and the pH-dependent ex-
traction with satisfying accuracy in the region of interest. Deviations
from the model predictions were observed at very acidic pH values. This
is an indication that the extraction mechanism for the extraction of sul-
fate species deviates from the proposed mechanism at these conditions.
A closer investigation of the competitive extraction behavior of sulfate
species with TOA under these conditions would be beyond the scope of
this thesis. But elucidating the extraction mechanism of sulfate species
further may improve the understanding of the extraction mechanism of
tertiary amines in the transition region where the complexation of a so-
lute with the amine switches from a hydrogen bond-based mechanism
to ionic complexation.

The derived model was used to identify inefficiencies that might in-
crease the specific power consumption of the electrochemically driven
pH-shift extraction. It was found that the best operational performance
is achieved close to the point of complete protonation and that the resi-
dence time in the electrolysis cell must be well aligned with the electro-
chemical proton production in order to avoid the loss of proton to ion
migration. A small concentration of background electrolyte was found
to be beneficial as it reduces the cell voltage and thereby maintains a
residual conductivity of the electrolyte when approaching complete pro-
tonation.
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6. Model Aided Spatial Design and
Identification of Limiting

Conditions

The previous chapter highlighted the relevance of the operational con-
ditions with regard to pH and background electrolyte concentration.
However, the assumption of ideally mixing within the electrolysis cell
likely holds only for laboratory- or small-scale electrolysis cells. Al-
though gas formation promotes turbulence in the electrolyte gap and
increases backmixing, the planar geometries of electrolysis cells make
complete backmixing unlikely [174].

The objective of continuous pH-shift electrolysis is to obtain complete
protonation at the outlet of the electrolysis cell. On the basis of the
previous findings, it appears to be desirable if the point of complete
protonation is reached only just before the end, to avoid the reduction
of efficiency caused by overprotonation. On the contrary, turbulence
promoters are often implemented in electrolysis cells to reduce mass
transport limitations and improve the limiting current density [165].

In this chapter, the influence of the backmixing effect on the pH-shift
electrolysis is analyzed by means of a numerical model with 1D spatial
discretization in the flow direction. The degree of back-mixing is char-
acterized by the dimensionless Bodenstein number, and both extremes
of fluid flow patterns, the stirred tank and plug flow, are studied. The
shape of spatial gradients in the pH and current distribution is eval-
uated with regard to potential inefficiencies such as proton crossover.
The influence of cell length, electrolyte gap, and gas hold-up on the
electrolysis performance is analyzed. A central design question that will
be answered in this chapter is:

139



6. Model Aided Spatial Design and Identification of Limiting
Conditions

Which flow pattern is advantageous for ph-swing electrolysis: plug flow
or high backmizing?

6.1. Flow Patterns in Reactor Modeling

The flow distribution in chemical reactors can be approximated with
two limiting cases, the ideal plug flow reactor for operational conditions
without backmixing and the stirred tank reactor for conditions with
complete backmixing. [175] The flow pattern of real chemical reactors is
often found to be a combination of both limiting cases. A characteristic
measure is the residence time distribution E(¢). The residence-time
distribution is obtained by measuring the time-dependent concentration
of an inert tracer at the exit of the reactor.

hout(t) — Cout(t) ~ Cout(t)
Nin,total J’(;” Cout(t) dt D4 Cout,w * Aty

E(t) = (6.1)

The integral of the residence time distribution yields the cumulative
residence time distribution F'(t), also referred to as the sum function of
the residence time:

F(1) = J'OtE(t)dt 6.2)

t t
Cout(t) dt 0 Cout .z * Oty
F(t) _ ”out(t) _ Jgo t( ) = Zx_OC t, (63)
nl’n,tOtG«l IO Cout(t) dt Z.’L cOUtww : Atx

The residence time under ideal conditions is defined as 7 = % However,
under non-ideal conditions the mean time of passage t is introduced to
account for the effect of non-ideal flow distribution.

n % ! Ioot-cdt S tpecy At
t=[ t'E(t dt=J t-F(t = Ooo ~ La T T T (64
0 : 0 ) Jo cadt Y cu AL, (6:4)

The spreading of the residence time distribution from a pulse experiment
is characterized by the variance o of the concentration signal recorded
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at the reactor exit.

Jo=17cdt ¥ (t, =8 c, - Aty

I(;)o cdt Zz Cy * Ata:

2 _ 0 _—2. _
- _fo (t— D)% - B(t) dt

(6.5)
Transforming the variance calculated from the measured concentration
data by division with the mean time of passage results in a normalized

expression for the variance.
oy =a’ |T (6.6)

In principle there are two possible modeling approaches applicable for
modeling deviations from ideal flow patterns in reactors: The axial dis-
persion model and the tank-in-series model. Both models allow for
the consideration of non-ideal flow behavior, especially for back-mixing.
The dispersion model superimposes an axial dispersion on the plug flow
whose magnitude is characterized by the axial dispersion coefficient D,,.
When D, approaches infinity, the residence time distribution of the dis-
persion model approaches the residence time distribution of an ideally
stirred tank reactor. This foundation makes the dispersion model well-
suited to model flow conditions that are based on plug flow behavior.
Such conditions are for example found for adsorption or chromatogra-
phy processes where the dispersion model was very successfully applied
[176].

The tank-in-series model, on the other hand, is composed of a cascade
of equally sized stirred tanks. The degree of back-mixing is adjusted by
the total number of tanks. Again, as the number of tanks approaches
infinity, the resulting residence-time distribution becomes similar to the
residence-time distribution of an ideal plug-flow reactor. Thus, both
models are interchangeable to some extent. The dispersion model has
the advantage that many flow correlations are directly applicable while
the tanks-in-series model has the advantage that 2D or 3D compart-
ment arrangements enable the modeling of spatially more complex flow
patterns or the inclusion of recycle streams [175].
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The relation between both models becomes apparent when taking into
account that the Bodenstein number is often used to quantifiy the degree
of back-mixing:

e No back-mixing, ideal plug flow: Bo — oo
e Completely mixed, ideal stirred tank reactor: Bo — 0

Levenspiel and Smith derived a correlation between the Bodenstein
number and the dimensionless variance [175].
2

- — - (1 - exp(-Bo)) (6.7)

2 2
09_30 Bo?

With the definition of the Bodenstein number:

Uqy * Laac
Bo = D (6.8)
where u,, is the the fluid velocity in axial direction and L, is the axial
tube length. Solving the correlation eq. (6.7) for Bo yields the equivalent
value for D, for an experimentally determined or in this case simulated
value of dimensionless variance.

The evolution of the gas is expected to impose a significant mixing
on the electrolyte within the electrolysis cell [177] and accelerate the
liquid phase due to the displacement of the volume. For that reason,
the tank-in-series model is selected in this thesis. In addition to this,
the tank-in-series model can be directly translatable to a finite-volume
formulation of the mass transport within the electrolysis cell. Unlike the
finite difference method and the finite element method, the finite volume
method transforms partial differential equations of mass transport into
discrete algebraic equations and formulates conservation laws over finite
volumes [178]. The computational domain is discretized into finite con-
trol volumes, which means that each electrolysis chamber is divided into
ny control volumes fig. 6.1. The number of control volumes correlates
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Figure 6.1.: Geometry and process interfaces of the modeled pH-shift elec-
trolysis cell with indicated discretization in axial (x) direction.

Acm

with the degree of backmixing introduced; therefore, a sensitivity study
must be performed to avoid a bias induced by the level of discretization.

6.2. Spatially Discretized Modeling of
pH-Shift Electrolysis Cells

A finite volume method is used to solve the partial differential equations.
The finite-volume method is based on conservation laws formulated for
differential volumes, which transform the partial differential equation
into discrete algebraic equations. The modeling domain is divided into
equally sized, non-overlapping control volumes, as illustrated in fig. 6.2.

The peclet number Pe is an indicator of whether transport is domi-
nated by convection or diffusion.

u- Az

Pe = D

(6.9)

If the Peclet number is lager than one, the transport is dominated by
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L .
L= control volume boundaries

P 1
! [ ) 1} control volume
I/

Viig

Figure 6.2.: Axial discretization into control volumes of a length Ax with
a nodal grid point P and their neighboring control volumes S and N

convection. Taking into account the geometry of the cell, which is di-
vided into up to 100 control volumes in axial direction, and considering
the typical diffusivities for succinic acid and protons, a Peclet number
greater than 100 is calculated. For this reason, diffusive fluxes are ne-
glected in the following. The simplified electrolysis model is developed
starting with a one-dimensional transport equation:

X00) — 2 (pou) + 5, (6.10)

where p is the density that means molar mass per volume, p ¢ is the con-

centration with respect to molar mass, u is the velocity in the considered
control volume.

The continuous equation is discretized by integration on a control
volume (CV) which is then numerically approximated by AV

J % dv = — J a%(pm) dv + f Sy dV (6.11)
cv cv cv
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With the numerical approximation the respective terms are averaged
over the control volume as indicated by the bars above the respective

term. . I
8(51?) AV = _a%(pm).A.Aﬁgd) AV (6.12)
a(%f)P “Vp = (poud)y, = (ppud)s,, + So.p - Vp (6.13)

The numerical approximation allocates the value of each cell to its
center point. For this reason, the values at the interfaces, which define
the entering (bg) and leaving (by) convective flows, need to be approx-
imated. In this work, the upwind scheme is used [179].

3(Pa¢z)P “Vp = (pud)ps s — (pud)p, dp + Sd),P - Vp (6.14)

Thereby the value at the boundaries is approximated by the center values
of the neighbouring cells. Instead of the general transport property ¢
the molar concentration is of interest. Thus, the transport equation is
formulated on a molar basis.

ag—f Vp = (uAc)s — (uAc)p + So.p - Vp (6.15)
Onip _
5 = (uAn/V)g — (uAR|V ), + S, p (6.16)

With the geometric relation between cell volume and interfacial area
V = A - Az the axial discretization is obtained.

on 1 _
a—tp = A_x(uS'nS_uP'nP)+Sn,P (617)
This results in the differential equation for the liquid phase:

on 1 =
a_tp = 7 (s ms—wp-np)+Sup (6.18)
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And the differential equation for the gas phase:

on 1 -
8_tp = 35 (Ug.s g5 g p - ngp)+ Sup (6.19)

Although the gas phase contains only one component, the liquid phase
contains all of the constituents of pH equilibrium in the aqueous phase.
In addition to the concentration, the change in the volume fraction of the
gas- and liquid phases must be considered. The gas evolving from the
electrolytic reaction displaces the liquid and thereby alters the velocity
of the liquid phase.

Before the differential equation is solved, boundary conditions must
be specified. Here, the following Dirichlet and Neumann conditions are
set:

Dirichlet boundary conditions:

Cin,an = Cferm (6.20)
Cin,cat = Coutx (6.21)
Nin,an,gas = 0 (6.22)
Nin,cat,gas = 0 (6.23)

As illustrated in fig. 6.1 the cathode feed concentration is assumed to
have been depleted of succinic acid by reactive extraction. A reference
case for fermentation with a succinic acid concentration of 0.66 mol L™
is taken as reported by Lee et al. [120]. Kurzrock et al. reported an
extraction yield for succinic acid of 95 % [44, 139].
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Neumann boundary conditions:

aCout an
a—x =0 = Cny,an = Cout,an (624)
ac
out,cat
—— =0 = Cny,cat = Cout,cat (625)
ox
anout an
,an,gas
=0 = nnv,an,gas = nout,an,gas (626>
ox
anout cat
,cat,gas —
ax - O = nnv,cat,gas - nout,cat,gas (627)

The dissociation equilibrium is calculated as presented in chapter 5.
Because a multicomponent system is considered, the differential equa-
tion eq. (6.17) must be solved for each species individually. It is therefore
transformed into vector notation.

aflk" 1 _
8tj = E . (uj—l CNE -1~ Uj nk,j) + Sk,j (628)

with & = 1,...,ng indicating all species and j = 1,..,ny defining the
control volumes.

ony, _
W = Aconv ‘N + bconv + Sk (629)
. 3ﬁk’j = . (ny x1) .
with , Nk, beony, and Sy, as vectors of the size R with each

at
element accounting to a control volume and representing the component

k. The matrix A¢ony has the size R™V*™) and defines the convection
factors for each control volume. b.yq,, defines the concentration in the
inlet flow. The gas evolution displaces the liquid in each control volume
and reduces the free cross-sectional area for the liquid flow. Accordingly
the velocity of the liquid phase changes with the gas hold-up.

The convection term in matrix form is for a component in the elec-
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trolyte specified by:

Aconv “Cp t+ bconv = (630)
-1 0 0 0 0 Uy * Nk.1 Ck,in
1 -1 0 0 0 Ug * Nk 2 0
1 0 1 -1 0 0 Uus * Nk 3 0
= — ’ + Vot -
Az [0 0 1 0 0 : dot
: : : A Upy -1 * Mieny -1 0
0 0 o ... 1 -1 Upy * Ny
(6.31)

For the source and sink terms the vector notation follows accordingly:

Sk = ,’ (632)
Sk,nV—Q
Sk,n\/—l

where each term is the sum of the changes induced by dissociation,
electrolysis and ion migration over the membrane.

= aCdissociation,k a77/elect1rolysis.,k anmembrane,total
Sy = (—oocationk) Ly 4 ooty S
’ . ot J ot 7 ot 7
dissociation electrolysis (H", OH™, Oy and Hy) ion migration (H" and Na*)
(6.33)

Because a cation exchange membrane is considered, it is assumed that
only H' and Na' ions migrate over the membrane. The migration
of the membrane is calculated based on a charge balance approach as
presented in chapter 5 and appendix F. The accumulation of gas in the
control volumes creates a gas holdup in the electrolysis cell.

V, V.

__ Vg _ Vg
€g = VT, Vy (6.34)
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The gas volume created by the electrolytic reaction is calculated with

the ideal gas law:

Vo= ng - R-T (6.35)

g pg .

For the gas velocity calculation a simplified swarm model is imple-
mented. Regarding the average size of the gas bubbles formed during an
electrolysis different values are found in the literature. Values ranging
from 50 pm to 200 pm are reported [180, 181, 177, 182]. In the follow-
ing a uniform bubble size of 200 pm is assumed. The stationary bubble
velocity is calculated from the commonly known balance of the weight

force F, buoyancy force Fg and resistance force Fg:

O=_FG+FB_FR (636)
Pl'ui
0==Vy-9-pg+Vy-g-pr—Apep-C- 2 (6.37)
s 3 ™ 2 2
O=g dg g (p=pg) =g dg-Cpr-uy (6.38)
dedg-g-(pr—pg)
Ug, swarm = 6.39
& \/ 3 1+ Cswarm ( )

where g giarm is the velocity of the bubble, d, the bubble diameter,
g is the gravitational acceleration, p, is the gaseous density of oxygen
or hydrogen, respectively, p; is the electrolyte density, which is approx-
imated by the water density, and ( is the drag coefficient.

The drag coefficient is calculated based on the Stokes’ correlation. It
should be noted that this may limit the accuracy of the hold-up model
as the Reynold’s number of a gas bubble in an electrolysis cell may be
outside its validity range.

2,
q —ﬁ-g i with << = ( —£~g—£
9.1 Re;, 1+ n_-‘: g " 9.1 Re;, 3 Re,

(6.40)

Parisien et al. suggest a swarm correction for the drag coefficient,
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which is applicable with gas hold-ups up to 66 %[183]:

) +255- N (6.41)

Cg,swarm = Cg.,l : (]- - Eg) : ((]- — €

The bubble drag coefficient (; gyqrm is used to calculate the swarm

velocity ug syarm Which is added to the velocity of the surrounding liquid
u; to yield the velocity of the gas phase ugy:

Ug = Ug swarm + U0 (642)

The velocity of the liquid is again calculated with the continuity law for
incompressible fluids.

1

1. :
u = =+ (Vo + Vgace) = Aoy (1=c)
g9

Al : (Vl,O + Vg,acc) (643)
VZ,O is the volumetric flow of the liquid. The accumulation of the gas
phase ngc, which displaces some of the liquid and thus changes the
available cross-sectional area for liquid flow, is taken into account.

The implemented hold-up model is expected to have some limitations
as experimental data for the bubble size distribution is rare and the
assumption of uniform size distribution is unlikely to represent reality
completely. Besides, the flow regime inside the cell is expected to be
more complex and may cause effects that cannot be covered by a sim-
plified 2D model. Those limitations must be taken into account in the
quantitative interpretation of the modeling results.

6.3. Validation of Gas Hold-Up Model

The validity of the gas hold-up model implemented is verified by com-
paring with data from the literature [7, 184]. The results of the imple-
mented hold-up model are in the same range compared to the hold-up
data from literature fig. 6.4. Preliminary tests revealed a great sensi-
tivity towards the assumed bubble size. In order to yield quantitatively
accurate results this aspect should be given special attention. However,
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a quantitatively accurate hold-up model is beyond the scope of this work
and therefore the results are considered to have a satisfying accuracy for
the desired investigations.

12
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B Simulation
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Current density i [A/cm?]

Figure 6.3.: Hydrogen hold up comparison with literature data from [7];
The respective absolute deviations are given in the diagram; Settings: ¢ =
0.1 A/cmz, O.2A/cm2, O.3A/cm2; Leey = 30cm; dgop, = 2cm; Bejee =
1.5cm; V' = 1000 mL/min; ;4 = 0.09 min

6.4. Results and Discussion

The reference state of the simulation represents the electrolysis cell used
in the experiments presented in chapter 5. The cell measures 20 cnx5 cm
with an electrode distance of 28 mm. It was experimentally observed
that the gas evolution caused a liquid displacement from the cell. Due
to this liquid displacement a stable operation was limited to current
densities of 0.15 A cm ™. For all simulations a temperature of 25 °C and
an atmospheric pressure of 1bar is assumed.
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Figure 6.4.: Comparison of the implemented gas hold-up model with
hold-up results from literature, Settings: ¢ = O.16A/cm2, O.21A/cm2,

0.32A/cm?, 0.35A/cm?; Leey = 60cm; dgqp = 20cm; B = 1.3cm;
V = 3360 mL/min; 7,4 = 0.46 min

6.4.1. Fluid Flow Patterns: Stirred Tank vs. Plug-Flow

The axial discretization and the number of control volumes determine
the Bo number and thereby the degree of axial back-mixing. Figure 6.5
displays the change of the Bo number with different numbers of control
volumes. One control volume corresponds to operation under ideally
mixed conditions, while 30 control volumes are considered to represent
the plug flow. The effect of the back-mixing on the current distribu-
tion is shown in fig. 6.6. Under ideally mixed conditions the current
distribution is uniform. With more distinct flow patterns a cell internal
rearrangement of the current flow is observed in the model. The current
density increases shortly after the inlet of the electrolysis cell and then
decreases towards the exit.
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A detailed look at the ion migration reveals a similar pattern for
the charge transfer of Na' ions within the cell. The minimum of the
current density is found just before the end of the module. With that,
an increase of the current density right after is observed, which can
be attributed to H' migration. The H" migration starts immediately
when the total protonation of the succinic acid is reached. Since protons
migrating over the membrane are lost, this is identified as the origin of
the so-called "proton poisoning" of electrodialysis membranes [29]. In
that case, the conductivity of the protons is high compared to other
ions and major fractions of the electric charge are being carried by them
instead of the desired Na' ions. This significantly reduces the pH-shift
efficiency and should be avoided during operation.

Bo=19  Bo=60]

a,, [mol/mol]

Bo=0.004 Bo=3 Bo={f’)

0 5 10 15 20 0 5 10 15 20
Cell length [cm] Cell length [cm]

Figure 6.7.: Anodic pH and protonation degree over the cell length for
varying Bodenstein numbers; Settings: ¢ = 0.15 A/cmz; L..; = 20cm;
dgap = 1.4cm; B, = 5cm; V = 6.86 mL/min; 7;4 = 20.41 min; 0.004
< Bo <60

Figure 6.7 shows that with stronger backmixing the point of com-
plete protonation is reached earlier but at the expense of a greater
flow of current through regions of less desirable conductivity. In a flow
regime closer to plug-flow conditions, the point of complete protonation
is reached at the end and most of the current can be transferred with
good conductivity. In other words, the point of operation should prefer-
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ably be reached directly at the end of the electrolysis cell and not earlier
as that would cause subefficient electrical operation. For this reason, it
does not appear desirable to increase the axial back-mixing extensively.
Operation in a plug flow regime or stage-wise operation with a series of
well-mixed electrolysis cells is expected to be more efficient based on the
simulation data.

A similar trend is found for the gas hold-up fig. 6.8. With stronger
backmixing, the average hold-up in the electrolysis cell increases. Gas
hold-up blocks the free electrode area and increases the cell voltage,
which is an undesirable effect.
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Hydrogen hold up &y, [Vol.%]
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Figure 6.8.: Hydrogen and oxygen hold-up over the cell length. Set-
tings: i = 0.15 A/cmz; Loy = 20cm; dyop, = 1.4cm; By = 5cm; V =
6.86 mL/min; 7;; = 20.41 min; 0.004 < Bo < 60

6.4.2. Cell Length, Electrolyte Gap and Gas Hold-up

The obtained results suggest that a plug flow pattern is to be preferred.
Next, the influence of the cell length, the electrolyte gap, and the re-
sulting gas hold-up on the performance of the electrolysis cell follow.
The influence of a cell is displayed in fig. 6.9. The residence time was
adjusted accordingly to obtain a leveled basis for the comparison. It is
noted that a short cell does not achieve complete protonation, whereas
a long cell results in overprotonation.
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The issue with overprotonation becomes more visible in fig. 6.10. It
displays how the distribution of current density over cell length evolves
over time. Shortly after the ideal residence time is reached at approxi-
mately 1200s, the migration of H" begins. As stated above, this causes
a loss of electrochemically produced protons and reduces the protona-
tion efficiency. The last aspect is the selection of a suitable electrolyte
gap. From the electrical perspective, a gap as small as possible would
be desirable as a small gap minimizes the ohmic losses and thus benefits
the overall energy efficiency of the pH-shift electrolysis.
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However, fig. 6.11 gives a slightly different picture. As expected, the
cell voltage and the specific energy demand increase linearly with in-
creasing gap sizes, which correlate with the increase in ohmic resistance.
But below 3mm the specific energy demand increases. This is caused
by a steep increase in the gas hold-up when the gap between the ions
is approaching small electrolyte gaps. In small gaps, the gas evolution
from the electrode reaction seems to displace a significant fraction of
the electrolyte. For that reason, the electrolyte gap should be selected
small but sufficiently large to enable the removal of the evolving gases
without blocking the electrolyte. An option to reduce the gas volume

would be operation under pressure.

6.5. Conclusion

In this chapter a spatially structured simulation model was developed.
The spatially structured model is based on the 0D-model presented in
the previous chapter. A simplified model to calculate the gas hold-up
in the electrolysis cell was implemented and compared with literature
data. The results were found to have a satisfying accuracy for the de-
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sired investigations. First, the influence of the flow pattern revealed
that strong back mixing in the electrolysis cell is not desirable. With
the progress of the pH-shift the electrolysis becomes more inefficient to
operate. Once all available succinic acid is protonated, the surplus pro-
tons easily participate in charge transfer over the membrane and are
lost. This phenomenon was reported in the literature and is correctly
predicted by the developed model. It is therefore advisable to perform
pH-shift electrolysis in the plug flow regime or in a series of at least 3-4
cells when strong backmixing cannot be prevented.

Second, correct alignment of residence time, current density and mod-
ule lenght is important to obtain a good result for the protonation and
avoid the proton migration. Lastly, the modeling results suggest that
small electrolyte gaps are preferable to the extent that they still provide
sufficient free cross sectional area for the exit of the gases evolving at
the electrodes.

The gas liquid separation and gas withdrawal from the electrode com-
partment without the loss of liquid is a crucial aspect to ensure stable
operation. With the implemented hold-up model a minimal reasonable
gap size for the tested cell geometry of around 3 mm is identified. This
value should be verified by more detailed experimental investigations or
computational fluid simulation.
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7. Application Note 1:
Electrochemical pH-swing
extraction of lactic acid with

membranes

7.1. Motivation

T In this chapter the concept of electrochemical pH-swing electrolysis is
applied to improve the recovery of lactic acid with membrane-supported
extraction. Lactic acid is one of the most relevant carboxylic acids in
the industry. An experimental setup is designed which integrates an
electrolysis cell into a membrane extraction setup. The electrochemical
pH-shift is used to adjust the pH of the feed to the membrane module.
Its successful application for extraction and back-extraction is presented.
On the basis of the dynamic models developed in the previous chapters,
the influence of the pH on the membrane extraction performance is
studied. An experimental analysis supported by a model confirms the
extraordinary importance of the pH of the feed on the extraction per-
formance of the membranes. The state-of-the-art design framework for
the calculation of the required membrane area is extended and a new
mathematical framework is developed to account for the extraction of

T This chapter is based on a collaboration between the University of Life Sci-
ences FHNW, the University of Twente and the RWTH Aachen University. Parts
of this chapter have been published as "Gausmann & Gossi et al. "Electrochemi-
cal membrane-assisted pH-swing extraction and backextraction" (2022), Separation
and Purification Technology" Parts of this chapter are also used in the dissertation
of Angelo Gossi, " Membrane-supported reactive extraction using membranes with
enhanced stability".
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dissociating solutes with membrane contactors.

7.2. Background of Lactic Acid Production

The demand for biobased chemicals has increased tremendously in the
last few years [185], and a wide range of pharmaceuticals and chemicals
is produced today by fermentation. Lactic acid is an emerging biobased
chemical produced by fermentation at large scale. [186, 187]. Large fer-
mentors are often required as the concentration of the main product in
the fermentation broth is low (usually << 10 wt%) due to inhibition of
the microorganism by the product and/or the substrate [188]. For pH
control during fermentation to counteract acidification due to the pro-
duced acids, calcium hydroxide or calcium carbonate is typically used.
When the fermentation process is finished, the microorganisms are re-
moved by filtration. After that, sulfuric acid is added to release lactic
acid from the lactate form. The free acid is further purified by evapo-
ration and distillation. During this process, calcium sulfate (gypsum) is
formed at a rate of about one ton per ton of lactic acid. At current lev-
els of lactic acid, still practical uses are found, but especially when acid
production is ramped, gypsum production will pose disposal and envi-
ronmental problems [189, 190]. An alternative to the use of neutralizing
agents is the in-situ separation of the produced acid during fermen-
tation. However, selective removal of a highly hydrophilic carboxylic
acid in the presence of numerous substrates and active microorganisms
is challenging. The use of Ionic liquids (ILs) as solvents is promising
due to their negligible vapor pressure, high thermal stability, and low
chemical reactivity. Several published ILs have been shown to have high
capacity and low toxicity toward microorganisms [191, 192, 193]. How-
ever, recent work on recovery from ILs showed that direct thermal re-
covery is not possible at low loadings, and an additional back-extraction
is needed, followed by thermal decomposition of the formed complexes
[194]. This is less suited for lactic acid, as it is prone to polymeriza-
tion at elevated temperatures. Therefore, reactive extraction with ter-
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tiary amines [195, 196, 197, 198, 127| still appears to be the solvent of
choice. The reactive extraction of carboxylic acid has been subject to
numerous studies [189, 64, 61]. Typically, a tertiary amine, such as tri-
n-octylamine (TOA), is used as an extractant. However, the pH optima
difference for fermentation and extraction poses a significant challenge.
While a neutral pH value is required for fermentation, higher extraction
yields are achieved at low pH since tertiary amines only extract unpro-
tonated acids. Several publications report reduced extraction efficiency
of tertiary amines at higher pH values[196, 197, 101, 199]. An option
to improve the efficiency of tertiary amines at higher pH values is to
add highly water-soluble salts[200]. However, this approach requires the
addition of large amounts of salts and therefore cannot be used as an
in-situ product removal technique. Thus, this process can only be used
for fermentation processes with continuous neutralization or fermenta-
tions, which result in low concentrations of lactic acid. However, since
carboxylic acids are promising platform chemicals used in large scale,
in-situ extraction represents the key towards continuous fermentation
and hence, a large scale production. Another approach to increase the
extraction efficiency of tertiary amines is electrochemical pH-shift. Re-
cently, separations have been shown in combination with electrochemical
stimuli, such as electrodialysis or electro-deionization [140, 42, 146]. Fur-
thermore, recent publications presented combinations of electrochemi-
cal separation technologies and biobased production [201]. For example,
electrochemical extraction of carboxylic acid [140, 39] or capture of CO2
with amines [202].

The positive effect of the combination of electrochemical pH-shift and
reactive extraction has already been demonstrated in a previous publi-
cation [140]. However, in-situ extraction of fermentation broths is chal-
lenging due to the formation of stable emulsions, limited phase ratios
applicable, and solvent toxicity. A previous publication demonstrated
the benefits of a membrane as an extraction interface with respect to
these issues [195]. Herein, the concepts of electrochemical pH-swing and
membrane assisted reactive extraction, respectively back-extraction are
combinded to enable the recovery and up-concentration of lactic acid
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Figure 7.1.: Optimal ranges of the aqueous pH value for the fermentation
and reactive extraction of lactic acid, the blue lines show the reversible pH
changes introduced in the cathode/ anode chamber of the electrolysis for
optimal fermentation, extraction, and back-extraction.

from aqueous solution at physiological pH values [203]. The relevance of
the aqueous pH on the lactic acid extraction performance is investigated
experimentally. Based on the experimental observations a mathemati-
cal model is derived, that takes the weak-acid equilibrium of lactic acid
into account and enables design calculations to determine the membrane
area required for the extraction at varying pH values in the feed which
is an important aspect in the development of well performing in-situ
separation technologies [204, 7.
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7.3. Materials and Methods

7.3.1. Chemicals

All chemicals used were purchased from Sigma Aldrich Switzerland. Tri-
n-octylamine (TOA) 98%, sodium sulfate > 99%, mandelic acid (Stan-
dard for quantitative NMR, TraceCERT), 1-decanol > 99%, sodium hy-
droxide solution 1M, sulphuric acid 1M, deuterium oxide 99.9% The
aqueous lactic acid solutions were prepared using 85 wt% FCC lactic
acid.

7.3.2. Experimental setup

Figure 7.2 shows a schematic representation of the used electro-swing
membrane extraction setup. It consists of two temperature-controlled
2 L tanks for the aqueous and organic phases. Two Ismatec Micropump
gear pumps ( Z 140, 5 - 60 L / h), were used to pump the phases through
the electrochemical cell, the membrane module, and back into the con-
tainer, which can be adjusted to 10-60°C. Needle valves were used
to adjust pressure. Coriolis flow meters were used to record the flows
as well as the densities of both phases. All phase-contact parts made
from PVDF, PTFE, glass, or stainless steel (1.4404). The electrolysis
cathode consists of platinum and the anode of titanium coated with ti-
tanium coated with iridium mixed metal oxide, provided by Magneto
special anodes B.V., Netherlands; the electrolysis membrane was a Fu-
masep FS-990-PK, Fumatech, Germany. A quasi-continuous operation
was used to study the effect of pH on membrane extraction and potential
improvements by applying the electrochemical pH-shift. Therefore, the
lactic acid containing the aqueous phase was first pumped through the
anode chamber, where the protons produced by the electrolysis acidify
the solution before it enters the membrane contactor. The base pro-
duced with the electrochemical pH-shift was recovered in a second loop
(Base loop).

For the back-extraction, the aqueous receiving phase was pumped
through the cathode chamber of the electrolysis as depicted in fig. 7.8.
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Figure 7.2.: Electro-swing MSE-Setup and extraction equilibrium system,
HLA=protonated lactic acid, Kc=lactic acid-TOA complexation constant,
Ka=lactic acid dissociation constant.

7.3.3. Experimental methods

If not stated differently, 20 wt% tri-n-octylamine (TOA) in 1-decanol
was used as solvent for the experiments. Membrane supported extrac-
tion (MSE) experiments were started by pumping the aqueous phase
with an overpressure of about 60 mbar to ambient pressure. Subse-
quently, the organic phase flow was started, keeping the pressure about
50 mbar lower than that of the aqueous phase. This avoids the in-
troduction of the organic phase into the aqueous phase. The organic
phase was pumped through the fibers and the aqueous phase through
the membrane contactor shell side. The outer diameter of the fibers was
used to calculate the contact area because the hydrophobic membranes
are penetrated only by the organic phase. Table 1 shows the properties
of the used PTFE fibers purchased from Memo3 GmbH, Switzerland.
Since only a small membrane module (0.059m) was used, both
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Table 7.1.: Used PTFE membrane. The tortuosity was determined using
Field Emission Scanning Electron Microscopy (FESEM)

Material Porosity  d, d; D, Thickness
2] [ [mm|  [mm] [pm]
PTFE 54 0.47 2.97 3.49 260

the aqueous and organic phases were circulated until equilibrium was
reached. If not stated otherwise, all experiments were carried out at
room temperature and with 0.15 M Nay,SO, as the background elec-
trolyte, to represent the ionic strength encountered in lactic acid fer-
mentation.[30,31]

7.3.4. Analytical methods

All samples were analyzed by either High-Performance Liquid Chro-
matography (HPLC) or quantitative Nuclear Magnetic Resonance
(NMR) measurements. Lactic acid concentrations in the preliminary
equilibrium study (Figure A2) were measured by HPLC on an 1100 Se-
ries HPLC (Agilent Technologies) equipped with an Organic Acid Resin
250 X 8 mm Column (CS Chromatographie) and a refractive index (RI)
detector (G1362A). As a mobile phase, 10 mmol H2S04 at an isochratic
flow rate of 1 mL/min was used. Quantitative 1H-NMR measurements
were used to measure the carboxylic acid concentration in membrane
extraction experiments. Measurements were performed at ambient tem-
perature on a Bruker Avance III 400 NMR spectrometer (Bruker BioSpin
AG) fitted with a 5 mm i.d. BBO prodigy probe and operating at 400.13
MHz. Maleic acid was used as an internal standard in D5O.
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acid with membranes

7.4. Theory and Reactive Extraction
Modeling

Small carboxylic acids are difficult to extract out of aqueous streams
due to their hydrophilic nature. Thus, it is highly beneficial to apply
a reactive extraction process instead of a conventional physical extrac-
tion. Tertiary amines such as tri-n-octylamine (TOA) are state-of-the-
art for the reactive extraction of carboxylic acids out of aqueous streams,
due to their high selectivity and capacity [196, 205, 23, 123]. Both are
needed when working with fermentation broths since the carboxylic acid
is highly diluted (<10 wt% in water) and the fermentation broths contain
numerous compounds that preferentially are not co-extracted. The pH
of the fermentation broth determines the concentration of protonated
lactic acid and thus the extraction rate and efficiency. A mass trans-
fer model was developed to describe the extraction rate and, hence, to
predict the required membrane area for the desired production rates. A
detailed description of the model and derivations can be found in the
supplementary electronic information published with [8]. Figure 7.2 dis-
plays the reactive extraction mechanism assumed for lactic acid [206].
The overall mass transfer coefficient k,, can be determined experimen-
tally from:

. dn
Neg = E = kopAo ([HLA]aq -

[HLA-TOAl,, )

K[TOATL., 1)

with Kc as the lactic acid-tri-n-octylamine complexation constant and
ko, as the overall mass transfer coefficient and HLAC as the lactic-acid-
tri-n-octylamine complex. The bracket is the driving force described
by the concentration difference between protonated acid in the aqueous
phase [HLA],, and the organic phase [HLA],.,. Ao stands for the
membrane contact area. It is essential to mention that the membrane
only serves as a solid extraction interface, meaning that the membrane
does not influence the phase equilibrium in any way. The total mass
transfer coefficient k,, can be calculated as shown in the ESI of (8] or
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can be fitted from mass transfer experiments [207]. The pH of the aque-
ous is calculated using the dynamic approach [208, 170], which includes
solving the differential equations for the concentration of protons, sul-
furic and lactic acid in the aqueous phase. The constituting equations
of the kinetic model used in the calculation presented in Figure 7.3 are
given in the ESI of (S8-S25) [8]. It should be noted that because of the
low membrane area and high volumetric flow, the concentration differ-
ence between the membrane input and outlet was negligible. Although
such settings are well suited to investigate the kinetics of the reactive
extraction, a kinetically limited reactive extraction caused by insuffi-
cient contact area is not desirable for any process application. For this
reason, the calculation of the required membrane area is an essential
step in the designing of processes featuring membrane assisted in-situ
extraction. The herein-derived model is based on the classic design
approach for membrane-assisted extraction from [209]. For a detailed
explanation of the derivation, the reader is referred to the original work
and appendix G.2. In summary, mass balances for a differential vol-
ume of the membrane contactor and the overall module are formulated,
approximated with a Taylor series expansion and rearranged to yield
a differential expression for the membrane area concerning the desired

change in lactic acid concentration:

Vaq
Emem
([HLAJK[TOAY+ 32 ([HL Ay Jo = HLAyr) = [HLA L)

’ (7.2)
This approach is analogous to the modeling of plug flow reactors
(PFR). Integration of the right-hand side of eq. (7.2) for the respec-
tive concentration [ HL A ], at the inlet and at the outlet [ HL Ay ],
where [ HLA,,],, is the desired outlet concentration, yields the required

d4,,
d[HLA] ~

membrane area for the extraction. In order to take into account that
only the protonated lactic acid is extracted, the integration variable is
altered from the concentration of protonated lactic HLA to the total
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concentration of lactic acid HLA;,; by changing the integration vari-
able:

dA,, ~_ dA, d[HLA]
d[HLA,;] d[HLA)d[HLA;.]

(7.3)

The derivation of the differentials resulting from this change of vari-
ables is presented in the appendix appendix G.2.

And further:

d[HLA] [H]

= +[HLA
QLA - T+ Ky T ARG

d[H] K,
[HLA] ([H*]K,)?

(7.4)

The term defined in Eeq. (7.4)is in essence the inverse of the aqueous
phase enhancement factor as defined by Gossi et al. [207]. A derivation
of the remaining differentials caused by the change in the integration
variable is given in the appendix appendix G.2. The resulting set of
differential expressions equations is solved numerically for the required
membrane area using the MATLAB odel5s solver.

7.5. Results and Discussion

7.5.1. pH-dependent Extraction kinetic Modeling

The model described in EST (S8-S25) of [8] was experimentally verified.
For that, membrane assisted extractions were performed with a mem-
brane contactor with 0.059m and 1200 g of aqueous phase with 10g/L
lactic acid and 500g of 20wt% TOA in 1-Decanol. A lactic acid concen-
tration of 10g/L represents a realistic concentration during a continuous
fermentation with in-situ removal. Both phases were continuously recir-
culated at 15 kg/h through the membrane until equilibrium was reached.
Three experiments were performed at pH 4.5, 5 and 6. A mass transfer
coefficient of 2-10-7 m/s working with the same membrane contactor
and aqueous feed has been published before [207]. From the results in
fig. 7.3, it can be concluded that at higher pH values, hardly any extrac-
tion is observed. While these results are entirely in line with what would
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be expected based on literature, it proves that using tertiary amines to
extract lactic acid from buffered solutions is highly inefficient [199, 210].
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Figure 7.3.: Aqueous phase lactic acid concentration-in-time-profiles for
extractions at initial pH values of pH 6, pH 5, pH 4.5.

Figure 7.3 shows the experimental and simulative results for vari-
ous pH values, the initial lactic acid concentration was 10g/L, and the
organic phase consisted of 20 wt% TOA in 1-decanol. The black line
represents the predicted concentration profile using the model from [209]
without any pH-dependency included. The blue lines show the predicted
concentration profiles based on the model presented in this work, which
can be regarded as a further development of the models from [140, 207].
The experimental and simulative results are in excellent agreement. It
is evident that the aqueous pH has a striking effect on the kinetics of
the membrane-assisted extraction. Therefore, it is crucial to consider
its impact in the design process and maintain a suitable pH during the
operation to ensure satisfying extraction rates. This can either be done
by employing the electrochemical pH-shift prior to extraction or by de-
veloping acid tolerant strains of lactic acid producing microorganisms
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[211, 212, 213].

7.5.2. Design of Membrane Contactor Area for
Dissociating Solutes

The classical design equations which are used to calculate the membrane
area required for the membrane supported extraction do not consider the
pH effect imposed on the extraction by the weak-acid equilibrium [209].
Based on the modeling results, an extensioon of the design framework
by Melin et al. is derived and a new mathematical model to calculate
the membrane area required for ISPR at different feed conditions (con-
centration and pH) is developed. Figure 7.4 shows the required areas
for a fictive fermenter of 10 L operated with a productivity of 2 g L-1
h-1, depending on the pH and lactic acid concentration. In the hatched
area, the pH equilibrium prohibits the complete extraction and causes a
steep exponential increase of the required membrane area, which makes
the junction region sensitive towards numerical errors.

Two major influences can be identified in fig. 7.4: The reduced mem-
brane area required at low acid concentrations and the strong influence
of the pH value. The first influence can be explained by the higher
amine-acid ratio at low concentrations, which is also reflected in the last
term of Equation S13 in the ESI of [8]. The increasing enhancement
factor outweighs the decreasing driving force at low concentrations and
leads to higher mass transfer rates. This also demonstrates that the
reactive extraction with tertiary amines is especially suitable for in-situ
extractions, where lactic acid must be recovered from low concentra-
tions [214, 215]. The second influence, the influence of the pH on the
required membrane contact area, is apparent, demonstrating the im-
mense improvement that could be reached when applying an electro-
chemical pH-shift or . The membrane area required for extraction rises
exponentially when the aqueous pH approaches 4. Above this pH, the
removal of protonated lactic acid causes an immediate increase of the
aqueous pH, which triggers the dissociation of the remaining lactic acid
and thereby makes it unavailable for extraction. A starting pH well be-
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Figure 7.4.: Membrane area required for the extraction of lactic acid, de-
pendent on pH and total lactic acid concentration.

low 4 is mandatory to achieve an efficient extraction. This requirement
is not compatible with the thermodynamic limits imposed by microbial
lactic acid production and product export from the cell in currently used
microorganisms (Figure A3) [8]. As a consequence, there is a gap be-
tween the optimal operational conditions required for fermentation and
extraction with regard to the pH value, which can be closed by electro-
chemical pH-shift. By doing so, the pH of the aqueous solution can be
reduced prior to the membrane module and the extraction efficiency can
be highly increased. Figure 5 shows the influence of an electrochemical
pH-shift from pH 4.5 to pH 4. In both experiments, the initial lactic
acid concentration was 10g/L, and the organic phase consisted of 20 wt%
TOA in 1-decanol. The black symbols represent an experiment with an
initial pH of 4 and without electrochemical pH-swing, the grey symbols
an experiment in which the pH of the aqueous feed phase was reduced
in the electrochemical cell prior to the membrane-assisted extraction to
a pH 4.

173



7. Application Note 1: Electrochemical pH-swing extraction of lactic
acid with membranes

e

ool % Ei pH 4.5 E

75F

Concentration, ¢, » [g L]

70

6.5

60 1 1 1 1 1 1
0 24 48 72 96 120 144

Time [h]

Figure 7.5.: Aqueous phase lactic acid concentration-in-time-profiles for
the extraction with and without electrochemical pH-shift.

The improvement depicted in fig. 7.5 is apparent. However, the bene-
fit can be even: The electrolysis allows a change of pH at a given lactic
acid concentration and can therefore lead to strongly reduced mem-
brane contactor sizes required. The electrochemical pH-shift improves
the extraction rate at the expense of electric power consumption. The
degree of the pH-shift depends on the amount of protons 7+ produced
in the electrolysis and is proportional to the electric current I accord-
ing to Faraday’s law. With t being the time, z the number of electrons
transferred in the electrochemical reaction and F being the Faraday con-
stant. As a consequence, a high degree of pH-shift requires a high input
of electricity. This results in a trade-off between the power consumption
required for the pH-shift and the membrane area required for extrac-
tion. Finding the sweet spot for the process operation thus requires an
understanding of the relation between the membrane area required for
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extraction and its dependence on the initial lactic acid concentration
and the initial pH at the module entrance. For this purpose, the de-
sign method presented in appendix G.2 is used to calculate the required
membrane area with regard to the initial condition at the module en-
trance.

Figure 7.5 implies that a lower pH value is always better for extrac-
tion. However, culture media typically contain various salts, like NaCl,
NaySOy, or KoHPO,. Their presence should initiate the salting-out of
the produced acids and increase the distribution coefficient. Contrarily,
studies showed that the presence of salts reduces the extraction efficiency
of carboxylic acids [210, 216]. For example, sodium chloride results in
the formation of hydrochloric acid, which then competes with lactic acid
for extraction. This leads to a reduced extraction efficiency. Therefore,
the number of undissociated acids in the fermentation broth should be
kept at a minimum to reduce co-extraction. Further information about
the co-extraction of salts can be found in fig. 7.6. As an alternative, the
extractant Trioctylphosphine oxide (TOPO) showed only negligible co-
extraction of sulphuric acid and thus might be a promising alternative
to TOA [122].

Another opportunity to close the gap between the fermentation and
extraction pH values is the development of more acid-resistant bacteria,
which have been investigated lately [212]. These microorganisms allow
a more efficient extraction process due to an increased driving force and
reduced electrolysis’s required power input. If low pH tolerant strains are
available [197, 212], the direct extraction of lactic acid is viable without
an electrochemical pH-shift prior to extraction. However, at low pH, the
lactic acid production and export from the cell of the biocatalyst require
additional metabolic energy for the active product export. This energy is
inevitably gained at the expense of substrate yield, which causes a trade-
off between ease of separation and substrate utilization efficiency [5].
Nevertheless, using an electrochemical pH-shift in the back-extraction
process will still be highly beneficial. The following section describes
this back-extraction approach in detail.
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Figure 7.6.: Loading of tri-n-octylamine (TOA) with lactic acid and sul-
phuric acid depending on the pH. Lines are only visual help. Initial lactic acid
concentration 0.5 mol/L. Initial sodium sulfate concentration 0.15 mol/L.
Adjustment of pH using 2 M sulphuric acid. Experimental procedure stated
in [8]

7.5.3. Electrochemical pH-swing back-extraction

A continuous process raises the need for a continuous solvent recycling
process; thus, a back-extraction is needed. Different strategies have
been reported for the back-extraction of carboxylic acids out of tertiary
amines. In the case of volatile acids or solvents, the most straightfor-
ward option appears to be evaporation or distillation. A temperature-
and solvent-swing process can be applied if neither the carboxylic acid or
the solvent is volatile[61]. Since the complexes are stabilized by hydrogen
bonds with the solvent n-decanol, adding a solvent that cannot donate
or accept hydrogen bonds - like heptane - reduces the complex’s stability
[61, 55, 134]. Additionally, an increase in the organic phase temperature
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reduces the complexation constant, increasing the recovery rate[55, 217].
However, the added heptane needs to be recycled after back-extraction
by evaporation[195]. Instead, using an electrochemical pH-shift for the
back-extraction enables effective solvent regeneration. Back-extraction
with a receiving phase at alkaline pH conditions is known for its high
efficiency[204]. In the herein presented setup, the alkaline conditions
in the receiving phase are established by pumping the receiving phase
through the cathode chamber of an electrolysis cell. Experiments with
lactic-acid saturated 20 wt% TOA in 1-decanol (55 g/L lactic acid) and
an aqueous receiving phase with 0.15 M Na2S04 set to a pH of 12 led to
extraction efficiencies of > 90%. fig. 7.7 shows the back-extraction pro-
cess using an electrochemical pH-shift to increase the pH of the receiving
aqueous phase to 12 before the actual back-extraction.
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Figure 7.7.: Back-extraction with electrochemical pH-shift, with LA-
saturated 20 wt% tri-n-octylamine in 1-decanol. Electrochemical pH-shift
to pH 12 prior to back-extraction.

Compared to the temperature- and solvent-swing process, the mass
transfer coefficient is reduced when applying an electrochemical pH-
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shift: The mass transfer coefficient with temperature- and solvent-swing
is 2.1*10-7 m/s (Solvent/Feed/Wash with a volumetric ratio of 1/1/3),
and 1.4*10-7 m/s with the electrochemical pH-shift (Solvent/Feed with
a 1/1 volumetric ratio). The reduced viscosity with heptane as anti-
solvent and working at increased temperature can explain the increased
extraction rate. However, the extraction efficiency with pH-shift can be
increased significantly, from 40% [195] to > 90%, depending on the cho-
sen parameters. Thus, by applying an electrochemical pH-shift, a much
higher concentration factor is achievable. Moreover, the subsequent dis-
tillation process for water removal requires less energy, and the whole
process becomes more energy efficient. Additionally, evaporating three
parts of antisolvent per part extractant phase after back-extraction is

no longer necessary.

7.5.4. Outlook

Based on the results presented in this chapter it is proposed to combine
membrane supported extraction and electrochemical pH-swing for lactic
acid purification. Depending on the pH value of the fermentation a first
electrochemical pH-swing could be used to adjust the pH value in the
feed of the membrane supported extraction [8]. If the fermentation pH is
sufficient for direct extraction, the process scheme presented in fig. 7.8
is suggested. The lactic acid is recovered by in-situ product removal
by membrane supported extraction. In-situ extraction with membrane
supported extraction have been previously reported by [195]. The loaded
solvent is then regenerated with an alkaline solution produced in the
electrochemical pH-swing electrolysis. Afterwards the lactate solution
is fed to the anode chamber to produce the free lactic acid, which is then
further purified by distillation and short-path evaporation.

Further investigation is required to clarify whether an initial pH-shift
by electrolysis or a slightly acidic fermentation is the more economically
way to enable the membrane supported extraction. Besides, the final
purification may require additional ion removal steps to keep the con-
centration of divalent ions, which complicate the lactic acid distillation,
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Figure 7.8.: Process scheme for the in-situ extraction and continous pro-
duction of lactic acid. Additional ion removal steps may be required before
the distillation to avoid oligomerization and racemization.

within tolerable limits. Overall such a process layout would overcome
the costly initial recovery of lactic acid from very dilute aqueous solution.

7.6. Conclusion

The developed pH-dependent reactive extraction model enables the cal-
culation of the necessary contact area for membrane-assisted extraction,
an essential step in the design of extraction processes to separate lac-
tic and other carboxylic with membrane contactors. Implementing a
pH-shift electrolysis can overcome the pH gap between the optimal op-
erating conditions of fermentation and extraction, reducing the required
membrane. The significant reduction of the required area is advanta-
geous since membrane contactors often represent substantial investment
costs. The presented electrochemically driven back-extraction enables
high concentration factors reducing the required energy input for ther-
mal purification tremendously.
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8. Application Note 2: pH-T-swing

Separation of ltaconic Acid

8.1. Motivation

' This chapter presents the development of an electrochemical pH-T-
swing separation process, which is applied for the recovery of bio-based
itaconic acid. In contrast to succinic acid, where low pH fermentation
is limited by the energy balance of microbial metabolism, acid tolerant
strains for itaconic acid production are feasible. This chapter demon-
strates how sophisticated microbial engineering and electrified down-
stream processes enable itaconic acid production with a promising eco-

nomic perspective.

8.2. Background of Itaconic Acid Production

Itaconic acid is considered a promising platform chemical due to its
versatile molecular properties and potential applicability for biobased
resins, polymers, and solvents [218, 219, 1, 212]. Despite these charac-
teristics, the industrial applications of bio-based itaconic acid are rela-
tively rare compared to, e.g. citric acid due to high production costs
[220]. Aside the costs, a major drawback of the bio-based production
route for itaconic acid is the production of waste salt due to the use
of pH-adjusting agents in the fermentation and downstream processing
[218, 20, 23, 24, 221]. Controlling the pH value is necessary for optimal

tParts of this chapter have been published in "Gausmann & Kocks et al. "Electro-
chemical pH-T-Swing Separation of Itaconic Acid" 2021, ACS Sustainable Chemistry
& Engineering"
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operating conditions during fermentation and recovery [222]. In order
to render the bio-based production of itaconic acid ecologically and eco-
nomically more attractive, minimizing the use of pH-adjusting agents,
which is inevitably associated with waste salt production, as well as
waste free solvent regeneration strategies are required [223, 224, 225].

A promising concept is the development of low pH value tolerant mi-
croorganism for itaconic acid production. The pH value is not con-
trolled throughout the fermentation and drops due to the production of
itaconic acid to acidic values. Heverkerl et al. produced itaconic acid
in acidic fermentations of Aspergillus terreus because of the high pos-
sible titers [226]. However, the filamentous morphology of A. terreus
causes challenges regarding reproducibility and handling during the fer-
mentation process such as high viscosities and sufficient oxygen supply
[227, 228, 229]. These drawbacks can be avoided in itaconic acid fermen-
tation with the smut fungus Ustilago maydis, with its characteristic hap-
loid single-cell morphology [227, 230]. However, U. maydis performs best
at neutral pH values, which requires the use of additional pH-adjustment
agents in up- and downstream processing [231, 232, 233]. At low pH
values, losses in volumetric productivity and titer are reported for the
fermentation of U. maydis [234]. Morphologically engineered strains of
Ustilago cynodontis present a promising possibility to combine the ad-
vantages of A. terreus and U. maydis. Tehrani et al. achieved titers com-
parable to fermentations with U. maydis of up to 82.9 gL_1 of itaconic
acid in a low pH value fermentation with U. cynodontis while maintain-
ing yeast-like growth. However, itaconic acid production is significantly
reduced at concentrations of itaconic acid above 50 g L' and completely
inhibited at concentrations above 80 gL_1 making the process a poten-
tial application for in situ product removal [235, 236]. Synergies be-
tween low pH production and n situ product removal techniques such
as increased productivity and space-time-yield were highlighted by sev-
eral authors [63, 131, 237]. Furthermore, the fermentation process with
low pH is beneficial for further downstream processing of itaconic acid,
since a large fraction of itaconic acid is present in its protonated form
after the fermentation. This enables direct extraction without further
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pH-adjustment [63, 131, 237]. Nevertheless, the presented downstream
processes still produced significant amounts of salt-rich waste streams
due to pH-management during the purification. Electrochemical unit
operations such as electrodialysis (ED) have the potential to reduce
salt emissions and were successfully applied for carboxylic acid recovery
from aqueous solution [26, 238, 239, 38, 240, 241]. Yet, bi-polar mem-
branes often used in water-splitting ED, require careful pretreatment
of the fermentation broth in order to avoid irreversible membrane foul-
ing [42]. Furthermore, selective removal of the targeted carboxylic acid
from complex fermentation broths is considered challenging [242]. Eco-
nomic competitiveness of processes featuring electrodialysis for itaconic
acid recovery were often found unfavorable if operated at low current
density [219]. Herein, we demonstrate the production of itaconic acid
from fermentation broth to the crystalline product by an electrochemical
pH-T-swing process. By proper selection of the water splitting electrode
material, product degradation at the electrodes can be avoided while the
pH-shift induced by water electrolysis is used to trigger back-extraction
and crystallization of itaconic acid. This enables the use of more ro-
bust ion exchange membranes or potentially membrane free processes
[140, 146]. While the single processing steps presented in this work were
conducted separately, the joint application of low pH value itaconic acid
fermentation with U. cynodontis and electrified pH-T-swing downstream
processing enables itaconic acid production with a significant reduction
of pH-adjusting agents.

8.2.1. pH-shift Water Electrolysis

The cathodic hydrogen evolution reaction of water electrolysis is accom-
panied by the production of hydroxide ions (OH ) while the anodic oxy-
gen evolution reaction goes along with the formation of protons (H+) In
contrast to conventional proton exchange membrane electrolysis (PEM)
or alkaline electrolysis, where H' ions respectively OH ™ ions carry out
the charge transfer, pH-shift water electrolysis features charge transfer
by other ions such as Na*, K or SO427. By closing the electric circuit
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of water electrolysis with ions other than H' ions or OH ions, both
accumulate in the respective chamber and thus, water splitting can be
used to adjust the pH value of the anolyte and catholyte either to acidic
or to alkaline conditions, respectively. A well-known industrial appli-
cation using this principle is the production of sodium hydroxide from
sodium chloride via chlorine alkali electrolysis. The presented approach
aims for the control of back-extraction and crystallization processes by
altering the pH value as their driving force via water splitting. The
amount of H' ions and OH ™ ions produced at the respective electrode
can be calculated by Faraday’s law.

The efficiency of electrolysis is defined as the ratio of produced H™
ions or OH  ions to the electrons e introduced into the system and is
mainly influenced by side reactions, which can be identified for example
by cyclic voltammetric measurements with the specific electrodes. If no
side reactions are detected, the efficiency of the electrolysis is close to
one (243, 244].

ot = (8.1)

Both, OH™ ions and H" ions, alter the pH value and the dissocia-
tion of itaconic acid. The degree of dissociation defines the amount of
acid present in its dissociated forms (HIA_,IAQ_) or protonated form
(HoIA) fig. 8.1. The knowledge of the dissociation of itaconic acid is
especially important since it defines efficiency and yield of extraction,
back-extraction and crystallization. The extraction of itaconic acid from
the aqueous phase via reactive extraction aims for the protonated species
of itaconic acid. Reactive extractants such as Tri-n-octylamine (TOA)
can form complexes with the HoIA form of itaconic acid via hydrogen
bonds and thereby extract the acid into the organic phase. Hence, for
a removal of itaconic acid from the aqueous phase via reactive extrac-
tion the pH value should be low. A similar effect is observed for the
crystallization of itaconic acid. The HyIA has a lower solubility, which
enables crystallization, compared to most of the itaconates present at
higher pH values fig. 8.1. Therefore, crystallization of carboxylic acid
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Figure 8.1.: Dissociation of itaconic acid calculated with the equilibrium
constants K,; » at room temperature pKal,2 = —log(K,; 2) = 3.84 and
5.55. The operating pH value ranges of the fermentation, extraction, back-
extraction and crystallization is indicated by the respective areas.

is usually performed under acidic conditions at low temperatures [21].
The back-extraction is enabled by the opposing effect, and relies on a
high pH value in the aqueous phase. Under these conditions the com-
plex in the organic phase is broken and the dissociated itaconic acid
(HIA™ or IA®") is transferred back into the water. For the electrochem-
ically induced downstream the adjustment of the pH value is realized by
the produced amount of H' ions and OH  ions. Hence, the dissociation
of the targeted itaconic acid is changed enabling either electrochemical
induced back-extraction or crystallization. The pH-shift efficiency 7,1
correlates the H* ions or OH ™ ions which are used for the change in dis-
sociation of itaconic acid nyg+_1a or nog-_ia With the overall produced
amount of protons (ng+) or hydroxide ions (npy-) by water splitting
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electrolysis at the respective electrode.

N+ SI1A NoH--IA

TlpH,Anode = g+ Or'  T)pH,Cathode = Non-

(8.2)

Furthermore, the efficiency of the crystallization can be defined as the
ratio of solid product n;p () to the amount of H' ions used to protonate
the itaconic acid. This crystallization efficiency depends on the operat-
ing conditions such as initial pH value, concentration and solubility of

itaconic acid.
1A (s)

NH+*-1A
Equations (8.1), (8.2) and (8.3) result in the overall efficiency 7 of the
electrochemical crystallization process:

(8.3)

Nery =

1A (s)
Ne-

11 = Tel * TlpH,Anode * Mery = (84)

8.2.2. Process

This work presents all necessary single steps towards a bio-based
production process from the substrate glucose to the final product,
crystalline itaconic acid. The envisioned concept for a combined process
is displayed below fig. 8.2.
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After the fermentation with U. cynodontis, the produced itaconic acid
is extracted via reactive extraction from the acidic fermentation super-
natant into the organic phase. TOA is a ternary amine, which shows
good results as a bio-compatible reactant for itaconic acid due to its low
solubility in the aqueous phase (log P,,, = 10.35) [131]. Usually TOA is
diluted in octanol or similar organic compounds to simplify processing
and to avoid the formation of a third TOA-rich phase. The selective
recovery of itaconic acid by reactive extraction has been shown success-
fully in literature [63, 237]. TOA builds a complex with the protonated
itaconic acid and thereby itaconic acid is concentrated in the organic
phase. The subsequent downstream processing was studied by Eggert
et al., choosing a back-extraction with pH-control by sodium hydroxide
(NaOH) followed by a final pH-shift crystallization by using hydrochloric
acid (HCI) [63]. The process highlighted in this work uses a compara-
ble approach by shifting the pH value for an alkaline back-extraction
induced by electrical current followed by a crystallization at low pH val-
ues and temperature. In this case the organic solution is brought into
contact with an alkaline aqueous phase coming from the cathode cham-
ber of the electrolysis stack as displayed in figure fig. 8.2. Hence, the
complex is split by the high pH values and the dissociated itaconic acid is
released into the aqueous phase. By adjusting the phase ratio of organic
and aqueous phase during back-extraction a concentration increase of
itaconic acid in the aqueous phase can be reached. The elevated con-
centration enables product recovery by pH-shift crystallization. For that
purpose, the aqueous solution is transferred into the anode chamber of
the electrolysis stack to lower the pH value and protonate the itaconic
acid, before entering the final cooling crystallization.

8.3. Experimental Procedure

8.3.1. Materials

Itaconic acid (99%) and Tri-n-octylamine (95%), Sodium hydroxide
(99%) and sodium sulfate (99%), were purchased from VWR, Lan-

188



8.3. Experimental Procedure

genfeld Germany. Potassium sulfate (99%), 1-Octanol (99%), sodium
chloride (99%), iron(II) sulfate heptahydrate (99.5%), zinc sulfate hep-
tahydrate (99.5%), manganese(IT) chloride dihydrate (96%), copper
sulfate pentahydrate (99%) and sodium molybdate dihydrate (99.5%)
were obtained from Merck, Darmstadt Germany. Sulfuric acid (96%),
ammonium chloride (99.7%), glucose (ACS), potassium dihydrogen
phosphate (99%), magnesium sulfate heptahydrate (99%), cobalt chlo-
ride hexahydrate (99%), calcium chloride dihydrate (99%), boric acid
(99.8%), potassium iodide (99%), potassium hydroxide (85%) and 2-
(N-morpholino)ethanesulfonic acid (MES) monohydrate (99.5%) were
purchased from Carl Roth, Karlsruhe Germany. EDTA (99%) was pur-
chased from Thermo Scientific, Langerwehe Germany.

8.3.2. Fermentation

An acid tolerant strain of Ustilago cynodontis was used for itaconic acid
fermentation. The fermentation was carried out as part of research col-
laboration by AVT.BioVT. For a detailed description of the fermentation
conditions and the analytical procedures applied in the fermentation, the
reader is referred to the published paper [245].

8.3.3. Extraction Equilibrium of Itaconic acid

The optimal pH value for extraction was determined by titration ex-
periments. An aqueous solution containing 40gL_1 itaconate with a
near neutral pH value was prepared from itaconic acid and sodium hy-
droxide. A 50:50 w/w% mixture of TOA and 1-Octanol was used as
extractant. 2 M solution of sulphuric acid containing 40 gL_1 itaconic
acid was used for titration. The itaconic acid was added to the titra-
tion solution in order to eliminate the dilution effect of itaconic acid in
the aqueous phase during titration and thus isolate the pH-dependent
extraction effect. 37.5 mL extractant was added to 60 mL of aqueous
solution establishing a molar excess ratio of 1.6 TOA to itaconic acid.
Small volumes of the titration solution were added. Both phases were
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well mixed for 30 min after each separation step and allowed to set-
tle afterwards. When satisfying phase separation was reached, the pH
value of the aqueous phase was recorded and a sample for HPLC analy-
sis of itaconic acid concentration in the aqueous phase was drawn. The
concentration of itaconic acid was determined by an Agilent (Ratingen,
Germany) 1100 series HPLC, equipped with a LC-OrcanicAcid-CS-E
resin (2500 x 8 mm, CS Cromatography, Langerwehe, Germany). The
itaconic acid signal was recorded with a refractive index detector (RID)
G1362A and 10mM of aqueous sulfuric acid solution was used as elu-
ent, with a flow rate of 0.75 mL min~! at a temperature of 40°C. All
concentrations were determined in gram IA per liter solution. From the
itaconic acid concentration of the aqueous phase and the added titration
solution, the loading of the extractant was calculated by mass balances.
The maximal back-extraction yield was determined by a similar proce-
dure, yet starting with loaded extractant. The loaded extractant was
prepared by adding 13.6 mL extractant to 20 mL of an aqueous solu-
tion containing 40gL_1 itaconic acid. The aqueous phase additionally
contained 0.2 M NaySO, in order to account for the background elec-
trolyte used in the electrochemical pH-swing. A 5 M NaOH solution
containing additional 40 g L~" itaconic acid and 0.2 M NaySO,4 was used
for back-extraction titration. Again, the loading of the organic phase
was calculated with the concentration data obtained after each titration
step by mass balances. Both titration experiments were conducted in
triplicates.

The maximal loading of the extractant and the maximal recovery of
itaconic acid from fermentation broth was determined by conducting
two five stage cross-current batch extractions. Maximal depletion was
determined by adding 5.5 mL of fresh extractant to the same 25 mL
fermentation broth in each stage. By this setting, the extraction ca-
pacity in each stage was limited, which yielded in more data points for
the course of pH value during extraction. The samples were shaken at
700 min~" for 30 min and separated by centrifugation at 2000 min~" for
5min afterwards. After phase separation the organic phase was with-
drawn and fresh extractant was added for the next stage. The maximal
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loading of the organic phase was determined in a similar way by adding
15 mL of fresh fermentation broth to the same 13.3 mL extractant.
Thus, sufficient itaconic acid was supplied in each stage and extraction
was only limited by the aqueous pH value. All cross-current extraction
experiments were conducted in triplicates.

8.3.4. Solid Liquid Equilibrium of Itaconic acid

For a detailed description of the experimental procedure applied for solid
liquid equilibrium determination, the reader is referred to the published
paper [245].

8.3.5. pH-T-swing Separation

Cell free supernatant from the fermentation broth was used to prepare
an itaconic acid loaded extractant. The extraction was carried out as
a one-stage reactive extraction with a TOA-octanol (50:50 w/w%) at a
phase ratio of 3:1 (aq:org) by mixing both phases for 12h on a magnetic
stirring plate followed by 4h sedimentation and decantation. 600mL
of loaded extractant were prepared in each extraction. The loaded ex-
tractant was used for electrochemical pH-swing back-extraction with si-
multaneous acidification. The aqueous solution on the cathode side was
pumped at a flow rate of 60 mL min " through the electrolysis module
and the packed extraction column and contacted with the loaded extrac-
tant which circulated at a flow rate of 20mLmin~'. The anolyte was
constituted by the solution harvested in the previous back-extraction
run and also circulated at a flow rate of 60mLmin~'. Itaconic acid
was eventually recovered from the acidulated anolyte by cooling crys-
tallization. Since no back-extracted itaconic acid was available for the
inital start-up run, an artificial itaconic acid anolyte was used for the
experiment which produced the first itaconic acid enriched solution from
back-extraction (data not shown).

For the purpose of establishing similar conditions in the back-
extraction as expected with closed recycling streams for the mother
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Figure 8.3.: Internal view of custom made 100 cm® PTFE pH-shift elec-
trolysis cell

liquor, a solution containing 80gL_1 itaconic acid and 0.2M NaySOy
was used. Images of the electrolysis cell Figure 8.4 shows the experimen-
tal setup and fig. 8.3 a detailed view of the electrolysis cell for the pH-
shift water electrolysis. The 100 cm® custom made PTFE-electrolysis
cell was equipped with a platinum coated titanium cathode and a ruthe-
nium mixed metal oxide coated titanium anode supplied by Magneto
special anodes, Schiedam Netherlands. The electrode chambers were
separated by a fumasep F-10120-PK cation exchange membrane (Fumat-
ech, Bietigheim-Bissingen Germany). An EA-PS9040-40T-640 power
source from Elektro-Automatik, Viersen Germany, was used for power
supply and continuous recording of voltage and current. The electrolysis
was operated at a current density of 0.1 Acm ™2 Temperature was con-
trolled via the heat exchangers at 36 °C (+2°C). Data for temperature,
pH value, voltage and electrical current was recorded by a LABView
control. The aqueous solution obtained from the back-extraction was
used as the anolyte solution for the following experiment.

All cooling crystallization experiments were carried out using a one-
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8.3. Experimental Procedure

Figure 8.4.: Experimental setup: 1 100 cm® electrolysis cell, 2 Catholyte
reservoir, 3 Anolyte reservoir, 4 pH sensor, 5 Catholyte heat exchanger and
extraction column, Anolyte heat exchanger not visible

liter stirred double-jacketed glass crystallizer stirred at 200 rpm. Tem-
perature was controlled via a Julabo Presto A40 thermostat with the
thermal fluid Thermal HL 60 (Julabo). A PT100 temperature sensor
was used to measure the temperature of the solution inside the crys-
tallizer to regulate and record the temperature. The crystallizer was
made air-tight to minimize eventual loss of solvent due to evaporation.
The solution obtained from the electrolysis stack was filled into the crys-
tallizer and held at 35°C for 30 min, which is approximately the end
temperature of the protonation. Then the solution was cooled with a
rate of 0.3°Cmin~" to 20°C and held for 10 min at 20°C. The gained
solids were separated from the mother solution via vacuum filtration
through a paper filter (MN 640w Machery-Nagel). Subsequently, the
crystals were dried and the crystal size distribution was measured with
the Camsizer X2 by Retsch Technology (Haan, Germany) using the free

193



8. Application Note 2: pH-T-swing Separation of Itaconic Acid

fall method. Pictures of crystal morphology were taken with a Table
Top TM 3030Plus electron microscope by Hitachi . The purity of the
crystals was measured by dissolving a specified concentration in water
and then measured with the HPLC method mentioned in the extraction
section.

8.4. Results and Discussion

8.4.1. Equilibrium data

Reactive extraction of itaconic acid is based on reversible formation of
complexes between the acid and the reactive extractant soluble in the
solvent. TOA reacts with the protonated itaconic acid by formation
of hydrogen bond complexes [61]. The aqueous pH value is a critical
process parameter, since only protonated itaconic acid is available for
extraction. Results obtained from the titration experiment fig. 8.5 reveal
the impact of the aqueous pH value on the extraction equilibrium. When
the aqueous pH value is lowered by addition of sulphuirc acid, protonated
itaconic acid becomes available for extraction eq. (8.5). The extractant
reaches its peak loading at a pH value of approximately 4. Further
acidification of the aqueous phase reduces the itaconic acid loading of
the solvent due to undesired co-extraction of 8042 anions eq. (8.6),
which is a known issue in carboxylic acid extraction [44].

HoIA + TOA == [TOA—-H,IA] (8.5)
HSO, + TOA-H' == [TOA-H"HSO,] (8.6)

The pH value at which the maximum loading of the extractant was
observed, suits the conditions maintained during fermentation. In order
to assess the extraction performance, the recovery of the extraction and
back-extraction step is defined as:

N1A ex
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NyAex i the amount of extracted and back-extracted itaconic acid re-
spectively and nja o the amount of itaconic acid initially present.
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Figure 8.5.: pH-dependent extraction equilibrium of itaconic acid for ex-
traction m and back-extraction ®. The maximum extraction was found near
a pH value of 4.

The pH-dependent liquid-liquid equilibrium data fig. 8.5 was obtained
from titration experiments. It indicates that almost complete back-
extraction is achievable by a one step pH-shift to alkaline conditions.
98.3% of the itaconic acid initially bound to the extractant were re-
covered when the pH value was elevated to pH = 12.5. The maximum
recovery for extraction fig. 8.6 (A) and the maximal loading of the ex-
tractant fig. 8.6 (B) were determined by a five-stage cross-current batch
extraction. The maximal average recovery for extraction was deter-
mined to 67.2% for direct extraction of itaconic acid from the initially
acidic fermentation broth. During extraction, the aqueous pH value in-
creases due to the removal of protons from the aqueous phase with the
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proceeding extraction of IA and eventually approaches neutral condi-
tions fig. 8.6 (A). At the final pH value of 6.59, less than 0.1 % of the
itaconic acid is present in its protonated form and thus the remaining
itaconic acid becomes unavailable for extraction. The remaining frac-
tion of itaconic acid corresponds to the 30.4 % of the total IA which were
neutralized by the 3.8 L 3M KOH added during fermentation. This has
three implications: First, multi-stage reactive extraction can recover al-
most all itaconic acid that is available for extraction. Second, achieving
a recovery of more than 98% in a sequential process seems challeng-
ing as a pH value below 2 would be necessary with regard to itaconic
acid equilibrium fig. 8.1. Third, co-extraction of inorganic anions will
become a problem at such conditions. The maximal feasible loading of
the extractant was determined at 0.88 mol; Amol}g A for a multi-stage
extraction from fermentation broth with a final pH value of approxi-
mately 4 fig. 8.6 which is close to the reported 1:1 complexes observed
under ideal conditions [57]. Thus, the greatest potential is expected for
process concepts running a fermentation at a pH value of 4 with in situ
product removal by multi-stage extraction.
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Figure 8.6.: Multi-stage "cross-current" batch extraction equilibrium of
itaconic acid from fermentation broth. (A) Multi-stage extraction yield a
maximal recovery of 67.2 % limited by the aqueous pH value. (B) A maxi-
mal loading of 0.88 molIAmol}lc)A is obtained from multi-stage extraction.
Measured concentrations are displayed by m and pH values by @, while the
lines are visual help.

For the evaluation of crystallization processes the solid liquid equilib-
rium (SLE) is essential. It defines the solubility of itaconic acid at a
given temperature, pH value and composition of solution. Hence, the
yield of the crystallization process can be defined by:

DIA,(s)
Y= nyA 0 — DA SLE (8.8)

Y is the yield, nga () is the amount of produced solid itaconic acid,
nra o the initially dissolved amount of itaconic acid and nis grg the
amount of itaconic acid dissolved due to the SLE. For a detailed expla-
nation of the SLE the reader is referred to the paper [245].

8.4.2. Electrochemical pH-T-swing Separation

The low pH value of the fermentation broth enables direct extraction of
itaconic acid. Solvent regeneration was realized by the cathodic reaction
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8. Application Note 2: pH-T-swing Separation of Itaconic Acid

of water electrolysis which supplied the OH ions to transfer the itaconic
acid from the extractant to the aqueous phase. Simultaneously, the
anodic reaction was used to convert the itaconate obtained during back-
extraction, to itaconic acid which was isolated by a subsequent cooling
crystallization. The courses of pH value and itaconic acid concentration
in the aqueous phase are shown in fig. 8.8 (A) and (B). Cell voltage
and power consumption during the pH-shift electrolysis are displayed in
fig. 8.7.
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Figure 8.7.: Electrical power consumption, Cell voltage and total current
during the pH-shift electrolysis.

The phase ratios of extractant and aqueous phase in the back-
extraction were selected in such a way that an increase of itaconic acid
concentration in the aqueous phase was obtained during back-extraction,
overcoming the need for thermal energy for water evaporation prior to
crystallization [219]. By conducting the back-extraction and protonation
at elevated temperature, crystallization of itaconic acid in the electrol-
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ysis module can be prevented. Both runs yielded comparable results
for protonation, whereas the deviation observed for the course of the
pH value is likely caused by the different initial pH values. The ita-
conic acid concentration in the aqueous phase of the cathode chamber
decreases at the beginning of the experiment indicating that some ita-
conic acid from the aqueous phase is extracted due to the initially low
pH value and high itaconic acid concentration in the cathode chamber.
After passing a pH value of approximately 4 the concentration of the
aqueous phases rises constantly and the itaconic acid is back-extracted
into the aqueous phase. The produced OH ions cause the dissociation
of itaconic acid and the complex formed in the organic phase breaks.
The pH value rises from about 3 to a value of 6 showing the expected
logarithmic course. The concentration of itaconic acid reaches a plateau
of around 120gL_1. This demonstrates that electrochemical stripping
is able to recover itaconic acid from the extractant and yield an aque-
ous solution with sufficiently high itaconic acid concentration to trigger
crystallization after electrochemical acidification and cooling. During
acidification conducted within the anode chamber fig. 8.8 (A), the con-
centration remains constant over the experiment until it reaches the SLE
concentration at a pH value of approximately 4. The drop in the pH-
curve after 4.5h shows a sudden depletion of buffer capacity indicating
complete protonation of itaconic acid. Shortly after, crystallization of
itaconic acid in the samples drawn for HPLC analysis is observed. The
samples were stored at a room temperature of 20 °C and filtered prior
to analysis.
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Figure 8.8.: Itaconic acid concentration (A) and pH value (B) in the aque-
ous phase of two experiments in anode (B and @) and cathode (m and @)
chamber during pH-T-swing back-extraction with simultaneous protonation
of itaconic acid. Crystallization of itaconic acid in the samples drawn after
4.5h is observed. Symbols are measured pH values and concentrations and
lines are visual help.
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Inside the anode chamber no crystals were formed due to higher tem-
peratures of around 35 °C. Once the itaconic acid on the anode side was
protonated completely, no further back-extraction was observed. This
is likely linked to a change of the main charge carrier once itaconic acid
is protonated completely. The contribution of each ion species to the
overall conductivity « which is related to the ohmic resistance R by the
geometric properties of the electrolyte % is defined by [75].

l
R=—4—. (8.9)

The conductivity is calculated from the charge number, the ion con-
centration in mol/ cm_37 the concentration and the ion specific limiting
conductivity \; by [246]

KR = Z |Zilci>\i' (810)

Under the assumption that only cations can participate in the charge
transfer across the cation exchange membrane, H' ions and Na' ions
are the major charge carrier during pH-swing electrolysis. Taking into
account the initial and final concentration of H' ions and Na' ions
in the anolyte into account, the ion specific contribution to the over-
all conductivity is calculated and displayed in table 8.1. Comparing the

Table 8.1.: Change in ionic conductivity [2]

Cinit Cend A0 Rinit Rend
H™ 1007 0.1 349.65 3.50-107" 1.75-1072
Na®" 1.8 04 5008 9.01-107> 5.01-10""

conductivity in the beginning and in the end reveals that initial Na' ions
associated conductivity is 2.85 - 10° times higher than the conductivity
constituted by H' ions. Yet, in the end the proton associated conduc-
tivity increases and becomes two times higher than the conductivity
provided by Na' ions. To conclude, as long as Na' ions are present on
the anode chamber, they remain the major charge carrier. When the pH
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value drops and Na' ions become depleted, protons start to participate
in charge transfer, which inhibits further pH-shift on the cathode side
because H" ions migrate to the cathode and neutralize the OH  ions
immediately. As a result, the pH-shift efficiency 7,u deceases due to the
loss of H' ions and results in values of 63 % and 79%. Another reason
for the drop of the efficiency is that nearly all of the itaconic acid is
already protonated so that the produced H' ions can no longer bind
to itaconic acid molecules. Consequently, the electrochemical pH-shift
should be stopped when pH values of around 2.5 are reached in order to
achieve both, maximum efficiency and yield at the same time. The yield
will not be improved if the pH value drops under 2.5, since the SLE is
nearly constant.

The repeated execution leading to comparable results, demonstrates
that the process layout presented in fig. 8.2 is feasible. Itaconic acid
was subsequently recovered by cooling crystallization. Analysis of the
crystal material revealed a purity of >99% for the itaconic acid ob-
tained in each run. The three selective processing steps, extraction,
back-extraction and crystallization, allow the production of pure ita-
conic acid from fermentation broth. An image of the product of each
process step and the crystalline product is given in fig. 8.9. The yield Y
reaches values of 91.2 % and 90.9 %. The itaconic acid crystals exhibited
the typical rhombic shape fig. 8.9.

Cooling crystallization has the advantage that no energy intensive
water evaporation is required and particle size distribution as well as
product purity can be further improved by optimized cooling profiles.
Afterwards, the mother solution can be recycled to the cathode side and
reloaded with itaconic acid in the back-extraction fig. 8.2.

From the mass of crystalline itaconic acid obtained after crystalliza-
tion and the recorded power input the overall energy input was calcu-
lated to 10.9 kWh kg, Alﬁs. For energy calculations only the solid fraction
of itaconic acid is considered. The overall efficiency in this case is de-
termined to 25% eq. (8.4). Taking into account the 80 gL_1 of proto-
nated itaconic acid left in the mother liquor after cooling to 20 °C into
account and considering that complete protonation was reached after
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Figure 8.9.: Images of processing steps: 1) Filtrated fermentation broth
2) Extraction 3) pH-swing back-extraction 4) pH-T-swing crystallization 5)
itaconic acid crystals after filtration and drying 6) the recovered crystals
(A) and a close-up (B).

5.3h, the protonation efficiency n,u of itaconic acid was 96.2%. Af-
terwards, the efficiency drops drastically due to the depletion of Na'
and the corresponding loss of H' ions as discussed above. With re-
gard to the overall process leaving behind protonated itaconic acid in
the mother liquor inevitably lowers the overall efficiency for separation.
As the protons will be lost once the mother liquor is returned to the
cathode. This results in a trade-off between energy demand for cooling
and protonation because at lower temperatures a larger fraction of the
itaconic acid can be recovered in the cooling crystallization. With the
power input of 80 W and the Na'-ion transfer rate a minimal power
consumption of 4.2 kWh kg, g protonated is determined for this electrol-
ysis cell. When exploiting the full capacity of itaconic acid solubility
at the pH value of 4 (3OOgL_1) and conducting cooling crystallization
at 5°C a minimal power consumption of 4.8 kWh kgf,i,s is expected.
Considering the comparably wide electrolyte gap of 28 mm, recovery
of crystalline itaconic acid with a high purity and a power consumption
below 5 kWh kg, /i’s seems feasible. It should be pointed out that compa-
rable electrodialysis processes operate at lower current densities and the
current densities achieved in this setup operate in the same magnitude
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like recent bipolar membrane (BPM) processes [242]. Comparing the
operational costs expected for electricity with the material costs for pH-
adjustment by acid and base reveals the promising economic potential
of the pH-T-swing process. HySO,4 and NaOH are considered the indus-
trially established standard for pH-controlling agents. With the current
costs for HySO, (140 EURt™") and NaOH (300 EURt ") this amounts
to 29 ct kg, ,i. Assuming an electricity price for industrial customers in
Germany of 6ct kWh_l, the electricity costs for itaconic acid recovery
amount to 28.8 ct kWh™ [247]. In sweet spots for renewable energy,
clectricity is available at prices below 2ct kWh™' [248], meaning elec-
tricity costs for itaconic acid recovery would be reduced to 9.6 ct kWh™'.
This back of the envelope calculation and comparison of operational ex-
penses demonstrates the economic potential if waste producing additives
are replaced by electrochemically driven process steps operated with re-
newable electricity. However, in order to validate the cost advantage
of electrochemical pH-swing separation processes the capital expenses
for electrolyzers must be taken into account, too. This also requires
detailed analysis and experimental data for the lifetime of key equip-
ment such as electrodes and membranes used in pH-swing electrolysis.
Beyond reduced additive costs, the utilization of renewable electricity
can provide additional value if the process is operated with a suitable
demand side management [249]. Especially creating value by harnessing
times of abundant electricity supply from renewable sources or the abil-
ity to provide fractions of the nominal power consumption as primary
control power for electricity grid stabilization can become a competitive
advantage for companies looking for a sustainable future.

8.5. Conclusion

The joint application of low pH value itaconic acid fermentation fol-
lowed by an electrochemically driven pH-T-swing separation process
enabled the production of pure bio-based itaconic acid in crystalline
form. An assessment of the electrochemical stability revealed no major
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degradation of itaconic acid at water splitting catalysts. Thus, direct
pH-shift water electrolysis can be used to drive pH-reversible reactive
extraction and crystallization of itaconic acid [38, 241, 140, 146]. The
100 cm? laboratory pH-shift electrolysis cell already showed a perfor-
mance comparable to other ED processes reported for di-carboxylic acid
recovery [42].An assessment of the pH-dependent extraction behavior of
itaconic acid showed the best extraction performance for an aqueous
pH value of 4 and almost complete regeneration of the extractant by
alkaline stripping. Investigations of multi-stage cross-current extraction
demonstrated that a high loading of the extractant is feasible, if the
aqueous pH value is maintained at its optimum. The extraction yield
is limited by the fraction of itaconic acid available in its protonated
form. The best performance is expected for a setup featuring low pH
value fermentation, with pH-management by in situ removal of itaconic
acid via multi-stage reactive extraction, followed by the presented elec-
trochemical pH-T-swing process. Herein, the water electrolysis has to
be adjusted precisely to operating conditions, as for example pH value
and salt concentration, in order to minimize power losses. Furthermore,
the measured pH-dependent SLEs of itaconic acid indicate that the fi-
nal pH value for the electrochemically induced crystallization of itaconic
acid should not be lower than 2.5, in order to achieve a high efficiency.
To fully exploit the synergies of low pH value fermentation and pH-
T-swing separation the implementation of a process setup with in situ
product removal is the next step. To further validate the promising
results, future investigations should address the long term stability of
the ion exchange membranes if exposed to solvent traces and biogenic
material and thoroughly analyse the overall processing costs in order
to validate the economic potential. Nonetheless, it is expected that the
herein presented findings for itaconic acid can be transferred to the re-
covery of other di-carboxylic acids such as adipic or succinic acid and
foster the development of sustainable production routes for bio-based
platform molecules.
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9. Techno economic assessment of

bio-SA downstream technologies

1 Finding economically viable ways to produce biobased chemicals is a
major challenge in the transformation from fossil to renewable resources.
The rally in crude oil prices in the 2000s started a first wave of research
and development in industrial biotechnology that led to the concept of
bio-based platform molecules[250, 251] accompanied by the identifica-
tion, characterization and development of high performance microbial
catalysts [252, 253, 254, 255].

Among the potential molecules, succinic acid was regarded a high
profile candidate [256, 257, 258]. This led to commercial inter-
est and the founding of several companies like BioAmber, Succinity
(BASF /Corbion), Myriant and Reverdia (DSM/Roquette) who targeted
the industrialization of the bio-based succinic acid (bio-SA) production
[259]. The global market for succinic acid was estimated at 40.000 MT in
2010 and was expected to grow with a CAGR between 20 %-35 % from
2010 to 2020 [260]. This was partially driven by the expectation that
the availability of natural gas supplied by the North American shale-gas
boom would lead to a shift of the refining and steam-cracker capacity
from naphtha toward natural gas as the main feedstock. The substitu-
tion of naphtha with natural gas reduces the amount of benzene, toluene,
and xylene as well as butene produced by the steam cracking process,
thus providing a potential niche for bio-based C4 platform chemicals like
succinic acid. [261] In addition, development of new microbial strains
capable of producing succinic acid at low pH was considered a break-

tParts of this chapter are intended for publication in Gausmann et al. "Techno
economic assessment of downstream technologies for CO2-negative bio-succinic acid
production" (2023), (Manuscript in preparation)
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through that would increase the economic success of bio-SA [262]. De-
spite the promising perspective and the momentum that bio-SA tech-
nology has gained from market observers [263], commercial success has
stalled and in recent years all companies that were pioneering the de-
velopment have ended or refocused their business activities. In 2018
the last remaining player BioAmber declared bankruptcy [264] and lig-
uidated the 141 mio USD investment in the Sarnia plant, which was
originally designed to produce 30kT/a succinic acid. In a recent case
study, Li and Mupondwa analyzed the BioAmber bio-SA process and
identified technological and economic obstacles that led to the demise of
BioAmber’s business. They concluded that higher than expected pro-
duction costs combined with lagging demand from the market made the
plant unable to operate at full capacity [265]. Additionally, a strong
reliance on licensed technology from external partners and the lack of
company owned process know-how and R&D experience limited the abil-
ity to solve the engineering challenges encountered during scale-up. A
major cost driver were the purification costs which represented 40 %
of the overall production costs, while above 80% of the total utility
consumption was attributed to downstream processing [265]. The eco-
nomic fate of bio-SA is determined by three key aspects: 1. upstream
performance (yield, titer, productivity), 2. low-cost secondary or ter-
tiary feedstock (waste streams, non-food, lignocellulosic) and 3. Cost
effective recovery and purification of the product [266]. With the devel-
opment of high-performance microbial catalysts table 9.2 which reach
titers up to 110g/L and yields >1gp/gg due to the fixation of CO, as
a secondary carbon substrate [119, 267, 3|, production is no longer the
bottleneck of bio-SA production [268]. For this reason, cost-effective
downstream processing is a key enabling technology for the commercial
success of bio-SA [20]. This is underlined by the results from previous
life cycle (LCA) and techno economic assessment (TEA) studies which
revealed potential ecological advantages of bio-SA over petroleum-based
succinic acid synthesised via maleic anhydride [15]. However, the eco-
logical advantage and the feasibility of economic competitiveness are
lost with inefficiencies in the downstream process. Although the uti-
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lization of waste and residue streams provides a viable option to reduce
raw material costs[269] the impact of the downstream process is report-
edly dominant in overall process competitiveness [114]. The layout of
the downstream process is largely dependent on the type and strain
of the biocatalyst. While prokaryotic strains such as Mannheimia
succiniciproducens or Escherichia coli grow at neutral pH conditions
[252, 270], eukaryotic strains such as yeasts Sacharomyces cerevisiae
and Yarrowia lipolytica [271, 272] tolerate more acidic conditions. In
neutral-pH fermentation, bio-SA is produced in its succinate form and
must be converted to free acid during recovery. This conversion requires
an at least equimolar addition of base and acid [19]. Despite the high
yield, productivity, and titer that have been reported for prokariotic
succinic acid producerstable 9.2 the latest LCAs advocate low-pH fer-
mentation as superior process technology due to ease of downstream
processing [114, 265, 273, 268]. However, these processes apply aerobic
cultivation conditions and the ease of downstream processing is earned at
the expense of CO, emissions [49]. On the other hand, fixing prokary-
otic strains require strategies for pH control that do not rely on the
extensive utilization of acid and base [274, 3|. In this light, the recent
emergence of electrochemical separation technologies could provide the
separation technology needed [42, 43]. Reports of the electrochemical
separation of bio-SA by electrodialysis (ED) date back more than 30
years [275, 19]. But their application was considered costly due to high
electricity prices [114] and limitations of the achievable current density
[276]. However, innovative processes such as direct electrochemical an-
ion extraction or electrochemical pH swing reactive extraction concepts
[37, 39, 40, 140, 277] not only mitigate acid and base usage but also
enable continuous in situ product removal and thus extended batch or
potentially continuous bio-SA fermentation processes with closed recy-
cle loops for process water and pH control agents. A key element for
the revival of electrochemical separation technologies is the drop in elec-
tricity production costs facilitated by the improvements of renewable
energy sources [30]. However, to profit from the low generation costs,
electrochemical separation processes must be able to cope with the in-
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termittent supply of renewable energy sources such as wind and solar.
The objective of this chapter is to analyze the technological limits and
evaluate the economic performance and environmental footprint of dif-
ferent downstream technologies for the production of bioSA. Based on
current scientific and patent literature, five downstream process alter-
natives that have not been covered by other TEA or LCA studies are
identified. These process routes were modeled by flowsheet simulations
in ASPEN, which yielded mass- and energy balance data and estima-
tions for the equipment size. The simulation results are analyzed and
discussed with regard to the thermodynamic limits of microbial succinic
acid production and the measures required to adapt for the utilization
of renewable electricity for the separation of bio-SA.

9.1. Biothermodynamic of succinic acid
fermentation

The thermodynamic limits of microbial bio-SA production were derived
in chapter 2. Bio-SA production is only viable below the limiting line for
the respective export mechanism. Sustaining an extracellular pH value
below tree requires additional ATP to drive product export by ABC or
antiport combined with H" export by H+-ATPase, which maintains the
homeostasis of inner cellular pH [47]. As a consequence, acidic fermen-
tation has the drawback that a lower extracellular pH is sustained at
the expense of increased energy demand for product export. Concentra-
tions and pH values required for technical operations seem only feasible
if additional metabolic energy is available, for example from aerobic res-
piration or side product formation. Furthermore, the back-diffusion of
protonated succinic acid becomes more severe at low extracellular pH
and high extracellular succinate concentrations [50, 51]. From these
findings, it is concluded that the development of low-pH tolerant strains
has the potential to reduce the separation effort but the metabolic en-
ergy gain imposes operational limits, which must be taken into account
in order to not compromise the metabolic carbon yield.
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9.2. Conceptual process design and
evaluation of bio-SA recovery

A detailed LCA of the whole bio-SA process was covered including a
comparison of different raw materials was covered in other studies[114,
278, 273] thus, this analysis focuses on evaluating the performance of
different separation technologies for similar initial conditions. Figure 9.1
displays the methodological steps of the study presented in this chapter.

9.2.1. Goal & scope

1) Literature review of separation
technologies for bio-SA downstream
processing

v

2) Pre-selection of process routes.
Definition of scope and benchmark process
for the TEA

Goal & Scope

v
3.1) ASPEN Flowsheet simulation to
calculate mass- and energy balances

v

3.2) Calculation of OPEX and estimation of
CAPEX from stream and utility data

|

3.3) Calculation of process performance
indicators, minimal cost of goods and footprints,
selection of most feasible process alternatives

l

4) Analysis of cost allocation, environmental
footprint and price sensitivity

}

5) Discussion of flexibility measures to
enable the utilization of renewable electricity

TEA

Interpretation

Figure 9.1.: Steps for the techno economic assessment

The challenge of succinic acid separation is the recovery of the product
(300) fig. 9.2 after fermentation, which focuses primarily on the sepa-
ration from water and the removal of the main organic impurities such
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9. Techno economic assessment of bio-SA downstream technologies
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Figure 9.2.: Conceptual bio-SA process. Dashed lines indicate potential
recycle streams enabled by additive regeneration or ISPR.

as biomass or substrate residues. Product recovery is accompanied by
a biomass inactivation processing step (200) and followed by a prod-
uct purification and polishing step (400) fig. 9.2 that yields pure bio-SA
in crystalline form. Lopez-Garzon and Straathof provide an extensive
review of the state-of-the-art downstream processing technologies appli-
cable to bio-SA processing [23].
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Table 9.1.:

Downstream processes for succinic acid recovery

Process Selected | Rationale Acronym
for TEA

Calcium precipitation and yes Considered as the benchmark process 1-Ca

resolution with sulphuric acid

Magnesium precipitation yes New technology for the salt waste free 2-MgCl

and thermal salt cracking recovery of carboxylic acids

pH swing extraction yes Low-energy process suggested for the 3-Ex
recovery and ISPR of carboxylic acids

Acidic fermentation yes Low pH fermentation with direct crystalliza- | 4-Ac
tion is
considered the most promising option for bio-
SA production

Electrochemical yes Electrochemical pH swing overcomes the pH | 5-eEx

pH swing extraction missmatch between up- and downstream thus
enabling ISPR and salt waste free bio-SA re-
covery

Electrodialysis no Inferior performance due to high equipment | -
costs and energy demand for water removal
[114]

Ton exchange process no High additive demand for IEX regeneration | -
leads to inferior process performance[114]

Direct electrochemical carboxy- | no Recently covered in another study[273] -

late extraction
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9. Techno economic assessment of bio-SA downstream technologies

Table 9.1 gives an overview over the most relevant recovery technolo-
gies applicable in the separation of succinic acid. The calcium pre-
cipitation process (1-Ca) is commonly applied for the recovery of (di-
Jearboxylic acids [19, 23]. The thermal salt cracking process (2-MgCl)
is a proprietary technology of corbion, originally developed for the salt
waste free recovery of lactic acid [279]. Eggert et al. proposed the pH
swing extraction (3-Ex) for the recovery of itaconic acid, which is con-
sidered applicable to succinic acid due to its molecular similarity [63].
Low pH fermentation (4-Ac) is regarded as having the most promising
perspective for the commercialization of bio-SA [114, 280, 265, 268, 273].
In this thesis, the concept of electrochemical pH swing extraction was
developed, which enables the separation of succinic acid [140, 158] and
other carboxylic acids with closed recycle loops for water and base and
features electrochemical regeneration of acid and base [281, 8.

9.2.2. Microbial succinic acid production

The microbial succinic acid production is modeled by a lumped reaction
that is calculated based on experimentally reported prokariotic fermen-
tation values of Lee et al. and Becker et al [120, 282]. The elemental
composition of the biomass is represented by an average formula:

CDW: C1H;.70¢.387Ng.24P¢.02 (9.1)

It represents the average composition of 1gDW of cell mass deter-
mined experimentally and by metabolic flux analysis [252] and resembles
the values used in recent LCA studies [114]. For eukariotic fermentation,
Li et al. and Xiberras et al. are used [283, 284]. The fermentation is
split in a seed train and the main fermentor. Practically, fermentation
would be operated batch-wise with multiple reactors in parallel. The
harvest tank after fermentation can store the volume of one fermentor,
enabling the continuous operation of the subsequent downstream.

While the seed train is used to cultivate the biomass required to in-
oculate the main fermenter, succinic acid is solely produced in the main
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9.2. Conceptual process design and evaluation of bio-SA recovery

fermenter according to the following equation:

1 CgHy50g + 1.3CO4 + 0.013 (NH, )3PO, + 0.114 NH,
(9.2)

— 1.53 C4H60 +0.24 C2H402 + 0.6339 ClH1_7OO_387NO.Q4P0.02
(9.3)

The formation of acetic acid is included in the reaction to account for the
formation of potential by-products. By-products such as acetic, formic,
lactic acid or ethanol are formed by prokariotic organisms under CO,
limiting conditions [267]. Thus, acetic acid is often found in significant
amounts and is chosen as the exemplary by-product [285, 282].
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Table 9.2.: Summary of succinic acid producing strains

Strain Substrate Titer STY Yield pH Ref.
(/L) (e/L/h)  (egp/es)

A. succinogenes FZ53  Glu 105.8 1.36 0.82 6-7.2 [286]

M. succiniciproducens — Glu 10.5 1.75 0.95 6.5 [119]

MBELS5E

M. succiniciproducens — Sucr 78.4 6.02 1.07 6.5 [120]

PALKG

B. succiniciproducens  Glu 20 1.02 0.71 * [282]

B. succiniciproducens — Gly + Mal  69.8 2.91 1.11 6.5 [287]

LU15224

B. succiniciproducens — Sucr 71 0.78 0.86 6.5 [288]

DD1

E. coli AFP111 Glu 99.2 1.31 1.1 6.8-7 [289]

E. coli SD121 Glu 116.2 1.55 1.13 6.7 [270]

C. glutamicum BOL Glu 133.8 2.53 1.09 6.9 [290]

C. glutamicum NC-3-1 Glu 113.0 2.35 0.94 TR [291]

S. cerevisiae PMCFfg  Glu 13.0 0.11 0.13 4.0-4.5 [271]

S. cerevisiae Gly 10.7 - 0.22 5.0 [284]

CEN.PK113-1A

Y. lipolytica PGC202  Gly 110.7 0.8 0.53 3.6 [280]

Y.lipolytica PGC202  Glu 71.6 0.6 0.61 2.8 [283]

*Buffering with MgCOj3 reported
**Buffering with NaHCO3 reported

Glucose (Glu), Sucrose (Sucr), Glycerol (Gly), Maltose (Mal)
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9.2. Conceptual process design and evaluation of bio-SA recovery

9.2.3. Separation process description and simulation

Simplified flowsheets of the downstream processes investigated are
shown in figs. 9.3 to 9.7. Pumps and heat exchangers are omitted for
the sake of clarity, but are considered in the Aspen model. Physical
property data was retrieved from the Aspen database. The electrolyte
non-random-two-liquid Redlich-Kwong (ENRTL-RK) property method
and the true component approach was used to calculate the electrolyte
chemistry of weak acid and salt in water. Missing NRTL parameters
were estimated using the UNIFAC method. Physical properties of the
acid species were approximated with the parameters of the free acid
form with manually modified molecular weight and charge.
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Figure 9.3.: Flowsheet for the bio-SA production process with calcium
precipitation (1-Ca)

Calcium precipitation (1-Ca). The entire bio-SA process with all
sections is shown exemplarily in fig. 9.3. The polishing section (400)
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9. Techno economic assessment of bio-SA downstream technologies

is not shown in the other process flowsheets, as its layout is not modi-
fied and is always considered equal. However, depending on the purity
of the crude SA after recovery, the additive and energy consumption
vary. Calcium precipitation purification is probably the most widely
applied downstream method for carboxylic acid purification [19, 250].
It operates with anaerobic fermentation whose pH is maintained under
neutral conditions by adding calcium oxide or calcium hydroxide. Due
to its low solubility, calcium succinate precipitates in fermentation and
is withdrawn as a suspension [23]. After biomass separation, succinic
acid is recovered by adding concentrated sulfuric acid. This yields a con-
centrated solution of succinic acid and gypsumCaSQO, in an equimolar
ratio. The concentrated succinic acid is purified by a sequence of cooling
and evaporation crystallization, which yields crude bio-SA crystals. The
remaining ionic and organic impurities are then removed by a sequence

of ion exchange and activated carbon adsorption.
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Figure 9.4.: Flowsheet for the bio-SA production process with thermal
cracking of MgCl (2-MgCl)

Thermal cracking of MgCl (2-MgCl). Acid and base recycling
technology by thermal cracking of MgCl fig. 9.4 was developed by Cor-
bion for the salt waste free processing of lactic acid[213] but also tested
for succinic acid purification [279]. The pH in fermentation is controlled
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9.2. Conceptual process design and evaluation of bio-SA recovery

by MgO and Mg(OH),. This presents two advantages. First, the use
of magnesium appears to promote fixation of CO, [292, 293]. Second,
HCI and MgO can be regenerated from MgCl by thermal cracking. Com-
pared to calcium salt, magnesium succinate has a high solubility of up to
500 g/L as reported in the patent [279]. The biomass-free fermentation
broth is concentrated by multieffect evaporation up to the saturation
concentration of magnesium succinate. pH shift and cooling crystalliza-
tion are used to recover the crude succinic acid. The remaining mother
liquor containing the MgCl, and residual succinic acid is fed into a hot
gas flame for thermal cracking. At 350-450 °C magnesium chloride de-

Ccomposes:

MgCls; + HoO — MgO + 2HCI (9.4)

The regenerated MgO is separated from the exhaust gas, washed with
water, and returned to fermentation. HCI is recovered from the exhaust
gas by scrubbing and returned to the fermentation.
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Figure 9.5.: Flowsheet for the bio-SA production process with pH swing
extraction (3-Ex)

pH swing extraction (3-Ex). Reactive extraction fig. 9.5 is exten-

sively studied for its application to the separation of carboxyclic acids
[62, 100, 101, 103, 142, 63]. Reactive extraction has the advantage of
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9. Techno economic assessment of bio-SA downstream technologies

mild process conditions that do not require energy for evaporation [20].
In addition, the high recovery rates demonstrated for reactive extrac-
tion make the technology a viable option to prevent product losses and
achieve high yields [294, 44, 139]. The extraction mechanism is based
on reversible complexation of the protonated succinic acid with a ter-
tiary amine [62, 134]. In this study tri-n-octylamine (TOA) mixed with
n-decanol is used [295]. Sodium hydroxide is used to maintain a neutral
pH in fermentation. Afterwards, the fermentation broth is clarified and
acidified before extraction. A pH swing is used to recover succinic acid
from the organic phase in a concentrated solution. The crude bio-SA is
then recovered by cooling crystallization followed by a final evaporation
step to avoid product losses with the salt-containing waste water.
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Figure 9.6.: Flowsheet for the bio-SA production process with low pH
fermentation (4-Ac)

Low pH fermentation (4-Ac) fig. 9.6 The development of low pH
tolerant strains significantly simplifies the downstream processing of bio-
SA significantly [296, 283, 297, 284]. At pH 2.8 95% succinic acid is
present in the protonated form. The base consumption during the fer-
mentation is accordingly reduced. This enables direct crystallization of
the fermentation broth after water removal by multi-effect evaporation

220



9.2. Conceptual process design and evaluation of bio-SA recovery

[21]. Since small amounts of base are still necessary in the fermenta-
tion, the remaining succinate fraction is converted by the addition of
hydrochloric acid. In contrast to the other processes, low-pH fermenta-
tion operates aerobically and requires the supply of additional oxygen.
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Figure 9.7.: Flowsheet for the bio-SA production process with electrochem-
ical pH swing extraction (5-eEx)

Electrochemical pH swing extraction (5-eEx) The electrochem-
ical pH swing extraction process uses protons and hydroxide ions gener-
ated by electrochemical water splitting to provide the acid and base that
drive the pH swing extraction [140]. Its layout is comparable to fig. 9.5
but instead of discharge of waste water, the fermentation broth and the
mother liquor are recycled within the process. This enables closed-loop
operation and mitigation of most of the salt discharge from the process.
To avoid the accumulation of trace components in recycling, purge rates
on the order of 2% are required. The clarified fermentation broth is fed
to the anode side of a water electrolyzer where the protons produced at
the anode pronate succinic acid. Meanwhile, the electric circuit of the
pH swing electrolysis is closed by the cations from the base that was
used to control the pH in fermentation, e.g. Na'. This electrodialytic
recovery of cations generates an alkaline solution on the cathode side
which is returned to the fermenter for pH control. The succinic acid is
recovered from the loaded solvent by a second pH swing. By adjusting
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9. Techno economic assessment of bio-SA downstream technologies

the phase ration in the back extraction, a concentrated succinate solu-
tion is obtained. This solution is then acidified at elevated temperature
by a second pH swing electrolysis [281]- Finally, the crude bio-SA is
obtained by cooling crystallization, and the mother liquor is recycled
to the cathode side of the second pH swing electrolysis. Electrochemi-
cal separation technology also enables the use of renewable electricity for
separation. To adapt the process to the intermittent supply from renew-
able sources, additional storage tanks are required for the fermentation
broth and catch-up capacity reserves for the electrolysis cells. A scaling
exponent of 0.8 is assumed for the additional tank capacity and that the
investments costs per kW installed electrolysis capacity will reduce from
600 EUR/kWj, to 300 EUR/kW;, due to the ongoing development and
industrialization of electrolyzer production [31].

9.2.4. Process footprint and economic assessment

Process performance & footprints The process footprint analysis
covers scope 1 emissions for CO,, production of solid waste and the
consumption of fresh water. In addition, emissions from scope 2 CO,
for utilities are considered.
mS
Es = Thio—-SA (9:5)
A scope 3 analysis is outside the scope of this study, as it would mix
results affected by downstream technology with results determined by
the selection of raw materials, the location of the site and the actual
structure of the plant supply chain. The downstream yield is calculated
according to:

M SA

e um— 9.6
Mferm,SA ( )

Ypsp =
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9.3. Results and Discussion

and the overall process yield:

Mhio-SA

Yp = 3
MGlu

(9.7)
Based on the mass flow of succinic acid in the respective process stream.
The reference stream for Ypgp is the mass flow of succinic acid in the
effluent of the fermentor 1i¢eyy, g4-

Economic assessment The cost of manufacturing (COM) are cal-
culated based on operational expenditure (OPEX) considering costs for
raw material, utilities, waste disposal, labor and maintenance, and de-
preciation. The inventory of prices is listed in appendix H. A nameplate
capacity of 30kT/a is selected. Equipment costs are estimated with
the Aspen sizing tool. The bioreactor volume is calculated manually
on the basis of the volumetric productivity, respectively residence time,
and the desired product mass flow. Capital expenditures (CAPEX) are
calculated from the equipment costs scaled by the Lang factor method
[298]. The capital costs of the pH swing electrolysis are calculated on
the basis of the installed power [31].

9.3. Results and Discussion

9.3.1. Cost of manufacturing analysis

The stream data obtained from the ASPEN flowsheet simulation is used
to estimate the COM of bio-SA production fig. 9.8. Of the five different
downstream technologies that were investigated, calcium precipitation
(1-Ca), thermal acid and base recycling (2-Therm) and flexible electro-
chemical pH swing extraction with energy (5-eEx-flex) show the poten-
tial to produce bio-SA below the current market price of fossil succinic
acid [273]. The chemical pH swing extraction process (3-ABEx), the
low pH fermentation (4-Ac) and likewise the electrochemical pH swing
extraction with natural gas based electricity supply are not competitive.

In line with previous studies, raw material expenses account for 36-
68% of the total COM [114, 273]. Maintenance and depreciation costs

223



9. Techno economic assessment of bio-SA downstream technologies
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Figure 9.8.: Cost of manufacturing for 1kg of bio-SA exCO2-tax. Labor
costs calculated from 36 FTEs for the operation of two personal engineers
and two plant engineers. The maintenance costs are calculated as 6 % of
the installed capital and depreciation of the plant equipment is based on a
ten years period.

are identified as second and third, indicating a high relevance of to-
tal capital costs [92]. The calculated CAPEX ranges from 71 mioEUR
(1-Ca) to 179 mioEUR (5-eEx). This range is comparable to the invest-
ment reported for the BioAmber plant [265]. The 1-Ca process has the
lowest overall CAPEX as it does not require sophisticated equipment.
Low pH 4-Ac fermentation requires larger fermentor volumes compared
to the other processes. This is due to the low volumetric productiv-
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9.3. Results and Discussion

ity of yeast hosts compared to prokaryotic succinic acid producers ta-
ble 9.2. Similarly, a volumetric productivity of 6.02 g/L/h was reported
for M. succiniciproducens|[120] while the productivity for Y. lipolytica is
an order of magnitude lower (0.6g/L/h)[283]. To compensate for the
lack of productivity, yeast fermentation operates with a higher cell den-
sity of 24.5 g/L compared to the 7 g/L reported for prokaryotic strains.
Electrolyzer costs constitute the largest CAPEX position for the 5-eEx
and 5-eEx-flex process. However, an industrialization of the electrolyzer
manufacturing and a reduction of the noble metal content in the cata-
lysts have the potential to reduce the required CAPEX. Based on current
projections, an expected cost cut of 50% for the electrolyzer CAPEX
would place the 5-eEx-flex process in the same range as the 4-Ac and
2-Therm process.

Raw material expenditures are the most relevant constituent of the
bio-SA COM. A detailed division is shown in fig. 9.9. Except for 3-
ABEXx, glucose costs account for the largest fraction of raw material
costs. Second to glucose come the costs of pH control agents. In case
of 4-Ac the glucose expenses account for 85 % of the raw material costs,
which is a result of the low yield in fermentation. Although the 4-Ac
downstream process achieves a recovery of 96 % and a yield of 92%
in the polishing section. The downstream process cannot compensate
for the loss of carbon substrate in aerobic fermentation. This finding
underlines the previous conclusion and illustrates that optimizing fer-
mentation to facilitate downstream processing must not compromise on
the carbon yield of fermentation. The 5-eEx process revealed the high-
est overall yield with 83 %. This results from closed recycle loops that
minimize product losses downstream. However, accumulation of acetate
in the mother liquor recycling loop was observed fig. 9.7. This accumu-
lation required a stream of purge of 2% to maintain constant acetate
concentrations in the crude crystallization of bio-SA. A similar trend is
expected for other potential side products, especially lactic and formic
acid. Optimization of the product spectrum and targeted metabolic
engineering to reduce the amount of short-chain carboxylic acids could
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Figure 9.9.: Distribution of raw material expenses for a) 1-Ca, b) 2-Therm,
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HCl), Base (NaOH, Ca(OH),, MgO), Inoculum (INO), Nutrients (P, NH3)
and solvents: n-Decanol (DeOH), Tri-n-octylamine (TOA)

reduce the required purge stream and thus reduce the associated loss of
product [3].

Product losses in the other separation processes are mainly imposed
by solubility limits. In 1-Ca the residual solubility of calcium succinate
causes product losses in the recovery step. The product losses in 2-
Therm and 3-ABEx are caused by the solubility limit of the co-salt
NaCl and MgCl respectively, which prevent complete evaporation. To
minimize significant product losses in this step, only acids and bases that
form a highly soluble salt are recommended to be used for pH control.
The results presented here are based on the available solubility data.
It should be noted that salting-out effects could reduce product loss,
because high salt concentrations reduce the solubility of succinic acid
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[299]. On the other hand, the high salt concentration reduces the purity
of the crude bio-SA.

9.3.2. Environmental footprint

Figure 9.10 shows the environmental scope 1 for the process related to
CO,, water, and emissions (off-gas, waste, biogas). Scope 2 emissions
of CO,, for utilities (electricity, heating, and cooling) are inculded, while
other scope 2 and scope 3 environmental impacts are beyond the scope
of this technology assessment. However, external production of pH con-
trol agents may be a significant source of additional CO, emissions [278].
Especially in the case of CaO which is often produced by thermal de-
composition of carbonate minerals:

CaCO; — Ca0 + CO, (9.8)

Utility consumption was identified as the main contributor to the CO4
emission of the bio-SA production process fig. 9.10. Taking into account
that natural gas was assumed to be the primary energy source for the
utilities, this seems a natural consequence. The 1-Ca, 3-ABEx and 5-
eEx processes reveal a negative CO4 footprint which can be attributed
to the utilization of CO4 as a cosubstrate in anaerobic fermentation
[119, 292, 267]. In 2-Therm and 4-Ac the combustion of natural gas for
thermal recycling of MgO and HCI, respectively, the emission from aero-
bic fermentation yields a positive CO5 emission balance for the process.
The electrochemical pH swing extraction process has the highest CO,
when electricity is obtained from natural gas (5-eEx). However, the 5-
eEx process has the lowest CO, footprint when a low carbon electricity
mix is available. An electrical carbon footprint of 30 g/kWh corresponds
to a negative carbon footprint of —38 gcoo/kep. As a consequence, more
CO,, are fixed by this process than produced.

The water footprint fig. 9.10 (b) of all processes is comparable with
the exception of 5-eEx. Closed recycling streams reduce the fresh wa-
ter demand by 80 % compared to the reference process (1-Ca). The
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9. Techno economic assessment of bio-SA downstream technologies

pH swing extraction operated with acid and base addition has a waste
water footprint of 27 kg/kgp with salt concentrations of approximately
99 g /L chloride and 45 g/L sodium ions. The discharge of salt-containing
wastewater is a significant environmental challenge and will likely pro-
hibit the implementation of this separation technology.

With regard to direct emissions from the process, the calcium precip-
itation produces the highest amount of solid waste among the investi-
gated downstream technologies. The 1-Ca process produces 1.2kg/kgp
gypsum with succinic acid. The disposal of this material is strongly
affected by local regulations and market demand. In principle, the con-
struction industry has a demand for gypsum, but the discoloration of
the biomass residues often impedes the utilization of gypsum for that
purpose [190].

9.3.3. Economic sensitivity

A sensitivity analysis was conducted to evaluate the impact of changes
in CO, taxation, energy prices, and regulatory emission constraints on
bio-SA COM. COMs are calculated as the sum of the individual cost
contributions ¢; calculated from the flowsheet simulation.

COM = i ¢ (9.9)

The COM™ for the new price level p* was calculated by eq. (9.10)
from the reference COM and the reference price level py.

*

COM* = COM + (';—O - 1) s (9.10)

A carbon tax of 25EUR/t is assumed, an electricity price of

T0EUR/MWh and a natural gas price of 30 EUR/MWh in the refer-
ence scenario.

A change in the carbon tax has only a minor impact on the bio-

SA COM for 1-Ca, 2-Therm and 5-eEx-flex operated with renewable

electricity fig. 9.11 (a). Acidic fermentation (4-Ac) and downstream

228



9.3. Results and Discussion

22 ~ 30
I utiity CO2 2g [ I Freshwater
2.0} [ Process CO2 [ Greywater
18 Total COZe [kg/kgP] = Wastewater
- T
$ O»
® g 20
= £ 18
g £ 16
2 'g 14
LE = 12
S 810
S 8
o
= 6
4
2
0

£ x 3 @ E i o %
@ 5 w %) bl S5 o w
S © m & d Q 2 Q < o
S SR A SR 3 Y8
b
(a) Process carbon footprint (b) Process water footprint
14
[ Waste
[ off-gas
= Biogas
3
S 12 ‘
,‘C‘E}
8
8
8 2
£
w
OH
<
Iy <

1-Ca
2-Therm
3-ABEx

5-eEx

(c) Process emission footprints

Figure 9.10.: Process footprints

electrochemical processing powered by fossil fuel electricity (5-eEx) are
significantly affected by the CO5 taxation and any increase would pre-
empt any theoretical viability of economic competitiveness.

Changes in electricity price are only relevant for electrochemical sep-
aration technologies, while the cost impact of electricity with the other
downstream technologies appears to be practically irrelevant fig. 9.11
(b). If renewable electricity is available at a low price level, the 5-
eEx-flex process becomes the most competitive downstream technology
among those investigated. A breakeven with electricity costs in the
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Figure 9.11.: Sensitivity of bio-SA COM with regard to selected economic
bondary conditions: (M) 1-Ca, (®) 2-Therm, (A) 3-ABEx (non competi-
tive), () 4-Ac, (@) 5-eEx, (<) 5b-eEx-flex

range of 40-50 EUR/MWh is expected. This cost range appears to be
viable with state-of-the-art renewable energy generation [30].

The 1-Ca process was identified as the most competitive economic
downstream technology in the reference scenario. However, this result
holds only as long as no regulatory limitations on waste disposal. The

economic competitiveness of calcium precipitation is very sensitive with
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9.3. Results and Discussion

regard to waste disposal cost. A double in constraints or disposal costs
obliterates the cost advantage of this process fig. 9.11 (c).

Natural gas is an important energy source and also a raw material for
the thermal regeneration of acid and base in the 2-Therm process. The
effect of increasing gas prices was investigated. Gas prices saw a drastic
increase due to increasing geopolitical tensions and strategic tightening
of natural gas supply to support military actions [300]. the results in-
dicate that 2-Therm is highly affected by changes in natural gas prices.
Below 30 EUR/MWh 2-Therm reveals the lowest COM for bio-SA man-
ufacturing. However, an increase in 60 EUR/MWh eliminates the cost
advantage and makes the 1-Ca and 5-eEx-flex process more competitive.
It is concluded that the sensitivity analysis does not reveal a downstream
technology that outperforms the others in all cases. Thus, the "best"
downstream technology option for bio-SA manufacturing must be de-
termined considering the local economic background. If there are little
or no regulations for waste disposal, calcium precipitation is likely the
technology of choice. When waste disposal is limited due to regulations
or missing disposal markets, but low-cost natural gas is available, it is
recommended to opt for the 2-Therm process. Lastly, electrochemical
pH swing extraction has the potential to become an equally competitive
separation technology with a highly interesting perspective to enable
CO4 negative bio-SA production. For this to happen, two conditions
must be met: First, renewable electricity with a carbon footprint below
30g/kWh must be available, preferably at costs below 40 EUR/MWh.
Second, investment costs for pH swing electrolyzer equipment should be
reduced. Additionally, reduction of cell voltage and the development
of innovative cell designs for pH swing electrolysis would bring addi-
tional benefit to the overall cost competitiveness of electrified bio-SA
production.

The results of the techno-economic assessment were used to derive tar-
gets for the development of pH swing electrolysis. More precisely, the
COM for bio-SA was calculated with regard to improvements in cell volt-
age and electrolyzer investment costs and determined break-even lines
for market price and competing downstream technologies fig. 9.12. To-
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Figure 9.12.: Target setting for cell voltage and pH swing electrolysis in-
vestment costs

day, investment costs for electrolyzer equipment are expected to be in the
range of 600-800 EUR [31] and a cell voltage of 5V for technical appli-
cations. A cell voltage between 3-4 V would make pH swing electrolysis
competitive even with the current available electrolysis equipment price
range. Any further reduction of the investment costs would improve the
competitive edge of the electrochemical downstream technology.

As discussed in the previous section, investment costs and obviously
the revenue generated by the product sales are important for the overall
attractiveness of bio-SA production as an investment case. The sen-
sitivity of the net present value (NPV) calculated from investment J,
the annual revenue streams 3 discounted by the discount rate i and the
revenue from asset liquidation £ at the end of the life of the plant ¥,
which was set to 20 years, was analyzed.

3

N—T
T tea (9.11)

<
NPV = Z
=1
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and discount rate (b)

The results are displayed in fig. 9.13. In (a) the sensitivity of NPV to
the bio-SA sales price is shown at a discount rate of 10 %. 1-Ca reaches
an NPV break even with sales prices of approximately 1.95 EUR/kg,
followed by 5-eEx-flex at around 2 EUR/kg. This indicates that both
technologies constitute a profitable investment case. However, down-
stream electrochemical processing is a rather new technology that is
rarely applied on a large scale for the processing of carboxylic acids
[42, 43]. Therefore, its implementation is associated with significant
development risks [273].

Regarding the risk related to technology, two opportunities were iden-
tified to mitigate the risk of investment. First, marketing the sustainabil-
ity bonus associated with low emissions and potentially carbon-negative
bio-SA could improve the willingness of customers to pay higher prices.
A Dbio-SA sales price of 2.5 EUR/kg would generate sufficient revenue to
achieve a positive NPV even with a 20 % discount rate. The higher dis-
count rate would compensate for the higher risk the investor places by
investing in a novel process technology. In the past, strong price com-
petition from fossil sources of succinic acid made it difficult to actually
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9. Techno economic assessment of bio-SA downstream technologies

monetize the sustainability bonus. A potential avenue of escape from
this dilemma is to integrate the value chain for end products derived
from bio-SA, such as sustainable and perhaps carbon negative plastics
or fibers[301, 302, 303] instead of providing a drop-in chemical that is
not differentiable from its petrochemical alternative and thus provides
little added value to the customer.

The second option to improve the investment case is the diversifica-
tion of revenue streams. As discussed earlier, the flexibilization of the
5-eEx process by incorporation of catch-up capacity and storage tanks
enables demand side management and provides dispatchable load capac-
ities that can be used to stabilize the electricity grid [249]. In addition,
hydrogen is produced in the cathodic reaction of pH swing electrolysis,
which will likely become a valuable energy resource in the future. The
effect of this potential revenue diversification is displayed in fig. 9.14.
The added revenue from the dispatchable load sales is expected to be
in the order of 20 % of the electricity costs and a higher sales price for
hydrogen of 4.9EUR/kg. This hydrogen price reflects the use of hy-
drogen as a fuel for long-distance transport and corresponds to a diesel
price of 1.5 EUR/L. The added revenue makes electrochemical pH swing
extraction more profitable than the 1-Ca process in the long run.

In summary, the following recommendations can be derived.

a) The carbon atom efficiency, respectively, and product yield, are
crucial performance indicators for bio-SA production. Microbial
engineering efforts should prioritize the maximization of the yield
first and then seek to improve titer and pH.

b) Low pH succinic acid fermentation eases the product separation
but in order to achieve an overall competitive process, microbial
energy demand for product export must be balanced against the
gain in the downstream process.

¢) In situ product separation shows a promising potential to reduce
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9.3. Results and Discussion

the waste and water footprint of bio-SA production and can
potentially overcome the limitations encountered with the cellular
product export. The combination of low pH tolerant strains with
in situ product removal should be tested.

The profitability of sustainable downstream technologies is largely
affected by the primary energy costs. Policy makers should con-
sider implementing the steering power of primary energy costs in
future legislation. They should also be aware that taxes and trans-
mission fees which increase energy prices may compromise the in-
tended effect of CO,-taxation and prevent the implementation of
sustainable production processes.
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Figure 9.14.: Development of plant capital. *Including added revenue from
dispatchable load and hydrogen sales.

9.4. Conclusion

In this chapter different downstream technologies for the recovery and
purification of bio-SA were analyzed. The technological limits and the
economic limits that determine the competitiveness of the respective
process were identified. The recycling of additives, namely, acid and
base used in the downstream, is crucial for the development of sus-
tainable processes. The development of acid-tolerant strains for bio-SA
production can alleviate additive consumption, but must consider the
trade-off between the carbon efficiency of fermentation and the environ-
mental and energy footprint of the downstream. The thermodynamic
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limits of the known cellular export mechanisms suggest that, without ad-
ditional metabolic energy sources, bio-SA fermentation at low pH and
high yields seems not feasible. The conjunction of acid-tolerant strains
with in situ extraction should be investigated for bio-SA production.
Regulatory or market-associated emission restrictions and energy prices
were identified as a relevant factor that determines the most competi-
tive downstream technology. With little or no emission constraints in
place, the established calcium precipitation is probably the most at-
tractive investment case for bio-SA production. However, downstream
technologies that feature acid and base recycling by thermal salt crack-
ing or electrochemical pH swing electrolysis appear to be the most sus-
tainable technology option with regard to direct emissions from bio-SA
production. The economic preference between both technologies is de-
termined by the prices of natural gas and electricity. With the increase
in the supply of renewable energy resources with a low carbon footprint,
downstream electrochemical technologies showed an interesting perspec-
tive for COq-negative production of bio-SA [304]. Given the expected
improvements in electrolysis technology, bio-SA has the potential to be-
come a platform for biobased, biodegradable and CO4 negative polymers
[302, 303]. In conclusion, this study highlights the importance of bal-
ancing development efforts between upstream and downstream, and the
relevance of energy costs that appear to have a strong steering power for
the investment decision in the respective downstream technology. For
that reason, a successful electrification of bio-SA production requires
the availability of low-cost electricity, but comes with the advantage of
reduced environmental footprints.
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10. Reflection and Outlook

Electrification of separation technologies is a viable route to establish
sustainable chemical processes. The increasing supply from renewable
energy resources, accompanied by efforts to reduce the utilization of
fossil feedstock and energy resources in the process industry, creates an
environment well-fitted for the industrialization of electricity-driven sep-
aration processes. However, the realization of new process technologies
is a long journey and requires joint development and execution efforts.
Achievements in microbial engineering must be matched with energy-
efficient and resource-efficient process technologies to form a competitive
technology for carboxylic acid production.

The objective of this work was to investigate the viability of an elec-
trochemically driven pH swing extraction process that overcomes the
salt waste production that currently limits the large-scale application
of biobased production routes for carboxylic acids. For this purpose
chapter 2 introduces the fundamental principles of electrochemical pH
swing extraction followed by an experimental essay on the electrochemi-
cal stability of important bioproducts. Although most of the fundamen-
tal investigations were carried out on the example of succinic acid, the
application notes in the later chapters demonstrate that those conclu-
sions are to some extent transferable to other carboxylic acids as well.
The long-chain carboxylic acids revealed a sufficient electrochemical sta-
bility to withstand a degradation during the electrochemical pH swing
electrolysis.

chapter 3 presents a DoE supported identification of operational pa-
rameters with a significant effect and practical relevance for efficient
reactive extraction of succinic acid. The results highlighted the extraor-
dinary importance of the aqueous pH value that dominates the effects
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of all other parameters with regard to extraction yield. The competing
extraction of anions was observed and mass balance-based extraction
mechanisms were proposed. This hypothesis follows the state of the
current literature, but it should be validated by future investigations to
determine the best operating point for the reactive extraction of succinic
and other carboxylic acids.

In chapter 4 the viability of the electrochemical pH swing separation
of succinic acid was demonstrated. Electrochemical extraction, back-
extraction, and crystallization of succinic acid was demonstrated with-
out the production of salt waste inevitable in previous processes.

In order to analyze the first principles of electrochemical pH swing
extraction and to identify potential bottlenecks, a dynamic simulation
model is developed and presented in chapter 5. The model employs the
numerical calculation of complex aqueous pH and extraction equilibria.
Although the nonideal effect induced by the electrolyte chemistry of
real solutions is neglected in this work, the modeling results are in sat-
isfactory agreement with validation experiments. A sensitivity analysis
showed that the kinetic of electrolysis is probably the rate-limiting step
of an electrochemical pH swing extraction. The model was extended
to account for the competitive extraction of inorganic anion, exemplary
sulfate. The extended model was likewise in good agreement with the
experimental results in the operational region of interest. Deviations
were observed at low pH values, which could be an indication that the
true extraction mechanisms deviate from the implemented mechanisms
at acidic pH values. As already suggested for chapter 3 resolving the
underlying extraction mechanism of competitive anion extraction would
improve the ability to achieve high extraction yields and selectivity. The
results of this work give an indication that hydrogen sulfate ions are
extracted sulfate species instead of the previously assumed sulfate ex-
traction. However, this hypothesis has to be proven or falsified.

A spatially resolved model for the electrolysis cell is presented in chap-
ter 6. This model reveled in the mechanisms causing known bottlenecks
in the scale-up and operation of electrochemical pH swing electrolysis.
The "proton poisoning" effect could be replicated in-silico. It results
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from the depletion of the aqueous buffer capacity occurring near the
end of the pH swing electrolysis. As it reduces faradaic efficiency, such
conditions need to be avoided. The second important result is that elec-
trolyte entrainment is likely to occur when cells with small electrolyte
gap sizes are operated at high current density. The results of the sim-
plified cell model suggest that gaps of 4-6 mm are a reasonable lower
limit for the electrolyte gap, resulting in a minimal electrode distance
of 8-12mm. Pressurized operation or improved spacer or cell designs
that foster gas and liquid separation inside the electrolysis cell should
be tested to overcome the entrainment of the electrolyte. The results
showed a high sensitivity with regard to the fluid dynamics of the gas
bubbles in the electrolyte gap. However, the knowledge in the literature
on the true size distribution and flow behavior of the gas bubble disper-
sion inside an electrolysis cell is limited and requires more fundamental
research.

The application notes in chapters 7 and 8 demonstrated the transfer
and applicability of the electrochemical pH swing extraction concept to
itaconic and lactic acid, respectively. The application of the developed
process and methodology to a realistic solution like itaconic acid fermen-
tation broth from acid-tolerant strains demonstrated how sophisticated
microbial engineering and advanced separation technologies enable a
waste-free production of an important intermediate chemical.

Finally, the economic and ecological competitiveness of different suc-
cinic acid downstream technologies, including electrochemical pH swing
extraction, was evaluated in chapter 9. With fossil-based electricity
supply, other separation technologies are more competitive than electro-
chemical pH swing extraction. Although that picture changes as soon as
renewable electricity becomes available and emission regulations restrict
the discharge of salt waste or fossil energy resources, a significant price
increase is expected. In light of the recent geopolitical tensions, such
conditions may be constituted earlier than expected. The key findings
of this thesis are:

e The electrochemical stability of (di)carboxylic acids enables direct
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pH swing electrolysis to shift the pH value of a carboxylate solution
to recover the carboxylic acid in its protonated form.

e A combination of both electrode reactions enables closed-loop pH
swing separation that overcomes the waste-generating use of acid
and base for the pH adjustment in the downstream processing of
bioproducts.

e The presented modeling approaches revealed the mechanisms that
cause inefficiencies and compromise the competitiveness of electro-

chemical separation technologies.

e The success of industrial biotechnology is the result of high-
performance microbes that live in synergy with a sustainable
downstream technology.

e Electrification of succinic acid processing potentially enables CO,
negative production of succinic acid.

Despite the promising perspective, some aspects benefit from a critical
reflection. In the experiments presented in chapter 4 the solvent is in di-
rect contact with the membrane. This caused swelling of the membrane
and reduced the mechanical stability of the cation-exchange membrane.
In principle, no ion-selective membrane is required, as the electron mi-
gration directs the cations and anions in the right direction. However,
the use of cation-exchange membranes eases the control of the hydrody-
namic pressure. Regarding membrane stability, it is questionable if an
integrated electrolysis/extraction setup has more advantages compared
with a sequential setup like chapters 7 and 8. Furthermore, the success
of electrified separation processes is largely dependent on the availabil-
ity of renewable energy sources that generate electricity at competitive
prices. But once the transition provides the right market framework,
electrochemical pH swing separation could become a key enabling tech-
nology for price-competitive and sustainable industrial biotechnology.
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Figure A.1l.: Historic data for crude oil price. Adapted from https://
www.indexmundi.com/commodities/?commodity=crude-oil
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Figure A.2.: Fraction of itaconic acid species calculated for a pKa;=3.85
and pKay=5.45 [2]
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B.1. Materials

B. Cyclic Voltammetrie

Experiments

Table B.1.: List of chemicals used in CV experiments

Compound
Adipic acid
Itaconic acid
Succinic acid
Lactic acid
Acetic acid
Formic acid
Ethanol
Glycerol
Glucose
Fructose
L-Alanine
Hexanediamine
Sodium hydroxide
Sodium sulfate

Supplier
Alfa Aesar
Alfa Aesar
Alfa Aesar
VWR
VWR
Merck
VWR
VWR
Alfa Aesar
Carl Roth
Merck
Alfa Aesar
Carl Roth
VWR

Purity
99%
99%
99%

85 — 90%
98%
99%
99.98%
100%
99%
99.5%
99%
98%
98%
98%
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Table B.2.: Concentration and initial pH value of compound solution for
CV experiments

Compound Concentration [gL_l] low pH high pH
Adipic acid 15 2.95 5.92
Itaconic acid 40 2.36 6.26
Succinic acid 40 2.52 6.85
Lactic acid 50 2.12 6.5
Acetic acid 50 2.61 6.31
Formic acid 50 1.96 5.09
Ethanol 50 6.27
Glycerol 50 5.97
Glucose 50 5.94
Fructose 50 5.88
L-Alanine 50 6.28
Hexanediamine 50 12.5
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Figure B.1.: CV scan of adipic acid at pH 5.92. Potential recorded vs.
Hg/HgE and corrected for RHE
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Figure B.2.: CV scan of adipic acid at pH 2.95. Potential recorded vs.
Hg/HgE and corrected for RHE

The most obvious feature is the shift of the beginning of the anodic
tafel region at Pt fig. B.13a to potentials exceeding 2 V. A minor shift
is visible in the curve recorded for alanine fig. B.12a. The genesis of
this shift is unclear since the conversion to RHE should subtract the
anodic potential increase caused by the alkaline pH values of the elec-
trolyte. The influence of local buffer effects that are not considered in
the conversion of the potential could induce a deviation of the recorded

250



B.2. CV Results

o
o
®
o
o
®

o
o
>
o
o
>

0.04 -

o

o

)
T

Current density [A cm?]
& < o
8

Current density [A cm?]
& < o
S

0.02 - 0.02
0.04 | 0.04
0.06 0.06
-0.08 1 1 1 1 1 1 1 -0.08 L 1 1 1 1 L 1
-1.5 -1.0 -05 00 05 1.0 15 20 25 -1.5 -1.0 -05 00 05 10 15 20 25
Potential [V, ] Potential [V, ]
(a) Pt (b) Ir
0.08 0.08
0.06 0.06

o o
o o
N B

Current density [A cm?]
< < o
5]

Current density [A cm?]
< . o
S

0.02 0.02
0.04 0.04
0.06 0.06
0.08 T 0.08 T T
-15-1.0 -05 00 05 1.0 15 20 25 -15-1.0 -05 00 05 1.0 15 20 25
Potential [V, el Potential [Vl
(c) Ru (d) Ni

Figure B.3.: CV scan of itaconic acid at pH 6.26. Potential recorded vs.
Hg/HgE and corrected for RHE

potential [305]. This hypothesis could be validated with a more detailed
analysis of the anodic potential regions at different pH values and solute
concentrations, which is outside the scope of this thesis.

Likewise to Pt, Ni shows clear signs for the electrochemical reaction
of alanine and hexane diamine (HDA). The observed reactions agree
with the fact that Ni-based catalysts are employed for the production or
conversion of HDA to hexanedinitrile [306, 307]. Again, the indications
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Figure B.4.: CV scan of itaconic acid at pH 2.36. Potential recorded vs.
Hg/HgE and corrected for RHE

for a reaction at Ir and Ru are not as clear as they are with Ni or Pt.

These electrode materials potentially provide suitable catalysts to be

used in the electrochemical pH swing extraction of amino acids or amines

but based on the herein presented results, more rigorous validation of

the electrochemical stability is recommended.
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Figure B.5.: CV scan of formic acid at pH 5.09. Potential recorded vs.
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and corrected for RHE
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Figure B.6.: CV scan of formic acid at pH 1.96. Potential recorded vs.
Hg/HgE and corrected for RHE
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B.2. CV Results
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Figure B.7.: CV scan of acetic acid at pH 6.31. Potential recorded vs.
Hg/HgE and corrected for RHE
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B. Cyclic Voltammetrie Experiments
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Figure B.8.: CV scan of acetic acid at pH 2.61. Potential recorded vs.
Hg/HgE and corrected for RHE
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B.2. CV Results

o
o
<3
o
o
<

o
o
>

T
L

o o

o o

= o

T T
L L

o

o

)
T
L

Current density [A cm?]
o
S

Current density [A cm?]
o
S

0.02 - 002 :
0.04 1 0041 <
0.06 - 1 -0.06 - .
0.08 e 0.08 T T
415 -1.0 -05 00 05 1.0 15 20 25 -15-1.0 -05 00 05 1.0 15 20 25
Potential [V, ] Potential [V, ]
(a) Pt (b) Ir
0.08 0.08 T
0.06 - 0.06 1
& &
€ 0041 1 € 0041 1
o o
L o0z} 1 < o002} ]
=y =
2 000t E 2 000t 1
S S
=002} 4 =002} E
8 3
50041 4 50041 1
8} (&}
-0.06 - < 0.0 - 1
0,08 bt 0.08 T T
41510 -05 00 05 1.0 15 20 25 415 -1.0 -05 00 05 1.0 15 20 25
Potential [V, el Potential [Vl
(c) Ru (d) Ni

Figure B.9.: CV scan of glycerol at pH 5.97. Potential recorded vs.
Hg/HgE and corrected for RHE
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B. Cyclic Voltammetrie Experiments
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Figure B.10.: CV scan of glucose at pH 5.94. Potential recorded vs.
Hg/HgE and corrected for RHE
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B.2. CV Results
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Figure B.11.: CV scan of fructose at pH 5.88. Potential recorded vs.
Hg/HgE and corrected for RHE
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B. Cyclic Voltammetrie Experiments
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Figure B.12.: CV scan of alanine at pH 6.8. Potential recorded vs. Hg/HgE
and corrected for RHE
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B.2. CV Results
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Figure B.13.: CV scan of hexadiamine at pH 12.5. Potential recorded vs.
Hg/HgE and corrected for RHE
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C. 2 Experimental data for DoE

1 The values given for SO, and PO, represent the total concentration
of the respective anion species.
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Table C.1.: Screening Experiments

T cS A Extractant cex Diluent pH Anion { Cion EgsA E Anion SsA SAnion
[’Cl_[gLad] [mol Lotg] Ll [molLagl | (%] (%] %] %]
1 80 20 THA 0.5 MIBK 3 SO4 0.5 39 £ 05 6 +3 65.5 £10.5 33.5 £10.5
2 80 20 THA 1 nHex 5 CL 0 0.5 +0.5 - - -
3 25 20 THA 1 MIBK 3 PO4 0 76 0 - - -
4 25 20 THA 1 Dodec 3 PO4 0 51 £2 - - -
5 25 20 TEHA 1 nHex 3 PO4 0.5 4 +1 8.5 +0.5 12 +1 88 +1
6 25 20 TEHA 0.5 Oct 5 SO4 1 1+1 3.5 +0.5 3 +3 97 £3
7 80 60 THA 0.5 Oct 5 PO4 0 10.5 0.5 - - -
8 25 60 TOA 0.5 nHex 5 S04 0 5.5 £0.5 - - -
25 20 TOA 1 Oct 5 CL 0.5 3.5 £0.5 14 0 13.5 1.5 86.5 £1.5
25 60 THA 1 nHex 5 SO4 0.5 1 +0 1 +0 42 +4 58 +4
25 20 TEHA 0.5 Dodec 3 CL 0 8 +0 - - -
25 20 TEHA 0.5 nHex 5 SO4 1 2.5 £0.5 3.5 +1.5 10 =6 90 +6
80 20 TEHA 1 nHex 5 CL 0 1 +0 - - -
80 20 TOA 0.5 nHex 3 PO4 1 4 *1 5 %1 11.5 1.5 88.5 +1.5
80 60 TOA 0.5 Oct 3 PO4 1 36 £1 9.5 £0.5 63.5 £1.5 36.5 £1.5
80 20 TEHA 1 Oct 5 CL 0 1 +0 - - -
80 60 TOA 0.5 Dodec 3 CL 0.5 11 0 21.5 £0.5 50.5 £0.5 49.5 £0.5
80 20 TOA 1 MIBK 3 SO4 0 34.5 £1.5 - - -
80 60 THA 1 Oct 3 S04 0.5 47 +0 15 +0 72 +0 28 +0
80 60 TEHA 1 Oct 5 CL 0 1.5 £0.5 - - -
25 60 THA 0.5 MIBK 3 CL 1 30 *1 33 1 48 +0 52 0
25 60 TOA 1 Dodec 5 S04 0 4 +0 - - -
80 20 TOA 0.5 Oct 3 SO4 0 58.5 £4.5 - - -
80 20 TOA 1 nHex 5 PO4 1 1.5 £0.5 0.5 £0.5 29 +1 71 %1
80 60 TEHA 1 nHex 5 PO4 0.5 2 +1 2 +1 52 +2 48 +2
80 20 TOA 0.5 Oct 5 CL 0.5 4 0 9 0 21.5 0.5 78.5 £0.5
80 20 THA 0.5 Dodec 5 CL 1 3 +0 6.5 £0.5 13.5 £0.5 86.5 +0.5
25 60 THA 0.5 Oct 5 PO4 0 15 +0 - - -
25 60 THA 1 Oct 3 CL 1 18.5 2.5 28 +3 41.5 £3.5 58.5 £3.5
80 20 TOA 0.5 Oct 3 PO4 1 51.5 1.5 11 +0 41.5 +0.5 58.5 +0.5
80 60 TEHA 1 Dodec 3 PO4 0.5 6 +1 3 1 65.5 £4.5 33.5 £5.5
25 20 TOA 0.5 MIBK 5 SO4 0 14.5 £0.5 - - -
80 60 TOA 1 nHex 3 S04 0 3.5 £0.5 - - -
80 60 TOA 1 Dodec 5 SO4 0 9 +0 - - -
80 20 TOA 1 MIBK 3 CL 0.5 18.5 1.5 15.5 1.5 46 0 54 0
80 20 TEHA 1 Oct 3 PO4 0.5 8 +0 1.5 +0.5 60.5 +3.5 39.5 +3.5
25 60 TOA 1 Dodec 3 CL 0.5 6.5 +0.5 15 =1 47 0 53 0
80 60 TEHA 0.5 MIBK 5 PO4 0.5 3 +2 4 +2 37 £3 63 +3
25 20 THA 0.5 Dodec 5 SO4 0.5 2.5 2.5 3.5 +2.5 18.5 2.5 81.5 +2.5

HO(] 10] ®yep [ejuotitiodxs] 7 0
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25 20 THA 0.5 nHex 3 PO4 0 2 +0 - -

25 20 TOA 1 Dodec 5 PO4 1 11.5 £5.5 0 0 14 +6

25 60 TEHA 0.5 Dodec 5 CL 0 2.5 £0.5 - -

25 20 TOA 0.5 Oct 3 S04 0 44 *3 - -

25 20 THA 1 MIBK 5 S04 0. 14 0 1+0 76.5 +1.5
25 60 THA 1 Oct 3 S04 0.5 30 £1 9 £1 73 £2

80 60 THA 0.5 nHex 5 PO4 0 5.5 +4.5 - -

80 60 THA 0.5 MIBK 5 CL 1 2 +0 3 +0 38.5 0.5
25 60 TOA 0.5 nHex 5 CL 0.5 1.5 £0.5 1.5 0.5 73 t4

80 20 THA 1 Dodec 3 PO4 0 60.5 +3.5 - -

25 20 TOA 1 nHex 3 CL 0.5 8 +0 6.5 £0.5 44 +2

25 60 TEHA 0.5 nHex 3 CL 0 4 *1 -

25 60 TOA 0.5 MIBK 3 PO4 1 54.5 +4.5 7 3 87.5 +3.5
80 60 THA 1 Oct 3 CL 1 27.5 +0.5 38 +0 42.5 +0.5
25 60 TEHA 0.5 Dodec 5 PO4 0.5 2.5 +0.5 2 +0 49.5 +0.5
25 20 TEHA 1 MIBK 5 S04 1 10 4 +0 2.5 0.5
80 60 TEHA 0.5 nHex 3 S04 1 1+1 1+1 26.5 +2.5
80 60 TEHA 1 Dodec 3 S04 1 8.5 +3.5 4.5 +3.5 52.5 +12.5
25 20 TEHA 0.5 MIBK 3 PO4 0. 8.5 0.5 4 +0 37.5 ¥1.5
80 60 TOA 0.5 MIBK 5 CL 0.5 1.5 £0.5 1+0 76.5 +2.5
25 20 THA 1 nHex 3 CL 1 12.5 £0.5 7.5 +0.5 34.5 +0.5
25 60 TOA 1 Dodec 5 PO4 1 8 +0 3.5 0.5 54.5 +2.5
25 60 TOA 1 MIBK 5 PO4 1 15 +0 3.5 0.5 68.5 +3.5
25 20 TEHA 0.5 Oct 5 PO4 0.5 1.5 0.5 2 £1 19.5 £2.5
80 60 TEHA 1 MIBK 3 SO4 1 3 +0 2.5 0.5 31.5 +0.5
80 60 THA 0.5 nHex 3 S04 0.5 3 2 1.5 +1. 54 +16
80 20 THA 0.5 Dodec 5 S04 0.5 6.5 +0.5 5 0 26 £1

25 60 TEHA 1 Oct 5 SO4 1 3.5 +2.5 2.5 £2.5 50 +18
80 20 TEHA 1 MIBK 5 CL 0 1 +0 - -

25 60 TEHA 0.5 MIBK 3 CL 0 9 %1 - -

25 20 THA 0.5 Dodec 5 CL 1 4 +3 5.5 +2.5 15.5 6.5
80 60 THA 1 MIBK 5 PO4 0 4.5 +0.5 - -

80 20 TEHA 0.5 Dodec 3 S04 1 7 +0 1.5 £0.5 44.5 +8.5
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D. 2 Biotechnological Calculations

Table D.1.: Degree of reduction (DoR)

Element

DoR

TRZ0EA

+4
+1
-2
-3
+6
+5

Table D.2.: Degree of reduction of components

Molecule Formula | DoR | DoR C
CO, 0 0
Ethanol CyHgO 12 6
Glucose CeH120¢ | 24 4
Succinic acid | C4HgO, | 14 3.5
Glycerol C3H803 14 4.67
Acetate CoH O | 8 4
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E. 3 Experimental data for succinic

acid analysis
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E. 3 Experimental data for succinic acid analysis
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Figure E.1.: HPLC chromatogram of initial and end state in exp. 2. (An-
ode)
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ode)
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F. 4 Electrolytic Conductance

Table F.1.: Limiting conductances of relevant ionic species [2]

Species | A [ 5727;2 -|
H 349.65
OH~ 198.00
Na* 50.08
HCO; 44.50
1/2C035" 69.30
HSuc 47.00
1/28uc®” 58.80
Ace” 40.90
For~ 54.60
HSO; 52.00
1/250;" 80.00

F.0.1. Determination of the electrolyte concentration

The electrolyte concentration characteristic for fermentation broth is
determined as follows. The concentrations of all nutrient salts contained
in the fermentation broth are related to NaS0, with the aim of finding
an equivalent sulfate concentration.

The idea is to combine the different nutrient salts in an electrolyte
through their ionic strength. The ionic strength I, ; for any electrolyte
yields to:

L;=05-((5)-Cf + () C)) (F.1)
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F. 4 Electrolytic Conductance

2 and z; are the valencies of the ions contained in the electrolyte.
C; are C; are the molar concentration of the ions.

The ionic strength of a solution containing multiple electrolytes, the
combined ionic strength is the sum of all participating ionic strengths:

Ic,total = Z Ic,i (FQ)
i=1

The combined ionic strength of all electrolytes in the fermentation
broth must be equal to the ionic strength of the equivalent NaySO,-

solution:

Ic,total = Ic,NaQSO4 (F3)

F N2 ot - 2 -
Ic,NaQSO4 =0.5- ((ZNaf) . CYNa‘r + (ZSOZ’) : CSOZ’) (F4)

2 2 -
Ic,Na2S04 =0.5- (1 : C(]"\—/'a‘r + (_2) : CSOZ’) (FS)
I Nayso, =05+ (12 Cnayso, + 4+ Cnayso,) (F.6)
IeNayso, =3+ CNays0,) (F.7)
Rearranging yields:
1 1

CNays0, = 3 " Le.Nays04 = 3+ Letotal (F.8)

Inserting the concentrations of all nutrient salts used in [282], [?]
and [120] yields equivalent NasSO,4-concentrations of 0.0807 M [282],
0.1043M [?] and 0.1067M [?]. For the continuous experiments con-
ducted in this work, NaySO4-concentration was set to 0.1 M.
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Figure F.1.: Caption

The electric current in an aqueous electrolyte is carried by the mi-
gration of ions. In the case of complex electrolyte solutions with more
than one charged-ion species which can participate in the electric charge
transfer, the total electric current is partitioned among the single-ion
charge transfer. In the bulk phase where cations and anions are present,
modeling the local charge transfer is a complex endeavor but at an ion
selective membrane the complex electrolytic ion transfer is reduced to
the migration of either anions or cations. In this work, the ion flux at
the cations exchange membrane is modeled as two resistors constituted
by the conductivity of Na" and H' ions F.1.

With the ion-specific conductivity & [cm_l] and the geometric prop-
erties of the electrolyte A/s the ohmic resistance R Q] of the electrolyte
is calculated with F.10.

In a parallel circuit, the total conductivity is the sum of the individual
conductivity of each current-carrying element F.11.

Lo = ZLi (F.11)
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F. 4 Electrolytic Conductance

Which is equivalent with the more commonly known rule for resistors
in parallel F.12.

1 1
R = EE_ (F.12)
For the current I in a parallel circuit applies F.13.
I=Yji, j=zns F (F.13)
If we take into account the relation of current, voltage and conductivity
I=L-U, (F.14)

the distribution of the electric current to the individual ion fluxes follows:

I
U= F.15
Ltot ( )
jH* + jNa*
ey 2o (F.16)
I _ Ju* + jNat

T = Inw # Lir (F.17)

JNat  Jut _ Lnat Ly+
I 77T " Ine + L L + L (F.18)

Lo+ L+

Na' B 7= Nt + (F.19)

+
‘LNa*' + LH* ) lLNa*' + LH* )

JINa* Ju+

Taking into account that in the electrolyte element the geometric ele-
ment for the both ion species are equals the overall conductivity corre-
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sponds directly with the ion specific conductivity.

RNa* _ _ . . .
T + e L = JNat = 2Nar B e (F.20)
PH  f o e = e F e (F.21)

KNa* + Ky+

This has the implication that in an electrolyte solution the fraction of
the current carried by one ion species directly depends on the contri-
bution of this ion species to the overall electrolyte conductivity, which
depends on the ion specific conductivity and its concentration. As a
consequence, the ion species with the highest contribution to the elec-
trolyte conductivity will be the main species responsible for the charge
transfer by ion migration.
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G. 5 pH Calculation of Initial States
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G.1. List of Materials and Devices

Table G.1.: Diffusivities and kinematic viscosities for mass transfer coeffi-
cient estimation [10]

Species system D; [mTQ] 0% [mTz] Ejorglaqg [=]
Todine,/water 1.549- 107" - 9.34-107°
Todine/kerosene 3.000-107° - 4.90-107°
Succinic acid /water | 9.583 - 107" - -
TOA /1-octanol 1.456 - 10~ - -
Complex/1-octanol | 1.338-107"° - -
Kerosene - | 1.520-107° -
1-octanol - | 7.360-107° -

G.1. List of Materials and Devices

The tables in this section give an overview over all materials and devices
used for the experiments.
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Table G.2.: Materials

Name ‘ Molecular formula ‘ Purity ‘ Producer LOT-No. ‘
Succinic acid C,0gH, 99+% Alfa Aesar 10211054
Sodium sulfate Nay,SOy technical; min. 98% VWR Chemicals 19H274103
GPR RECTAPUR VWR Chemicals 20H044126
di-Sodium succinate C4H,Na,04 anhydrous for synthesis Merck KGaA S7277901 912
anhydrous for synthesis Merck KGaA S8017901 038
anhydrous for synthesis Merck KGaA S7277901 950
Sodium hydroxide NaOH >=98% pa; Iso; Carl Roth
Tri-n-octylamine CouHs N 95% Alfa Aesar 10214764
for synthesis Merck KGaA S7297549 004
1-Octanol CgH,,OH 99% Alfa Aesar 10198618
99% Alfa Aesar 10216490
sulfuric acid H,SO, 95-97%, for analysis Merck KGaA K50804031 846
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Table G.3.: Devices

Device

Producer

Specifications

[

Location

Density meter

Anton Paar GmbH

density & sound analyzer DA 48

Graz, Austria

Current supply

EA Elektro-Automatik GmbH & Co. KG

EA-PSI 9040-120 2U

Viersen, Germany

Pump

Cole-Parmer GmbH

Masterflex L/S

Wertheim, Germany

Pump head Cole-Parmer GmbH Masterflex L/S easy-load IT Wertheim, Germany
Pump tube Cole-Parmer GmbH Masterflex L/S 14 Wertheim, Germany
Pulsation pump ProMinent GmbH ProMinent-Dulcometer PHD Heidelberg, Germany
pH meter KOBOLD Messring GmbH HND-R106 Hofheim a.T., Germany
pH meter KOBOLD Messring GmbH KOBO-pH APM-X Hotheim a.T., Germany

pH electrode

VWR International GmbH

pH electrode pHenomenal

Darmstadt, Germany

HPLC

AGILENT TECHNOLOGIES, INC.

Agilent 1100 HPLC

Santa Clara, CA, USA

Infrared camera

RS Components GmbH

Smart thermal camera

Frankfurt a.M., Germany
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Table G.4.: Information on HPLC analytics

Parameter Value [Unit] Additional information

Eluent 10 mM Hy;50,

Calibration Date May, 25th 2020

Column size 8x 250 mm x mm  Organic Acid Resin, CS Chromatographie
Column temperature 40 °C

Flow Rate 1.0 mL - min"

Injected volume 5 uL

Runtime 17.5 min

RID signal 35 °C

DAD signal 210 nm
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G.2. Derivation of Design Equations for Membrane Contactors with
Dissociating Solutes

G.2. Derivation of Design Equations for
Membrane Contactors with
Dissociating Solutes

" The design framework for the calculation of the membrane area of
a membrane-assisted extraction is based on the approach suggested by
Melin and Rautenbach [209]. The original approach does not consider
the dissociation of the extracted solute. To cover the important effect
of the aqueous pH for the extraction of lactic acid, the original model is
extended to account for the influence of the aqueous pH equilibrium on
the extraction. The mass balances around a differential volume of the

< e
« g \z 4 2+ dz |

e
I

h
I 1
HLAaq,z+dz

Vaq HLAag 2 I

HLA,rg,,

|

|

|

1 .

1 ) Vorgﬂ HLAorg,Z+dz
I

|

Figure G.1.: Differential volume of the membrane contactor, the balance
boundary around the aqueous phase is indicated in red and the overall mass
balance boundary in black.

membrane contactor in counter current operation fig. G.1,

[LAT][H"]

LA (G.3)

Kia =

TParts of this chapter have been published in the ESI with "Gausmann & Géssi et
al. "Electrochemical membrane-assisted pH-swing extraction and back-extraction"
2022, Separation and Purification Technology" Parts of this chapter are also used in
the Dissertation of Angelo Gossi, " Membrane supported reactive extraction using
membranes with enhanced stability".
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G. 5 pH Calculation of Initial States

div = Voo ([HLA]|. = [HLA]|:+42)
= ‘./org(l:HLAorg]lz - [HLAorg]|z+dz) (G4)

and around a differential element of the aqueous phase:
dn = kydAy(Kpa[TOA][HLA] - [HLA,,]) (G.5)
Yield an overall mass balance equation:

‘/aq([HLA]lz - [HLA]|z+dz) = kmdAM(KLA[TOA][HLA] - [HLAorg])
(G.6)

The overall mass balance is approximated by a Taylor’s series according
to:

. O[HLA
0 = 1, AHLA]

a2+ hidAv(KpA[TOAIHLA] = [HLA,)) (G.7)

Next, a separation of vaiables dAy; and dz gives a differential expression
of the membrane area:
dAM _ - .aq/km
Vaq
AHLAL ([HLAKR,AITOA] + 22 ((HLAwJo — [HLAw]) = [HL Ao L)
(G.8)

Now we must take into account that only the protonated fraction of
the lactic acid is available for the extraction. The concentration of the
protonated form and the total concentration of lactic acid are related
by the dissociation equilibrium.

[H"]

[HLA] = [HLAtot]m

(G.9)
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G.2. Derivation of Design Equations for Membrane Contactors with
Dissociating Solutes

Due to the dissociation equilibrium a change of the integration variable

is required.
dAy _ dAym ) d[HLA] (G.10)
d[HLA:t] d[HLA] d[HLA] '

The change of the integration variable introduces a new differential
d[HLA]
d[HLAo]

acid changes with the removal of lactic acid by extraction. In addition,

which describes how the concentration of the protonated lactic

the change of the TOA concentration with the extraction of lactic acid

is assumed to be one.
d[TOA]

d[H LA ]

This assumption holds as long as 1:1 complexes are formed, which is the

=1 (G.11)

case except for overloading conditions [64]. The mass balance for the
lactic acid dissociation is:

[HLA;,;]=[HLA]+[LA] (G.12)
and with the insertion of eq. (G.3) becomes:

[H"]

[HLA] = [HLAtot]m

(G.13)

Differentiation of eq. (G.12) with respect to [HLA;,] yields the re-
quired differential expression introduced with the change of integration

variables:
d[HLA] _  [H'] d[H"] Kia
A HLAw]  [H']+Kia [HLA““]d[HLAtot] [([H+] - KLA)Q}
(G.14)

An expression for the last unknown differential is obtained by inserting
eq. (G.3) in eq. (G.12), solving the resulting quadratic equation for [H'],
followed by differentiation with respect to [ HL Ay ]. This leads to the
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G. 5 pH Calculation of Initial States

searched differential:

d[H"] Ko

_ 2 (G.15)
d[HLAtot] 2\/% + [HLAtot]KLA

The resulting set of differential expressions egs. (G.8), (G.10), (G.11),
(G.14) and (G.15) is solved numerically for the required membrane area
using the MATLAB odel5s solver.
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H. 9 Techno-economic assessment

Table H.1.: Price inventory products

Revenue Unit | Price range | € per unit
Succinic acid 99,99% | kg 1,5-2 2
Biogas tcH4 375
Hydrogen 3 | 2000-3000 2500
Oxygen t 40

Table H.2.: Price inventory raw materials

Raw Material Unit | Price range | € per unit
Fresh water t 0,85
Glucose t 400-500 450
Ammoniumphosphate | t 550
Ammonia t 530
CO2 t 150
CDW t 1150
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H. 9 Techno-economic assessment

Table H.3.: Price inventory auxiliary chemicals

Additives 0,2 | Price range | € per unit
Hydrochloric acid 32w% | t 85-130 90
Sodium Hydroxide 99w% | t 380-630 510
CaOH t 100-320 170
MgOH t 350-650 430
Sulfuric acid 98w% t 60-150 80
Phosphoric acid 85w% t 600-900 700
Trioctylamine t 600-1600 1100
Decanol t 1300-1800 1500
Octanol t 1000-1300 1200
MgCl12 t 100-300 250

Table H.4.: Price inventory utilities and waste treatment

Utilities and Waste treatment | Unit | Price range | € per unit
Natural gas kWh | 2,2-3,6 0,03
t 275-450 375
Electricity kWh | 4,5-8,5 0,07
Cooling water (20°C 25°C) t 0,015
LP Steam (125°C 124°C) t 20
MP Steam (175°C 174°C) t 22
HP Steam (250°C 249°C) t 25
Refrigerant (-25°C -24°C) MJ 0,002329
Wastewater hydraulic t
Solid waste disposal t 110
Off-gas treatment t 0
Solid waste incineration t 0,25
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