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Abstract

Rising CO;, levels in the atmosphere are becoming increasingly problematic, due to the effect of CO, on cli-
mate change. CO; capture and utilization has high potential as strategy to close the carbon cycle. An ex-
ample of utilization of CO;, is the electrochemical reduction of CO, to more valuable compounds. This the-
sis discusses the electrochemical reduction of CO, to oxalic acid. Until now, oxalic acid as target product
of the electrochemical CO; reduction has not been studied in great depth, mainly because it only forms in
non-aqueous solutions. The influence on several parameters, namely cathode material, applied potential,
anolyte, catholyte, membrane, supporting electrolyte, and temperature, on the electrochemical conversion
of CO, to oxalic acid has been studied. The first step in scaling-up has been taken, from a batch reactor
(H-cell reactor) to a semi-continuous system (flow-cell reactor). In order to investigate the feasibility and its
implementation in the industry, several options for the downstream processing of oxalic acid are discussed
and a techno-economic analysis is performed on the proposed process design.

From the parametric study that was carried out, the parameters that had a considerable effect on the per-
formance of the electrochemical reduction of CO; to oxalic acid were cathode and anode material, catholyte
and anolyte, membrane, applied potential and temperature. With the batch reactor optimal results in terms
of faradaic efficiency and current density have been found, using lead as cathode, platinum as anode, propy-
lene carbonate+0.7M tetraethylammonium chloride as catholyte and 0.5M H»SO,4 as anolyte in which the
cathodic and anodic compartment are separated by a Nafion 117 membrane. At higher temperatures, higher
current densities were induced by reduction of mass transfer limitations. Within the range of -2.2V to -2.7V
vs Ag/AgCl, increasing current densities and decreasing faradaic efficiencies were found with increasing ap-
plied potential. Semi-continuous flow-cell was investigated as a strategy to increase the mass transfer in the
system. Although higher reduction currents were measured during CO, reduction in a flow-cell compared
to the batch reactor, the faradaic efficiency towards oxalic acid was lower. The oxalic acid produced during
CO2 reduction in the electrochemical reactor is dissolved in the liquid electrolyte. A further separation step
of the oxalic acid from the liquid needs to be present to recover the product in a solid state. In order to assess
the feasibility of the separation of oxalic acid, several technologies were addressed. Liquid-liquid extraction
followed by crystallization is experimentally proved to be a suitable method for the separation and recov-
ery of oxalic acid from the electrolyte. Based on this separation method, a process design is proposed and a
techno-economic analysis has been performed. The techno-economic analysis showed a favorable economic
potential for this technology if certain key performance indicators can be achieved. However, the maturity
level of this process is still in early stages. Some of those key performance indicators still need to be experi-
mentally improved, further research should focus on increasing the obtained current densities and obtaining
stable faradaic efficiencies.
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Introduction

In the past centuries, the CO; levels in the atmosphere have risen from 280 ppm in the pre-industrial area to
418 ppm presently [4] due to deforestation and the use of fossil fuels. This rise is one of the main contribu-
tors to climate change by the greenhouse gas effect [5]. To limit the rise of the CO; level in the atmosphere,
CO, emissions must be reduced and methods for removal of CO, from the atmosphere have been proposed.
Examples of these methods are Carbon Capture and Storage (CCS), carbon sequestration but also Carbon
Capture and Utilization (CCU). CCU closes the carbon cycle by capturing the emitted CO, and then recycle it
by conversion to useful products. Methods for CO, conversion are photo-chemical reduction [6], gas-phase
reaction [7], liquid-phase reaction [8] and electrochemical reduction [9].

CO2 can be electrochemically converted to form added-value chemicals. The process shows great poten-
tial because CO; is a cheap carbon source for the production of renewable fuels and it would reduce the
level of CO; in the atmosphere. Examples of organic feedstocks that can be produced are carbon monoxide,
formic acid, formaldehyde, ethanol, and methane [10]. At the moment, none of these products are indus-
trially produced by the electrochemical production process. Economic feasibility of the electrochemical re-
duction process is mainly dependent on how many electrons - which determines amount of energy - need
to be transferred when forming one mole of product. Formic acid, carbon monoxide, and oxalic acid are all
2-electron transfer products and therefore show the most potential, in comparison to other products such as
methane (8 electrons) and ethylene (12 electrons). Also, the atom efficiency of the reaction to oxalic acid is
very high, especially compared to methane and ethylene.

Over the years, significant research effort is done towards the electrochemical reduction of CO; to formic
acid (HCOOH), carbon monoxide (CO), methanol (CHs), and syngas (mixture of CO + H») [11]. The product
distribution of electrochemical reduction of CO, is dependent on conditions such as type of solvent, material
and morphology of electrode and applied potential. Over the past years, the reduction to formate/formic
acid has been investigated thoroughly worldwide. Within the TU Delft Process and Energy department, the
process has been modelled [12] and bipolar membranes have been applied in the electrolysis [13]. Also, the
opportunities for using Deep Eutectic Solvents with high CO, solubility have been investigated [14]. The
formic acid process is not yet suitable for commercial production, because of the high capital investments
needed for electrolyser units, the fast degradation of catalysts and the difficult downstream processing of
the product [15, 16]. Therefore, alternative reaction products of electrochemical CO; reduction should be
explored.

Oxalic acid has been overlooked as a potential promising product of the CO, reduction, mainly because it
particularly forms in non-aqueous solutions. In aqueous solutions, there is too much competition with other
electrochemical reduction reactions. Water has been preferred as a solvent for electrochemical reactions,
as it is abundant and has many excellent solvent properties [17]. Although oxalic acid is formed in non-
aqueous solutions, the CO, reduction to oxalic acid shows great potential, especially because oxalic acid can
be converted to ethylene glycol [18, 19]. Oxalic acid has a market price of 1000 €/tonne [20] and an overall
market value of 700M$ in 2020. It has applications in multiple industries such as pharmaceutical, textile
and rare earth metal industry [21]. Two oxalic acid production processes are commercialized: the oxidation
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of ethylene glycol with a mixture of nitric acid and sulfuric acid [22] and via the preparation of oxalic acid
esters with the reaction of carbon monoxide with an ester of nitrous acid [23]. Ethylene glycol serves as
reactant in the plastics industry and has a market price of 1500$ / tonne. Annually, 35M tonne of ethylene
glycol is produced[24]. The formation of different oxalate based polymers has been reported with adjustable
properties such as thermal stability, biodegradability, crystallinity and mechanical strength [25].

Reaction 1.1 shows the formation of the oxalate-anion in aqueous alkaline environment together with the
standard reduction potential (Ep), which is given with reference to the standard hydrogen electrode (SHE).
Reaction 1.2 shows the formation of oxalic acid in aqueous acidic environment.

2C0;(g) +2e” = C,04%", E°= —0.64V vs. SHE (1.1)
2C0,(g) +2H" +2e~ = HyC,04, E= —0.48V vs. SHE 1.2)
2H* +2e” = Hy(g), E® = 0V vs. SHE (1.3)

In aqueous solutions, the CO, reduction reactions compete with the hydrogen evolution reaction (reaction
1.3), which reduces the selectivity to the CO, reduction reaction products. Therefore, working with non-
aqueous solvents is an interesting alternative. On the other side, foreseeable problems are the low conductiv-
ity of these solvents which leads to low current densities, the stability of membranes in organic solvents and
the difficulty of keeping the solvent water-free.

This thesis presents research on optimization of the electrochemical conversion of CO; to oxalate in non-
aqueous solvents and on the downstream processing of the produced oxalic acid. A production process for
the electrochemical production of oxalic acid is proposed and the techno-economic feasibility of this process
is evaluated. The research has been conducted based on the following research questions:

* What are the optimal experimental settings in batch-scale experiments for electrochemical conversion
of CO, to oxalic acid?

¢ What is the influence of a semi-continuous experimental set-up for the electrochemical conversion of
CO; to oxalic acid?

e What are the preliminary options for the separation and purification of oxalic acid?

¢ Which techno-economic conditions need to be satisfied before commercial application of the CO; re-
duction to oxalic acid is feasible?



Theory

In this section, a literature overview will be given of the electrochemical reduction of CO; to oxalic acid. First,
general challenges for the electrochemical reduction of CO, are discussed. Then, the state-of-the-art of the
electrochemical conversion from CO- to oxalic acid is reviewed.

2.1. General challenges for the electrochemical reduction of CO,

Using CO-, - one of the largest waste streams available [26] - as feedstock for fuels and chemicals is one of the
few games where all players stand to win. So the question arises; why is it not applied on a large scale yet?
Before the large-scale application of CO, reduction reaction is possible, several challenges must be overcome.
The electrochemical reduction of CO, is the conversion of CO, into more valuable compounds using elec-
trical energy. This process is called electrolysis and can be used to form lots of different products from CO,
but the process has no industrial applications for CO, reduction yet. For the electrochemical reduction of
CO; to formic acid, the high electricity consumption, the low electrode stability and the difficult downstream
processing are the main reasons the process is not economically feasible yet [15]. CO has a very stable, lin-
ear, symmetrical structure, which makes it non-polar. Due to the stability, lots of energy is needed for the
first (rate-limiting) step in the reduction, which means that large overpotentials need to be applied. Using a
catalyst could reduce the activation energy, however the non-polarity makes it difficult to selectively adsorb
CO; on catalysts.

If the CO, reduction is performed in aqueous solution, there is competition at the working electrode with the
hydrogen evolution reaction. The hydrogen evolution reaction in acidic and alkaline conditions is respec-
tively described by reaction 2.1 and 2.2 [27].

2HY + +2e” = Ha(g) (2.1)

2H,0+2e” = Hy(g) +20H™ (2.2)

In aqueous media, water is abundant compared to CO,, which favours the hydrogen evolution reaction. The
kinetics of HER are also faster compared to CO» reduction and the both reactions occur in the same potential
range. CO; is also a relatively large molecule, which leads to slow mass transfer and limits the rate of reaction.
Besides the low mass transfer, CO, is poorly soluble in water (1.45 g/L STP [28]), which is also a factor why
the reaction is mass-transfer limited.

2.2. Description of the mechanism

CO, has always been the source of carbon for life on earth. The conversion of CO, by photosynthetic organ-
isms (such as plants, algae and cyanobacteria) closes the carbon cycle [29]. CO; is thermodynamically very
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stable, which makes conversion quite difficult. Methods for CO, conversion are photo-chemical reduction
[6], gas-phase reaction [7], liquid-phase reaction [8] and electrochemical reduction [9]. This work discusses
the electrochemical reduction of CO,. In this section, the mechanism and reaction of this electrochemical
reduction will be discussed. It should be noted that the reaction products are different in aqueous and non-
aqueous solvents. The reaction mechanisms differ based on the availability of a proton donor.

The mechanism of CO; reduction in aprotic solvent (DMF) on mercury is described by Gennaro et al. [30] on
inert electrodes such as Pb and Hg. The first (and rate-limiting) step of CO, reduction in non-aqueous media
is the formation of the bend CO,-radical (reaction 2.3). The CO5-anion is an unstable intermediate.

CO2(g) +e~ = CO, ™, Ey = —1.90V vs. SHE (2.3)

For the formation of oxalate, two CO,-radicals need to react with each other, as described by reaction 2.4 [30].

2C0,~ — C,04%~ (2.4)

The other reaction products that form are carbon monoxide and carbonate, via the mechanism described by
reaction 2.5 [30].

CO2™ +COy — C204~ (2.5)
C204~ +CO3~ — CO+CO3%™ +CO,

The reaction mechanism for the production of oxalate has also been described by Eneau-Innocent [1]. In
Figure 2.1 an overview of the reaction steps for oxalate formation on lead in propylene carbonate (PC) is
given. The mechanism starts with the formation of the CO,-anion on lead, which reacts to form oxalate.
Finally, the bond between oxalate and lead is broken and an oxalate-anion is formed.

The difference between the mechanisms of Gennaro [30] and Eneau-Innocent [1] lies mainly in the formation
of byproducts. Gennaro described the formation of CO and CO3%~ as byproducts, while Eneau-Innocent
analyzed the reaction with IR spectroscopy and did not find any formation of CO.

If there is water or protons available in the solvent, also other products can be formed. Reactions 2.6, 2.7, 2.8,
2.9 and 2.10 describe the electrochemical CO, reduction reaction and the standard reduction potentials to
respectively formic acid, carbon monooxide, methane, ethylene and ethanol in aqueous solutions [31].

CO,(g) +2H" +2e” = HCOOH, E° = —0.25V vs. SHE (2.6)
CO,(g) +2H" +2e~ = CO + H,0, E® = —0.106V vs. SHE @2.7)
CO,(g) + 6H,0 + 8¢~ = CH, +80H ™", E° = —0.659V vs. SHE 2.8)
2C0,(g) +8H* +8e~ = CH, + 2H,0, E° = —0.659V vs. SHE 2.9)
2C0,(g) + 12H* + 12~ = C,H50H + 3H,0, E° = 0.084V vs. SHE (2.10)

Tkeda et al. [2] described the several outcomes of CO, reduction reactions with the CO5-anion as intermedi-
ate. In Figure 2.2 an overview of the the reaction products formed based on the type of solvent and type of
electrode is given. In aqueous solvents on indium, lead and mercury formic acid is formed. CO is formed on
zinc, silver and gold in aqueous solutions and on zinc, tin and gold in non-aqueous solvents. In non-aqueous
solvents on lead, thallium and mercury oxalic acid is formed.
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Oxalic acid can also be further reduced, to glycolic acid and glyoxylic acid [32]. In Figure 2.4 the reaction to
glycolic acid is shown and in Figure 2.3 the reaction to glyoxylic acid is shown. Glyoxylic acid can be further
reduced to tartaric acid and glycolic acid can be further reduced to maleic acid, but this does not occur on
lead electrodes [32].

2.3. Characterization

Common electrochemical experiments used to evaluate the performance of electrochemical cells are cyclic
voltammetry and chronoamperometry. In cyclic voltammetry, the potential is swept in time between two val-

°
2Pb+ 20 —-—C—0+2e° — 2 C O
Pb
o o 0 O
H _ H _ @‘ ‘G)
c‘—o + C‘O% R
|
Pb Pb Pb  Pb
0 o 0 o
ol o .
0O-Cc-C-0 —— 2b+ 0O—C—C—0O
P‘b Pb

Figure 2.1: The mechanism for the formation of oxalate on lead as described by Eneau-Innocent [1]. It starts with the formation of the
COz2-anion stabilized by the catalyst (Pb). Two CO2-anions together react to form oxalate. Finally, the bond between the lead and the
oxalate breaks and an oxalate anion is formed.

‘ In,Pb, Hg —  Formic acid

Aqueous

‘ Zn,Au, Ag —— CO

Cco, Cco,

co

Zn, Sn, Au

> Non-aqueous

‘ Pb, Tl, Hg

Oxalic acid

Figure 2.2: The CO2 reduction reaction routes via the CO2-anion as described by Ikeda et al. [2]. In aqueous solvents on indium, lead
and mercury formic acid is formed. CO is formed on zinc, silver and gold in aqueous solutions and on zinc, tin and gold in non-aqueous
solvents. In non-aqueous solvents on lead, thallium and mercury oxalic acid is formed.
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Figure 2.3: The reaction of oxalic acid to glyoxylic acid and water.
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Figure 2.4: The reaction of oxalic acid to glycolic acid and water.

ues. The current is measured while the cell is scanned through different voltages. The voltammogram with
the reactive species (CO>) is compared to the voltammogram without reactive species. Reduction peaks in the
voltammogram with reactive species, that are not available in the voltammogram without reactive species,
show the reduction of the reactive species. A different electrochemical technique used is chronoamperome-
try. In this experiment, the potential is fixed and the current is measured for a certain time.

Figures of merits for electrochemical CO; reduction
Current density, faradaic efficiency, energetic efficiency and stability are the figures of merit characterizing
the performance of an electrochemical system.

The current density (j) is the amount of current (/) per area of the electrode (A) (equation 2.11). The current
of an electrochemical cell is the electron transport from the anode to the cathode as a consequence of the
reactions taking place at the electrodes. Higher current indicates a higher reaction rate for both the cathodic
and anodic reactions.

=1 2.11
7= (2.11)
As the CO, reduction process has several products, the selectivity of the reaction to the desired product is of
high importance. In electrochemistry, this is described by the faradaic efficiency (FE). The faradaic efficiency
describes the efficiency with which charge is transferred in a system facilitating an electrochemical reaction
to the desired product. The FE, calculated by equation 2.12, is the amount of electrons used for formation
of the desired product divided by the total charge applied. The amount of electrons used for formation of
the desired product is the product of the stoichometric amount of electrons needed in your reaction (., the
Faraday number (F) and the obtained concentration of the desired product obtained ([product]). The total
charge applied is the product of the obtained current (I) and the amount of time (#) this current is applied.

_ ne- F-[product]
- I-t

FE (2.12)

Faradaic losses are experienced when electrons participate in unwanted side reactions. For the electrochem-
ical reduction of CO; to oxalic acid, these unwanted side reactions appear in the form of the hydrogen evolu-
tion reaction, reduction of CO, to other carboxylic acids or CO and potential reduction of the solvent.

The energetic efficiency (Eenergetic) is given by equation 2.13. The energetic efficiency is the amount of energy
in the products divided by the amount of electrical energy put into the system.

E?-FE

[ 2.13
E?+17 ( )

Eenergetic = Z

The stability of the catalyst is an important indication for the characterization of an electrochemical cell be-
cause it largely influences the feasibility of the production process. Until now, no research has been done on
the stability of the several electrocatalysts suitable for electrochemical conversion of CO; to oxalic acid.
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Table 2.1: Different experimental settings of studies that have shown oxalic acid production including the solvent, electrolyte salt, work-
ing electrode and counter electrode used.

Solvent Electrolyte WE CE RE Ref

PC,ACN,DMSO  0.1M TEAP Pb, Hg, TI Pt Ag/AgCl (2]

Aqueous TMAOH graphite Pt Ag/AgCl  [33]

ACN 0.1M TBAF bt bt Ag/AgNO3  [34]

ACN TBAP Stainless steel Zn - [35]

PC 0.2M TEAP Pb Carbon Ag/AgCl [1]

AN 0.1M TBP Stainless steel Zn Agrod [36]

DMF 0.1IM Et,Cl Hg - Ag/Agl  [37]

CH3;0H 0.1M TMACI Pb Pt Ag/AgCl [32]

2.4. State of the art

In Table 2.1 an overview is given of the research into the electrochemical reduction of CO, to oxalate un-
til now. The table discusses experimental settings that influence the selectivity to and the yield of oxalate.
The research started late 70s - begin 80s with determining which conditions need to be fulfilled to produce
oxalate. From then on, the research into the electrochemical reduction of CO, focused on other reaction
products (mainly CO and formic acid). The past decade, renewed interest has focused on the development
of electrocatalysts to reduce the overpotential of the reaction.

Ikeda et al. [2] tested different electrodes in non-aqueous electrolytes (PC) and found, without addition of
water, 73.3% current efficiency for oxalic acid formation with a total applied charge of 100C. As soon as small
amounts of water were added, the current efficiency to oxalic acid dropped, while the current efficiency to
formic acid increased [2]. They also showed that at the start of the experiment the oxalic acid concentra-
tion increased linearly, but the growth slowed down, which happened simultaneously with the formation of
glyoxylic acid and glycolic acid. They found lead, thallium and mercury as suitable metals for the electro-
chemical CO; reduction to oxalate and observed similar results in other non-aqueous electrolytes, such as
acetonitrile (ACN) and dimethylsulfoxide (DMSO). Eggins described the electrochemical reduction of CO,
in methanol and found at a voltage of -1.7V vs. Ag/AgCl current efficiency of up to up to 12.5% to oxalate,
which decreased over time. At higher voltage, the reduction products were mainly glyoxalate and glycolate
[32]. Oxalate was formed with 78 % current efficiency at a potential of -0.9V vs. Ag/AgCl for 3.25 hour at 1.2
mA in an aqueous solution of tetramethylammonium hydroxide [33]. IR analysis has been done on the elec-
trochemical reduction of CO; in acetonitrile to understand the geometry of the formed oxalate-anion [34].
Using acetonitrile with tetrabutylammonium perchlorate as anode, current efficiencies of more than 90% to-
wards oxalic acid have been achieved with stainless steel as cathode and zinc oxidation as anode reaction
[35]. With similar settings, it has been shown that oxalate is formed between -2.5V and -3.5V vs. Ag, with
maximum faradaic efficiency at -3.5V [36]. In situ infrared reflectance spectroscopy was used to determine
adsorbed intermediates and reaction products in the CO, reduction process to oxalic acid. It was shown that
the reaction is mass transfer limited and that there was no formation of CO during the process [1]. Also, the
electrochemical reduction in dimethylformamide (DMF) has been examined with voltammetry experiments,
where the formation of oxalic acid has been reported. In Table 2.1 an overview is given of the experimental
settings used in the described experiments that reported the formation of oxalic acid.

Electrocatalysts for oxalic acid formation

In Table 2.2 an overview of the research into electrocatalysts for oxalate formation is given. The main goal of
these catalysts is the reduction of the overpotential of the reaction. As the stability of these complexes is a
problem, the development or use of them is not within the scope of this project.

2.5. Parameters

On of the goals of this research is the determination of the optimal combination of parameters that result in
high and selective production of oxalic acid. Several factors influence the type and the amount of products
formed during the electrochemical reduction of CO,. These factors include the type and morphology of the
metal electrode used as catalyst, the supporting electrolyte used, the catholyte used, the applied potential
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Table 2.2: Different electrocatalysts described in literature studies that have been used as electrocatalyst for oxalate formation at reduced
potentials.

Electrocatalyst Result Ref

Triangular rhodium cluster Produced oxalate in the presence of Bu4NBF4 and [38]
LiBF4 at -1.5V (vs. SCE) in ACN

Macrocyclic nickel complex Most active metal complex electrocatalyst yielding se-  [39]
lectively oxalate reported so far

Tetranuclear copper(I)complex Low overpotential needed of only -0.03V vs. SHE, while  [40]
being relatively stable.

Ag or Pd Porphyrins Oxalic acid main product, no CO detected only Hy. At [41]

-1.50/1.65V current densities of 3 mA/cm2 achieved.
Pt coated with  polyvinyl oxalate formation at PVA/Ni(dppm),Cl, in acetonitrile  [42]
alcohol/[Ni(dppm),Cly]
Cr-Ga Oxide on glassy carbon In aqueous 0.1M KClI electrolyte FE of 59% were ob- [43]
tained -1.48V vs. Ag/AgCl

and the temperature and pressure.

Cathode

In electrochemical CO, reduction, the cathode mainly defines which products are selectively formed. Cop-
per shows mainly potential for formation of hydrocarbons and alcohols, while Ag, Au and Zn are used for the
target product carbon monoxide. Sn, In, Pb and Hg have been investigated as being selective for the produc-
tion of formate [44]. Several factors influence the over-all performance of the cathode material. The faradaic
efficiency, overpotential required for CO; reduction, the current density and the stability must be considered.
Research has shown that in aprotic solvents the main products of CO, reduction are CO and CO3%~ when
there is a strong metal-CO; interaction and the main product is C,04%~ when there is a weak metal-CO»
interaction [45]. As previously described, working electrodes that have shown CO, reduction to oxalate are
lead, mercury, thallium and stainless steel.

Catholyte/solvent
Several properties describe the suitability of a solvent for application of the electrochemical reduction of CO».
The following list describes these properties:

¢ CO; solubility should be high to allow for high current densities.

¢ Viscosity should be low to increase mass transfer, increased mass transfer means increased conductiv-
ity.

 Relative permittivity shows the electrostatic interaction between two charges. A solvent always low-
ers this electrostatic interaction. A high relative permittivity allows for high electrostatic interaction

between solutes and high dissolution and dissociation of electrolyte salts, which correlates to the con-
ductivity of the solution [46].

* Donor number is a measure for the ability of a solvent to donate an electron. A higher donor number
of the solvent correlates to higher selectively production of oxalic acid [45].

» Oxalic acid solubility should be as low as possible to enhance and facilitate downstream processing.

In Table 2.3 an overview is given of the relevant properties for the organic solvents that already have been
used as solvents for the electrochemical reduction of CO, to oxalic acid.

The solvent dependence of the CO, reduction reaction was evaluated using a boron-doped-diamond working
electrode, which showed the largest current at the lowest potential for acetonitrile [49], but similar onset
potentials for the different solvents at -1.8V vs. Ag/Ag*.

Supporting electrolyte

As described in section 2.2 the availability of protons in the solvent reduces the selectivity to oxalate forma-
tion. Therefore, the use of non-aqueous organic solvents is preferable. Organic solvents are generally low
conductive, which leads to high resistance and large energy losses in the system. Therefore, supporting elec-
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Table 2.3: Overview of relevant solvent properties, CO2 solubility, viscosity, relative permittivity and the donor number, for the use of
organic solvents as electrolyte in the electrochemical reduction of CO5.

Solvent CO; solubility Viscosity Relative permittivity Donor number

mmol/L mPa-s - kJ/mol
PC 134 [47] 1.19 [48] 64.96 [48] 15.1 [48]
AcN 314 [47] 0.339 [48] 35.69 [48] 14.1 [48]
DMSO 131 [47] 0.802 [17] 36.7 [17] 124.8 [17]
DMF 194 [47] 1.99 [17] 46.5 [17] 111.4 [17]

trolyte salt is used. Tetraalkylammonium salts are suitable because of their solubility in most organic solvents.
The properties of tetraalkylammonium salts differ based on the alkylgroup in the cation and on the type of
anion. It has been proposed that the tetraalkylammonium-group work as catalyst for CO»-reduction [50], but
the opposite has been proven by Berto et al. by showing that the onset potential for CO, reduction is not de-
pendent on the tetraalkylammonium-group [49]. The influence of addition of tetraalkylammonium salts to
the solvent does not significantly influence the CO; solubility [47]. There is no data available for the influence
of the type of tetraalkylammonium salt on electrochemical CO, reduction towards oxalic acid.

Anode (+ anode reaction)

The electrons for the electrochemical CO, reduction reaction at the cathode are delivered by an oxidation
reaction at the anode. The anode reaction influences the cell voltage and thereby the electricity requirements
of the production process. Also, a valuable reaction product increases the economic potential of the process.
The kinetics of the anode reaction should not limit the reaction at the cathode.

The anode oxidation reactions chosen in previous research has been platinum, but without mentioning the
anolyte used or the anode reaction [2, 32]. It is assumed that the same anolyte is used as the catholyte, which
indicates that in this research the anode reaction was the oxidation of the tetraalkylammoniumsalt-anion.
Another suitable reaction at the platinum anode could be the oxygen evolution reaction from water, with
sulphuric acid added to enhance the conductivity [51]. Also, zinc has been used as anode in combination
with oxalic acid production for zinc oxidation at a sacrificial zinc anode [35, 36].

Anolyte

The choice of anolyte is related to the choice of anode reaction, as the reactants for the anode reaction should
be available in the anolyte. Another requirement for the anolyte is high conductivity, as this prevents losses
due to large resistance. As mentioned in the previous paragraph, suitable anode reactions could be the oxida-
tion of a tetralkylammoniumsalt-ion, oxygen evolution reaction or zinc oxidation. For the first two, suitable
anolytes are an organic solvent with a tetraalkylammoniumsalt or a sulphuric acid solution. For the latter
one, no anolyte is necessary as zinc is the reactant for the anode reaction.

Temperature of the catholyte

The temperature of the catholyte influences several reaction parameters: the CO, solubility, the conductivity
of the solution, the viscosity of the catholyte and the diffusion rate of the reactants. In general, CO2 solubility
decreases with increasing temperature, while the conductivity, viscosity and diffusion rate increases with
increasing temperature. This indicates that, depending on which factors are limiting, the current density
could change with changing temperature. Additionally, the selectivity of the reaction is influenced by the
temperature. For the electrochemical reduction of CO, on copper, it has been shown that at low temperature
(2 °C), optimal faradaic efficiencies for the conversion to ethylene and CH4 were achieved [52]. Above room
temperature, the hydrogen evolution reaction started to dominate, which shows that the selectivitiy of the
reaction is dependent on temperature. For the electrochemical reduction of CO» to oxalic acid, no data is
available on the influence of temperature on the faradaic efficiency or current densities achieved.

Pressure

Increasing the pressure under which the reaction takes place increases the CO, solubility, which increases the
availability of the reactant (CO>) at the electrode. If the reaction is mass-transfer limited, higher solubility of
CO, will increase the current density and the reported concentration of the product. For the CO; reduction
reaction to formate, increasing current density and concentration of the reactant have been reported until
pressures of 50 bar. The faradaic efficiency increases until 40 bar, and after that decreases [13]. In aqueous
solutions the CO; pressure effects the pH of the solution, which influences the favoured reactions and the
products formed [53].
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Batch vs. semi-continuous set-up

Up to now, the electrochemical conversion to oxalic acid has been performed in small-scale batch set-ups
without, after the initial loading of CO,, extra supply of reactants [2] or with continuous bubbling of CO; in the
set-up [32]. As the CO; reduction to oxalic acid is mass transfer limited, a method to increase the production
is by enhancing the mass transfer in the used set-up. Set-ups that have been developed to enhance mass
transfer are the continuous flow-cell reactor and reactors with gas diffusion electrodes.

The continuous flow-cell continuously pumps the catholyte solution, freshly loaded with CO,, to the elec-
trode, which reduces the mass transfer limitations. The cell is designed to make the distance between the
cathode and anode as small as possible, to minimize the energetic losses due to the electrical resistance of
the cell. The continuous flow-cell reactor has shown increasing current densities for the electrochemical
reduction of CO» to formic acid [54]. The gas-diffusion electrode is an electrode design in which the CO,
directly diffuses onto the electrode area, which avoids the limitations of the low CO solubility in many sol-
vents. This electrode design also reduces the mass transfer limitations and also has shown increased current
densities for the production of formate [55]. In chapter 3, the set-ups used will be further discussed.



Experimental procedure

Electrochemical conversion experiments have been performed in a single-cell set-up, batch-type set-up (H-
cell) and a semi-continuous flow-cell set-up. All of this set-ups and the accompanying experimental pro-
cedures will be discussed in this section. As part of the exploration of the downstream processing options,
several proof-of-concept experiments have been performed. Because the proof-of-concepts are small exper-
iments that need some contextual explanation, a discussion of these experiments can be found together with
results in Chapter 4.

3.1. Single-cell

The electrochemical window for CO» reduction in the solvent used has been determined by doing cyclic
voltammetry experiments in a single-cell set-up. Cyclic voltammetry (CV is an electrochemical method in
which the potential is swept between potential E; and potential E,. The potential is applied and the resulting
current is measured, which was done for the solvent in both the presence and absence of CO;. If in the
presence of CO; the reduction starts at a less negative potential than in the absence of CO,, the catalyst and
solvent used is suitable for CO; reduction. The suitable electrochemical window lies in between the starting
potential for electrochemical CO, reduction and the starting potential for electrochemical solvent reduction.
The set-up used is schematically shown in Figure 3.1.

CE WE

Figure 3.1: Schematic display of the single-cell experimental set-up, used for the performance of cyclic voltammetry experiments to
determine the electrochemical window of the solvent used. The single-cell experimental set-up consists of the working electrode (WE),
counter electrode (CE) and reference electrode (RE) in a beakerglass filled with the catholyte. The CE, RE and WE are connected to a
potentiostat that applies potential and measures the current.

11
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3.2. H-Cell

3.2.1. Preparation of set-up

In Figure 3.2 a schematic view of the H-cell is shown. In Figure 3.3, a picture is shown of the set-up of this
experiments. The glassware was thoroughly cleaned by storing them overnight in KMNO, solution, which
oxidizes all the organic impurities and reacts to MnO,. The MnO, forms a brown precipitate, so the next step
was washing the cell in a 0.1M H,0, solution. A few drops of H,SO4 were added to catalyze this reaction.
Then the cell was washed in deionized water to neutralize the cell. Hereafter, the H-Cell was built with a
Nafion 117-membrane to separate the anode from the cathode compartment. The cell was tested for leakage
by putting in acetone. Then, the catholyte side and anolyte side were filled with the catholyte and anolyte
and the electrodes were placed. Before every experiment, the lead electrode was pretreated by applying -1.8V
vs Ag/AgCl for 800 seconds in 0.5M H,SO4 solution. With this pretreatment, the lead oxide present on the
surface of the electrode is reduced. The same procedure was applied for the pretreatment of platinum elec-
trode which was used as a counter electrode. After this treatment, the electrodes were dried and rinsed with
acetone to remove water, before being placed in the electrolyte solutions. The Ag/AgCl reference electrode
was stored in 0.01M H,SOy.

CE WE
RE

Membrane

Anolyte Catholyte

Figure 3.2: Schematic display of the H-Cell experimental set-up, which consists of a cathodic and anodic compartment separated by a
membrane. The working electrode (WE) (in this case the cathode) was placed in the catholyte together with the reference electrode (RE).
The counter electrode (CE) (in this case the anode) was placed in the anolyte.

Figure 3.3: The actual set-up used for the H-Cell experiments, as schematically described in Figure 3.2. The compartment on the right
was filled with 160 mL catholyte, while the left compartment was filled with 160 mL anolyte. In this case, the catholyte was 0.7M TEACI
in propylene carbonate, the cathode was lead, the anolyte was 0.5M H2SO4 and the anode was platinum. The reference electrode was a
leak-free Ag/AgCl electrode. The compartments are separated by a cation-exchange membrane.
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Figure 3.4: Schematic display of the flow-cell experimental set-up, which consisted of a cathodic and anodic compartment separated by
amembrane. The anolyte and catholyte were pumped through the flow-cell. The flow-cell consisted of (from left to right) the anode, the
anolyte compartment, a membrane, the catholytic compartment and the cathode.

3.2.2. Experiments

The working electrode (WE) consisted of a lead wire (Alfa Aesar, 99.9%) with a surface area of 10 cm?. The
counter electrode (CE) was a platinum wire with a surface area of 10 cm?. Leak-free Ag/AgCl electrode (In-
novative Instruments LF-1-100) was used as reference electrode (RE), situated in the cathodic compartment.
All potentials in this work are reported against Ag/AgCl. The experiments were conducted in potentiostatic
mode for 5 hours. The experiments were carried out in an H-Cell with two different compartments separated
by a cationic exchange membrane (Nafion117). The catholyte consisted of a 0.7M tetraethylammoniumchlo-
ride (TEAC]) in propylene carbonate (PC) solution where pure CO, was bubbled through with a flow rate of
18 1/h while the anolyte consisted of a 0.5M H,SO4 solution. The amount of anolyte and catholyte was 160
mLin each compartment. The liquid products produced on the cathode during the reduction of carbon diox-
ide were collected every 30 minutes and analyzed by an Agilent High performance liquid chromatographer
(HPLC). The gaseous products were not analyzed. The water content in the catholyte was measured using
Karl-Fischer titration. In different experiments, different variations have been made. The applied potential
has been varied between -2.3V and -2.7 vs. Ag/AgCl. The catholyte, anolyte, membrane, temperature and
working electrode have been varied, which will be further explained in Chapter 4.

3.3. Flow-cell

3.3.1. Preparation of set-up

In Figure 3.4 a schematic view of the flow-cell is shown and in Figure 3.5 a picture is shown of the flow-cell
set-up. All of the components of the flow-cell, except the reference electrode, were stored overnight in a
MilliQ solution. Prior to every experiment, the lead and platinum electrode were pretreated by applying -
1.8V vs Ag/AgCl for 500 seconds in 0.2M H,SOy solution. With this pretreatment, the lead oxide present on
the surface of the electrode is reduced. After this treatment the electrodes were dried and rinsed with acetone
to remove water, before being placed in the flow-cell. The Ag/AgCl reference electrode was stored in 0.01M
H,S0,4. The cell was tested for leakage by using water in the anolytic compartment and PC in the catholytic
compartment.
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Figure 3.5: The actual set-up used for the flow-cell experiments, as schematically described in Figure 3.4. The flowcell is shown, with the
connenctions to the potentiostat. The flow-cell consists of (from left to right) the anode (Pt), the anolytic compartment, the membrane,
the catholytic compartment with the reference electrode and the cathode (Pb). On both sides of the flow-cell, the cell is connected to
glass bottles - filled with the anolyte and catholyte - that were left out the picture. The connections the anolyte and catholyte flows trough
and pumps are in the picture.

3.3.2. Experiments

The WE was a lead plate (Alfa Aesar, 99.9%) with a surface area of 10 cm?. The CE was a platinum wire plate
with a surface area of 10 cm?. Leak-free Ag/AgCl electrode (Innovative Instruments LF-1-100) was used as
(RE), situated in the cathodic compartment. All potentials in this work are reported against Ag/AgCl. The
experiments were conducted in potentiostatic mode for 4.5 hours. The experiments were carried out in a
flow-cell with two different compartments separated by a cationic exchange membrane (Nafion117). The
catholyte consisted of a 0.7M TEACI in propylene carbonate solution where pure CO, was bubbled through
with a flow rate of 18 L/h while the anolyte consisted of a 0.5 M H,SO4 solution. The amount of anolyte
and catholyte was 150 mL. The anolyte and catholyte were pumped through with a flowrate of 3.6 L/h/cm?.
The liquid products produced on the cathode during the reduction of carbon dioxide were collected every 45
minutes and analyzed by an Agilent High performance liquid chromatographer (HPLC). The gaseous prod-
ucts were not analyzed. The water content in the catholyte was measured using Karl-Fischer titration. In
different experiments, different variations have been made. For the flow-cell, the applied potential has been
varied between -2.3V and -2.7 vs. Ag/AgCl. The catholyte used was in principal PC+0.7M TEAC], but this has
been compared with using PC+0.3M TBAP.



Results and Discussion

4.1. Electrochemical conversion of CO, to oxalic acid

The electrochemical conversion of CO; to oxalic acid has been performed in an H-Cell set-up, flow-cell set-
up and in the high-pressure flow-cell set-up. This section discusses the screening for optimal settings in the
H-cell and the first steps to scale-up in the flow-cell.

4.1.1. Electroreduction of CO in H-Cell type reactor

The H-cell reactor is used to screen the optimal settings for electrochemical CO, reduction to oxalic acid. The
influence of the cathode material, applied voltage, catholyte, anolyte, membrane, supporting electrolyte and
temperature have been researched and will be discussed in this section.

Influence of the cathode material during electrochemical reduction of CO,

Different materials were tested as cathode for the electrochemical reduction of CO; to oxalic acid. Indium has
been tested as cathode to selectively produce oxalic acid. After 5 hours in an H-Cell experiment with PC+0.7M
TEACI as catholyte and 0.1M TEACI in ACN as anolyte at -2.5V vs. Ag/AgCl, there was no production of oxalic
acid or any other carboxylic acid. Lead (Pb) has also been tested as cathode to selectively prodcuce oxalic
acid. After 5 hours in an H-Cell experiment with PC+0.7M TEACI as catholyte and 0.5M H,SO4as anolyte at
-2.5V against Ag/AgCl, production of oxalic acid and other carboxylic acids was observed. Figure 4.1 shows
the current density, faradaic efficiencies for the liquid products and the concentration of oxalic acid obtained
during this experiment.
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Figure 4.1: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate solution at -2.5V vs Ag/AgCl as a function
of time. The anodic part of the reactor consisted of a platinum (Pt) anode in 0.5 M H2SO4. Both compartments were separated with a
cation exchange membrane (Nafion 117).
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Figure 4.2: Cyclovoltammogram of cyclic voltammetry conducted in one-compartment cell with a Pb electrode in a 0.7M TEACI in PC
solution in the absence of CO2 (blue line) and in the presence of CO2 (10 minutes of CO2 bubbling (red line), 25 minutes of CO2 bubbling
(yellow line), 35 minutes of CO2 bubbling (purple line).

Figure 4.1 shows the conversion of CO; to oxalic acid at faradaic efficiencies of up to 90 %. The current density
increased from -4 mA/cm? to -10 mA/cm?. After 4 hours, the oxalic acid concentration in the catholyte was
27 mM.

Voltage selection

Cyclic voltammetry measurements were performed on a Pb electrode in a 0.7M TEACl in propylene carbonate
in the presence and absence of CO». Figure 4.2 shows that in the absence of CO» the catholyte starts reducing
at a potential of -2.5V vs. Ag/AgCl, indicating that the operating potential window of this solvent is below this
potential. With presence of CO,, a reductive current is observed at lower onset potentials (-2.2V vs. Ag/AgCl).
It follows that the optimal electrochemical window for CO, reduction in this catholyte is between -2.2V and
-2.5V.

In order to test the influence of the potential applied during the reduction of CO, on Pb electrodes in terms
of oxalic acid production and faradaic efficiency, several potentials in the range between -2.2 and 2.7V vs.
Ag/AgCl were applied for 5 hours. Figure 4.2 shows that there is an optimal electrochemical voltage window
where CO; reduction takes place, where there is almost no reduction of the catholyte. Several experiments
are done in the range between -2.2V and -2.7V to see what the effect is on the faradaic efficiency and the
production. The potentials studied were -2.2, -2.3, -2.4, -2.5 and -2.7 V vs Ag/AgCl and the obtained current
densities (a), faradaic efficiencies to several carboxylic acid (b), and oxalic acid concentrations (c) are shown
in Figures 4.3, 4.4, 4.5, 4.1 and 4.6 respectively.

In Figure 4.7, the current density, faradaic efficiency towards oxalic acid and the obtained oxalic acid concen-
trations are compared for H-Cell experiments at different applied potential. The faradaic efficiency towards
oxalic acid increases when the voltage is reduced. At -2.2V vs. Ag/AgCl, the faradaic efficiency at the start of
the experiment is 100% and it decreases to 86%. At -2.7V vs. Ag/AgCl, the faradaic efficiency at the start of the
experiment is 80% and it decreases to 45%. However, the production of oxalic acid increases at higher volt-
age reaching a maximum of 36 mM after 5h at -2.7 V vs Ag/AgCl, while only a maximum of 6 mM is reached
at -2.2V vs Ag/AgCl. As higher potentials lead, with same resistance, to higher current densities, there are
more electrons available for electrochemical reactions when applying higher potentials, which explains the
increasing production with increasing potential. Figure 4.2 shows that from -2.5V the catholyte starts to re-
duce. This extra side reaction leads to decreasing overall faradaic efficiencies to the carboxylic acids. When
Figure 4.3b, 4.4b, 4.5b, 4.1b and 4.6b are compared it is also clearly seen that the reduction to carboxylic acid
becomes more favorable with increasing voltage. The further reduction to glycolic acid and glyoxylic acid
could be more favorable at higher potential, but another reason for the observed increasing faradaic efficien-
cies towards glycolic acid and glyoxylic acid is the increasing oxalic acid concentration. At higher oxalic acid
concentration, the reaction from oxalic acid to glycolic acid and glyoxylic acid could become more favorable.
Also increasing faradaic efficiencies towards formic acid are observed with increasing applied potential.
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Figure 4.3: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate solution at -2.2V vs Ag/AgCl as a function
of time. The anodic part of the reactor consisted of a Pt anode in 0.5M H2SO4. Both compartments were separated with a cation exchange
membrane (Nafion 117).

'
(&)

Current density / [mA cm‘z]
&

'
[}

S

o

1 2 3 4

Time / [h]

—
S
o

-
N
o

100

A O @
o o o

Faradaic efficiency / [%)]

n
o

o
o

I Oxalic acid
[ Glyoxylic acid
[ Glycolic acid

I Formic acid
2 3 4 5
Time / [h]

n
o

Oxalic acid concentration / [mM]
o

1 2 3 4 5
Time / [h]

Figure 4.4: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate solution at -2.3V vs Ag/AgCl as a function

oftime. The anodic part of the reactor consisted of a Pt anode in 0.5M H2SO4. Both compartments were separated with a cation exchange
membrane (Nafion 117).
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Figure 4.5: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate solution at -2.4V vs Ag/AgCl as a function
of time. The anodic part of the reactor consisted of a Pt anode in 0.5M H»SO4. Both compartments were separated with a cation exchange
membrane (Nafion 117).




18

4. Results and Discussion

'
a1

Current density / [mA-cm'2]
=)

-15

o

o
o
-
)
5]
I
o

Time / [h]

140

120

100

80

60

40

Faradaic efficiency / [%)]

N
o

I Oxalic acid
[ Glyoxylic acid
[ Glycolic acid

I Formic acid
2 3 4 5
Time / [h]

Oxalic acid concentration / [mM]

40
c) .
30 :
20
10
0
0 1 2 3 4 5

Time / [h]

Figure 4.6: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate solution at -2.7V vs Ag/AgCl as a function
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Figure 4.7: Comparison of a) current density, b) faradaic efficiency of oxalic acid formed and c) concentration of oxalic acid produced
during electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate solution at different applied
voltages (vs. Ag/AgCl) as a function of time. The anodic part of the reactor consisted on a Pt anode in 0.5 M H2SO4. Both compartments

were separated with a cation exchange membrane (Nafion 117).
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Influence of the catholyte

Different catholytes, acetonitrile and propylene carbonate, have been tested during the electrochemical re-
duction of CO, and the performance of the reaction has been assessed in terms of selectivity towards oxalic
acid and oxalic acid production. Propylene carbonate and acetonitrile are organic solvents with relatively low
conductivity. To propylene carbonate, tetraethylammoniumchloride has been added up to a concentration
of 0.7M, which gives a solution with a conductivity of 8.8 mS/cm. Acetonitrile has been used with a con-
centration of 0.1M TEACI, which corresponds to a conductivity of 10.8 mS/cm. The current density, faradaic
efficiency and obtained oxalic acid concentrations obtained with both the organic solvents used are given in
figure 4.1 and 4.8. In Figure 4.1a) is shown that when propylene carbonate is used as catholyte, the current
density at the start of the experiment is -4 mA/cm? and decreases to -9 mA/cm?. In Figure ?2b) is shown that
the faradaic efficiency to oxalic acid is 90 % at the start of the experiment and decreases to 70%. In Figure 2?2
is shown that the oxalic acid concentration after 4 hours is 28 mM. In Figure 4.8a) is shown that when ace-
tonitrile is used as catholyte, the current density at the start of the experiment is -5 mA/cm; and decreases
to -10 mA/cm?. In Figure 4.8b) is shown that the faradaic efficiency at the start of the experiment is 50%,
it decreases to 10% over the time period of the experiment. The faradaic efficiency to formic acid increases
during the time of the experiment from 20 to 70%. Figure 4.8c shows that the oxalic acid concentration hardly

increases after the second hour.

Figure 4.9 compares PC+0.7M TEACI with ACN+0.1M TEACI in terms of current density, faradaic efficiency
and oxalic acid concentrations obtained during the experiments as discussed in figure 4.1 and 4.8. The fig-
ure shows large differences between the different catholytes in both faradaic efficiency and obtained oxalic
acid concentration. The current densities obtained are similar, at the start of the experiment -4 mA/ cm?,

decreasing to -10 mA/cm?.

To see the influence of the water content in the catholyte, 1 vol.% water has been added to the catholyte.
Figure 4.10a) shows that the current density obtained was 5 mA/cm? and relatively constant over the time
frame of the experiment. Figure 4.10b) shows that the cumulative faradaic efficiency to oxalic acid decreased
from 70 % at the start of the experiment to 45 % at the end of the experiment. Figure 4.10c) shows that the
concentration of oxalic acid was at the end of the experiment 15 mM.

Figure 4.11 compares electrochemical reduction of CO, with and without addition of water to the catholyte.
Figure 4.11a) shows that the current density is more constant with addition of water, that could be explained
by an increasing stability of the membrane with increasing water content in the catholyte. Figure 4.11b)
shows that the faradaic efficiency to oxalic acid is lower with addition of water, with a faradaic efficiency
to oxalic acid of 80% without addition of water and 45% with addition of water. Figure 4.11c) shows that
the concentration of oxalic acid obtained is lower with addition of water, namely 12mM compared to 27mM

without addition of water.
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Figure 4.8: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.1M TEACI in acetonitrile solution at -2.5V vs Ag/AgCl as a function of time.
The anodic part of the reactor consisted on a Pt anode in 0.5M H2SO4. Both compartments were separated with a cation exchange

membrane (Nafion 117).
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Figure 4.9: Comparison of a) Current density, b) faradaic efficiency of oxalic acid formed and c) concentration of oxalic acid produced
during electrochemical reduction of CO2 using Pb as cathode in a 0.7M+propylene carbonate (blue) or 0.1M TEACI+acetonitrile (red)
solution at -2.5V vs. Ag/AgCl as a function of time. The anodic part of the reactor consisted on a Pt anode in 0.5M H2SO4. Both compart-
ments were separated with a cation exchange membrane (Nafion 117).
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Figure 4.10: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate solution with 1 vol.% water at -2.5V vs
Ag/AgCl as a function of time. The anodic part of the reactor consisted on a Pt anode in 0.5M H2SO4. Both compartments were separated
with a cation exchange membrane (Nafion 117).
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Figure 4.11: Comparison of a) current density, b) faradaic efficiency of oxalic acid formed and c) concentration of oxalic acid produced
during electrochemical reduction of CO2 using Pb as cathode in a PC (propylene carbonate) + 0.7M TEACI with (red) and without (blue)
addition of water at -2.5V vs. Ag/AgCl as a function of time. The anodic part of the reactor consisted on a Pt anode in 0.5M H2SO4. Both
compartments were separated with a cation exchange membrane (Nafion 117).
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Influence of the anolyte

Different anolytes were tested during the electrochemical reduction of CO; and the performance of the reac-
tion has been assessed in terms of selectivity towards oxalic acid and oxalic acid production. In Figure 4.12b)
the faradaic efficiency of reducing CO2 to different liquid products with acetonitrile + 0.1M TEACI as anolyte
is shown. In Figure 4.1b) the faradaic efficiency of reducing CO; to different liquid products with 0.5M H,SO4
as anolyte is shown. In Figure 4.13 the use of acetonitrile and 0.5M H2SO4 as anolyte is compared. As can be
seen in figure 4.13a, the current density is higher when using 0.5M H,SO4 as anolyte. This can be explained
by the higher conductivity of H»SO4 (211 mS/cm) in comparison to acetonitrile + 0.1M TEACI (10.8 mS/cm).
Figure 4.13b shows that the faradaic efficiency for CO; reduction to oxalic acid is slightly lower when using
acetonititrile as anolyte than when using 0.5M H,SO, as anolyte, namely 83% compared to 80%. This could
be explained because water can transfer through the membrane when 0.5M H,SO, is used as anolyte, and
an increasing water content causes higher faradaic efficiencies towards formic acid. As discussed in section
4.1.1, higher water content in the catholyte relates to lower oxalic acid faradaic efficiency. The higher selec-
tivity to oxalic acid when using acetonitrile as anolyte and the higher current density when using 0.5M H,SO4
as catholyte combine together to similar concentrations of oxalic acid in the catholyte obtained during the
experiment. The concentration of oxalic acid at the end of the experiment when 0.5M H,SO4 was 27mM and
the concentration of oxalic acid at the end of the experiment when acetonititrile was used as anolyte was
23mM. When using acetonitrile with TEACI as anolyte, the anode reaction is the oxidation of chlorine ions in
which chlorine gas is produced, which could be undesired. Also, the mechanical and chemical stability of the
membrane used (Nafion 117) is higher when in contact with water.
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Figure 4.12: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.1M TEACI in acetonitrile solution at -2.5V vs Ag/AgCl as a function of time.
The anodic part of the reactor consisted on a Pt anode in 0.5M H2SO4. Both compartments were separated with a cation exchange

membrane (Nafion 117).
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Figure 4.13: Comparison of a) Current density, b) faradaic efficiency of oxalic acid formed and c) concentration of oxalic acid produced
during electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate solution at different applied

voltages (vs. Ag/AgCl) as a function of time. The anodic part of the reactor consisted on a Pt anode in 0.5 M H2SO4 (red) or in 0.1M TEACI
in ACN (blue).
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Figure 4.14: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate solution at -2.5V vs Ag/AgCl as a function
of time. The anodic part of the reactor consisted of a Pt anode in 0.5M H2SO4. Both compartments were separated with an anion
exchange membrane (Nafion 117).

Influence of the type of membrane used

During the electrochemical reduction of COy, electrons are transported from the anode to the cathode. To
allow for electroneutrality, there is also transport of charged species, which occurs through the membrane.
Cation-exchange membranes CEM transport positive ions and anion-exchange membrane (AEM) tansport
negative ions. Membranes are never fully selective, which means that also other molecules of the catholyte
and the anolyte will cross-over. In this section, the use of an anion-exchange membrane (Fumasep) and a
cation-exchange membrane (Nafion117) is compared. Figure 4.14 shows, for the electrochemical reduction of
CO, using an AEM, the current density obtained, the faradaic efficiency and the concentration of oxalic acid
in the catholyte over the time period of the experiment. In figure 4.16 a picture is shown of the AEM at the end
of the experiment. A white sticky layer is formed on the membrane which show probable degradation of the
membrane. Figure 4.1 shows, for the electrochemical reduction of CO, using a CEM, the current density, the
faradaic efficiency and the concentration of oxalic aid in the catholyte over the time period of the experiment.
In Figure 4.15 the CEM at the end of the experiment is shown. The membrane looks 'dehydrated’, which
means that it is swollen and wrinkled. It is assumed that the selectivity of the membrane decreases when it
becomes swollen and wrinkled. Figure 4.17 compares the electrochemical reduction of CO, using the AEM
and CEM. Figure 4.17a) shows, that the AEM allows for higher current densities namely -12mA/cm? compared
to -9 mA/cm?. In Figure 4.17¢) is shown that with both the membranes, similar amounts of oxalic acid are
formed with final concentrations of 25 mM (AEM) and 27 mM (CEM). Figure 4.17b) shows that higher faradaic
efficiencies are obtained with the CEM, namely 80% at the end of the experiment compared to 39% for the
AEM. Both of the membranes have reduced chemical stability in non-aqueous solvents, but for the anion-
exchange membrane the degradation was visually seen, as shown in figure 4.14.

Influence of the supporting electrolyte

For the production of oxalic acid, it is required to work with organic non-aqueous solvents such as propy-
lene carbonate or acetonitrile. Electrolytes, that increase the conductivity of the solvent, are typically poorly
soluble in organic solvents. Low conductivity of the solvent indicates high resistance, which causes high
ohmic losses. As a result, lower currents will be achieved with the same applied voltage. Different supporting
electrolytes have been tested and the results will be further discussed in this section. Tetraethylammonium-
chloride (TEACI) has been dissolved in the propylene carbonate with a concentration of 0.7M, which leads
to a conductivity of 8.8 mS/cm. Figure 4.1 shows the current density, faradaic efficiency of the liquid prod-
ucts formed and the concentration of the oxalic acid produced during electrochemical reduction of CO, with
propylene carbonate with 0.7M TEACI as catholyte.

Another electrolyte salt tested was the ionic liquid Bmim-Otf at concentrations of 0.3M. At the start of the
experiment, the catholyte was transparent, but during the experiment the color changed to dark brown/red
which can be seen in figure 4.18. This implies decomposition of the catholyte. The experiment consisted



4.1. Electrochemical conversion of CO to oxalic acid

23

Figure 4.15: Cation exchange membrane at the end of
the electrochemical reduction of CO; using Pb as cath-
ode in a 0.7M TEACL in propylene carbonate solution
at-2.5Vvs Ag/AgCl. The anodic part of the reactor con-
sisted of a Pt anode in 0.5M H2SO4. Both compart-
ments were separated by an anionic exchange mem-
brane. The membrane is swollen, which reduces the

selectivity of the membrane.
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Figure 4.16: Anion exchange membrane at the end of
the electrochemical reduction of CO using Pb as cath-
ode in a 0.7M TEACL in propylene carbonate solution
at-2.5Vvs Ag/AgCl. The anodic part of the reactor con-
sisted of a Pt anode in 0.5M H2SO4. Both compart-
ments were separated by an anionic exchange mem-
brane. A white sticky layer is formed on the mem-
brane, which shows degradation of the membrane.
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Figure 4.17: Comparison of a) Current density, b) faradaic efficiency of oxalic acid formed and c) concentration of oxalic acid produced
during electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate solution at different applied
voltages (vs. Ag/AgCl) as a function of time. The anodic part of the reactor consisted of a Pt anode in 0.5M H2SO4. Both compartments
were separated with a Nafion 117 cation exchange membrane (blue) or with Fumasep anion exchange mebrane (red).
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Figure 4.18: Appearence of the experimental set-up after application of -2.5V vs. Ag/AgCl for 5 hours with lead as cathode, platinum
as anode, 0.5M H2SO4 as anolyte and PC + 0.3M Bmim-Otf as catholyte. The catholyte has turned from transparent to orange/brown,
which implies decomposition of the catholyte.
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Figure 4.19: Cyclic voltammogram obtained after cyclic voltammetry experiment in one-compartment cell with a Pb electrode in a 0.3M
TBAP in PC solution in the absence of CO2 (blue line) and in the presence of CO> after 20 minutes of bubbling (red line).

of application of -2.5V vs. Ag/AgCl for 5 hours with lead as cathode, platinum as anode, 0.5M H,SOy4 as
anolyte and PC + 0.3M Bmim-Otf as catholyte. There was no production of oxalic acid during the experi-
ment.Therefore, no further studies were carried out using Bmim-Otf as supporting electrolyte.

Tetrabutylammonium perchlorate (TBAP) is another salt that has been tested at concentrations of 0.3M in PC
with a conductivity of 4.3 mS/cm. Figure 4.19 shows cyclic voltammetry (CV) experiments with this catholyte.
When CV experiments with TBAP as supporting electrolyte are compared with CV experiments with TEACI
(Figure 4.2), it is remarkable that the obtained current densities are lower, what is caused by the relative low
conductivity. Electrochemical reduction of CO; has been performed with TBAP as supporting electrolyte. Fig-
ure 4.20a shows that the current density decreases from -2 mA/cm? to -3mA/cm? over the time period of the
experiment. As shown in Figure 4.20b, there is no formation of glycolic acid and glyoxylic acid. The faradaic
efficiency to oxalic acid decreases over the time of the experiment from 74% to 45%. The concentration of
oxalic acid at the end of the experiment is 7mM.

Also, tetraethylammonium acetate (TEAAce) has been tested as electrolyte salt at concentrations of 0.5M
TEAAce. The solution of 0.5M TEAAce in propylene carbonate has a conductivity of 3.6 mS/cm. Figure 4.21
gives the current density, faradaic efficiency of the liquid products formed and the concentration of the ox-
alic acid produced during electrochemical reduction of CO, with propylene carbonate with 0.5M TEAAce as
catholyte. Figure 4.21a shows that the current density is between -1 and -2 mA/cm? during the whole experi-
ment. Figure 4.21b shows that the faradaic efficiency at the start of the experiment is 64% and reduces to 42%.
There is no formation of glyoxylic acid, and very small formation of glycolic acid. It should be noted that the
current density and therefore the oxalic acid concentration is low, which could be the reason that there is no
further reduction of oxalic acid to glycolic and glyoxylic acid. It could also be that the supporting electrolyte
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Figure 4.20: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.3M TBAP in PC solution at -2.6V vs Ag/AgCl as a function of time. The

anodic part of the reactor consisted of a Pt anode in 0.5M H2SO4. Both compartments were separated with a cation exchange membrane
(Nafion 117).
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Figure 4.21: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.5M TEAAce in propylene carbonate at -2.4V vs Ag/AgCl as a function of

time. The anodic part of the reactor consisted of a Pt anode in 0.5M H2SO4. Both compartments were separated with a cation exchange
membrane (Nafion 117).
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Figure 4.22: Comparison of a) Current density, b) faradaic efficiency of oxalic acid formed and c) concentration of oxalic acid produced
during electrochemical reduction of CO2 using Pb as cathode at -2.5V vs Ag/AgCl as a function of time. The catholyte used was 0.7M
TEACI, 0.3M TBAP or 0.5M TEAAce in propylene carbonate. The anodic part of the reactor consisted of a Pt anode in 0.5M HSO4. Both
compartments were separated with a Nafion 117 cation exchange membrane.
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Figure 4.23: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate at -2.5V vs Ag/AgCl at 15 °C as a function
of time. The anodic part of the reactor consisted of a Pt anode in 0.5M H2SO4. Both compartments were separated with a cation exchange
membrane (Nafion 117).

salt influences the selectivity of the electrochemical CO; reduction. As shown in Figure 4.21c, the oxalic acid
concentration at the end of the experiment is 5 mM. Figure 4.22 compares electrochemical reduction of CO,
using TEACI, TBAP and TEAAce in terms of current density (a), faradaic efficiency (b) and obtained oxalic acid
concentration (c). It is shown that both the current densities obtained as the faradaic efficiencies with both
TBAP and TEAAce are remarkably lower than the current density obtained with TEACI. Also, the obtained
oxalic acid concentration is lower using both TEAAce and TBAP, compared to TEACI. It should be noted that
the solvent conductivity of 0.3M TBAP and 0.5 TEAAce in PC was lower than 0.7M TEACI, which stands in
the way of a fair comparison. With larger concentrations of TBAP and TEAAce, similar conductivity could be
obtained. This low current densities imply less electron transport and thus less electrochemical CO, reduc-
tion to oxalic acid. Therefore, lower concentrations of oxalic acid in the catholyte have been achieved during
the experiments conducted with TBAP and TEAAce than during the experiment conducted with TEACIL The
disadvantage of using TEACl is the formation of hydrochloric acid when the salt comes in contact with water.
Hyrochloric acid is very corrosive and cannot be used in stainless steel reactors, which is a problem with an
eye on potential scale-up.

Influence of temperature

The influence of temperature on the electrochemical reduction of CO; to oxalic acid has been examined. The
temperature of the catholyte can both influence the current densities obtained as well as the faradaic effi-
ciency. Figure 4.23, 4.24 and 4.25 show the current density, faradaic efficiency and oxalic acid concentrations
obtained of experiments performed at 15 °C, 55 °C and 75°C respectively. In figure 4.23a) is shown that the
maximum current density obtained at a temperature of 15°C is -3 mA/cm?. In figure 4.23b) is shown that at
the end of the experiment the faradaic efficiency towards oxalic acid is 60%. The obtained oxalic acid concen-
tration was 10 mM, as shown in 4.23c. In figure 4.24a) is shown that the maximum current density obtained at
a temperature of 55°C is -11 mA/cm?. In figure 4.24b is shown that at the end of the experiment the faradaic
efficiency towards oxalic acid is 60%. The obtained oxalic acid concentration was 34 mM, as shown in 4.24c.
In figure 4.25a) is shown that the maximum current density obtained at a temperature of 75°C is -10 mA/cm?.
In figure 4.25b) is shown that at the end of the experiment the faradaic efficiency towards oxalic acid is 60%.
The obtained oxalic acid concentration was 33 mM, as shown in 4.25c. In Figure 4.26 compares the experi-
ments performed at 15 °C, 55 °C and 75 °C. Figure 4.26a shows that remarkable higher currents are obtained at
both 55 and 75 °C. The currents obtained at 55 and 75 °C are similar. Figure 4.26b shows that similar faradaic
efficiencies are obtained at different temperatures, from 80% faradaic efficiency at the start of the experiment
towards 60% faradaic efficiency at the end of the experiment. It follows that at 55 °C and at 75 °C larger oxalic
acid concentrations are obtained, which is shown in figure 4.26c¢.
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Figure 4.24: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate at -2.5V vs Ag/AgCl at 55 °C as a function

oftime. The anodic part of the reactor consisted of a Pt anode in 0.5M H2SO4. Both compartments were separated with a cation exchange
membrane (Nafion 117).
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Figure 4.25: a) Current density, b) faradaic efficiency of liquid products formed and c) concentration of oxalic acid produced during
electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate at -2.5V vs Ag/AgCl at 75 °C as a function
of time. The anodic part of the reactor consisted of a Pt anode in 0.5M H2SO4. Both compartments were separated with a cation exchange
membrane (Nafion 117).
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Figure 4.26: Comparison of a) Current density, b) faradaic efficiency of oxalic acid formed and c) concentration of oxalic acid produced
during electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate solution at -2.5V vs. Ag/AgCl as
a function of time. The anodic part of the reactor consisted of a Pt anode in 0.5M H»SO4. Both compartments were separated with a
cation exchange membrane (Nafion 117). The temperature of the cathode compartment is 15 °C (blue), 55 °C (red) or 75 °C (yellow).
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4.1.2. Electroreduction of CO in Flow-Cell type reactor

Based on the results of the H-Cell experiments, the preferred conditions have been tested in the flow-cell
set-up. A flow-cell is a (semi-)continuous set-up, in which the reactants are continuously fed to the electrode.
This leads to higher reactant availability at the electrode, which reduces the mass transfer limitations. Be-
cause the reaction is less mass-transfer limited, the current density and the production should increase. The
flow-cell has been tested with the following set-up with Pb as cathode, PC+0.7M TEACI as catholyte, Pt as an-
ode and 0.5M H,S0;, as anolyte. The catholyte and anolyte are pumped through at a flowrate of 3.6 L/h/cm?.
In Figure 4.27b is shown that for the experiments performed with an applied potential of -2.3V vs. Ag/AgCl,
the faradaic efficiency to oxalic acid at the start of the experiment is on average 75%, which drops over time
to 45%. For the three different experiments performed, different current densities are found (Figure 4.27a),
while the oxalic acid concentrations obtained are similar (Figure 4.27c). Figure 4.28b shows that the faradaic
efficiency to oxalic acid at the start of the experiment is on average 60%, which drops over time to 30%. For
the different experiments, the current density is at the start of the experiment -5 mA/cm? and increases over
time, as shown in Figure 4.28a). In Figure 4.28c is shown that the oxalic acid concentrations obtained in the
two different experiments are similar.
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Figure 4.27: a) Current density of three duplicated experiments, b) average oxalic acid faradaic efficiency and c) average concentration
of oxalic acid produced during electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate at -2.3V vs
Ag/AgCl as a function of time. The anodic part of the reactor consisted on a Pt anode in 0.5M H2SO4. Both compartments were separated
with a cation exchange membrane (Nafion 117). The catholyte and anolyte are pumped through at 3.6 L/ h/cm?.
0 g 100 20
a) Z b) s c)
& S 80 £
€ b -~
15
< o 5 i
S ] ©
S g 60 : -
z 3 S 10 :
c < o
[q) 2 40 ©
° o o x
s S s
£ L 20 2 ¥
o g g
© @)
]
-20 L 0 0
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4
Time / [h] Time / [n] Time / [h]

Figure 4.28: a) Current density of two duplicated experiments, b) average oxalic acid faradaic efficiency and c) average concentration of
oxalic acid produced during electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate at -2.5V vs
Ag/AgCl as a function of time. The anodic part of the reactor consisted on a Pt anode in 0.5M H2SO04. Both compartments were separated
with a cation exchange membrane (Nafion 117). The catholyte and anolyte are pumped through at 3.6 L/h/cm?.
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Figure 4.29: a) Current density of two duplicated experiments, b) average oxalic acid faradaic efficiency and c) average concentration of
oxalic acid produced during electrochemical reduction of CO2 using Pb as cathode in a 0.7M TEACI in propylene carbonate at -2.7V vs
Ag/AgCl as a function of time. The anodic part of the reactor consisted of a Pt anode in 0.5M H2SO4. Both compartments were separated
with a cation exchange membrane (Nafion 117). The catholyte and anolyte are pumped through at 3.6 L/h/cm?.

In Figure 4.29b is shown that the faradaic efficiency to oxalic acid at the start of the experiment is on average
60%, which drops over time to 30%. For the different experiments, the current density is at the start of the
experiment -12 mA/cm? and increases over time to -20 mA/cm?, as shown in Figure 4.29c. In figure 4.29 the
average oxalic acid concentration of the two experiments is shown, with small standard deviation values, so
the concentrations obtained in the two different experiments are similar. It is remarkable that the standard
deviations found for the faradaic efficiencies and current densities obtained with the experiments performed
at -2.7V vs. Ag/AgCl are much smaller than the experiments performed at -2.3V and -2.5V vs. Ag/AgCl. The
main reason for this seems to be that similar values for current densities are found in both experiments. It
is proposed that the most probable reason for the large variations found in current densities of the same
experiment is the large variations found in the water content of the catholyte. Figure 4.30 shows the mean
water content per experiment with the standard deviation. The large standard deviation in water content of
the experiments at -2.3V and -2.5V vs. Ag/AgCl corresponds with the high standard deviation for faradaic
efficiencies seen in figure 4.27 and 4.28. The small standard deviation values of the water content at -2.7V vs.
Ag/AgCl corresponds also with the small deviations for the faradaic efficiencies at -2.7V vs. Ag/AgCl. As soon
as there are water molecules present, the production of formic acid is in favor as well as the hydrogen evolu-
tion reaction. Therefore, the larger amount of water reduces the selectivity and faradaic efficiency to oxalic
acid. It is remarkable to see that the oxalic acid production, shown in the obtained oxalic acid concentrations,
stays relatively constant and is not necessarily influenced by the water content.
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Figure 4.30: The avarage water content with the standard deviations for the flow-cell experiments performed at a) -2.3V, b) -2.5V and
c) -2.7V vs. Ag/AgCl. This figure relates the large variations between the experiments with the large variations in water content. For
the experiments performed at -2.7V vs. Ag/AgCl, small deviations in terms of current density, faradaic efficiency and obtained oxalic
acid concentrations are perceived, as seen in figure 4.29 as well as small deviations in the water content as seen in figure c. The large
deviations in terms of current density, faradaic efficiency and obtained oxalic acid concentrations for the experiments performed at -2.3V
and -2.5V vs. Ag/AgCl relate to the large deviations in water content as seen in figure a and b.
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The flow-cell set-up has also been tested with tetrabutylammonium perchlorate as supporting electrolyte.
Figure 4.31 gives the current density (a), faradaic efficiency (b) and oxalic acid concentration (c) obtained
of three experiments performed with the same experimental settings. Again, large variations in the current
densities, but also in the faradaic efficiency and concentrations obtained were found. In figure 4.31d, the
water content in the catholyte has been shown for the different experiments. The experiment with the lowest
observed water content has (red) is also the experiment where the highest faradaic efficiency is observed
and the lowest current density. The experiment with the highest observed water content (yellow) is also the
experiment with the lowest observed faradaic efficiency.

0 : S'30
a) % c)
ol = 25¢
S .
w20t
4+ £ .
S5} .
6 5 .
. S . .
L, S -9 10 B :
I I S s s 8 : .
8 o o o . .
T :
-10 S o0
0 1 2 3 4 5 0 1 2 3 4
Time / [h] Time / [h]
100 : . : ‘ 4
b) d)
80 Ral
~
60 | . . . ) 3
. . €2
o
40 o
[0)
1l
20| = . . . .
0 : : : 0 : : :
0 1 2 3 4 1 2 3
Time / [h] Time / [h]

Figure 4.31: a) Current density, b) oxalic acid faradaic efficiency, c) concentration of oxalic acid produced d) and water content of the
catholyte of of three duplicated experiments where the electrochemical reduction of CO2 using Pb as cathode in a 0.3M TBAP in propy-
lene carbonate at -2.7V vs Ag/AgCl as a function of time for three duplicated experiments. The anodic part of the reactor consisted of a Pt
anode in 0.5M H2SO4. Both compartments were separated with a cation exchange membrane (Nafion 117). The catholyte and anolyte
are pumped through at 3.6 L/h/cm?.

4.1.3. Electroreduction of CO in High-pressure set-up

The electrochemical reduction of CO; has been performed in a flow-cell under high-pressure. A 0.7M TBAP in
propylene carbonate solution with a conductivity of 6.0 mS/cm has been used as catholyte. 0.5M H,SO4 has
been used as anolyte. Pb and Pt plates have been used as respectively the cathode and anode. A Nafion 117
membrane is used to separate the compartments. A potential of 4.5V has been applied between the anode
and the cathode. Figure 4.32a) shows the current density obtained during the performed experiment, which is
higher than the obtained current densities in the normal flow-cell experiments, namely 23 mA/cm®ompared
to maximum 8 mA/cm? as shown in figure 4.31. Figure 4.32b) shows the faradaic efficiencies to oxalic acid,
formic acid, hydrogen and carbon monoxide during the performed experiment. It is clear that mainly formic
acid is formed. As shown in figure 4.32 was the water content at the start of the experiment 4% and increased
over time to 6%.
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Figure 4.32: a) Current density, b) faradaic efficiency to both liquid and gaseous products and c) the water content in the catholyte
during the electrochemical reduction of CO2 under high-pressure. Pb was used as cathode in a 0.7M TBAP in propylene carbonate. The
anodic part of the reactor consisted of a Pt anode in 0.5M H2SO4. Both compartments were separated with a cation exchange membrane
(Nafion 117). The anolytic and catholytic flowrate was 0.11 L/ h/cm?.

4.1.4. Summary and General remarks

In this chapter, the electrochemical conversion from CO; to oxalic acid has been performed under many dif-
ferent circumstances in the H-cell set-up, flow-cell set-up and in a high-pressure flow-cell set-up.The H-cell
experiments have been used to screen for optimal conditions. Based on the results of the H-cell experiments,
the configuration of Pb as cathode, PC+0.7M TEACI as catholyte, Pt as anode and 0.5M H»SO4 in which the
anodic and cathodic compartment are separated by a cation-exchange membrane has been selected. With
this configuration, flow-cell experiments and high-pressure experiments have been performed. There are
some general remarks that should be taken into account with regard to the electrochemical conversion ex-
periments, which will be further discussed.

Gaseous and other liquid products

It has been shown that during none of the experiments, 100% faradaic efficiency has been achieved. This can
be explained by the formation of gaseous products, not observed liquid products and the decomposition of
the catholyte. During the H-Cell and Flow-Cell experiments, the gaseous products have not been measured.
The only experiment where an analysis of the gaseous products is done was by the high-pressure experiment.
The high-pressure experiment showed that there was some formation of H, and CO, but very small amounts,
making the contribution to the faradaic efficiency negligible. Ofcourse, this can not be concluded for all the
performed experiments, but it is not expected that in the other experiments there was large production of
H; and CO. Figure 4.33 shows an HPLC chromatogram of a sample taken at the end of an electrochemical
reduction of CO, experiment. The peaks identified by a blue arrow are the peaks that were also found in the

RID1 A, Refractive Index Signal (C:\CHEM32\... PC PB MIN2POINT5VWITHH2S04 2019-10-03 23-50-541058-0601.D)

nRIU ] =
1 B
1 K\
400000 P\
] ) \
] o [
300000 & \
bl ™~ ‘
] |
200000 “| l l l l | \
] i | \
100000 <2 o &2 5 & 3 B 3 38 8 |
] ol 8 o 3 3 0 & 2 Q7 | \
1 328 =2 N & dm oW N oo o
0] - - T E—
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 rmin

Figure 4.33: The HPLC chromatogram of a sample taken at the end of an electrochemical reduction of CO2 experiment performed in the
H-Cell with Pb as cathode, PC+0.7M TEACI as catholyte, Pt as anode and 0.5M H»SO4 as anolyte. The chromatogram has been compared
with the chromatogram of a sample taken at the start of the start of the experiment. The matching peaks are indicated by blue arrows.
For several carboxylic acids a calibration has been done, which finds retention time of oxalic acid (8.5 min), glyoxylic acid (11.8 min),
glycolic acid (15 min) and formic acid (17 min). The peaks of the carboxylic acids are indicated by the orange arrows. The peaks at 9.9,
11.1, 22.6 and 28.6 remain unidentified, but could be products of the electrochemical reduction of CO2 or the catholyte, as well as the
chemical decomposition of the catholyte.
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blank, a sample taken at the start of the experiment. The peaks identified by an orange arrow are carboxylic
acids that are products of the electrochemical reduction of CO,. It should be noted that there are unidentified
peaks left and therefore potential unidentified liquid products of the electrochemical CO, reduction.

Faradaic efficiency over time

It is clear from the experiments performed both in the H-Cell and the flow-cell that the faradaic efficiency
decreases over time. This could be explained by contamination of the electrode during the experiment. Be-
fore the start of the experiment, the lead electrode is electrochemically polished in 0.5M H»SO4. During the
experiment, the lead could be oxidized or contaminated in a different way. To test the influence of contam-
ination of the lead electrode, an H-Cell experiment has been performed in which the electrode is removed
and cleaned after 3 hours. The periodic faradaic efficiency for each sample period is given in figure 4.34. It is
shown that the periodic faradaic efficiency to oxalic acid decreases over time and there is no positive influ-
ence of cleaning the electrode observed. It is also shown that the periodic faradaic efficiency to formic acid
increases over time. Another reason for the decrease in faradaic efficiency over time is the increasing wa-
ter content over time, which has been seen in different experiments (Figure 4.32c, 4.31d,4.30). Larger water
content is related to lower oxalic acid faradaic efficiency and higher formic acid faradaic efficiency. Finally,
a reason for decreasing faradaic efficiency could be the further reduction of oxalic acid to glycolic acid and
glyoxylic acid, which increases with increasing oxalic acid concentration.
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Figure 4.34: Faradaic efficiency to oxalic acid (blue), glyoxylic acid (red), glycolic acid (yellow) and formic acid (purple) before (@) and
after () cleaning of the electrode. It is shown that over the time period of the experiment, the faradaic efficiency to oxalic acid decreases.
The faradaic efficiency to formic acid, glyoxylic acid and glycolic acid generally increases over the time of the experiment. No influence
of cleaning the electrode is perceived.

Formation of oxalic acid/oxalate salts

The entire chapter discussed the formation of oxalic acid, but it should be pointed out that there is no cer-
tainty about whether oxalic acid or other oxalate salts are formed. During the electrochemical reduction
of CO,, electrons flow from the anolytic compartment to the cathodic compartment. By the concept of
electroneutrality, also positive ions must flow from the anolytic compartment to the cathodic compartment
(or negative ions should flow from cathodic to anodic compartment). In most of the experiments a cation-
exchange membrane is used, which only allows for transport of positive ions. In most of the experiments, the
anolyte consists of 0.5M HSO4, so the only positive ions available in the anode compartment are protons.
Therefore, it is expected that with the formation of oxalate, protons are transported through the membrane
to the catholyte. In the catholyte, initially only TEA* and Cl~ ions are present. The oxalate-ions therefore can
combine with protons or TEA*-ions.

To test if there is transfer of protons to the catholyte, liquid-liquid extraction has been performed with the
same volume catholyte as water and the pH is measured. Afterwards, the concentration of oxalate-ions has
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been determined. The measured pH was 1.39 and 1.69 in the duplo. The oxalate concentration in water
was 20.7 mM, which corresponds to a pH of 1.8 via the Henderson-Hasselbalch equation (equation 4.1). This
corresponds quite well with the expected pH for oxalic acid. It should be noted that there were also glycolate-,
glyoxalate-, formate- and chlorine-ions in the solution which also influences the pH.

pH =pK +10g(£) (4.1)
‘ [HA]

Reproducibility of the experiments

An important note to the results of the H-Cell experiments is that they have not been performed in duplo.
Therefore, it is difficult to review the reproducibility and reliability of the results. The decision to not perform
them in duplo was because the experiments were mainly conducted as screening, where the qualitative data
is more important than the quantitative data. The idea was to find the optimal settings with the H-cell ex-
periments and then achieve reproducible results with the flow-cell set-up, also because the flow-cell set-up
is more suitable to reproduce experiments. It has turned out to be difficult to find reproducible results in
the flow-cell setup, which has been related to the water content in the catholyte. Other probable differences
between the experiment are the contamination and available reaction surface area at the cathode. Further
research should focus on finding out where the different results come from and try to narrow the differences
between the experiment down.
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4.2. Downstream processing experiments

When evaluating a new production method, the separation step that is always needed in chemical processes
is important. This section explores several methods for the downstream processing of oxalic acid after pro-
duction by electrochemical conversion of CO,. The H-cell and flow-cell experiments give some process pa-
rameters to work with. The oxalic acid is formed in a solution of 0.7M TEACI in PC, which means that the
oxalic acid needs to be separated from both the PC and the TEACI. Additional requirement is that the PC
and TEACI need to be recycled if possible, to keep the production costs as low as possible. Table 4.1 gives an
overview of properties related to separation of PC, TEACI and oxalic acid.

The objective of the separation step is to form pure oxalic acid, while the TEACI and PC both are recycled. In
this section several potential options for the separation of oxalic acid from the solution are discussed. Until
now, maximum concentrations of 40 mM have been achieved. It is expected that by improving the cell design,
oxalic acid concentrations in the catholyte of 1M could be achieved. This concentration will be used as value
for the separation process design. Industrial separation processes exploit property differences. Properties
separations could be based on are density, particle size, volatility, solubility, adsorbability, chemical reac-
tion or melting point. The separation methods explored in this section are vacuum distillation (volatility),
crystallization (solubility or melting point), filtration (particle size), precipitation (solubility) and extraction
(solubility).

4.2.1. Vacuum distillation

Vacuum distillation is distillation performed under reduced pressure, which reduces the energy requirements
for obtaining the boiling point of the desired product. Distillation is a method based on differences in boiling
point of the different products. The boiling point of oxalic acid is lower than the boiling point of propylene
carbonate and the boiling point of TEACI. Separation based on difference in volatility therefore could be a
potential option for the recovery of oxalic acid. A proposed process scheme is found in Figure 4.35. Decompo-
sition of oxalic acid starts at 80 °C [56], while the temperature of sublimation is at 160 °C [57]. Even at reduced
pressure, the sublimation only takes place at temperatures higher than 100 °C [58]. Sublimation is only pos-
sible at temperatures decomposition will occur, so vacuum distillation is unfavorable for the separation of
oxalic acid.

Table 4.1: The chemical formula, molecular weight, boiling point, density and solubility in water of the compounds involved in the to be
designed separation process

Properties Oxalicacid TEACI PC
Chemical formula H2 Cg 04 CgHgoC]N C4 H6 03
Molecular weight / g/mol 90 165.7 102
Boiling point / °C 160 (subl.) n.a. 242
Density 1.9 1.08 1.2
Solubility in water at STP / g/L. 90-100 very soluble 240

PC + TEACI

co,

_ Vacuum
PC + TEACI + OxA distillation Oxalic acid

v

PC + TEACI

Figure 4.35: Proposed process using vacuum distillation as separation method, with OxA (oxalic acid) as the lowest boiling compound.
After leaving the electrolyzer, the catholyte is directly fed into the distillation column. Oxalic acid is the distillate, while PC (propylene
carbonate)+TEACI (tetraethylammoniumchloride) are the bottom products and recycled as catholyte.
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PC + TEACI

co,

Crystallization —-
Oxalic acid

g PC + TEACI + OxA

PC + TEACI

Figure 4.36: Proposed process using crystallization as separation method. After leaving the electrolyzer, the catholyte is directly fed into
the crystallizer. OxA (oxalic acid) crystallizes, while PC+TEACI (propylene carbonate + tetraethylammoniumchloride) stay in solution
and are recycled as catholyte.

Table 4.2: Experimentally determined solubility limits of oxalic acid in propylene carbonate and in a mixture of propylene carbonate +
0.7M TEACI at 25 °C.

Solvent Solubility (g/L)  Solubility (M)
PC 120 1.3
PC +0.7M TEACI 208 1.9

4.2.2. Crystallization

Crystallization is a seperation method in which the desired product is converted from dissolved state into
solid state. It is based on the solubility of the desired product in the solvent. The method proposed is the
direct crystallization of oxalic acid, dissolved in propylene carbonate. Crystallization of oxalic acid in organic
solvents has been reported in binary solvents of acetone and water and glycerol and water [59]. An extra factor
to take into account is the presence of TEACI, which could lead to simultaneous crystallization of TEACI and
oxalic acid, after which an extra separation step is needed. The proposed process using crystallization as
separation method is shown in Figure 4.36. The solubility limit of oxalic acid in propylene carbonate and in
oxalic acid + 0.7M TEACI has experimentally been determined at room temperature, as shown in Table 4.2.
The solubility limit is higher than the expected concentration of oxalic acid at the end of the experiment (1M),
so the solution needs to be cooled.

It is shown that in presence of TEACI, the solubility limit of oxalic acid is higher. To evaluate the crystalliza-
tion behaviour of oxalic acid in propylene carbonate, a Crystall6 experiment has been performed. Crystall6
measures the transmission coefficient of samples, while the temperature is varied at different cooling rates.
Figure 4.37 shows crystallization behaviour in the samples at several cooling rates. Samples have been pre-
pared with PC and oxalic acid, PC and TEACI and with both TEACI and oxalic acid. It is shown that there
is no crystallization behaviour shown between 60 °C and -10 °C. The Crystall6 experimt shows that direct
crystallization does not seem to be a potential separation method for the recovery of oxalic acid.

4.2.3. Liquid-liquid extraction

Liquid-liquid extraction is a separation method based on the relative solubility of the desired product in two
immiscible solvents. If oxalic acid is more soluble in another solvent than in propylene carbonate, it can be
extracted. Water and propylene carbonate form a two-phase system, although they are also partially soluble
in eachother. The solubility at room temperature of water in propylene carbonate is 5wt.%, while the solubil-
ity of propylene carbonate at room temperature in water is 20 wt.% [60]. The density of water is 1000 kg/m?3,
while the density of propylene carbonate is 1200 kg/m3. The feasibility of liquid-liquid extraction using water
as extractant has been tested by measuring the distribution ratio of oxalic acid between water and propylene
carbonate.The distribution ratio of TEACI between water and propylene carbonate also has been measured.
The experimental procedure was as follows: a liquid-liquid extraction separation funnel with a total size of 1
liter was filled with 500 mL propylene carbonate in which 10 mM oxalic acid and 0.7M TEACI has been dis-
solved to which the desired amount of water is added. The solution is mixed and settled for 48 hours. Then,
the water phase and propylene carbonate phase were separated and the concentration of both TEACI and
oxalic acid is measured using HPLC.
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Figure 4.37: Transmission trough samples of PC (propylene carbonate) +1M OxA (oxalic acid), PC+0.7M TEACI (tetraethylammonium-
chloride) and PC+1M oxalic and TEACI at different temperatures. Low transmission indicates crystallization. During the whole experi-
ment, except when the temperature was held constant at 75°C, there was no lower transmission than 100% observed so no crystallization
behaviour observed. An explanation for the noisy transmission at 75°could be some condensation, which is observed more often in sim-
ilar experiments. The cooling rates tested are 20°C/min, 1°C/min and 0.3°C/min between 75 °C and -10 °C.

Table 4.3: Determination of the distribution ratio by measuring the oxalic acid (OxA) peak area with UV-HPLC in both the propylene
carbonate-phase and water-phase after liquid-liquid extraction at 25 °C.

Ratio OxAinwater OxAinPC Koxa
water/PC UV-HPLC UV-HPLC water/PC

2/5 23930 2489 9.6
5/5 12467 1272 9.8
715 8081 864 9.4
Average 9.6

Table 4.4: Determination of the distribution ratio by measuring the TEACI peak area with RID-HPLC in both the propylene carbonate-
phase and water-phase after liquid-liquid extraction at 25 °C.

Ratio TEAClin water TEAClin PC Kteac
water/PC RID-HPLC RID-HPLC  water/PC

2/5 4.37E+06 510309 8.6
5/5 2.18E+06 251286 8.7
715 1.45E+06 266908 8.7
Average 8.6

Table 4.3 shows the experimentally determined distribution ratio of oxalic acid. It shows that the concentra-
tion of oxalic acid in water is 9.5 times higher than the concentration of oxalic acid in propylene carbonate.
Table 4.4 shows the experimentally determined distribution ratio of TEACL. The concentration of TEACI is
more than 8.6 times higher in the water phase than in the propylene carbonate phase. This distribution
values show that liquid-liquid extraction with water is a suitable method for separation of oxalic acid from
propylene carbonate. It is not a suitable method to separate oxalic acid from TEACI. Additional separation
steps are necessary to handle the oxalic acid-TEACl-water stream. Two methods are further researched to
separate oxalic acid and TEACI: precipitation and crystallization. These methods will be further discussed in

Transmission / [%)]
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the following sections. The preferred option would be to extract oxalic acid with a solvent in which TEACI is
not soluble. The search for a selective solvent should be subject of further research.

Liquid-liquid extraction followed by precipitation

After the liquid-liquid extraction step, there will be a water stream with TEACI and oxalic acid. Calcium oxalate
is poorly soluble in water. By addition of a soluble calcium salt, such as CaCl,, the oxalate-ions will precipitate
in the form of calcium oxalate. Figure 4.38 gives a compact overview of the proposed process.

A proof-of-concept has been performed to show the possibilities of this process. The experiment is done with
a concentration of 0.7M TEACI and 50 mM oxalic acid in propylene carbonate. Liquid-liquid extraction has
been performed to extract the oxalic acid from the propylene carbonate. Then, 50mM of calcium chloride has
been added, the solution has been mixed and filtrated. As is shown in table 4.5 the concentration of oxalic
acid in the solution dropped to 0.5 mM, while the concentration of TEACI remained the same. It is shown
that precipitation is a suitable method to separate oxalate-ions from TEACI. This method is not favorable, as
calcium oxalate is not valuable. Also, the evaporation step to recover TEACI is expensive.

Liquid-liquid extraction followed by crystallization

Another option for the separation of the waterstream with TEACI and oxalic acid is crystallization. Figure
4.39 gives a compact overview of the proposed process. In literature, crystallization behaviour of oxalic acid
in water between 60 to 10 °C with different cooling modes has been described [61]. The proof-of-concept
focusses on the occurrence of crystallization in presence of TEACI.

For the proof of concept of crystallization of oxalic acid in presence of TEAC], first the crystallization be-
haviour of oxalic acid in water and the crystallization behaviour of TEACI in water has been tested with the
same temperature program. The starting position of the downstream processing process is a solution of 1M

PC

Cadl,
co,

Liquid-liquid
PC + TEACI + OxA extraction

PC + TEACI

Water + Oxa

Water + TEACI

+ HCl

TEACI Water + TEACI + HCl

. . Calcium oxalate
Filtration ——

Evaporation

Figure 4.38: Proposed process using liquid-liquid extraction followed by precipitation as separation method. After leaving the elec-
trolyzer, the catholyte is fed into an extraction column in which TEACI and oxalic acid are extracted by water. CaCl is added to the
extract and calcium oxalate precipitates.

Table 4.5: The concentrations of TEACI and oxalic acid in propylene carbonate, water and water after addition of CaCly. The concentra-
tion of oxalate drops from 34 mM in the water phase to 0.5 mM after addition of CaCly due to precipitation of calcium oxalate.

Sample [TEACI] /M [Oxalic acid] / mM
PC + TEACI + OxA 0.7 50
Water phase after liquid-liquid extraction 0.49 34

Water phase after addition CaCl, and filtration 0.48 0.5
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Figure 4.39: Proposed process using liquid-liquid extraction followed by crystallization as separation method. After leaving the elec-
trolyzer, the catholyte is fed into an extraction column in which TEACI and oxalic acid are extracted by water. The oxalic acid is separated
from this stream by crystallization, after which TEAC] will be separated to be recycled from the water by evaporative crystallization.

Table 4.6: Concentrations of TEACI and oxalic acid in water at the start of crystallization and at the end of the crystallization.

Solution A Solution B Solution C
Before crystallization 440 g/LOxA 508 g/LTEACI 440 g/L OxA + 508 g/L TEACI
Crystallization behaviour? Yes No Yes

Concentration after crystallization OxA:100g/L TEACIL: 508 g/ OxA:165 g/L,TEACI:505 g/L

(90 g/L) oxalic acid and 0.7M (116 g/L) TEACI in PC, for this experiment the assumption has been made that
both the solutes are fully extracted by the same volume of water, which corresponds to a solution of 0.7M
TEACI (116 g/L) and 1M (90 g/L) oxalic acid in water. Crystall6 analysis has been performed to evaluate the
crystallization behaviour of oxalic acid and TEACI in water. As is shown in Figure 4.40, there is no reduced
transmission when the solution is cooled down up to 2 °C, so there is no crystallization behaviour of neither
oxalic acid nor TEACl reported. Further crystallization test will be performed with higher oxalic acid concen-
trations.

The next step to enhance crystallization behaviour is to perform an experiment with higher concentrations
of oxalic acid. For this proof-of-concept experiment, it is chosen to prepare a saturated oxalic acid solution
(440 g/L) in water at 60 °C and then slowly cool the solution. In the process design this high concentrations
could be achieved by evaporation of the residual water. To achieve the solubility limit of oxalic acid (440g/L)
at 60 °C from a solution of 90 g/L, 77.3% of the water should be evaporated. In this case, the concentration of
TEACI at the starting point of the crystallization is 508 g/L. For the proof-of-concept, a solution with 440 g/L
oxalic acid, a solution with 508 g/L TEACL and a solution with both 440 g/L oxalic acid as 508 g/L TEACI has
been prepared. Then, the solution is heated to 60 °C and after this, the solution is slowly cooled until room
temperature.

As is shown in table 4.6, the concentration of oxalic acid in the solution decreases due to crystallization, while
the concentration of TEACI remained constant. The possibility to crystallize oxalic acid from a solution of
water and TEACI has been proven. Further research should focus on the optimization of the crystallization
behaviour, based on cooling rate and temperature program. The further separation of water and TEACI can
be done by evaporation of water, based on the difference in boiling points of TEACI and water.

4.2.4. Anti-solvent precipitation

A method to separate organic solvents from their solutes is by using supercritical CO, as anti-solvent [62].
This could be a potential method for separation of oxalic acid and the organic solvent propylene carbonate.
No proof-of-concept has been performed yet. The drawback of this process is that the supporting electrolyte
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Figure 4.40: Transmission trough samples of water+1M OxA (oxalic acid), water+0.7M TEACI (tetraethylammoniumchloride) and wa-
ter+1M oxalic and TEACI at different temperatures. Low transmission indicates crystallization. During the whole experiment, except
when the temperature was held constant at 75°C, there was no lower transmission than 100% observed so no crystallization behaviour
observed. An explanation for the noisy transmission at 75°could be some condensation, which is observed more often in similar ex-
periments. The cooling rates tested are 20°C/min, 1°C/min and 0.3°C/min between 60 °C and -2 °C. No crystallization behaviour at low
temperatures is found.

salt (TEAC]) also precipitates, so an additional separation step, such as crystallization, is still necessary to
separate the oxalic acid and the electrolyte salt. In Figure 4.41 the proposed process, with the anti-solvent
precipitation as separation method, is shown.

4.2.5. Direct further reaction in methanol to ethylene glycol

Oxalic acid can be converted to ethylene glycol, which has a larger volume market and a higher market price
than oxalic acid. [20, 21, 24]. Ethylene glycol has applications as antifreeze, heat transfer agent and as pre-
cursor to polymers. The conversion of oxalic acid to ethylene glycol proceeds via methylation of oxalic acid
to dimethyl oxalate in methanol and then further hydrogenation to ethylene glycol, as described in Figure

co,

PC + TEACI + OXA TEACI + OxA

PC + TEACI

co,

Figure 4.41: Proposed process using Gas AntiSolvent precipitation as separation method. After leaving the electrolyzer, the catholyte
pressurized with supercritical CO2 which causes precipitation of the solvents present in the catholyte. After this an additional separation
step is necessary to separate the oxalic acid and TEACL

Transmission / [%]
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Figure 4.42: Proposed process for direct further conversion to ethylene glycol. For this process, the electrochemical conversion step
should be done in methanol.

4.42. If the electrochemical reduction of CO, to oxalic acid occurs in methanol, there are no separation steps
necessary between the further reactions and the oxalic acid production which would increase the potential of
this production process. Therefore, the electrochemical CO; reduction in methanol has been performed. The
experiment has been performed with a lead cathode, platinum anode, 0.5M H,SO, as anolyte, 0.7M TEACl in
methanol as catholyte at -2.5V vs. Ag/AgCl for 3 hours. During the experiment, no formation of oxalic acid
has been observed. The direct further reaction in methanol to ethylene glycol is therefore not a possible pro-
cess design. The further reaction to ethylene glycol is still of high potential, but the oxalic should be separated
from the solvent before further reaction is possible.

4.2.6. Summary and general remarks

In this section, several methods for downstream processing of oxalic acid have been explored and proof-
of-concepts have been performed for liquid-liquid extraction followed by crystallization and precipitation.
Liquid-liquid extraction followed by crystallization is preferred, because the more valuable compound oxalic
acid is recovered. It must be emphasized that both of this methods probably are not the most efficient sepa-
ration methods possible. Nevertheless, it was decided to perform a techno-economic analysis on the process
design, to get a view of the potential of electrochemical oxalic acid production.
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4.3. Techno-economic analysis

To estimate the economic feasibility of the formation of oxalic acid using the electrochemical reduction of
COy, a techno-economic analysis has been performed. The process design is based on the results of the
electrochemical conversion experiments as well as the proof-of-concepts of the downstream processing. For
the downstream processing, liquid-liquid extraction followed by crystallization has been selected as process
to be further analyzed in the techno-economic analysis.

The process design will first be discussed separately for every different step: the electrolyzer, the liquid-liquid
extraction and the crystallization. For each process step, the CAPEX and OPEX are discussed. After this,
the full process design and the economics for oxalic acid production are discussed. A sensitivity analysis is
performed to see the influence of different parameters on the production cost of oxalic acid.

The operational costs for oxalic acid production will depend on the price of CO, and the price of utilities.The
price of CO; including the cost of capture using mono-ethanolamine is 70 $/tonne and is expected to fall
during the coming years down to 44 $/tonne [63]. An EU-dollar conversion-rate of 0.9 has been used [64].
The same production rate has been chosen as has been used in earlier research, that performed the techno-
economic analysis for formic acid production [65]. The CO, conversion is based on the assumption that no
gaseous byproducts are formed during the reaction, so unlimited recycling of CO; is possible. The price of the
utilities (steam, cooling water and electricity) are consistent with the currently available industry prices. For
some of this parameters, sensitivity analysis will be performed. The economic assumptions are summarized
in table 4.7.

4.3.1. Electrolyzer

The electrolyzer unit is the unit where the electrochemical reaction occurs. In Table 4.8 the mass balance of
the electrolyzer unit is shown. In Figure 4.43 the process flow diagram of the electrolyzer is given. The anode
compartment is included, which serves as both the electron and proton donor of the reduction reaction. The
reaction at the anode is the oxygen evolution reaction. The reaction at the cathode is the CO, reduction. The
anode compartment is further excluded from economical calculations as both the reactant (H,0) cost as the
product (Oy) price is very low. To simplify the process, it is assumed that the only byproduct formed is formic
acid. The oxalic acid production rate is 4000 tonne/year, which corresponds to a production rate of 500 kg/h
for 8000 hours.

Table 4.7: Economic assumptions for the overall cost of the production process

Parameter Base case
CO; capture (€/tonne) 63
Oxalic acid production rate (tonne/year) 4000
CO;, conversion (-) 1
Electricity price (€/kWh) 0.05
Steam price (€/tonne) 25
Cooling water price (€/ m?) 0.05

A J

Electrolyzer

A J

Figure 4.43: Process flow diagram of the electrolyzer unit. The numbers correspond to stream numbers, of which the composition is
described by the mass balance of the electrolyzer unit (table 4.8).



42 4. Results and Discussion

Table 4.8: Mass balance of the electrolyzer unit. This includes the cathode compartment where CO3 is reduced to both oxalic acid and
formic acid and the anode compartment where the oxygen evolution reaction takes place. TEACI and propylene carbonate is continu-
ously recycled and because the separation process is not ideal, also oxalic acid is recycled back into the system. The stream numbers
correspond to the streams shown in the process flow diagram of Figure 4.43.

1 2 3 4 5
In (tonne/year) In(tonne/year) Out (tonne/year) In(tonne/year) Out (tonne/year)
COy 4889
Oxalic acid 1000 5000
Formic acid 1022
PC 64000 64000
TEACI 6098 6098
H,0 1200
(0] 1067

Table 4.9: The total electrolyzer cost (€/m?2/year), based on the cost of the separate compartments, assuming a lifetime of 7 years of the
separate compartments.

Pb-coated electrode (€/m?/year) 33 [66]
Pt-coated electrode (€/ mz/year) 100 [67]
Nafion CEM (€/m?/year) 231 [68]
Cell mechanical elements 40% total electrolyzer cost [69]
Total electrolyzer cost (€/m?/year) 607

First, the cost of the electrolyzer per year per m? is calculated. This is done based on a lifetime of 7 years

for the electrodes, membrane and the rest of the cell mechanical elements. The total lifetime of the plant
should be 15 years, therefore the cost of the electrolyzer units is given as cost per year. In table 4.9 the total
electrolyzer cost, made up of the price of the anode and cathode material, the membrane and the cell me-
chanical elements, of 607 €/m?/year is shown. It is assumed that the CAPEX scales linearly with the electrode
area, as the reactor design will consist of stacked electrochemical reactors.

The life time of the plant is assumed to be 15 years. The balance of plant is a factor to estimate all the cost
for building your electrolyzer, based on the separate cost of the major technical components (electrodes and
membranes).This is assumed to be 2.5 [70]. In Table 4.10, the total electrolyzer cost of 23 k€/m? is given,
based on electrolyzer cost per year, the life time of the plant and the balance of plant cost.

The area of the electrolyzer needed to achieve the desired production capacity is depending on the current
density and the faradaic efficiency obtained. The faradaic efficiency has been experimentally determined. An
optimal current density can be determined, as increasing current density reduces the area of the electrolyzer
needed (lower CAPEX), but increases the energy consumption (higher OPEX). Higher current density requires
higher cell voltage, as the ohmic drop increases with increasing potential, shown in equation (4.3. The cell
voltage, and therefore the electricity consumption, is based on the ohmic overpotential (1,,), as described
by equation 4.2.

_ | péXP ox _ yeXp  red
Ecen = |Eamode Ecathode |+ Nohm 4.2)

Nohm 1S the ohmic drop, which can be calculated with equation 4.3. It is the product of the current density
and the sum of the resistance in each compartment. The resistance is dependent on the distance between

Table 4.10: The electrolyzer cost (€/ m2), based on the cost of the total electrolyzer cost (€/ m? /year), the total lifetime of the plant and
the balance of plant factor.

Total electrolyzer cost (€/m?/year) 607
Lifetime (year) 15
Balance of plant (-) 2.5 [70]
Electrolyzer cost (k€/m?) 23
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Table 4.11: Values used to calculate the optimum current density. lapodecomp: Imembrane @nd lcathodecomp are depending on the cell
design. KanodecomprKmembrane ad Kcathodecomp are respectively the conductivity of 0.5M H2504 the membrane and 0.7MTEACI in PC.
The ohmic drop can be calculated with equation 4.3, based on the value in this table.

lanodecomp (Mm) 2
K anodecomp (S/m) 21.1
Imembrane (Mm) 0.086
K membrane (S/m) 1.03
lcathodecomp (Mm) 2
K cathodecomp (S/m) 0.85
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Figure 4.44: OPEX (electricity and CO2 capture cost), CAPEX (electrolyzer investment) and total oxalic acid production cost (€/kg) as a
function of the current density of the process. This calculations only include the electrolyzer OPEX and CAPEX without any costs for
downstream processing. The CAPEX decreases with increasing current density, as less electrode area is necessary resulting in the same
production. The OPEX increases with increasing current density because the total energy consumption increases.

the cathode and the anode and the conductivity.

lanodecomp + lmembrane + lcathodecomp)

Tohm = J * ( (4.3)

Kanodecomp Kmembrane Kcathodecomp

Based on the influence of the current density on ohmic drop and therefore the cell voltage and the price of
electrolyzer per m? and the electricity price, the optimal current density can be calculated. For the determi-
nation of the optimum current density, the values as described in Table 4.11 are used.

In Figure 4.44 is shown that lowest production cost are found with current density values between 100-180
mA/cm?. Therefore, it has been chosen to assume a current density value of 120 mA/ cm? for the further
techno-economic calculations.

The cathode and anode reduction potential, ohmic overpotential and the faradaic efficiency achieved are
based on experimental results. The corresponding current density achieved will not be used in the techno-
economic analysis because of the low technological readiness of the performed experiments. It is expected
that with improved cell design the current densities will increase. During the experiments, maximum current
densities of only 23 mA/cm? are obtained. The current density value used in the techno-economic evaluation
is 120 mA/cm?, based on the production cost optimization (Figure 4.44). In the sensitivity analysis, the pro-
duction costs for lower current density values will be calculated. In Table 4.12, the experimentally obtained
values used to calculate the area of the electrolyzer needed are summarized.

From the parameters mentioned in Table 4.12, the productivity (kg product/m? is calculated (equation 4.4).
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Table 4.12: Process parameters based on experimental results used in this techno-economic analysis. The current density is not based
on performed experiments, but on the optimization of the total production cost.

Cathode reduction potential (Vvs. Ag/AgCD) | -2.5
Anode oxidation potential (V vs. Ag/AgCl) 1.5
Ohmic overpotential (V) 0.5
Faradaic efficiency (%) 80
Current density (mA/ cm?) 120

Table 4.13: The overall capital investment necessary for the electrolyzer unit. The area is calculated from the capacity and productivity
via equation 4.5. The CAPEX of the electrolyzer is the electrolyzer cost/m? multiplied by the area. The productivity is calcukated with
equation 4.4

Productivity (tonne product/ (m? annum) 12.6
Capacity (tonne/year) 4000
Aglec (M?) 317
Electrolyzer cost (k€/m?) 23
CAPEX electrolyzer (M€) 7.2

The productivity in mol/s is based on the current density (j), faradaic efficiency (FE), electron transfer during
the cathode reaction (n,) and the faraday number (F). If those are multiplied by the molecular weight and
the amount of seconds in a year (Zyperational = 28800000s), the production per m? per year is found.

.. J-FE
Productivity = F* M * toperational (4.4)

Ne -

If the overall production capacity (kg/year) is divided by the productivity, the total area (Agjec) of the elec-
trolyzer can be found. This is described by equation 4.5.

capaci
Aelec = p—ty (4.5)
productivity

The total capital investment for the electrolyzer unit follows from the area needed and the electrolyzer cost
(k€/m?) and is given in Table 4.13.

The total electricity consumption (TEC) of the electrolyzer unit is calculated by equation 4.6. It is the product
of the current density (), area (A) and voltage applied (E.e) multiplied by the amount of operational hours

(toperational) .

TEC = j * Aelec * Ecen * Toperational (4.6)

In Table 4.15, an overview is given of the operational cost per year of the electrolyzer unit. The only opera-
tional cost included are the reactant cost and electricity cost. No other costs, such as labour, maintenance
and depreciation are considered.

Table 4.14: The total electricity consumption (TEC) of the electrolyzer unit, calculated by equation 4.6 based on the values of typerationals
area, current density and cell voltage as given in the table.

toperational (h/ year) 8000
Aelec (m?) 317
Current density (mA/cm?) 120
Eeq (Cell voltage + ohmic overpotential (V) 7.0
TEC (MWh) 21433




4.3. Techno-economic analysis 45

Table 4.15: The operational cost of the electrolyzer per year, consisting of raw material (CO2) cost and electricity cost. The cost is based
on the consumption multiplied by the cost of the utility. No other costs, such as labour, maintenance and depreciation are considered.

General CO, capture (€/tonne) 63
CO3 consumption (tonne/year) 4889
CO; cost (M€/year) 0.31
Electricity consumption electrolyzer (MWh) | 21433
Electricity price (€/MWh) 50
Electricity cost (M€/year) 1.07

4.3.2. Liquid-liquid extraction

For the liquid-liquid extraction unit, large simplifications have been made which will be further explained.
The distribution coefficient of oxalic acid and TEACI between propylene carbonate and water have been ex-
perimentally determined in section 4.2. The distribution coefficient (Koxa) of oxalic acid between water and
propylene carbonate is 9.6 and the distribution coefficient of TEACI (Ktgacy) is 8.7, so both oxalic acid and
TEACI are more soluble in water than in propylene carbonate. The assumption is made that all of the oxalic
acid and TEACI are in the water-phase at the end of the liquid-liquid reaction. In reality, TEACI and oxalic
acid will be left in the propylene carbonate and will recycle back into the electrolyzer, but it is not expected
this will cause problems in the electrolyzer. Another assumption that was made is that the solvents are sub-
stantially immiscible. With this assumptions, the mass balance of the extraction unit is as given in Table 4.16.
The process flow diagram for the liquid-liquid extraction is given in Figure 4.45.

With the additional assumption that the distribution constant is constant, the required number of theoretical
stages of the extraction column, Ny, can be calculated with the Kremser equation (equation 4.7). The kremser
equation calculates N; using the extraction factor (E), the distribution coefficient (K) and the mole fraction

Table 4.16: Mass balance of the extraction unit. To simplify the process, the assumption has been made that propylene carbonate and
water are immiscible and that all of the OxA and TEACI end up in the water phase.

1 2 3 4

In (tonne/year) In(tonne/year) Out(tonne/year) Out (tonne/year)
Oxalic acid 5000 5000
Formic acid 1022 1022

PC 64000 64000
TEACI 6098 6098
Water 52800 52800

1.Feed 3.Extract

4 Raffinate 2.Solvent

Figure 4.45: Process flow diagram of the extraction unit. The numbers correspond to stream numbers, of which the composition is
described by the mass balance of the extraction unit (Table 4.16).
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of the desired product in the feed(x;y), raffinate (x,,¢) and extracting solvent (yip).

Yin
Xin— " 1
In| e (1-g)+ g
Nis = InE (4.7)

The sizing of the liquid-liquid extraction unit is done based on the method described by Seader, Henley and
Roper, in their book Separation process principles [71]. The selection of propylene carbonate as the dispersed
phase is based on the following rules of thumb: the phase with the higher volumetric flowrate and viscosity
should be selected as the dispersed phase. The assumption has been made that the specific gravity of the
feed is the same as the density of propylene carbonate. For the extract, the specific gravity is assumed to be
the same as the density of water. The ratio of the velocities of the dispersed and continuous phase (Up/Uc¢)
is given by equation 4.8.

@ _ MFeed SGExtract 9515 1
Uc  SGreed Mextract 1.2 8115

0.98 (4.8)

For systems, in which one of the phases is water, the characteristic rise velocity ug of a single droplet is given
by equation 4.9.

0.0lcAp  0.01-0.029N/m-200kg/m?>
U = =
*7 lepe 0.001Pa-s * 1000kg/m?3

=0.058m/s 4.9

The phase ratio is related to the total capacity of the column, which is described by Seider [71]. For U./Up

=0.98, % is 0.31. The actual superficial velocity is taken as 50% of the superficial velocity at flooding
[72].

(Up+Uc)y
(Up + Uc)soshoffooding = 0-5——————= % tig = 0.5-0.31-0.058 » 3600s/h = 32m/h (4.10)
0

The total volumetric flowrate (¢b) of the two phases is the mass flowrate divided by the specific gravity (eq.
4.11).

_ 9515kg/h  8115kg/h

= + =16m3/h 4.11
1.2kg/m3  1kg/m?3 m @1

The required column area (Acolumn) is found by dividing the volumetric flowrate (¢) divided by the actual
superficial velocity (Uc + Up)so%) , as seen in equation 4.12.

¢ 16m3/h

= =0.5m? (4.12)
(Uc+ Up)sown 32m/h

Acolumn =

The required column diameter (Dc) is given by equation 4.13.

4A 4-0.5m?
Dc=1\—Z=\———=08m (4.13)
T T

The column height is based on the number of theoretical trays, as described by the Kremser equation. A
column efficiency of 20% and tray-spacing of 30 cm is assumed, which leads to a column height of 2.9 m.
Table 4.17 shows the cost estimation of the extraction unit, based on the cost price of a reference unit (Cyef)
[73]. The extraction unit is scaled using the diameter of the reference extraction unit (D,¢f) and the diameter
of the actual unit (D¢), powered by the scaling factor (n), as described by equation 4.14.

DC )’l

Cipi = f (
pi Te
Dret

(4.14)



4.3. Techno-economic analysis 47

Table 4.17: The total capital investment for the liquid-liquid extraction unit, estimations are based on the price of a reference unit. Cgp;
is calculated using the values in this table with equation 4.14. Cypj Lang is calculated from Cyp; via equation 4.15. Cpj ¢ is calculated from
Ctpi,Lang With the EU-dollar conversion rate.

Cret (k$) 35[73]
Dyer (m) 0.08 [73]
n 0.6 [74]
D 0.80
Ctpi k$) 139
Lang factor 4.3 [75]
Ctpi,Lang k$) 594
Cipie (KE) 534

The Lang factor method is a rule of thumb to estimate the overall cost of a plant, based on the cost of the
separate components. The total cost, including the Lang factor, is estimated by equation 4.15.

Cipi,Lang = Cipi * Lang factor (4.15)

4.3.3. Crystallizer

The separation process consists of an extraction step followed by a crystallization step. First, both oxalic acid
and TEACI are extracted with water from the propylene carbonate phase. After the extraction step, the oxalic
acid and TEACI need to be separated from the water, to be recovered as solids. The separation of oxalic acid
from water and TEACI is done by cooling crystallization between 60 °C and 20 °C. The solution is heated to
60 °C, and then low pressure is applied to evaporate the water and formic acid, until the solubility limit of
oxalic acid in water at 60 °C (44 g/L) is reached. Then, the solution is slowly cooled down to 20 °C. In this
step, the oxalic acid crystallizes. Then, the solution is heated again at reduced pressure to evaporate the
remaining water, and TEACI is recovered. The assumption is made that 80% of the oxalic acid crystallizes.
This assumption is based on the difference in solubility limit of oxalic acid at 60 °C (44 g/L) and the solubility
limit of oxalic acid at 20 °C (9 g/L). The non-crystallized oxalic acid will be recovered together with TEACI and
will be recycled into the system. In Figure 4.46 the process flow diagram of the assembly of crystallization
units is given. In Table 4.18, the mass balance of the assembly of crystallization units is given.

The sizing of the heat exchanger units is based on an assumed specific heat flux of 20 kW/m?. From the

heating requirement of the unit, the area of the heat exchanger can be calculated. The cost estimation is
done based on the method as described by Towler in Chemical Engineering Design [76], which is given in
equation 4.16.

Cunit = a+ bS™ (4.16)

The total capital investment for the evaporation unit is based on the cost price of the evaporation unit, which
is based on data of 2010. The Chemical Engineering Price Cost Index (CEPCI) of 2010 and 2019 is used to
correct this price to the contemporary price level. To calculate the total capital investment, the cost price of
the evaporation unit is multiplied by the Lang factor and by the price index, as described in equation 4.17.

Table 4.18: Mass balance of the assembly of crystallization units. The 80% of the oxalic acid crystallizes in the cooling crystallization unit,
which is separated from the slurry by filtration.

1 2 3 4 5 6 7 8 9

ton/year ton/year ton/year ton/year ton/year ton/year ton/year ton/year ton/year

Water 52800 11986 40814 11986 11986 11986 52800
Oxalic acid 5000 5000 5000 1000 4000 1000
TEACI 5133 5133 5133 5133 5133

Formic acid 1022 232 790 232 232 232 1022
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Figure 4.46: Process flow diagram for the assembly of crystallization units. The numbers correspond to stream numbers, of which the
composition is described by the mass balance of the assembly of the crystallization units (table 4.18). The first evaporation unit is needed
to create a concentrated oxalic acid stream, after which cooling crystallization occurs and 80% of oxalic acid crystallizes. This is separated
from the rest of the stream by filtration. Solid TEACl with remaining oxalic acid is obtained by evaporation of remaining water and formic
acid.

CEPClyg19
TClynit = Cunit - L factor —— 4.17
unit unit - Lang 1actor CEPClyo10 ( )

The cost price estimation for the first evaporation unit is given in table 4.19 and the estimation for the second
unit is given in table 4.20.

The total capital investment of the crystallization unit is calculated based on the cost of a single batch vacuum
crystallizer (Ccryst) with the desired capacity, as described in equation 4.18. The cost price estimation of the

Table 4.19: The overall capital investment necessary for the first evaporator unit. The cost of the evaporation unit (Cevap1) is calculated
with equation 4.16 with the following parameters a = 330, b= 36000, and n = 0.55 and S is the area of the evaporator unit which is
calculated with the specific heat flux and the energy requirement of the evaporation unit. The total capital investment (TCI) is calculated
from Ceyap1 by equation 4.17.

Specific heat flux (kW/(m?) 20
Qunit (kW) 3084
Area (m?) 154
Cevap1 (k€, 2010) 576
Lang factor 3.5
CEPClyp19 532.9
CEPClyg19 619.2
TCIevapl, Lang (M$) 2.34
TClevap, ¢ (ME) 2.11

Table 4.20: The overall capital investment necessary for the second evaporator unit. The cost of the evaporation unit (Cevap2) is calcu-
lated with equation 4.16 with the following parameters a = 330, b = 36000, and n = 0.55 and with the area which is calculated with the
specific heat flux and the energy requirement of the evaporation unit. The total capital investment (TCI) is calculated from Ceyap2 by
equation 4.17.

Specific heat flux (kW/m?) 20
Qunit (kW) 1170
Area (m?) 58.5
Cevap2 (K€, 2010) 3378
Lang factor 3.5
CEPClyg19 532.9
CEPClyp19 619.2
TCIevapZ, Lang (M$) 1.37
TClevap2, € (M€) 1.24
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Table 4.21: The total capital investment for the crystallizer unit is based on the cost of a batch vacuum crystallizer as described by
equation 4.18.

Capacity (m3/h) 6.8
Residence time 1
Cost batch vacuum crystallizer (k€) | 120 [77]
Lang factor 35
CEPClyg14 576.1
CEPClzg19 619.2
TCICryst (k$) 452
TCICryst k$) 407

Table 4.22: The total capital investment for the belt filter unit, which is based on the the cost of 155 k€ for a belt filter of 5 m? in 2003 [3].
The total capital investment is calculated with equation 4.20.

Volume flowrate (m?) 8.1
Volumetric flowrate per square meter (m®/m?) | 0.9 [3]
Area (m?) 9
Chiter (K€, 2003) 190
CEPClygo3 (-) 402
CEPClyg19 (-) 619.2
Lang factor (-) 2 [3]
TClgyrer (kE) 587

crystallizer unit is an estimation from Matche [77], and is given in Table 4.21.

CEPCI
TCleryst = Ceryst * WIEZB -Lang factor (4.18)

The sizing of the filtration unit is done based on a typical value for a volumetric flowrate per square meter, a
reference price for a filtration unit and a sizing factor, all described by equation 4.19 [3]. The investment cost
for the belt filter unit is given in Table 4.22.

Aunit

Citer = )" Crer (4.19)

Areference

From the investment cost for the belt filter, the total capital investment can be calculated by multiplication
with the Lang factor and the chemical engineering price cost index, as described in equation 4.20.

CEPCIQOlg
TCI =C -Lang factor- ——— 4.20
filter filter g CEPClyoos ( )

The operational cost for the assembly of crystallization units are based on the utilities needed for heating and
cooling of the evaporation and condenser units. The total energy input for heating (Qpeqring) is based on the
total energy requirements of the separate units and is given by equation 4.21. The amount of steam (#steam)
needed per year is the energy requirement divided by the enthalpy of cooling and condensing of the steam
(Rsteam-Pwater), @s shown in equation 4.22.

Qheating = Qevap1 + Qevap2 (4.21)
Qheatin
Misteam = 5————=— (4.22)
water — /lsteam

The total operational cost for heating is the amount of steam needed (m,team) multiplied by the steam price
(€steam), as shown in equation 4.23.
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Table 4.23: The total operational cost for heating, based on the heating requirements for the crystallization process. The total steam cost
(Csteam) is calculated from the values in this table, as described in equation 4.21, 4.22 and 4.23.

Qheating (k] /year) 1.2*10'T
Pyater (KJ/kg) 417
hsteam (KJ/kg) 2674
Msteam (tonne/year) 54309
Esteam (€/tonne) 25
Csteam (M€/year) 1.4

Table 4.24: The total operational cost for cooling, based on the cooling requirements for the crystallization process. The total steam cost
(Ceooling) is calculated from the values in this table, as described in equation 4.24 and 4.25.

Qcooling (KJ/year) 1.0x10™
Cpwater (KI/kg/K) 4.18
Tout (°C) 50
Tin (°C) 25
Mcoolingwater (m® /year) 960000
€cooling (€/m°) 0.00005
Ceooling (k€/year) 478
Csteam = €steam * Msteam (4.23)

Table 4.23 shows the outcomes of the calculations as described in equation 4.21, 4.22 and 4.23. This all adds
up to a cost for steam of 1.4M€ per year.

The amount of cooling water needed per year can be calculated with the total energy requirement for cooling
of the crystallization unit (Qcooling), the specific heat of water (Cp water) and the temperature difference that
needs to be obtained (AT) and is described by equation 4.24.

Qcooling
m = 4.24
coolant Cp,water AT ( )

From the amount of cooling water (71¢oo1ant) Needed, the total cost of cooling can be calculated with the price
of cooling water (€¢oolingwater, as described by equation 4.25.

Ccooling = =€coolingwater * Mcoolant (4.25)

Table 4.24 shows the outcomes of the calculations as described in equation 4.24 and 4.25. The total cost for
cooling water per year is 478 k€.

4.3.4. Overall process

In Figure 4.47 the process flow diagram of the overall process is shown, combined of the flowsheets of the
separate steps as discussed in previous sections. In Table 4.25, an overview is given of the CAPEX and OPEX
of all the parts of the process. The CAPEX is the capital investment for the lifetime of the plant of 15 years.
The OPEX is expressed as cost per year. To produce oxalic acid over the whole life time of the plant, the
total operational cost are 15 times the OPEX given in Table 4.25. The production cost per kg of oxalic acid is
calculated by dividing the total CAPEX and OPEX over the full life time of the plant by the amount of oxalic
acid produced during the life time of the plant.

In Table 4.26 the total production cost for oxalic acid is given, based on the capital investment and operational
cost over the full lifetime of the plant. With all the assumptions made, the production cost of oxalic acid was
estimated to be €0.87/kg, which is lower than the current oxalic acid price of 1 €/kg. The cost of production
is lower than the potential income, so the production of oxalic acid shows economic potential to replace the
current production process of oxalic acid.
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Table 4.25: Cost overview for the overall process, in terms of capital investment for the full lifetime of the plant (CAPEX) and operational
costs per year (OPEX).

CAPEX

Electrolyzer (M€) 7.2
Liquid-liquid extraction (M€) 0.54
Crystallization units (M€) 4.3
Total CAPEX (M€) 12.1
OPEX

CO; cost (M€/year) 0.31
Electricity electrolyzer (M€/year) 0.96
Steam crystallizer (M€/year) 1.4
Cooling water crystallizer (M€/year) 0.05
Total OPEX (M€/year) 2.7

Condenser T
FA water ’

FA water

Electrolyzer

PC

OXA, FA
PC, TEACI

Evaporative
crystallization

water, TEACI

OxA, FA
water, TEACI
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(KTBI[Il M water, TEACI water, TEACI Cooling water, TEACI

. Evaporator e
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Figure 4.47: Process flow diagram for the full process, which is the combined flow diagrams of the electrolyzer unit (Figure 4.43), the
liquid-liquid extraction (Figure 4.45 and the crystallization process (Figure 4.46). Abbreviations used are: PC = propylene carbonate, OxA
= oxalic acid, FA = formic acid, TEACI = tetraethylammonium chloride.

Table 4.26: Estimated production cost of the oxalic acid production process for 4000 tonne/year oxalic acid production based on both
the capital investment and operational cost over the full lifetime of the plant. The total production cost is 0.87€/kg, while the current
oxalic acid price is 1 €/kg.

CAPEX (M€) 12.1
OPEX (Mé€/year) 2.7
lifetime plant 15
production (tonne/year) 4000
CAPEX (€/kg OxA) 0.20
OPEX (€/kg OxA) 0.67
CAPEX + OPEX (€/kg OxA) | 0.87
Price OxA (€/kg OxA) 1
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Figure 4.48: Sensitivity analysis for different process parameters on the total production cost of oxalic acid. The relative value of the
variable at 100% represents the basecase. The total production cost of oxalic acid per kg is given as function of the relative value of
several variables compared to the value of the variable in the base case. The parameters varied are the current density (blue), electricity
price (red), faradaic efficiency (yellow), electrolyzer price (purple), CO2 price (green), OPEX DSP (turquoise) and CAPEX DSP (bordeaux).
The total oxalic acid production costs are compared with the current oxalic acid price (black line). As the basecase value of the faradaic
efficiency is 80%, and it cannot exceed more than 100%, the faradaic efficiency is kept at 100% from 130-190 as relative value of the
variable.

4.3.5. Sensitivity analysis

The techno-economic analysis uses a large amount of process parameters and it is useful to see the influence
of the process parameter on the total production cost of oxalic acid (CAPEX + OPEX (€/kg)). In the sensitivity
analysis, the influence of the curent density, electricity price, electrolyzer price, CO; price, faradaic efficiency
and the total cost for both OPEX and CAPEX is analyzed. In Figure 4.48 is shown that the parameters influ-
encing in the largest extent the total production costs of oxalic acid via electrolysis are the current density and
the faradaic efficiency.

4.4. Summary and general remarks

A techno-economic analysis has been performed to get a sense of the economic potential of electrochemical
oxalic acid production. The current oxalic acid price is approximately 1000 €/tonne and with this techno-
economic analysis, the production cost for electrochemical production of oxalic acid has been estimated to
be 870 €/tonne. Even though this is a rough estimate, based on many simplifications and assumptions, it is
shown there is economic potential for the electrochemical production of oxalic acid. It should be noted that
especially the low current density and the falling faradaic efficiency over time are the biggest technical issues,
which could make oxalic acid production unviable. During the electrochemical conversion experiments max-
imum current densities obtained were 23 mA/cm?. At the start of the experiment, faradaic efficiencies were
obtained of over 80 %, but this decreased over the time period of the experiment. As is clearly seen from
the sensitivity analysis, technical development should focus on stabilizing the obtained faradaic efficiency
as well as increasing the current density. Another variable that clearly influences the price of the oxalic acid
is the operational costs of the downstream process, which is mostly the steam needed to separate the water
from both TEACI and oxalic acid. This cost is inherent to liquid-liquid extraction, which is the critical point
for the economical potential of the downstream process.



Conclusions

In this thesis, the electrochemical reduction of CO, has been researched; both the electrochemical conversion
and downstream processing were experimentally investigated. Based on the experimental results, a prelimi-
nary process design is proposed of which a techno-economic analysis is performed.

The influence of the cathode material, voltage, catholyte, anolyte, membrane, supporting electrolyte and
temperature in a batch-scale reactor has been assessed. Lead (Pb) is found to be suitable as cathode for the
electrochemical reduction of CO,. The influence of the applied potential has been tested between -2.2V vs.
Ag/AgCl and -2.7V vs. Ag/AgCl, a clear trade-off was observed. At -2.7V vs. Ag/AgCl, current density of max-
imum 17 mA/cm? and final oxalic acid concentration of 36 mM was obtained, while the cumulative faradaic
efficiency towards oxalic acid at the end of the experiment was 45%. At -2.2V vs. Ag/AgCl, current density of -2
mA/cm? and final oxalic acid concentration of 6.4 mM was obtained, while the cumulative faradaic efficiency
at the end of the experiment was 86%. The influence of the nature of the catholyte was studied by varying the
catholyte from propylene carbonate to acetonitrile. Propylene carbonate showed 80% faradaic efficiency at
the end of the experiment towards oxalic acid, acetonitrile showed only 7% faradaic efficiency to oxalic acid.
The influence of the anolyte was studied by varying the anolyte from 0.1M TEACI in ACN to 0.5M HSOj.
With 0.1M TEACI in ACN the maximum current density obtained was -6 mA/ cm?, with 0.5M H, S0, the maxi-
mum current density obtained was -9 mA/cm?. Similar faradaic efficiencies were obtained with a cumulative
faradaic efficiency of 80% at the end of the experiment. Therefore, the concentration of oxalic acid was higher
atthe end of the experiment. The influence of the ion selectivity of the membrane that separates the anodic of
the cathodic compartment in the electrochemical reactor was tested. A cation exchange membrane (Nafion
117) an an anion exchange membrane (Fumasep) resulted in similar concentrations of the produced oxalic
acid. However, the anion-exchange membrane degraded, which made the cation-exchange membrane the
preferable choice. The influence of the salt used as supporting electrolyte in the catholyte was also examined.
TEACI, TBAP and TEAAce were tested as supporting electrolyte. The conductivity of the catholyte varied with
addition of different electrolyte, with a conductivity of 8.8 mS/cm for PC+TEACI, 4.3 mS/cm for PC+TBAP and
3.6 mS/cm for TEAAce. The lower conductivity resulted in lower current densities being reached of maximum
-3 mA/cm? for TBAP and maximum -2 mA/cm? compared the maximum current density of -9 mA/cm? for
PC+TEACL

Another process parameter tested was the temperature of the catholyte, at which temperatures of 15, 55 and
75°C were compared. At 55 and 75°C, current densities of -10 mA/cm? were obtained compared to -3 mA/cm?
at 15 °C. At the different temperatures, similar faradaic efficiency towards oxalic acid (63% after 5 hours) was
found. It is believed that the higher current density obtained is induced by reduced mass transfer limita-
tions, although increasing temperature may not be the most efficient method for reduction of mass transfer
limitations.

All of these separate experiments conclude into the following optimal settings: Electrochemical reduction
of CO; to oxalic acid with lead as cathode in a catholyte of PC+TEACI saturated with CO, and platinum as
anode in an anolyte of 0.5M H,S0Oy4, all of this separated by a cation-exchange membrane which lead, after
applying a potential of -2.5V vs. Ag/AgCl for 5 hours with a 10 cm? cathode and a total catholyte volume of 160
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mL, to an oxalic acid concentration of 27 mM. If maximum faradaic efficiency of 86% is desired, the optimal
potential is -2.2V vs. Ag/AgCl. If high production of oxalic acid is desired, the optimal potential is -2.7V vs.
Ag/AgCl, which leads to concentrations of 36 mM.

The first step to scaling-up this process was assessed by changing the batch reactor for a semi-continuous
flow reactor where the CO, is pumped through the cell to have a continuous supply of reactant to reduce
mass-transfer limitations. The electrochemical reduction of CO, has been performed in a flow-cell with the
optimal settings obtained in the batch reactor. Several process parameters as applied potential and support-
ing electrolyte were also evaluated in the flow-cell. The main issue experienced with these experiments was
the low reproducibility of the experiments, with different current densities and faradaic efficiencies observed
in duplicated experiments. It has been shown that increasing water content leads to increasing current den-
sities but decreasing faradaic efficiencies. In different duplicated experiments, large variations were found in
the water content of the catholyte. This explains the large variations found in current density and faradaic
efficiency for duplicated experiments. Compared to the H-cell experiments, the current densities obtained
were higher, being the maximum current density obtained in the semi-continuous set-up with applied po-
tential of -2.7 mA/cm? -23 mA/cm? while only -17 mA/cm? in the batch reactor. The faradaic efficiencies
were significantly lower, being the faradaic efficiency obtained in the batch reactor 45% after 5 hours while
only 25% in the semi-continuous set-up after 4.5 hours.

Several methods for the downstream processing of oxalic acid after the electrochemical conversion of CO, to
oxalic acid were explored. The suitability of vacuum distillation, direct crystallization, liquid-liquid extrac-
tion followed by precipitation and crystallization, anti-solvent precipitation and direct further reaction have
been discussed. Direct crystallization and direct methylation have been shown to be not suitable methods
for downstream processing. On the other hand, the suitability of liquid-liquid extraction followed by both
crystallization and precipitation, has been experimentally proved.

Based on the electrochemical conversion experiments and the proof-of-concepts performed for the down-
stream processing, a preliminary and simplified process design for the electrochemical formation of oxalic
acid from CO, was proposed. For this process design, a techno-economic analysis has been performed. It is
shown, that with this process design, the electrochemical production cost of oxalic acid (0.87€/kg) is lower
than the current market price (1€/kg). It should be noted that the process design is based on a number of
technical and economical assumptions, of which the obtained current density values and the assumed sta-
bility of the faradaic efficiency are the most influential. The state of the technology is not sufficiently mature
to achieve the key performance indicators needed to achieve an economically viable process. The influence
of several process parameters, such as current density, electricity price, faradaic efficiency, electrolyzer price,
CO, price and both the operational cost and the capital investment for the downsteam process on the pro-
duction cost of oxalic acid has been assessed. It is found that the stability of the faradaic efficiency over time,
together with the increase of current densities to the desired value of 100-180 mA/cm? are the main technical
challenges to focus on. From the techno-economic analysis it has been assessed that the liquid-liquid extrac-
tion step of the downstream processing is critical for the economical feasibility of the process. This is because
the oxalic acid and supporting electrolyte need to be separated from the water and it is proposed to be done
by evaporation - a very energy intensive process.

In conclusion, the electrochemical production of oxalic acid shows potential - both technically and econom-
ically - to become a commercialized industrial process if certain key performance indicators values can be
experimentally achieved. For that, further optimization of the technical process needs to be addressed.



Recommendations

The opportunities for industrial-scale production of oxalic acid by electrochemical reduction of CO, have not
been studied before. This research has shown both the technical state of the art and the economical potential
of this production process. However, further optimization of the systems is required for the implementation
of this technology in industry.

As briefly mentioned in the conclusions, the current densities obtained, as well as the stability of the faradaic
efficiencies obtained over time are technical factors that largely influence the economic potential of the pro-
duction process. A method to increase the obtained current density is by using Gas Diffusion Electrodes
(GDEs), that eliminate mass transfer limitations by directly feeding gaseous reactants to the electrode. Elec-
trochemical CO, reduction to ethylene, ethanol, carbon monoxide with and without using GDEs has been
compared and shown tremendous increase in current density for all the products [78]. For the electrochemi-
cal CO; reduction to formic acid, current densities of up to 400 mA/cm? have been obtained using gas diffu-
sion electrodes [79], while without the gas diffusion electrode maximum current densities of 55 mA/cm? are
obtained [80]. Since current density values of 100-180 mA/cm? are required for the economical feasibility of
the process and the highest current density observed using flat electrodes is 23 mA/cm?, it is recommended
to perform electrochemical reduction of CO; to oxalic acid with GDEs.

Another strategy to increase the current density and thereby the production of the desired product, is by per-
forming the electrochemical reduction of CO, under higher pressure. The electrochemical reduction of CO;
under high pressure (30 bar) has been performed in this thesis work in which increased current density val-
ues are measured compared to the flow-cell experiments, although lower flowrates were used. The faradaic
efficiency to oxalic acid was low, but could be related to the high water content in the catholyte. At low pres-
sure, the water content influenced the selectivity towards oxalic acid. With increasing water content, lower
selectivity towards oxalic acid was observed. It is certainly recommended to further research the electro-
chemical reduction of CO» to oxalic acid under pressure and more specifically, to look for methods to reduce
the amount of water in the set-up in order to obtain higher selectivities towards oxalic acid.

Another important parameter necessary for the implementation of this technology in industry, is the stabil-
ity of the faradaic efficiency towards oxalic acid over time. The faradaic efficiency to oxalic acid decreases
over time because the water content in the catholyte increases over time. The reason for the increasing water
content in the catholyte is water cross-over through the membrane from anolyte (0.5M H,SO,) to catholyte
(PC+0.7M TEACI). The membranes used are made for use in aqueous solutions, where some transport of wa-
ter through the membrane is not a big concern. To guarantee the stability of the membrane, it is necessary
to use an aqueous solution as anolyte. To reduce the water content in the catholyte, major improvements lie
in the development or use of selective membranes that are stable in organic solvents. Tokuyama Soda has
developed cation-exchange membranes made from vinyl monomers that have shown lower solvent and an-
ion leakages in organic media compared to Nafion 117 [81]. Also, the application of Kevlar aramid nanofibers
has lead to succesful fabrication of thin and robust organic solvent cation exchange membranes, although
these are not commercially available yet [82]. To further clarify the role of the water content in the catholyte,
a possible method to reduce the water content is the use of molecular sieves (3A) which will aborb water that
crosses from the anolyte to the catholyte compartment.
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Up to now, only oxalic acid concentrations of up to 40 mM have been obtained. Subject of further research
should focus on increasing the obtained concentrations to see the effect in the product distribution of the CO»
reaction. Oxalic acid can be further reduced to glycolic acid and glyoxylic acid. With higher concentrations
of oxalic acid, the reduction towards glycolic acid and glyoxalic acid may become more favorable.

As the reproducibility of the flow-cell experiments performed is low, an experimental method should be de-
signed to achieve more consistent results. One of the reasons for the lack of reproducibility between experi-
ments could be due to the differences in the surface of the electrode between experiments. In order to control
the state of the surface of the electrode it can be characterized using different techniques, such as Scanning
Electron Microscopy.

Chapter 2 discussed different electrocatalysts that have been used in small-scale and short-time experiments,
that reduced the overpotential required for the electrochemical reduction of CO, to oxalic acid. As little
is known about the stability of these electrocatalysts, it has not been part of this research. However, it is
recommended to further study the options for using other electrocatalysts, as this could reduce the energy
requirements of oxalic acid production.

Most of the recommendations focus on the improvement of the electrochemical process, as this part of the
process strongly impacts OPEX and CAPEX. However, the separation process design also could use improve-
ment, since it is also a large contribution to the overall production cost. Within the proposed process design,
the oxalic acid and TEACI are extracted from propylene carbonate with water, which is a critical step. To
recover the TEACI and to reach the solubility limit of TEACI in water, the water is evaporated which is very
energy intensive. Furthermore, the assumption has been made that the oxalic acid has a concentration of 1M
in propylene carbonate, which is a large concentration in which the further electrochemical reduction to gly-
colic and glyoxylic acid could become dominant. Therefore, other downstream processing methods should
be experimentally explored, with non-artifical conditions obtained in the electrochemical system. This in-
cludes a wider product distribution and low oxalic acid concentrations. Future research should focus on
finding an extractant that selectively extracts oxalic acid. This would eliminate the problem of the additional
separation of oxalic acid and the supporting electrolyte (TEACI). Another potential downstream processing
option could be the gas antisolvent process, as discussed in section 4.2, although still separation of oxalic acid
and the supporting electrolyte is required. It is recommended to perform a proof-of-concept of this process.

Finally, the option to further electrochemically reduce oxalic acid to glycolic acid should be explored, since
the glycolic acid market has a market size of 400 M$ by 2024 [83]. In addition, since the separation process
of oxalic acid seems challenging, it would be interesting to research the feasibility of glycolic production and
separation process.
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