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Abstract

Production of bio-based platform chemicals and polymers via electrochemical routes
enables the direct utilization of electrical energy from renewable sources. To date, the
integration of electrochemical conversions in process chains remains largely unexplored
and the reactions are often studied using synthetic solutions. This work demonstrates
the biphasic electro-oxidation of hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic
acid (FDCA) and couples the electrochemical oxidation with the biphasic dehydration
of fructose to HMF'. The integrated approach eradicates the intermediate HMF purifi-
cation, as the HMF-rich organic product phase is fed directly into the electrochemical
flow-cell reactor. Here, HMF is extracted into the aqueous phase and oxidized to FDCA
on a Ni(OH),/NiOOH catalyst in 0.1 M KOH solution at pH 13. The FDCA then re-
mains in the aqueous phase, enabling direct recirculation of the HMF-containing organic
phase. We demonstrate a FDCA yield of close to 80 % with a feed from HMF synthe-
sis. Further, we analyze the influence of the phase ratio (Vorganic t0 Vaqueous) and
current density for biphasic electrochemical oxidation. By adjusting the gap width, we
were able to decrease the average cell voltage from 7 down to 3V at a current density
of 30mA cm ™. This work presents a promising integrated process for the synthesis of
green platform chemicals and provides insight into biphasic solutions in electrochemical

conversions.
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Introduction

Production of polymers accounts for a significant amount of CO, emissions, and the pro-
duction is expected to increase from 380 million metric tons (Mt) in 2015 to approxi-
mately 1100 Mt per year by 2050."* Sustainable carbon sources like biomass can decrease
the environmental impact significantly when sustainable processes are employed.}4 2,5-
furandicarboxylicacid (FDCA) is a promising biobased platform chemical and monomer for
the chemical industry.5 It can be polymerized to different polyesters, polyamides or other
polymers,&8 with polyethylenfuronat (PEF) as the most prominent example.”

FDCA can be synthesized from C6-sugars, mainly fructose, via different routes, for example
via 5-(hydroxymethyl)furfural (HMF).* To synthesize HMF, fructose is dehydrated with an
acid-catalyzed reaction in aqueous environment. However, HMF is highly reactive and its
stability is the main limiting factor of the HMF yield during fructose dehydration.11 The
in-situ extraction of HMF into an organic phase stabilizes the product and increases the
HMF vyield. ™"

Different routes exist to subsequently oxidize HMF to FDCA, for example chemo-catalytic

. 14
and electrochemical routes.

H Chemo-catalytic oxidation requires elevated temperature and
pressure, whereas electrochemical oxidation of HMF to FDCA is possible at ambient condi-
tions and can reduce the specific carbon footprint of the oxidation significantly. Y For the
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electrochemical oxidation, catalysts have been researched extensively. M8 Transition metal
catalysts such as Ni(OH),/NiOOH exhibit good selectivity = and have been researched
in depth.21 Latsuzbaia et al.*® demonstrated the potential of the synthesis route with a
Ni(OH),/NiOOH catalyst in a lab-scale pilot plant with a yield of 70 %.

For an overall process, from the raw material (fructose) to the desired product (FDCA),
the purification of HMF and the stability of HMF during oxidation are the most limiting

HORLE2 A approach to integrate these processes has been proposed by Liu et al. ! Tt

steps.
requires the dilution of the organic phase from HMF synthesis to a single aqueous phase.

However, this impairs subsequent product separation and limits the reactant concentration.



An alternative could be the direct application of the organic intermediate phase in a bipha-
sic electrochemical reactor. Biphasic electrochemical synthesis have already shown benefits
when the product is in-situ extracted into a second phase to protect it from further oxida-

. pEEE
tion. "

This work studies the biphasic electrosynthesis to couple the electrochemical oxidation
of HMF to FDCA and the dehydration of fructose to HMF as depicted in Scheme [T} It
focuses on the biphasic electrochemical oxidation, where the raw organic product phase of
an HMF synthesis is fed directly into an electrochemical flow-cell which mitigates the need
for intermediate process separation. In the reactor, HMF is continuously extracted into the
aqueous phase and oxidized with a Ni(OH),/NiOOH-coated nickel-foam electrode. After the

synthesis, FDCA can be only found in the aqueous phase. We demonstrate the biphasic
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Scheme 1: a) Process scheme of the integrated two-step synthesis, where fructose is dehy-
drated and extracted in-situ into an organic phase, which is fed into the electrochemical
reactor, where HMF is oxidized to FDCA. b) Schematic of the electotrochemcial reactor. c)
Schematic of the in-situ extraction of HMF from the organic phase in the electrochemical
cell and the oxidation mechanism on the electrode.

direct conversion of an HMF feed from fructose dehydration. Subsequently we analyze

the influence of the phase ratio (Vorganic 10 Vaqueous) and current density for the biphasic
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electrochemical oxidation with a model solution. Finally, we focus on the energy efficiency

of the electrochemical oxidation by reducing the gap width of the flow-cell.

Experimental

Preparation of Electrodes

Nickel foam electrodes (grade 4753, Recemat NL) were prepared by deposition of the Ni(OH),/NiOOH
catalyst following Aghazedeh et al.“” Prior to deposition, electrodes were etched with a pro-

cedure from Garden et al.*® A detailed description can be found in the SI.

Flow-Cell Experiments

Flow-cell experiments were conducted in a commercially available flex-E-cell (flex-X-cell
GbR, Germany) with 35 cm? electrode area in an undivided cell. A more detailed descrip-
tion of the interior of the cell can be found in the SI. Schematic (1| b) shows the experimental
process. Experiments for the validation of a process were conducted with 300 mL, fur-
ther experiments with 450 mL of electrolyte. Reference experiments were conducted with
an HMF concentration of 16.66 mmolL™" HMF in 0.1 M KOH. In biphasic experiments,
HMF was supplied with 50 mmol L ™" in the organic phase (2-MTHF). The aqueous phase
(0.1 M KOH in DI-Water) was mixed with the organic phase according to the volume ratio
(Vorgaic/ V aqueons) and continuously stirred with a propeller stirrer (C378-17-A, BOLA, Ger-
many, EUROSTAR 40 IKA, GERMANY) and a ground clearance of 2cm at 250 rpm. The
emulsion was then pumped through the flow-cell by a gear pump (MCP-Z-Standart, Ismatec,
Germany) at flow rates between 150 and 900 mL min~". pH and temperature were contin-
uously monitored with a pH sensor (SE554, Knick, Germany). Power was supplied by a
potentiostat (VMP150, VMP 3B-20 (20A/20V), Biologic) and the cell voltage was recorded.
All experiments were carried out at room temperature. At current densities of 45 mA cm

and above, the reservoir temperature was controlled with a thermostat (CORIO CD-900F).
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Samples were taken over the course experiments and analyzed via high performance liquid
chromatography (HPLC). A detailed description can be found in the SI.

All experiments were evaluated for conversion (X), yield (Y), selectivity (S) and Faraday
efficiency (FE), when 1 Faraday equivalent of charge in reference to the amount of HMF in
the system was passed through the electrode. The corresponding calculations can be found
in the SI. Consequently, this results in a shorter duration for experiments with higher current
densities and a longer duration for experiments with a higher HMF content.

To evaluate the influence of the electrolyte gap on the cell voltage, the gap between the
anode and the cathode was adjusted via the number of spacers. When the cell voltage is
reported as a single value, it is the average value of the experiment, disregarding the first

10% of reaction time.

Preparation of Raw Feed Solution from Fructose Dehydration

HMF synthesis was carried out using the batch reactor used in Aigner et al. ' The reaction
was prepared according to the following protocol: 18.16 g of fructose are dissolved in 0.2 L of
0.2mol L™ H,SO,. In addition, 236.67 g 2-MTHF are added to the system. The reactor was
initially at room temperature and the velocity of the lower stirrer set to 400 rpm. Afterwards,
the reactor was heated to 115 °C over a period of 125 min. The temperature was maintained
for 30min and quenched directly afterwards to stop the reaction. The organic and the
aqueous phase were separated and stored at 4 °C. For better comparability of the results of
the model solution with the feed from fructose dehydration, the HMF concentration in the
raw HMF /2-MTHF solution from HMF synthesis was adjusted to 50 mmol L™ by diluting
it with 2-MTHF. Experiments with the raw HMF /2-MTHF solution were then conducted

similar to model solution experiments.



Results and Discussion

Process Validation

To show the feasibility of the biphasic electrochemical oxidation, we compare an experiment
with the biphasic model solution to an experiment with an aqueous electrolyte with similar
reaction conditions in Figure|l{a). The phase ratio in the biphasic experiment is 1:2 (Vorganic

t0 V aqueons) @t a current density of 15 mA cm 2 and a flow rate of 150 mL /min. The reaction
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Figure 1: Comparison of the relative concentration of HMF and FDCA yield over the dura-
tion of the experiment for a) aqueous media(O, A) and the biphasic model solution (M, A)
and b) the biphasic model solution (m, A) and and HMF supplied via the raw HMF /2-MTHF
solution from HMF synthesis (O, A).

rate of HMF appears higher in the purely aqueous system compared to the biphasic system,
while the FDCA yield is very similar. This is most likely due to the degradation of HMF,
reported in Figure [S1|in the SI, which is decreased in the biphasic system. Full HMF conver-
sion is not reached in the biphasic system, when 1 Faraday equivalent of charge is transferred
after 105 min. This is most likely due to mass transport limitations, as HMF needs to diffuse
from the organic to the aqueous phase before it can react at the electrode. Especially at low
remaining HMF concentrations mass transfer will be low. Further, the electrode’s surface is

always partly in contact with the organic phase, which limits the available surface for the



aqueous oxidation. This effect has been described in literature in different systems.29’30

While HMF can be found in both phases with a ratio of 1.4 (npwr org/NHMF aq), FDCA is
exclusively present in the aqueous phase due to its highly polar molecular configuration in
alkaline environment. This effect eases the separation task after the experiments signifi-
cantly. Moreover, the depletion of HMF, in case of full conversion, enables solvent recovery
of 2-MTHEF.

Figure [1| b) compares the biphasic model solution to an experiment with the raw HMF /2-
MTHF solution from biphasic HMF synthesis. The raw HMF /2-MTHF solution from HMF
synthesis contained impurities, recognizable by its brown color. The solution was used with-
out any purification. When comparing the results, the HMF conversion is very similar to
that of the model solution, but the FDCA yield is decreased by about 10 %. We hypothesize
that the decreased selectivity is mainly due to impurities from the HMF synthesis, where
there is a broad spectrum ob byproducts which cannot be detected in full, let alone quanti-
fied.

As intermediate HMF purification would require increased energy demand and suffer from
HMF loss, the comparably low loss in FDCA yield is very promising for an integrated process

concept.

Process Parameters

Different parameters influence the performance of the electrochemical process. Figure
shows the effect of the two most significant parameters: volume ratio of the aqueous and
organic phase and current density. We did not see any significant effect of the electrolyte
flow rate, which indicates that no mass transport limitation is apparent. The results are
displayed in Figure [S2|in the SI.

The ratio of organic and aqueous phase in Figure [2 a) influences the performance of the
biphasic process significantly. Several effects have to be taken into account. The higher

content of organic phase increases the reactant amount in the electrochemical cell, which
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Figure 2: FDCA yield (m), HMF conversion (A ) (both on left y-axis) and cell voltage (O) (on
right y-axis) at a) different volume ratios of the biphasic model electrolyte at 15 mA cm™
and b) different current densities at a phase ratio of 1:2 (Va,queous: Vorganic) after a charge
transfer corresponding to 1 FE.

is beneficial for a high electrochemical conversion rate. But the higher content of organic
phase also increases cell voltage and blocks the available electrode surface area for the reac-

2230 Tpis interplay reflects in the results shown in Fig. a). In total, all experiments

tion.
show conversion rates above 90 %. A higher ratio of organic phase increases the cell voltage
and decreased the FDCA yield simultaneously. From an integrated process point of view,
this results a trade-off: On the one hand, the total amount of HMF in the system (and by
this the resulting concentration of FDCA in the aqueous phase) should be as high as possible,
which is an argument for a high ratio of organic phase. On the other hand, yield should
be maximized as well as cell voltage minimized, which is the case for lower ratio of organic
phase. However, the cell voltage can be tackled by other means (see Section Cell Voltage
below). When designing an economically feasible process, this trade-off needs to be matched
appropriately. Therefore, we chose a phase ratio of 1:2 (Vo,ganic 10 Vaqueous) for subsequent

experiments to achieve a viable product concentration while retaining a high yield.

An important parameter for electrochemical process development is the current density as
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it defines the production rate. Figure 2| b) shows the influence of the current density on
the FDCA yield, the HMF conversion and the resulting cell voltage at a volume flow rate
of 500mLmin~". The flow rate is increased in order to prevent mass transport limitations
at higher current densities. With an increasing current density, the conversion drops from
nearly 100% at 15mA cm ™ to 70% at 75mA cm >, Ni(OH),/NiOOH is also a potent cata-
lyst for oxygen evolution reaction (OER) in alkaline media, so that at an increasing current
density OER will become a competing reaction. This is in accordance with a visibly in-
creased gas evolution with increased current density. At 15mA cm ™ and 30 mA cm_Q, the
yield remains nearly unchanged between 75 % and 80 %. We attribute this to the decreased
reaction time, which reduces the extend of the HMF degradation. At the higher current
densities, this effect is superimposed by the decreased conversion, resulting in a lower overall
yield. In the current experimental setup, a current density of 30 mA cm” appears to offer a
good trade-off between sufficient conversion and short reaction time.

Further, it can be seen in Figure [2| b) that the cell voltage increases with increasing current
density to over 9V at 75 mA cm_z, which is a consequence of the ohmic resistance of the
electrolyte. The overall high cell voltage will impair the economic viability of this process.

Therefore, the next section focuses on the reduction of cell voltage.

Cell Voltage

Previously, we showed a strong dependence of the cell voltage on the applied current den-
sity. Most of the increase is due to a high ohmic resistance in the electrolyte. One strategy
to reduce this resistance is decreasing the electrolyte gap of the cell. Figure 3] shows the
course of the cell voltage over the experiment duration with different gap width in the cell.

Independent of the gap widths, the cell voltage increases over the duration of the exper-
iment. This is partly due to the depletion of the reactant HMF, while the product FDCA

accumulates in the system. Further, with decreasing HMF concentration, OER is likely to
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Figure 3: Cell voltage over the duration of three experiments for different gap widths of the

flow channel at 30 mA cm 2.

increase. However, most of the increase in voltage appears to be of an ohmic nature, as
it shows a near linear relation to the overall cell voltage. It is far more pronounced at a
gap width of 3mm than at 1.5 mm. We speculate that this increase stems from the acidic
nature of the product FDCA. This leads to a decrease in hydroxide ions. However, due to
the logarithmic nature of the pH scale and the difficult measurement of the pH of biphasic
electrolyte, this is not visible in pH measurements. For the gap width of 3 mm, the average
voltage is around 6.5V, which is most likely too high for an economically feasible process.
We were able to decreases the cell voltage tremendously by decreasing the gap width, while
yield and selectivity remained unaffected. We achieved the lowest cell voltage at a gap width
of 1.5 mm and reduced the cell voltage, which is directly linked to the energy consumption,
by over 50 %. A further decrease of the gap width was not possible due to swelling of the
EPDM frames, used to seal the flow channel. The swelling ultimately lead to blocking of the

flow channel at lower gap widths.
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Conclusion and Outlook

In this work, we demonstrate an integrated process combining the biphasic chemo-catalytic
synthesis of HMF from fructose with the subsequent electrochemical oxidation to FDCA
without intermediate purification. The raw organic product phase is fed directly into the
electrochemical flow-cell reactor where HMF is continuously extracted into the aqueous phase
and oxidized to FDCA on a Ni(OH),/NiOOH anode. FDCA accumulates in the aqueous
electrolyte, purifying the organic phase for its recycling. We demonstrate a viable process
by comparing experiments with a real biphasic product mixture from fructose dehydration
to biphasic model solution experiments and to a single phase electrochemical oxidation from
literature. The biphasic electrochemical oxidation shows a yield of 85% with the model
solution and close to 80 %, when the raw HMF /2-MTHF solution from HMF synthesis is fed
to the reactor without any purification.

With a model solution, we analyzed the influence of the phase ratio (Voyganic t0 Vaqueous),
where an increased ratio leads to an increased cell voltage and decreased selectivity. We in-
creased the production rate by increasing the current density which resulted in an increased
cell voltage and a decreasing FDCA yield with increasing current density above 30 mA cm 2.
Yet, the reaction time influences the yield significantly, due to the ever present degrada-
tion of HMF. We were able to decrease the cell voltage with smaller electrolyte gaps and
thereby the direct energy input by over 50 % by adjusting the cell design and gap width.
This demonstrates a promising step towards an integrated synthesis of FDCA.

Future work should focus on two approaches: Firstly, a thorough analysis of the reaction in
the biphasic electrolyte and secondly, an optimization on a process level. For the analysis of
the reaction, the identification of unknown products from the HMF conversion from the raw
HMF /2-MTHEF solution is required. These could be unidentified oxidation products from e.g.
ring-opening reactions but also unwanted products from a reduction reaction on the platinum
cathode. If these are found, an ion exchange membrane, stable under these harsh conditions,

could be necessary. On a process level, the entire process chain from hemi-cellulosic biomass
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to FDCA should be assessed in a process model and optimized based on the experimental
analysis presented here. A techno-economic assessment has to be conducted on the basis of
the simulation to identify the economic potential of the coupled process for an integrated

synthesis of FDCA from biomass.
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This work explores the biphasic electrochemical
oxidation of HMF to FDCA and demonstrates
the direct electrochemical conversion of the raw

organic product phase of the HMF synthesis to
FDCA.
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