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The electrochemical oxidation of 5-(hydroxymethyl)furfural (HMF)
to 2,5-furandicarboxylic acid (FDCA), a monomer for biopolymer
production, caught attention as a route to renewable materials.
However, this process is mostly performed in alkaline media,
which causes HMF to degrade into humins. In this study, we
demonstrate that alkaline degradation of HMF yielded 5-hydroxy-
methyl-2-furancarboxylic acid (HMFCA) and dihydroxymethylfuran
(DHMF), which are both stable in alkaline media, and both of
which can be electrooxidized to FDCA. Furthermore, the stability
of the Cannizzaro products allowed the “indirect” electrooxidation
of HMF to FDCA at unprecedentedly high concentrations of sub-
strate and base, leading to current densities on the order of techni-
cal processes (~1 A cm™2) and increased space—time-yields.

Introduction

Substituting oil-derived products by renewable feedstocks is
one of the main challenges associated with reducing CO,
emissions and environmental pollution.’™
5-Hydroxymethylfurfural (HMF) could develop into one of the
most important biomass-derived building blocks for the syn-
thesis of plastics, chemicals, and fuels.*”” Among its deriva-
tives, 2,5-furandicarboxylic acid (FDCA) is of special interest
since it can be used as a monomer to synthesize biopolymers,
including poly(ethylene 2,5-furandicarboxylate) (PEF).*° PEF is
widely considered a suitable replacement for polyethylene tere-
phthalate (PET), which is produced on a 70 Mt a~" scale with a
yearly increasing demand.'®"? Currently, HMF is oxidized to
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FDCA in alkaline solutions (pH > 13) at elevated oxygen press-
ures and temperatures, often using noble metal catalysts.'>'*
Electrochemical oxidation of HMF is a promising alternative
approach as it can be done continuously, at ambient pressure
and temperature, while also avoiding the use of hazardous
additives or oxidants. Further, electrochemical HMF oxidation
is typically coupled with electrocatalytic hydrogen evolution
reaction (HER) on the cathode side."*™"” Thus, green hydrogen
can be produced efficiently while producing a value-added
product in the anode compartment, replacing the kinetically
demanding and non-value-adding oxygen evolution reaction
(OER)."®2* The electrochemical oxidation of HMF to FDCA is
thought of as a three-step reaction involving two different func-
tional groups, an alcohol and an aldehyde (Fig. 1a).>**® To
date, mainly transition metal electrodes, especially Ni-based
materials, have been reported to be active and selective for the
oxidation of HMF to FDCA in alkaline media.""*>**” Based
on a Web of Science search, using the keywords “electro-
chemical HMF oxidation”, more than 120 papers were pub-
lished in the last 3-years alone.?® To the best of our knowledge,
in alkaline electrooxidation of HMF, the well-known fact that
HMF rapidly degrades in alkaline solution on time scales
much shorter than those of the electrooxidation itself, is com-
pletely ignored.>**”**?° This is probably due to the fact that
high yields of FDCA are typically obtained in bench set-ups,
and thus HMF stability is not considered problematic. Only
Huber et al. mentioned as a side remark that decomposition
products of HMF can be oxidized to FDCA, without giving any
details.*" This is practically, in fact, very important, since HMF
readily decomposes into humins, polymeric species of HMF, at
pH > 12, which cannot be oxidized to FDCA anymore and are
thus lost.>*?*7*® The formation of humins, reduces the yields
of FDCA, and significantly hampers industrial application due
to additional challenges in separation and purification.'
Lowering the pH increases the stability of HMF, however,
environments with higher OH™ concentrations accelerate the
electrochemical oxidation due to improved ad- and desorption
of HMF and FDCA, respectively.*>*°
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Fig. 1 Reaction scheme of electrochemical HMF oxidation in alkaline media. (b) Degradation of a 0.05 M HMF solution in the presence of different
KOH concentrations at ambient conditions. 100% is based on the initial mass of HMF and assumed to be the starting point at t = 0 h. Dashed lines

are used as a guide to the eyes.

If the high yields under alkaline conditions can be rational-
ized, further improvement based on this knowledge appears
possible. Recently, it was demonstrated that electrochemical
furfural oxidation competes with the solution phase
Cannizzaro reaction, which is the base-mediated disproportio-
nation of aldehydes to their carboxylic acids and alcohols.***°
Similarly, we suggest the Cannizzaro reaction as the decisive
degradation step for HMF in alkaline media,*" with further
implications for process optimization. The products of this
reaction, dihydroxymethylfuran (DHMF) and 5-hydroxymethyl-
2-furancarboxylic acid (HMFCA), can be electrooxidized to
FDCA as well and allow almost quantitative conversion of the
starting HMF. In highly alkaline media, HMF is selectively
transformed to the respective Cannizzaro products (Fig. 1a),
instead of humin formation, to yield a stable electrolyte under
strongly alkaline conditions (pH ~ 14). Both substrates can
then be oxidized to FDCA. This led us to investigate the effect
of KOH and HMF concentration on the formation of the
Cannizzaro products and humin formation, followed by the
electrochemical oxidation of the most promising electrolyte
obtained. “Indirect” electrooxidation of HMF at different
initial concentrations of HMF and KOH is thus possible at
high substrate and base concentrations in spite of the instabil-
ity of the HMF.

Results and discussion

To demonstrate the instability of HMF, a 50 mM HMF solution
was stirred in the presence of different KOH concentrations at
ambient conditions. After just 1 h, a loss of about 20% of the
initial HMF concentration was observed (Fig. 1b). This result is
in stark contrast to the yields and FE close to 100%, which are
often reported for the alkaline electrochemical oxidation of
HMF to FDCA at time scales of ~1 h.>**”?°3! To identify
formed products during alkaline HMF decomposition, we
employed quantitative NMR spectroscopy (QNMR), measured
in H,O using a water suppression sequence and DMSO as an
internal standard (for further information, see the ESI}). Here,
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it is seen that HMF is partly converted to the Cannizzaro pro-
ducts DHMF and HMFCA (Fig. S17). The formed Cannizzaro
products never closed the carbon balance, which indicates the
formation of other products during the decomposition not
detectable via NMR measurements (likely humins). The
Cannizzaro reaction is a base catalyzed reaction.* As a result,
the yield of the Cannizzaro products, as shown in Fig. 2a,
does significantly increase with the base concentration.
Consequently, lower base concentration promotes humin for-
mation, indicated by a lower carbon balance. After stirring a
50 mM HMF solution in 1 M KOH for 20 h, less than 30% of
the original carbon amount could be detected in qNMR, com-
pared to the ~55% obtained in 5 M KOH (Fig. 2a). In addition,
increasing the HMF concentration also has a positive impact
on the yield of Cannizzaro products. This effect is saturated for
HMF concentrations higher than 0.3-0.4 M in 3 M and 5 M
KOH, with a carbon balance of ~60% and ~70%, respectively.
A further increase in carbon balance can be achieved by per-
forming the reaction at 0 °C. Yields of 80-90%, with an
average of about ~85% conversion were detected for concen-
trations of 1 M HMF and 5 M KOH. Time resolved measure-
ments reveal that ~90% of the initial HMF is already trans-
formed during the first 3 h (Fig. S2t). At elevated temperatures,
the carbon balance decreased considerably, again suggesting
increased humin formation. Overall, these results show that
lower KOH concentrations increase the stability of HMF in
basic solution, but favor decomposition into humins instead
of Cannizzaro products. Higher KOH concentrations do result
in rapid decomposition of HMF but a more selective trans-
formation into the Cannizzaro products DHMF and HMFCA.
The obtained mixture of the Cannizzaro products is stable in
strongly alkaline media (5 M KOH) for several days and there-
fore allows for a much better storage lifetime (Fig. 2b). The
resulting solution is also stable at elevated temperatures (8 h
at 80 °C), which is industrially relevant.

The stability of the Cannizzaro products in alkaline media
is of importance since it would allow the oxidation of HMF
equivalents at elevated substrate and KOH concentrations, and
therefore reducing liquid waste while it might also rationalize

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 HMF decomposition at different concentrations of HMF and KOH, and temperatures. Results are measured after 20 h. The determined
carbon balance is based on the sum of HMF, DHMF and HMFCA present in the solution. Dashed lines are used as a guide to the eyes. (b) Stability
measurement of a 1 M HMF solution in 5 M KOH. Decomposition of HMF to the Cannizzaro products, DHMF and HMFCA, was performed at 0 °C
during the first 24 h. After 120 h of stirring at RT, temperature stability was evaluated by stirring the solution for 8 h at 80 °C. Quantification was per-
formed using qNMR with DMSO as an internal standard. 100% is based on the initial mass of HMF and assumed to be the starting point at t = 0 h. (c)
LSV curves measured with and without 0.05 M of the resulting Cannizzaro products in 1 M KOH after decomposition (scan rate: 5 mV s%). Potentials
are corrected for the uncompensated solution resistance. (d) Reaction intermediates monitored for the oxidation of a 0.05 M solution of the
Cannizzaro products (based on initial HMF input) in 1 M KOH during constant potential electrolysis (0.50 V vs. Hg/HgO) for 15 min.

the high yields and FE in alkaline HMF oxidation.'*>?*?73
Partial conversion of HMF via the Cannizzaro reaction stabil-
izes the electrolyte during electrochemical oxidation in alka-
line media. To prove that the Cannizzaro products are indeed
oxidized to FDCA via the “indirect” oxidation pathway (Fig. 1a),
including the initial conversion of HMF via the Cannizzaro
reaction and subsequent electrochemical oxidation, we investi-
gated the electrochemical oxidation of HMF and its reaction
intermediates. prepared as
reported in our previous study.*” In short, Ni-foams were
treated in a mixture of FeCl; and H,0, to yield the Fe modified
Ni foams. This results in nanosheet-like structures on the

Fe-modified Ni-foams were

surface of the Ni-foam, which were identified as NiFe-layer
double hydroxide/FeOOH heterostructures (a detailed study is
described in ref. 42). The electrochemical oxidation of the
respective organic substrates was studied using high perform-
ance liquid chromatography (HPLC) and gNMR.

This journal is © The Royal Society of Chemistry 2023

In order to test whether a mixture of HMFCA and DHMF,
resulting from the Cannizzaro reaction of HMF in KOH, can
also be electrooxidized, linear sweep voltammetry (LSV)
measurements (Fig. 2c) were performed. For these experi-
ments, we used an electrolyte with an initial conversion of
HMF (1 M) to HMFCA and DHMF of about ~80% in 5 M KOH.
Further dilution with a KOH solution yielded the desired KOH
and substrate concentrations in the tested electrolytes. As
observed for the oxidation of HMF (Fig. S10-S13), ~400 mA
em™? at 0.50 V vs. Hg/HgO were reached when an electrolyte
containing 50 mM concentration of the organic substrates
(based on the HMF input before degradation in alkaline
media) is oxidized in 1 M KOH (Fig. 2c). As expected for Ni-cat-
alysts, a strong increase in current in the presence of the
organic substrates is observed at potential ranges where Ni** is
typically oxidized to Ni**, visible by the pre-OER peak in the

absence of the organic substrates.>>**** The formation of the

Green Chem., 2023, 25,1797-1802 | 1799
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higher oxidation state of the transition metal is necessary for
the electrochemical oxidation of alcohols and aldehydes.
Thus, the absence of the pre-OER signal is described to be a
result of the altered electrochemical response originating
from oxidation of the organic molecules overlapping with the
oxidation of the transition metal."*">??* To confirm that the
organic substrates are oxidized to FDCA, constant potential
measurements at different potentials (Fig. S141) were used to
determine the faradaic efficiency (FE) as well as to quantify
formed products by HPLC and qNMR. Both measurements
confirmed that DHMF and HMFCA are oxidized to FDCA. FE
towards FDCA of 98%, assuming an average 6 e~ oxidation
for each molecule FDCA, and conversions of 96% were
reached after 15 min of electrolysis at 0.50 V vs. Hg/HgO
(Fig. S15t). While higher potentials lead to lower FE, likely
originating from OER activity, lower potentials reduced the
space-time yields without changing the selectivity (Fig. S147).
It is important to note that the electrolyte is also stable
during electrolysis, revealed by the constant carbon balance.
Investigation of the reaction intermediates confirms simul-
taneous oxidation of both DHMF and HMFCA to FDCA
(Fig. 2d). The presence of HMF during the oxidation, only

a) . .
1000 4 —— 5.0 M KOH without substrate -
& ——0.25 M substrate in 5.0 M KOH
5
< 8004 .
S
2 600 1
(2]
=
[0
©
€ 4004 1
o
3
200 4 .
0 T T T T =
0.2 0.3 0.4 0.5 0.6
Potential / V vs. Hg/HgO
b) 100 T T T T T 100
R
S 80" R = —n- - 580
] - =
= L oy
© g ©
3 60+ -7 460 %
g e -=- FDCA <
5 e - e~ HMF =
c 40q% &7 -4 DHMF 140 §
o o T - v- HMFCA 5
o SR FFCA )
2 20 y =< 420
Q ” =s
o ~.
S s
0Lgeaz = S P PPy S ) LN )
0 100 200 300 400 500
Charge passed / C
Fig. 3 (a) LSV curves measured with and without 0.25 M of the result-

ing Cannizzaro products in 5 M KOH after decomposition (scan rate:
5 mV s7Y). Potentials are corrected for the uncompensated solution re-
sistance. (b) Reaction intermediates monitored for the oxidation of a
0.25 M solution of the Cannizzaro products (based on initial HMF input)
in 5 M KOH during constant potential electrolysis (0.43 V vs. Hg/HgO).
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accessible via oxidation of DHMF, further validates this
finding. The electrochemical oxidation of the Cannizzaro pro-
ducts was also studied using mesoporous cobalt oxide
(m-Coz0,) on carbon paper or unmodified Ni-foams as the
working electrode (section 7). These results demonstrate that
the oxidation of the Cannizzaro products is a more general
phenomenon, which also works for other catalytic systems.
Since the Cannizzaro products are stable in highly alkaline
media, electrochemical measurements can be performed at
elevated KOH and substrate concentrations without being
affected by rapid degradation.’”*® Conducting the electro-
chemical oxidation at fivefold KOH and substrate concen-
tration does result in a shift of the currents to lower poten-
tials (Fig. 3a). Current densities of 100 mA cm™> are now
reached at 0.43 V vs. Hg/HgO compared to 0.46 V vs. Hg/
HgO, respectively. The shift of the anodic currents is likely to
result from the shift of the Ni**/Ni*" pre-OER peak to lower
anodic potentials at higher alkalinity.>® Further, the fivefold
increase in the concentration of the Cannizzaro products and
KOH led to current densities of >1 A cm ™2, reaching the level
of technical processes. Constant potential electrolysis (0.47 V
vs. Hg/HgO; Fig. S1671) resulted in 94% conversion and a FE
towards FDCA of 98% after 50 min of electrolysis.
Investigation of the reaction intermediates (Fig. 3b) again
confirms simultaneous oxidation of both substrates to FDCA
as observed for the oxidation in 1 M KOH. Overall, yields of
~80% based on the initial HMF concentration were achieved,
mainly limited by the conversion of HMF to the Cannizzaro
products. Obvious extrapolation allows even higher current
densities and space-time yields during upscaling when using
suitable electric equipment, which is, however, beyond the
scope of this study. The carbon balance remained at ~80%,
indicating selective oxidation to FDCA.

Conclusions

In this study, the surprisingly high FDCA yields from HMF
electrooxidation under alkaline conditions were investigated.
In highly alkaline media, HMF is selectively converted through
the Cannizzaro reaction to DHMF and HMFCA. Both products
can be electrooxidized to FDCA, rationalizing the high FDCA
yields reported in the literature in spite of the known instabil-
ity of HMF in alkaline solution. Based on these findings, we
present an alternative, “indirect” route for the electrooxidation
of HMF to FDCA. Both DHMF and HMFCA are oxidized simul-
taneously to FDCA while achieving high FE of ~98% at conver-
sions >90%. Due to the stability of the Cannizzaro products,
“indirect” oxidation of HMF to FDCA is possible at both elev-
ated concentrations of base and HMF while avoiding rapid
degradation into humins, improving the atom economy of
alkaline HMF electrooxidation to FDCA. Utilizing this, we
report the “indirect” HMF oxidation to FDCA at current den-
sities >1 A cm™2. This study thus reveals a new approach in the
highly important electrochemical oxidation of HMF to FDCA
by introducing DHMF and HMFCA as stable HMF-equivalents

This journal is © The Royal Society of Chemistry 2023
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in an industrial environment at a performance comparable to
the initial electrolyte.
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