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1. Introduction

The production of valuable biopolymer precursors
from fructoset

Xuan Liu, Daniel Chee Yin Leong and Yujie Sun @ *

The increasing demand for green chemical products calls for the exploration of sustainable and renew-
able carbon resources beyond fossil-based materials, whose utilization inevitably results in environmental
concerns. As such, biomass valorisation has attracted increasing attention because biomass is the most
widely available and sustainable carbon source. Among the available biomass-derived platform chemicals,
5-hydroxymethylfurfural (HMF) has long been regarded as an attractive candidate for the production of
numerous value-added products. Nevertheless, the poor stability, and difficult separation and purification
of HMF from fructose dehydration significantly inhibit its large-scale application. Herein, we report a two-
step process for the direct production of two biopolymer precursors, 2,5-furandicarboxylic acid (FDCA)
and 2,5-bis(hydroxymethyl)furan (BHMF), from fructose, bypassing the isolation of HMF. FDCA and BHMF
are much easier to separate and purify from the reaction mixture than HMF, and they both can replace
petroleum-based counterparts in the syntheses of many industrially important polymers, ranging from
polyesters to polyamides. Optimized fructose dehydration under microwave irradiation achieved a high
HMF vyield (83%) using a biphasic strategy. The subsequent electrocatalytic conversion of the resulting
microwave reaction mixture allowed us to carry out either oxidation or reduction via readily tuning the
electrochemical parameters to yield FDCA or BHMF, respectively. The integration of microwave irradiation
and electrocatalysis in a flow electrolyzer enabled the direct conversion of readily available fructose to
highly valuable FDCA and BHMF without the expensive and challenging step of HMF isolation, suggesting
an economically attractive approach for upgrading carbohydrates.

hand, its reduction product, 2,5-bis(hydroxymethyl)furan
(BHMF), can also be used as a precursor for the synthesis of

The long-term and detrimental consequences of climate
change resulting from continued utilization of fossil reserves
inspire the exploration of alternative carbon resources together
with innovative technologies for the conversion of renewable
and sustainable carbon to fuels, chemicals, and materials.
Within this context, biomass refinery has attracted increasing
attention in the past two decades, particularly in the upgrad-
ing of biomass-derived feedstocks to value-added products."?
One of those products from C6 carbohydrates is 5-hydroxy-
methylfurfural (HMF), which has been referred to as a “sleep-
ing giant” of sustainable chemistry and can act as a platform
compound for the syntheses of numerous commodity chemi-
cals, polymers, plastics, pharmaceuticals, and liquid fuels.**
For instance, its oxidation product, 2,5-furandicarboxylic acid
(FDCA), is a green replacement of terephthalic acid to produce
polyamides, polyesters, and polyurethanes.”>'® On the other
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important renewable biopolymers.

HMF oxidation to produce FDCA has been extensively
studied in both homogeneous and heterogeneous
catalysis.""'> Moderate yields of FDCA (60-80%) could be
achieved using inexpensive homogeneous catalysts like Co
(OAc), and Mn(OAc), at high temperature and under high O,
pressure,” albeit subsequent treatment is required to purify
FDCA and recover the catalysts, raising additional energy and
capital cost. In contrast, relatively higher FDCA yields could be
obtained with heterogeneous catalysts; however, most of them
consist of noble metals such as Pt, Pd, and Au.'*'®* With the
aim of substantially decreasing the energy input and financial
investment, electrocatalytic oxidation of HMF to FDCA in
aqueous media under ambient conditions has emerged as a
very promising strategy. Indeed, many research groups, includ-
ing ours, have been devoted to designing and developing
various low-cost electrocatalytic systems, most of which are
solely composed of earth-abundant elements, for the electro-
catalytic production of FDCA from HMF oxidation."'®*®

A similar scenario can be drawn for the reductive trans-
formation (hydrogenation) of HMF to BHMF. Conventional
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thermocatalysis is typically conducted under harsh conditions,
such as high temperature and high pressure (8-65 bar), using
H, as the hydrogen source in the presence of heterogeneous
catalysts, such as Pt, Ir, and Au.'®?® Apparently, H, itself is a
high-cost hydrogen source, and such a HMF hydrogenation
step usually exhibits low H, utilization.>'* Parallel to the
growing interest in the electrocatalytic oxidation of HMEF,
electrocatalytic hydrogenation has very recently attracted atten-
tion as a green and inexpensive method for converting HMF to
BHMTF, although the electrochemical reduction of ketones and
aldehydes to alcohols has been known for decades.”*** To
date, Pd and Ag have been identified as particularly effective
for the electrocatalytic hydrogenation of HMF to BHMF in
aqueous electrolytes, utilizing water as the hydrogen
source.”**°

Owing to the large amount of demand for HMF, a signifi-
cant amount of effort has been devoted to developing effective
means for HMF production, among which a common strategy
is fructose dehydration (Table 1). For instance, Riisager et al
reported the microwave-assisted dehydration of fructose cata-
lyzed by HCI in water at 200 °C, and an HMF yield of 53% was
obtained (entry 1). However, side reactions, such as polycon-
densation and rehydration of HMF, are also favoured in pure
aqueous media.*® In order to minimize side reactions, organic
solvents, including dimethylacetamide (DMA, entry 2),
dimethyl sulfoxide (DMSO, entry 3), and formic acid (entry 4),
have been found to exhibit decent HMF yields, ranging from
73% to 93%.%"*> However, a much longer reaction time (>2 h)
was required. Furthermore, the high boiling points of these
organic solvents also render the downstream separation
difficult. More recently, Dumesic and co-workers reported the
effectiveness of biphasic solvents, such as y-valerolactone
(GVL) and water, for fructose dehydration, with HMF yields of
70% (entry 5) and 78% (entry 6).*>** It was rationalized that
biphasic media would favor the extraction of HMF from the
aqueous phase to the organic phase and limit the formation of
by-products like humins. When the starting concentration of
fructose was as low as 1 wt%, Dumesic’s group reported that a
high HMF yield of 97% could be achieved in a mixture of
acetone and water (entry 7).*> However, very low substrate con-
centration inevitably means the utilization of a large amount
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of solvent, which substantially diminishes the potential for
large-scale employment. When the fructose loading was
increased to 30 wt%, a rather complex solvent mixture of water
and methylisobutylketone (MIBK) with additives of DMSO,
poly(1-vinyl-2-pyrrolidinone) (PVP), and 2-butanol resulted in a
73% HMEF yield (entry 8).>° This system was later simplified by
using a mixture of saturated NaCl aqueous solution and
1-butanol; however, the HMF yield (66%) was lower (entry 9).®
More recently, a microwave-assisted biphasic mixture of
aqueous KBr and acetonitrile produced a decent HMF yield
(85%) from fructose dehydration; however, the fructose con-
centration (10 wt%) was still quite low.*”

These aforementioned accomplishments would naturally
result in an impression that these technologies should already
be adopted in industry; however, this has not yet been realized.
The appealing synthetic promise of HMF results from its three
functional moieties: a furan ring, a hydroxymethyl group, and
an aldehyde. The reactivity of HMF in the syntheses of valuable
products is also the very reason for its susceptibility towards
hydrolysis and other side reactions during its own synthesis
from carbohydrates (e.g., fructose). Prolonged storage of HMF
in its oily state will lead to rapid and irreversible oligo polymer-
ization into insoluble humins. Besides poor chemical stability,
the large-scale production of HMF also suffers from its chal-
lenging isolation and purification from reaction mixtures.
Distillation is not an ideal option, as elevated temperature will
facilitate the undesirable formation of humins. Overall, the
limited stability and difficult isolation of HMF severely under-
mine its potential for large-scale synthetic purposes. It should
be noted that in most of the fructose dehydration studies
reported previously, the HMF yields were determined via
HPLC or GC. Isolated HMF yield has rarely been reported,
most likely due to the challenges in its isolation and purifi-
cation as well as the low concentration of fructose usually uti-
lized. As shown in Fig. 1a, even though HMF is regarded as a
biomass-derived platform chemical, its own production has
become the bottleneck for the syntheses of valuable chemicals
because of its poor stability and difficult isolation. In order to
overcome these obstacles, we reason that it is very appealing to
synthesize value-added products directly from fructose without
the separation of HMF in the middle of the entire process,

Table 1 A summary of the representative conditions and yields for the conversion of fructose to HMF

Entry Catalyst Solvent Con. (Wt%) T (°C) Time (min) Yield (%) Ref.
1 HCI H,O 27 200° 1 53 30
2 H,S0, DMA + NaBr 10 100 240 92 31
3 H,SO, DMSO 16 100 300 93 32
4 H,S0, HCOOH 16 150 120 73 32
5 HCI GVL + H,O 15 180 30 70 33
6 HCI GVL + H,O 1 100 60 78 34
7 HCI Acetone + H,O 1 120 30 97 35
8 HCl H,0 + DMSO + PVP + MIBK + 2-butanol 30 180 3 73 36
9 HC1 NacCl (aq.) + 1-butanol 30 180 3 66 3
10 HCI KBr (ag.) + MeCN 10 160° 1 85 37

“Under microwave irradiation.
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Fig. 1 (a) Conventional strategies for the syntheses of value-added pro-
ducts from carbohydrates (e.g., fructose), with HMF produced as a key
intermediate. (b) Our approach for the direct production of FDCA and
BHMF from fructose without the isolation of HMF.

which should significantly simplify the overall route and
reduce cost.

Herein, we report an innovative strategy for the syntheses of
FDCA and BHMF from fructose, taking the advantages of
microwave-assisted fructose dehydration and electrocatalytic
conversion of HMF in the reaction mixture under ambient con-
ditions (Fig. 1b). A biphasic solvent system compatible with
the subsequent electrocatalysis was adopted to perform fruc-
tose dehydration under microwave irradiation, and an HMF
yield of 83% was obtained even when a very high fructose con-
centration (100 wt%) was utilized. The resulting microwave
reaction mixture could be used for either electrocatalytic oxi-
dation or electrocatalytic hydrogenation to produce FDCA or
BHMF, respectively, under appropriate conditions. Nearly
quantitative yields of FDCA and BHMEF, together with high far-
adaic efficiency, were obtained. Long-term electrolysis in a
flow-cell electrolyzer was also employed to demonstrate the
practical potential of our strategy for large-scale application.

2. Experimental section
2.1 Chemicals and reagents

The following chemicals were purchased and used as received:
fructose, 5-hydroxymethylfurfural (HMF) and 2,5-furandicar-
boxylic acid (FDCA) were purchased from J&K Scientific, Alfa
Aesar, and Chem-Impex, respectively. AgNO;, NiCl,-6H,O and
NaOH were purchased from Fisher Scientific. Nickel and
copper foam with >99.99% purity were purchased from MTI.
Deionized water (18 MQ cm) from a Barnstead E-Pure system
was used in all experiments. All the other reagents and sol-
vents were purchased from commercial sources and used
without purification.

This journal is © The Royal Society of Chemistry 2020
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2.2 Fructose dehydration under microwave irradiation

To a 40 mL microwave vessel with a magnetic stir bar and con-
taining fructose (1.5 g) was added 1.5 mL saturated NaCl
aqueous solution containing 70 pL (10 mol% vs. fructose) HCI.
Then, 3 mL THF was added to the vessel, and the biphasic
mixture was subjected to microwave irradiation (CEM
Discover) for a certain period of time. With the microwave
irradiation power of 150 W, it took ~45 s to reach 140 °C. After
a certain period of reaction time, the vessel was cooled down
to room temperature immediately. Subsequently, the rection
mixture was diluted with DI water for further HPLC analysis or
electrolysis.

The weight percentage of fructose was calculated based on
the following equation,* ™"

mass of solute

x100% .
mass of solvent (H,0)

Weight percentage (wt%) =

2.3 Preparation of electrodes

Ni/NF was prepared by cathodic electrodeposition of nickel
particles on nickel foam. The electrodeposition was carried
out with a two-electrode configuration in a cell containing
50 mL NH,CI (2.0 M) and NiCl, (0.1 M) at room temperature. A
piece of clean nickel foam (1 x 3 cm®) and a carbon rod were
used as the working and counter electrodes, respectively. The
electrodeposition was performed at a constant current of —0.4
A for 0.5 h under N, protection without stirring. Ag/Cu was
prepared by dipping copper foam (1 x 3 cm?) into 1 mM
AgNO; solution for 12 h and washing with water.

2.4 Electrochemical measurements for batch electrolysis

Electrochemical measurements were performed using a
BioLogic potentiostat in a three-electrode configuration. The
as-prepared Ni/NF (or Ag/Cu) was directly used as the working
electrode, a saturated calomel (sat. KCI) electrode as the refer-
ence electrode, and a carbon rod as the counter electrode. The
experiments were conducted in 10 mL electrolyte with and
without organic substrate in an H-cell.

2.5 Electrolysis in continuous flow mode

Three pieces of Ni/NF (or Ag/Cu) (1 x 3 cm?*) were compressed
and used as the working and counter electrodes. Working and
counter chambers were separated by an anion exchange mem-
brane (Fumapem FAA-3-50). Electrolyte for the electrocatalytic
hydrogenation of HMF was bubbled with N, for 15 min prior
to utilization. Flow rates were controlled by peristaltic pumps
from Miniature (BQ50-1J-]) and Karmoer (KCP3-B08 W).

2.6 Product quantification

During electrolysis, 10 puL of each electrolyte solution was with-
drawn and diluted with 990 pL water, then analyzed at 25 °C
using a Hitachi infinity 1050 HPLC system equipped with an
ultraviolet-visible detector and a 4.6 mm x 150 mm Shim-pack
GWS 5 pm C18 column. A mixture of eluting solvents (A and B)
was utilized. Solvent A was 5 mM ammonium acetate aqueous
solution, and solvent B was methanol. Separation and quantifi-
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cation were accomplished using an isocratic elution of 60% A
and 40% B for 5 min run time, and the flow rate was set at
0.5 mL min~"' for the quantification of HMF and FDCA.
Separation and quantification were accomplished using an iso-
cratic elution of 85% A and 15% B for 15 min run time, and
the flow rate was set at 0.5 mL min~" for the quantification of
HMEF and BHMF. The identification and quantification of each
compound were determined from the calibration curve by
applying standard solutions with known concentrations of the
commercially purchased pure sample. The retention and con-
version (%) of HMF and the yield (%) of products were calcu-
lated based on the following equations:

mole of substrate after reaction

. X100%
mole of initial substrate ?

Retention (%) =

mole of substrate consumed

Conversion (%) = x100%

mole of initial substrate

_ mole of product formed

Yield (%) = X 100% .
(%) mole of initial substrate ?

The faradaic efficiency (FE) of product formation was calcu-
lated using the following equation:

mole of product formed
FE (%) =

_ 1009
total charge passed/(n x F) 1 100%

where n is the number of electrons transferred for each
product formation, and F is the Faraday constant (96485 C
mol ™).

2.7 Gram-scale synthesis of FDCA and BHMF

The biphasic solution after fructose dehydration reaction was
diluted with DI water to a homogeneous solution containing
50 mM fructose-derived HMF. For HMF oxidation, NaOH was
added to the above solution until it reached 1.0 M, which was
used as the electrolyte. For HMF hydrogenation, a solution
containing 30 mM fructose-derived HMF in 0.5 M borate
buffer was prepared in the same way. Three pieces of Ni/NF (or
Ag/Cu) (4 x 7 em®) were compressed and used as the working
electrodes. Electrolyte for the electrocatalytic HMF hydrogen-
ation was bubbled with N, throughout the electrolysis. The
applied current was 400 and —40 mA at flow rates of 15 and
5 mL h™" for electrocatalytic HMF oxidation and hydrogen-
ation, respectively.

2.8 Post-processing during the gram-scale synthesis of FDCA
and BHMF

To a 250 mL outlet solution of electrocatalytic HMF oxidation
was added hydrochloric acid to pH 3, and the solvent was
removed under vacuum. 350 mL n-butanol was added to the
resulting solid and stirred for 0.5 h. The mixture was filtered,
and the filtrate was dried under vacuum. The thus obtained
solid phase was washed with a small amount of acetone to
yield FDCA as a white solid. The outlet solution of electro-
catalytic HMF hydrogenation was extracted with ethyl acetate
and dried under vacuum. BHMF was obtained via recrystalliza-
tion in methanol and diethyl ether.

6534 | Green Chem., 2020, 22, 6531-6539

View Article Online

Green Chemistry

3. Results and discussion
3.1 Microwave-assisted fructose dehydration

Different from conventional heating methods, microwave
irradiation more effectively provides kinetic energy input to
substrates and results in simultaneous and even temperature
increase throughout the reaction medium and, hence,
shorter reaction time and less side reactions.*® As such,
microwave irradiation has been widely recognized as a green
synthetic approach that has been successfully applied not
only in laboratories but also in industry.***° In order to
design a synthetic route for the conversion of fructose to
FDCA (or BHMF) directly without the isolation of HMF, it is
essential that the solvent system adopted for the microwave-
assisted fructose dehydration be compatible with the sub-
sequent electrochemical step(s). Consequently, the reported
organic solvents (e.g., acetone and 1-butanol) and additives
(e.g., Br- and formic acid) are no longer appropriate.
Furthermore, in order to simplify the separation of final pro-
ducts, organic solvents with high boiling points, such as
DMSO and DMA, are better avoided. With these consider-
ations and a thorough literature study in mind, we proposed
a biphasic solvent system consisting of saturated NaCl
aqueous solution and THF for fructose dehydration under
microwave irradiation.*”*' Even though water and THF are
miscible, the very high concentration of NaCl in water makes
it immiscible with THF due to the salting out effect. Such a
biphasic solvent system favours the migration of HMF from
the aqueous phase to the organic phase, therefore diminish-
ing HMF rehydration. In addition, the presence of Cl~ is able
to stabilize the intermediates of fructose dehydration and
thus suppress the formation of side products from
polycondensation.**

Specifically, microwave-assisted fructose dehydration was
performed at 140 °C with 10 mol% (vs. fructose) HCI as the
catalyst. A representative image of the reaction vial post-micro-
wave treatment, shown in Fig. S1,7 clearly presents two distinc-
tive layers, confirming the separation of the organic phase (top
layer) from the aqueous phase, wherein the much darker
colour of the organic phase implied the favourable distribution
of HMF (and other organic side products) in the top layer.
With the aim of large-scale application, high fructose concen-
tration and fast reaction time are very much preferred.
Therefore, we systematically optimized the starting concen-
tration of fructose and the duration of microwave irradiation.
The final HMF yields were quantified via HPLC. As summar-
ized in Fig. 2 and Table S1,7 fructose concentration was varied
from 20 wt% to an unprecedentedly high 200 wt%, and the
microwave treatment was increased from 0.1 to 2 min. The
highest HMF yield of 83% was obtained with 100 wt% fructose
concentration and merely 1 min of microwave treatment. It
should be noted that even the 200 wt% loading of fructose was
also able to produce HMF with a yield of 73% within 0.5 min
of microwave irradiation. Such a high fructose starting concen-
tration, together with a decent HMF yield, has never been
reported before (Table 1), strongly suggesting the promise of

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 HMF yields from microwave-assisted fructose dehydration with
varying fructose starting concentrations and microwave irradiation
durations.

our microwave-assisted biphasic solvent system for the practi-
cal dehydration of fructose on a large scale.

3.2 Electrooxidation of fructose-derived HMF in a batch
electrolyzer

Even though electrochemical oxidation of HMF to yield FDCA
and other oxidized products has been extensively studied these
years, all the HMF used are purchased commercially, with
high purity (>95%). There have been no reports on the direct
electrosynthesis of FDCA from the reaction mixture of fructose
dehydration. Herein, we decided to carry out the electro-
chemical study of fructose dehydration solution with nickel
foam (NF) decorated with electrodeposited nickel nano-
particles (Ni/NF) as the working electrode, since our previous
work demonstrated the superior effectiveness of Ni/NF for the
electrooxidation of pure HMF to produce FDCA under alkaline
conditions.’®"® As a comparison, cyclic voltammogram of
Ni/NF was also collected in blank 1.0 M NaOH. A distinctive
Ni"™" redox feature was observed in the potential range of 0.2
and 0.7 V vs. SCE. Beyond 0.7 V vs. SCE, an anticipated current
rise due to the O, evolution reaction (OER) was confirmed
(Fig. 3a). Subsequently, electrochemical study of our fructose-
derived HMF was performed. Since the as-obtained HMF solu-
tion after fructose dehydration was still biphasic, it was
diluted with DI water to prepare a homogeneous solution con-
taining 10 mM fructose-derived HMF. Afterwards, solid NaOH
was added to reach 1.0 M NaOH solution, which was used as
the electrolyte. A substantially higher current was observed
after the Ni"™" anodic peak compared to that in blank 1.0 M
NaOH solution, implying the oxidation of HMF and/or other
remnants from the microwave irradiation reaction. A plateau
was observed in the range of 0.62 and 0.72 V vs. SCE. In order
to achieve high faradaic efficiency, long-term electrolysis was
performed at 0.7 V vs. SCE, prior to the OER onset. Fig. S2f
shows the decreasing chronoamperometric curve and the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Cyclic voltammograms of Ni/NF in blank 1.0 M NaOH (black)
and 1.0 M NaOH containing 10 mM fructose-derived HMF (red) (scan
rate = 10 mV s™%). (b) Evolution of the FDCA yield and the corresponding
faradaic efficiency during electrolysis in a batch electrolyzer at an
applied potential of 0.7 V vs. SCE.

accumulation of passed charge during electrolysis. The rate of
charge accumulation decreased with the decreasing current.
This observation is consistent with the consumption of HMF
in the electrolyte. HPLC was utilized to quantify the amount of
produced FDCA, and the faradaic efficiency was also calculated
(Fig. S3t). After passing the charge of 60 C, nearly 100% yield
was achieved for FDCA formation together with a faradaic
efficiency of 96% (Fig. 3b). It should be noted that the calcu-
lated faradaic efficiency remained as high as >80% during the
entire course of electrolysis, suggesting no appreciable inter-
ference of OER. More importantly, the very high FDCA yield
and its faradaic efficiency also confirmed that the presence of
any residual chemicals like THF, Cl7, and other potential side
products from the microwave-assisted fructose dehydration
did not affect the electrooxidation of HMF to FDCA in our
system.

3.3 Electrooxidation of fructose-derived HMF in a flow
electrolyzer

The aforementioned results obtained in a batch electrolyzer
unambiguously proved the feasibility of our strategy in fruc-
tose conversion to FDCA. Nevertheless, the decreased current
due to the substrate consumption in a batch electrolyzer will
undoubtedly lead to long electrolysis time and low efficiency.
With the aim of practical application, we next sought to
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conduct the electrooxidation in a flow electrolyzer (Fig. S47). In
fact, flow electrolysis has witnessed great success for many
organic reactions, not only on a lab scale but also in
industry.**™*

Prior to utilizing the microwave reaction mixture after fruc-
tose dehydration for flow electrolysis, we first used pure HMF
to optimize the electrolysis conditions. As plotted in Fig. 4a,
the cyclic voltammograms of Ni/NF collected in a two-electrode
configuration also presented a Ni"" redox feature in 1.0 M
NaOH. Once 20 mM HMF was added to the flow electrolyte, an
anodic current increase was observed when the applied voltage
on Ni/NF was larger than 1.5 V, and a maximum current
density of 10 mA cm™> was obtained at 1.65 V before the OER
onset. In order to study the relationship between catalytic rate
and HMF concentration, a series of CV curves were collected
with different HMF concentrations (Fig. S51). Fig. S4bt clearly
showed the increased maximum current density with increas-
ing HMF concentration in a relatively low concentration range.
However, a plateau was observed when the HMF concentration
was higher than 4 mM. Electrolyte flow rate is another crucial
factor in controlling electrolysis efficiency. Fig. 4c shows the
dependence of current maximum on the electrolyte flow rate
when five different electrolytes, containing 1, 2, 4, 6, and
8 mM HMF, were tested. Different from those electrolytes with
very low HMF concentration (like 1 mM), once the HMF con-
centration was larger than 6 mM, no significant current
increase was observed along the increase of electrolyte flow
rate in our flow electrolyzer setting (Fig. 4c and S6t). A series
of long-term electrolyses was conducted at different applied
voltages, ranging from 1.4 to 1.8 V. Fig. 4d shows the chron-
oamperometric curves for 20 mM HMF oxidation in 1.0 M
NaOH with an electrolyte flow rate of 5 mL h™'. The fluctu-
ation of the chronoamperometric curves obtained at 1.7 and

a —— NoHMF b c ——————4
12{ ——20 mM HMF g 16 = —
0 —n S — ]
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Fig. 4 (a) Cyclic voltammograms of Ni/NF before and after the addition
of 20 mM HMF in 1.0 M NaOH using a two-compartment flow cell (scan
rate = 10 mV s7%). (b) Dependence of the current density maximum with
varying HMF concentrations in 1.0 M NaOH. (c) Dependence of the
current density maximum with varying HMF concentrations on the flow
rate of the electrolyte. (d) Chronoamperometric and (e) charge accumu-
lation curves from the electrooxidation of 20 mM HMF in 1.0 M NaOH
using a flow electrolyzer with different applied voltages (flow rate =
5 mL h™). (f) Dependence of the FDCA yield and its corresponding fara-
daic efficiency on the applied voltage during flow electrolysis.

6536 | Green Chem., 2020, 22, 6531-6539

View Article Online

Green Chemistry

1.8 V was likely due to the formation and release of O, bubbles
on Ni/NF. In striking contrast to the decreasing chronoampero-
metric curves over time in batch electrolysis (Fig. S2t), flow
electrolysis presented very stable current at all the applied vol-
tages and, hence, linearly increasing accumulation of passed
charge (Fig. 5e). The concentrations of residual HMF and pro-
duced FDCA in the outlet electrolyte flow were quantified via
HPLC (Fig. S77). Fig. 4f summarizes the results of flow electro-
lysis at different applied voltages. When the applied voltage
was as low as 1.4 V on Ni/NF, a unity faradaic efficiency was
obtained for FDCA formation, albeit its yield was only 20%.
Along with the increase of applied voltage, a substantial
increase in FDCA yield was achieved with a slightly decreasing
faradaic efficiency. The optimal result was obtained at 1.7 V,
where both FDCA yield and the corresponding faradaic
efficiency were above 90%. Further increasing the applied
voltage to 1.8 V would result in severe interference of OER and
hence a low faradaic efficiency (47%); nevertheless, the FDCA
yield was still as high as 97%. With an increase of the working
electrode area from 3 to 28 cm? an improved faradaic

q 025

—e— Batch electrolysis
0.204 —=—Flow electrolysis
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0.101
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FDCA yield (mmol)
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Fig. 5 (a) FDCA yield over time during electrolysis, using either a batch
electrolyzer (black) or a flow electrolyzer (red). (b) Chronoamperometric
curves from the electrooxidation of the microwave reaction mixture of
fructose dehydration in 1.0 M NaOH using the same Ni/NF working elec-
trode for four consecutive flow electrolysis cycles. The HMF concen-
tration was measured at 20 mM in the electrolyte, and the applied
voltage was 1.8 V.

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0gc02315a

Published on 11 September 2020. Downloaded by UNIVERSITY OF CINCINNATI on 12/10/2020 6:10:43 PM.

Green Chemistry

efficiency of 92% could be achieved at 1.5 V, while a 95%
FDCA yield was maintained, owing to less competing OER
activity at lower potentials compared to that with a small elec-
trode at 1.7 V (Fig. S8%).

After the above study on electrooxidation of HMF in a flow
electrolyzer, we next performed electrolysis using the reaction
mixture after the microwave-assisted dehydration of fructose
in 1.0 M NaOH. As shown in Fig. S9,f no HMF was detected in
the outlet electrolyte when the electrolysis was conducted at
1.8 V, and a 96% yield was measured for FDCA, which was
comparable to the results of batch electrolysis. However, the
advantage of flow electrolysis was manifested in the linearly
increased amount of produced FDCA, while the yield from a
batch electrolyzer was limited by the original HMF concen-
tration. As demonstrated in Fig. 5a, a flow electrolyzer already
produced two times more FDCA than a batch electrolyzer
within 2.5 h electrolysis in our systems. Four consecutive elec-
trolysis cycles using the same Ni/NF electrode resulted in iden-
tical current density (Fig. 5b), which illustrates the excellent
robustness of our flow electrolysis system and its strong resis-
tance towards those additives and impurities from the pre-step
of fructose dehydration. To further demonstrate the scalability
of the FDCA production using this flow electrolyzer, the gram-
scale production of FDCA was also carried out. Starting with
2.5 g fructose, our two-step process could produce 1.7 g iso-
lated FDCA with an overall yield of 76%. Fig. S10f shows a
photograph of FDCA as a white solid, and its "H and *C NMR
spectra are included in Fig. S11 and S12,7 respectively.

3.4 Electrocatalytic hydrogenation of fructose-derived HMF
in a flow electrolyzer

Our strategy in converting fructose to value-added products is
not limited to the production of FDCA via electrochemical oxi-
dation. Instead, owing to the flexible tunability of electrocataly-
sis, it is equally feasible to conduct electrocatalytic hydrogen-
ation of the resulting microwave reaction mixture in aqueous
electrolyte to yield another valuable biopolymer precursor,
BHMF.

A porous copper foam was immersed in a 1 mM AgNO;
solution for 12 h to galvanically deposit a silver layer on
copper. The resulting Ag/Cu foam was used as the working
electrode for the electrocatalytic hydrogenation. Similar to the
above electrooxidation, electrocatalytic hydrogenation was first
performed in a three-electrode configuration. As shown in
Fig. S13,F the linear sweep voltammogram (LSV) of Ag/Cu col-
lected in a pristine borate buffer at pH 9 presented a cathodic
current take-off beyond —1.0 V vs. SCE, most likely due to H,
evolution (HER). The electrolyte of 0.5 M borate buffer contain-
ing 10 mM fructose-derived HMF was prepared by adding
boric acid and NaOH into the diluted solution of fructose de-
hydration. A substantial anodic shift of the LSV curve was
observed with a new onset potential at —0.85 V vs. SCE in the
electrolyte containing fructose-derived HMF. A current plateau
between —0.96 and —1.05 vs. SCE was attributed to the limited
mass diffusion of HMF in the electrolyte, followed by a rapid
cathodic current rise of HER beyond —1.1 vs. SCE. A similar
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trend of HMF being reduced at more positive potential than
H,0 was also observed in a flow electrolyzer (Fig. 6a).
Subsequently, long-term electrolysis in a two-electrode con-
figuration was carried out using a flow electrolyzer, as
described above for electrooxidation. The only difference was
that the working electrode was Ag/Cu. Fig. 6b presents the
HMF retention and BHMEF yield for three flow electrolysis
experiments conducted at different applied voltages, —1.5,
—1.7, and —1.9 V. It is apparent that best result was obtained
with a voltage input of —1.9 V, which led to nearly zero HMF
retention, while a very high BHMF yield of 97% was achieved.
The concentrations of HMF and BHMF in the outlet flow of
the electrolyte during flow electrolysis were both quantified via
HPLC (Fig. S141). In addition, two consecutive flow electrolysis
set-ups using the same flow electrolysis setting but with
different microwave reaction mixtures showed perfectly over-
lapped HPLC traces (Fig. S151), confirming the reproducibility
of our flow cell system for the electrocatalytic hydrogenation of
fructose dehydration mixture to synthesize BHMF directly.
Gram-scale production of BHMF from fructose-derived HMF
was obtained with an isolated yield of 72% (1.2 g) starting
from fructose, highlighting the promise of our strategy for
large-scale synthesis. The corresponding 'H and *C NMR
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Fig. 6 (a) LSV curves collected on a Ag/Cu electrode in blank 0.5 M
borate buffer (pH 9.0) (black) and in 0.5 M borate buffer containing
10 mM fructose-derived HMF (red) (scan rate = 10 mV s™). (b) HMF
retention and BHMF yield from flow electrolysis performed at different
applied voltages.
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spectra of the synthesized BHMF are shown in Fig. S16 and
$17.%

4. Conclusions

In summary, an innovative strategy has been developed for the
direct synthesis of value-added biopolymer precursors (e.g.,
FDCA and BHMF) from fructose. Troublesome and high-cost
HMF isolation as an intermediate step is completely avoided.
Given the unique advantages of microwave-assisted biphasic
dehydration, integrated with electrocatalytic transformation
for both oxidation and hydrogenation, we achieved superior
results for the overall process, including a high HMF yield
from unprecedentedly concentrated fructose solution (up to
200 wt%) within minutes and great yields of FDCA and BHMF,
as well as excellent faradaic efficiency. Such a modular strategy
is very convenient for modification to meet the requirements
of many other reaction sequences if a challenging intermediate
step needs to be bypassed; thus, it presents great potential for
much broader applications beyond biomass valorisation.
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