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Introduction

Optimization of 5-hydroxymethylfurfural oxidation
via photo-enzymatic cascade processt

Marcelo A. do Nascimento,®® Bernardo Haber,® Mauro R. B. P. Gomez,?

Raquel A. C. Ledo,? Mariusz Pietrowski, 2 © Michat Zielinski, (=

Rodrigo O. M. A. de Souza, () Robert Wojcieszak ) **? and Ivaldo Itabaiana, Jr**
This study investigated the oxidation of 5-hydroxymethylfurfural (HMF) to produce valuable products such
as 2,5-furandicarboxaldehyde (DFF), 5-formyl-2-furancarboxylic acid (FFCA) and 2,5-furandicarboxylic
acid (FDCA) through (photo) chemical and enzymatic catalysis. Laccases from different sources, including
Aspergillus spp., Pseudomonas cepacea, and Trametes versicolor, were evaluated for their catalytic
activity in the HMF oxidation. Laccase from Trametes versicolor (LacTV) emerged as the most effective
catalyst, achieving complete conversion of HMF under specific pH conditions. The reaction mechanisms were
explored, revealing a preference for the primary alcohol oxidation pathway over the aldehyde, leading to the
formation of DFF and subsequent conversion to FFCA and FDCA. The impact of substrate concentration on
HMF conversion was examined, revealing optimal conversion at lower HMF concentrations (<100 mM) and
reduced performance at higher concentrations (>100 mM). The study also examined the influence of blue
light (430 nm) on this reaction, revealing the dependence on light exposure for gCzN4 based catalysts and a
negative effect for LacTV. Furthermore, the study introduces a modular flow chemical platform that utilizes
Continuous Stirred Tank Reactors (CSTR) in a cascade configuration, the optimization of HMF oxidation. The
implementation of this innovative approach has led to the effective synthesis of FDCA, demonstrating an
impressive 40-fold increase in productivity compared to the traditional batch system. These results present
significant potential for advancing green chemistry and sustainable chemical synthesis, introducing novel pos-
sibilities for environmentally friendly HMF oxidation processes.

cals produced from sustainable bio-substances by the United
States Department of Energy.” It is widely known as “the sleep-

Developing sustainable and environmentally friendly chemical
processes is paramount in contemporary research. Among the
diverse platforms for sustainable chemical synthesis,
5-hydroxymethylfurfural (HMF) is one strategic chemical com-
pound that has attracted increasing attention in the last ten
years.”” HMF, a biobased compound derived from renewable
resources via dehydration of carbohydrates such as levogluco-
san,® has been listed as one of the top-12 value-added chemi-
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ing giant”® with the potential to be used as a commodity
chemical due to the vast industrial application of its deriva-
tives through enzymatic or chemical transformations.®
Oxidation of HMF provides several value-added chemicals
such as 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furancar-
boxylic acid (HMFCA), 5-formyl-2-furancarboxylic acid (FFCA),
2,5-furandicarboxylic acid (FDCA). These oxidized derivatives
of HMF are applied as a building block in drugs, monomers
for synthesizing polymers,”® and polymers, among other
furan-based products (Fig. 1).>°"*

Several conventional chemical methods have
employed to oxidize HMF using various chemical catalysts.
Nowadays, the use of enzymatic catalysis for the selective oxi-
dation of HMF has garnered significant interest due to its
ability to provide remarkable regio- or stereoselectivity, effec-
tively address environmental pollution concerns, and offer an
ecologically sustainable reaction system.'* Therefore, laccases
deserve special attention. Their natural substrates are the phe-
nolic residues of wood lignin, including suitable mediators,
even in catalytic quantities, which enable the oxidation of non-

been
12,13
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Fig.1 HMF and value-added oxidized derivatives. 2,5-diformylfuran
(DFF), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 5-formyl-2-
furancarboxylic acid (FFCA), 2,5-furandicarboxylic acid (FDCA) and
5-hydroxymethylfurfural (HMF).

phenolic substrates by this enzyme.'*"® Laccases are enzymes
belonging to the multicopper oxidase family that catalyze the
oxidation of a wide range of substrates, including phenols, aro-
matic amines, and aliphatic amines, effectively reducing mole-
cular oxygen to water.'” It is widely distributed in nature and
found in bacteria, fungi, higher plants, and insects.'”'®

The pioneering study on the biotransformation of HMF was
conducted by Koopman et al. They investigated the conversion
of HMF to FDCA using a fed-batch fermentation approach.
Using recombinant Pseudomonas putida S12, engineered with
the hmfH gene encoding an oxidoreductase, they achieved a
97% FDCA yield within 144 h.'® This study highlighted the sig-
nificance of the AmfH gene in facilitating the successful con-
version process.

The biocatalytic conversion of HMF to FFCA was proposed
by Krystof et al. They conducted extensive investigations
exploring various strategies to achieve the selective oxidation
of HMF, explicitly focusing on utilizing a catalytic system com-
prising lipase B from Candida antarctica (CaLB) and TEMPO
for the oxidation of HMF. Through this innovative CaLB-
mediated oxidation process, they successfully achieved an
FFCA yield of 52% within a 24-hour timeframe in a ¢-butanol
system.”® Carro et al. investigated the capacity of fungal aryl
alcohol oxidase (AAO) to oxidize HMF. The findings revealed a
high efficiency in the partial oxidation of HMF to FFCA, result-
ing in a yield of 98% after 4 h.*! In addition, Dijkman and
Fraaije employed the HMF oxidase Methylovorus sp. MP688 for
the synthesis of FFCA. They achieved an impressive yield of
92% for FFCA after 5 hours of the HMF oxidation process.*

In this context, this research investigated the dynamics of
HMF oxidation, focusing on optimizing the process and eluci-
dating the underlying mechanisms. Two main approaches are
explored: enzymatic catalysis using laccases and photocatalytic
oxidation. Laccases, versatile metalloenzymes, have exhibited
remarkable potential in mediating the selective oxidation of
HMTF, offering a greener and more sustainable route to chemi-
cal transformation. In parallel, photocatalytic reactions invol-
ving innovative catalysts such as graphitic carbon nitride
(gC3N, and 1%Pd/gC;N,) promise efficient and environmen-
tally benign HMF oxidation.

g-C;3N, is a polymeric semiconductor that can be obtained
by thermal condensation of nitrogen-rich precursors such as
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Fig. 2 Triazine and heptazine-based layer structure gCsNa,.

cyanamide, dicyandiamide, melamine, urea, thiourea, and
ammonium thiocyanate (Fig. 2).>*

It stands out as an exceptionally active photocatalyst. The
framework topology of the linear polymer “melon” is pre-
sumed to consist of interconnected tri-s-triazines via second-
ary nitrogen, while defect-rich C;N, takes the form of p-conju-
gated planar 2D sheets of poly(tri-s-triazines) interconnected
via tertiary amines. Efforts to enhance the separation/transfer
efficiency of photogenerated electron-hole pairs in g-C;N,
based photocatalysts involve strategies like doping the C;N,
structure with metals, modifying the synthesis method, per-
forming post-treatments, controlling defects, and combining it
with other structures. Among recent strategies, g-C3N, based
heterostructures show promise due to their ability to spatially
separate photogenerated electron-hole pairs, suppressing
recombination. The rational design of g-C3;N, based hetero-
structures holds potential for creating highly efficient visible-
light-driven photocatalysts with applications in chemical syn-
thesis, environmental remediation, and energy-related
processes.

In this work we used a modular flow chemistry platform
through continuous stirred tank reactors (CSTR) in cascade
configuration to optimize HMF oxidation and maximize FDCA
production via enzymatic and photocatalytic processes. In
summary, this research contributes to the growing knowledge
of more sustainable chemical synthesis. It offers insights into
the efficient production of valuable chemicals from renewable
resources, with implications for various industries and
applications.

Results and discussion
Screening of laccases

The HMF oxidation reaction was initially used as a model in
the screening performed with laccases from Aspergillus spp.
(LacAsp), Pseudomonas cepacea (LacPC), and Trametes versicolor
(LacTV), which exhibited different activities in the oxidation of
ABTS (44 Umg ', 2.7 Umg ™", and 1.88 U mg ", respectively).
Therefore, 5 U of activity of each free enzyme was used to
oxidize 25 mM HMF at pH 4.5, pH 6.0, and pH 7.0 in a
Laccase-Mediator-Substrate (LMS) system. TEMPO was a con-
stant mediator in all conditions (Table 1).**

As shown in Table 1, better results were obtained for LacTV
with 100% conversion at pH 4.5 and pH 6.0 (entries 8 and 9),

This journal is © The Royal Society of Chemistry 2024
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Table 1 Initial screening of laccases through HMF oxidation at pH 7.0,

6.0, and 4.5
OH 0o
OH o |
O}\EO>,/ WOH
2 Free _Free enzyme (SU) (5U)

0. HMFCA FDCA
S " 25mMm, 96 h 200 rpm

MO e 30°C, pH 4.5-7.0 J\EH

TEMPO (0.3 eq)

FFCA

Entry Enzyme* pH? Conversion (%)
1 LacAsp 7.0 8

2 6.0 11
3 4.5 14
4 LacPC 7.0 7

5 6.0 4

6 4.5 0

7 LacTVv 7.0 51
8 6.0 100
9 4.5 100
10 — 7.0 0
11 — 6.0 0
12 — 4.5 0

“Reaction condition: free laccases (5U) from Trametes versicolor
(LacTV), Aspergzllus spp. (LacAsp) and Pseudomonas cepacea (LacPC),
respectively. © Phosphate buffer pH 7.0 (50 mM), citrate buffer pH 6.0
(50 mM), and acetate buffer pH 4.5 (50 mM); HMF (25 mM), TEMPO
(0.3 eq.), reaction time 96 h at 30 °C and 300 rpm. The control experi-
ment carried out without enzyme at different pH (4.5; 6.0 and 7.0),
mediator TEMPO (0.3 eq.) and HMF (25 mM) (entries: 10-12).

compared to 51% at pH 7.0 (entry 7). LacPC and LacAsp exhibi-
ted similar conversions at pH 7.0 (entries 1 and 4), while at pH
4.5, LacAsp led to low conversions (entry 3), and no conver-
sions were observed to LacPC (entry 6). Similar findings were
reported by Cascelli et al. in the selective oxidation of furfuryl
alcohol to furfural using mediators in the presence of LacTV at
pH 4.5*° and Cheng et al in the oxidation of HMF using
TEMPO as a mediator in the presence of LacTV at pH 4.5 and
6.0.>°

From these preliminary results, it was found that the pH
strongly influences the rate of the reaction. The LacTV could
oxidize HMF to FFCA in acetate buffer (50 mM, pH 4.5), and in
the presence of citrate buffer (50 mM, pH 6.0), FDCA was the
main product. According to Bassanini et al LacTV has
emerged as one of the most widely used laccases for the oxi-
dation of primary and secondary alcohols, facilitating the con-
version of these alcohols into their respective carbonyl com-
pound.”” HMF has both an aldehyde group and an alcohol
group, and the transformation of HMF to FDCA involves three
successive oxidation steps via route A or B (Fig. 3).

To produce FDCA from HMF, the LacTV must act on the
hydroxymethyl and aldehyde groups. The study of the reaction
mechanism proposed by Dijkman et al. suggested that the
oxidase targets alcohol groups and relies on aldehyde
hydration for the oxidation step essential to produce FDCA.>®
Furthermore, Yang et al. reported that HMF could undergo oxi-
dation to produce FFCA and FDCA when exposed to the
laccase-TEMPO system in a phosphate buffer (200 mM, pH
6).>° This observation was attributed to the high presence of

This journal is © The Royal Society of Chemistry 2024
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LacTV-TEMPO-Air system

Fig. 3 Pathway for the conversion of 5-hydroxymethylfurfural (HMF) to
2,5-furan dicarboxylic acid (FDCA): route A: HMF to 5-hydroxymethyl-2-
furancarboxylic acid (HMFCA), HMFCA to 2,5-formylfuran-3-carboxylic
acid (FFCA) and FFCA to FDCA. Route B: HMF to DFF, DFF to FFCA, and
FFCA to FDCA.

the hydrated form of FFCA (Gem-Diol) due to the promoting
effect of buffer salts like phosphate on aldehyde hydration.?%**
In this context, FDCA synthesis was optimized using the best
conditions found in this initial screening: LacTV in acetate
buffer (pH 4.5) and citrate (pH 6.0).

Influence of buffer composition and ionic strength on HMF
oxidation

Fig. 4 shows the influence of buffer composition and ionic
strength on the oxidation of HMF catalyzed by the LacTV-
TEMPO system. The use of acetate buffer promoted the pro-
duction of FFCA. Furthermore, the results suggest that under
these conditions, the increase in ionic strength did not favor
the oxidation of HMF, leading to a 19% reduction in conver-
sion (from 25 mM to 100 mM, pH 4.5). On the contrary, it was
also possible to observe the formation of DFF (11% at
100 mM), which was not observed at 25- and 50 mM ionic
strengths, respectively. Consequently, the selectivity to FDCA
decreased (<35%). Notably, the formation of HMFCA was not
observed in either of the conditions investigated. Anions
exhibit a remarkable ability to interact with proteins, disrupt-
ing their structural integrity through hydrogen bonding and
Coulomb interactions.®* These interactions, influenced by
anion size, can induce conformational changes in enzymes,
potentially deactivating or enhancing their activity. The impact

mmm DFF HMFCA mmm FFCA FDCA —s—Conversion (%)

Selectivity (%)
[}
o

~N
o

30
10 I
0
75 100 25 50 75 100

25 50

pH 4.5 (Acetate (mM)) pH 6.0 (Citrate (mM))

Fig. 4 Effect of buffer (acetate pH 4.5 and citrate pH 6.0) and ionic
strength (25, 50, 75, and 100 mM, respectively) in the selectivity and
conversion on the oxidation HMF by LacTV-TEMPO system. Reaction
condition: HMF (25 mM), TEMPO (0.3 equivalents), LacTV (5 U), reaction
time (48 h), 30 °C and 300 rpm.
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of anions on enzyme function varies depending on their inter-
action with active sites; competitive inhibition may hinder sub-
strate binding, while non-competitive inhibition affects sites
distal to the active site.** For instance, Steven et al.** demon-
strated how acetate anions competitively inhibit laccase activity
by obstructing the binding of ABTS (2,2 Azino bis-(3-ethyl-
benzo thiazoline-6 sulfonic acid) diammonium salt) to the
active site, thereby impeding electron transfer and enzyme-
substrate interaction, especially at higher acetate concen-
trations. This process may also have occurred at higher con-
centrations of acetate anions, resulting in a decrease in LacTV
activity, as illustrated in Fig. 4.

On the other hand, FDCA formation significantly increased
when a citrate buffer was used. Particularly when higher ionic
strength was used (>50 mM), the FDCA formation remained
constant, as depicted in Fig. 4. Hence, in the presence of a
citrate buffer (>50 mM), FDCA can be generated from HMF
with complete conversion and a selectivity higher than 68%,
findings close to previously reported by Cheng et al. with 56%
yield for FDCA in citrate buffer (50 mM, pH 6.0) and FFCA
yield >90% in acetate buffer.>® These results show a significant
influence of buffer composition, pH range, and salt concen-
tration on the HMF oxidation steps catalyzed by the LacTV-
TEMPO system.

The mechanism of alcohol oxidation by laccase, utilizing
TEMPO as a mediator, was originally proposed by Fabbrini
et al. Initially, an ionic oxidation mechanism was proposed,
wherein laccase, with a redox potential ranging from 0.4 to 0.9
V, readily oxidizes the stable form of the TEMPO oxyl radical to
the oxoammonium ion (with a redox potential of E° 0.2 V)
(Fig. 5).*°

Following the initial oxidation, a subsequent step involves
the nucleophilic attack of the oxygen lone pair from the HMF
substrate onto the TEMPO-oxoammonium, forming an adduct.
This transitional adduct undergoes deprotonation at the a-C-
H bond, leading to the generation of the carbonyl product,
converting HMF into DFF. Concurrently, the TEMPO molecule
is reduced to its hydroxylamine form (R-N-OH). Finally, in the
catalytic cycle, the enzyme is oxidized by molecular oxygen
(dioxygen), effectively concluding the entire process.'*** DFF
interacts with water to generate a Gem-Diol species and form
other oxidation products. This Gem-Diol undergoes a sub-
sequent nucleophilic attack onto the oxoammonium form of

Oxoammonium ion

o, Laccase_gp / N \
(o]

X X TEMPO

H,0 Laccase_gy 7(}
.
o

Stable oxyl-radical form

Substrate_p;p

Substrate_

Fig. 5 Laccase-catalysed redox cycles for substrate oxidation in a
chemical mediator (TEMPO) presence.'#3°
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TEMPO, forming another transient adduct. This adduct is
then deprotonated, leading to the production of the desired
product, FFCA. Similarly, the conversion of FFCA to FDCA
follows a similar mechanism involving the formation of a tran-
sient adduct through a nucleophilic attack of the Gem-Diol
onto the oxoammonium form of TEMPO, followed by deproto-
nation. Thus, these results indicate that the preferential path
for the oxidation of HMF by the LacTV-TEMPO system occurs
via route B (Fig. 3). First, oxidation of the primary alcohol to
aldehyde, producing DFF, followed by oxidation of the alde-
hyde group to form FFCA and subsequently converted into
FDCA by oxidation of the second aldehyde group.

Effect of the HMF concentration

Based on the preliminary results discussed above, the effect of
the HMF concentration (25-300 mM) on the performance of
the LacTV-TEMPO system was also investigated. Citrate buffer
(75 mM, pH 6.0) was selected for this study. Fig. 6a and b
shows the effect of HMF concentration on conversion and
FDCA yield. It was found that HMF was fully converted after
48 h in the concentration range (25-100 mM), resulting in the
highest FDCA yield of 51% obtained at HMF concentration
(75 mM). This is lower than the 83% reported in citrate buffer
(300 mM, pH 6.0). However, in our case lower ionic strength
(75 mM) and low enzyme load (0.5 mg mL™') compared to
reported (1.0 mg mL™").?® Furthermore, as expected a signifi-
cant reduction in conversion was found at higher HMF con-
centrations (300 mM).

Influence of blue light (460 nm) on HMF oxidation via hybrid
photocatalytic (gC;N, and 1%Pd/gC;N,) and enzymatic
(LacTV) processes

Based on previous works,”?**?® a study was conducted to

assess the photocatalytic potential of gC;N, and 1%Pd/gC3;N,
in the oxidation of HMF. The characterization of this catalyst
is presented in ESI (Fig. S1, S2 and S3f). This investigation
encompassed both the presence and absence of blue light and
the TEMPO mediator, exploring the light-LacTV interaction
during a total reaction time of 48 hours under the optimized
conditions in this study, which included pH (6.0), ionic
strength (75 mM), and HMF concentration (75 mM). Fig. 7
illustrates the obtained results. Initially, the presence of both
light and TEMPO positively impacted gC3;N,, resulting in a
100% conversion of HMF and a 39% selectivity for FFCA
(Fig. 7a). However, it became evident that a significant amount
of by-products (61%) was generated, implying that prolonged
exposure of the catalyst to blue light facilitated secondary reac-
tions. In the absence of the TEMPO mediator while keeping
the presence of blue light (Fig. 7b), the conversion of HMF
catalyzed by gC;N, decreased by half (50%). Additionally, a
shift in the reaction selectivity was observed, enabling the
observation of DFF formation (19%). Significant changes in
conversion and selectivity values were not observed for the pal-
ladium modified carbon nitride sample (1%Pd/gC;N,). In
addition, as expected, heterogenous catalysts were active only

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Effect of HMF concentration (25, 50, 75, 100, 150, 200, and 300 mM, respectively) on the oxidation HMF by LacTV-TEMPO system. (a)
Conversion and (b) selectivity. Reaction condition: HMF (25-300 mM), TEMPO (0.3 equivalents), LacTV (5 U), reaction time (48 h), 30 °C and 300

rpm.

= HMFCA i FFCA
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S
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2
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Fig. 7 Oxidation of HMF by LacTV, gC3N4, and 1%Pd/gCsN, in (a) TEMPO-mediated and (b) without TEMPO, in the presence and absence of blue
light. Compounds: 2,5-furandicarboxaldehyde (DFF); 5-formyl-2-furoic acid (FFCA); 2,5-furandicarboxylic acid (FDCA) and 5-hydroxymethyl-2-fur-
ancarboxylic acid (HMFCA); catalyst: gCsN4 (graphitic carbon nitride), 1%Pd/gC3sN,4 (graphitic carbon nitride with 1% palladium) and LacTV (free
laccase from Trametes versicolor). Conditions: HMF (75 mM), TEMPO (0.3 equivalents), chemical catalyst (10 mg), LacTV (5U), citrate buffer (pH 6.0,
75 mM), reaction time (24 h), 400 rpm at 30 °C (dark) and blue light (460 nm).

in blue light (Fig. 7a and b), as not conversion was observed
without the presence of light.

The g-C3;N, has an energy bandgap, known as the empty
region, that extends from the top of the filled valence band
(VB) to the bottom of the empty conduction band (CB). When
the absorption of a photon with energy equal to or greater
than the energy gap occurs, this results in the excitation of an
electron from the VB to the CB, leaving behind an empty state,
which constitutes a positive hole.>® Once spatially separated,
the charge carriers in the excited states, which migrated to the
gC3N, surface, play a fundamental role in initiating the
reduction and oxidation processes for the photocatalytic con-
version of the reactant molecules.®® In this context, the
primary function of g-C;N, is to absorb light, generate elec-
tron-hole pairs, and direct them to its surface or a co-catalyst,
such as TEMPO. However, g-C;N, is chemically active only
when the electron-hole pair generated by photocatalysis is
consumed instantly, avoiding recombination that would occur
in fractions of nanoseconds.*®*” In this context, Xu and co-
workers” reported a study of the photocatalytic oxidation of
HMF in the presence of cobalt thioporphyrazine (CoPz) dis-

This journal is © The Royal Society of Chemistry 2024

persed in gCsN, (CoPz/g-C3N,) with a high HMF conversion of
83.2% and an excellent FDCA selectivity of 98.1% under
400 nm wavelength irradiation. Furthermore, they highlighted
the importance of singlet oxygen generated from the activation
of molecular oxygen by photocatalysts in the selectivity of the
reaction due to its capacity for the selective oxidation of HMF
to FDCA, suggesting that the strong interaction between CoPz
and g-C3N, in the CoPz/gC;N, catalyst deactivated the gene-
ration of hydroxyl radical by gC;N, and promoted the gene-
ration of singlet oxygens at the CoPz sites, significantly
improving the catalytic performance.” On the other hand, lac-
cases are metalloenzymes known for their intriguing absorp-
tion properties. These properties can be used to enhance the
oxidation of organic substrates through a photo-laccase system
using visible light irradiation.® However, it is worth highlight-
ing that under the conditions investigated, blue light in the
LacTV-TEMPO system resulted in a decrease in conversion and
the absence of the TEMPO mediator. On the contrary, in the
absence of blue light, the LacTV-TEMPO system has a conver-
sion of 100% and a selectivity for FDCA of 52%, as already
seen in previous investigations in this study (Fig. 7a).

Green Chem., 2024, 26, 8211-8219 | 8215
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Considering the results obtained, g-C3N,, 1%Pd/gC3;N,4, and
LacTV-TEMPO were selected as catalysts for the oxidation of
HMF, employing both photochemical and enzymatic processes
within a modular flow chemical platform of continuous stirred
tank reactors (CSTR).

Optimization of the oxidation HMF using a continuous
stirred-tank reactor (CSTR) in a photochemical and enzymatic
cascade

The next objective was to create a cascade process involving
photocatalytic and enzymatic reactions using four Continuous
Stirred Tank Reactor (CSTR) units. Two configurations (see
configurations A and B, Fig. 8 and 9) were implemented. In
the configuration A, a solution containing HMF was intro-
duced into unit 1, which contained the photocatalyst and was
exposed to blue light (460 nm). In the unit 2, a solution con-
taining laccase was introduced. This enabled mixing the solu-

Configuration A:

gC3N, or

o 0
1%Pd/gC;3N,

HO/WH

Solution HMF (25-75 mM) and
TEMPO (0.3 eq) Yo e e
17 pL/min

[ ——

Fig. 8 Configuration proposal for HMF oxidation in cascade continuous st
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tion of HMF/products and laccase in unit 2, which proceeded
then to units 3 and 4, where only agitation was applied. Based
on the results obtained exclusively for unit 1 (configuration A -
unit 1), a maximum conversion of 26% for 1%Pd/gCs;N,
(25 mM, 2 h) was observed and a selectivity of 72% to DFF (see
ESI - Table S.1%).

Furthermore, it was noted that an increase in the concen-
tration of the HMF solution resulted in a reduction in conver-
sion. For the system containing only the enzyme solution (con-
figuration A - units 2-4), the increase in concentration had
little influence on the conversion. However, a significant
change in the selectivity of the reaction was observed, with
FFCA being the main product.

Table 2 summarizes the results achieved in the oxidation of
HMTF in the configuration A using all units in sequence. The
collaborative effect of the cascade reaction between the 1%Pd/
gC3N, photocatalyst in the presence of blue light and free

Solution LacTV " o o
(6 mg/mL) | Y/, o
17-83 uL/min 2 .

Unit 3 oH

irred tank reactors (CSTR). HMF solution (25-75 mM, TEMPO 0.3 equiva-

lents, citrate buffer pH 6.0 (75 mM)); gC3N4 or 1%Pd/gC3N4 (unit 1)(10 mg) in the presence of blue light (460 nm — unit 1); LacTV solution (laccase

from Trametes versicolor, 6 mg mL™?, citrate buffer pH 6.0 (75 mM)); flow
min~3); 30 °C (units 2, 3 and 4) at 350 rpm.

Configuration B:

Solution B: LacTV
(6mg/mL)
17 pL/min

unit 1 (17 pL min™Y under all conditions; flow units 2, 3 and 4 (17-83 pL

Blue light « 9

. . Q 0, ?
O_ Unit 1 Unit 2 Unit 4 f o Y
pi e it e e e s TS s e e NP A <~ HO & / H

LacTV-TEMPO

1%Pd/gC.N,

1 (

0
Y H
Solution A: HMF (25 mM)

and TEMPO (0.3 eq)
17 pL/min

(1 (
o) (o) ()

A
@_ JKEH L

wizye allevioremes moae

Fig. 9 Configuration proposal for HMF oxidation in cascade continuous stirred tank reactors (CSTR). Solution A: HMF solution (25 mM, TEMPO 0.3

equivalents, citrate buffer pH 6.0 (75 mM)) and constant flow (17 uL min™2);

solution B: LacTV (laccase from Trametes versicolor (6 mg mL™Y), citrate

buffer pH 6.0 (75 mM); constant flow (17 uL min™) and 1%Pd/gCsN, (10 mg) in the presence of blue light (460 nm — unit 4); 30 °C (units 1, 2 and 3)

at 350 rpm.
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Table 2 Results of HMF oxidation in cascade reaction using all units in sequence (configuration A, Fig. 8)

Yield (%)

Entry Photocatalyst Total time (h) Conversion (%) DFF HMFCA FFCA FDCA By-products
1 2C3N, 3 77 5 0 62 7 2
2 4 96 3 0 75 16 2
3 5 100 6 0 73 19 2
4 1%Pd/gC;N, 3 100 5 0 76 17 2
5 4 100 4 0 72 21 3
6 5 100 1 0 67 31 1

Condition: initial HMF concentration (25 mM, 17 uL min~", unit 1); TEMPO (0.3 equivalent); citrate buffer pH 6.0 (75 mM); 30 °C (units 2-4);
500 rpm; reaction time (3-5 h); g-C3N, and 1%Pd/gC;N, (10 mg - unit 1); and LacTV (6 mg mL™", 33-100 pL min™", units 2-4). Results only with

2C;3N, and 1%Pd/gCs;N, (see ESI - Table S.17).

laccase contributes to accelerating the conversion of the start-
ing material in all demonstrated conditions, reaching 100% in
3 h of reaction. Furthermore, a maximum yield of 76% for
FFCA in 3 h and 31% for FDCA in a total time of 5 h were
achieved. Productivity calculations were performed to compare
the cascade and batch reaction results. The cascade reaction
exhibited a productivity of 3.44 mg of FDCA per min per mg
LacTV. In comparison, the batch reaction produced a substan-
tially lower productivity of 0.087 mg of FDCA per min per mg
LacTV. The results indicate a significant advantage in favor of
the cascade reaction, with an almost 40-fold increase yield
compared to the batch system.

In configuration B, a T mixer was initially employed to mix
solutions A and B. The resulting mixture then progressed
through units 1, 2, and 3, where only stirring was applied.
Subsequently, in unit 4, 1%Pd/gC;N, was present under blue
light irradiation (460 nm). A 96% conversion was achieved for
a total time of 5 hours. The selectivity observed was 66% for
FFCA, 25% for FDCA, and 5% for DFF, with simultaneous for-
mation of by-products. These results were similar to those
found using configuration A.

Experimental
Chemicals

Laccases from Trametes versicolor, Aspergillus spp. and
Pseudomonas cepacea. Albumin bovine serum (BSA), 2,2"-azino-di-
(3-ethylbenzthiazoline sulfonic acid) (ABTS), 2,2,6,6-tetramethyl-
piperidine 1-oxyl, 2,2,6,6-tetramethyl-1-piperidinyloxy, free radical
(TEMPO) (>98%), 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-fur-
ancarboxylic acid (HMFCA), 5-formyl-2-furancarboxylic acid
(FFCA), 2,5-furandicarboxylic acid (FDCA) and 5-hydroxymethyl-
furfural (HMF) were purchased from Sigma-Aldrich®. All other
reagents used were of analytical grade. Graphitic carbon nitride
(g-C3N,) and Pd modified (1%Pd/gC;N,) materials were syn-

thesized as described in.*" Details are also given in ESL

Methods

Determination of protein concentration. The concentration
of proteins from the enzyme extract of free laccase and super-

This journal is © The Royal Society of Chemistry 2024

natants during the immobilization process was carried out
according to the method of Bradford, where the protein
content was estimated by the average of a calibration curve
obtained using albumin bovine serum (BSA) as a standard**
(see ESI - Fig. S.47).

Assessment of laccase activity. A solution containing laccase
was added to an Eppendorf tube containing 2.0 mL ABTS
(25 mM) in phosphate buffer (pH 4.5) and then reacted at
30 °C and 200 rpm. Laccase activity was determined by moni-
toring the oxidation ABTS to ABTS™ ratio at 420 nm using a
ThermoScientific™ GENESYS™ 150 UV-visible
Spectrophotometer.*®> Each test was performed in a total
volume of 2 mL at 30 °C. For free enzyme, 5 mg of laccase was
added to 2 mL of ABTS solution (0.5 mM ABTS in pH 4.5 phos-
phate buffer solution) per 3 min. The reaction was quenched
with a concentrated acidic hydrochloric solution. For biocataly-
tic particles, 10 mg of laccase-immobilized were dispersed in
2 mL of ABTS solution per 20 min. Prior to UV measurements,
the solution was quickly filtered through a 0.1 mm Millipore
syringe filter to remove biocatalytic particles. O absorbance
was measured once per minute. One unit (U) of the laccase
activity was defined as the amount of laccase forming 1 pmol
of ABTS™ per minute and could be calculated by the following
equation:

CAX10°xV

Laccase activity(4)(Um™) v
€

where A is the absorbance of ABTS™ at 420 nm (e is the molar
extinction coefficient of radical cation ABTS™ at 420 nm =
36 000 L mol™" x cm); V represents the total volume of the reac-
tion (L); ¢ is the reaction time (min); 10° is the conversion
factor from M to pM; m is the total weight of the biocatalyst
(mg) (see ESI - Fig. S.5 and 67).

General procedure for the laccase-mediated oxidation of
HMF in batch. A LightSyn Illumin8® reactor from ASYNT was
used for reaction performed in batch. A solution of HMF
(25-300 mM, 3 mL) in different buffers (pH 4.5-7.0) and
TEMPO (0.3 equivalents) was added to an air-opened reaction
tube. The reaction mixture was stirred magnetically for a few
minutes to dissolve all the reactants, and then, the enzyme (5
U) or photocatalyst (gC3N, and 1%Pd/gC;N, - 20 mg) was

Green Chem., 2024, 26, 8211-8219 | 8217
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added. The mixture was stirred magnetically (300 rpm) for
48 h at controlled temperature (30 °C).

In CSTR

Set-up A. A fReactor® from ASYNT was used for reaction per-
formed in flow. A solution of HMF (25 and 75 mM, 10 mL) was
prepared with citrate buffer pH 6.0 (75 mM) and TEMPO (0.3
equivalents). The solution was pumped into unit 1, which con-
tained the photocatalyst. After 2 h of residence time, the reac-
tion mixture entered unit 2, containing the enzyme solution,
following the route to units 3 and 4, which were used only to
increase the residence time (1-3 h, respectively), as shown in
Fig. 8.

Set-up B. Solution A was prepared containing HMF (25 mM,
10 mL) with citrate buffer pH 6.0 (75 mM) and TEMPO (0.3
equivalents). Solution B with LacTV (6 mg mL™") was prepared
in parallel. Both solutions were previously pumped into a
T-type mixer, from where they went to units 1, 2, and 3. After
this step, the reaction mixture went to unit 4, which contained
the 1%Pd/gC3;N, photocatalyst in the presence of blue light, as
indicated in Fig. 9.

Quantification of HMF, DFF, FFCA, HMFCA and FDCA

Samples were withdrawn at a specified time from the reaction
and diluted 10 times by deionized water/sulfuric acid (5 mM).
Samples containing products and not converted HMF were
analyzed by high-performance liquid chromatography (HPLC)
using a ThermoScientific Vanquish with a UV detector at
265 nm. A BioRad Aminex HPX-87H-organic acids column was
used at 30 °C in isocratic elution mode (0.6 mL min™") with a
5 mM L™* H,SO, solution as the mobile phase.

HMF, DFF, FFCA, HMFCA, and FDCA (Sigma ALDRICH, US)
were used as standards to build the calibration curves (see ESI
- Fig. S.7-15%).

Conclusion

In conclusion, this study delved into the intricate dynamics of
the oxidation of 5-hydroxymethylfurfural (HMF) to yield valu-
able products such as 2,5-furandicarboxaldehyde (DFF),
5-formyl-2-furancarboxylic acid (FFCA), and 2,5-furandicar-
boxylic acid (FDCA) through (photo)chemical and enzymatic
catalysis cascade. Laccases from diverse sources were studied,
with Trametes versicolor laccase (LacTV) emerging as the most
efficient catalyst, showcasing complete HMF conversion under
specific pH conditions. The elucidated reaction mechanisms
unveiled a preference for the primary alcohol oxidation
pathway, culminating in the formation of DFF and subsequent
conversion to FFCA and FDCA. The investigation into substrate
concentration unveiled optimal HMF conversion at lower con-
centrations (<100 mM), with diminished performance
observed at higher concentrations (>100 mM). The study also
explored the influence of blue light (430 nm) on the reaction,
revealing its critical role for gC;N,-based catalysts and a con-
trasting negative effect for LacTV. The introduction of a
modular flow chemical platform in a cascade configuration
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marked an innovative approach for optimizing HMF oxidation.
This implementation resulted in an impressive 40-fold
increase in productivity compared to traditional batch systems,
signifying significant progress in advancing green chemistry
and sustainable chemical synthesis. The results offer a promis-
ing avenue for developing a more effective and selective
process for producing valuable products from HMF at near
ambient conditions. Looking ahead, it is suggested to explore
the immobilization of laccase, aiming to facilitate biocatalyst
recovery and unlocking additional benefits associated with the
use of immobilized enzymes in future studies.
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