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ARTICLE INFO ABSTRACT

Keywords: The valorization of natural and renewable resources, like lignocellulosic biomass, towards value-added chemi-
Biomass valorization cals by low energy and economically viable processes still remains a global research and technological challenge.
Photocatalysis 5-hydroxymethylfurfural (HMF) is an important platform chemical that can be easily derived from biomass, and
fs;g)ive oxidation of 5-hydroxymethylfurfural it can be further used as a feedstock for the production of building blocks for polymers or fuels. In this context,

the partial oxidation of the hydroxyl group on the HMF molecule leads to the formation of the corresponding
aldehyde, 2,5-diformylfuran (DFF), which may find multiple applications in bio-chemical industries. Herein, we
present the synthesis and characterization of novel manganese (IV) oxide nanorods as catalyst for the HMF to
DFF partial oxidation at ambient conditions. This 1D nanocatalyst operates at low energy light irradiation and
without the addition of chemicals (bases or oxidants) as a highly selective photo-assisted catalyst. Under opti-
mized experimental conditions, the HMF conversion was found to be above 99%, while the DFF selectivity was
almost 100%. The presence of molecular O, played a key role in triggering the selective oxidation, while the use
of an aprotic and less polar organic solvent, such as acetonitrile, compared to water, further enhanced the

2,5-diformylfuran (DFF)
Manganese oxide nanorods

reactivity of the catalyst.

1. Introduction

The production of renewable energy has been a major research and
technological target over the last decades. Apart from solar, wind and
hydro-power, energy and fuels derived from biomass have been also
recognized as an important contributor to this effort. EU has set the
target of 10% substitution of conventional fuels with biofuels by 2020,
and USA of 20% substitution by 2030 [1,2]. In addition to fuels, a wide
variety of functional building blocks and platform chemicals, such as
1,4-diacids (succinic, fumaric and malic), 2,5-furan dicarboxylic acid
(FDCA), levulinic acid, sugar alcohols (sorbitol, xylitol/arabinitol) and
others, can be produced from biomass derived sugars via biological or
chemical conversion processes [3-8]. In order to increase the sustain-
ability of biomass valorization, in terms of energy consumption, pho-
tocatalysis, as well as other alternative energy source (plasma, micro-
wave, and ultrasound) processes have been explored, in addition to
more classical bio- and chemo-catalytic routes, for the conversion of
biomass towards added value chemicals [9-14].

Furanics and their derivatives produced from C5 and C6 sugars by

various catalytic processes are amongst the most important biomass
related platform chemicals [9,15-18]. A fundamental compound of the
furan-family is 5-hydroxymethylfurfural (HMF) produced by the de-
hydration of glucose/fructose (an intermediate step of glucose iso-
merization to fructose is usually required) [19-21]. The oxidation
product of HMF, i.e. 2,5-furandicarboxylic acid (FDCA), has been uti-
lized as an important renewable building block, substituting ter-
ephthalic acid in the production of polyesters, such as polyethylene
furanoate (PEF) replacing the petroleum-derived polyethylene ter-
ephthalate (PET) in the production of plastics [22-26]. The partial
oxidation of HMF leads to the formation of 2,5-diformyl furan (DFF)
[27], which is also considered as an important chemical for the
synthesis of a wide-range of bio-products, including pharmaceuticals,
antifungal agents, furan-based polymers and organic conductors. The
current research towards an economically feasible DFF production with
low environmental impact, focuses on the use of low cost non-precious/
noble metal catalysts, avoidance of hazardous chemicals (bases or or-
ganic solvents) and use of mild oxidants (i.e. molecular oxygen), as well
as utilization of low temperature/energy consuming processes, such as
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sonochemistry and photocatalysis [27-31].

The selective oxidation of biomass derived platform molecules,
especially alcohols, aldehydes and ketones, to the corresponding car-
bonyl or carboxyl counterparts is of a great importance. In order to
elucidate the oxidation mechanisms of real biomass process streams,
numerous studies have focused on simple model compounds, such as
benzyl alcohol or benzaldehyde [32-39]. Manganese oxides have been
suggested as excellent candidates in catalytic oxidation of relevant or-
ganic molecules [40-43]. The size decrease of MnO, porous-spheres
was shown to have a positive impact on the catalytic degradation of
phenol, while the reduction of Mn oxidation state from +4 to +3 or
+2 by annealing had a negative influence [44]. The different possible
oxidation states of Mn ions facilitate favorable oxidation-reduction
cycles of MnO,, thus enhancing its catalytic activity in Advanced Oxi-
dation Processes (AOP) and electron-transfer reactions [10,44-47].
While different commercially available allotropic forms of manganese
oxide (MnO,, Mn,03, and Mn30,) showed limited oxidative capability
towards HFM, Mn3O, nanoparticles exhibited enhanced conversion
performance of HMF to DFF, at 120 °C under air purging [48]. Yuan
et al. reported that un-doped MnO, can reach only 2.4% HMF con-
version with 89.8% DFF selectivity at 100 °C and 10 bar O, pressure in
DMF, after 10h [49]. Additionally, Biswas et al. reported a similarly
low conversion of HMF with high DFF selectivity (13% conversion, >
99% DFF selectivity) by mesoporous MnO, at higher temperature of
130°C in DMF [50]. Various other semiconductors and photoactive
materials like titanium oxide (TiO,), graphitic carbonitride (g-C3Ny),
niobium pentoxide (N5Os) etc., were studied as catalyst for the HMF
oxidation, but with the simultaneous use of various oxidation agents
[39,51-55].

Herein, we report the synthesis of a nanostructured pure MnO, and
its application as a photo-assisted, additive-free heterogeneous catalyst
for the selective partial oxidation of HMF to 2,5-diformylfuran (DFF)
under ambient conditions. A wide range of experimental conditions/
features like different light sources, temperature, solvents, addition of
H-0, or tuning of pH were investigated. Two homemade photoreactors
were designed, assembled and operated for the investigated oxidation
reaction. The first one was irradiating light in a wide range of light
spectrum (400-1300 nm), but the predominant irradiation was in the
visible range (herein referred to as Vis). The second one was a home-
made UV emitting (375 nm) LED-based photoreactor, referred to as LED
(Fig. 1).

vessel

InGaN single-chip

Fig. 1. Photos of the homemade LED photo-reactor; on the left the interior
array of the LEDs and on the right the running experimental setup.
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2. Experimental
2.1. Materials

5-hydroxymethylfurfural (HMF) and 2,5-diformylfuran (DFF) were
obtained from Chempur and Acros Organics, respectively. Acetonitrile
was purchased from POCH Avantor Performance Materials Poland S.A.
Milli Q water was used as the solvent during catalyst synthesis, pho-
tocatalytic tests and HPLC mobile phase preparation. The reagents for
HPLC analysis were of analytical grade and used without any further
purification.

2.2. Catalyst synthesis

MnO, nanorods (MnO,-NRs) were synthesized based on an ultra-
slow controlled precipitation procedure. After sonication for 10 min of
50 ml manganese chloride solution (0.3g/L), a solution of KMnO,4
(3.2 g/400 mL) was added dropwise with a rate of 1 mL/min at room
temperature, under continuous stirring, until the solution turned into
dark brown, due to the formation of MnO, based to the redox reaction
[56]:

3Mn%" +2MnO,~ +2H,0 — 5MnO, +4H"

2.3. Materials characterization

High resolution scanning electron microscope (HR-SEM) FEI Nova
NanoSEM 450 was used to determine the morphology of the MnO,
nanorods. The crystalline structure of the catalyst was examined by
powder X-ray diffraction (XRD) using a Bruker D8 DISCOVER A25
diffractometer (Bruker Corporation, Billerica, MA, USA), equipped with
a vertical-goniometer under theta-theta geometry using Ni filtered CuK,
(A =1.5418 fo\) radiation and operated at 40 KeV and 40 mA. N, ad-
sorption-desorption experiments at —196 °C were performed on an
Automatic Volumetric Sorption Analyzer (Autosorb-1, Quantachrome)
for the determination of the surface area (BET method), total pore vo-
lume at P/Po = 0.99, micropore volume (t-plot method), and pore size
distribution (BJH method) of the samples that were previously out-
gassed at 250°C for 16 h under 5 x 10~° Torr vacuum. Diffuse re-
flectance (DRS) Ultraviolet-Visible spectra were collected by a UV/VIS/
NIR spectrophotometer Jasco V-570 (JASCO international Co., Ltd.,
Hachioji, Tokyo, Japan) equipped with an integrating sphere.
SpectralonTM (poly(tetrafluoroethylene)) was used as a reference ma-
terial for the baseline.

2.4. Photocatalytic experiments

The photoreactors were filled with 20 mL of HMF aqueous and/or
acetonitrile solution (0.5mM) and 20 mg of the nanocatalyst (1 g/L).
The irradiation protocol was as follows: 40 min in the dark under vig-
orous stirring (600 rpm) for equilibration in order to determine the
possibility of adsorption and/or reactivity even in dark. Then, the light
source was applied to the reactor for up to 6 h under continuous stirring
(600 rpm). Filtrated solution samples were analyzed after specific time
intervals. Tests with hermetically sealed vials and sampling only after
40 min and 6 h were also performed. The headspace of these tests was
analyzed by GC.

The solution after the filtration of the suspension at the end of the
reaction was analyzed by an energy dispersive X-ray fluorescence
(EDXRF) spectrometer (Mini- Pal 4, PANalytical &Co.) with Rh tube and
silicon drift detector, for the determination of any possible Mn leaching.
The spectra were gathered in air atmosphere (without a filter), at a tube
voltage of 30 kV. The acquisition time was 30 s and the current of the
tube up to 50 pA.
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Fig. 2. SEM images (a) and schematic representation of the controlled synthesis of the manganese oxide nanorods (b).

2.5. Photoreactors and light sources

2.5.1. Visible light (Vis)

A 150 W 3200 K Fiber Optic Illuminator from Spectra Laser served
as the source of the visible and infrared light driven experiments. The
lamp is equipped with a dichroic filter (Hot Mirror) in order for the
undesired heat produced from the halogen to be eliminated. The
spectrum of the Vis-IR ranged from 400nm (3.1eV) to 1300 nm
(0.95 eV), with the predominant energy to be in the visible range, and it
is referred to as Vis. A flexible fiber bundle with a diameter of 95 cm
was used for the irradiation of the reactor with the Vis light, as can be
seen in the schematic illustration of Figure S-1 (Supporting
Information). The power of VIS light behind the optical fiber is about
1.2 W, while the maximum intensity is about 430,000 1x. The intensity
of the halogen source was regulated by a potentiometer at around 70%.

2.5.2. UV - LED system

The homemade LED photoreactor can be seen in the photos of
Fig. 1. It consists of two heat sinks. There are nine InGaN based single
chip LEDs in the interior part of each piece, with a peak wavelength at
375 nm. The current was 0.3 mA. The control of the temperature inside
the reactor (in the range of 26-39 °C) was achieved by air purging in-
side the reactor. The absence of air flow inside the LED system led to an
increase of the temperature, and as a direct consequence to an incre-
ment of the suspension temperature during the reaction. Without
cooling of the interior of the system, the temperatures found to be

between 38 and 40 °C. With air purging (Figure S-2, Supporting In-
formation), the temperature was controlled at around 26 °C. For the
experiments performed in the dark, the reaction vials were covered
with aluminum foil.

2.6. Products analysis

An HPLC (Acquity Arc Waters) equipped with a 2998 Photodiode
Array detector using a mixture of Acetonitrile and Mili-Q water as mo-
bile phase was used for the analysis of the filtrated solutions. HMF and
DFF were well separated by a C18 Thermo scientific column
(250x 4.6 mm). The compounds were detected by a UV detector at
270 nm. The mobile phase was composed of acetonitrile and Mili-Q
water with 55:45 v/v ratio. The flow rate was set at 1.0 mL/min and the
temperature of column oven was kept at 25 °C. The concentrations of
HMF and DFF were determined based on the HPLC chromatograms
(two well separated peaks for HMF and DFF at retention time of 2.69
and 3.65 min, respectively) and the calibration curves.

2.7. Calculation of HMF conversion - products yield and selectivity - carbon
balance

The initial concentration of HMF (Cpr,in), the final concentration of
HMF (Chury), the concentration of DFF (Cprr) and the concentration of
FDCA (Cppca) were determined by the HPLC analyses. HMF conversion
(%), DFF Yield (%), FDCA Yield (%), DFF selectivity (%), and carbon
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Fig. 3. The XRD pattern (a), N, adsorption-desorption isotherms at —196 °C
(b), diffuse reflectance UV-vis absorbance spectrum (c), TGA and DTG curves
(d), and FTIR spectrum (e) of the initial MnO»-NRs.
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balance (%) were estimated by using the following equations:
HMF conversion (%) = 100 * (Cumr,in - Crmr,f) / CHME,in

DFF Yield (%) = 100 * Cpgr / Cumr,in

FDCA Yield (%) = 100 * Cgpca / Cumr,in

DFF Selectivity (%) = 100 * Cppp/ (Cuamr,in - Crmr,f)

Carbon Balance (0/0) =100 * (CHMF,f + CDFF + CFDCA) / CHMF’jn

3. Results and discussion
3.1. Catalyst characterization

The morphological analysis of the prepared MnO, by SEM (Fig. 2a)
revealed that the herein followed controlled precipitation procedure
(Fig. 2b) resulted in the formation of spherical aggregates with size of
ca. 1-5um, consisting of cross-linked uniform nanorods (NRs) with
dimensions ranging from 10 to 55 nm in diameter and length of 150 nm
to 1.5um. The XRD pattern (Fig. 3a) matches to the body-centered
tetragonal a-MnO, (JCPDS card, no. 44-0141) [57,58]. The key mor-
phology modulation synthetic feature is the ultra-slow addition of
KMnO,, that induces the oxidation of Mn?" to Mn** and favors the
nucleation of MnO, nanoparticles in the dark, as shown in Fig. 2b.
These nanoparticles aggregate and grow as nanorods which are self-
assembled to the obtained structures.

The nitrogen physisorption experiments revealed a Type II isotherm
(Fig. 3b) without hysteresis loop, characteristic of nonporous or mac-
roporous materials [59]. The BET surface area was 38.5 mz/g and the
total pore volume (at P/P, ~ 0.99) 0.336 cm®/g. The interstitial spaces
between the aggregated/packed nanorods are responsible for the
formed porosity, as was reported for other nanomaterials with similar
morphology [60,61]. Furthermore, the remarkable increase of sorbed
N, at P/P, 0.95-0.99, indicate the very high external surface, in
agreement with the morphology of the individual nanorods. Diffuse
reflectance spectroscopy (DRS) revealed strong light absorption in the
whole range of UV-vis (Fig. 3c), in accordance with the dark brown
color of the material. The absence of a clear estimated band gap in-
dicates that the material cannot be considered as a typical semi-
conductor [46]. The TGA and DTG profiles of the fresh MnO,-NRs are
shown in Fig. 3d. The weight loss below 100 °C is due to physiosorbed
water [62]. The two DTG peaks in this temperature range suggest the
removal of water molecules initially from the external surface, followed
by those from the interstitial spaces [60,61]. The three major weight
losses above 400 °C with DTG maxima at 530, 710, and 840 °C, can be
linked to the phase transformations of MnO, to Mn,;O3, Mn3O,4, and
MnO,, respectively, and are in an agreement with the reported in the
literature phase transformations of MnO, upon calcination [44,63,64].
The FTIR spectrum of the initial sample (Fig. 3e) showed two char-
acteristic strong and wide bands with centers at 1625 and 707 cm™*
which can be assigned to the Mn-O stretching modes [48]. The presence
of hydrogen bonded water moieties can also be attributed to the wide
and intense band between 2800 to 3600 cm ™.

3.2. Catalytic results - effect of different light wavelengths

With regard to the targeted reaction, the partial oxidation of HMF,
the aim was to evaluate the effect of visible light versus UV irradiation
in different solvents, with or without an oxidative agent and/or slightly
higher temperature than room temperature. Water and acetonitrile
(AcN) were used as solvents, pure, as a mixture (50:50 v/v) or with the
addition of hydrogen peroxide. AcN was chosen in order to check if the
alteration of the oxygen solubility, pH, and/or polarity of the solvent
play a role in HMF conversion and DFF selectivity.

In the case of visible light-driven tests, when water was the solvent,
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pure (pH =7 = 0.3) or in mixture with AcN (pH = 7.4 + 0.3), the
conversion of HMF was limited. On the contrary, when pure AcN was
used (pH =8 = 0.3), the conversion was 81%, with 76% yield and
93% selectivity to 2,5-diformyl furan (DFF). These differences can be
due to the occupation/hindrance/blockage of the active surface func-
tional groups by water molecules, probably via H-bonds, leading to a
complete coating of the nanorods’ outer active surface and/or to the
significant lower O, solubility in water by around five folds compared
to acetonitrile (8.1 mM) [65-69]. These effects can explain the negative
impact on conversion (< 5%) upon addition of aqueous hydrogen
peroxide solution in acetonitrile. In order to conclude if the superior
catalytic ability in acetonitrile is assigned to the increased pH or to the
different polarity of the aprotic solvent, tests at pH = 10 in aqueous
solution (NaOH addition) were performed and the conversion to DFF
was found negligible.

3.3. Evaluation of reactivity in the dark

It should be pointed out that the MnO,-NRs showed an elevated
conversion in AcN even during the equilibration in the dark. In order to
elucidate this aspect, catalytic tests were also performed in the dark and
all the related data are presented in Table 1, Fig. 4, and Figure S-3
(Supporting Information). The results revealed that the nanorods can
selectively oxidize HMF to DFF even in the dark at 24 °C, as a result of
the high surface reactivity, but the conversion and selectivity were 63
and 92%, respectively. Considering these values, it can be concluded
that the experimental conditions and the nature of the MnO,-NRs favor
exclusively the partial oxidation of HMF as a result of the high surface
reactivity of nanorods. Taking into account also that no other products
were detected, while the carbon balance (CC) was 95%, we can con-
sider adsorption phenomena as low and insignificant. Increment of
reaction temperature to 37 °C, led to a higher by only 5% conversion,
compared to 24 °C. The detection of 2,5-furandicarboxylic acid, FDCA,
(1% yield) can explain the observed lower selectivity, since a minimal
portion of DFF is further oxidized by some thermally activated defects
(like Mn304), that can promote alternative reaction pathways. Based on
the above, the increase of temperature in the dark has a limited effect.

3.4. Catalysis under UV light irradiation

As can be observed in Fig. 4, the UV-irradiation led to an improved
conversion (89%, a-RT-UV), which is higher by 56 and 10% compared
to the reaction in the dark (a-RT-d) and under Vis-irradiation (a-RT-
Vis), respectively, at similar temperature. The photolysis test showed
that the UV-irradiation can also lead to transformation and/or miner-
alization of HMF to undesirable/undetectable products (carbon balance
83.9%). It is also vital that the minimal HMF photolysis at 26 °C (16%
conversion) was not accompanied with DFF formation. On the contrary,
the presence of MnO,-NRs overcomes the unselective-photolysis of
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HMF under UV-irradiation, leading to selective oxidation to DFF (DFF
selective 94%). The carbon balance of 95% can be linked to the minimal
adsorption phenomena as discussed above. It can thus be suggested that
the presence of MnO, nanorods favors the partial oxidation of HMF to
DFF instead of being decomposed.

Considering the above, it was established that the light irradiation
has a positive impact on the oxidative performance. This can be at-
tributed to the photoreactivity excitation and to the temperature in-
crease of NRs surface or/and of the suspension due to light absorption.
The synergistic effect by combining two processes, thermo- and photo-
catalysis, can lead to process intensification for various environmental
and energy applications [70]. It is worth to mention that the tem-
perature inside the reactor was higher in the presence of the catalyst by
2°C compared to the photolysis test (no catalyst) under the same ex-
perimental conditions, as a result of the physical properties of the na-
norods (dark brown color). In order to check the temperature effect,
tests were performed at barely higher temperature of 38°C. HMF
photolysis was increased slightly, from 16% (27 °C) to 18.6% (38 °C),
but the carbon balance decreased. For MnO,-NRs, increase of the
temperature by 13 °C in the dark has accompanied with a 9% conver-
sion enhancement, while the selectivity was affected negatively by 4%.
For UV-light assisted tests, the increase of the temperature from 28 to
39 °C was supplemented with improved conversion, from 89 to 99%.
The DFF selectivity and yield were also enhanced from 94 and 84%,
respectively, to 100 and 98%, while the carbon balance was almost
100%.

UV-irradiation tests with the MnO,-NRs at 39 °C were performed
also in aqueous suspensions. The observed conversion of 15% at 39 °C
was dramatically lower compared to the use of acetonitrile as solvent
(99%) (Table 1). When comparing UV versus Vis light irradiation using
water as solvent, both HMF conversion and DFF selectivity were higher
in the first case. It is also worth mentioning that FDCA was formed (6%
yield), suggesting the possibility of water acting as source of reactive
oxygen species, responsible for the oxidation of —CHO to —COOH.

3.5. Comparison with other reported Mn-based catalysts

A literature survey for Mn,O, materials as HMF oxidation catalysts
is presented in Table 2; two specific examples using MnO, are also
shown in Fig. 4 [9,48,50]. All the reported studies were performed at
relatively high temperatures (90-120°C) and with air/O, purging.
Commercial Mn,O, revealed poor catalytic performance (6.5% con-
version with MnO,). Nanostructured-Mns;0,; showed full conversion,
but at 120 °C and with 83% selectivity [48]. Porous MnO, molecular-
sieve presented 30% conversion at 90 °C [9]. The MnO,-NRs presented
in our work reached almost 100% HMF conversion and selectivity to
DFF, at only 39 °C without any additives such as oxidants and/or air

purging.

Table 1

Catalytic results of the HMF oxidation under different conditions.
Exp. Abbrev. Material solvent Light source Temp. Cumpeq Cumrs HMF Conv. (%)  Cppr Crpca DFF DFF yield (%) FDCA yield (%) Carbon

(mM) (mM) (mM) (mM) Select. (%) balance

w-RT-Vis MnO,-NRs  H,0 VL 29 0.491 0.487 3 0.005 0.000 38 1.0 0.0 98
a-RT-Vis MnO>-NRs  AcN VL 28 0.458 0.084 83 0.380 0.000 93 76 0.0 93
a-RT-d MnO,-NRs  AcN - 24 0.459 0.182 63 0.294 0.000 92 59 0.0 95
a-IT-d MnO,-NRs AcN - 37* 0.444 0.169 66 0.309 0.005 93 62 1.0 96
a-RT-PL - AcN LED 26 0.499 0.420 16 0.001 0.000 1 0 0 84
a-IT-PL - AcN LED 38 0.500 0.407 19 0.000 0.000 0.0 0 0 81
a-RT-UV MnO,-NRs  AcN LED 28 0.443 0.054 89 0.421 0.000 94 84 0.0 95
a-IT-UV MnO>-NRs  AcN LED 39 0.439 0.007* 99 0.491 0.001 7100 98 0.2 100
w-IT-UV MnO>-NRs H,0 LED 39 0.493 0.423* 15 0.046 0.029 61 9 5.8 100

#Reaction conditions: initial HMF 0.5 mM (20 mL), 1 g/L photocatalyst (20 mg), reaction time: 40 min equilibration in the dark followed by 6 h of reaction under
different light conditions; w: water, a: acetonitrile, RT: 24-29 °C, IT: 37-39 °C, d: in the dark, Vis: visible light, UV: UV light from LED system (365 nm), PL: photolysis

tests.
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Table 2

Comparison of the herein reported HMF oxidation results with other manganese-based catalysts.
Material Solvent Reaction conditions Duration HMF conversion (%) DFF yield/selectivity (%) Ref.

®)

MnO, commercial DMF 120 °C, air purging 12 6.5 0.6/9.2 [48]
Mn,03 commercial DMF 120 °C, air purging 12 7.7 2.3/29.9 [48]
Mn30,4 commercial DMF 120 °C, air purging 12 23.4 17.8/76.1 [48]
Mn30,4 nanoparticles DMF 120 °C, air purging 4 100 83.2/83.2 [48]
Mesoporous MnOy DMF 130 °C, under air 4 13 -/ >99 [50]
MnO, molecular sieve TOL 90 °C, O, purging 12 30.2 -/100 [91
Mn30,4 molecular sieve TOL 90 °C, O, purging 12 33.4 -/100 [9]1
MnO, nanorods ACN 24°C, no light, no additive 4 63 59/92 This work
MnO,, nanorods ACN 28°C, UV light, no additive 4 89 62/93 This work
MnO, nanorods ACN 37 °C, no light, no additive 4 66 62/93 This work
MnO, nanorods ACN 39°C, UV light, no additive 4 99 99/100 This work
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Fig. 5. The evolution of HMF and DFF concentrations with time, under different reaction conditions.

3.6. Evaluation of the reaction kinetics

It was also crucial to explore whether the light irradiation had a
positive influence on the oxidation kinetics. The evolution of the HMF
and DFF concentration is shown in Fig. 5a and 5b. It can be observed
that the curves of HMF conversion and DFF formation presented a
plateau after 5h of irradiation, due to the depletion of the reactive
centers, owing to various possible reasons, that will be analyzed later.
The most important outcome arises from the comparison of the slops for
UV-light exposure and in the dark at 38-39 °C. The light exposure led to
an enhanced HMF conversion initial reaction rate of 0.120 mmol/min
(0.075 mmol/min in the dark), without a compromise on the se-
lectivity. For the tests performed at lower temperatures (24-29 °C), the
initial conversion reaction rates had similar values with the ones at
38-39 °C. This finding further supports that light irradiation has also a
positive impact on the oxidation kinetics of HMF towards DFF. It is
important to point out that the HMF photolysis test was not accom-
panied with DFF formation, and after 5h the decomposition rate of
HMF was decreased. When the reaction was performed in water at
39°C, the conversion rate was dramatically lower compared to AcN,
and a plateau was not reached. This further verifies the hindered (by
water molecules) interaction of HMF molecules with the active MnO,
surface-sites. The conversion in water at lower temperature or in the
dark was almost negligible.

3.7. Characterization of the spent catalyst

Comprehensive characterization of the spent catalyst samples was
also performed and the obtained data are presented in the Supporting
Information. In summary, the structural and surface characteristics of
the MnO,-NRs were not altered significantly. The detection of low in-
tensity XRD reflections (Figure S-4) assigned to Mn,O3 or MnO revealed
a limited reduction of MnO,, possibly at defect sites. These Mn,Os sites
can be also responsible for the observed limited adsorption of organics
and/or the non-selective conversion of HMF. The additional weight loss
step of ca. 4 wt.% in the TGA profile of the used catalyst (Figure S-5), at
about 100-300 °C (with a DTG maximum at about 250 °C) can be at-
tributed to the decomposition/desorption of sorbed small amounts of
HMF and/or DFF, in accordance to the detection of specific IR bands at
1653 and 1397 cm ™~ related to the sorbed HMF/DFF (Fig. $-6). Still,
the very high (ca. > 95% carbon balance) in all the catalytic experi-
ments indicate the low extent of HMF/DFF sorption on the MnO,-NRs,
which is very critical in order to maximize the productivity of the de-
sired product. Analysis of the spent catalyst by SEM imaging (Fig. S-7)
did not reveal any morphology alteration of the nanorods even after 7 h
of operation. The stability of the catalyst was also investigated by
checking the Mn leaching after 6 h using XRF analysis (Fig. S-8), re-
vealing only the presence of Mn traces in the reaction solution.

3.8. Suggested reaction mechanism for the selective oxidation of HMF

The catalytic reactivity of MnO, in the decomposition of organic
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Fig. 6. Illustrated representation of the light effect and the involved oxidation mechanism of HMF over MnO,-NRs.

compounds or for water splitting was rationalized in previous works on
the basis of the redox cycle between Mn** and Mn®* and the con-
tribution of O, [9,71]. MnO, has a lower covalence band potential
compared to the redox potential for 05/0, ~ [71], suggesting that the
charge transfer during the catalytic transformations follows the Mn**/
Mn>®* redox cycle. The partial oxidation to DFF does not require the
incorporation of oxygen atoms on the HMF molecule, but the removal
of two hydrogen atoms by the cleavage of one O—H and one C-H bond.
It should be pointed out that various MnOx based catalysts in previous
works, had not shown the capability to form oxygen containing free
radicals without the addition of a reagent like H>O, [50,57,72]. In our
case, the mild heat and light promoted the activation of the nanorods’
lattice oxygens and increased the outer nanorods’ surface temperature
[73]. Additionally, the energy state of the C—H and O—H bonds of
HMF’s hydroxyl group was also increased [73,74]. This leads to the
adsorption of HMF via the —C—OH moiety on the O~ sites (deproto-
nated Brgnsted sites) [73,75,76]. This, along with the simultaneous
involvement of molecular oxygen, favors the alcohol deprotonation, via
the formation of a transient alkoxy intermediate [40,50,72]. The role of
molecular oxygen is to attack the hydrogen of the HMF’s hydroxyl
group (deprotonation), forming a hydroxide ion, which in turn attacks a
hydrogen from the alkoxy intermediate, leading to the desorption of the
organic molecule from the surface as DFF with the simultaneous for-
mation of water, followed by the re-oxidation of Mn®** to Mn* Similar
pathways were previously suggested on the basis of isotopic labeling
studies, showing that the molecular oxygen is not incorporated into the
HMF oxidation products [74,77].

The detection of limited Mn,O3 phase on the spent catalyst samples
by XRD supports the formation of the Mn®* intermediate state.
Analogous mechanism was proposed for the oxidation of alcohols by
Mn30,4, but at 90 °C [9]. When tests were performed with degassed
acetonitrile, the oxidation extent and rate were found to be lower
compared to not-degassed solvent, a fact that sets the involvement of O,
as the rate determining step. It should be highlighted that the maximum
dissolved concentration of oxygen in acetonitrile (8.1 mM at 25 °C) [69]
is quantitatively enough for the partial oxidation.

In order to verify the important role of oxygen, tests were performed
in hermetically sealed vials. These experiments provided the option to
analyze additionally the headspace of the reactor by GC and to con-
clude if molecular (gaseous) hydrogen was formed via the deprotona-
tion of HMF. Interestingly, the conversion of HMF with MnO,-NRs (in

acetonitrile at 39 °C) after 6 h was only 21%, and the selectivity to DFF
67%. Hydrogen was not detected in the headspace of the vials, sug-
gesting that the deprotonation is facilitated by the formation of water.
The detection of small traces of COy, suggests that without the presence
of O,, the reaction occurs by the cleavage of a C—C bond of HMF. The
formation of water molecules sterically hinders/blocks the catalytic
surface-centers, by forming hydrogen bonds, resulting in an activity
decrement as revealed from the gradual decrease of conversion as the
reaction continued. The use of an aprotic and less polar organic solvent
compared to water, as AcN, results in a positive impact on the rate
determining step, by a higher O, solubility and promoting oxygen
molecules to be entrapped in the interface between AcN and the na-
norods outer surface. If the water was in excess, another negative im-
pact would be the possible formation of hydrogen bonds with the hy-
droxyl group of HMF, thus inhibiting its direct interaction with the
catalyst’s surface (lattice oxygens). All suggested/involved mechanisms
are summarized in Fig. 6.

4. Conclusions

The combination of nanostructured active MnO, nanorods with low
energy light emission can boost a versatile environmentally-friendly
heterogeneous and additive-free (oxidants and/or air purging) catalytic
HMF-to-DFF oxidation at ambient conditions. A slight increase of the
temperature as a result of the light irradiation can rise further the
catalytic efficiency, but the light irradiation itself plays a more im-
portant role than the temperature increment. The latter acts synergis-
tically to the irradiation by enhancing the reaction rate. The UV light
was found to have a more pronounced positive impact compared to
visible light. The absence of water is also crucial since water molecules
can hinder HMF interaction with the active catalytic centers. Another
vital outcome is that the presence of molecular oxygen is a mandatory
parameter for the proposed mechanism. Under UV exposure at 39 °C,
HMF conversion, DFF selectivity, and carbon balance was almost 100%.
There are no reports up to now and to the best of our knowledge with so
elevated additive-free and selective performance of partial HMF oxi-
dation at ambient conditions. Since the oxidative capability is nega-
tively affected by the formed water moieties that were retained on the
outer phase of the nanorods, their removal by, for example, ultrasounds
during the reaction is worth to be studied. The synthesis of nanos-
tructured active catalyst with tailored surface redox properties is a key
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point in order to achieve supreme and selective conversion even with
the use of low-energy LED systems, following the principals of Green
Chemistry. Finally, the herein used low-energy photoreactors are sui-
table for continue-flow setups.
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